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Preface

Filoviruses have captivated the imagination of scientists and the public alike since
Marburg virus was first isolated in Germany in 1967. Through the years, these
viruses have gained much notoriety for the devastating nature of the outbreaks they
cause and their repeated sensationalization by mainstream media and the enter-
tainment industry. Over the last 50 years, we have seen tremendous advances in our
understanding of these agents, and this book endeavors to capture the major areas of
discovery but in no way expects to be an all-encompassing source. Perhaps it is
appropriate that the completion of this book coincides with the 50-year anniversary
of the discovery of the first filovirus.

The outline for this book was conceived in 2013, prior to the start of the West
African Ebola virus outbreak. Many of the contributors to this book were among
those who volunteered to respond to the outbreak, some for over a period of years,
or set aside their normal work to help support outbreak response efforts.

A wide spectrum of renowned experts in the field worked together to make this
book happen. They range from clinicians to virologists to biochemists, and we are
incredibly grateful for their contributions. Some of the authors have worked on
filoviruses since their discovery, while others are much newer to the field. Despite
these differences, all of the authors have one common goal—to better understand
how filoviruses work, and to use their knowledge to help prevent or mitigate the
impact of future filovirus outbreaks.

We have separated this book into four parts. Part I covers filovirus ecology,
outbreaks, and clinical management. It begins with a fascinating first-hand account
of the challenges that faced researchers 50 years ago in a small German town when
they encountered a highly virulent infectious agent of unknown origin. Chapter
“Filovirus Research: How it Began” was written by one of the original filovirus
discoverers and describes the first isolation of Marburg virus in 1967 during a time
long before virologists had use of modern biocontainment facilities. We then move
on to a global view of filovirus distribution and emergence in the chapter “Ecology
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of Filoviruses” in which we learn about the natural origins of some enigmatic
viruses, how they persist long term in nature, and what drivers might promote their
spillover to other animals including humans. One of these spillover events led to the
largest Ebola virus outbreak on record and is described in the chapter “West Africa
2013 Ebola: From Virus Outbreak to Humanitarian Crisis”. This comprehensive
account describes the devastating epidemic that not only brought Ebola virus
directly to Europe and the USA, but overwhelmed the long-neglected public health
infrastructures in Guinea, Sierra Leone, and Liberia and the international response
alike. The next two chapters, “Clinical Management of Ebola Virus Disease
Patients in Low Resource Settings” and “Clinical Management of Patients with
Ebola Virus Disease in High Resource Settings”, describe the challenges and risks
facing clinicians when they treat patients infected with Ebola virus and how their
approaches differ depending on the resource environment.

Part II of the book focuses on filovirus pathogenesis and protection. Chapter
“Ebola Virus Disease in Humans: Pathophysiology and Immunity” provides a
detailed review of the human disease, including fascinating new studies of the
human immune response that resulted from the West African Ebola virus outbreak.
Chapters “Nonhuman Primate Models of Ebola Virus Disease” and “Small Animal
Models for Studying Filovirus Pathogenesis” summarize the vast body of work
using animal models, big and small, to study filovirus disease and develop
experimental treatments and vaccines. Part II concludes with the chapters
“Accelerating Vaccine Development During the 2013–2016 West African Ebola
Virus Disease Outbreak” and “Therapeutics Against Filovirus Infection” that each
provide state-of-the-art summaries of current experimental countermeasures used to
combat filovirus infections, including those deployed during the Ebola virus out-
break in West Africa.

The first three chapters of Part III take us deep into the cellular level of filovirus
infection. Chapter “Filovirus Strategies to Escape Antiviral Responses” provides a
comprehensive account of mechanisms used by filoviruses to counteract antiviral
responses. In the following two chapters, “Mechanisms of Filovirus Entry” and
“Inside the Cell: Assembly of Filoviruses”, we learn how filoviruses make their way
into cells and which strategies they use to replicate their genomes and assemble to
new particles. Finally, we reach the atomic level in “Filovirus Structural Biology:
The Molecules in the Machine” which focuses on the structural analysis of filovirus
proteins through the use of stunning images of these structures.

The book ends with a description of research tools used to study filoviruses.
Chapter “Reverse Genetics of Filoviruses” summarizes the use of reverse genetics
as a powerful tool to investigate virus replication and pathogenesis. The last
chapter, “Guide to the Correct Use of Filoviral Nomenclature”, is meant as a useful
tool to help guide virologists through the sometimes confusing, and recently
evolved, world of filovirus taxonomy.
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Last but not least, we wish to thank all the authors who have contributed their
work to this book. We are grateful to Jens Kuhn, who volunteered to critically read
and edit almost all of the chapters, and to Jiro Wada for designing the preface
figure. We also wish to state up front that any views or opinions expressed in the
book do not necessarily reflect those of the editors, authors, or their respective
institutions.

Preface Figure Marburg- and Ebolaviruses: From Ecosystems to Molecules.
Figure designed by Jiro Wada, NIH/NIAID, Integrated Research Facilities. The
watercolor of the virion structure was kindly provided by David S. Goodsell, RCSB
Protein Data Bank. Bat photo provided by Chris Black, WHO.
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Filovirus Research: How it Began

Werner Slenczka

Abstract The first reported filovirus outbreak occurred in August 1967, when
laboratory workers in Marburg and Frankfurt, Germany, and Belgrade, Yugoslavia
(now Serbia) became infected with an unknown highly pathogenic agent. The
disease was characterized by high fever, malaise, rash, hemorrhagic and tetanic
manifestations, and high lethality, amounting to 25%. The disease was introduced
to Europe by grivets (Chlorocebus aethiops), which were used for biomedical
research and vaccine production. The causative agent, Marburg virus, was isolated
and identified by scientists of the University of Marburg, Germany in cooperation
with specialists for viral electron microscopy at the Bernhard Nocht Institute in
Hamburg, Germany. In this chapter, Dr. Slenczka, who was involved in the first
isolation of Marburg virus in 1967, describes the desperate hunt of the causative
agent of this first filovirus disease outbreak in the center of Europe, its successful
isolation, the likely route of transmission from a monkey trading station to vaccine
production facilities in Germany and Yugoslavia, and the consequences of this
outbreak, including a shortage in the production of poliomyelitis vaccine In addi-
tion, this chapter provides insight into some of the peculiarities of filovirus infec-
tion, such as sexual virus transmission several months after recovery and the role of
Ca2+-loss in Marburg virus pathogenesis, which were already observed during this
first well-documented Marburg virus disease outbreak.
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1 Introduction

One can think of the middle of the twentieth century as the end of one of the most important
social revolutions in history, the virtual elimination of the infectious disease as a significant
factor in social life (Sir Macfarlane Burnet) (Burnet and White 1962).

Burnet’s optimistic view on the future of infectious diseases is perfectly in
accordance with parts of the published opinion, which during the 60s of the past
century was prevalent. Representatives of scientific organizations for oncology and
for psychiatric diseases postulated that research funds for infectious disease should
be cut and the money devoted to their own scientific interests. In a decade during
which many insect-borne diseases had vanished due to large-scale distribution of
DDT, during which bacterial infections were controlled with antibiotics, and during
which the eradication of smallpox, poliomyelitis, measles, and other viral diseases
had progressed from an utopian dream to a realistic prophecy, nobody was prepared
to face the advent of a completely unknown infectious disease with an extremely
high lethality in the center of Europe.

The story of the 1967 Marburg virus disease (MVD) outbreak has often been
told and it is not the aim of this article to repeat all the known details. Instead, the
intention is to restore some forgotten or neglected details and to give a personal
view on some events.

2 An Unknown Disease

The summer of 1967 was very hot in Marburg, Germany, and whoever was able to
leave the town went to the seaside or the mountains. In August 1967, 20 people,
who lived in small villages surrounding Marburg, fell ill with fever, malaise,
headache, vomiting, rash (Fig. 1), and conjunctivitis, the tentative diagnosis was
“summer diarrhea” (often caused by enteroviruses or by coliform bacteria) or
dysentery. Initially, despite the gravity of the symptoms, these patients were treated
in their homes for up to a week. The patients were admitted, on average, on day 5
after the onset of symptoms to the hospital of the University of Marburg which had
an isolation ward for the treatment of infectious diseases (Fig. 2). In total, fourteen
men and six women were admitted between August 15 and the end of the month.

4 W. Slenczka



It soon became clear that they all were employees of Behringwerke AG, a phar-
maceutical company founded in 1904 by Emil von Behring. All of these patients
had been involved in the production of poliomyelitis vaccine which relied on the
use of primary simian cell cultures for propagation of the attenuated vaccine strains
(Sabin 1–3). It soon became evident that concurrently four patients with similar

Fig. 1 Characteristic rash which was seen with all Marburg virus disease patients during the 1967
epidemic. Kindly provided by Gerhard Baltzer, Marburg, 1967

Fig. 2 Isolation ward of the hospital of the University of Marburg in 1967

Filovirus Research: How it Began 5



clinical signs were being treated at the university hospital in Frankfurt, Germany
(Siegert et al. 1967, 1968; Martini et al. 1968a, b; Stille et al. 1968). These patients
were employees of the Paul Ehrlich Institute, a governmental institution responsible
for the approval of sera and vaccines. The Frankfurt patients had also been working
with monkeys and with simian cell cultures that were needed for safety control
procedures and standardization of poliomyelitis vaccines. In addition to these pri-
mary cases, four members of the hospital staff, two each in Frankfurt and in
Marburg, acquired nosocomial infections. In another case of secondary infection,
the spouse of one of the primary cases fell ill 67 days after her husband’s disease
resolved and, intriguingly, sexual transmission was supposed to be the route of
infection (Slenczka et al. 1968; Siegert et al. 1968; Martini and Schmidt 1968). This
is the first case described in the literature of a virus causing a systemic infection that
was transmitted by the sexual route even several months after convalescence. The
seminal fluids of nine other convalescents were tested for the presence of Marburg
virus at the same time, but infectious virus or viral antigen was not found (Siegert
and Slenczka 1971). Two female convalescents gave birth to healthy children about
18 months after they had survived the disease. No virus or virus antigen was found
in the placentae or umbilical cords. Antiviral IgG, but not IgM, was found in the
blood (Siegert and Slenczka 1971).

During the course of the disease, most patients developed hemorrhages varying
in intensity from discrete petechiae to bleeding from needle puncture sites and
massive bleedings from the gastrointestinal, respiratory, and urogenital tracts.
A 39-year-old patient died of massive intraventricular hemorrhage. Eventually, five
of the primary cases in Marburg and two of the cases in Frankfurt succumbed to the
disease. The onset of massive hemorrhagic disease proved to predict an unfavorable
outcome; none of the survivors developed severe hemorrhages (Martini et al.
1968a).

In addition to the cases in Marburg and Frankfurt, two cases occurred in
Belgrade, Yugoslavia (now Serbia). The two patients in Belgrade, a veterinarian
and his wife, worked at the Torlak Institute, an institution devoted to the production
and safety control of poliomyelitis vaccines. The female patient was infected while
caring for her husband. Both patients survived the infection (Todorovic et al. 1969;
Stojkovic et al. 1971).

In 1982, we tested the serum of a man who claimed that he had the disease in
1967. Although he had been severely ill, he had been treated at home. He, too,
worked in the cell culture lab at Behringwerke AG and had been exposed to
infected simian cell cultures. Out of more than 120 contact persons who were
retrospectively tested for Marburg virus antibodies, he was the only one who was
seropositive, indicating that he had indeed been infected with Marburg virus. In
summary, there were 26 primary and 6 secondary cases during the MVD outbreak
in 1967. None of the secondary cases succumbed to the disease, but seven of the
primary cases were fatal, amounting to an overall case fatality rate of 21.9% (26.9%
for the primary cases only) (Slenczka and Klenk 2007).

6 W. Slenczka



In all three institutions, the common epidemiological denominator of the primary
cases was contact with grivets (Chlorocebus aethiops), or handling monkey organs
and cell cultures derived from these. The monkeys had been imported from Uganda
and were used for the production of kidney cell cultures, to be used for the pro-
duction of vaccines against measles and poliomyelitis (Hennessen et al. 1968).

3 Role of Ca++-Loss in the Pathogenesis of Marburg Virus
Disease

In the treatment of patients, the hemorrhagic disease was neither mitigated by blood
transfusions, nor by treatment with coagulation factors (frozen plasma) or by
applying thrombocyte concentrates. However, Martini noted that the drop in the
concentration of plasmatic coagulation factors was not so remarkable as to explain
the severe hemorrhagic diathesis (Martini 1971).

Fig. 3 Thromboelastograms (TEGs) performed with blood from one noninfected (top) and two
Marburg virus-infected guinea pigs. a + b citrate plasma TEGs from a noninfected guinea pig.
c − h TEGs from Marburg virus-infected guinea pigs on day 4 after onset of fever.
e + h unmodified plasma TEGs without additional substances. c + d unmodified plasma TEGs
with 0.1 ml (c) or 0.2 ml (d) of 0.1 mM solution of CaCl2 per ml plasma; f + g citrate plasma
TEGs with 0.1 ml (f) and 0.2 ml (g) 0.1 of mM solution of CaCl2 per ml plasma. Source Egbring
et al. (1971)

Filovirus Research: How it Began 7



In case descriptions of the 1967 MVD outbreak, the reported symptoms include
generalized paraesthesia, restless legs, sleeplessness in spite of fatigue, hyperes-
thesia of the skin and the feeling to “lie on crumbs”. These symptoms are typical for
tetany, a diagnosis, which was not verified and not even suspected at that time
(Martini et al. 1968b). Tetany results when the concentration of Ca2+ in plasma is
reduced to less than 50% of the normal value. Since ionized calcium is an important
clotting factor (factor IV), tetany can be associated with spontaneous bleeding. But,
where did the Ca++ go? Using von Kossa stain, Zlotnik (1969) and Korb et al.
(1971) observed extravascular deposits of calcium in necrotic tissues of Marburg
virus-infected guinea pigs and MVD patients.

In an early study on the coagulopathy in Marburg virus-infected guinea pigs,
Egbring, Slenczka, and Baltzer found that on days 4 and 5 after onset of fever,
coagulation was no longer detectable using thromboelastography. However, 50% of
the coagulation capacity could be restored when ionized calcium (CaCl2) at a final
concentration of 10 mM was added directly into the reaction vessel (Fig. 3)
(Egbring et al. 1971). It should be emphasized that restitution of clotting capacity
by substituting calcium was performed in vitro using plasma from infected animals
that contained less than 20% of clotting factors and platelets. Based on these results,
MVD is the first disease in the literature for which it was shown that a consumption
coagulopathy can be caused by loss of ionized calcium (Egbring et al. 1971).

4 Search for the Etiologic Agent

Diagnostic laboratory tests in search of the etiologic agent of the unknown disease
were conducted in the clinical microbiology laboratories at the university hospitals
in Frankfurt and Marburg. In Marburg, all this work was carried out by technicians
using classical microbiology techniques and––at least initially––without awareness
of the high risk. Masks and gloves were only used by laboratory
scientists/technicians after the first patients had died. Laboratory infections did not
occur and no seroconversions were found in these technicians.

The initial diagnostic arsenal included tests for salmonellosis, shigellosis, rick-
ettsiosis, chlamydiosis, yellow fever, and many other infectious diseases. The
negative results of these tests eventually convinced the medical staff that this was
not a domestic but rather an exotic disease. Therefore, serum specimens were sent
to 12 international laboratories known to be experienced in the diagnosis of zoo-
notic or tropical diseases. The focus of these investigations was predominantly on
arboviruses and on bacterial and viral agents known to cause hemorrhagic fever.
Serologic tests for antibodies against more than 80 arboviruses and other tropical
viruses were negative (Siegert et al. 1968).

The serological tests lead to a single trace for a tentative diagnosis: Dr. L. Popp
at the Staatliches Medizinaluntersuchungsamt (Governmental Medicinal Office of
Investigations) in Braunschweig, Germany, an expert in leptospirosis, detected
anti-leptospiral antibodies in some of the patient sera. Although this finding was not
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unexpected in serum specimens from laboratory staff working with wild-caught
animals, it served as an incentive to start a search for leptospira. Since the guinea
pig model was routinely used for isolating leptospira, Dr. W. Mannheim, who was
in charge of the bacteriology laboratory at the University of Marburg, inoculated
guinea pigs with blood from one of the patients on August 22, 1967. The animals
did not develop overt clinical disease but showed a moderate increase in temper-
ature for 2–3 days. However, neither leptospira nor any other microorganisms were
detected in the blood of these animals (Siegert et al. 1967; Slenczka et al. 1968).

Meanwhile, on August 24, four of the hospitalized patients, two in Frankfurt and
two in Marburg, succumbed to the disease after showing signs of severe hemor-
rhagic shock. None of the patients had responded to any therapeutic measures. At
this point, it had become clear that the patients suffered from an unknown agent
causing severe hemorrhagic fever and that Dr. Mannheim had most probably
transmitted this agent to guinea pigs. However, it also had become clear that none
of the agents which were, at that time, known to cause hemorrhagic fever were
involved (Siegert et al. 1967). In 1967, various bacteria, including members of the
Borrelia, Rickettsia, and Leptospira genera, were known to cause hemorrhagic
disease. The concept of viral hemorrhagic fevers was first introduced in 1948 by the
virologist Čumakov (1948). Later, Daniel Carleton Gajdusek, who worked on the
etiology of Korean hemorrhagic fever, postulated that Omsk hemorrhagic fever,
Crimean Congo hemorrhagic fever, and hemorrhagic fever with renal syndrome
were caused by at least three different viruses (Gajdusek 1962).

The death of four patients within 2–3 weeks after onset of the disease was a
shock and raised concerns that an unknown agent with high pathogenicity might be
distributed in the general population. Considering the high pathogenicity of the
agent, the inappropriate biosafety conditions of the diagnostic laboratories in
Frankfurt and in Marburg, and their location in the centers of these towns, it was
decided that further diagnostic work in search of the etiologic agent should not be
conducted in these laboratories but rather in institutions which had more experience
and were better equipped for work with agents of extreme pathogenicity. Diagnostic
specimens were sent to the Institute Pasteur in Dakar, Senegal, the Microbiological
Research Establishment in Porton Down, Salisbury, UK, the CDC in Atlanta, GA,
USA, the Middle America Research Unit, Balboa Heights, Canal Zone, Panama,
the Poliomyelitis Research Foundation in Johannesburg, South Africa, and the
Poliomyelitis Institute Moscow, Soviet Union (now Russia) (Siegert et al. 1968).

All these institutions had offered their help in search of the causal agent and were
informed on the details of the clinical presentation and results of diagnostic tests,
which up to that time had been carried out. Specifically, they were informed that
guinea pigs developed a fever in response to infection. The material destined for the
Microbiological Research Establishment was taken to London by Dr. Dick and then
shipped to Porton Down.

Inclusion of a Soviet institute among those to receive specimens raised some
concerns. At this time, there was a deep distrust between western and eastern
countries due to the Cold War. Newspapers in the Eastern Bloc had already claimed
that the events in Marburg and in Frankfurt were due to an accident in western

Filovirus Research: How it Began 9



research facilities working on biological weapons. Shipping patient specimens to
Moscow was meant as a confidence-building measure to show that there was
nothing to conceal. Some years later, the strain isolated from this material, the Popp
strain––the name refers to a Frankfurt patient––was used by Russian scientists for
developing biological weapons (Leitenberg et al. 2012).

Three weeks later, in mid-September, the intensity and spread of the disease had
dissipated. Sadly, two patients in Frankfurt and five in Marburg had succumbed to
the disease, but the majority of the hospitalized patients had survived. Most of them
had recovered and had been dismissed from the infection wards in a rather good
physical condition. Transmission in the general population had not occurred and
was no longer to be feared.

At this point, the guinea pig experiments were resumed to identify the unknown
agent. In Marburg, Prof. Dr. R. Siegert, (head of the Institute of Hygiene and
Medical Microbiology at Marburg University) and a research assistant in his lab-
oratory, Dr. H.L. Shu started to inoculate guinea pigs with diagnostic material.
Body temperature was monitored daily, and when the animals developed a fever,
they were bled by cardiac puncture. Guinea pigs that were infected with the original
material developed a fever on day 3 after inoculation without showing any other
symptoms and survived the disease. However, guinea pigs, which were treated with
passaged material (passage 3–5), became severely ill and had clinical signs similar
to those observed in patients, fulfilling one of the Henle–Koch postulates (Koch
1890), later modified by Rivers for viral diseases (Rivers 1937).

Animals that had survived the disease were resistant to exposure with high
passage material. Moreover, guinea pigs were protected from the disease by
administration of convalescent sera from patients (Siegert et al. 1968).

These experiments were a step in the right direction, but the agent remained
unidentified. To facilitate identification, blood from infected animals, taken at the
climax of the disease, was mixed with glutaraldehyde and formaldehyde to inac-
tivate and preserve the unknown agent and was sent to the electron microscopy
(EM) laboratories at the University of Marburg and the Bernhard Nocht Institute for
Tropical Medicine in Hamburg, Germany for analysis: Dr. D. Peters, head of the
Virology Department at the Bernhard Nocht Institute, was a renowned virological
electron microscopist and highly experienced in analyzing viral structures.

Of course, EM-based search for an unknown pathogen in biological materials
can be extremely fatiguing and––in case of a negative result––very frustrating.

In the case of the guinea pig material, an additional obstacle became evident
soon. A serious complication, often encountered in the search for unknown
pathogens, is contamination by organisms unrelated to the disease. These “pick-up”
contaminants may interfere with the etiological agent or may even cause disease
themselves. Contamination may occur as a result of a preexisting infection. During
passage to new animals, contaminants might be transferred with a higher efficiency
than the unknown etiological agent. The risk of cultivating a contaminating agent
may be reduced by using animals from an SPF (specific pathogen free) breed. In
1967, SPF guinea pigs could not be afforded in Marburg. Instead, the animals were
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purchased from local breeding stations which did not control for infections.
Therefore, in the experiments carried out by Drs. Siegert and Shu, it happened that
microbial contaminations, including pseudomonads, pasteurellae, and in some cases
paramyxoviruses were present in the guinea pigs. Although it was quite clear that
these well-known organisms were not the etiological pathogen, the presence of
these contaminants complicated data interpretation.

When Drs. Siegert and Shu were unable to identify the unknown agent, I came
into play. Up to that point in time I had not been involved in the search for the
causative agent for two reasons. First, I was a research assistant receiving my salary
from the German Research Foundation for conducting research and not for per-
forming diagnostic work. Second, I had a family at home with three little children
and it was an accepted policy not to expose parents to the dangerous agent. During
my time as a postdoctoral fellow in Dr. F. Lehmann-Grube’s laboratory, I had
developed a diagnostic assay for lymphocytic choriomeningitis virus based on
immunofluorescence. Today, the reagents needed for this technique can be easily
obtained from commercial suppliers in excellent quality. However, in 1967,
although it was possible to purchase secondary antibodies, these reagents generally
led to unsatisfactory results due to insufficient quality. Therefore, researchers
usually prepared their own antibody reagents to fractionate immunoglobulins and to
conjugate them with fluorescein isothiocyanate (FITC). This was not a simple task,
as it was not easy to find a supplier offering coupling agent of satisfactory quality.
I had spent several months adapting these techniques and was thus prepared to
make use of immunofluorescence analysis as a tool to identify the unknown agent.

Taking convalescent sera from humans and from infected guinea pigs, as well as
the corresponding negative controls, I prepared IgG-fractions, coupled the anti-
bodies to FITC, and purified them from unbound FITC and from nonspecific
binding substances to improve serologic specificity.

Organs from infected and noninfected guinea pigs, especially livers and spleens,
were used to make imprint preparations on microscopic slides, which were then
air-dried and fixed with ice-cold acetone. Since we did not know if the unknown
agent would be killed by acetone, we handled these slides with extreme caution. It
took 3 weeks of hard work before we had the first results. I found brilliantly
fluorescent cytoplasmic inclusions in liver cells from an infected guinea pig. Since
all the controls were negative, I was sure I had found antigenic structures of the
unknown pathogen (Fig. 4). At this time, it was not yet possible to tell whether
these inclusions, which resembled the Negri bodies found in rabies virus-infected
cells (Goldwasser et al. 1959), were indicative of a viral or bacterial infection.
However, it was clear that I had detected something that nobody had seen before;
structures of an unknown agent causing a deadly disease (Slenczka et al. 1968).

Using this assay, it was now possible to identify those animals which were
infected with this agent to select material for EM investigations. Once again, guinea
pig blood treated with glutaraldehyde and formaldehyde was sent to the Bernhard
Nocht Institute in Hamburg for EM analysis. Dr. D. Peters, together with a tech-
nician, analyzed negative stained material for more than a day but did not observe
anything reminiscent of a viral structure. On the second day of his search, Dr. Peters
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Fig. 4 Immunofluorescence analysis showing liver cells from a guinea pig infected with Marburg
virus. Immunofluorescence analysis was performed using FITC-conjugated immunoglobulins
derived from a Marburg virus disease survivor. Marburg virus forms large inclusions in the
cytoplasm of the infected cells. W. Slenczka, October 1967 (Siegert et al. 1967, 1968)

Fig. 5 First electron micrograph of a Marburg virus particle. Picture taken on November 20, 1967
by G. Müller, Bernhard Nocht Institute, Hamburg, Germany at 60,000 magnification (Siegert et al.
1967, 1968; Brauburger et al. 2012)
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left the laboratory for a lunch break and handed the specimen to his coworker, Dr.
G. Müller, asking him to continue the search. In less than an hour, Dr. Müller had
succeeded in finding viral particles that, due to their sizes and unique morphologies,
were identified as the products of an unknown virus (Fig. 5). When Dr. Peters
returned from his lunch break, Müller showed him the new virus. It is not clear why
Dr. Peters had not found the viral particles when he examined the samples. The
most probable explanation seems to be that the particles had spontaneously sedi-
mented to the bottom of the tube and Dr. Peters took material from the top only.

5 History of Publication

On November 27, 1967, press conferences were held in Marburg and Hamburg to
announce the identification of the etiological agent, which had caused the “monkey
disease”. At this time, the virus was named “Marburg virus” as a reference to the
town, where the greatest number of cases had occurred and to the place where the
causative agent had been isolated and identified.

The first scientific communication on the isolation and identification of the
Marburg virus was made at the IV Congreso Latinamericano de Microbiologia in
Lima, Peru held from November 26 to December 2, 1967. This paper was published
in the proceedings of this congress (Siegert, R., Shu H.L., Slenczka, W., Peters, D.,
and Müller, G. Detection of the so-called green monkey agent.). Three weeks later,
on December 21, 1967, the groups in Marburg and Hamburg published a detailed
report on the discovery of the Marburg virus in a German medical journal (Siegert
et al. 1967) with the English translation following on January 1, 1968 (Siegert et al.
1968). Reprints of these papers containing the first electron micrographs of the new
virus were sent to all the groups and institutions that had taken part in the efforts to
isolate this agent and also to WHO (1968).

On November 29, 1967 the group in Porton Down published their results in a
Lancet paper (Smith et al. 1967) in which they suggested that a member of the
Rickettsia or Chlamydia genera was the etiologic agents of the “vervet monkey
disease”. In addition, it was stated in this paper that “our virological findings were
negative” (Smith et al. 1967). Although Smith and colleagues did not identify the
causative agent of MVD, their paper unfortunately has been frequently cited as the
first report describing the isolation of Marburg virus.

During the first 6 months of 1968, six groups published confirmations of our
findings (Kissling et al. 1968; Kunz et al. 1968; Strickland-Cholmley and Malherbe
1970; May et al. 1968). While some acknowledged the first description of Marburg
virus by Siegert and colleagues, others did not.

The researchers who deserve credit for isolating and identifying Marburg virus
are Walter Mannheim, University of Marburg for successful transmission to guinea
pigs, Werner Slenczka, University of Marburg for detecting and identifying the
Marburg virus antigen by immunofluorescence analysis, and Gerhard Müller,
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Bernhard Nocht Institute for identifying the virus by EM. Walter Mannheim, a
bacteriologist, was uninterested in co-authoring publications despite his involve-
ment in the virus isolation.

6 The Monkeys

Originally, during the first decades of the nineteenth century, Indian rhesus mon-
keys (Macaca mulatta) were the preferred nonhuman primates (NHPs) used in
biomedical research. However, when monkey kidney cells were needed for vaccine
production, it was clear that these monkeys were not convenient because the
members of the Macaca genus are natural hosts of herpes B virus (Sabin and
Wright 1934). Therefore grivets, which were believed to be free from viruses
pathogenic to humans, were used as a source to prepare kidney cell cultures for
vaccine production. The attenuated vaccine strains of poliovirus (Sabin 1–3) could
only be propagated in primary monkey kidney cells. Therefore, grivets were
imported in great numbers from Eastern Africa to be used for the production and
also for the safety testing of poliovirus vaccines.

Grivets are part of a group colloquially often referred to as “African green
monkeys”. African green monkeys were previously classified as a single species
(Cercopithecus aethiops). This classification has since then been revised repeatedly
and the species was split into at least six species (Groves 2001). Grivets
(C. aethiops) are endemic in Ethiopia, Eritrea, and the Sudans. In 1962, about
25,000 grivets were exported from Uganda to a number of countries for biomedical
purposes, mainly for vaccine production. Due to loss of habitat and being hunted as
a source of meat, they are now endangered. In 1967, there were no restrictions or
regulations for the export or import of these monkeys.

The grivets which played a role in the 1967 MVD outbreak were exported from
Entebbe, Uganda by F.R. Mann, a relative of the famous German novelist Thomas
Mann. They were imported to Germany by the animal transportation company
Samen-Eckers, Viersen, Germany. Normally, these animals were transported by
Lufthansa on a direct flight from Entebbe to Frankfurt or to Düsseldorf, Germany.
Before leaving Entebbe, a certificate of good health from the Ugandan veterinary
office was needed. In 1967, however, due to the Six Days War (June 5–10, 1967),
the direct Lufthansa flight was discontinued and therefore the monkeys had to be
transported via London Heathrow to their German destinations. Usually, the
shipments to Germany included approximately 100 monkeys. Due to technical
problems, the animals stayed in London for 9–46 h before they were shipped to
Germany. During this time the monkeys were transported to an animal house of the
Royal Society for Prevention of Cruelty to the Animals (RSPCA) outside the airport
area. This was allowed under condition that they would not have contact with other
animals and especially not with rhesus monkeys. However, on one occasion the
grivets were kept overnight in a room together with two Hanuman langurs
(Semnopithecus sp.) from Ceylon (now Sri Lanka). One of the langurs became sick
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and died soon after, but the cause of its sickness and death was not disclosed.
During another transport, grivets were caged in a room together with finches of
non-European origin and with other animals. The circumstances of these stays in
London and the contacts with animals from other continents caused considerable
difficulties in the search for the geographic provenance of the agent of disease. On
one occasion, two monkeys escaped during the transport to Germany on June 28,
1967. Luckily, they monkeys were captured quickly and arrived at Düsseldorf
airport on June 29. Several journalistic conspiracy theories arose from this event.

Mr. Mann from Entebbe insisted on the validity of the Ugandan health certifi-
cate: “presumably a document of doubtful quality” (Hennessen). He also stated that
a similar disease had never occurred among the 500 Ugandans he employed as
monkey trappers. Later, however, it became known that there had been an epizootic
event with many dead monkeys in the trapping areas around Lake Kyoga. The
monkeys were captured in three places: Namasale, Kidera, and Ndolwa, prior to
transport to Entebbe. With rare exceptions, the monkeys were held in individual
cages during their stay in Uganda. As a rule, animals that would not thrive or
showed other signs of sickness were shipped to a “Monkey island” in Lake Victoria
where they were set free to live or to die. Whenever there were not enough monkeys
to complete an order, the trappers would go to the “Monkey island” and would
capture some healthy looking monkeys and bring them to Entebbe.

The final proof that Africa was the origin of Marburg virus was not obtained
until 1975, when a 20-year-old Australian man was admitted to a hospital in
Johannesburg, South Africa, where he was diagnosed with MVD and later died. His
19-year-old female travel companion and a 20-year-old nurse caring for both
patients acquired secondary infections. Both women survived the infection and
recovered (Gear et al. 1975). The Australian travelers had been hitchhiking in
Rhodesia (now Zimbabwe). The source of their infection was never determined.

The number of monkeys imported to Germany was negligible before 1960.
Beginning that year, air transportation facilitated the import of up to 5,000 animals per
year for biomedical research and for vaccine production, mainly rhesus monkeys and
grivets. At the Paul-Ehrlich Institute in Frankfurt monkeys were euthanized on two
days perweek, at BehringwerkeAG inMarburg, onfive days. OnAugust 21, 1967, 18
monkeys were euthanized at on two days per week Behringwerke AG for diagnostic
purposes. Postmortem specimenswere collected and sent to the Institute ofHygiene in
Freiburg, Germany, to the Institute ofHygiene inVienna, Austria, to the Poliomyelitis
Research Foundation in Johannesburg, South Africa, and to the Institute Pasteur in
Dakar, Senegal. During this activity, a 39-year-old veterinarian was infected in
Marburg and succumbed to the infection on September 3.

On August 25, 1967, per governmental order all the remaining monkeys at
Behringwerke AG were killed: 235 rhesus monkeys and 266 grivets. Out of the
latter group, 110 were being kept in a quarantine station outside the facility and 156
animals were held in a house in the area of the facility. None of the individuals who
cared for the monkeys and cleaned the cages got the disease. The animal care takers
used gloves and face masks resembling those which are worn for welding work and
these are not aerosol-tight. Only animal care takers and laboratory workers who had
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contact with blood or organs of the monkeys were at risk of getting the disease.
Three men who opened the skulls of killed monkeys to remove the brains were
infected. This work was done without personal protective equipment (PPE) since
the monkeys were believed to be healthy. Animal handling included to capture the
monkeys with a net and to anesthetize them by electric shock, to exsanguinate the
animals by opening the carotid artery, to fix the monkeys on the table, to perform
ventral nephrectomies, to perform necropsies, to remove the cadavers from the
table, and to transport them to the incinerator. PPE was mandatory for all these
activities. For capturing and anesthetizing the monkeys as well as for the
nephrectomies protective gowns and sterile masks were used in addition. Other
employees were most likely exposed to the virus when they transported the kidneys
to the cell culture lab or during the necropsies. On August 29, it was suspected that
kidney cell cultures derived from these monkeys were infectious and therefore all
remaining cell cultures, including 1000 glass vessels and 9000 glass tubes were
inactivated by autoclaving. A 19-year-old student who worked at Behringwerke AG
during the summer break accidentally broke one of the tubes, was infected with
Marburg virus, and died on September 10. Three employees, one male, two
females, were infected by contact with cell cultures. Most of the female primary
cases were infected by cleaning the glassware used in the lab.

Summarizing the use of protective measures, it can be concluded that PPE was
exclusively directed toward protection of monkeys, monkey organs, and cell cul-
tures from contamination. Since the monkeys were regarded to be healthy, PPE was
not used when skulls were opened, when cadavers were discarded, or when glass
vessels were cleaned (Hennessen et al. 1968). Hennessen and coworkers published
a thorough analysis of the sources of infection for the employees in Frankfurt and in
Marburg and came to the conclusion that a small number of animals from transports
that had arrived on July 21 and July 28 must have carried the virus (Hennessen et al.
1968) (Table 1). The last case that occurred in Frankfurt, however, must have been
infected by contact with a monkey that had arrived on August 10.

Table 1 Human cases resulting from direct or indirect contact with monkeys from two shipments

Shipment
arrival

7/28 Day
11

Day
19

Day
20

Day
21

Day
22

Day
24

Day
25

Day
31

First day of
illness

8/8 8/16 8/17 8/18 8/19 8/21 8/22 8/28

Direct
contact

1 3 1 2 1 2 2 1

Shipment arrival 7/21 Day 32 Day 38 Day 41 Day 49

First day of illness 8/22 8/25 8/28 9/5

Direct contact 1 2

Indirect contact 1 2 1

The time between arrival of the shipments and the first day of reported illness of patients is
indicated. Direct contact indicates contact with monkey blood or organs. Indirect contact indicates
exposure by handling cell cultures or cleaning contaminated glassware. Table 1 was compiled
based on data published in Hennessen et al. (1968)
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The shortest period of time between arrival of the monkeys (July 28) and the first
signs of human disease (August 8) was 11 days (Table 1). An interval of 32 days
between the arrival of the grivets and the onset of symptoms from direct contact
with the animals implies that there must have been horizontal spread of the virus
among the grivets after their arrival in Marburg. From these data, it might appear
that quarantine was not appropriately applied and that 4 weeks of quarantine might
not have been sufficient to prevent the outbreak, especially since it cannot be
excluded that latent infections and sexual transmission might have played a role in
virus spread (see below).

Monkeys from the same transports were also delivered to the Torlak Institute in
Belgrade, where a veterinarian and his wife were infected and survived. At the
Torlak Institute, these monkeys had health issues––the lethality among them was
33%. A delegation comprising representatives of the animal handlers, from
Behringwerke AG and the Paul-Ehrlich Institute visited Belgrade and stated that
these monkeys had not died from a viral infection but from insufficient air condi-
tioning due to a defective AC unit. Later, Stojkovic and his coworkers took blood
from 48 surviving monkeys and tested it in a complement fixation test (CFT) using
antigen prepared from infected guinea pigs (Stojkovic et al. 1971). They detected
Marburg virus-specific antibodies in 88% of the samples and concluded that the
infection had spread in the cages during the quarantine. We received two of these
sera to test them with indirect immunofluorescence and in a CFT using our Vero
cell-based antigen; our tests indicated that they were both negative for Marburg
virus antibody (Slenczka et al. 1971).

7 Speculations on Persistently Infected Monkeys
as Reservoirs of Marburg Virus

The most intriguing question regarding these monkeys is their state of health.
Where and at what time did they acquire the virus? Why did they not show signs of
disease at any location; not when they were in Entebbe, not upon their arrival in
London, Frankfurt, Marburg, or Belgrade, and not when they were finally eutha-
nized? The lethality of imported NHPs was about 5% at that time. An increase in
lethality of imported NHPs should certainly have raised suspicion. Exact lethality
data of the incriminated monkeys were never communicated. There can be no doubt
that the animals were inspected carefully before they were used.

It was shown for humans, who survived MVD, that the virus was able to persist
in the testes and probably other organs (anterior eye chamber and liver) for weeks
or even months after recovery (Slenczka et al. 1968; Siegert et al. 1968; Martini and
Schmidt 1968). Per analogy, it is reasonable to assume that some of the monkeys,
which arrived on July 21 and 28, might have been recovering from disease caused
by Marburg virus infection and were able to infect their cage companions during
transport to or after their arrival in Germany. Beginning at their arrival at the
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collecting stations, the animals were held in individual cages. During the flight and
after arrival at their final destinations, the monkeys were kept two per cage. It seems
that they were not separated by sex. If a convalescent monkey was caged together
with a naïve monkey, sexual transmission could have happened at any time during
transport or after the animals had arrived at their destination. If sexual transmission
happened early, the acutely infected companion would have fallen ill and would
most probably have died during quarantine. If, however, transmission occurred
about a week before the monkeys were euthanized, they could have been viremic
but appeared clinically unremarkable, although in this case they would most likely
have developed a fever at the time when they were euthanized. Thus, simply using a
thermometer might have prevented the MVD outbreak. Admittedly, the use of a
conventional thermometer in these monkeys would have only been possible if they
were anesthetized, since infrared thermometers were not available at that time.

Assuming that some persistently infected monkeys from “Monkey island” could
have been the source for importing Marburg virus to Europe might help to explain
some peculiarities of this outbreak. It is known that a large number of monkeys
from the same source in Uganda were transported to Sweden, Japan,
Czechoslovakia, Italy, Switzerland, and England at the same time and for the same
purpose: to prepare cell cultures. But no outbreaks were reported at any of these
locations. It is possible that when the shipments to Germany and to Yugoslavia
were assembled, there were not enough monkeys left at the collecting station and
therefore, that animals from “Monkey island” were used to supplement the ship-
ment. Among the animals captured from “Monkey island” were possibly some
which had survived an infection with Marburg virus but appeared to be healthy.
This might explain why Marburg virus was exclusively transported with shipments
to locations in Germany and in Yugoslavia.

Admittedly, the above-formulated hypothesis is based on assumptions. But it
offers an intriguing explanation addressing many of the open questions regarding
this outbreak that, until now, have remained unanswered.

Retrospectively, it is astonishing and hard to believe how firmly scientists trusted
in grivets as a safe NHP that did not pose a risk to human health. One possible
explanation for this lapse in judgment might be that the scientists were blind to the
risks because of their passion to achieve the overarching goal to eliminate
poliomyelitis. This goal must have been hypnotizing. As Christian Morgenstern put
it aptly in his famous poem Die unmögliche Tatsache (The impossible fact): “Weil,
so schließt er messerscharf, nicht sein kann, was nicht sein darf.” (For, he reasons
pointedly, that which must not, cannot be).

8 Shortage of Poliomyelitis Vaccine

A special and very serious problem emanating from the Marburg virus outbreak
was the shortage and questionable safety of monkey kidney-based vaccines against
measles and poliomyelitis, since the release of vaccines had been stopped due to the
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outbreak. In 1967, 60 cases of poliomyelitis were registered in West Germany, a
number that indicates that more than 6000 persons were infected and could spread
the virus. The immunization rate of the population was far from sufficient to prevent
the spread of polioviruses. The vaccination campaign was to be continued in fall
and winter after the end of the epidemic season. As a consequence of the MVD
outbreak, the import of grivets into Germany was no longer permitted by gov-
ernmental order starting in August 1967. After intensive discussions and consul-
tations, this problem was solved in a very pragmatic way. It was decided that
vaccine batches, which had been licensed prior to the MVD outbreak, could be
used. The decisive argument for the use of these vaccine stocks was that injection of
the vaccine into guinea pigs, a test designed to rule out contamination with
tuberculosis, was a sufficient safety precaution. This test procedure, however, would
not have been adequate for detecting Marburg virus. Only in 1968, control pro-
cedures were changed so that Marburg virus might have been detected.

Attempts to propagate the vaccine strains in human fibroblasts were not suc-
cessful. To address this issue, Behringwerke AG obtained permission to import 200
grivets from Uganda on December 8, 1967. In the aftermath of the outbreak,
Behringwerke AG chose to establish their own breed of SPF monkeys, which were
delivered by Caesarean section. Other vaccine producers decided to use crab-eating
(cynomolgus) macaques (Macaca fascicularis) from Southeastern Asia for vaccine
production. These animals were regarded to be safe until in 1989 Reston virus, an
Ebola virus and therefore relative of Marburg virus, was introduced by crab-eating
macaques into the USA (Jaax and Jaax 2016). A small number of animal care takers
may have been infected as shown by the presence of anti Reston virus antibodies,
but fortunately it did not cause disease in the infected humans (Fisher-Hoch et al.
1992).

9 Conclusions

Marburg virus, the type virus of the family Filoviridae, was introduced in summer
1967 to Germany and to Yugoslavia by grivets (C. aethiops). The monkeys were
imported from Uganda for biomedical purposes and were delivered to three insti-
tutions, Behringwerke AG in Marburg, Germany, Paul Ehrlich-Institute in
Frankfurt, Germany and Institute Torlak in Belgrade, Yugoslavia. Employees of
these three institutions, at least 26 persons, were infected directly by contact with
blood, organs and cell cultures of these monkeys and developed a severe form of a
viral hemorrhagic fever. The case fatality rate of the primary cases was 27%. In
addition, five cases of (secondary) nosocomial infections and one case of sexual
transmission were observed. There were no fatalities among the secondary cases.
The etiologic virus was isolated and identified in a combined effort by scientists at
the University of Marburg, Germany and the Institute for Tropical Medicine and
Hygiene in Hamburg, Germany.
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Since that time, marburgviruses and a second group of filoviruses, ebolaviruses,
have caused outbreaks with a total number of more than 31,311 cases of viral
hemorrhagic fever in several African countries and elsewhere with case fatality
rates of around 42%. In some of the outbreaks, more than 90% of the patients
succumbed to the disease. The largest outbreak of Ebola virus disease, which
occurred in Guinea, Liberia and Sierra Leone 2013–2016, has caused at least
28,599 cases with a case fatality rate of 40%.

A seroepidemiological survey carried out in Mobai, Eastern province of Sierra
Leone, already indicated the presence of Ebola virus in this region in 1984. This
area is in the vicinity of Gueckedou/Guinea, where the 2014 outbreak originated.
Out of 556 sera collected in Mobai in 1983/4, 1.8% were found to be seropositive
for Ebola virus (Slenczka et al. 1984). The reemergence of Ebola virus in 2014
shows seroepidemiologic surveys might help predict future outbreaks.
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there have been 47 outbreaks resulting in more than 31,500 cases of human illness
and over 13,200 reported deaths. Since their discovery, researchers from many
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deadly viruses. Citing original research wherever possible, this chapter reviews
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1 Introduction

Ecology can be defined broadly as the scientific study of the interactions between
organisms and their environment, while infectious disease ecology has a more
refined emphasis on the study of the interactions between pathogens, their host
organisms, and the environment. There have been many reviews of filovirus
ecology covering all aspects affecting circulation of the viruses in nature, including
the search for natural reservoirs, virus and potential host dynamics, known or
suspected transmission dynamics, and environmental considerations with respect to
outbreak potential (Monath 1999; McCormick 2004; Feldmann et al. 2004; Wolfe
et al. 2005; Pourrut et al. 2005; Groseth et al. 2007; Miranda and Miranda 2011;
Brauburger et al. 2012; Olival et al. 2012, 2015; Smith and Wang 2013; Olival and
Hayman 2014; Han et al. 2016; Leendertz et al. 2016). Presented in this chapter is
an update on filovirus ecology research.

Filoviruses (order Mononegavirales; family Filoviridae) are negative sense
RNA viruses included in the genera Ebolavirus, Marburgvirus, and Cuevavirus.
Collectively, the zoonotic viruses of the genus Ebolavirus (referred to as ebola-
viruses) and the genus Marburgvirus (referred to as marburgviruses) have caused
over 40 disease outbreaks in humans, with case fatality ratios as high as 90%
(Table 1). The majority of cases result from human to human transmission.
However, the initial spillover events occur when humans come into contact with
either the natural reservoirs of the filovirus or secondary amplifying hosts, typically
through hunting or utilizing bushmeat (Leroy et al. 2009).

There has been lack of consensus on criteria that define animals as natural
reservoir hosts of infectious agents. A commonly accepted assumption is that
infection is likely to be unapparent or benign in reservoir hosts, presumably as a
result of coevolution with the pathogen concerned. The reservoir hosts develop
transient or chronic infection that facilitates transmission to further reservoir or
susceptible hosts. However, since the majority of pathogens infect hosts of multiple
species, it is argued that reservoir hosts can only be defined with respect to specific
target populations (Haydon et al. 2002). Moreover, the reservoir may comprise one
or more epidemiologically connected populations of the same or different species,
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Table 1 Historical chronology of filovirus outbreaks (CDC 2014, 2016)

Outbreak year (s) Country Virus Number of
cases

Deaths
fatality
ratio

1967 West Germany and
Yugoslavia

Marburg
virus

32a 7 (23%)

1975 Johannesburg, South
Africa

Marburg
virus

3 1 (33%)

1976 England Sudan virus 1 0

1976 Sudan (South Sudan) Sudan virus 284 151 (53%)

1976 Zaire (Democratic
Republic of the Congo)

Ebola virus 318 280 (88%)

1977 Zaire Ebola virus 1 1 (100%)

1979 Sudan (South Sudan) Sudan virus 34 22 (65%)

1980 Kenya Marburg
virus

2 1 (50%)

1987 Kenya Marburg
virus

1 1 (100%)

1989–1990 Philippines Reston virus 3
(asymptomatic)

0

1989 USA Reston virus 0 0

1990 USA Reston virus 4
(asymptomatic)

0

1990 Russia Marburg
virus

1 1 (100%)

1992 Italy Reston virus 0 0

1994 Côte d’Ivoire Taï Forest
virus

1 0

1994 Gabon Ebola virus 52 31 (60%)

1995 Democratic Republic of
the Congo

Ebola virus 315 250 (81%)

1996 Russia Ebola virus 1 1 (100%)

1996 Philippines Reston virus 0 0

1996 USA Reston virus 0 0

1996 South Africa Ebola virus 2 1 (50%)

1996–1997 (July–
January)

Gabon Ebola virus 60 45 (74%)

1996 (January–
April)

Gabon Ebola virus 37 21 (57%)

1998–2000 Democratic Republic of
Congo

Marburg
virus

154 128 (83%)

2000–2001 Uganda Sudan virus 425 224 (53%)

October 2001–
March 2002

Republic of the Congo Ebola virus 57 43 (75%)

October 2001–
March 2002

Gabon Ebola virus 65 53 (82%)

(continued)
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Table 1 (continued)

Outbreak year (s) Country Virus Number of
cases

Deaths
fatality
ratio

December 2002–
April 2003

Republic of the Congo Ebola virus 143 128 (89%)

November–
December 2003

Republic of the Congo Ebola virus 35 29 (83%)

2004 Russia Ebola virus 1 1 (100%)

2004 Sudan Sudan virus 17 7 (41%)

2004–2005 Angola Marburg
virus

252 227 (90%)

December 2007–
January 2008

Uganda Bundibugyo
virus

149 37 (25%)

2007 Democratic Republic of
the Congo

Ebola virus 264 187 (71%)

2007 Uganda Marburg
virus

4 1 (25%)

December 2008–
February 2009

Democratic Republic of
the Congo

Ebola virus 32 15 (47%)

November 2008 Philippines Reston virus 6
(asymptomatic)

0

2008 USA ex Uganda Marburg
virus

1 0

2008 Netherlands ex Uganda Marburg
virus

1 1 (100%)

May 2011 Uganda Sudan virus 1 1 (100%)

November 2012–
January 2013

Uganda Sudan virus 6b 3a (50%)

June–November
2012

Democratic Republic of
the Congo

Bundibugyo
virus

36b 13a

(36.1%)

June–October
2012

Uganda Sudan virus 11b 4a (36.4%)

2012 Uganda Marburg
virus

15 4 (27%)

August–
November 2014

Democratic Republic of
the Congo

Ebola virus 66 49 (74%)

(Dec) 2013–2016 Guinea, Sierra Leone,
Liberia

Ebola virus 28,652 11,325
(39%)

2014 Uganda Marburg
virus

1b 1 (100%)

aThe original 1967 Marburg virus disease outbreak case number of 31 was amended to 32 after
another Marburg positive case was identified retrospectively (Slenczka et al. 2007)
bLaboratory confirmed cases only
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potentially including vectors, in which a pathogen can be maintained in perpetuity
and transmitted to a defined target population. The pathogenicity of the infectious
agent for the reservoir host may be irrelevant provided the population exceeds the
critical community size. Animals that transmit infection to the target population are
termed the source population, and may form part of the maintenance community, or
merely represent a transmission link.

More succinctly, therefore, the natural reservoir of infection can be defined as an
ecologic system in which an infectious agent survives indefinitely (Ashford 2003).
It follows that there has to be circulation and transmission of the infectious agent in
the reservoir population, so that during appropriate field studies the agent should be
detected regularly over time. Moreover, there should be a higher cumulative
seroprevalence than active infection prevalence, as demonstrated for mar-
burgviruses in bats (Swanepoel et al. 2007; Towner et al. 2009; Amman et al.
2012). There may be local extirpation of infection, for example through ‘im-
munological exhaustion’ (cumulative acquisition of immunity) of the population,
but separate maintenance populations in close proximity, part of the maintenance
community, may act as refugia from which re-introduction of infection is possible
(Glass et al. 2007). Moreover, susceptible individuals can be recruited to the
maintenance population through reproduction or migration.

With specific reference to Ebola virus (EBOV), it has been hypothesized that
there is long-term local persistence of the virus in a cryptic and infrequently con-
tacted reservoir host, but that following recent introductions into susceptible hosts
there has been directional spread of virus through ape and human populations
(Groseth et al. 2007). There has been mounting evidence to support the role of bats
as cryptic hosts of filoviruses, and analogies have been made with rodents as hosts
of arenaviruses and hantaviruses: each filovirus and its natural reservoir will have
its own set of special considerations with respect to transmission cycles, ecological
dynamics and natural histories of reservoir hosts, as discussed below (Olival et al.
2012, 2015; Luis et al. 2013; Olival and Hayman 2014).

Ostensibly there have been numerous ecological investigations, with field
studies aimed at identifying the natural reservoirs of the viruses attempted in
association with most filovirus outbreaks. Typically, the investigations incorporated
the collection of samples from fauna and even flora in and around the outbreak area,
ideally as close as possible to the locations where primary infections putatively
occurred. These samples were then tested for evidence of filovirus infection. In
reality, many of the studies were delayed, inappropriate, deficient, or never com-
pleted and published.

Filovirus outbreaks have tended to occur erratically, in widely separated geo-
graphic locations at unpredictable intervals, rendering systematic investigation
difficult. Almost invariably the outbreaks have occurred in remote and poorly
resourced locations, and months have elapsed before information reached the
outside world to prompt international responses. The 2013–2016 outbreak of Ebola
virus disease (EVD) in West Africa was no exception in this respect. Consequently,
the investigations are often conducted in a season when the ecological circum-
stances that triggered the outbreak no longer remain. Ample time has elapsed for
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infected animals to die, clear infections, or simply leave the outbreak area
(Swanepoel et al. 1996). Often outbreaks have occurred in regions of civil or even
international strife, where the securing of safe working conditions, communica-
tions, transport, fuel, sanitation, plus medical, food, water and electricity supplies
are matters of primary concern. Under these circumstances resources are prefer-
entially devoted to controlling the outbreak: isolation and treatment of patients,
tracing and monitoring of contacts of infection, and providing safe burial of the
dead. Ecological investigations are considered to be of secondary importance and
must await the decline or cessation of the outbreak.

Moreover, it is frequently unsafe to conduct ecological investigations in or near
communities during filovirus outbreaks as the local population may be suspicious
of any new or unusual activities, such as the collection and dissection of wildlife by
researchers wearing a variety of otherworldly personal protective equipment (PPE),
often at night. Rumors and misinformation can inflame fears and superstitions,
rendering the investigations difficult and hazardous for researchers, and leading to
long delays between the onset of the outbreak and active investigations to find the
animal reservoir. Sometimes the investigations have even occurred years later in
locations remote from the outbreak. In contrast, where attempts are made to conduct
studies at regular seasonal intervals over years, research institutions and funding
agencies are reluctant to commit resources, and host countries are reluctant to
permit investigations, when there are no current outbreaks.

Apart from considerations of timing and logistics, one of the most obvious
confounders has simply been the biological diversity in the geographic areas where
outbreaks occur, and the numerous possibilities that exist for transmission of
infection from animals to humans. Mounting evidence that bats play a key role in
the maintenance of filoviruses has helped narrow and focus the scope of field
investigations. Nevertheless, capturing and processing individuals from this diverse
mammalian order (Chiroptera) presents many challenges depending on the target
species and region of investigation. Trapping and sampling small terrestrial
mammals with restricted habitats and home ranges can usually be managed with
facility, depending on population sizes. However, collecting volant (flying) small
mammals presents new challenges with greater and less predictable variables. Bats
are not confined by geographic barriers that limit movements of terrestrial mam-
mals, such as bodies of water, patches of deforestation, or minor geologic forma-
tions. Nor are they constrained by political boundaries; they simply fly from point
to point and beyond. The challenge is to determine where target points are located
to encounter the largest number of target species. Moreover, instead of luring
animals into baited traps in areas inhabited by suspected terrestrial reservoirs,
optimal capture equipment varies with type of bat, and must be placed taking into
account 3-dimensional space and flight paths. An exception to this scenario occurs
where target species form colonies at specific roosting sites, which provide singular
locations to focus collection efforts, and typically these provide capture numbers
sufficient to provide definitive results.
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2 Reservoir Studies of Marburgviruses

Between the first outbreak of Marburg virus disease (MVD) in 1967 and the Durba
outbreak in 1998, there had been only three known, naturally occurring MVD
outbreaks, and all involved three cases or less. Each of the primary cases were
tourists with known travel histories, an epidemiologic feature that narrowed the
scope of the ensuing ecological investigations. Analyses of tissues collected from
arthropods and bats, and serum samples from wild and domestic animals, failed to
produce any positive results by virus isolation or antibody testing that could
implicate any taxon as the source of the infections (Conrad et al. 1978; Smith et al.
1982). However, highly sensitive analyses such as RT-PCR and qRT-PCR were not
available at that time. In light of the fact that the outbreaks in 1980 and 1987 were
associated with visits to Kitum cave at Mt. Elgon, researchers attempted to identify
fauna in the cave as the source of infection by placing caged animals, 9 nonhuman
primates (five Sykes monkeys, two baboons, two vervet monkeys) and 20 guinea
pigs inside the cave for 22 days, with some placed directly under roosting Egyptian
rousette (Rousettus aegyptiacus) bats (J.C. Morrill, pers com). These attempts were
unsuccessful, but the results were important by showing that marburgviruses were
not likely transmitted via aerosols.

The initial breakthrough towards identifying the Marburg virus (MARV) and
Ravn virus (RAVV) natural reservoir occurred following a prolonged MVD out-
break in the gold mining village of Durba, Democratic Republic of the Congo
(DRC) (October 1998–September 2000) where at least nine marburgvirus lineages
were found circulating among miners and their contacts (Bausch et al. 2006).
A rigorous ecological investigation ensued, and researchers collected and analyzed
fauna associated within and around the Goroumbwa mine where the outbreak was
centered. The collection effort included bats, rodents, amphibians and arthropods
(Swanepoel et al. 2007). Using antibody ELISA and nested VP35 RT-PCR, bats
from two insectivorous species and one frugivorous species tested positive for
MARV. Eloquent horseshoe bats (Rhinolophus eloquens) tested positive by
serology (20/206) and RT-PCR (7/197), while greater long-fingered bats
(Miniopterus inflatus) bats were positive by RT-PCR only (1/33). Egyptian rou-
settes also tested positive by serology (32/156) and RT-PCR (4/127). Sequence
analysis of PCR fragments revealed the presence of genetically diverse MARV, but
not RAVV, in the bats tested. No other animal samples tested positive and several
bat-derived virus sequence fragments closely matched those from human MARV
isolates obtained during the outbreak.

Further evidence linking MARV to cave-dwelling, but not arboreal, bats was
obtained when over 1100 bats representing 10 species were collected in Gabon and
the northwest Republic of the Congo and tested for virus-specific RNA and anti-
body. Evidence of infection was found only in Egyptian rousettes, in which 4/238
samples tested positive for MARV RNA and 29/242 sera samples showed reactivity
to MARV antigen (Towner et al. 2007). These data extended the geographic range
of potential MARV spillover to the western half of Africa where a MVD outbreak
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of uncertain origin occurred in Angola two years prior (Towner et al. 2006).
Interestingly, the two MARV sequence fragments found in the Gabonese bats
phylogenetically aligned most closely to virus sequences obtained from miners in
Durba, DRC (Swanepoel et al. 2007) and tourists infected thousands of miles away
in 1975 in Rhodesia (now Zimbabwe), suggesting the virus common ancestor was
carried by a highly mobile animal reservoir. Follow-up surveys between 2003 and
2010 in Gabon and Republic of the Congo again found Egyptian rousettes positive
for MARV by antibody ELISA (7%) and qRT-PCR (4.1%) (Pourrut et al. 2009;
Maganga et al. 2011). Of note, the study by Pourrut et al. (2009) reported 1% of
hammer-headed fruit bats (Hypsignathus monstrosus) bats to also have antibody
reactivity to MARV antigen, but none were positive by RT-PCR. These data, along
with the findings of Towner et al. (2007), represent the westernmost distribution of
MARV-positive bats to date.

Perhaps the most convincing set of data implicating R. aegyptiacus bats as a
bona-fide natural reservoir for marburgviruses came after a series of discrete spil-
lover events occurred in miners and tourists in Uganda. The first incidents happened
in July and September of 2007, when miners working in Kitaka mine in southwest
Uganda became separately infected with MARV and RAVV, respectively
(Adjemian et al. 2011). This lead and gold mine was occupied by Egyptian rou-
settes and a smaller insectivore, Sundevall’s leaf-nosed bats (Hipposideros caffer).
The Egyptian rousette population was statistically approximated to be more than
100,000 animals (Towner et al. 2009), and over two collection periods spanning
8 months, samples from 611 Egyptian rousettes and 609 Sundevall’s leaf-nosed
bats were tested for marburgviruses. Of these, 31 Egyptian rousettes and 1
Sundevall’s leaf-nosed bat tested positive by qRT-PCR. Moreover, live MARV and
RAVV were isolated directly from bat tissues (n = 5 bats) providing critical evi-
dence that infectious virus could be maintained within the bat population over time
(Towner et al. 2009). The single MARV-positive Sundevall’s leaf-nosed bat, along
with the MARV-positive insectivorous bats from DRC and Gabon, are the likely
result of spillover events to members of non-reservoir species and not considered
part of the marburgvirus maintenance cycle per se. However, further field studies
examining marburgvirus spillover to cohabitating bats of other species is warranted.

The second series of spillover events occurred at Python Cave in Uganda, a
popular tourist destination and home to approximately 40,000 Egyptian rousettes.
The cave is located in the Maramagambo Forest in Queen Elizabeth National Park,
approximately 50 km away from Kitaka mine. There, a Dutch tourist became
infected with MARV after visiting the cave in July 2008 (Timen et al. 2009). At
about the same time, a tourist from the United States was also identified, albeit
retrospectively, as having been infected with MARV following a visit to the same
cave six months prior in December 2007 (CDC 2009). In response to these events,
over 1600 Egyptian rousettes, the only bat present in Python cave, were captured
and sampled four times between August 2008 and November 2009. Collectively,
2.5% (40/1622) of the bats tested positive by qRT-PCR for marburgviruses
(Amman et al. 2012). Virus isolates, of both MARV and RAVV, were again
obtained from liver and spleen samples (n = 12 bats), supporting the findings of
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Towner et al. (2009) that marburgvirus circulation and transmission is maintained
in Egyptian rousette populations in southwest Uganda.

Interestingly, when the investigations at Kitaka mine and Python cave were
analyzed together, it became apparent that the prevalence of active infection spiked
on a seasonal basis, and these pulses occurred in juvenile bats during the biannual
birthing seasons when the bats are roughly 4–6 months in age. Active infections
among this age cohort spiked to an average high of 12.4% during peak birthing
months (mid-June through mid-September and mid-December through
mid-March). Moreover, when human marburgvirus spillover data were analyzed,
83.1% of known spillover dates occurred within the months surrounding the
biannual birthing seasons (Amman et al. 2012), suggesting older juvenile Egyptian
rousettes represent a major driver for virus spillover to humans.

3 Reservoir Studies of Ebolaviruses

Early investigations into the natural sources of ebolaviruses consisted of sample
collections and testing over many years from numerous vertebrate and invertebrate
taxa, both sylvan and domestic (Arata et al. 1978; Germain 1978; WHO 1978;
Breman et al. 1999; Leirs et al. 1999; Reiter et al. 1999). All of these investigations
were unable to detect ebolavirus positive samples. Serum from one Lord Derby’s
scaly-tailed squirrel (Anomalurus derbianus) reportedly showed reactivity to EBOV
antigen via immunofluorescent assay (IFA), but the positive antibody result could
not be confirmed by radioimmunoassay (Breman et al. 1999). Fragments of
EBOV RNA were reportedly detected in Peters’s mice (Mus setulosus), two
Prayomys sp, and a greater forest shrew (Sylvisorex ollula) captured in the Central
African Republic. Sequences were generated that matched (at that time) the Zaire
and Gabon lineages and examination of spleen samples with electron microscopy
detected tubular structures similar to filovirus nucleocapsids in one of the Prayomys
sp. However, these findings lacked corroboration by serology, virus isolation or
antigen detection (Morvan et al. 1999).

Bats are becoming increasingly recognized as reservoirs for a variety of zoonotic
viruses (Dobson 2005, Calisher et al. 2006; Smith and Wang 2013; Drexler et al.
2014) and have been reported to host a significantly higher number of viruses
compared to rodents (Luis et al. 2013). Of late, bats have been tentatively recog-
nized as ancestral hosts of mammalian paramyxoviruses in a study characterizing
many new paramyxoviruses in bats from all over the world (Drexler et al. 2012).
Several pteropid fruit bats are reservoirs for Nipah virus (Johara et al. 2001; Shirai
et al. 2007) and Hendra virus (Halpin et al. 2000; Drexler et al. 2009). Recently, a
new pathogenic paramyxovirus, Sosuga virus, was detected in Egyptian rousettes, a
natural reservoir for marburgviruses (Amman et al. 2015a). Given the close phy-
logenetic relationships between the family Paramyxoviridea and Filoviridae in the
order Mononegavirales (Cleveland et al. 2011; Kuhn et al. 2013; Li et al. 2015), it
is conceivable that bats are also ancestral reservoirs for filoviruses.
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The increasing suspicion that bats are natural reservoirs for filoviruses has been
evident in several collection efforts over the last few decades. Over 1000 animals,
including 679 bats, 222 birds, and 129 small terrestrial vertebrates were tested
during an EVD outbreak investigation in Gabon from 2001 to 2003 (Table 2) and
resulted in the detection of antibodies reactive to EBOV antigen and EBOV-specific
RNA in pteropodids of three different species (little collared fruit bats [Myonycteris
torquata], 4/141; Franquet’s epauletted fruit bats [Epomops franqueti], 5/117; and
hammer-headed fruit bats, 5/111; Leroy et al. 2005). This nucleic acid evidence,
coupled with positive serological results for bats of the same three species, provided
the first solid evidence of chiropteran involvement in the EBOV transmission cycle.
A few years later, the possible epidemiological evidence linking direct human
contact with bats to an outbreak of EVD in DRC was reported by Leroy et al.
(2009), citing that the presumed primary case may have purchased freshly killed
fruit bats from a local hunter. Since that time, the majority of ebolavirus ecology
investigations have focused on bats with varying results.

Serological reactivity to EBOV antigen using whole cell lysate (EBOV antigens
diluted 1:1000) was also reported for Peters’s lesser epauletted fruit bat
(Micropteropus pusillus), Egyptian rousettes, and unidentified microchiropteran
bats in Gabon (Pourrut et al. 2007, 2009). African straw-colored fruit bats (Eidolon
helvum), Gambian epauletted fruit bats (Epomophorus gambianus), Franquet’s
epauletted fruit bats, hammer-headed fruit bats, and Veldkamp’s dwarf epauletted
fruit bats (Nanonycteris veldkampii) bats from Ghana were reported to have anti-
bodies reactive to EBOV using indirect fluorescent assays (IFA) and recombinant
nucleoproteins (Hayman et al. 2010, 2012). Ogawa et al. (2015) reported finding E.
helvum bats in Zambia with antibody reactive to EBOV (19/48), Sudan virus
(SUDV; 19/748), Taï Forest virus (TAFV; 9/748), Bundibugyo virus (BDBV;
8/748), Reston virus (RESTV; 9/748), and MARV (7/748) using recombinant viral
glycoproteins. None of the bats were positive by PCR (Table 2). An important
consideration when interpreting bat serology results is that in humans, there is a
high degree of cross reactivity between ebolaviruses (MacNeil et al. 2011). In this
light, caution should be exercised when using serology to determine past infection
by a specific filovirus.

The most recent EVD outbreak was the largest filovirus-associated outbreak on
record, resulting in 15,261 laboratory confirmed cases (28,652 suspected, probable,
and confirmed) and 11,325 deaths (CDC; http://www.cdc.gov/vhf/ebola/outbreaks/
2014-west-africa/index.html accessed on 23 Aug. 2016). During the initial stages of
the outbreak, a team of researchers set out to determine the source of the virus.
During this process, 169 bats from 17 species were captured and tested, none of
which tested positive for EBOV RNA (Saez et al. 2015). This collection included a
single Angolan free-tailed bat (Mops condylurus), the species the presumed primary
case was reportedly in contact with. Identified through deep sequencing of bat
mitochondrial DNA found in ash from a burned out tree, Angolan free-tailed bats
were shown to be roosting at the site where the alleged 2-year-old primary case had
been playing and handling bats (Saez et al. 2015). With regard to potential reservoir
status, it must be borne in mind that the geographic range of Angolan free-tailed
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bats is reported to not include a large portion of the Congo basin where many past
outbreaks of EVD have occurred. Further, Angolan free-tailed bats are reported to
have peridomestic tendencies and can often be found roosting in groups of several
hundred in buildings and houses (Kingdon et al. 2013), which would predict higher
occurrences of EBOV spillover events in human populations than have actually
been recorded. Consistent with this natural history, Kingdon et al. (2013) reports
that these bats have not been recorded in undisturbed rainforests or montane
habitats, where numerous outbreaks in populations of gorillas and chimpanzees
have been documented. Regardless, the study by Saez et al. (2015) demonstrated
that humans regularly interact with bats in Western Africa through hunting or other
means, and that there was no clear linkage to a dead or diseased nonhuman primate.

RESTV was the first of three non-African endemic filoviruses to be identified. It
was discovered after an outbreak occurred in crab-eating macaques (Macaca fas-
cicularis) imported from the Philippines to a primate facility in Reston, Virginia
(Jahrling et al. 1990). This newly discovered filovirus, while lethal in nonhuman
primates, remains the only filovirus that appears to be non-pathogenic in humans
(Hayes et al. 1992; WHO 2009; Miranda and Miranda 2011). Ecological studies
focused on finding the RESTV natural reservoir began in earnest almost 20 years
after its discovery, when RESTV was detected in domestic swine in the Philippines
(Barrette et al. 2009). Over 140 bats of multiple species were captured and tested
for antibodies against RESTV. Only sera from Geoffroy’s rousettes (Rousettus
amplexicaudatus) (10/16) tested positive (Taniguchi et al. 2011). Results from
another ecologic study reported RESTV RNA in bats of multiple species from the
Philippines, including Schreibers’s long-fingered bats (Miniopterus schreibersii),
little long-fingered bats (Miniopterus australis), lesser short-nosed fruit bats
(Cynopterus brachyotis), and wrinkle-lipped free-tailed bats (Chaerephon plicatus),
although only the Schreibers’s long-fingered bats results were corroborated (Jayme
et al. 2015). Antibodies reactive to RESTV recombinant nucleoproteins were also
reported in golden-capped fruit bats (Acerodon jubatus) and large flying foxes
(Pteropus vampyrus) (Jayme et al. 2015). Surprisingly, these data, if correct, seem
to imply that RESTV infections are widespread among taxonomically diverse bats
in the Philippines.

The second non-African filovirus, Lloviu virus (LLOV), was discovered in
Spain after an investigation into the cause of massive bat mortalities in Schreibers’s
long-fingered bat populations inhabiting the local caves (Negredo et al. 2011).
Tissues from both live and dead Schreibers’s long-fingered bats and mouse-eared
myotis (Myotis myotis) collected at Cueva del Lloviu were analyzed using
qRT-PCR. Only tissues from carcasses of deceased Schreibers’s long-fingered bats
(but not live bats) tested positive for LLOV, perhaps indicating a spillover event
into these bats from another source.

More geographically widespread evidence of filovirus infection in bats has been
reported, including in Bangladesh and China. Olival et al. (2013) reported anti-
bodies reactive with a mixture of purified RESTV and EBOV nucleoproteins in
Leschenault’s rousettes (Rousettus leschenaultii) bats in Bangladesh. Interestingly,
all but one of the confirmed antibody-positive samples reacted more strongly to
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purified recombinant EBOV nucleoprotein than to that of RESTV. However, no
bats were found positive by PCR. Yuan et al. (2012) sampled 843 bats from several
provinces in southern China between 2006 and 2009 and found antibodies reactive
against RESTV nucleoprotein in 32 bats representing several species, with highest
prevalence in Leschenault’s rousettes (8.73%), common pipistrelles (Pipistrellus
pipistrellus) (11.43%), and various species of Myotis (2.54%) bats. Of those 32
positives, 25 also had antibodies reactive with EBOV nucleocapsid protein. Later,
He et al. (2015) also reported finding filovirus RNA in Leschenault’s rousettes.
Based on partial sequences from NP and VP35, the authors suggested this sequence
represents a new filovirus, Bt-DH04, which is phylogenetically placed between
marburgviruses and a clade containing LLOV, SUDV, and RESTV. Leschenault’s
rousettes are common across southern China and Southeast Asia, ranging south into
the Malaysian Archipelago and west across most of the Indian subcontinent. These
findings and those of Jayme et al. (2015) and others identify a common and
abundant chiropteran genus, Rousettus, as a potential taxon for filovirus hosts,
which may one day fill the current geographic and phylogenetic gap between the
African filoviruses and their Asian counterparts.

4 Public Health Risk Mitigation Efforts, Lessons Learned

The MVD outbreaks at Kitaka mine and Python cave were linked to human activity
in and around large populations of Egyptian rousette bats. With that in mind, the
most sensible and straight forward public health message is to avoid contact with
these and other large colonies of Egyptian rousettes. In certain instances, like
Python cave, this goal can be achieved by not allowing tourist to enter caves where
these bats roost. Prior to the outbreaks, guided tours were routinely taken to the
entrance and interior of the cave to allow tourists to experience the bats and the
large African rock pythons up close (Timen et al. 2009; CDC 2009). After eco-
logical investigations determined the bats’ potential to harbor marburgviruses
(Amman et al. 2012), an enclosed viewing platform was constructed to allow
viewing of the cave entrance, the bats, and occasionally the pythons, at a safe
distance from the opening of the cave. This, in turn, allowed tourism at this site to
continue while reducing the risk of exposure to infected bats. In the approximate
10 years since, no known incidences of MVD have been linked to Python Cave.

Subterranean mining presents an entirely different challenge. After finding
marburgviruses in the large Egyptian rousette population in Kitaka mine (Towner
et al. 2009), the site was closed to all mining activity, eliminating the only source of
revenue for the already low-income miners. The mine owner believed that
depopulating the mine of all bats would allow operations to resume in a safe
environment. Sometime between May and August of 2008, the mine was sealed,
destroying most, if not all, of the 100,000+ Egyptian rousettes (Amman et al.
2014). Unfortunately this type of response to a human threat is typical in many
resource-poor countries. In some instances, the culling of wildlife to control disease
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in populations is known to be effective (Lachish et al. 2010), but other studies have
shown that culling can increase disease prevalence (Laddomada 2000; Donnelly
et al. 2003; Swanepoel 2004). Regardless, the Kitaka mine is clearly an example of
a failed attempt of wildlife culling to reduce zoonotic disease. The mine remained
sealed for several years, but time and the elements deteriorated the papyrus reed and
plastic tarp barriers that were used to seal the mine. Bats from surrounding popu-
lations began to repopulate the roosting site. Amman et al. (2012) described marked
Egyptian rousettes from Kitaka mine being captured at Python Cave over 50 km to
the southwest, suggesting routine travel between the two sites, and probably others
within range. Mining operations resumed in 2010, which further opened the mine to
repopulation. Not long after, in October 2012, Uganda experienced the largest
MVD outbreak in its history with 15 laboratory confirmed cases in the nearby town
that supported the miners and general mining operations (Albarino et al. 2013). The
subsequent ecological investigation found the mine repopulated with Egyptian
rousettes, albeit at greatly reduced numbers (Amman et al. 2014). Importantly, the
prevalence of actively infected Egyptian rousettes, as determined by qRT-PCR, was
more than double that reported previously (Towner et al. 2009). Of the 400
Egyptian rousettes captured in November 2012, 13.7% were positive compared to
the 5.1% from 2007 to 2008 outbreak. Nine marburgvirus isolates were obtained
from bat tissue and some sequences were nearly identical to those obtained from
human cases (Amman et al. 2014). The apparent spike in the prevalence of active
infection was not limited to only marburgviruses. An investigation later that year of
Sosuga virus in Egyptian rousettes showed the prevalence of active infection in
samples from Kibaale, Uganda to be 2.5% (3/122) and nearby Python cave to be
2.1% (18/809), whereas the prevalence of Sosuga infection at the newly repopu-
lated Kitaka mine was 10.2% (41/400) (Amman et al. 2014). This bat culling and
subsequent repopulation appears to have increased the risk for human infection with
marburgviruses or other zoonotic agents. While a direct epidemiological link to the
mine and the bat population was never definitively established, there is no doubt
that increased levels of active infection in the bat population pose serious health
threats to the miners and other humans in surrounding villages.

5 Filoviruses in Nonhuman Secondary Hosts

While bats are considered by many to be natural reservoirs for filoviruses, the
majority of EVD outbreaks that can be traced back to an animal source other than
bats, typically through handling animals recently hunted or found dead (Leroy et al.
2004, 2009). Most often, these animals are acutely infected nonhuman primates and
duikers. To date, only two outbreaks of EVD are reported to have epidemiologic
linkage, albeit tenuous, to exposure to bats (Leroy et al. 2009; Saez et al. 2015).
Large declines in ape populations due to infection with ebolaviruses have been
reported and are at the forefront of conservation and public health discussions
(Formenty et al. 1999; Huijbregts et al. 2003; Walsh et al. 2003; Bermejo et al.
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2006). Some outbreaks of human EVD have been preceded by wildlife deaths in the
forest (Leroy et al. 2004). These wildlife mortalities present a risk to human health
because infectious dead animals are often found and butchered for consumption or
sale at markets. Further, these ebolavirus-related wildlife mortalities have dire
consequences for the animal populations from a conservation perspective. The
animals with slower reproductive rates such as chimpanzees and gorillas can see
large and long lasting effects. Duiker populations, having faster reproductive rates,
may recover more quickly from ebolavirus-related mortalities (Leroy et al. 2004).

Risk of filovirus transmission may also come from domestic animals, including
livestock. In a review of animal sampling during EVD outbreaks in humans, Olson
et al. (2012) reports that antibodies reactive with EBOV were never identified in
domestic stock animals (goats, cows, pigs, and sheep). However, dogs have been
reportedly exposed to EBOV. Allela et al. (2005) tested over 330 dogs from out-
break localities in Gabon and found that over 37% (127/337) had antibodies
reactive with EBOV. Witnesses describe seeing dogs eating discarded viscera from
EBOV positive bushmeat and licking vomit from human EBOV patients. However,
the study also used samples from 102 Parisian (French) dogs, as a control group and
found 2% (2/102) reactive to EBOV antigen. These results were considered false
positives attributed to the low positivity cut-off value and the 1:400 serum dilutions
utilized (Allela et al. 2005). Of note, there have been no known instances of dog to
human ebolavirus transmission, including during the large EBOV outbreak in
Western Africa, where thousands of dogs could have been exposed to infectious
human material.

Although there is a lack of evidence associating domestic stock animals with
EBOV, RESTV has been detected in domestic pigs (Sus scrofa domesticus) in the
Philippines (Barrette et al. 2009) and in China (Pan et al. 2014). After an outbreak
of porcine reproductive and respiratory syndrome virus (PRRSV) in pigs on rural
farms in the Philippines, samples were sent for analysis to the Foreign Animal
Disease Diagnostic Laboratory (FADDL) of the United States Department of
Agriculture (USDA) Animal and Plant health Inspection Service (APHIS). In
addition to identifying PRRSV in these samples, RESTV was isolated and identi-
fied from lymph tissue. Moreover, 6 of 141 workers from the infected pig farms had
antibodies reactive with RESTV, indicating transmission of RESTV from pigs to
humans (Barrette et al. 2009). Similar findings were reported following a 2011
survey for PRRSV in farms near Shanghai, China, when RESTV RNA was
detected in 4/137 piglets (Pan et al. 2014).

To further investigate the potential for pigs to act as secondary hosts of ebola-
viruses capable of virus transmission to other animals including humans, experi-
mental infections of pigs with RESTV and EBOV demonstrated that both viruses
were able to replicate to high levels. RESTV injected into 5-week-old piglets
replicated in the viscera and nasopharynx and live virus was shed via oral and nasal
secretions without overt signs of morbidity (Marsh et al. 2011). Pigs inoculated
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with EBOV also developed high levels of infection in the respiratory tract and
demonstrated viral shedding from the oronasal mucosa. Unlike RESTV, inocula-
tions with EBOV produced severe morbidity in the pigs, primarily in the lungs
(Kobinger et al. 2011).

For marburgviruses, the frequency of known spillover to nonhuman secondary
hosts appears much less. That said, the first known outbreak of MVD occurred in
laboratory workers in Germany and Yugoslavia (now Serbia) following exposure to
infected grivets (Chlorocebus aethiops) (Siegert et al. 1968) imported from Uganda.
In an attempt to gain more understanding of the etiology of this new virus, sera
from a variety of nonhuman primates and humans were tested for antibodies
reactive with MARV. Kalter et al. (1969) reported finding MARV antibodies in
African born nonhuman primates (chimpanzees, baboons, grivets, patas, and tala-
poins). Chimpanzees and baboons born in captivity in the United States did not
have antibodies reactive to MARV. Antibodies were also detected in Asian pri-
mates (crab-eating macaques and rhesus monkeys [Macaca mulatta]), but they all
had a history of contact with African-borne primates (Kalter et al. 1969).

6 Experimental Filovirus Infections in Captive Bats

Experimental infections of animals with zoonotic viruses are nominally performed
to model human disease. However, experimental infection studies may also prove
vital for measuring the replication dynamics in animals of a specific species to
determine if those dynamics meet expectations for a reservoir host, namely the
production of a clinically asymptomatic disease state with sufficient viral replication
to produce shedding, leading to long-term maintenance of the virus within the
animal population. Such data can, in turn, confirm findings from field research that
identified a particular species as a potential reservoir. Additionally, this approach
can be used to narrow the scope of potential target species and thereby redirect field
research towards (or away from) specific taxon sampling.

The first such reservoir experiments involving the injection of filoviruses into
living organisms was conducted by Swanepoel et al. (1996) in which various plants
and animals were inoculated with EBOV. This study was the first laboratory-
derived evidence evaluating the capacity of Angola free-tailed bats, little free-tailed
bats (Chaerephon pumilus), and Wahlberg’s epauletted fruit bats (Epomophorus
wahlbergi) to tolerate, replicate, develop antibodies, and ultimately shed EBOV.
For up to three weeks post inoculation, virus was isolated from pooled viscera and
blood of all infected bats, and an isolate was also obtained from the feces of a
Wahlberg’s epauletted fruit bat after 21 days post inoculation (DPI), demonstrating
potential for viral shedding. Pulmonary endothelial cells of one insectivorous bat
exhibited limited immunohistochemical staining for EBOV antigen, without the
presence of lesions, suggesting a possible respiratory or oral dissemination of virus
within a colony setting (Swanepoel et al. 1996).
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Almost two decades after the original plant and animal inoculation studies by
Swanepoel et al. (1996), multiple laboratories independently began a series of
MARV infection studies in captive Egyptian rousettes to determine if MARV
replicated in a manner consistent with Egyptian rousettes being a reservoir host.
The first of these experiments involved the inoculation of 29 adult and newborn
bats with 2000 TCID50 of high-passage (P38) Vero cell-adapted virus (Hogan
isolate) derived from a human case (Paweska et al. 2012). Bats were inoculated by a
combination of subcutaneous and intraperitoneal injection or by oronasal
drip. Three bats from the group inoculated by the oronasal route showed no evi-
dence of infection after 21 DPI and were later inoculated subcutaneously. The
combination of subcutaneous and intraperitoneal inoculation produced systemic
infection in the bats without overt morbidity and mortality, meeting certain
expectations for a reservoir host. From 2 to 9 DPI, MARV was detected in blood
and multiple tissues. IgG antibody reactive to MARV was detected from 9 to 21
DPI. However, viral shedding was not observed in any bodily secretions tested
(Paweska et al. 2012).

The second Egyptian rousette experimental infection study differed in approach
and produced evidence of MARV shedding (Amman et al. 2015b). This study
utilized first generation captive bred juvenile Egyptian rousettes roughly 5 months
old; the same age cohort as those most frequently found infected in wild popula-
tions in Uganda (Amman et al. 2012). These bats were infected with a low passage
(P2) MARV originally isolated from an infected Egyptian rousette (371 bat virus)
from Kitaka mine, thereby matching the virus and host as precisely as possible
(Towner et al. 2009). Twenty seven Egyptian rousettes were infected with 104

TCID50 MARV via a subcutaneous only route. Similar to the results of Paweska
et al. (2012), infection occurred in all 27 bats with no signs of disease related
morbidity or mortality. Viremia was detected as early as 1 DPI and ranged to 9 DPI
with an average viremic period of 3 days. Multiple tissues showed signs of dis-
seminated infection starting at 3 DPI (liver and spleen) and peaking at 5 DPI.
Despite one spleen and kidney sample testing weakly positive via RT-PCR at 28
DPI, the mean viral loads in the majority of liver/spleen samples decreased dra-
matically and were cleared by 12 DPI. Organs compatible with viral shedding
(salivary gland, kidney, bladder, and large intestine) also showed signs of infection
as early as 3 DPI, albeit with lower viral loads, but peaked later than liver and
spleen, typically around 7–9 DPI. Kidney tissue tested weakly positive as late as 28
DPI, while the remainder of the aforementioned tissues associated with shedding
had cleared the virus by 12 DPI. All bats seroconverted after day 10. Importantly,
MARV was detected in oral (n = 17) and rectal (n = 6) secretions. Further, virus
isolates were obtained from 3 of the 17 oral swabs, all were samples that had peak
levels greater than 104 TCID50 (Amman et al. 2015b). These data provided the first
evidence for an oral mechanism of transmission between bats in a colonizing
population, perhaps through grooming or fighting. These data also provide some
evidence for a fecal route of transmission, which would fit with the theory that
while human MVD primary cases are often associated with bat habitats, evidence is
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lacking for direct contact (bites, collisions, scratches, etc.) with the bats, based on
survivor interviews (Adjemian et al. 2011).

Jones et al. (2015) experimentally infected Egyptian rousettes with all five
ebolaviruses (EBOV, SUDV, RESTV, TAFV and BDBV) in a comparative study
to test the susceptibility of the MARV natural reservoir to infection with ebola-
viruses. The rationale was based in part on the report by Pourrut et al. (2009) that
8% of Egyptian rousettes from Gabon and the Republic of Congo had antibody
reactive with EBOV antigen. As expected, the control infection with MARV pro-
duced similar results to Amman et al. (2015b), with detectable MARV RNA in both
oral and rectal swabs. In contrast, virus-specific RNA was not detected in oral or
rectal swabs from any bats experimentally infected with any one of the five ebo-
laviruses. No ebolavirus-infected bat exhibited viremia and the skin at inoculation
site was the only tissue that showed significant levels of virus RNA. Viral RNA was
weakly detected in the axillary lymph node tissue for all bats except those infected
with TAFV. Only SUDV showed any signs of infection in visceral organs with
RT-PCR positive liver and spleen detected in two bats at 5 DPI, but at much lower
levels than their MARV-infected counterparts. The SUDV results prompted an
additional 15 day infection study in which samples were taken at closer intervals
(days 3, 6, 9, 12, and 15) than that during the pilot study (days 5 and 10). With the
increased sampling intervals, the results of this second infection showed SUDV had
disseminated to several organs (liver, spleen, bladder, small intestines, large
intestine, and gonad), but had mostly been cleared by 6 DPI. Only the axillary
lymph node remained positive out to 12 DPI. Jones et al. (2015) concluded that
Egyptian rousettes are unlikely sources of SUDV (or other ebolaviruses) in nature
based on the fact that the SUDV-infected bats never became viremic and viral RNA
was never detected in oral or rectal swabs. These findings also support the notion of
a single virus–single reservoir host relationship for filoviruses (Jones et al. 2015).

The next logical step was to determine if MARV could be transmitted experi-
mentally between infected and naïve bats housed together in direct contact with
each other. Paweska et al. (2015) inoculated Egyptian rousettes with MARV at a
ratio of 2 infected to 1 naïve bat and monitored for 42 days. Some bats were serially
euthanized to monitor infection, and while transmission of MARV to naïve bats
was not demonstrated, the study showed through post inoculation challenges that
protective immunity to reinfection was present in all of the infected bats for up to
42 days, consistent with expectations for a natural reservoir. The study also con-
firmed the waning of maternal antibody in pups 3–5 months of age, as previously
documented in naturally infected bats in Uganda (Amman et al. 2012). Moreover,
conclusions presented in this report suggested that transmission might occur
through mechanisms other than bat to bat contact, perhaps through hematophagous
ectoparasites (Paweska et al. 2015).

A similar MARV transmission experiment was conducted on captive bred
Egyptian rousettes by Schuh et al. (2017) that continued for a much longer period,
9 months, and demonstrated bat to bat transmission. Captive-borne experimentally
infected donor bats (n = 12) were either cohoused 1:1 directly with naïve contact
bats or placed over cages of additional naïve bats (n = 12) such that potentially
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infectious fruit spats, urine and feces could pass to the cage below. No bats were
subjected to serial sacrifice and all were allowed to remain in their defined groups
for 56 days, after which time they were gang housed for an additional 7 months.
Infection was achieved in all inoculated donor bats and MARV shedding was
detected in 11/12 bats by qRT-PCR in oral and/or rectal or urine samples between 5
and 19 DPI. Simultaneous to the virus shedding from the inoculated donor bats,
eight of the naïve contact bats had detectable MARV RNA in oral swab samples
indicating exposure to MARV, perhaps through contaminated food or water, or via
social grooming. Late in the experiment, at 7 months post infection (MPI), MARV
viremia was detected in three naïve contact bats, one of which also tested positive
by oral swab. Two of these three bats seroconverted by 8 MPI, and by 9 MPI, nine
of the 24 naïve contacts bats seroconverted, demonstrating horizontal transmission
had occurred between infected donor bats and naïve contact bats. These data
indicate that the incubation period in naturally infected bats may be longer than
21 days (Schuh et al. 2017).

7 Potential Role for Arthropods

Kunz and Hofmann (1971) reported the potential for natural marburgvirus trans-
mission in culicine mosquitoes after successful propagation of MARV in experi-
mentally inoculated yellow fever mosquitoes (Aedes aegypti). The mosquitoes were
injected with a guinea pig serum containing 107 LD50 of MARV per ml and
11 days post inoculation they were ground and suspended in PBS. The suspension
was injected into guinea pigs as well as additional mosquitoes for second passage.
Virus isolates were obtained from both guinea pig and mosquito passages consistent
with stability and perhaps replication of infectious virus in the mosquitoes. The
same procedures were tried unsuccessfully on a mosquito of another species
(Anopheles maculipennis) and castor bean ticks (Ixodes ricinus).

The majority of evidence suggests bats are the primary natural reservoirs for
filoviruses. However, the potential for arthropod involvement as an intermediate
host has never been definitively disproven and still requires consideration. That
said, MARV can be transmitted from bat to bat under experimental conditions in
the absence of arthropods (Schuh et al. 2017) and arthropods have been collected
and tested as part of ecological investigations in past filovirus outbreaks, without
any positive results (Conrad et al. 1978; Smith et al. 1982; Reiter et al. 1999;
Breman et al. 1999). After the discovery of marburgviruses in Egyptian rousettes,
bat flies (family Nycteribiidae; n = 25) and argasid ticks (family Argasidae,
Ornithodoros faini; n � 300) were collected directly from bats and off the walls at
the roost sites in Python Cave where active marburgvirus infection was occurring.
These arthropods tested negative for marburviruses by qRT-PCR (Towner et al.
2009; Amman et al. 2012) although the number of individuals studied was deemed
insufficient to reasonably conclude these hematophagous ectoparasites were not
involved in the transmission cycle. More evidence was presented by Schuh et al.
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(2016) after testing 3125 O. faini ticks collected from the walls of Python Cave
where Egyptian rousettes were roosting. All pooled samples were negative for
marburgviruses, indicating O. faini ticks do not appear to act as replication or
mechanical vectors for marburgviruses in Egyptian rousette bat populations.
Moreover, these results coupled with data that peak viremias in both sylvan and
experimentally infected bats tend to be low and of short duration (Amman et al.
2012, 2015b), suggest it is unlikely that feeding O. faini ticks are able to acquire the
virus and act as a mechanical vector (Schuh et al. 2016). Nevertheless, more testing
of other chiropteran ectoparasites is warranted.

8 Current Endeavors and Future Directions

Any advancement in understanding filovirus ecology starts with identifying the
natural reservoir. A significant amount of information has already been uncovered
following the discovery of a chiropteran marburgvirus reservoir, leading to further
experimentation with captive bats (Swanepoel et al. 1996; Towner et al. 2009;
Amman et al. 2012; Paweska et al. 2012; Amman et al. 2015b; Jones et al. 2015;
Paweska et al. 2015; Schuh et al. 2017). Unfortunately, identifying the natural
reservoirs for ebolaviruses has proven difficult. The overwhelming consensus is that
bats are involved in the natural transmission cycle, but beyond that, there appear to
be two contrasting philosophies for how ebolaviruses are maintained in nature. One
philosophy supports a multiple host transmission dynamic, where each host may
play a role in long-term maintenance and the eventual spillover event leading to an
outbreak in the human population (Haydon et al. 2002; Han et al. 2016; Leendertz
et al. 2016). The second philosophy proposes a distinct primary bat reservoir for
each filovirus, similar to other host specific zoonotic disease reservoir systems such
as hantaviruses and arenaviruses (Childs and Peters 1993; Klingstrom et al. 2002;
Ramsden et al. 2009; Mills et al. 2010). Recent evidence by Jones et al. (2015)
supports host specificity of filoviruses by showing that, compared to MARV,
Egyptian rousette bats do not support viral replication or shedding following
experimental inoculation with any of the five known ebolaviruses. Similar con-
clusions were reached by Paweska et al. (2016) when they infected captive
Egyptian rousettes with EBOV. In their study, one bat became viremic but no
evidence of EBOV shedding was detected in any bat. In contrast, Swanepoel et al.
(1996) reported bats of three different species were able to support EBOV repli-
cation, including one shedding virus in feces up to 21 DPI.

Another popular trend in filovirus ecology research utilizes mathematical
modeling to identify the geographic range of filoviruses in Africa, and thereby
predict areas at risk for outbreaks (Peterson et al. 2004, 2006; Pigott et al. 2014,
2015). Peterson et al. (2004) reports that these models increased known distribu-
tions of filoviruses to include most of sub-Saharan Africa, with EVD outbreaks
more probable in humid rain forests of Middle and Western Africa and MVD
outbreaks more likely in the drier portions of Middle and Eastern Africa, including
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portions of eastern Angola. The minimal overlap between EBOV and MARV
distributions seen with their ecological niche modeling (ENM) suggest that the
hosts for these viruses have pronounced ecological requirements leading to a
specific set of criteria that could be used to narrow the scope of field investigations.
Pigott et al. (2014) reported an EVD transmission niche spanning 22 Middle and
Western African countries using species distribution models. Similar modeling
results were described by Pigott et al. (2015) identifying 27 African countries at risk
for MVD outbreaks using data from previous human outbreaks and reported
infections in animals, including those of the natural reservoir, Egyptian rousettes.
Modeling has also been used to examine the potential of certain groups of animals
to act as natural reservoirs for zoonotic viruses (Luis et al. 2013). The utility of
ENM towards the actual identification of reservoirs is unclear. Ultimately, these
determinations will likely need to be made on the ground where individual animals
can be caught, sampled and tested.

Hayman (2015) used modeling to predict that bats living in communities in
excess of 20,000 individuals and exhibiting a biannual breeding/birthing repro-
duction cycle would need a 21+ day incubation period for virus to persist. Indeed,
colonies in excess of 100,000 bats have been found in DRC and Uganda
(Swanepoel et al. 2007; Towner et al. 2009). These findings support results from
data collected in the field and reported by Amman et al. (2012).

More recently, Han et al. (2016) used modeling to identify potential filovirus
reservoirs using life history variables of bats. They report a biological profile of
potential filovirus reservoirs including such traits as larger pups, more than one
litter per year, bimodal sexual maturity age, and a tendency to live in larger
colonies. They also identify these potential reservoirs as having geographic dis-
tributions that overlap with regions of high mammalian diversity, similar to the
findings reported by Luis et al. (2013). Different species of bats are identified as
potentially hosting filoviruses based on traits similar to known PCR and
antibody-positive animals. This report predicts an expanded range of potential
filovirus hosts outside of sub-Saharan Africa with the majority of species overlap
occurring in Southeastern Asia (Han et al. 2016).

Understanding filovirus infection dynamics in host systems can help further
define mechanisms of transmission, which can then be developed into better risk
reduction strategies and public health messaging. Experimental infections that result
in lethal symptomatic disease, absence of viral shedding, or result in an outright
failure to achieve viral replication during infection, can serve to narrow the focus of
field studies by eliminating non-reservoirs from the myriad of possibilities that exist
in nature. This serves not only to reduce the amount of time and money spent
searching for potential reservoir hosts, it promotes the conservation of an ecolog-
ically important, and in many instances, vulnerable, group of small mammals by
identifying non-target species.

Filovirus ecology is a growing and evolving concept, constantly shifting and
changing with each new discovery. The future of this burgeoning field of study lies
not within one single philosophy or scientific method, but within a combination of
multiple supporting approaches that challenge paradigms and incorporate the
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possibility that filoviruses may present a heretofore unseen disease model that may
only come to light with further patient and persistent effort.

Disclaimer The findings and conclusions in this review are those of the authors and not neces-
sarily those of the Centers for Disease Control and Prevention.
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West Africa 2013 Ebola: From Virus
Outbreak to Humanitarian Crisis

Daniel G. Bausch

This article is dedicated to the many health workers who
sacrificed their time, energy and, all too often their lives,
to combat the Ebola virus disease outbreak in West Africa
(Bausch et al. 2014).

Abstract The 2013 outbreak of Ebola virus disease (EVD) in West Africa con-
stituted a major humanitarian crisis. The outbreak numbered over 28,500 cases,
more than 10 times the number cumulatively registered from all previous EVD
outbreaks combined, with at least 11,000 deaths, and resulted in billions of dollars of
lost economic growth to an already impoverished region. The unprecedented scale of
West Africa 2013 took the world by surprise and laid bare deficiencies in our
response capacity to complex humanitarian disasters of highly infectious and lethal
pathogens. However, the magnitude of West Africa 2013 also provided a unique
opportunity and obligation to better understand not only the biology and epidemi-
ology of EVD, but also the many scientific, economic, social, political, ethical, and
logistical challenges in confronting emerging infectious diseases in the modern era.
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1 First Case and Early Spread

In early December 2013, a 2-year-old boy in the village of Méliandou in the remote,
largely deforested, and resource-poor Prefecture of Guéckédou, Republic of
Guinea, fell sick with fever, vomiting, and black stool, dying a few days later
(WHO 2014a; Baize et al. 2014; Mari Saez et al. 2014) (Figs. 1 and 2). The boy
was reported to have previously played in a hollow tree housing a colony of the
insectivorous bat Mops condylurus, a possible Ebola virus (EBOV) reservoir (Mari
Saez et al. 2014). Over the following weeks and months, multiple waves of
transmission and disease occurred in family members, healthcare workers (HCWs)
who cared for them, and persons with contact with corpses during funeral rituals.
On March 21, 2014, Guinean health authorities notified the World Health
Organization (WHO) of a “rapidly evolving outbreak.” On March 23, EBOV
infection was confirmed on patient samples sent to Biosafety Level 4 laboratories in
Lyon, France, and Hamburg, Germany, and an outbreak of Ebola virus disease
(EVD) was declared. Unbeknownst to all at the time, at least 49 cases with multiple
but often poorly defined chains of transmission had already occurred in Guinea and
the virus had already slipped across the border, smoldering quietly at first, into
neighboring Liberia and Sierra Leone (WHO 2014b, 2015c).

2 Virus Introduction

Five members of the Filoviridae family are known to cause disease in humans:
EBOV (formerly designated Zaire Ebola virus), Bundibugyo, Sudan, and Taï Forest
viruses of the genus Ebola virus and Marburg and Ravn viruses of the genus
Marburg virus, with characteristic geographic distributions (Table 1 and Fig. 3).
Prior to 2013, only a single case of EVD had been reported in West Africa, due to
Taï Forest virus (Formenty et al. 1999a, b). When EVD appeared in neighboring
Guinea in 2013, most experts predicted that Taï Forest virus would again be the
culprit, and thus were surprised when the causative virus turned out to be a new
variant of EBOV, subsequently named Makona after the Makona River in Guinea,
close to the border with Liberia and Sierra Leone (Baize et al. 2014). How EBOV,
which had never been noted outside of the Congo Basin of Equatorial Africa, found
its way to West Africa remains unknown (Bausch and Schwarz 2014). Migration
and transmission from infected bats, putative EBOV reservoirs, is considered the
most likely modality (Mari Saez et al. 2014; Bausch and Schwarz 2014).
Comparative phylogeographic analysis suggests that fruit bats of three species are
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theoretically capable of dispersing EBOV directly from the Congo Basin to Guinea:
African straw-colored fruit bats (Eidolon helvum), hammer-headed fruit bats
(Hypsignathus monstrosus), and Egyptian fruit bats (Rousettus aegyptiacus),
although definitive evidence of EBOV infection in any type of bat anywhere has yet
to be found (Hassanin et al. 2016).

Epidemiological and phylogenetic analyses during and after the West
Africa EVD outbreak are consistent with all cases stemming from a single intro-
duction of the Makona variant in Guinea in 2013 (Kuhn et al. 2014). This finding is
consistent with most other EVD outbreaks, which generally result from a single
introduction from the wild followed by amplification exclusively through
human-to-human transmission. Molecular clock dating analyses suggest that the
Makona variant diverged from other EBOVs only about a decade ago (Holmes et al.
2016). Also due to EBOV, sequence analysis makes clear that the much smaller
outbreak of EVD that occurred in the Democratic of the Republic of the Congo in
2014 was a separate event unrelated to the outbreak in West Africa.
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Fig. 1 Epidemiologic curve of the West Africa 2013 Ebola virus disease (EVD) outbreak. The
dashed-vertical lines indicate key events during the outbreak: a First suspected case in Méliandou,
Guinea, b Laboratory confirmation of EVD and disease reported by Guinean Health Authorities,
c WHO declares Public Health Emergency of International Concern, d U.S. President Obama
announces major initiative to help control EVD in Liberia; Creation of the United Nations Mission
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efficacy study (rVSIV-EBOV), f Publication of preliminary results of first EVD Phase III
therapeutic efficacy trial (convalescent plasma). Adapted from WHO Ebola Response Roadmap
Situation Reports with publically available data. World Health Organization
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3 Underlying Geopolitical, Social, and Cultural Factors

There has been much speculation and extensive discussion in the literature
regarding the causes for the unprecedented size of West Africa 2013 (Moon et al.
2015; Bausch and Rojek 2016). The outbreak’s roots are undoubtedly multifacto-
rial, entailing a complex web of interrelated social, cultural, ecologic, and economic
determinants viewed in the context of the overall geopolitical history of the region
(Table 2). Many of these factors and challenges have been encountered in previous
EVD outbreaks, but certainly not on the scale and with the intensity noted in West
Africa.

4 A Failed Response

In the absence of effective therapeutics and vaccines (a work in progress—see
below), control of EVD outbreaks is almost completely based on the classic control
measures of thorough surveillance for case identification, isolation, and care in the
setting of sound infection prevention and control (IPC) practices; contact tracing;
and safe burials, all enhanced by effective social mobilization and public education
campaigns, and coordinated through a partnership between the national govern-
ment, WHO, and other international stakeholders. The international community and
the governments they supported were accustomed to success in this approach,
generally ending outbreaks after a few hundred cases within a few months, and
indeed certainly anticipated the same result in West Africa (Table 3). However, a
tragically different scenario played out.

Fig. 2 Map of West Africa
showing the epicenter of the
2013–2016 outbreak of Ebola
virus disease (red) and
imported cases (orange and
arrows). The village of
Meliandou, Guinea, where
the first case is thought to
have occurred, is indicated by
a blue star. The total number
of cases seen in each country
is shown in parentheses.
Reprinted with permission
from Bausch and Rojek
(2016)
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Due to a preexisting health project, the nongovernmental organization Médecins
Sans Frontières (MSF) was present at the epicenter of the EVD outbreak in Guinea
even before its onset. On March 31, seven days after the EVD outbreak was
declared, MSF warned of an EVD outbreak unprecedented in magnitude and dis-
tribution. Although many international organizations, including WHO, the
International Federation of Red Cross and Red Crescent Societies, the U.S. Centers
for Disease Control and Prevention, the European Union, and UNICEF, quickly
joined MSF and national partners in the three West African countries to mount
outbreak response operations, this early effort would prove to be too slow, piece-
meal, and disorganized to prevent what would ultimately become a major
humanitarian crisis. The shortcomings in the international response have been
extensively discussed in the literature, especially with regard to WHO who,
although engaged in outbreak control activities since the beginning, did not for-
mally declare the outbreak to be a Public Health Emergency of International
Concern, as outlined under International Health Regulations, until August 8, 2014
(Bausch and Rojek 2016) (Fig. 1).

Côte d’Ivoire

Sudan 

Gabon 

Republic of the Congo 

Uganda 

Zimbabwe 

Kenya 

Angola 

Democratic Republic 

of the Congo

Liberia 

Sierra Leone 

Guinea 

Fig. 3 Endemic areas for Filo viruses. Only Filo viruses known to cause hemorrhagic fever are
shown. Gray indicates countries where Ebola virus disease has been seen and diagonal lines
countries with Marburg virus disease. Incidence and risk of disease may vary significantly within
each country
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Table 2 Underlying geopolitical, social, and cultural factors implicated in the 2013–2016 West
Africa Ebola virus outbreak and components of the failed international response (subject
extensively reviewed in Bausch and Rojek (2016))

Factor Antecedents and comments

Guinea, Liberia, and Sierra Leone

Resource-poor countries with fragile
healthcare, disease surveillance and response
systems, physical infrastructure, and supply
chains

Fledgling and fragile governments and
economies emerging from civil war and
unrest. Three countries rank near the bottom of
the 187 nations on the United Nations
Development Programme Human
Development Index, with majority of
population living below national poverty line

High population density Population density more than twice and
surface area much smaller and more navigable
compared to areas of Equatorial Africa where
EVD typically noted (Fig. 6). Longer distance
between the outbreak epicenter and
surrounding populations may impede virus
transmission

Highly mobile population Common ethnic groups spanning contiguous
borders of the three countries who cross
regularly for both social and economic
motives. Weak border control and little history
of cross-border government communication
and surveillance made more challenging by
highly polyglot population and different
national languages (French in Guinea, English
in Liberia and Sierra Leone). Also frequent
travel between remote rural and major urban
areas due to relatively short distances and low
cost of transport (Fig. 7)

Insufficient healthcare workforce prior to
outbreak

Doctors per 10,000 population: Guinea-940,
Sierra Leone-95, Liberia-51. Amongst the
lowest health workforce coverage in the world

Loss of healthcare workers to EVD or fear of
EVD

Estimated over 900 cases of EVD with 500
deaths in healthcare workers. Undeveloped
medical culture and infrastructure for infection
prevention and control, even for simple
necessities such as soap, clean water, and
sterile needles

Cultural beliefs and behavioral practices
leading to risk of infection

Traditional healing and unsafe burial practices
that may hold extreme cultural significance but
may often involve high-risk behaviors, such as
touching the corpse

Historical distrust of authority History of slave trade and colonialism
followed by failed government and civil war/
unrest after independence, leading to
resistance to control measures, sometimes
culminating in violence

(continued)
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The dramatic rise in cases in West Africa, projections of millions of cases if an
aggressive response was not mounted (Meltzer et al. 2014), and increasing numbers
of imported cases into surrounding countries in West Africa, the United States, and
Europe, finally stirred the international community to more concerted action.

Table 2 (continued)

Factor Antecedents and comments

International community

Shallow pool of experts in the management
of EVD

Small number of experienced personnel in
organizations typically responding to EVD
outbreaks, further complicated by frequent
turnover within organizations and consequent
loss of institutional memory. Long outbreak
duration exhausted availability of experienced
personnel

Slow and disorganized response International community generally slows to
appreciate gravity of situation and differences
from previous EVD outbreaks. World Health
Organization delay in declaration of Public
Health Emergency of International Concern
(see text for details)

Insufficient supply and confusing directions
for use of personal protective equipment

No organized supply chain or surge capacity.
Varied and sometimes conflicting approaches
and guidelines for use from international
partners (see text for details) (Fig. 4)

Insufficient funding for global health
preparedness and outbreak response

Frequency of outbreaks increasing but
minimal growth in funding for global health
preparedness and response since 2009.
Funding for World Health Organization
plateaued or decreased since 2010

Poorly crafted public health messages and
failure to engage community as partner and
stakeholder

EVD often described as “incurable, with no
treatment or vaccine,” enhancing fear and
potentially discouraging early presentation.
Failure to understand extreme cultural
importance of funeral rituals, sometimes
compounded by efforts to drastically change
centuries-old customs (such as mandating
cremation), often setting community opposed
to outbreak control efforts.
Non-evidence-based policies, sometimes
politically motivated, such as mandatory
quarantine of persons returning from West
Africa regardless of possible exposures or
symptoms, posed challenges to recruiting
international volunteers

Ease of international air travel Despite exit and entry screening, air travel
resulted in exportation of cases to Nigeria, the
United States, and various countries in Europe
(Fig. 2)

Abbreviations EVD, Ebola virus disease
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Responses generally aligned with historical connections between the United States
and European countries and their colonial-era African counterparts. In September
2014, United States President Obama committed to the construction of seventeen
100-bed Ebola Treatment Units (ETUs) in Liberia, deployment of up to 3000
medical military and support personnel, and support to train 500 HCWs a week.
The United Kingdom and France soon followed with commitments to combat EVD
in their ex-colonies of Sierra Leone and Guinea, respectively.

Ultimately, a vast array of at least 100 government and nongovernmental
organizations, including over 5000 military personnel, contributed to the outbreak
response, establishing over 70 ETUs, 800 community care centers, a vast network
of over 50 laboratories (generally providing reliable diagnostic results within 24 h
after receipt of a specimen), and an extensive surveillance and contact tracing
operation across the three implicated countries. However, the response remained
agonizingly slow, hampered by the logistical challenges of operationalizing work in
the poorest countries in the world with fledging governments and poor

Table 3 Comparison of various parameters and possible determinants of previous outbreaks of
Ebola virus disease and the 2013–2016 outbreak in West Africa

Aspect Previous outbreaks West Africa 2013–2016

Location Remote areas of Equatorial
Africa/Congo Basin

More connected regions
of West Africa

Number of cases Typically 100–200. Largest
on record prior to West
Africa 2013–2016 was 425

28,616 officially recorded,
widely thought to be a
underestimate

Time from first clinical case
until laboratory confirmation
and outbreak declaration

Mean of *2 months *3½ months

Number of countries involved
at a time

Usually 1, sometimes
extending across a
contiguous border

Widely distributed across 3
countries in West Africa, with
imported cases to 3 other
countries in Africa, 8 countries
in Europe, and the United States

Duration 2–4 months 2½ years

Exported cases outside area Extremely rare 27 exported or medically
evacuated cases to countries
outside West Africa (Fig. 2)

Community cooperation Occasional resistance Frequent resistance

Organizations responding 5–10 >100

Urban areas Spared Heavily involved

Number of Ebola treatment
units

Typically 1–2 >50

Number of diagnostic labs Typically 1–2 >50

Cost <$5 million >$3.6 billion in response, with
$2.2 lost in gross domestic
product in West Africa
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infrastructure. The dispersal of cases across three West Africa countries, and in both
remote rural and densely populated urban areas, ultimately presented too many
“battle fronts,” outstripping both local and international capacities. Beds for patients
with EVD (Table 4), HCWs to care for them, and field workers to undertake
surveillance and contact tracing were woefully insufficient. Consequently, highly
infectious patients remained untreated in the community and patients who were
admitted to the drastically understaffed ETUs could expect little more than pallia-
tive care. Even after laboratories began being rapidly established, the steep increase
in the number of samples exceeded local diagnostic capacities in many areas until
well into the outbreak. With cases of EVD in HCWs mounting, some ETUs opted
to enhance safety by proscribing close contact with patients, including the very
controversial measure of not placing IVs for fluid repletion. This move, while
perhaps unavoidable, likely further undermined the local population’s already
shaky faith in the response operation.

Coordination of the outbreak response was a major challenge, with each orga-
nization largely acting independently or in bilateral concert with the government. In
August 2014, the United Nations appointed a Special Envoy on Ebola, followed by
the creation in September 2014 of a coordination body, the United Nations Mission
for Ebola Emergency, headquartered in Ghana (Fig. 1). Opinions vary on the
efficacy of these measures. Without doubt, the enormous scale and complexity of
the outbreak, and the sheer number of organizations involved (far more than had
ever been involved in an EVD outbreak before and at times compounded by his-
torical frictions between them) made coordination a substantial challenge.

Although HCW infections have occurred in virtually every EVD outbreak to
date (Table 1), prior to West Africa 2013, they were relatively uncommon once
international support and resources arrived to assist with establishing ETUs and
appropriate IPC measures. In contrast, one of the tragic consequences of the poor
baseline infrastructure and failed response West Africa 2013 was EBOV infection
in over 900 HCWs during the outbreak, including two cases contracted in the
United States and one in Spain, with over 500 deaths (WHO 2015a). In the vast
majority of HCW infections, no clear exposure risk, such as a needle stick or blood
splash to mucous membranes, could be identified. The high number of HCW

Table 4 Bed capacity and bed requirements for patients with Ebola virus disease in West Africa
in October, 2014. Bed capacity in each district was planned on the basis of a need assessment
carried out by the relevant Ministry of Health. Source WHO: Ebola Response Roadmap Situation
Report, October 8, 2014, World Health Organization

Country Current number
of beds

Estimated number of beds
required

Current capacity/estimated
demand (%)

Guinea 160 210 76

Liberia 620 2930 21

Sierra
Leone

304 1148 26
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infections engendered speculation that EBOV Makona is more transmissible than
other variants, although no supporting data for this theory are available.

Although IPC entails many diverse measures, many of which were inadequate
during the outbreak, most of the focus has been on the issue of personal protective
equipment (PPE). In addition to shortages of PPE, especially early in the outbreak,
the situation was complicated by the diversity of PPE types advocated by different
groups, causing significant confusion with training and safe use (Bausch and Rojek
2016; WHO 2008; Franklin 2016) (Fig. 4). Although PPE guidelines were even-
tually produced, which for the first time included technical specifications for PPE,
the lack of evidence precluded a consensus on efficacy (Hersi et al. 2015). The
procedure for doffing contaminated PPE, often considered a confusing and a vul-
nerable point for infection, is logically a focus of attention but, again, no data are
available. Furthermore, it is not always clear the HCW infection resulted from
exposure in the ETU. Local HCWs are members of the same communities where
EBOV may be circulating during an outbreak, and thus may share many of the
same risks. There are also many anecdotal reports of HCWs seeing patients in their
homes, where the uses of full PPE and other IPC measures are unlikely to be
adequate (Faye et al. 2015; Brainard et al. 2016). More in-depth investigations are
needed, and indeed are ongoing, to reveal vulnerable points for HCW infection in
the care of EVD, and to develop evidence-based uniform PPE standards to protect
them.

Fig. 4 Examples of various types of personal protective equipment used during the care of
patients with Ebola virus disease during the 2013–2016 outbreak in West Africa. The equipment
shown are for demonstration only, and should not be construed as implying as advocating or
confirming efficacy for any specific equipment. Photos by Thomas Fletcher and Frederique
Jacquerioz
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5 Virus Evolution During the Outbreak

Whole genome sequencing was performed on hundreds of samples from West
Africa 2013, a far greater number than had been sequenced from all previous EVD
outbreaks combined (Gire et al. 2014; Park et al. 2015; Matranga et al. 2014). There
are conflicting reports and considerable controversy over whether EBOV Makona
evolved genetically more rapidly during West Africa 2013 relative to the causative
viruses of other EVD outbreaks (Holmes et al. 2016) and whether virus adaptation
to humans occurred (Li et al. 2016; Urbanowicz et al. 2016). What is clear, how-
ever, is that the prolonged course of the outbreak provided sufficient time for the
emergence of at least three distinct viral lineages (Gire et al. 2014; Urbanowicz
et al. 2016; Carroll et al. 2015; Quick et al. 2016; Simon-Loriere et al. 2015). Most
of these major lineages circulated locally, with only sporadic cross-border
transmission.

The highest level of EBOV genetic amino acid diversity generated during West
Africa 2013 occurred in the EBOV glycoprotein (GP) (Holmes et al. 2016; Ning
et al. 2017). Because of its key role in virus–host interactions, with the potential for
altered interaction with the EBOV host receptor Niemann-Pick C1, GP sequence
variation is of particular interest. In the laboratory, minor changes in the GP have
been shown to impact viral entry into cells from different mammalian species (Ning
et al. 2017). Pseudo-typed virion particles incorporating synthetically generated
amino acid substitutions observed during the outbreak more efficiently entered
human cells, with possible implications for viral fitness, host specificity, and
transmissibility (Urbanowicz et al. 2016). Early in the West Africa outbreak, a
variant in lineage SL2 emerged with sequence changes in the GP receptor-binding
site (Holmes et al. 2016).

Despite evidence for a degree of EBOV evolution during West Africa 2013, no
clear phenotypic significance (i.e., changes in transmissibility, virulence, anti-
genicity, or influence on the efficacy of diagnostic assays, vaccines, or therapeutics)
has been noted between the lineages of EBOV Makona or between Makona and
other variants of EBOV; the range of reported case fatality rates in West Africa (31–
76%), calculated basic reproduction number R0 (1.5–2.5), and duration of virus
shedding are comparable to those noted in previous outbreaks, with no evidence for
heritable changes during the course of the outbreak (Holmes et al. 2016; Bausch
and Rojek 2016). An EBOV vaccine developed against the 1995 Kikwit variant of
EBOV was 100% protective against the Makona variant in both animal models
(Marzi et al. 2015a) and a Phase III trial in humans (Henao-Restrepo et al. 2016),
suggesting that the genetic differences between the two virus variants did not result
in significant differences in immunogenicity. Nor have laboratory studies shown
EBOV Makona to be appreciably different from other variants of EBOV with
regard to virulence in nonhuman primates (Marzi et al. 2015b), entry into cells
(Dunham et al. 2015; Hofmann-Winkler et al. 2015), or detection via polymerase
chain reaction assays (Sozhamannan et al. 2015). One exception, however, is the
results from experiments in humanized laboratory mice, in which a longer
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mean-time-to-death was noted with EBOV Makona compared to the 1976
Yambuku variant (Bird et al. 2016), leading to speculation that the seemingly high
attack rates in West Africa 2013 could be the result of prolonged virus shedding and
thus opportunity for transmission. Despite high-profile speculation to the contrary,
there is no evidence or reason to believe that EBOV Makona or any other EBOV
variant or even any other Ebola virus has or will evolve naturally to be capable of
aerosol or airborne transmission (Osterholm et al. 2015).

6 A Heavy Toll Before Final Outbreak Control

The EVD outbreak in West Africa would ultimately last 3 years and officially result
in over 28,616 cases and 11,310 deaths (numbers widely considered underesti-
mates), eclipsing by far and by every measure all previous EVD outbreaks com-
bined (Table 1). In addition to the toll in terms of cases counted and lives lost, the
outbreak resulted in billions of dollars in lost economic growth in West Africa
(Bank TW 2016), upward of 3500 orphaned children (UNICEF 2016), delayed or
impaired child development since school was canceled for a year, widespread job
loss resulting in economic and food insecurity, and deep but less easily measurable
mental health and sociocultural impacts. Furthermore, as the region’s resources
were funneled to EVD, an estimated 10,000+ excess deaths occurred due to
untreated malaria, HIV/AIDS, and tuberculosis (Parpia et al. 2016). Reductions in
vaccination coverage and a rise in teenage pregnancy were also noted (Elston et al.
2015). In addition to the cases in Africa, there were 27 cases, 5 of which were fatal,
imported, or medically evacuated to the United States and Europe (Fig. 2) (System
Ebola Epidemiology Team IM 2014; WHO 2015b)—a pittance compared to the
massive humanitarian disaster in West Africa, but a situation that nevertheless
fomented considerable panic and expenditure of resources in those industrialized
areas of the world.

The success of EVD outbreak control measures is highly dependent on com-
munity engagement to arrive at a common understanding of the nature of the
disease threat and cooperation with the plan for control. A combination of historical
distrust of authority and slow and poor messaging conspired to impede such
engagement, understanding, and cooperation in many communities during West
Africa 2013, providing a major impediment. Whether the major factors in ultimate
control of the outbreak were the classic response measures implemented by national
and international public health agencies or a more grassroots autonomous behav-
ioral adaptation of the indigenous population is a matter of debate, and certainly
varies by country and community. In some cases, additional measures were
implemented, such as quarantine of affected villages and exit and entrance
screening for fever and other clinical manifestations of EVD of travelers between
affected regions and in airports, often controversially and with uncertain effect. One
novel control method that may have had a significant impact on transmission in the
later stages of the outbreak was vaccination (see below and chap. 9 by Higgs).
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7 Sequelae, Virus Persistence, and Recrudescence

One of the unforeseen issues in West Africa 2013 was the high frequency of
sequelae, virus persistence, and, more rarely, recrudescence in EVD survivors.
Although a host of both short- and long-term post-EVD sequelae has been noted
dating back to the first recognized outbreak in Zaire (current Democratic Republic
of the Congo) in 1976, little attention was typically afforded to survivors, in part
due to the limited infrastructure for study in the outbreak areas (Vetter et al. 2016b).
However, early anecdotal observations and subsequent more formal study on the
estimated over 15,000 EVD survivors from West Africa 2013 reveal a wide range
of medical and psychosocial challenges, including persistent arthralgia, ocular
complications (including potentially sight-threatening uveitis that may result in
early cataract formation) abdominal pain, extreme fatigue, and anorexia, sleep and
memory disturbances, anxiety disorders, depression, post-traumatic stress disorder,
and survivors’ guilt in not only survivors, but also other family and community
members (Vetter et al. 2016b). The challenges facing survivors created an urgent
moral imperative to provide clinical care, only partially met by national programs
with international support, including clinical care guidelines for EVD survivors
developed by (WHO 2016a).

The underlying pathogenesis of EVD sequelae is not well understood, but
anecdotal observations increasingly suggest that at least some relate to persistent
virus in selected immunologically protected tissue compartments and fluids,
including the testes/semen, chambers of the eye, cerebrospinal fluid (CSF), and the
fetus, placenta, and amniotic sac/fluid of women infected during pregnancy (Vetter
et al. 2016a, b). EBOV RNA has been found by RT-PCR in a host of body fluids
for weeks or even months after resolution of acute disease and clearance of virus
from the blood (Fig. 5), although the significance of these findings is often
unknown since, in most cases, infectious virus could not be isolated by cell culture
after a few weeks after disease onset.

Virus persistence in the semen is of most concern since it has occasionally
resulted in sexual transmission, sometimes initiating small case clusters in the wake
of the acute outbreak (Eggo et al. 2015; Christie et al. 2015; Mate et al. 2015).
Albeit in low copy numbers and in a small minority of EVD survivors, EBOV RNA
has been detected in the semen up to a year or more and infectious virus by cell
culture up to 82 days after acute disease (Deen et al. 2015). A few cases of
recrudescence associated with prolonged virus persistence have been noted,
including uveitis with EBOV isolated from the aqueous humor of the eye at
14 weeks after disease onset (Varkey et al. 2015) and severe meningitis with sei-
zures with isolation of virus from the CSF 9 months after resolution of acute disease
(Jacobs et al. 2016). Anecdotal reports exist of recrudescent disease and viremia in
West Africa, in some cases thought to be related to underlying HIV-1 infection,
although this association remains to be validated (Howlett et al. 2016). A few cases
have been noted in which women infected with EBOV during pregnancy, possibly
with no or atypically mild disease, have recovered and remained pregnant, only to
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spontaneously abort a macerated and nonviable fetus in subsequent weeks or
months (Bower et al. 2015; Caluwaerts et al. 2015). EBOV RNA was found in the
products of conception, although cell culture results confirming the presence of
infectious virus were generally not reported (Bower et al. 2015; Caluwaerts et al.
2015; Baggi et al. 2014; Oduyebo et al. 2015). With the exception of sexual
transmission, no cases of secondary transmission resulting from EVD survivors
have been suspected. Nevertheless, the possibility of virus persistence and renewed
transmission from EVD survivors illustrate the need for continued non-stigmatizing
but heighted surveillance even after the immediate threat of EVD from more
common modes of transmission has been extinguished.

8 Research During the Outbreak

As the gravity of the situation in West Africa rose, the global community felt
increasingly compelled to consider use of various experimental therapeutics and
vaccines. Albeit unwelcome, the magnitude of the outbreak provided an important
opportunity and obligation for prospective clinical research that had never before been
possible. In August 2014, WHO convened a meeting in Geneva, Switzerland, of the
diverse stakeholders, including representatives from the ministries of health, phar-
maceutical companies, drug regulatory agencies, nongovernmental organizations
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Fig. 5 Virus persistence after the day of disease onset in various body compartments in survivors
of Ebola virus disease as detected by reverse-transcription polymerase chain reaction (RT-PCR,
green) and cell culture (blue). Red bars represent the day of the first negative RT-PCR detection in
the patient’s blood, when available. Updated and reprinted with permission from Vetter et al.
(2016b)
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providing clinical care, and experts in virology andmedical ethics.WHO then quickly
created a Scientific and Technical Advisory Committee for Ebola Experimental
Interventions to guide the process, which required consideration not only of the
evidence for safety and efficacy, but also the anticipated feasibility and utility of
conducting clinical trials in the setting of limited production capacities or intermittent
drug availability. While various therapeutic trials were undertaken (Table 5), the
many complex scientific, logistical, and sociocultural challenges could not be met

Guinea

Sierra Leone

Liberia

200 miles

Population
Surface Area (Km2)
Population Density 
(persons/ Km2)

Republic of 
the Congo
68 million
2.3 million

30

Guinea-Liberia-
Sierra Leone

22 million
430,000

51

Fig. 6 Sizes and population densities of Guinea, Liberia, and Sierra Leone combined compared
with the Democratic Republic of the Congo. To illustrate the difference in size, the three West
African countries are shown superimposed on the Democratic. Republic of the Congo. Reprinted
with permission from Bausch and Rojek (2016)
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quickly enough to take full advantage of the large case numbers potentially affording
statistical power. By the timemost therapeutic trials were implemented, case counts in
West Africa had fallen to a level insufficient tomeet clinical endpoints. Therewas also
an opportunitymissed to enrollmore patients in clinical trials in resource-rich settings.

While there is disappointment that therapeutic trials during West Africa 2013 did
not produce definitive evidence of an efficacious drug for EVD, the experience
cannot be considered completely futile. Many difficult but valuable lessons were
learned regarding the challenges of inconsistent reproducibility of in vitro experi-
ments, poorly predictive animal models, and the operational demands of conducting
trials overseas in an ETU during an outbreak without any preexisting research
infrastructure. Rigorous debate continues regarding the scientific and ethical merit
of the various clinical trial designs used in this outbreak. Nevertheless, numerous
drug candidates progressed through Phase I, II, and III clinical trials at an
unprecedented pace and the recognition that some agents are ineffective, along with
promising interim results for a few, provide a starting point for prioritization in
future outbreaks. However, much work remains to be done to capitalize on the
lessons learned from West Africa 2013 and make the accelerated pace of thera-
peutic trials during outbreaks the norm, including prioritizing drug candidates,
working out trial designs, prepositioning protocols and ethics committee reviews,
and setting logistical frameworks for rapid operationalization.

As with therapeutics, the urgency of West Africa 2013 thrust vaccines for EVD
from a conventional protracted research and development timeline into high gear.
After rapid Phase I and II clinical trials were undertaken at various sites in the
United States, Europe, and Africa (outside the EVD epidemic zone), a large
Phase III trial of an experimental vaccine composed of a recombinant vesicular
stomatitis Indiana virus expressing the EBOV GP was implemented in Guinea with
a ring vaccination approach. The trial showed 100% vaccine efficacy
(Henao-Restrepo et al. 2016) and was employed in the later stages of the outbreak
to help stem spread from reintroduced virus from sexual transmission. Adverse

Fig. 7 “Bush taxis” in Guinea traveling back-and-forth between remote areas and major cities.
Photos by Frederique Jacquerioz
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effects were frequent but mostly minor, although vaccine-induced arthritis, der-
matitis, and vasculitis were reported (Henao-Restrepo et al. 2016; Huttner et al.
2015).

In addition to the aforementioned prospective clinical investigations on thera-
peutics and vaccines, a vast amount of information was generated from informal
observations and empiric experience with the large number of cases. This included
noting relatively rare clinical presentations—at times challenging accepted case
definitions—sequelae, and modes of transmission (Bausch and Rojek 2016). In
particular, the spectrum of disease and transmission modes in pregnant women and
their offspring brought many new and often unforeseen challenges (Akerlund et al.
2015). The 20 medically evacuated cases to the United States and Europe were
generally cared for in advanced medical settings that allowed for more detailed
clinical observation and laboratory analysis of both acute disease and sequelae than
was typically possible in West Africa (Uyeki et al. 2016).

Although, as discussed above, clinical trials generally evolved too slowly to
provide firm conclusions on efficacy, it is interesting to note that the CFR in the 27
cases who received care in the United States and Europe was only 18.5% (Uyeki
et al. 2016), compared to 31–76% reported from West Africa 2013, depending upon
the specific ETU and time during the outbreak. It is unknown whether this dis-
crepancy in outcome relates to use of experimental therapies (of which 85% of
patients in high-resource setting received one or more), better fluid and electrolyte
monitoring and organ support (including mechanical ventilation and renal
replacement therapy), genetic predisposition, and/or diminished comorbidities rel-
ative to the West African population. Observational studies on sequelae and per-
sistence in EVD survivors, including the Partnership for Research on EBOV in
Liberia (PREVAIL) III, a large multiyear controlled cohort study of EVD being
undertaken in Liberia, promise to eventually yield a wealth of information (NIH
2015).

Significant progress was made on development and validation of new laboratory
diagnostic platforms for nucleic acid detection of EBOV as well as progress on
rapid tests (Dhillon et al. 2015). West Africa 2013 also set a new benchmark in
providing real-time large-scale molecular epidemiologic data to guide response
efforts during an outbreak (Holmes et al. 2016; Matranga et al. 2014). Such high-
resolution genetic analysis is generally available only retrospectively. However,
despite often difficult conditions, toward the end of the West Africa outbreak, novel
field-applicable genome sequencing platforms were developed and deployed that
were capable of generating results in less than 24 h (Holmes et al. 2016; Quick
et al. 2016). These genomic data may allow accurate ongoing estimates of various
important outbreak parameters, including of reproduction numbers R0 and R1, to
determine the impact of specific interventions such as border closures and quar-
antine; elucidation of transmission chains and virus provenance when classically
collected field epidemiologic data are unclear, including identification of
super-spreaders and cases where sexual or other transmission from survivors is
suspected; identification of signatures of host adaptation; identification and moni-
toring of diagnostic targets; and characterization of responses and resistance to
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treatments and vaccines (Matranga et al. 2014; Quick et al. 2016; Mate et al. 2015;
Whitmer et al. 2016; Lau et al. 2017; Keita et al. 2016; Diallo et al. 2016).

9 Conclusions and Future Challenges

The unprecedented scale of West Africa 2013 took the world by surprise and sadly
added another tragic event to a region already struggling to escape decades of
poverty and war. The outbreak also shook the international response community,
laying bare deficiencies in our response capacity to complex humanitarian crises
involving highly infectious and lethal pathogens. Although much remains to be
learned, West Africa 2013 also represents a tragic but nevertheless watershed
moment in our understanding not only of the biology and epidemiology of EVD,
but equally important, the many economic, social, political, ethical, and logistical
challenges in confronting emerging diseases in the modern era. As the global
population surges and becomes more interconnected, the risk of such outbreaks is
destined to increase. In the absence of redoubled efforts to build capacity for
surveillance and response, outbreaks such as West Africa 2013 threaten to become
the “new norm.” One need not look much further for the proof than to the Zika
virus disease outbreak that swept through the Caribbean and Latin America starting
in 2015.

West Africa 2013 has challenged the world to respond better. The pressure is on
to capitalize on the lessons learned during the outbreak both from failures and the
glimpses of innovation and research progress to create a new norm of compre-
hensive surveillance and organized response. In response to numerous internal as
well as external evaluations (Moon et al. 2015), WHO has created a new Health
Emergencies Programme designed to streamline response operations to such crises
under one clear line of authority (WHO 2016b). However, the funding to fully
implement the new program is still in question. Furthermore, reform and improved
performance must extend far beyond only WHO. Many national governments and
independent stakeholders have also created rapid response teams. Whether this
revamped structure and national capacity will result in a more effective response to
the next outbreak remains to be seen. Coordination of the many different partners
and programs during the next outbreak will undoubtedly remain one of the key
challenges.

Lastly, let us remember that, while important, science and technological
advancement alone will never be sufficient; poverty and lack of the fundamental
human right to health consistently underlie outbreaks of emerging pathogens
(Nations 1948). EVD is but the proverbial “canary in the coal mine,” indicative of
the world’s most vulnerable populations. We must advocate for and work toward
restitution of the right to health in low- and middle-income countries (LMICs). This
will entail much more than simply building a laboratory or conducting a research
project. Local educational institutions must be strengthened and career opportuni-
ties created to stop the “brain drain” of HCWs to high-income countries and
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produce future “home grown” leaders in the health sciences. Novel and technology-
appropriate approaches to local problems must be sought, as well as the funding
mechanisms that enable their execution. Furthermore, after the major struggle to
implement the quantity of medical care necessary in West Africa 2013, the outbreak
rightly brought up the issue of quality of care. Implicit in this is a just rejection of a
perhaps long-held but implicit acceptance of disparate qualities of care between
patients in LMICs and resource-rich countries, an archaic notion whose time must
now be passed. Regardless of country of origin or personal wealth, patients should
have the right to HCWs with the right training for their condition and who
implement evidence-based standards of care. Of course, this gap between rich and
poor cannot be closed overnight. There is much work to be done with regard to both
scientific research to generate the best evidence and advocacy and organization to
ensure thorough and equitable implementation. Responsibility falls also on LMICs
to create strong and transparent governmental and public health administrative
frameworks capable of capitalizing on international collaboration and support.
Long after West Africa 2013 is over, these will be our true measures of success.
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Clinical Management of Ebola Virus
Disease Patients in Low-Resource Settings

Armand Sprecher, Michel Van Herp and Pierre E. Rollin

Abstract The low-resource environment deprives healthcare providers caring for
patients with Ebola virus disease (EVD) of many of the means employed for the
critically ill that are available in better resourced settings, such as advanced ther-
apeutic interventions and abundant staff. In addition to these limitations may be
added those imposed by the remote tropical locations, where EVD outbreaks occur.
In this setting, a safe environment is created where healthcare workers may care for
their patients over the evolving course of their acute illness into their convalescent
period. Clinical management of EVD combines supportive and symptomatic care
while also addressing the patient’s emotional and mental health needs. A variety of
specific therapies directly targeting the virus has become available, but none of
these has, as of yet, conclusively demonstrated an impact. Healthcare workers
caring for EVD patients must be constantly aware that they are part of a larger
epidemic control operation, and their actions have consequences that go beyond
their patients to their families and the community affected by the outbreak.
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1 Introduction

Since the discovery of Ebola virus (EBOV) in 1976, nearly all patients with Ebola
virus disease (EVD) have been cared for in low-resource settings. It may be
assumed that the overwhelming majority of future patients will also be cared for in
these settings. EVD is a very severe illness caused by four distinct ebolaviruses
(Bundibugyo virus, Ebola virus, Sudan virus, and Taï Forest virus) that poses a
significant threat to healthcare providers in any setting. However, the location
where this care usually occurs imposes some additional challenges.

First, as the name implies, low-resource settings provide medical professionals
with less or different material to work with than would be the case in better
resourced locations. Many of the typical tools of the critical care trade are unlikely
to be readily available: mechanical ventilation, invasive monitoring, and renal
replacement therapy to name but a few. Given the remote locations where EVD
outbreaks often occur, therapeutic options that may be available within the country
may be difficult to bring to bear, e.g., supplemental oxygen. These difficulties in
applying advanced therapeutics are not insurmountable, and many elements of
modern critical care were made available for EVD patients in the West African
outbreak (Wong et al. 2015). However, these modalities are not easily deployed,
and their availability during outbreaks that are not of very long duration may be
difficult to arrange.
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Similar limitations are to be expected in the human resources needed to provide
advanced levels of care. The countries where ebolaviruses are likely to reemerge in
the future often have insufficient doctors and nurses to care for their ordinary health
needs, let alone the additional burden imposed by EVD outbreaks. Doctors and
nurses trained in critical care are exceedingly rare in Central Africa. As such, the
most valuable asset that critical care units in well-resourced settings have, sufficient
well-trained staff to allow for intensive attention to their patients’ needs, is not often
available.

Compounding the limitation imposed by the scant medical human resources
available is another inconvenient feature of the locations, where EVD outbreaks
typically occur: tropical heat. Healthcare workers providing direct care for EVD
patients wear protective equipment designed to keep infectious fluids from coming
into contact with their skin and mucous membranes. This protective gear is,
regrettably, equally effective in preventing the wearer’s sweat from providing
evaporative cooling. In settings where daytime temperatures are usually in the
upper thirties, the need for cooling is not insignificant. The inability to cool through
sweat evaporation limits the amount of time that protective equipment can be worn,
and so the amount of time the wearer can engage in patient care. The human
resources that can be assembled to care for EVD patients are thus further limited in
the person-hours of patient contact time they can provide each shift.

For those organizing care for EVD patients in resource-limited settings, the
inadequacies in tools and manpower are accompanied by another inevitable com-
plication—EVD cases are encountered during EVD outbreaks. This has at least four
consequences. One, the number of patients requiring attention can be large relative
to the capacity of the medical service providing care. Second, there is an urgent
need to put safe and effective patient care services into place rapidly. Three, normal
healthcare services are frequently disrupted, and many people with health problems
endemic to the region will need care that is unavailable through the usual means.
Many of these conditions are not easily distinguished from EVD, and these patients
will often present to the ETU. Finally, the treatment of EVD patients is not an
isolated instance of medical care, but rather an element in the larger outbreak
control response, usually in a setting where the epidemic has provoked a high level
of fear and suspicion in the population. How care is delivered will be under a certain
amount of scrutiny by the community affected by the outbreak, and their willing-
ness to participate in outbreak control activities may depend on how they perceive
that medical care is being provided.

The medical practitioner who may be coming from a well-resourced environ-
ment to the settings where EVD outbreaks naturally occur to treat EVD patients
must be ready to quickly do more with less in a way that is transparently com-
passionate while producing results that will encourage those in the community to
come to them for care when they are ill. This is the complex challenge of care for
EVD in resource-limited settings.
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2 Objectives of Clinical Management in Low-Resource
Settings

The actions undertaken in the clinical management of EVD are in pursuit of one or
more of three objectives. First, the spread of the virus must be controlled. In the
clinical care setting, this is done by protecting care providers and the patients in the
care unit who may not have EVD. As part of the outbreak control framework, the
Ebola [virus disease] treatment unit (ETU) is itself a means of limiting viral spread
by preventing uninfected persons from coming into unprotected contact with virus
through limiting and controlling access to acute EVD patients, the environment into
which they are shedding virus, and the infectious waste generated in their care.

Second, and perhaps obviously, the care provided to the EVD patients is
intended to maximize their chance of survival, by providing supportive care,
addressing potentially complicating coinfections, and eventually employing thera-
peutics that directly address the viral infection.

Third, and certainly not least, the ETU care providers play an important role in
reducing suffering. This is not limited to addressing the physical and psychological
suffering of their patients, but also, by providing compassionate care, care providers
help the suffering of their patients’ families and loved ones, and, by providing hope
and showing solidarity, the suffering of the larger community.

This chapter provides an overview of EVD clinical management principles in
resource-limited settings. It is not a substitute for guidelines that go into the
appropriate level of detail needed to set up and run a medical service for EVD
patients. Such guidelines are available from the World Health Organization (WHO
2016) or from non-governmental agencies experienced in the management of EVD
patients.

3 Infection Control

An unfortunate hallmark of EVD outbreaks is the death of healthcare staff caring for
patients. Ebolaviruses are the archetypal biohazards, and management of this hazard
and the protection of workers is the defining feature of response to EVD outbreaks.
Worker protection agencies have long recognized a hierarchy of measures to limit
worker exposures to hazards (NIOSH 2015), and a range of exposure controls is
employed in providing EVD care. Although a full treatment of these measures is
beyond the scope of this chapter, it is important to cover them briefly, as they are
critical to the safe care of the EVD patient and to the safe management of an ETU.

The protection of the personnel (and patients), the environment and the public
from exposure to ebolaviruses is based on risk assessment and has resulted in an
appropriate selection of facility safeguards, safety equipment, and practices and
procedures used by the personnel.
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The most effective means of preventing exposure to hazards like ebolaviruses is
appropriate engineering of the healthcare environment (Fig. 1). The ETU is a
workplace designed to minimize the risk of exposure of uninfected individuals to
ebolaviruses. The ETU provides a means to limit access to EVD patients though
restricted points of entry. The unit is divided into two zones: a high-risk zone,
where the EVD patients are cared for and infectious material rendered safe, and a
low-risk zone, where all of the other elements of care that do not require patient
contact are found, e.g., nursing stations, laundry, medical and material supplies, etc.
Entry to and exit from the high-risk zone is arranged to create unidirectional flow
through the high-risk area, moving from areas of lowest infection risk to higher
infection risk. Patients who are suspected of having EVD awaiting laboratory
confirmation of their status are separated from those who have been confirmed to
have it. Patients in the suspect area are given sufficient space from each other,
ideally with individual rooms, to limit cross-infection risk. The entire high-risk zone

Fig. 1 Schematic drawing of an Ebola [virus disease] treatment unit by “Charlie” Guinean artist
and cartoonist. Some of the important features are detailed. A Screening and triage area,
B High-risk zone: admission areas and hospitalization for suspect or probable patients waiting for
their laboratory results, C High-risk zone for confirmed patients, D Low-risk zone (no patient
contact). 1 Admission and examination of suspect patients, 2 Transfer zone to the high-risk
confirmed area. Throughout the hospitalization the patients can communicate with outside family
with provided phones, 3 During the hospitalization, patients receive treatment and nutritional
support, 4 Zone of interaction with family and friends, 5 During the hospitalization supportive care
and psychological support is assured, 6 Discharged patients are followed up to ensure their
continued health and well-being
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is well lit with enough space to allow unimpeded movement. Patient care areas are
arranged to be visible to healthcare providers in the low-risk area, so that healthcare
workers do not need to be in protective equipment to interact with their patients.
Exit from the high-risk area is designed to allow supervised decontamination and
safe doffing of personal protective equipment (PPE).

Management of an ETU creates a large amount of liquid and solid waste. Just as
patient care pathways follow a nonoverlapping pathway from lower to higher risk,
so do waste removal pathways, leading to waste disposal areas within the high-risk
zone. Large quantities of chlorine solutions are used for decontamination, and the
resulting inactivated waste is usually burned in large, supervised incineration pits.

The most visible component of exposure control is the PPE worn by the
healthcare workers. The coverall, boots, gloves, and covering for the head and face
prevent the wearer’s skin and, especially, mucous membranes, from coming into
contact with infectious materials. This garb is a mixed blessing; its protection
comes not only at the cost of impaired cooling that carries a risk of heat illness, but
also with reduced vision, hearing, and sense of touch that limit the wearer’s situ-
ational awareness, also a hazard in the high-risk environment (Sprecher et al. 2015).

Administrative controls in place in the ETU prevent entry to the high-risk area
by anyone who has not undergone training on the use of PPE and safe work
practices within the high-risk area. Entry into the high-risk area is only by pairs of
workers who observe each other throughout their stay to ensure adherence to safe
work practices and watch for dangerous unintentional actions. Worker shifts and
breaks are arranged to minimize worker fatigue and maximize alertness. Safe work
procedures include such practices as the minimization of interventions requiring
sharp objects, carrying out hazardous procedures with observation and assistance
from a partner and with good ergonomics, rapid cleanup of infectious material, and
limiting time spent in PPE. In addition to the involvement of each worker, relentless
supervision by qualified and respected individuals is a critical and mandatory
requirement of infection control of an ETU. These behavioral controls complement
the engineering controls.

The advent of a vaccine that looks to be effective in protecting against EVD may
offer further protection for healthcare workers (Henao-Restrepo et al. 2015).
However, it will not be until such efficacy is well demonstrated, and can be con-
firmed or safely assumed in individual workers that onerous exposure control
measures, such as stifling PPE, may be scaled back to configurations that allow the
doctors and nurses a greater liberty to interact longer and more closely with their
patients.

4 Management of the Patient

Patients with EVD have an imprecise clinical presentation, and no truly distin-
guishing feature allows clinicians great certainty as to whether or not someone has
the disease. After an incubation period of 6–12 days on average (range 2–21),
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patients will first experience fever, malaise, weakness, and body aches (Bray and
Chertow 2016, Kortepeter et al. 2011). Gastrointestinal signs and symptoms may
ensue in the next few days with anorexia, nausea, epigastric and abdominal pain,
vomiting, and diarrhea. Some patients may have conjunctival injection and, briefly,
a rash. Some patients will in the following days, around day 7 of illness, have
delirium and shock with multi-organ failure. Although long classified as a viral
hemorrhagic fever, usually only a minority of EVD patients will have hemorrhagic
signs (McElroy 2015), chiefly gastrointestinal bleeding.

Given the vague nature of this illness, anyone who is ill in or near to an EVD
epidemic zone must be evaluated cautiously. Similarly, no one can be simply
assumed to have the disease, such that any exposure to ebolaviruses would be of no
further consequence. Management of patients who may have EVD involves both
treating them as if they had the disease for the purposes of their treatment and
protecting healthy persons and healthcare workers, while also treating them as if
they did not have the disease for the purpose of protecting them from other infected
patients and their environment.

Faced with an ill patient during an EVD outbreak, a clinician must decide if the
level of suspicion that the patient has EVD is sufficient to warrant admission to the
ETU, which places the patient at some risk of becoming infected by another patient
if they do not in fact have EVD. For this reason, until rule-out and discharge occur,
the ETU must be a safe place for such patients with adequate alternative therapeutic
options. The clinician must also decide if the level of suspicion is low enough to
allow the patient to be safely managed outside the ETU by those who are not as
well protected from ebolaviruses.

Determination of whether someone should be suspected of having EVD uses
both an assessment of the clinical presentation for consistency with the disease and
an evaluation of the epidemiologic risk in the patient’s history. The suspect case
definition for EVD during an epidemic is either: (a) a patient having contact with a
known case AND a fever, (b) a patient with fever AND 3 or more of: headache,
anorexia, weakness, difficulty swallowing, difficulty breathing, myalgia/arthralgia,
nausea, vomiting, diarrhea, or abdominal pain, (c) a patient with unexplained
bleeding, or (d) sudden unexplained death (WHO 2014). Often, miscarriage or
abortion is also a condition that is sufficient for being considered a suspect case.
Case definitions are tools for epidemiologists and outbreak managers to have a
uniform way of counting cases. They may be a guide to clinicians in patient
management, but they should not be considered as strict admission criteria for an
ETU or a substitute for clinical judgment. For example, if someone who is a close
contact of a known EVD case happens to be afebrile but otherwise has a clinical
picture compatible with EVD (e.g., weakness and gastrointestinal signs and
symptoms), they would not meet the case definition because of the absence of fever,
but nevertheless they should be admitted for testing because of the risk for EVD.

An important aid to clinical decision making is good communication with the
epidemiologists engaged in outbreak control. These epidemiologists may be able to
inform the clinician if their patient is a contact of a known case, resides in a
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neighborhood where ongoing transmission is known to occur, or fits a profile
known to be high risk in that epidemic, e.g., traditional healer.

If a medical team has been dispatched to investigate a concerning patient in the
community, sources of information beyond the patient may be available to aid
determination of appropriate disposition. Can the patient or their friends, family, or
neighbors tell the medical team if the patient has recently been exposed to someone
who may have been shedding virus—e.g., cared for anyone sick or attended a
funeral? If the patient spontaneously presents or is brought to the ETU, sources of
information may be more limited.

Prior to admission to the ETU, patients should receive an intake briefing to
familiarize them with the hygiene practices of the ETU that will keep them at lowest
risk for infection with ebolaviruses if they are not yet infected. This should cover
appropriate use of showers and latrines, safe interactions with other patients, lim-
itations on their movements about the high-risk area, areas designed for them to
safely receive visits from friends and family, and some words about the need for the
caregivers’ PPE and its occasionally frightening aspect. Family members should
also be aware of these procedures and offered a possibility to contact the patient and
remotely provide psychological support.

Admitted patients should have an initial blood specimen taken for diagnostic
testing and be placed into the part of the ETU reserved for patients whose ebola-
virus infection status is uncertain. Patients whose test for ebolaviruses is positive
should be moved to the area reserved for confirmed patients. Patients whose test is
definitively negative, i.e., a negative result on a specimen drawn >72 h after onset
of symptoms, should be discharged. Those with an equivocal test, i.e., a negative
test <72 h after onset of symptoms, should be kept in the suspect patient area and
retested in 24–48 h.

In an ETU that has not been set up to provide each suspected patient with an
individual room, cohorting of patients based on the clinician’s assessment of their
probability of having EVD or the degree to which their clinical presentation make it
likely that they are shedding significant amounts of virus, e.g., patients with
vomiting, diarrhea, or advanced stages of illness, is advisable. Patients deemed to
be at lower risk should be placed earlier on the care provision pathway through the
ETU high-risk area, and patients felt to be at higher risk should be the last ones seen
by medical personnel before moving on to the confirmed patients.

4.1 End-Stage and Deceased Patients

The death of a large number of patients has been an invariant feature of every EVD
outbreak. Palliative care of the dying is one aspect of EVD patient care that can be
equally well carried out in the resource-limited as well-resourced settings (see
Sect. 5.2).

EVD survivors have reported that one of their most significant sources of stress
in the ETU is their exposure to deceased patients (Evlampidou et al. 2016). To
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reduce this, clinicians who have determined a patient to be end-stage or at signif-
icant risk for death in the near term may wish to move them to an area within the
ETU that affords greater privacy. Deceased patients should be moved to the morgue
as quickly as possible.

4.2 Discharge

Criteria for discharge have been a matter of debate and have changed over the
years. One of two matters of concern, if the patient is well enough to no longer need
the care provided in the ETU, is a matter of clinical judgment and not a subject of
contention. The second matter, whether the patient is no longer an infection hazard
to those around them, is a thornier matter. Very little is known about when patients
stop shedding active virus in a way that would allow for casual social contact with
little risk of transmitting disease. However, no cases of EVD have been linked to
exposure only to convalescent patients, aside from rare cases of sexual
transmission.

A proxy measure of infection risk has been the PCR testing of blood specimens
in recovering patients. Patients who have recovered enough to care for themselves
and who have a negative blood PCR test, have been considered safe to discharge.
PCR testing criteria have in some settings been set to a higher standard of two
negative tests at least 48 h apart when an added measure of caution has been felt
appropriate by health authorities. In other settings when there has been pressure to
open beds in the ETU for newly arriving patients, the criteria for discharge have
been loosened, and having a blood specimen PCR result above a cycle threshold
(Ct) value of 36 has been used. This latter criterion has been based on laboratory
studies that have found that materials with a Ct value of 36 or higher have not
produced infection in experimental animals (Spengler et al. 2015).

PCR testing of other specimens, e.g., sweat, urine, saliva, have been used to
inform discharge decision-making in highly resourced settings (Kreuels et al. 2014),
but this has not been standard practice in low-resource settings. The infection risk of
convalescing patients with detectable viral RNA in these body fluids is currently
unknown, and there have not been reported EVD cases linked to exposure to these
fluids.

Late transmission of filoviruses through sexual contact was documented as early
as the 1967 Marburg virus disease outbreak (Martini and Schmidt 1968). However,
it was felt to be rare enough that this risk never impeded discharge of convalescent
patients. In fact, no case of sexual transmission of ebolaviruses was documented
until 2015 (Mate et al. 2015). Nevertheless, male patients discharged from the ETU
have always received discrete counseling about this risk, been provided with
condoms, and given instructions on how to safely dispose of potentially infectious
material. Several cases of sexual transmission have been documented or suspected
towards the end of the West African outbreak, but as of yet, the risk of sexual
transmission has still not precluded discharge from the ETU. That being said, male
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survivors should be followed up after their discharge to evaluate their ongoing
potential for sexual transmission of ebolaviruses through semen testing. A future
role of EVD antiviral therapy may be in the reduction of this potential.

4.3 Survivor Care

Care of the EVD patient does not end upon discharge from the ETU. EVD sur-
vivors can have disease sequelae that cause ongoing suffering and disability.
Arranging post-discharge care for survivors is important, as counseling and
symptomatic treatment can be a great benefit to the vast majority of patients suf-
fering from persistent symptoms of their disease. Common physical post-EVD
signs and symptoms are arthralgia, ocular problems (eye pain, conjunctivitis,
uveitis, loss of acuity), auditory problems (tinnitus, hearing loss), and neurological
sequelae (cerebrovascular accident, encephalopathy, meningitis) (Vetter et al.
2016). The resource-limited setting presents difficulty in caring for some of these
issues due to a scarcity of relevant specialist physicians, such as ophthalmologists.
Many patients will experience a full recovery from these physical ailments.

Psychological consequences are also common among EVD survivors.
Two-thirds of EVD survivors will suffer from depression and/or posttraumatic
stress disorder (Rabelo et al. 2016). Many patients will have lost friends and family
to EVD, been deprived of an opportunity to grieve with their communities, and may
not have graves to visit. The stigma these survivors face is an additional stressor.
Mental health services for these patients are an important part of their care, and
mental health professionals may also be in short supply in resource-limited settings.

The social consequences are another significant burden for survivors.
Many EVD survivors return to their homes only to be shunned by their neighbors or
threatened with violence, as they are seen as a continuing threat to the community.
The loss of family members and being ostracized from their communities leaves
many EVD survivors in a precarious situation, and so EVD survivor care programs
should also include social support.

4.4 Children

About 7% of confirmed patients treated by MSF in the West African outbreak were
less than 5-years old (MSF in press), which is much less than the 17% of the
general West African population that is under 5-years old (United Nations 2015).
This may be because most infections occur in the setting of provision of care for the
ill and funeral attendance, which are not activities typical for young children. In
contrast to their relatively lower numbers in the ETU, young children have a higher
case fatality ratio than adults (MSF, in press).
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Young children can present a challenge in the ETU, as they require more
assistance with care and constant supervision. In the absence of adult supervision,
uninfected children are at risk for becoming exposed if the ETU does not have
controls in place to limit their movement. Some ETU’s have had dedicated pediatric
areas to allow closer supervision of children. In other units adult convalescent
patients have remained in the ETU past the time when they were ready for dis-
charge to serve as childcare providers.

It is not unusual for a female EVD patient to come to the ETU with her
asymptomatic child if no one else is available to care for them. It is common
practice to separate the child from the mother on the assumption that the child may
not yet be infected. This poses another management problem, as these children will
need someone to care for them. Because they are at high risk of becoming ill with
little warning, this creates an infection risk for the caregiver. One successful
solution to this problem has been the creation of limited access daycare units staffed
by female EVD survivors, who are assumed to have protective immunity.

4.5 Pregnant Women

Pregnant EVD patients present another complicated problem for the ETU. In past
outbreaks they appear to have had a higher risk of death than nonpregnant patients
(Mupapa et al. 1999a), but an analysis of 77 pregnant EVD patients during the West
African outbreak suggests their risk for death may be similar to that of the general
population (Caluwaerts et al. 2016). As demise of the fetus in utero is very com-
mon, and survival of the newborn beyond the very early neonatal period has only
been recorded once (Dörnemann et al. 2017) the focus of management is on
maternal survival. Ideally delivery is managed after the mother has survived her
disease, as women delivering while acutely ill are at increased risk of complications
from hemorrhage and DIC.

Every ETU should be prepared for pregnant EVD patients and be ready to
manage a delivery. Testing of amniotic fluid from EVD patients has found high
levels of viral RNA (Caluwaerts et al. 2016), and exposure to amniotic fluid of a
pregnant EVD patient has been a source of healthcare worker infections in past
outbreaks (Wamala et al. 2010; Maganga et al. 2014). ETU staff should be prepared
to handle the risk posed by preforming the delivery and be ready to carry out
post-delivery decontamination procedures.

EVD patients who survive their disease with their pregnancy intact will not, as a
rule, carry their baby to term to deliver a healthy newborn. As such, and given the
danger posed to attendants by the eventual delivery, it is recommended that this
delivery take place in the ETU. The option of termination of pregnancy should be
discussed with the patient.
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5 Medical Care of the EVD Patient

5.1 Supportive Care

Supportive care of EVD patients is based upon the similarity of its pathogenesis to
septic shock (Mahanty and Bray 2004), and clinical illness is consistent with this
similarity. Given this, a model for supportive care is that of management of septic
shock (Dellinger et al. 2013). There are occasional presentations that deviate
somewhat from an uncomplicated septic shock syndrome. Some patients will have
a greater degree of gastrointestinal fluid losses, which will require volume
replacement to compensate for these. Other patients may have an encephalopathic
component to their illness, and so may need control of neurologic signs. With all
but a handful of EVD patients having gone through their full course of illnesses in
resource-limited settings without access to a clinical laboratory, EVD patients have
most often had their care guided by clinical signs and symptoms, though more
recently the use of biochemistry testing has provided additional guidance.

5.1.1 Hemodynamic Support

Intravenous crystalloid has long been the mainstay of management of hemody-
namic instability in the critically ill, and the current guidelines for management of
septic shock continue to support this. That being said, the liberty to aggressively
pursue crystalloid therapy is somewhat constrained in the resource-limited setting
by the relative unavailability of the modalities often used to correct overhydration,
e.g., mechanical ventilation and renal replacement therapy. Added to this are recent
concerns that moderation is called for in the use of crystalloid therapy (Marik and
Bellomo 2016; Maitland et al. 2011). Clinicians caring for EVD patients should
endeavor to be up to date on the most recent understanding of the resuscitation of
patients with septic shock when deciding on the volumes of intravenous fluid
therapy to employ.

5.1.2 Laboratory Support

In previous outbreaks, a diagnostic laboratory capable of safely handling specimens
from suspected EVD patients was often either missing completely or located well
away from the site of EVD treatment. In addition, beside a few point of care tests
(malaria, pregnancy), laboratory assays were limited to the confirmation of the
EVD, usually by molecular techniques. Having laboratory support close to the ETU
has become a more routine feature of recent outbreaks. As well, the use of point of
care biochemistry testing for EVD patients in resource-limited settings became
commonplace toward the end of West African EVD outbreak. These machines may
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be safely employed if they are placed within the safety enclosure employed by the
field diagnostic labs or inside the high-risk area of the ETU.

5.1.3 Correction of Biochemical Derangements

Biochemistry testing has revealed that EVD patients may have correctable condi-
tions such as hypokalemia and hypoglycemia. Hyperkalemia is also not uncommon,
presumably due to cell lysis and renal dysfunction.

Kidney function testing often reveals a degree of renal impairment suggestive of
a mixture of pre-renal and intrinsic renal failure. Some biochemistry derangements,
such as elevations of aspartate transferase and creatine phosphokinase, may reflect
the degree of cytotoxicity being caused by the virus, and so may have prognostic
value (Rollin et al. 2007; Sissoko et al. 2016).

5.1.4 Nutritional Support

Another important difference of the resource poor setting is the baseline nutritional
status of the average central African prior to disease onset. The countries vulnerable
to EVD outbreaks are also among those with the worst population nutritional status
indicators (IFPRI 2016). Guidance for nutritional support of the EVD patient in
resource-limited settings is based upon standard care for the severely ill and mal-
nourished in these same settings (WHO/UNICEF/WFP 2014).

For patients who are very weak and have little appetite, therapeutic milk-based
feeding, such as with F75/F100 is appropriate. For patients with some appetite who
are able to eat solid or semi-solid foods, cereal or peanut-based ready to use
therapeutic foods are a good option. Familiar foods that are nutrient dense and
appealing to the patient can be substituted if tolerated by the patient. These can also
be enriched with therapeutic supplements (e.g., Plumpy-doz®, Nuttributter®).
Allowing the family to assist with patient care by preparing some meals at home to
bring to the ETU can be a comfort to them and to the patient. Meals should be
prepared with medical guidance, and the ETU staff should still maintain primary
responsibility for ensuring proper patient nutrition.

5.2 Symptomatic Care

Whatever the impact of supportive care on patient outcomes, their suffering can be
alleviated. EVD patients are in variable degrees of distress which may change over
the course of their illness. As arthralgia, myalgia, headache, and sore throat are
common clinical signs, pain management is an area open to medical intervention.
The use of aspirin and nonsteroidal anti-inflammatory drugs is generally discour-
aged in EVD because of the bleeding complications and renal compromise that may
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be worsened. Paracetamol/acetaminophen is often sufficient for milder symptoms,
and opiates employed for more severe pain. Opiate treatment protocols should be
discussed with local medical staff, as palliative care may not be well accepted in
some settings where EVD outbreaks occur. Opiates are also useful in relieving the
discomfort of patients with terminal dyspnea.

Nausea and vomiting have been treated in the past with metoclopramide,
however, benzodiazepines and haloperidol are commonly available and may be
more effective. 5-HT3 receptor antagonists such as ondasetron are still more
effective, and were employed in the West African EVD outbreak to good effect.
Adequate control of nausea and vomiting provides not only relief to the patient, but
also an opportunity to resume eating and drinking.

A not uncommon symptom in end-stage patients is terminal delirium. Whether
caused by reduced cerebral perfusion, electrolyte disturbances, metabolic acidosis,
or medications that may be employed to control other symptoms (e.g., opiates,
benzodiazepines), this can be profoundly disturbing. Mistaking this delirium for
anxiety and treating the patient with benzodiazepines may sedate the patient, but
can also exacerbate the delirium. Treatment with antipsychotics such as haloperidol
can provide relief and calm the patient during their final hours.

5.3 Systematic Care

A number of illnesses that are commonplace in the areas of central Africa, where
EVD outbreaks occur, are clinically very similar to EVD. A patient who presents
with a vague febrile illness without an obvious localizing feature or severe illness
with or without gastrointestinal signs may have malaria, typhoid fever, shigellosis,
or similar illness. Patients who present to the ETU with these diseases instead of
EVD may get admitted to rule out EVD. As an epidemic wanes, the positive
predictive value of the admitting criteria often drops, and an increasing number of
patients will have non-EVD pathologies. Even patients who do have EVD may be
coinfected with Plasmodium or a bacterial pathogen.

Given the diagnostic limitations common in the EVD care setting, it is common
practice to treat patients upon admission with a clinical syndrome compatible with
EVD presumptively with antimalarials and antibiotics covering locally relevant
pathogens to reduce morbidity from treatable conditions. These may be present on
admission, but treatable conditions may arise during the course of hospitalization,
e.g., from transluminal migration of bowel flora. Clinicians should be alert for
sudden changes in their patients’ clinical evolution that may herald the onset of a
secondary infection, which may also arise from common causes, such as indwelling
medical devices. Where malaria testing can be done safely, e.g., in field lab bio-
containment, targeted treatment for malaria for patients testing positive is an option.
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5.4 Specific Care

Until the West African EVD outbreak, care for patients had been almost entirely
supportive. Very few patients received therapeutic agents that directly addressed the
causative ebolavirus or its known pathology (Mupapa et al. 1999b; Emond et al.
1977). This changed during the West African outbreak, and a number of patients
received viral polymerase inhibitors, antisense therapy, convalescent plasma, or
monoclonal antibodies (Sissoko et al. 2016; Dunning et al. 2016; van Griensven
et al. 2016; Davey et al. 2016). The majority of these patients were treated in
resource-limited contexts, many in the setting of a clinical trial of the agent
employed. None of these therapies demonstrated significant efficacy at the time, but
it may be hoped that the field of targeted ebolavirus therapy will advance.

A review of current ebolavirus-specific therapeutics is beyond the scope of this
chapter, and would quickly become outdated. Any healthcare provider working
with EVD patients should be aware of the current leading therapeutic options and
planned clinical trials.

Important factors to consider when deciding whether or not to employ a novel
therapeutic, in addition to the ethical concerns, are the route and duration of therapy
and the patient monitoring requirements, as this will determine much of the asso-
ciated workload. During an outbreak in a resource poor setting, this may be a
non-trivial concern that requires a good deal of planning. As well, the ETU must be
ready to manage adverse reactions and meet cold chain requirements.

5.5 Psychological Support

EVD patients suffer not only from the physical effects of the disease but also from
the fear and anxiety that come with being an EVD patient. Patients are usually
admitted without knowing if they have EVD or not, and this uncertainty while
awaiting test results is a stressor. Knowing little about the disease they may or may
not have adds to this stress. The patients’ greatest fear is of dying, but this is also
accompanied by fear of how one will be treated as a survivor in the community
upon release. Patients are also stressed by isolation from friends and family during
their illness. Helping patients cope with their fear and anxiety can reduce their
suffering.

Addressing the EVD patients’ psychological issues begins with the design of the
ETU. Providing a space where patients can talk safely and comfortably with their
friends and family outside will help reduce their sense of isolation. Having separate
space with some degree of privacy for counselors to talk with patients and families
facilitates their interactions.

Upon arrival, giving each patient and their family a briefing on the nature of the
disease, the infection control measures in place, and the sequence of events that will
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occur (placement in the suspect patient’s area, testing, and movement to confirmed
or discharged based upon results, etc.) can provide patients with a sense of safety
and lessen their uncertainty about what will happen to them during their stay in the
ETU.

During the patient’s stay in the ETU, the patient’s emotional distress, can be
minimized by providing their family with regular updates on the patient’s condition
and being attentive to changes in the patient’s condition and any anxiety this may
provoke. Critical moments to ensure psychological support to the patient are during
the initial entry into the ETU and during the disclosure and explanation of test
results. The patient’s family will similarly need support at such moments, as well as
when they are informed of the patient’s death if this occurs. Presence among the
health providers of former EVD patients certainly helps with answering patient
questions and transferring relevant information to patients and families. Where
direct contact between patients and family is not practical, the use of remote means,
e.g., mobile telephone, video link via tablet device, etc., can be very helpful. The
need for psychological support does not end at discharge, as many patients will
need help with reintegration into their home community and adjustment to life as an
EVD survivor.

5.6 Impact of Disease on Care Provision

The infection control procedures, infrastructure, and equipment required to care for
EVD limit the proximity of healthcare staff to their patients. The design of the ETU
will determine how well the staff in the low-risk area will be able to see and
communicate with their patients. The PPE will limit how much time the healthcare
staff can spend at the patients’ bedsides. These in turn limit how well the staff can
respond to their patients’ needs. As with many illnesses, these needs evolve over the
course of the disease, and understanding these changing needs may help healthcare
workers plan the delivery of their care. Patients at different stages of EVD pro-
gression will have different care requirements. If patients in similar phases of their
illness are grouped together, the delivery of their care may be made more efficient.

5.6.1 Early

Patients in the early stage of their illness do not yet suffer from significant disability.
They are able to walk, drink, feed themselves, and engage in many aspects of
self-care. They do not usually suffer yet from nausea and vomiting, and so they can
still benefit from oral medications, oral fluid therapy, and meet their nutritional
needs.
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5.6.2 Patients with GI Compromise and Weakness

Many patients will proceed to a phase of illness where weakness and apathy will
impair their ability to eat, drink, and take care of themselves. Eating and drinking
are also made difficult by anorexia, sore throat, and difficulty swallowing common
in EVD. Patients are often still able to eat and drink if they are given encourage-
ment by the staff, and not infrequently by fellow patients. The onset of nausea and
vomiting in many patients further complicates oral intake. Antiemetic therapy may
provide some relief to the patient and allow further feeding and drinking, but
weakness and apathy may require that they are assisted.

Diarrhea is another gastrointestinal symptom that often appears at this stage.
This not only adds to fluid losses, but it also generates a volume of infectious waste
that needs removal, as patients are often too weak to walk and may end up lying in
their own feces until they can be cared for.

5.6.3 Patients in Shock

Patients who go into shock will need closer monitoring and hemodynamic support.
Close monitoring of the patients’ condition may be facilitated by ETU design that
allows observation of the patient and monitoring equipment from the low-risk area.
Noninvasive hemodynamic monitoring, although not routinely available in
low-resource settings, was employed during the West African outbreak (Wong et al.
2015). Moving critically ill patients together to a part of the ETU where more
labor-intensive care is delivered may allow for more efficient use of staff limited by
the time that may be spent in PPE.

5.6.4 Recovering Patients

Patients who survive the acute phase of their illness and begin to recover can
resume some degree of self-care. They will need more frequent contact with psy-
chological and social support staff who can prepare them for their eventual return to
their communities. Clinicians should be aware of the possibility of rare compli-
cations, such as late onset neurological disease (Jacobs et al. 2016; Howlett et al.
2016).

6 Management Issues Beyond the Patient

Treatment of EVD patients in the setting of an EVD outbreak places the provision
of clinical care in the delicate position of being the most visible aspect of EVD
outbreak control. How the care is perceived to be provided will play a role in public
acceptance of outbreak control measures. As failure to successfully engage the
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community has had a negative effect on past attempts at outbreak control, clinicians
caring for EVD patients should be aware of how their work is being perceived
(Marais et al. 2016). Interactions with families, the community, religious leaders,
and sometimes traditional healers, should include visits (taking safety concerns into
account), and active communication with the help of survivors, if available.

Mistrust of outbreak control agencies, and especially those providing clinical
care, is an all too common feature of EVD epidemics. Medical care providers have
been accused of stealing patients’ blood for pharmaceutical companies and killing
their patients to sell their organs on the black market. Transparent provision of
compassionate care is thus not only of benefit to the patient, but also good public
relations.

Care providers should assume that word of their actions will reach the com-
munity in one form or another. Ensuring that all staff interact respectfully and
compassionately with patients, responding to their needs in a timely manner, and
reducing stressors in their environment, e.g., exposure to dying or deceased
patients, will reflect positively on the ETU.

Excessive isolation is also an important source of patient stress, and an important
link to the community is through the patients’ friends and family. Infection control
measures will limit their access to the patient, but good ETU design will allow for
areas where a patient in the high-risk zone can be accessible, usually over a pair of
low fences spaced two meters apart, to those who wish to visit them. This is not
only a great comfort to the patient and their visitors, but it also allows members of
the community to have an understanding of what goes on beyond their sight inside
the ETU.

Just as the patients often have a great deal of stress and anxiety as a consequence
of their illness, so do their friends and families. The same mental health services
available at the ETU for the care of patients can be of great benefit to these people
as well. This also provides an opportunity to ensure that there are no misunder-
standings as to what is going on within the ETU.

6.1 Clinical Care as Part of Outbreak Response

Clinical care is an important part of outbreak control, not only because it brings the
sick to a place where they can have better chance of survival and no longer infect
others in the community, but also because it is a necessary element of winning over
the community as a partner in outbreak control. Community engagement with
control measures depends on their trust in outbreak response agencies, and this trust
is earned, to an extent, by how these agencies are perceived to care for the sick.
However, the ETU is not the only place clinicians are needed in EVD outbreak
response.

Medical outreach, where a multidisciplinary team goes into the community to
evaluate potential EVD cases identified by surveillance systems, profits greatly
from the presence of clinicians experienced in the care of EVD patients. The
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determination in the community of whether someone needs to be admitted to the
ETU benefits from a wealth of information available from family, friends, and
neighbors who may not otherwise be available. As well, clinicians can respond to
the questions and concerns of these same people.

For patients who refuse to be taken to the ETU, care of the EVD patient by the
family in the home can be initiated as a second, if less desirable, option. Overly
coercive attempts to bring the patient to the ETU can be counterproductive and
break surveillance contact with the patient and their family. By allowing for the
option of home-based care, the outbreak control team can maintain contact with the
patient. This requires the explanation of infection control measure adapted for the
home environment, designation of a single care provider, regular resupply of
consumable materials, and ongoing medical follow up of the patient, as well as
continued reassessment of willingness to come to the ETU.

The employment of EVD survivors on the outreach teams is invaluable, as they
are able to explain to members of their community, in their own language and in
familiar terms, what is to be expected in the ETU and how care there is delivered.

6.2 Care of Healthcare Providers

No EVD outbreak can be controlled, and no medical care delivered, without the
able assistance of local staff. These people work under very adverse circumstances.
They are often made unwelcome in their home community because of their work.
At the same time, they are not infrequently called upon by their neighbors to carry
out informal medical work in this same setting, where they do not have the pro-
tections in place that they would in the ETU. Their work exposes them on a regular
basis to the suffering and death of people from their own community. The mental
health of the staff suffers from all of this. They will, as well, occasionally become
sick, both with ordinary illness, which they may mistake for EVD, and, occa-
sionally with EVD itself. International staff also suffer from the harsh and traumatic
conditions surrounding an EVD outbreak. A service for the care of everyone
working in and around the ETU, both for their mental health and for any physical
illness they may have, is essential. In addition to this, daily monitoring of the
working and off-duty personnel allows an early notification of potential incident
and should be used to reinforce proper behavior and procedures. Preventive vac-
cination of the staff, when available, will add additional relief.

7 Conclusion

It is tempting to entertain the idea that care of EVD patients in a resource-limited
setting would somehow be a less complex undertaking than in settings where
resources for advanced care are available. However, care of EVD patients in
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low-resource settings is invariably entangled with the demands of the outbreak.
Many patients at different phases of their illness will need care that requires proper
procedures and training, and the rapid construction of a structure fit for purpose
which is situated in the midst of a community experiencing a traumatic event that
looks to outside agencies for relief. Tropical heat and personal protective equipment
will require the efficient organization of healthcare delivery to make the best use of
available human resources. Caring for suffering patients while protecting medical
staff and providing hope for a traumatized community is an undertaking that goes
well beyond simply deciding on appropriate treatment for an often deadly disease.

Disclaimer The findings and conclusions in this chapter are those of the author(s) and do not
necessarily represent the official position of the Centers for Disease Control and Prevention

References

Bray M, Chertow D (2016) Filoviruses. In: Richman D, Whitley R, Hayden F (eds) Clinical
virology, 4th edn. ASM Press, Washington, DC, pp 1–28

Caluwaerts S, Fautsch T, Lagrou D (2016) Dilemmas in managing pregnant women with Ebola: 2
case reports. Clin Infect Dis 62(7):903–905

Davey RT, The Multi-National PREVAIL II Study Team (2016) PREVAIL II: A randomized
controlled trial of ZMapp™ in Acute Ebola virus infection. Presented at the conference on
retroviruses and opportunistic infections, Boston, 22–25 Feb 2016

Dellinger RP, Levy MM, Rhodes A (2013) Surviving sepsis campaign: international guidelines for
management of severe sepsis and septic shock: 2012. Crit Care Med 41(2):580–637

Dörnemann J, Burzio C, Ronsse A et al (2017) First newborn baby to receive experimental
therapies survives Ebola virus disease. J infect Dis 215(2):171–174

Dunning J, Sahr F, Rojek A et al (2016) Experimental treatment of Ebola virus disease with
TKM-130803: a single-arm phase 2 clinical trial. PLoS Med 13(4):e1001997

Emond RT, Evans B, Bowen ET et al (1977) A case of Ebola virus infection. Br Med J 2:541–544
Evlampidou I, Rabelo I, Lee V (2016) Psychological suffering among Ebola virus disease

survivors in Monrovia, Liberia: a mixed methods study. Front Public Health 4:142
Henao-Restrepo AM, Longini IM, Egger M et al (2015) Efficacy and effectiveness of an

rVSV-vectored vaccine expressing Ebola surface glycoprotein: interim results from the Guinea
ring vaccination cluster-randomised trial. Lancet 386(9996):857–866

Howlett P, Brown C, Helderman T (2016) Ebola virus disease complicated by late-onset
encephalitis and polyarthritis, Sierra Leone. Emerg Infect Dis 22(1):150–152

International Food Policy Research Institute (IFPRI) (2016) Global nutrition report 2016: from
promise to impact: ending malnutrition by 2030. Washington, DC

Jacobs M, Rodger A, Bell DJ (2016) Late Ebola virus relapse causing meningoencephalitis: a case
report. Lancet 388(10043):498–503

Kortepeter MG, Bausch DG, Bray M (2011) Basic clinical and laboratory features of filoviral
hemorrhagic fever. J Infect Dis 204(Suppl 3):S810–S816

Kreuels B, Wichmann D, Emmerich P et al (2014) A case of severe Ebola virus infection
complicated by gram-negative septicemia. N Engl J Med 371(25):2394–2401

Maganga GD, Kapetshi J, Berthet N et al (2014) Ebola virus disease in the Democratic Republic of
Congo. N Engl J Med 371(22):2083–2091

Mahanty S, Bray M (2004) Pathogenesis of filoviral haemorrhagic fevers. Lancet Infect Dis
4(8):487–498

112 A. Sprecher et al.



Maitland K, Kiguli S, Opoka RO et al (2011) Mortality after fluid bolus in African Children with
severe infection. N Engl J Med 364(26):2483–2495

Marais F, Minkler M, Gibson N (2016) A community-engaged infection prevention and control
approach to Ebola. Health Promot Int 31(2):440–449

Marik P, Bellomo R (2016) A rational approach to fluid therapy in sepsis. Br J Anaesth
116(3):339–349

Martini GA, Schmidt HA (1968) Spermatogenic transmission of the “Marburg virus”: causes of
“Marburg simian disease”. Klin Wochenschr 46:398–400 (In German)

Mate SE, Kugelman JR, Nyenswah TG et al (2015) Molecular evidence of sexual transmission of
Ebola virus. N Engl J Med 373(25):2448–2454

McElroy A (2015) Understanding bleeding in Ebola virus disease. Clin Adv Hematol Oncol
13(1):29–31

Mupapa K, Mukundu W, Bwaka MA et al (1999a) Ebola hemorrhagic fever and pregnancy.
J Infect Dis 179(Suppl 1):S11–S12

Mupapa K, Massamba M, Kibadi K et al (1999b) Treatment of Ebola hemorrhagic fever with
blood transfusions from convalescent patients. J Infect Dis 179(Suppl 1):S18–S23

The National Institute for Occupational Safety and Health (NIOSH) (2015) Hierarchy of controls.
https://www.cdc.gov/niosh/topics/hierarchy/. Accessed 10 Aug 2016

Rabelo I, Lee V, Fallah MP et al (2016) Psychological distress among Ebola survivors discharged
from an Ebola treatment unit in Monrovia, Liberia—a qualitative study. Front Public Health
4(142)

Rollin PE, Bausch DG, Sanchez A (2007) Blood chemistry measurements and D-Dimer levels
associated with fatal and nonfatal outcomes in humans infected with Sudan Ebola virus.
J Infect Dis 196(Suppl 2):S364–S371

Sissoko D, Laouenan C, Folkesson E et al. (2016) Experimental treatment with Favipiravir for
Ebola virus disease (the JIKI Trial): a historically controlled, single-arm proof-of-concept trial
in Guinea. PLoS Med 13(3). doi:10.1371/journal.pmed.1001967

Spengler JR, McElroy AK, Harmon JR et al (2015) Relationship between Ebola virus real-time
quantitative polymerase chain reaction-based threshold cycle value and virus isolation from
human plasma. J Infect Dis 212(Suppl 2):S98–S100

Sprecher AG, Caluwaerts A, Draper M et al (2015) Personal protective equipment for filovirus
epidemics: a call for better evidence. J Infect Dis 212(Suppl 2):S346–S349

United Nations, Department of Economic and Social Affairs, Population Division (2015) World
population prospects: the 2015 revision. https://esa.un.org/unpd/wpp/. Accessed 10 Aug 2016

van Griensven J, Edwards T, de Lamballerie X et al (2016) Evaluation of convalescent plasma for
Ebola virus disease in Guinea. N Engl J Med 374(1):33–42

Vetter P, Kaiser L, Schibler M et al (2016) Sequelae of Ebola virus disease: the emergency within
the emergency. Lancet Infect Dis 16(6):e82–e91

Wamala JF, Lukwago L, Malimbo M et al (2010) Ebola hemorrhagic fever associated with novel
virus strain Uganda 2007-2008. Emerg Infect Dis 16(7):1087–1092

WHO/UNICEF/WFP (2014) Interim guideline: nutritional care of children and adults with Ebola
virus disease in treatment centres. Geneva, Switzerland

Wong KK, Perdue CL, Malia J et al (2015) Monrovia medical unit. Supportive care of the first 2
Ebola virus disease patients at the Monrovia medical unit. Clin Infect Dis 61(7):e47–e51

World Health Organization (2014) Case definition recommendations for Ebola or Marburg virus
diseases. http://www.who.int/csr/resources/publications/ebola/case-definition/en/. Accessed 10
Aug 2016

World Health Organization (WHO) (2016) Clinical management of patients with viral
haemorrhagic fever: a pocket guide for the front-line health worker. Geneva, Switzerland

Clinical Management of Ebola Virus Disease Patients … 113

https://www.cdc.gov/niosh/topics/hierarchy/
http://dx.doi.org/10.1371/journal.pmed.1001967
https://esa.un.org/unpd/wpp/
http://www.who.int/csr/resources/publications/ebola/case-definition/en/


Clinical Management of Patients
with Ebola Virus Disease
in High-Resource Settings

G. Marshall Lyon, Aneesh K. Mehta and Bruce S. Ribner

Abstract Like most viral illnesses in humans, supportive care of the patient is the
mainstay of clinical care for patients with Ebola virus disease (EVD). The goal is to
maintain and sustain the patient until a specific immune response develops and
clears the viral infection. Clearly, antiviral therapy may eventually help speed
recovery, but supportive care will likely always be the centerpiece of care of the
patient with EVD. While terrible in terms of human suffering and loss, the EVD
outbreak of 2014–2016 provided an unheralded opportunity to advance our
understanding in the care of patients (WHO 2016). Regardless of the care setting,
resource-rich or resource-constrained, it is beneficial to have an established team of
care providers. This team should consist of nurses and physicians who are familiar
with clinical care of patients with EVD and have demonstrated competency using
necessary personal protective equipment (PPE). Consideration should be given to
having several physician specialties on the team, including critical care, infectious
diseases, and anesthesiology. Additional individuals in other medical specialties
should be identified in case needed during the course of caring for a patient. The
National Ebola Training and Education Center (NETEC) has detailed guidance on
preparations for developing a high-containment unit and care team (NETEC 2016).
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1 Symptoms and Clinical Manifestations

After an incubation period of two to 21 days (mode 8–10), patients will have the
onset of symptoms (Fig. 1). Initial symptoms are not specific and can have the
appearance of a myriad of tropical infections, including those which are most
common, i.e., malaria, typhoid, influenza. These initial symptoms include fever,
headache, myalgias, malaise, and sore throat (Del Rio et al. 2014). Toward the end
of the first week, fever, headache, and malaise continue and the onset of the
gastrointestinal (GI) phase begins (Chertow et al. 2014; Lyon et al. 2014). After the
first few days of illness, a rash may also appear. The rash can be either a classic
viral exanthem or petechial. The rash may begin as an exanthem but progress to
petechial as the platelets drop and vascular leakage becomes more pronounced.

The GI phase is critical for patient care as this is when many patients become
critically ill with volume and electrolyte derangements. The first days of the GI
phase are characterized by both vomiting and diarrhea. The vomiting makes oral
rehydration difficult as the patient is losing 2–3 L per 24-h period orally (Chertow

Fig. 1 Relative timing of symptoms with Ebola virus disease (EVD) as well as the relative
intensity of symptoms
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et al. 2014). After 2–3 days, the vomiting begins to improve, but the diarrhea
continues to worsen. It is common for many patients to continue losing between 3
and 5 L of fluid per day and in the severest cases can be up to 10 L of output per
day per rectum (Kraft et al. 2015). Massive fluid loss along with vascular leakage
which occurs in Ebola virus disease (EVD) can lead to intravascular hypovolemic
dehydration. Uncorrected, these derangements may lead to cardiac arrhythmias
which can be fatal (Liddell et al. 2015; Lyon et al. 2014).

It is during the GI phase when laboratory abnormalities start to become evident.
One of the hallmarks of EVD is a rise in aspartate aminotransferase
(AST) concentrations, which is markedly higher than the rise of alanine amino-
transferase (ALT) concentrations. Thrombocytopenia is also an early abnormal
laboratory finding which appears to precede clinical bleeding (Kraft et al. 2015;
Lyon et al. 2014). With fluid loss also comes abnormal low electrolyte concen-
trations, most notably potassium and calcium (Lyon et al. 2014). Albumin con-
centrations are also low early in the illness. Hypoalbuminemia may be a result of
loss through the GI tract, decreased nutritional intake, or due to vascular leakage.
Low albumin concentrations complicate the physiology and management of
patients with EVD as it leads to low oncotic pressure and contributes to hypov-
olemia and hypotension.

The GI phase lasts into the first part of the second week. As a consequence of the
GI phase and viral sepsis, intravascular hypovolemia and vascular leakage, organ
failure can develop. Coagulopathy, renal failure, and respiratory failure are the most
commonly encountered organ systems which fail. Coagulopathy typically manifests
as clinical bleeding. GI bleeding is the most common manifestation. Patients may
also experience oozing from venipuncture sites and intravenous catheter sites
(Uyeki et al. 2016b; Respiratory vaccine shows promise 2014; Qin et al. 2015; Bah
et al. 2015). In previous EVD outbreaks, bleeding from gums and the urinary tract
have also been noted. Bleeding complications has also been linked to poor out-
comes (Ndambi et al. 1999). Renal failure is an uncommon complication of EVD
occurring in about 5% of cases (Bah et al. 2015). Although uncommon, renal failure
has historically been associated with increased mortality (Schieffelin et al. 2014).
Renal failure is felt to be either pre-renal from shock (Bah et al. 2015) or from acute
tubular necrosis (ATN) from direct infection of the renal tubules by Ebola virus
(Martines et al. 2015).

Death from EVD has been associated with several clinical features or demo-
graphic characteristics. Older age is associated with a higher risk of dying from
EVD. For patients who have or might get EVD, forty years is old. This has been
noted across multiple outbreaks of EVD with different variants of Ebola viruses,
from Kikwit in the 1990s to West Africa in 2014–2016. In addition to age, severity
of illness is another predictor of mortality. For EVD, this is borne out as higher viral
load, higher temperature, higher blood urea nitrogen (BUN) and creatinine
(Cr) concentrations, and higher AST concentrations. Higher BUN and Cr con-
centrations represent renal failure, and higher AST concentration represents
increased liver injury. Clinically evident hemorrhagic manifestations such as
melena, petechiae, ecchymoses, and oozing puncture sites are all associated with
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increased mortality (Roddy et al. 2012; Geisbert 2015). The 2014–2016 outbreak in
West Africa may have indicated that the level of care is also associated with
mortality. The overall mortality from EVD in West Africa was 40% (WHO 2016).
However, in persons who were evacuated from West Africa to either Europe or the
USA, the mortality rate was 18.5% (Uyeki et al. 2016b). This suggests that the
higher level of care provided outside of West Africa decreased the mortality rate by
half. Of the 27 patients who were evacuated out of Africa, five died and three of
those had respiratory and renal failure (Uyeki et al. 2016b). However, there were
nine total patients who had respiratory failure and nine patients who had oliguria
indicating possible renal failure. Seven of the nine with respiratory failure received
mechanical ventilation, and five of the nine with renal failure received dialysis
(Uyeki et al. 2016b). These patients had severe illness yet the mortality rate was
half of what was seen in West Africa. What is not clear is whether these patients
would have lived or died had they remained in West Africa. But, it seems plausible
that improving the level of supportive care in West Africa may reduce the mortality
associated with any future outbreaks of EVD.

2 Management of Complications

Given the severity of illness many patients with EVD have, it is important to have
an almost “expectant management” philosophy. Expectant management means
anticipating potential problems and pitfalls and taking corrective action before they
actually arise. In this way, problems can be avoided or mitigated. Knowing that
patients with EVD can develop hypokalemia, providers may choose to supplement
potassium as the gastrointestinal phase develops. Similarly, expecting hemorrhage
to potentially be an issue, transfusing platelets when the platelet counts reach 30–
50 K/µL (as opposed to <20 K/µL), or providing fresh frozen plasma when the
international normalized ratio (INR) is 1.5 should be strongly considered.
Anticipating problems and intervening at an earlier time point than in usual clinical
practice may help prevent a very sick patient from becoming a critically ill patient,
hopefully saving the patient’s life.

Volume and electrolytes

Volume loss can be significant in EVD during the gastrointestinal phase with up
to 10 L of fluid loss in a 24-h period. Matching this volume loss with oral rehy-
dration or intravenous fluids is challenging. However, it should be the goal of fluid
replacement to maintain intravascular volume to avoid shock. If the patient has a lot
of vomiting, it may be very difficult to do this with oral rehydration, and intra-
venous access should be obtained before significant dehydration develops.
Intravenous replacement fluids should ideally be done with balanced crystalloid
solutions such as lactated ringers, though the use of normal saline is certainly
appropriate if balanced crystalloid solutions are not readily available. There is
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concern that relying solely on normal saline or similar fluids can result in hyper-
chloremia and potentially induce or exacerbate renal failure (Guidet et al. 2010).
However, in EVD patients where colloidal products may also be needed, using
normal saline as a carrier or to supplement colloids is likely very appropriate.
Normal saline should not be avoided at the expense of maintaining intravascular
volume.

Electrolyte loss can be significant during the GI phase especially if diarrhea is
voluminous on several consecutive days. Of patients medically evacuated to Europe
or the USA, hyponatremia, hypokalemia, hypocalcemia, hypomagnesemia, and
hypoalbuminemia were seen in the majority of patients (Uyeki et al. 2016b; Lyon
et al. 2014; Kraft et al. 2015; Wolf et al. 2015). Whether a consequence of the
electrolyte imbalance or as a part of the EVD, cardiac arrhythmias were seen in
almost half of the patients medically evacuated out of West Africa (Uyeki et al.
2016b).

One word of caution on aggressive rehydration––in resource-constrained areas
overly aggressive rehydration with intravenous fluids can lead to additional prob-
lems. As the septic phase begins, patients develop vascular leakage. While this is
not an issue in subcutaneous tissues, it can be problematic in the lungs. Pulmonary
edema can lead to hypoxia and the need for supplemental oxygen or mechanical
ventilation. Clinicians need to be aware of the potential to overhydrate and cause
additional problems. In areas where renal replacement therapy is not readily
available, correcting overhydration may not be easily accomplished.

Gastrointestinal

The GI phase of the disease is where significant morbidity and mortality happens
with EVD (Dallatomasina et al. 2015). In one center with a mortality rate of about
50%, nearly 90% of the deaths occurred during the GI phase (Dallatomasina et al.
2015). It should again be noted that the later part of the GI phase overlaps with the
beginning of sepsis and multi-organ failure. Therefore, aggressive care during the
GI phase may help ameliorate mortality in patients with EVD.

Antiemetic medications can help reduce the amount of vomiting experienced by
patients. Clinicians should be proactive when using antiemetic medications espe-
cially if they have to rely heavily on oral rehydration. Similarly, antidiarrheal
medications may help diminish volume loss and electrolyte loss (Chertow et al.
2015). Although antidiarrheal medications like loperamide may not abate diarrhea
altogether, one or two fewer liters of diarrheal loss may be the difference between
life and death. However, the use of loperamide and similar agents has not been
definitively shown beneficial in EVD.

Hemorrhage

Hemorrhage is historically a hallmark of EVD. In studies which have examined
the correlation, there is an association between hemorrhage and mortality (Ndambi
et al. 1999). Therefore, correcting coagulopathy is a goal of supportive care in
EVD. Again, early transfusion of platelets or infusion of clotting factors via fresh
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frozen plasma should be a goal when feasible. This may be more easily achieved in
resource-rich environments where platelet counts and INR can be more closely
monitored. As a surrogate, oozing from intravenous catheter sites or phlebotomy
sites should prompt transfusion of platelets and fresh frozen plasma. If frank
hemorrhage occurs as manifested by visible bleeding, hematemesis or melena,
transfusion of platelets, clotting factors, and red blood cells is likely warranted.
Here, the goal is to maintain acceptable hemoglobin levels and correct coagu-
lopathy. Transfusion will likely also help maintain intravascular hydration and
blood pressure.

Organ failure

Organ failure is a rare but serious, life-threatening complication in EVD.
Renal failure develops in about 5% of patients with EVD historically (Bah et al.

2015), but was seen in 20% of medical evacuees in the 2014–2016 West Africa
outbreak (Uyeki et al. 2016b). In patients evacuated to Europe or the USA, 20% had
renal failure and two were described as having renal failure with anuria (Wolf et al.
2015; Connor et al. 2015). Both of these patients received renal replacement therapy
with dialysis. Both patients also had recovery of renal function such that dialysis was
no longer needed by 2 months past onset of symptoms. In both of these cases, dia-
lysate fluid was tested for the presence of Ebola virus (EBOV) RNA and was found in
one instance at one of the institutions (Connor et al. 2015; Wolf et al. 2015). It should
be noted that dialysis membranes are designed to allow the passage of electrolytes but
not larger molecules such as proteins or viruses. Therefore, it would be expected that
dialysate fluid should be without EBOV. But both institutions autoclaved dialysate
fluid so as to eliminate the potential for environmental contamination (Wolf et al.
2015; Connor et al. 2015).While renal failure is associated with a higher risk of dying
from EVD, aggressively supporting the patient with dialysis or continuous renal
replacement therapy can have positive, life-saving effects. Bah et al. (2015) reported
severe pre-renal kidney failure in one of their patients. This patient responded well to
intravascular rehydration with crystalloid intravenous solutions.

Respiratory failure is also an uncommon but ominous development in patients
with EVD. In patients who were medically evacuated to either Europe or the USA,
respiratory failure was described as hypoxic or mixed hypercapneic/hypoxic res-
piratory failure (Sueblinvong et al. 2015; Kraft et al. 2015; Uyeki et al. 2016b; Wolf
et al. 2015). Patients who had mild isolated hypoxia often responded to supple-
mental oxygen (Uyeki et al. 2016b). Some of these evacuated patients progressed to
respiratory failure, requiring either noninvasive positive pressure ventilation or
endotracheal intubation with mechanical ventilation (Uyeki et al. 2016b;
Sueblinvong et al. 2015; Wolf et al. 2015). Despite going on to need mechanical
ventilation, the majority of patients eventually recovered from their respiratory
failure.

Cardiac abnormalities were frequently noted (41%) in patients medically evac-
uated from West Africa to Europe or the USA (Uyeki et al. 2016b). Most of
these abnormalities were arrhythmias seen on cardiovascular monitoring or

120 G. Marshall Lyon et al.



electrocardiogram (Uyeki et al. 2016b). However, life-threatening arrhythmias,
such as atrial fibrillation, are also possible and require intervention in order to
correct the abnormal rhythm (Kraft et al. 2015; Sueblinvong et al. 2015). Fatal
arrhythmias developed in patients who die from EVD.

Vascular leakage is a common phenomenon in EVD. In some patients, this can
lead to third spacing of fluid and resultant intravascular hypovolemia. This vascular
leakage typically develops about the same time as the GI phase and quickly reverses
once recovery begins (Lyon et al. 2014). Two patients evacuated to Atlanta in the
USA were noted to quickly mobilize and auto-diurese about 10 L of fluid in less
than 48 h (Lyon et al. 2014). In patients who develop sepsis cardiovascular collapse
may occur (Wolf et al. 2015; Sueblinvong et al. 2015; Kraft et al. 2015).
Aggressively supporting the patient with the use of inotropes and volume resus-
citation can result in survival and recovery (Kraft et al. 2015; Sueblinvong et al.
2015; Wolf et al. 2015).

Coincidental infections in patients with EVD are frequently noted. The WHO
Handbook for EVD care recommends giving antimalarial therapy and antibacterials
empirically because of the high rates of malaria, typhoid, and other infections in
Africa. At least one patient who was medically evacuated from West Africa to
Germany developed sepsis and was treated with several sequential and concomitant
antibiotics (Wolf et al. 2015). While only one blood culture was positive for a
Staphylococcus species (Wolf et al. 2015), processing of blood cultures is difficult
in high-containment units due to a lack of availability of automated blood culture
incubation systems. The sensitivity of detecting bacterial sepsis is likely lower than
in normal care settings, and routine blood culturing of patients with EVD in
resource-constrained areas is unlikely to be feasible.

Neurologic complications are commonly noted in patients with EVD. Most
patients display some degree of cognitive impairment, likely from dehydration and
severe illness. Seizures have been seen as well (Bah et al. 2015). At least one
patient medically evacuated to the USA was felt to have hemorrhagic encephalitis
based on magnetic resonance imaging obtained after recovery from EVD (personal
knowledge of authors). One survivor of EVD had a late-onset meningoencephalitis
due to EBOV (Jacobs et al. 2016). This resulted in prolonged illness with neuro-
logic complications and deficits which slowly resolved over time (Jacobs et al.
2016).

Post-Ebola syndrome

The most common symptoms experienced by survivors of EVD are fatigue,
musculoskeletal pain (70%), headache (48%), and eye abnormalities (14%) (Scott
et al. 2016). The musculoskeletal pain is often joint pain primarily affecting large
joints (Scott et al. 2016). Pain in tendon insertions, or enthesitis, is also commonly
noted. Eye disease has been described as either an anterior, posterior, or pan uveitis
and can be associated with virus detected by PCR in conjunctival swabs, or
detection of virus by PCR in the aqueous fluid of the eye (Varkey et al. 2015;
Kibadi et al. 1999). Post-Ebola syndrome is poorly understood, and at the time of
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this writing, there are ongoing efforts to better characterize the symptoms of
post-Ebola syndrome as well as attempts to gain an understanding of the
pathophysiology.

3 Therapeutics for Ebola Virus Disease

EVD can be caused by any of four ebolaviruses: Ebola virus (EBOV, previously
known as Zaire ebolavirus), Sudan virus (SUDV, previous known as Sudan ebo-
lavirus), Bundibugyo virus (BDBV), and Taï Forest virus (TAFV). In addition,
there exists an additional ebolavirus, Reston virus (RESTV) that is only known to
cause disease in non-human primates. While aggressive supportive care remains the
only therapeutic modality proven to be efficacious in treating patients with EVD,
there have been ongoing efforts to develop agents specifically for EVD. The
magnitude and longevity of the 2014–2016 West Africa EVD outbreak highlighted
the need for efficacious therapeutics against Ebola viruses to augment the sup-
portive care measures in the treatment of individual patients and also to assist in
diminishing the spread of the virus in communities. Thus, the 2014–2016 EVD
outbreak allowed for greater attention and support for research into the development
of these therapeutics, many of which are now in clinical studies (WHO Web site
http://www.who.int/medicines/emp_ebola_q_as/en/). These therapeutics fall into
three main categories: immunologic therapies, antiviral molecules, and vaccines.

3.1 Passive Immune Therapy

Convalescent blood and plasma

The idea of transferring protective immunity from survivors of an infectious
disease to patients with an active infection has been studied and used since the
beginning of the twentieth century, including such pathogens as polioviruses,
influenza viruses, hepatitis B virus, cytomegalovirus, and Ebola viruses (Winkler
and Koepsell 2015). The first known use of this modality in EVD occurred during
the 1976 outbreak when a laboratory worker had an occupational exposure and was
infected with an Ebola virus. This patient received transfusions of two units of
convalescent plasma and had a full recovery (Emond et al. 1977; Winkler and
Koepsell 2015). Following this experience, eight patients received whole blood
transfusions obtained from five different EVD survivors during the 1995 EVD
outbreak in Kikwit, Democratic Republic of Congo (Mupapa et al. 1999). While
only 1 patient who received these transfusions succumbed to EVD, this cohort
received significantly higher levels of care than the majority of patients in the
Kikwit outbreak (Mupapa et al. 1999). Since this time, multiple animal studies have
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shown the potential efficacy of transferring a high-quality, species-specific conva-
lescent serum/plasma for EBOV infections (Winkler and Koepsell 2015; Zeitlin
et al. 2016).

Once the 2014–2016 EVD outbreak caught international attention, there were
calls from WHO and other agencies to explore the utilization of convalescent blood
products for the multitude of patients in the EVD treatment units (ETUs) in affected
nations (World Health Organization (WHO) 2014). The ability to safely separate
and store vast amounts of whole blood or plasma from EVD survivors proved to be
difficult in these resources-constrained environments undergoing a devastating
epidemic. As a few nationals of European nations and the USA responding to the
outbreak became infected with Ebola and were repatriated for treatment of EVD,
the receiving centers began to explore collecting convalescent plasma from their
recovered patients. The first use of a convalescent blood product for EVD outside of
Africa occurred at the University of Nebraska Medical Center (UNMC), when
plasma collected from a previous EVD survivor was transfused after informed
consent to another patient in that ETU (Kraft et al. 2015). Since that time, a national
repository of Ebola Convalescent Plasma (ECP) has been created at Emory
University in Atlanta, GA, USA, from survivors living in the USA, and multiple
units have been distributed for the care of EVD patients in the USA (Kraft et al.
2015; Florescu et al. 2015; Liddell et al. 2015; Winkler and Koepsell 2015). There
were also several patients in Europe who received convalescent blood products
(Uyeki et al. 2016b). However, these few cases, in the absence of controlled clinical
trials, do not provide adequate data to assess efficacy or safety of these products.
Three clinical trials of ECP were initiated in West Africa, though enrollment was
slow as the outbreak began to wane and data are not yet available. Until clinical
trials of standardize convalescent plasma products are performed, it will remain
unclear what is the role of these products in the treatment of EVD.

Ebola virus-specific antibodies

Another approach to passive immunity is the use of monoclonal antibodies
(mAb) with known activity against EBOV. The challenges to isolating and pro-
ducing EBOV-specific antibodies with activity in humans have been recently
reviewed by Zeitlin et al. (2016). A significant advance in this area came as the
developers of two different mAb cocktails, ZMab and MB-003, which had shown
good antiviral activity in NHP models, developed a collaboration to identify the
best mABs to include into a cocktail (Zeitlin et al. 2016). This novel combination,
later termed ZMapp™ (Mapp Biopharma), was tested in a pivotal study by Qiu
et al. (2014), showing 100% protection in EBOV-infected rhesus macaques
(Macaca mulatta) when treatment with this cocktail was initiated within 5 days of
infection. Furthermore, the study demonstrated rescue of animals even with
advanced EVD (transaminitis and hemorrhages) with ZMapp™ (Qiu et al. 2014).

This study of ZMapp™ in non-human primates (NHP) had just completed, when
in August of 2014 two humanitarian aid workers from the USA developed EVD.
The medical team caring for these two patients was offered the use of ZMapp™,
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and after consenting the patients for the compassionate use of this experimental
agent, they became the first human recipients of ZMapp™ (Lyon et al. 2014). Since
this experience, EBOV-specific monoclonal cocktails, including ZMapp™, ZMab,
and MIL77, have been used in 11 other patients evacuated from West Africa (Uyeki
et al. 2016b). However, given that all of this experience was outside of controlled
clinical trials, it is impossible to ascertain the impact of any of these agents on the
outcomes of these patients.

While sources (i.e., recovered patients) of convalescent blood products may or
may not be readily available during a progressive outbreak, these products will
always remain difficult to use given the measures needed to collect, store, and
administer them safely. In addition, there is heterogeneity between batches. The
advent of recombinant mAb, with known specificities and activities and more ease
of storage and delivery, will likely prove to be a promising therapeutic strategy for
EVD and other similar outbreaks in the near future. Hopefully, manufacturing
techniques to scale up production when needed and the studies needed to assess the
efficacy and safety of these products will be ready for next outbreak.

3.2 Antiviral Agents

Pharmaceutical antiviral agents for EBOV generally fall into two categories:
compounds that inhibit viral replication and small-molecule inhibitors of virus entry
and endosomal escape.

Inhibitors of Ebola virus replication

Favipiravir (T-705; Toyama Chemical Co Ltd) is a broad-spectrum antiviral
purine analog, which becomes phosphorylated into its active form intracellularly
and inhibits RNA-dependent RNA polymerase (Furuta et al. 2013). Favipiravir has
many appealing characteristics to support its use in EVD: a good safety profile in
humans, large amounts of the drug are readily available (having been produced for
pandemic influenza), and good preliminary data in animal models of EVD
(Madelain et al. 2016). The drug was used in 10 of the 27 EVD patients evacuated
to the USA and Europe, and was overall well tolerated (Uyeki et al. 2016b). In
addition, a non-comparative proof-of-concept trial (JIKI trial) was conducted in
Guinea, in which all patients received favipiravir along with standardized care.
While the study design did not allow for assessing the efficacy of the drug, overall it
was well tolerated by the study participants (Sissoko et al. 2016).

BCX4430 (BioCryst Pharmaceuticals), an adenosine nucleoside analogue, inhibits
viral RNA-dependent RNA polymerase activity indirectly through non-obligate
RNA chain termination and has shown a broad spectrum of activity against RNA
viruses, including filoviruses, flaviviruses, bunyaviruses, arenaviruses, paramyx-
oviruses, picornaviruses, and coronaviruses (Taylor et al. 2016). The efficacy of
BCX4430 has been studied in two different NHP models of EVD (Madelain et al.
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2016). In a cynomolgus macaque (Macaca fascicularis) model, animals which were
given BCX4430 48 h after an otherwise lethal EBOV exposure had prolonged
survival time but a similar survival rate (Madelain et al. 2016). In a rhesus macaque
model, animals were given high doses of BCX4430 intramuscularly after an
otherwise lethal EBOV exposure and 67% of treated animals survived versus none
of the untreated animals. A phase I study to evaluate the safety, tolerability, and
pharmacokinetics of BCX4430 is ongoing (Madelain et al. 2016).

Small-molecule inhibitors of Ebola virus

TKM-Ebola (Tekmira Pharmaceuticals, British Columbia, Canada) is a lipid
nanoparticle containing a combination of small interfering RNA (siRNA) molecules
that block the translation of three Ebola viral proteins: RNA-dependent RNA
polymerase, VP24, and VP35 (Geisbert et al. 2010; Mendoza et al. 2016). The
original formulation, TKM-100802, was designed to target these three genes of the
1995 Kikwit EBOV variant. It was shown to prevent disease in 66 and 100% of
rhesus macaques given four or seven, respectively, treatments of the agent after an
otherwise lethal EBOV infection (Geisbert et al. 2010). The first human use of
TKM-100802 occurred in two patients evacuated to the USA from West Africa in
late 2014 (Kraft et al. 2015) and subsequently in three additional evacuated patients
(Uyeki et al. 2016b). However, these patients received advanced supportive and
other experimental agents, making it difficult to ascertain any treatment effect of
TKM-100802. Investigations in the matching of TKM-100802 to the new West
African EBOV variant (Makona) revealed mismatches for the polymerase gene and
the VP35 gene (Thi et al. 2015). A new formulation, TKM-130803, was designed
to better match the circulating EBOV strain and demonstrated good protection in a
small study of rhesus macaques given an otherwise lethal inoculum of EBOV (Thi
et al. 2015). Based on these results, the Rapid Assessment of Potential Interventions
and Drugs for Ebola (RAPIDE-TKM) trial was designed and launched in early
2015. In this single-arm phase 2 trial, patients with EVD were administered a
0.3 mg/kg intravenous infusion of TKM-130803 daily for up to seven days
(Dunning et al. 2016). The study enrolled 14 patients, of whom 11 died and 3
survived, and subsequently, the trial was halted due to meeting its pre-specified
futility threshold (Dunning et al. 2016).

AVI-7537 (Sarepta Therapeutics Inc, Cambridge, Massachusetts) is an antisense
small nucleic acid oligomer, known as a phosphorodiamidate morpholino oligomer
(PMO), which targets the VP24 gene of EBOV and interferes with its translation
(Madelain et al. 2016). AVI-7537 has been evaluated in NHP models of EBOV
infection, though usually in combination with AVI-7539, a PMO targeting the
VP35 gene of EBOV (Madelain et al. 2016). However, in one study, rhesus
monkeys received either AVI-7537+AVI-7539, AVI-7537, AVI-7539, or placebo
and found to have survival rates of 62.5, 75, 0, and 0%, respectively (Warren et al.
2015). In addition, viral loads were similar in the AVI-7537 and AVI-7537
+AVI-7539 groups, but lower than the AVI-7539 and control groups (Warren et al.
2015). These data indicated that AVI-7537 was potentially sufficient to prevent
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disease and thus moved forward for clinical development (Madelain et al. 2016).
AVI-7537 (in combination with AVI-7539) was evaluated in a phase I human
study, showing it was well tolerated and without severe adverse reactions (Heald
et al. 2014). However, plans for further clinical trials are unknown at this time.

4 Vaccines

Developing an effective vaccine against EBOV is a paramount aim for preventing
outbreaks of EVD and may play an important role tempering an ongoing outbreak
and caring for those who have been exposed to EBOV. While research into EBOV
vaccines was ongoing, the West African EVD outbreak brought much needed
attention and resources to these endeavors. Currently, almost 20 different vaccines
are in preclinical or clinical development, almost 10 times the number in 2013
(Ohimain 2016). Of these, EBOV vaccines utilizing recombinant vesicular stom-
atitis virus (rVSV), chimpanzee adenovirus (ChAd), or adenovirus type 26 vectors
have made the most progress to date.

Recombinant vesicular stomatitis virus-vectored vaccine

VSV belongs to the Rhabdoviridae virus family and causes vesicles and
ulcerations of the mouth, feet, and teats of livestock (Roberts et al. 1999).
A replication-competent recombinant VSV (rVSV)-vectored EBOV vaccine
(rVSV-ZEBOV) was developed by the Public Health Agency of Canada (PHAC).
In August of 2014, PHAC donated 800 vaccine doses to the WHO to conduct rapid
human studies. The VSV Ebola Consortium (VEBCON) designed a group of
studies of these vaccines to assess the safety and immunogenicity of various doses
of rVSV-ZEBOV in Gabon, Kenya, Germany, and Switzerland (Agnandji et al.
2016). A total of 158 healthy adults received either rVSV-ZEBOV in doses of
ranging from 300,000 to 50 million plaque-forming units (PFU) or placebo.
EBOV-specific antibody responses were detected in all the study participants with
higher neutralizing antibody titers seen at higher doses of the vaccine (Agnandji
et al. 2016). The vaccine was also found to have significant rates of reactogenicity,
with fever in 30% of vaccine recipients and vaccine-related arthritis in 22% of
recipients at one center (Agnandji et al. 2016). rVSV was detected in the blood of
95% of vaccinees, skin vesicles of two recipients and in the synovial fluid aspirate
of an additional subject (Agnandji et al. 2016). Contemporaneous to these studies,
the rVSVDG‐ZEBOV‐GP group conducted two phase 1, placebo-controlled, trials
of the same vaccine in the USA, at Walter Reed Medical Center and at the National
Institutes of Health (Regules et al. 2017). A total of 40 adults received the
rVSV-ZEBOV vaccine at a dose of 3 million or 20 million PFU. All vaccine
recipients developed EBOV-specific antibodies, with recipients of the higher doses
having statistically higher antibody titers and higher levels of neutralization
(Regules et al. 2017). Again, reactogenicity was very common with 55% of
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recipients reporting fevers and >75% reporting significant injection site pain
(Regules et al. 2017). rVSV viremia was found in all vaccinees, though no sig-
nificant arthritis nor skin disease was reported in this study (Regules et al. 2017).
Given the concerns of arthritis from the previous studies, the VEBCON group
developed a dose comparative study, evaluating 300,000 versus 10 million versus
50 million PFU dosages of the vaccine (Huttner et al. 2015). As expected,
EBOV-specific antibody titers and neutralizing titers were lower with the low-dose
vaccine (Huttner et al. 2015). Reactogenicity remained common even at the lower
dose (88 vs. 98% in the higher doses), though fevers, chills, and myalgias were all
significantly lower in the low-dose group. Importantly, the investigators found no
significant reduction in the rates of vaccine-related arthritis or dermatitis (Huttner
et al. 2015). Taking these data together, the developers of this vaccine (NewLink
Genetics [Ames, IA, USA] and Merck Sharp and Dohme [Kenilworth, NJ, USA])
moved forward trials of 20 million PFU dosage of the rVSV-ZEBOV, renamed
V920.

The pivotal study of this vaccine was conducted in Guinea with an innovative
cluster-ring strategy trial. In this open-label study, 90 clusters of contacts of known
cases of EVD, 7651 subjects in total, were randomized to immediate vaccination or
21-day delay of vaccination with V920 at 20 million PFU (Henao-Restrepo et al.
2015). In the immediate vaccination group, there were no cases of EVD, but in the
delayed vaccination group, 16 cases of EVD from seven clusters were diagnosed.
These data indicated 100% efficacy of the vaccine (Henao-Restrepo et al.). From
these results, V920 was granted “Breakthrough Therapy Designation” from the
FDA and PRIME (Priority Medicines) Status from European Medicines Agency
(EMA) (New Link Genetics Corporation 2016).

Adenovirus-vectored vaccines

Vaccines utilizing adenoviruses as vectors have been in development for many
different pathogens; however, these efforts have been hampered by preexisting
immunity to several adenoviruses in the majority of the humans (Martins et al.
2016). For protection against EBOV, two different strategies have been developed
to utilize these vectors, a chimpanzee adenovirus and human adenoviruses with
little preexisting immunity.

A vaccine candidate employing chimpanzee adenovirus 5 (ChAd5) has been
developed with the NIH’s National Institute of Allergy and Infectious Diseases
Vaccine Research Center (Martins et al. 2016). In a phase 1 study of this
non-replicating VRC-EBOADC076-00-VP (ChAd3-EBOZ; GlaxoSmithKline)
vaccine, three different doses (10 billion, 25 billion, and 50 billion viral particles)
were given to 20 participants each at one center in the UK (Ewer et al. 2016). Then,
a booster of modified vaccinia Ankara (MVA) vector (MVA-BN Filo; Bavarian
Nordic), which encodes the same EBOV isolate glycoprotein antigen as that
encoded by the ChAd3-EBOZ vaccine, in addition to glycoproteins of Sudan virus
and Marburg virus and the nucleoprotein of TAFV, was given to 10 participants in
each dose group. EBOV-specific antibody titers and neutralization activity were
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similar to those reported in rVSV-ZEBOV studies. The boosting with the MVA-BN
Filo significantly increased EBOV-specific antibody and CD8+ T cell responses,
although the antibody responses were more long lived (Ewer et al. 2016). Overall,
the vaccine was well tolerated (Ewer et al. 2016). In the combined data from two
phase 1 dose-finding studies, one in the USA (n = 20) and the other in Mali
(n = 91), with 52 of the Malians receiving MVA-BN-Filo boosters, the 1 billion
viral particle dose was found to be the optimal dose in phase 3 efficacy trials (Tapia
et al. 2016). Currently, the ChAd3-EBOZ vaccine is being tested in several clinical
trials and has been included as a comparator arm in the PREVAIL study
(Partnership for Research on Ebola Virus in Liberia) evaluating rVSV-ZEBOV.

Crucell Holland B.V. has developed another potential vaccine candidate, Ad26.
ZEBOV, utilizing their human adenovirus 26 vector (Martins et al. 2016). In the
first phase 1 study, 87 subjects at a single center received a priming vaccination of
either Ad26.ZEBOV or MVA-BN-Filo, followed by a booster of the other vaccine
or placebo (Milligan et al. 2016). One month after primary immunization, 97% of
the Ad26.ZEBOV and 23% of MVA-BN-Filo recipients had detectable
EBOV-specific antibodies, and all recipients had detectable antibodies 21 days after
the booster vaccination. The majority of subjects demonstrated EBOV-specific
T-cell responses as well (Milligan et al. 2016). Fevers were reported in 9% of Ad26.
ZEBOV and none of MVA-BN-Filo recipients (Milligan et al. 2016). This
heterologous prime-boost model is being further assessed in phases 2 and 3 studies.

5 Infection Control

Although patients with EVD have been cared for in resource-constrained envi-
ronments for nearly 40 years, it was not until 2014 that two patients were trans-
ported to the USA to be cared for in a resource-rich environment at Emory
University Hospital in Atlanta, GA (Lyon et al. 2014). Over the course of the 2014–
2016 EVD outbreak that devastated West Africa, leading to 28,616 cases and
11,310 deaths, 27 individuals received their medical care in resource-rich envi-
ronments (Uyeki et al. 2016b). While the care of these 27 individuals taught us
much about the aggressive care required to improve patient survival, it also helped
to clarify the key elements of infection control in caring for these patients.

Healthcare workers have historically been one of the highest risk groups for
acquiring EVD from infected patients. In one outbreak in 1995, 25% of the infected
were healthcare workers (Khan et al. 1999). The role of appropriate infection
control precautions was demonstrated during this outbreak, as there were 80
infected healthcare workers prior to the implementation of appropriate barrier
precautions, but only one additional case after barrier precautions were instituted. In
the most recent 2014–2016 outbreak, there were 876 confirmed and probable cases
of EBOV infection in healthcare workers of whom 509 died (WHO 2016).
Healthcare workers were between 21 and 32 times more likely to be infected with
EBOV than people in the general adult population, and nearly 60% of those
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infected healthcare workers died. The importance of infection control in this setting
was, as in the 1995 outbreak, demonstrated by the fact that healthcare workers
represented 12% of all EVD patients in July 2014, but decreased to 1% by February
2015 as more rigorous infection control and occupational health and safety
strategies were implemented. While the source of healthcare worker infection may
be difficult to trace in locations where there is an ongoing community outbreak,
such transmission is easier to identify when there is no ongoing community disease.
The number of infected healthcare workers in resource-rich settings with no
ongoing community disease was markedly less than the number in
resource-constrained settings. However, one nurse in Spain and two nurses in the
USA acquired EBOV infection from their patients who had acquired EBOV
infection in West Africa. For these reasons, infection control has received a great
deal of attention in the care of patients infected with Ebola viruses in both
resource-rich and resource-constrained settings.

Ebolaviruses, with rare exceptions, are transmitted by contact with blood, body
fluids, and contact with skin. In addition to blood, infectious virus has been doc-
umented in patients’ saliva, stool, rectal swabs, vaginal secretions, breast milk, tears
(conjunctival swab), urine, and seminal fluid, but not vomit or sweat (Bausch et al.
2007; Dowell et al. 1999). Although aerosol transmission has been suspected in
outbreaks involving RESTV in non-human primates, such transmission of other
Ebola viruses must be rare if it occurs at all in humans. There is no support for the
transmission of the EBOV via the airborne route (Peters et al. 1996).

The role of fomites in Ebola virus transmission is unclear. A recent study found
that the Ebola virus strain associated with the 2014–2016 West Africa outbreak was
able to persist on stainless steel, plastic, and Tyvek® under environmental condi-
tions reflective of the high temperatures and relative levels of humidity found in the
outbreak regions (Fischer et al. 2015). However, in a study evaluating 31 envi-
ronmental specimens from an EBOV isolation ward that were not visibly bloody,
all specimens were negative by RT-PCR, suggesting that fomites in a clinical
setting where cleaning and decontamination would be frequent are unlikely to be
capable of EBOV transmission (Bausch et al. 2007). Similarly, multiple environ-
ment samples obtained in a patient care room of a patient treated for severe EVD
were negative by RT-PCR (Varkey 2016).

Persistence of infectious virus in immune-privileged sites has also been docu-
mented. EBOV has been detected in seminal fluid for months following patient
recovery (Uyeki et al. 2016a). A secondary case has occurred following sexual
exposure to semen 155 days after the source patient had cleared virus from his
blood (Mate et al. 2015). One case of uveitis was diagnosed with infectious virus in
the aqueous humor 9 weeks after the patient had cleared his viremia (Varkey et al.
2015). A nurse was diagnosed with meningitis, with recovery of EBOV from her
cerebrospinal fluid, 9 months after clearing her viremia (Jacobs et al. 2016). While
such events are concerning, the role of such persistence in person-to-person
transmission is still being evaluated. However, patients who have recovered from
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EBOV infection who require an invasive procedure of an immune-privileged site
need to have special attention paid to the infection control measures followed
during such a procedure.

EBOV blood levels in infected patients increase rapidly during the first week
after the onset of symptoms, going from undetectable to many log orders of virus
(Towner et al. 2004). During the most symptomatic period, viral levels in the blood
may reach 108 virions per milliliter of blood (Iwen et al. 2015; CDC 2016a), which
is many logs higher than is seen with other blood borne pathogens. This helps to
explain why individuals exposed to blood and body fluids of patients with Ebola
infection during the early days of illness frequently do not become infected, while
healthcare workers caring for the patient during the later stages of illness are at
greatest risk. When this high viral load is added to the observation that symptomatic
patients may excrete 8–10 L of infected fluid daily, one can readily understand why
healthcare workers who do not use optimal PPE are at increased risk of occupa-
tionally acquired infection.

The importance of appropriate PPE and adequate training in using this equip-
ment has been recognized for many years. In resource-constrained units, such
equipment frequently consists of double gloving, impermeable suits, aprons, and
surgical masks. In the absence of air conditioning, healthcare workers wearing such
equipment are frequently limited to short periods of time in the patient care unit due
to heat exhaustion, representing a challenge in the delivery of the aggressive sup-
portive care required for optimal patient outcomes. Recommendations for PPE in
resource-rich environments evolved rapidly in 2014. As the USA prepared for its
first EBOV-infected patients in 2014, the official recommendation from the US
Public Health Service was that healthcare workers should use standard contact
precautions, with goggles or face shields, fluid resistant gowns, face masks, and
gloves generally in use in healthcare facilities in the USA. Unfortunately, there was
little emphasis on covering all skin surfaces and proper training in the use of PPE.
The occurrence of EBOV infection in 2 nurses caring for a critically ill patient in
October 2014 lead to a reconsideration of these recommendations. What evolved
was a new appreciation for effective training and complete covering of all skin and
mucous membranes when caring for a patient with Ebola virus infection. New
guidelines stress: Healthcare workers caring for patients with EVD must have
received comprehensive training and demonstrated competency in performing
EVD-related infection control practices and procedures; PPE that covers the
clothing and skin and completely protects mucous membranes is required when
caring for patients with EVD; personnel providing care to patients with EVD must
be supervised by an onsite manager at all times, and a trained observer must
supervise each step of every PPE donning/doffing procedure to ensure established
PPE protocols are completed correctly; individuals unable or unwilling to adhere to
infection control and PPE use procedures should not provide care for patients with
EVD (CDC 2016a). In addition, there is a renewed emphasis on frequent cleaning
of the floors and surfaces in the patient room and doffing area. Policies should be in
place to limit room entry to only those healthcare workers essential to the patient’s
care and restrict non-essential personnel and visitors from the patient care area.
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Such policies will need to balance any conflicts between healthcare worker safety
and local work and union regulations.

Cleaning of floors and surfaces on a frequent basis requires special considera-
tions. No environmental disinfectant has been labeled as effective in inactivating the
Ebola virus. Although Ebola viruses produce enveloped virions, EPA has elected to
take a cautious approach and require that all environmental disinfectants used in
ETUs should meet the following criteria: (1) the use of an EPA-registered hospital
disinfectant with a label claim for use against a non-enveloped virus (e.g., nor-
ovirus, rotavirus, adenovirus, poliovirus) and (2) the product label use directions for
the non-enveloped viruses should be followed when disinfecting against EBOV
(EPA 2016).

Delivery of aggressive supportive care requires access to laboratory testing.
Institutions need to evaluate whether such testing will occur in a core hospital
laboratory or in a point of care laboratory. Such decisions will need to be based on a
risk assessment to determine the potential for exposure from sprays, splashes, or
aerosols generated during all laboratory processes, procedures, and activities (Iwen
et al. 2015). Many instruments require that the samples be in open vials or cen-
trifuged, which must occur in an enclosed environment. Consideration will also
need to be given to whether the use of the equipment for the testing of blood in
patients who may have serious communicable pathogens requires that equipment to
be removed from service if the patient tests positive. Laboratory personnel need to
be trained in the donning and doffing of appropriate PPE, such training to be similar
to that required of patient care personnel. There must also be an appropriate location
for those activities to occur.

The disposal of regulated medical waste has been a major issue for units caring
for patients with EVD and other serious communicable diseases. When the first
patients with EBOV infection were brought to the USA in 2014, contractors ini-
tially refused to take the medical waste generated by their care. Eventually, con-
tractors agreed to take the waste if it was first autoclaved prior to transport.
However, even then such waste was transported separately from other regulated
medical waste and only accepted for incineration in special facilities. For institu-
tions that do not have the capability of autoclaving medical waste on site, con-
tractors require that the waste be immersed in disinfectant inside 55-gallon metal
drums, the drums sealed, and then transported by dedicated trucks to specially
designated facilities (Stericycle). The expense of such special handling has been a
major issue for patient care units. More recently, contractors have demonstrated a
willingness to accept unit waste as standard regulated medical waste after it has
been autoclaved. However, units without autoclave capability on site continue to be
faced with logistic issues. All personnel who handle unit waste prior to autoclaving
must be included in the unit PPE training. They must also be monitored using the
same procedures as those used for other personnel in the unit.
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Employee monitoring

Due to the concern about healthcare worker acquisition of Ebola virus infection,
all personnel who have had potential exposure to the virus, either through patient
care activity, laboratory processing of specimens, or exposure to potentially con-
taminated materials or surfaces, must be monitored for potential illness, starting
with their first potential exposure and ending 21 days after their last potential
exposure. While this monitoring can be performed by facility Employee Health
Services, many facilities have utilized the services of local or state health depart-
ments to perform such monitoring.

Disposal of liquid and solid waste

Public health service policies have traditionally stated that patient liquid and
solid waste may be discharged through municipal sanitary sewers, as such systems
are designed to inactivate viruses (CDC 2016b). However, facilities must ensure
that local and state regulations do not impose additional restrictions. In addition,
concern has been raised due to the potential for plumbing leaks and stoppages
within the patient care facility. For these reasons, most facilities have chosen to
inactivate waste with an appropriate disinfectant before disposing of the waste into
the sanitary sewers.
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Ebola Virus Disease in Humans:
Pathophysiology and Immunity

César Muñoz-Fontela and Anita K. McElroy

Abstract Viruses of the Ebolavirus genus cause sporadic epidemics of severe and
systemic febrile disease that are fueled by human-to-human transmission. Despite
the notoriety of ebolaviruses, particularly Ebola virus (EBOV), as prominent viral
hemorrhagic fever agents, and the international concern regarding Ebola virus
disease (EVD) outbreaks, very little is known about the pathophysiology of EVD in
humans and, in particular, about the human immune correlates of survival and
immune memory. This lack of basic knowledge about physiological characteristics
of EVD is probably attributable to the dearth of clinical and laboratory data gath-
ered from past outbreaks. The unprecedented magnitude of the EVD epidemic that
occurred in West Africa from 2013 to 2016 has allowed, for the first time, evalu-
ation of clinical, epidemiological, and immunological parameters in a significant
number of patients using state-of-the-art laboratory equipment. This review will
summarize the data from the literature regarding human pathophysiologic and
immunologic responses to filoviral infection.
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1 Introduction

Ebola virus (EBOV) is the prototypic member of the Ebolavirus genus in the
Filoviridae family of negative-sense, single-stranded RNA viruses. Discovered in
1976 during the first documented outbreak of Ebola virus disease (EVD) in the
town of Yambuku in northern Zaire (today Democratic Republic of the Congo),
EBOV has since caused sporadic human disease outbreaks of varying magnitude in
Equatorial African countries (Sanchez et al. 2007a). In March 2014, an EBOV
variant later named EBOV Makona was first detected in Guinea. This variant was
responsible for a 3-year-long epidemic that affected tens of thousands of people in
several West African countries, collapsing the healthcare systems of three of them.
EBOV Makona rampaged through both rural and urban areas, and underscored
previously poorly characterized features of EVD, like sexual transmission and virus
persistence after recovery (Bausch et al. 2007; Rowe et al. 1999; Chughtai et al.
2016; Deen et al. 2015; Fischer et al. 2016; Rodriguez et al. 1999; Varkey et al.
2015; Uyeki et al. 2016a).

The scientific and clinical knowledge of human EVD before its appearance in
West Africa was very limited. The scarcity of human cases and their occurrence in
rural areas of Equatorial Africa limited research, as did confinement of filovirus
research to biosafety level 4 containment laboratories. In addition, basic studies on
EVD pathophysiology have been hampered by the lack of susceptible small animal
models with competent immunity. For example, laboratory mice, a commonly used
disease model, are completely resistant to nonadapted EBOV.

Before 2014, EVD was described as an acute hemorrhagic fever, thus earning its
former name Ebola hemorrhagic fever (EHF); case fatality rates of up to 90% had
been reported. The disease was characterized by lymphopenia, disseminated
intravascular coagulation (DIC), immunosuppression, and a systemic inflammatory
response resembling septic shock (Feldmann and Geisbert 2011). While many of
these observations have been strengthened by findings from the West African EVD
outbreak, some of the previous hypotheses have been revised. Perhaps one of the
most surprising findings has been the low overall number of human cases pre-
senting with bleeding (Schieffelin et al. 2014), as well as the lack of correlation
between bleeding and disease severity (Schieffelin et al. 2014; McElroy et al.
2014a, b). These findings triggered the change in disease nomenclature from Ebola
hemorrhagic fever to Ebola virus disease. Moreover, the finding that EVD corre-
lates with robust immune activation rather than immunosuppression (Ruibal et al.
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2016; McElroy et al. 2015a), and the ability of the virus to persist in several body
fluids long after recovery (Varkey et al. 2015; Uyeki et al. 2016a; Sow et al. 2016;
Green et al. 2016; Deen et al. 2015) have changed our current view of EVD and
have prompted new directions in research and new public health policies. Here we
will aim to integrate these novel findings within the current human EVD model, and
will discuss future research directions.

Several ebolaviruses cause EVD, and while differences may exist between the
diseases caused by the individual viruses, this review will focus on EVD as a
disease caused by all known viruses in the Ebolavirus genus (ebolaviruses) that are
pathogenic for humans. The reader will note that most of the available data come
from infections caused by EBOV rather than the other pathogenic viruses in this
genus: Sudan virus (SUDV), Bundibugyo virus (BDBV), and Taï Forest virus
(TAFV). The related marburgviruses, Marburg virus (MARV) and Ravn virus
(RAVV), will be mentioned where appropriate data are available, but unfortunately,
information on Marburg virus disease (MVD), which is caused by both of them, is
still lacking.

2 Portals of Ebolavirus Entry

Epidemiological data collected over the last 40 years indicate that human infection
with EBOV occurs mainly through close contact with infected body fluids. This
probably occurs during both spillover events (e.g., contact with infected blood
during butchering of bushmeat) and human-to-human transmission. There is no
evidence that direct contact with bats causes EBOV spillover into humans (Mari
Saez et al. 2015; Leroy et al. 2009), but infection with MARV and RAVV via direct
or indirect contact with Egyptian rousettes (fruit bats of the species Rousettus
aegyptiacus) (Amman et al. 2012; Schuh et al. 2017), has been documented.
Human visits to caves or mines in which these bats roost have been directly
associated with the development of MVD (Bausch et al. 2003; Centers for Disease
and Prevention 2009; Adjemian et al. 2011), strongly indicating that mucosal or
skin contact with bat droppings is sufficient to initiate MARV infection in humans.

With the exception of the first EVD outbreaks in Zaire, which were linked to
substantial percutaneous needle transmission (Ebola haemorrhagic fever in Zaire
1976/1978), most of the data since the early 1990s suggest that exposing skin and
mucosae to EBOV while conducting activities like body washing during traditional
funerals or caring for sick relatives in the household is sufficient for
human-to-human transmission of EBOV (Bausch et al. 2007; Dowell et al. 1999;
Francesconi et al. 2003). Early data collected from a laboratory exposure to SUDV
even suggest that skin abrasions may not be necessary to allow ebolavirus entry
through the skin (Emond et al. 1977). These findings raise questions regarding how
ebolavirus infection takes place in skin and mucosae, and which cells are involved
in the primary amplification of the virus.
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Antigen-presenting cells are a putative initial target of EBOV infection and pre-
vious research in animal models of disease has indicated that dendritic cells
(DCs) and macrophages are early and preferred targets of EBOV and support virus
replication (Geisbert et al. 2003a). Both DCs and macrophages can also be produc-
tively infected by EBOV in vitro (Gupta et al. 2001, 2007;Mahanty et al. 2003; Bosio
et al. 2003), and EBOV prevents activation of in vitro-derived DCs, mainly through
the action of VP24 and VP35 (Yen et al. 2014; Jin et al. 2010; Ilinykh et al. 2015).

To further complicate things, a great deal of research over the last decade has been
devoted to defining the ontogeny and specific function of DC subsets in mice and
humans. The emerging picture is that several cell subsets exist with overlapping and
nonoverlapping functions, and these subsets can be roughly classified into classical,
plasmacytoid, and inflammatory DCs in humans (see (Haniffa et al. 2013) for an
excellent review). Whether EBOV can equally infect different DC subsets is not
known, but some of the existing evidence suggest that it cannot (Leung et al. 2011).
For example, a number of cellular receptors have been involved in the attachment of
EBOV virions to target cells. These receptors include several C-type lectins present
on the surface of DCs, such as dendritic cell-specific ICAM-3-grabbing non-integrin
(DC-SIGN) (Simmons et al. 2003) and liver/lymph node SIGN (L-SIGN) (Alvarez
et al. 2002). DCs of the epidermis and mucosal epithelium do not express these
molecules, but Langerhans cells in the skin and CD141+ DCs in mucosal epithelium
do express the C-type lectin langerin (Merad et al. 2008). In fact, studies in monkeys
and pigs have indicated that DC-SIGN+ cells are scarce in the dermis and the lamina
propria or submucosa in the steady state (Schwartz et al. 2002; Huang et al. 2009),
suggesting that other cell types may be targets for early EBOV replication.
Initiating EBOV infection may depend on attachment to target cells via TIM-1 and
TIM-4, which are highly expressed in mucosal epithelia (Rhein et al. 2016;
Kondratowicz et al. 2011). Initial virus amplification could then lead to inflammation
and infiltration of a high number of myeloid cells expressing DC-SIGN and other
described EBOV attachment factors, like triggering receptor expressed on myeloid
cells 1 (TREM-1) expressed by neutrophils (Mohamadzadeh et al. 2006), and human
macrophage C-type lectin specific for galactose/N-acetylgalactosamine (hMGL)
expressed bymacrophages (Takada et al. 2004). The elucidation of the initial steps by
which EBOV establishes productive infection in a host organism is highly needed to
understand the mechanisms by which the virus disseminates from the initial site of
entry to the body, and perhaps to design medical countermeasures aimed at pre-
venting virus spread.

3 Virus Dissemination and Initiation of EBOV-Specific
Immunity

As mentioned above, DCs and macrophages are early targets of EBOV infection.
Due to the migratory potential of DCs, these immune cells may participate in
disseminating EBOV from the initial points of entry to the draining lymph nodes
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(Geisbert et al. 2003a). This strategy is commonly used by other viruses, including
SARS coronavirus (Liu et al. 2015), Toscana virus (Cusi et al. 2016), and measles
virus (Mesman et al. 2012), for dissemination in the host. However, perhaps due to
the lack of suitable in vivo models for kinetic studies of EBOV, the involvement of
DCs in EBOV dissemination has not been experimentally addressed. In any case,
the specific subsets of cells responsible for EBOV dissemination remain to be
identified. It is plausible that tissue-resident DCs or inflammatory DCs derived from
infiltrating monocytes are important for EBOV dissemination. Both myeloid DC
populations are migratory and can transport a variety of antigens from inflamed
tissues to the draining lymph nodes (Leon et al. 2007; Ersland et al. 2010).
Conversely, macrophages and neutrophils are less likely to participate in EBOV
dissemination due to their low mobility and nonproductive infection, respectively
(Mohamadzadeh et al. 2006).

Recent studies have demonstrated that human EVD is associated with loss of
peripheral blood monocytes, in particular nonclassical CD16+ monocytes (Ludtke
et al. 2016) which have been proposed as the main antiviral monocyte subset (Cros
et al. 2010). Even though this study did not demonstrate direct infection of CD16+

by EBOV, it raised the possibility that this cell subset could be involved in virus
dissemination. In fact, CD16+ monocytes are also called patrolling monocytes due
to their ability to attach to endothelial cells in a LFA-1-dependent manner and to
extravasate into inflamed tissues where they differentiate into inflammatory DCs
and macrophages (Cros et al. 2010; Auffray et al. 2007). This hypothesis is also
substantiated by a previous study that demonstrated that EBOV particles can attach
to monocytes and enter these cells only when the monocyte differentiation program
has started, that is, during their differentiation into DCs and macrophages in
inflamed tissues (Martinez et al. 2013).

The identification of the DC subsets specifically involved in filovirus dissemi-
nation is a highly relevant topic of study, because the function of DCs can be
enhanced or inhibited, ex vivo or in vivo, by antigen delivery or use of molecules
and antibodies. Therefore, DCs are putative immunotherapeutic targets for post-
exposure EVD treatment (Klechevsky and Banchereau 2013). For example, the
ligand of the DC co-stimulatory molecule CD40 (sCD40L) is commonly used to
enhance DC-mediated antigen presentation (Kornbluth and Bot 2012), and previous
studies have demonstrated a correlation between circulating levels of sCD40L and
survival after SUDV infection (McElroy et al. 2014a, b). In addition, poor acti-
vation profiles of circulating antigen-presenting cells have been correlated with
severe EVD (Ludtke et al. 2016). These findings provide a rationale for the use of
DC enhancers as immunotherapy candidates in filovirus disease.

Another key driver of EBOV dissemination may be the cytokine microenvi-
ronment, since these innate immune signaling molecules play an important role in
recruiting myeloid cells, which are putative EBOV targets, to sites of inflammation.
A considerable body of research exists on cytokine and chemokine responses
during EVD. Despite some conflicts, in general, these data correlate fatal outcomes
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during EVD with high concentrations of pro-inflammatory cytokines (e.g., IL-6),
pro-inflammatory chemokines (e.g., IP-10), and anti-inflammatory cytokines
(IL-RA and IL-10), overall suggesting a general dysregulation in the expression of
these key immune signaling molecules (Hutchinson and Rollin 2007; Gupta et al.
2012; Wauquier et al. 2010; Baize et al. 2002; Villinger et al. 1999). An inability to
control viral replication is likely leading to continued innate immune stimulation.
Data from asymptomatic human cases have shown an even greater magnitude of
cytokine and chemokine upregulation, followed by rapid downregulation of this
response in association with control of viral replication (Leroy et al. 2000, 2001),
suggesting that cytokine/chemokine dysregulation is a consequence of uncontrolled
viral replication rather than a primary mediator of pathogenesis.

Type I interferons (IFN-I) are key antiviral cytokines, and perhaps one of the
more conflicting aspects of comparing EBOV experimental and clinical human data
is the role of IFN-I in EBOV immunity and pathogenesis. Importantly, IFN-I not
only induces an antiviral state in infected and bystander cells during early virus
infection, but also is a key modulator in the transition between innate and adaptive
immunity. By enhancing natural killer cell function, antigen presentation by DCs,
and expansion of effector T cells, IFN-I bridges natural and acquired antiviral
immunity (see (McNab et al. 2015) for a review), so elucidating its functions during
human EVD is highly relevant to understanding disease pathogenesis. IFN is
critical in protecting laboratory mice from EBOV (Brannan et al. 2015; Bray et al.
2002), but data are somewhat conflicting in nonhuman primates (NHPs) and
humans (McElroy et al. 2016; Smith et al. 2013; Villinger et al. 1999; Yen et al.
2011). Higher levels of IFN-alpha were associated with fatal EVD cases (Villinger
et al. 1999), but higher IFN-beta was associated with less severe EVD (McElroy
et al. 2016) and IFN-beta administration prolonged survival in nonhuman primates
(Smith et al. 2013). However, as IFN responses are highly dynamic, drawing
conclusions regarding human pathogenesis is difficult. For example, EVD survivors
may mount early and robust IFN responses that keep viral replication at bay, while
patients who succumb to EVD may display higher IFN levels later on due to
increased viral replication and inflammation.

Interestingly, recent studies have shown that patients who survive and patients
who succumb to EVD both show robust T cell activation (McElroy et al. 2015a;
Ruibal et al. 2016). Since DCs are the only antigen-presenting cells capable of
priming naïve T cells (Banchereau and Steinman 1998), these results suggest at
least two possibilities. On one hand, infected DCs may retain their capacity to
initiate T cell-specific responses, as has been shown in other viral infections (Wahid
et al. 2005; Rivera and McGuire 2005; Kvale et al. 2006). On the other hand, some
DC subsets may be spared from infection and thus able to prime EBOV-specific T
cells. The generation of this EBOV-specific adaptive immunity is the topic of the
next two sections.

146 C. Muñoz-Fontela and A.K. McElroy



4 Adaptive Immunity: Human Antibody Responses

While innate immune responses may play a chief role in controlling early EBOV
replication in humans, the current model identifies the character (though not nec-
essarily the magnitude) of adaptive immunity as the main factor driving viral
clearance and recovery. Both humoral and cellular immunity seem to be required
for EBOV clearance in humans, a hypothesis strengthened by the finding that EVD
patients mount robust adaptive immune responses (McElroy et al. 2015a; Ruibal
et al. 2016) with high numbers of circulating plasmablasts and EBOV-specific T
cells.

The more difficult task is assessing whether adaptive immune responses mark
substantial differences between fatal and surviving patients. Initial studies supported
the idea that early development of IgM and isotype switching to IgG correlated with
positive outcome. Indeed, a high percentage of patients with fatal outcomes do not
seem to develop IgM (Ksiazek et al. 1999). These field studies are also in agreement
with findings in patients evacuated into Europe or the US for medical treatment
during the recent West African EVD outbreak. Surviving EVD patients mounted
early IgM responses and showed upregulation of serum IgG over the course of the
disease, which was correlated with viral clearance (Kreuels et al. 2014; Wolf et al.
2015). Conversely, deficient or diminished IgM and IgG responses have been
reported in fatal cases of both EVD and MVD (van Paassen et al. 2012; Baize et al.
1999).

However, limited field data also indicate survivors who did not develop IgG, as
well as patients who died after developing detectable circulating anti-EBOV anti-
bodies (Onyango et al. 2007). In addition, limited clinical data obtained from the
SUDV-caused EVD outbreak in Gulu, Uganda, did not reveal significant differ-
ences between the humoral responses in fatal and nonfatal EVD, with very late
expression of IgG in both groups that was unrelated with viral clearance (Towner
et al. 2004). As in many other aspects of EVD immunology, the kinetics of anti-
body responses in a statistically relevant cohort of acute-stage patients with defined
outcomes must be studied.

Antibodies play many roles during the immune response to pathogens, including
neutralization and antibody-dependent killing of virus-infected cells by targeting
them to Fc receptor bearing cells (ADCC) or complement (CMC). Neutralizing
antibodies (NAB) probably play a small role in recovery from acute EVD, since in
many survivors NAB are not detectable until weeks or even months after recovery
(Luczkowiak et al. 2016; Sobarzo et al. 2012). This is a puzzling and as yet
unexplained finding. One of the plausible hypotheses is that disrupting lymphoid
architecture during acute EVD infection may compromise germinal center forma-
tion and B cell affinity maturation, a feature that has been observed during Lassa
fever (Carrion et al. 2007). However, this hypothesis does not reconcile easily with
the levels of circulating plasmablasts in patients in the acute stage of illness
(McElroy et al. 2015a), or with the limited focal necrosis observed in human biopsy
samples of lymphoid tissues (Martines et al. 2015). One interesting possibility is
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that the long filament shape of filovirus virions may require a highly diverse
repertoire of NAB for effective neutralization. In fact, studies have found greater B
cell clonality in EVD survivors than in individuals with B cell memory against
HIV-1 or influenza A virus (Bornholdt et al. 2016b). Still, this cannot be the whole
story, as similar delays in NAB production have been described in other viral
hemorrhagic fevers (e.g., Lassa fever). Perhaps more importantly, delayed NAB

production strongly suggests long-term virus or antigen persistence, which is in
agreement with duration of post-EVD sequelae (see below).

Nevertheless, long-term survivors develop effective NAB, mainly directed
against several epitopes of the ebolaviral GP1,2 (Bornholdt et al. 2016a, b; Misasi
et al. 2016; Corti et al. 2016). Many of the described NAB isolated from survivors
are directed against the GP1,2 glycan cap as well as against the region bridging GP1
and GP2, which seem to be epitopes amenable for antibody-based therapeutics like
ZMapp (Murin et al. 2014). Importantly, a number of studies in surviving patients
have highlighted the presence of naturally occurring NAB with cross-reactivity
against other ebolaviruses and even against MARV (Olal et al. 2012; Misasi et al.
2016; Bornholdt et al. 2016a). These findings strongly suggest that
antibody-mediated immune memory may provide long-term protection against
secondary infection with filoviruses, and may have important implications for
public health measures (e.g., recruiting survivors as caregivers in future outbreaks).

Currently, the relative importance of NAB versus other antibody-mediated
mechanisms, such as ADCC and CMC, is unclear, even though most protective
antibodies probably act through both neutralization and ADCC/CMC activation
(Schmaljohn and Lewis 2016). Antibodies with both neutralizing and ADCC
capacity have been detected in EVD survivors more than a decade after recovery
(Corti et al. 2016), and ADCC is probably an important mechanistic feature of
ZMapp (Olinger et al. 2012). In addition to dissecting whether or not neutralization
and ADCC specifically contribute to EVD immunity, it is important to determine
the kinetics of antibody-mediated immunity from acute infection to long-term
recovery. Lack of information on EVD antibody kinetics and EBOV-specific
quantitative activity is probably largely responsible for the lack of protective effect
demonstrated by convalescent plasma therapy (van Griensven et al. 2016). This
therapeutic strategy has putative applicability for field outbreak conditions, but
requires characterization of the virus specific activity in the product as well as
optimization to ensure transfer of sufficient quantities of protective antibodies.

5 Adaptive Immunity: Human T Cell Responses

T cells, particularly CD8 T cells, are essential for clearance of acute viral infections.
Naïve T cells react to stimulation with pathogen-specific peptides by massively
expanding, differentiating into effector cells and migrating to peripheral infection
sites for elimination of infected cells (see (Zhang and Bevan 2011) for a review).
Because naïve CD8 T cells can be activated only by DCs (Banchereau and
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Steinman 1998), the initial assumption was that EBOV-induced DC inactivation
would in turn result in poor T cell priming and overall inability of the host to
eliminate infection. This hypothesis was substantiated by early studies demon-
strating that, despite being spared from infection, many T cells underwent apoptosis
during human EVD (Baize et al. 1999; Wauquier et al. 2010). While this obser-
vation is still valid, data gathered mainly during the recent West African outbreak
have suggested that lymphocytes in general display very dynamic kinetics during
EVD, which may include early proliferation followed by lymphopenia (Kreuels
et al. 2014; Wolf et al. 2015). Similar dynamics occur during other systemic viral
infections and during pro-inflammatory disorders such as sepsis (Luan et al. 2015),
suggesting that perhaps lymphopenia is not a differential characteristic of EVD.

A substantial difference between earlier studies and those carried out in the
context of the recent outbreak has been the application of multiparametric flow
cytometry, which has allowed for the first time collection of phenotypic and
functional information from single cells in unprecedented detail. These studies have
revealed that, in fact, EVD is characterized by massive T cell activation rather than
inhibition in both surviving and fatal cases. Co-expression of activation markers
such as CD38 and HLA-DR, as well as proliferation markers like Ki-67, were
detected in a significant percentage of CD4 and CD8 T cells in EVD patients
(McElroy et al. 2015a; Ruibal et al. 2016) and were comparable with the magnitude
of activation observed in other acute infections or after vaccination (Lindgren et al.
2011; Miller et al. 2008). Of note, since co-expression of CD38 and HLA-DR is
correlated with engagement of the T cell receptor (Appay et al. 2002), these find-
ings strongly suggest that proper T cell priming by antigen-presenting cells occurs
during EVD in humans. Additionally, these findings were comparable between
patients receiving experimental therapy (McElroy et al. 2015a) and those who
received supportive care in the field (Ruibal et al. 2016), indicating that robust T
cell activation is a characteristic of EVD unrelated to treatment.

A paramount question, therefore, is why robust T cell activation does not lead to
viral clearance during EVD. To some extent, this lack of T cell effectiveness may be
related to defects in negative immune checkpoints, namely the molecular mecha-
nisms that control the transition from activation to immune homeostasis and that are
essential for autoimmune control (Buchbinder and Desai 2016). Two such mech-
anisms are triggered by the T cell co-inhibitor molecules, programmed cell death-1
(PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). An earlier
review already hypothesized that T cell dysfunction during filovirus infection could
be related to high expression of PD-1 and CTLA-4 in T cells (Mohamadzadeh et al.
2007), which leads to a nonfunctional but reversible status termed T cell exhaustion
(Wherry 2011). Studies from the recent West African EVD outbreak found that
peripheral blood T cells from EVD patients expressed high levels of PD-1 and
CTLA-4 (McElroy et al. 2015a; Ruibal et al. 2016), which were significantly higher
in fatal cases (Ruibal et al. 2016). As a follow-up to these observational studies,
determining the correlation between high expression of T cell inhibitory molecules
and T cell function and apoptosis will be important. Determining this correlation
will most likely require relevant in vivo models that can reproduce this T cell
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phenotype. Utilizing immunotherapeutic approaches to block PD-1 and CTLA-4
function during postexposure filovirus infection treatment may provide an inter-
esting opportunity. Several therapeutic products are licensed extensively to block
PD-1 and CTLA-4 in several types of cancer, thereby restoring T cell function (see
(Sharma and Allison 2015) for a review).

Another important and related question is whether broad and polyfunctional T
cell responses lead to increased disease manifestations, like in hantavirus (cardio)
pulmonary syndrome (Terajima and Ennis 2011), or to decreased susceptibility, as
in dengue virus 1–4 infections (Weiskopf et al. 2013). To answer this question, an
exhaustive analysis of EBOV T cell immunodominance in humans must be per-
formed, which is still not available. Previous evidence shows that the viral nucle-
oprotein (NP) drives most of the CD8 T cell response (McElroy et al. 2015a;
Sundar et al. 2007; Wilson and Hart 2001). This finding is consistent with the
observation that HLA alleles recognizing conserved filovirus NP epitopes provide
protection against SUDV infection (Sanchez et al. 2007b). Additional studies of
HLA association with EVD outcomes in a statistically significant cohort of patients
are highly needed to strengthen these initial observations. The finding that NP
drives most of the CD8 T cell response also has significant implications for vaccine
design and may explain, at least to some extent, why most GP1,2-based vaccines
induce poor T cell immunity (Agnandji et al. 2016; Ewer et al. 2016; Zhu et al.
2015).

6 Electrolyte Imbalances

The degree to which electrolyte abnormalities contribute to EVD pathogenesis was
not appreciated in earlier outbreak responses because real-time serum electrolyte
data were not available. The ability to acquire these measurements in patients
during the West African EVD outbreak, as well as the degree of profuse watery
diarrhea that was reported, have brought to the forefront the severity of electrolyte
imbalances in EVD and the impact electrolytes could have on patient outcome.
Such data were first collected during the SUDV outbreak in Gulu, Uganda, in
2000–2001, during which elevated BUN/Cre levels and hypocalcemia were asso-
ciated with severe disease and fatal outcomes (Rollin et al. 2007). Data from
African cohorts (Hunt et al. 2015) combined with data from repatriated patients
who were cared for in developing nations (Uyeki et al. 2016b) have revealed
potassium abnormalities, hyponatremia, hypomagnesemia, and hypocalcemia.
Some of these alterations may be related to acute renal injury that is also common
among severely ill patients; others might be related to volume and electrolyte
imbalance secondary to profuse watery diarrhea. The clinical consequences of
electrolyte imbalances could include cardiac arrhythmias, seizures, or coma.
Indeed, 41% of the repatriated patients exhibited arrhythmia or electrocardiographic
changes, one patient had seizures, and three were in a coma (Uyeki et al. 2016b).
Electrolyte levels are easily measured blood chemistry parameters that can be
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corrected with electrolyte and fluid administration. Such measures may have con-
tributed to improved outcomes during the recent outbreak, as one EVD treatment
center that incorporated these data into patient management had a case fatality rate
of only 37%, significantly lower than the 50 and 74% rates reported from two other
treatment centers in Sierra Leone (Hunt et al. 2015; Schieffelin et al. 2014; Lanini
et al. 2015).

7 Endothelial Dysfunction

Multiple lines of evidence have suggested that the endothelium is dysfunctional
during EVD. While endothelial cells are directly infected, they do not show sig-
nificant cytopathic effect, and endothelial infection is thought to occur during the
terminal phase of the illness (Martines et al. 2015; Geisbert et al. 2003c). The
overall dysfunction of the endothelium is thought to be an indirect effect of
pro-inflammatory cytokines like TNF-alpha (Villinger et al. 1999; Feldmann et al.
1996), or other molecules, like nitric oxide, that increase the permeability of the
endothelium during inflammation (Sanchez et al. 2004). Increased levels of several
pro-inflammatory cytokines and chemokines are associated with EVD-related
deaths (Baize et al. 2002; Wauquier et al. 2010; Gupta et al. 2012; Hutchinson and
Rollin 2007; McElroy et al. 2014a, b). Infected antigen-presenting cells, such as
macrophages, DCs, or monocytes are the presumed source of these cytokines
(Feldmann et al. 1996; Gupta et al. 2001), and these cytokines lead to endothelial
activation.

Increased vascular permeability due to loosening of the endothelial barrier is a
normal and necessary physiologic function that allows cells and biomolecules to
reach sites of inflammation, but widespread activation in many inflammatory dis-
eases results in fluid movement that can be detrimental to the host. Clinical and
laboratory findings in EVD, including tachypnea (with or without pulmonary
edema), hypotension, oliguria, tachycardia, impaired distal perfusion, hypoalbu-
minemia, and hemoconcentration, are consistent with fluid extravasation into
extravascular spaces secondary to increased vascular permeability (Rollin et al.
2007; Uyeki et al. 2016b; Hunt et al. 2015; Chertow et al. 2014). This constellation
of clinical findings is thought ultimately to lead to hypovolemic shock in fatal cases.

In recent years, additional evidence that dysfunctional endothelia contribute to
the disease process include the findings of increased levels of sICAM, thrombo-
modulin, PE-CAM, and P-selectin in patients with severe or fatal disease (McElroy
et al. 2014a, b). All of these biomarkers, when released into the plasma, indicate an
activated endothelium and/or breakdown of endothelial intercellular junctions. An
activated endothelium is both pro-inflammatory and pro-coagulant, and likely
contributes both to the ongoing inflammatory response that characterizes severe
EVD and to the coagulopathy that has been observed in some patients (discussed in
more detail below).
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Also noteworthy is the sometimes conflicting body of evidence implicating the
viral glycoprotein (GP1,2) in endothelial dysfunction. The EBOV GP gene coding
region produces two proteins based on a transcriptional editing site, the soluble GP
(sGP) and the full-length structural GP1,2 (Sanchez et al. 1996). The full-length
GP1,2 produced by pseudotyped retrovirus or virion-like particles (VLPs) can bind
to and activate endothelial cells, leading to increased endothelial permeability
(Wahl-Jensen et al. 2005; Yang et al. 1998). sGP has been detected in the plasma of
infected individuals (Sanchez et al. 1999), and, in fact, inhibits TNF-mediated
increases in vascular permeability in vitro, perhaps suggesting a compensatory
mechanism to control virus-induced inflammation. A third form of the protein,
known as shed GP, is shed from the surface of infected cells in vitro and increases
permeability of cultured endothelial cells (Escudero-Perez et al. 2014). While shed
GP was detected in infected guinea pigs, it has not yet been detected in vivo in
humans. Finally, overexpression of GP1,2 in explanted human, porcine, or NHP
blood vessels leads to increased endothelial permeability and endothelial cytotox-
icity mediated by the mucin domain of the protein (Yang et al. 2000). The relevance
of this finding to EVD is unclear, since endothelial cells are infected long after
endothelial function has already been compromised, and do not show cytopathic
effects when infected in vitro (Geisbert et al. 2003c). Taken together, these data
suggest that the various forms of EBOV GP may modulate endothelial function, but
the precise role of the protein in human EVD pathogenesis is unclear.

8 Coagulopathy

The moniker “viral hemorrhagic fever” was applied to EBOV EVD during the first
outbreak identified in 1976, and was appropriate because 78% of fatal cases had
hemorrhagic manifestations, mostly melena (Ebola haemorrhagic fever in Zaire
1976/1978). This 1976 outbreak was unique, because the route of virus transmis-
sion was via injection in approximately one-third of the 288 patients, and this mode
of entry could have contributed to the manifestations and severity of disease (the
authors note that all patients who were infected by injection died). Notably, a
concurrent outbreak of SUDV-caused EVD also had high frequencies (71%) of
hemorrhagic manifestations. However, in several of the larger subsequent outbreaks
where appropriate data were available, significantly fewer patients had hemorrhagic
manifestations of disease: 41% (EBOV 1995), 30% (SUDV 2000), and 47%
(BDBV 2007) (Okware et al. 2002; MacNeil et al. 2010; Bwaka et al. 1999).
Additionally, in these three outbreaks, no association was observed between
bleeding and death, arguing against the commonly held belief that hemorrhage
equates to a fatal outcome. Furthermore, in the Western African outbreak, hem-
orrhagic manifestations were rarely reported; fewer than 15% of all patients from
Liberia and Sierra Leone had any bleeding symptom recorded (Chertow et al. 2014;
Schieffelin et al. 2014; Lado et al. 2015; Yan et al. 2015; Dallatomasina et al. 2015;
Li et al. 2016; Qin et al. 2015), but two reports from a single center in Guinea
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reported bleeding in 51 and 26% of patients (Barry et al. 2014; Bah et al. 2015).
Perhaps reported differences in hemorrhage frequency are related to genetic or
nutritional factors that cannot be controlled for in observational reports. Regardless,
hemorrhaging can occur during EVD, but is not the most prominent feature. In
contrast, hemorrhage does seem to be a common (50–80% of patients) feature of
MVD, based upon limited data from the two largest outbreaks to date (Colebunders
et al. 2007; Roddy et al. 2010).

Hemorrhaging is a clinical sign that can be secondary to multiple types of
hematologic disorders. In the simplest terms, two general categories of hematologic
disorders manifest clinically as bleeding: low levels of platelets and coagulation
factor deficiencies (Hunt 2014). Platelet counts have not been routinely measured in
patients with EVD, but in one study of 150 patients with EVD during the West
African outbreak, platelet counts were not especially low, ranging 119–247 � 109/
L (normal range is 150–300) (Hunt et al. 2015). Interestingly, the same phe-
nomenon was noted years ago in the NHP model, and while absolute platelet counts
were not very low, platelet function was severely affected as a result of in vivo
activation and degranulation (Fisher-Hoch et al. 1985). No measurements of platelet
function have been reported to date in humans. However, elevated levels of
sCD40L were observed in surviving patients with EVD caused by SUDV (McElroy
et al. 2014a, b). Since platelets are the major source of sCD40L in the bloodstream
(Henn et al. 2001), this finding suggests platelet activation in humans during EVD.
These data suggest a process that consumes platelet functional activity in severe or
fatal EVD; this process would be consistent with the finding that in lethal NHP
studies of EVD, sCD40L levels are elevated initially, but decline to undetectable at
the time of death (Ebihara et al. 2011).

MARV might be a bit different, since in the original report of the first outbreak in
Europe in 1967, most patients had severe thrombocytopenia, sometimes less than
10 � 109/L (Martini 1973), coincident with significant hemorrhage in about half of
the patients. Finally, the type of bleeding often described in EVD (and MVD)
patients—epistaxis, conjunctival hemorrhages, bleeding into the GI tract and from
the oral cavity—is mostly mucosal in nature, consistent with loss of platelet
numbers or function.

The second general category of hematologic disorders that manifest as bleeding
is deficiency in coagulation factors. Coagulation factors are quantitated clinically by
measuring partial thromboplastin time (PTT) and prothrombin time (PT) to evaluate
the intrinsic and extrinsic coagulation pathways. Unfortunately, these measure-
ments have only been reported in case studies, and provide no consensus regarding
the levels of PT and PTT during EVD. This is a clear information gap that needs to
be addressed. An early report on MARV states that PTT and PT were measured in
10 patients, but the values obtained did not explain the observed severity of the
hemorrhaging (Martini 1973).

DIC is often seen in critically ill patients, especially those with sepsis, and
involves both low platelet counts and coagulation factor deficiencies. The bleeding
seen in patients with EVD is often reported as due to DIC, although whether the
criteria for DIC are met is unknown because the necessary laboratory tests are not
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routinely available. DIC laboratory features include thrombocytopenia, elevated
fibrin split products, prolonged PT, and consumption of fibrinogen (Levi et al.
2009). As noted above, the level of thrombocytopenia seen in EVD patients rarely
meets the criteria to assign a DIC score, but elevated fibrin split products (such as
D-dimer) have been measured retrospectively, are elevated in EVD patients, and are
associated with fatal outcomes (Rollin et al. 2007). PT measurements are normal in
the few available case reports (Sueblinvong et al. 2015), and fibrinogen levels were
not associated with outcome or hemorrhagic manifestations (McElroy et al. 2014a,
b, 2016). Measurement of DIC markers is clearly an area that requires additional
study for clarification.

Less conventional evaluations of factors involved in coagulation pathways have
also been conducted. Thrombomodulin, a protein expressed on endothelial cells,
has anticoagulant properties in the microenvironment of the cell surface. When
present in the plasma, thrombomodulin can act more globally, as shown in one
family with a genetic deficiency that results in elevated levels of free plasma
thrombomodulin in association with a bleeding disorder (Langdown et al. 2014).
Endothelial cells also release thrombomodulin when they become activated.
Elevated plasma levels of thrombomodulin were associated with both hemorrhage
and death in SUDV patients, and with more severe disease in a cohort of EVD
patients (McElroy et al. 2014a, b, 2016), suggesting that loss of this protein from
the endothelial surface exacerbates both endothelial dysfunction and coagulopathy
during EVD. Additionally, tissue factor, which is implicated in coagulopathy
observed in NHPs (Geisbert et al. 2003b), was also elevated in patients with severe
EVD (McElroy et al. 2016). Von Willebrand factor (vWF), a protein that is present
in both platelets and endothelial cells and mediates interactions between platelets
and the damaged endothelium, was elevated both in SUDV-infected patients with
hemorrhage and in pediatric SUDV-infected patients with fatal outcomes. It was
also elevated in EBOV-infected patients with severe disease (McElroy et al. 2015b,
2016).

A complex interplay of activated endothelial cells, activated platelets, inflam-
mation, and coagulopathy is clearly at work during EVD. How intervening in any
one aspect of the network impacts human disease is still unknown. It would be
invaluable to determine the effects on EVD outcome of readily available clinical
products that affect aspects of these processes. Some compounds of interest are
statins, which stabilize the endothelium; soluble GPIba, which inhibits the inter-
action between platelets and vWF; and sCD40L, which appears to be consumed
during severe disease.

9 The Roles of Co-infections, Co-morbidities, and Age

One key and largely unaddressed question is the role of co-infections and
co-morbidities in EVD pathogenesis. Especially relevant to patient populations in
the affected African nations are the possible contributions of malnutrition and
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malarial co-infection in the disease process. Malnutrition is prevalent in the regions
affected by EVD (Wirth et al. 2016), and long-standing malnutrition leads to defects
in both innate and adaptive cellular immune responses (Schaible and Kaufmann
2007). Malnutrition may contribute to the high case fatality rates observed during
EVD outbreaks in Africa as compared to filoviral infections in patients repatriated
to the US and Europe (Uyeki et al. 2016b; Martini 1973).

Malaria co-infection is likely to increase EVD-related mortality, although this has
not been rigorously evaluated, a study of the effects of various antimalarial drugs has
been conducted during theWest African outbreak. Antimalarial drugs were routinely
given to EVD-positive patients at the ETC in Foya, Liberia; during a time of
artesunate-lumefantrine shortage, artesunate-amodiaquine was prescribed. While the
amodiaquine preparation was associated with improved survival in malaria-negative
patients, interestingly suggesting a direct antiviral effect, this effect was lost in the
malaria-positive patients, suggesting that malaria and EVD co-infection lead to
worse outcomes even when malaria is treated (Gignoux et al. 2016).

Also of potential consequence are co-infections with HIV or other hepatotropic
viruses. HIV co-infection has only been examined in one study; during the SUDV
outbreak in Gulu, 18% of the tested patients were HIV-1-positive by antibody
testing. No differences in EVD outcome were observed based upon HIV status in this
study (McElroy et al. 2014a, b), but no CD4 counts were obtained, so it is possible
that all cases were newly acquired and the patients were not yet
immune-compromised enough for HIV-1 infection to influence EVD outcome. One
study evaluated publicly available next-generation sequencing data, and using a
cohort of 49 patients, posited that co-infection with GB virus C (a common, clini-
cally innocuous pegivirus infection) results in improved outcomes during EVD
infection (Lauck et al. 2015). The results were somewhat confounded by the fact that
age is a major determinant of both GB virus C infection and outcome during EVD.

A special mention must be made that early data regarding the effect of age on
EBOV susceptibility (Dowell 1996) and outcome (Mupere et al. 2001; McElroy
et al. 2014a, b) have been repeatedly observed in large cohorts during the West
African outbreak (Team et al. 2015; Faye et al. 2015; Li et al. 2016; Schieffelin
et al. 2014; Bower et al. 2016). Case fatality rates are high in children under 5,
lowest in school-aged children, reaching a nadir around puberty, and increase again
to peak in the elderly. This phenomenon has been seen in other infectious diseases
in children, and suggests perhaps that school-aged children are in the perfect
immunologic window of life, with a fully mature and functioning immune system
without the alterations that occur secondary to the influence of sex hormones. To
date, only one study has examined pediatric patients for laboratory evidence of this
protective effect in EVD; this study demonstrated that pediatric patients have viral
loads similar to adult patients (McElroy et al. 2014a, b) and thus do not appear to
control the viremia better. However, higher levels of RANTES, a T cell chemokine,
were associated with pediatric survival, an association not seen in adults. Thus,
stronger immune responses in pediatric patients might contribute to better out-
comes, but this remains to be proven definitively and will require additional
research efforts.
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10 Post-EVD Syndrome

Perhaps one of the most striking findings during the Western African EVD outbreak
has been the identification of severe sequelae in EVD survivors long after recovery.
These sequelae have important implications both for medical treatment and for
public health. In 1975, one year before the identification of EBOV in Zaire, MARV
was successfully isolated from the ocular fluid of a convalescent patient with uveitis
(Gear et al. 1975). A later follow-up study described arthralgia, myalgia, and
abdominal pain as common sequelae in EVD survivors of the Kikwit outbreak
(Rowe et al. 1999). Similar findings in individuals long after recovery from BDBV
infection (Clark et al. 2015) suggest that post-recovery sequelae may be common in
filovirus infections.

To date, EBOV RNA has been detected in semen, ocular fluid, cerebrospinal
fluid, breast milk, and other body fluids in EVD survivors for several weeks or even
months after discharge (Green et al. 2016; Chughtai et al. 2016). Moreover,
infectious virus has been isolated from semen (Uyeki et al. 2016a), ocular fluid
(Varkey et al. 2015), saliva, and breast milk (Bausch et al. 2007), and epidemio-
logical evidence of sexual EBOV transmission has been established (Mate et al.
2015). An important task will be determining the pathogenic potential of virus
isolates from semen compared to those of blood from the same patient. Because
sexual transmission seems to be uncommon (based on the large numbers of male
survivors and few sexual transmission events), virus isolates from semen may be
less infectious, either due to attenuating mutations or inactivation by
EBOV-specific antibodies secreted at the mucosal surface. In general, the patho-
genic features of EVD sequelae and their putative physiological mechanisms are
poorly understood.

Importantly, many of the symptoms reported by EVD survivors, as well as some
of the observed signs like uveitis and skin desquamation, suggest an inflammatory
syndrome. Indeed, immune activation persists after the acute phase of EVD
(McElroy et al. 2015a; Rowe et al. 1999), strongly suggesting continuous immune
stimulation and postinfection autoimmunity. These hypotheses still need to be
experimentally tested, but are consistent with virus persistence in immunoprivileged
sites. Alternatively, sustained inflammation could be due to deposition of immune
complexes in the joints or to viral antigen persistence, as seen commonly in
alphavirus infections and influenza A virus infection respectively (Hoarau et al.
2010; Tamburini et al. 2014; Tappe et al. 2016).

Since some, but not all, EVD survivors suffer sequelae, the factors leading to
post-EVD syndrome must be determined. Co-morbidities and co-infections are
likely contributing to sequelae development, particularly those involving immune
phenomena like bystander T cell activation (Fujinami et al. 2006). Also, a positive
correlation has been described between viremia levels during the acute phase of
EVD and increased risk of sequelae (Mattia et al. 2016). These findings suggest that
during infection, EBOV may be confined to immunoprivileged sites by treatment or
by the host immune response, leading to viral persistence, and that this
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phenomenon would be favored by high viral loads. Consistent with this hypothesis,
one surviving patient with very high virus loads had virus persistence even within
the central nervous system, followed by virus reactivation and meningoencephalitis
(Jacobs et al. 2016).

In the future, the causes and molecular mechanisms of post-EVD syndrome must
be determined. In particular, assessing whether reactivation of infectious virus is
involved in sequelae development is a key. Due to the magnitude of the West
African outbreak and the high number of surviving individuals, this is an important
issue that needs to be addressed to establish adequate medical countermeasures and
public health policies.
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Nonhuman Primate Models of Ebola
Virus Disease

Richard S. Bennett, Louis M. Huzella, Peter B. Jahrling,
Laura Bollinger, Gene G. Olinger Jr and Lisa E. Hensley

Abstract Ebola virus disease (EVD) in humans is associated with four ebola-
viruses: Ebola virus (EBOV), Sudan virus (SUDV), Bundibugyo virus (BDBV),
and Taï Forest virus. To date, no documented cases of human disease have been
associated with Reston virus. Here, we describe the nonhuman primate
(NHP) models that currently serve as gold standards for testing ebolavirus vaccines
and therapeutic agents and elucidating underlying mechanisms of pathogenesis.
Although multiple models have been explored over the past 50 years, the pre-
dominance of published work has been performed in macaque models. This chapter
will focus on the most commonly used models.
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1 Introduction

Following the largest Ebola virus disease (EVD) outbreak in history (2013–2016),
the clinical picture of human EVD has been redefined. Prior to this epidemic, the
average case fatality of EVD was 77% (Kuhn 2015). The high lethality observed in
these past outbreaks humans is mirrored in nonhuman primate (NHP) models and
argued as a strength of these models, and lethality (or meeting predetermined
humane euthanasia criteria) is often a required study endpoint. However, during the
2013–2016 outbreak, the World Health Organization (WHO) reported a total of
28,616 confirmed, probable, and suspected cases in Western Africa with a case
fatality of 39.5% (World Health Organization 2016). Although serological evidence
of mild or asymptomatic infections was limited in past outbreaks, this outbreak
differed as multiple mild EVD cases (coined “Ebola-light” cases) were noted
(Richardson et al. 2016; Bellan et al. 2014; Leroy et al. 2001). During the outbreak,
disease severity ranged from mild-to-severe disease. As EVD descriptions from the
Ebola treatment clinics and from patients repatriated to Western hospitals differs
from disease descriptions of past outbreaks, the filovirus research community is
re-examining the fidelity of the existing animal models to recapitulate the full
spectrum of what is known about human disease.

2 Background

Prior to the 2013–2016 outbreak in Western Africa, the public health and biode-
fense communities made a tremendous financial investment in both the develop-
ment of animal models of EBOV infection and in medical countermeasures
(MCMs). Given the sporadic nature of filovirus disease outbreaks and the limited
number of filovirus disease cases that occurred prior to 2014, researchers previously
assumed the advancement of any MCM would require approval under the “Animal
Rule” (21 CFR 601.90–95 and 21 CFR 314.600–601) (U.S. Food and Drug
Administration 2015). The animal efficacy rule was developed to facilitate approval
of therapeutics for agents when human efficacy trials are not feasible or ethical.
Under this guidance, the United States Food and Drug Administration may approve
a product for which human safety is established, and adequate and well controlled
animal studies were performed. To fulfill the criteria, selected animal models should
accurately reflect human disease, and the benefit of the therapeutic agent under
evaluation will likely translate into a similar effect in humans. Although multiple
attempts to evaluate candidate MCMs occurred during the Western Africa EVD
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outbreak, most of these efforts were initiated at the later stages of the outbreak and
were underpowered to generate sufficient data. Thus, most scientists, policy makers,
and regulators believe that approval of any MCM will still require use of the
“Animal Rule.”

Historically, clinical disease and related pathology in NHPs infected with EBOV
closely resemble the features observed in human EVD (Fig. 1). Primates of several
species have been used to model EVD, including grivets or African green monkeys
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• Diminished work capacity........................70%
• Depression or anxiety..........................1-50%
• Mood changes.........................................33%
• Post-traumatic stress ..............................21%
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• Headache...........................................22-68%
• Memory / concentration
 difficulties / confusion...........................2-43%
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• Respiratory tract infection + otitis............27%
• Urinary tract infection /
 sexually transmitted infection.................23%

• Malaria....................................................14%
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• Chest pain..........................................31-32%
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• Anemia....................................................50%
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• Pericarditis................................................5%
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• Tinnitus / hearing loss..........................1-27%
• Dizziness / loss of balance...................1-11%
• Change in taste.........................................3%
• Change in smell........................................1%
• Numbness.................................................1%Eye / vision disorders

• All ocular disorders............................42-57%
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Human sequelae observed from EVD outbreaks (1976–2016)

Fig. 1 Incidence of human sequelae observed during EVD outbreaks (1976–2016)
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(AGMs) (Chlorocebus sps) (Bowen et al. 1978a, b; Davis et al. 1997; Fisher-Hoch
et al. 1992; Ryabchikova et al. 1999a, b), cynomolgus (crab eating) macaques
(Macaca fascicularis) (Fisher-Hoch et al. 1992; Geisbert et al. 2002, 2003b, c, d;
Jahrling et al. 1996, 1999; Sullivan et al. 2000, 2003), rhesus monkeys (Macaca
mulatta) (Bowen et al. 1978a, b; Fisher-Hoch et al. 1985; Geisbert et al. 2002,
2003a; Jaax et al. 1996), common marmosets (Callithrix jacchus) (Smither et al.
2013, 2015; Carrion et al. 2011), and hamadryas baboons (Papio hamadryas)
(Chupurnov et al. 1995; Kudoyarova-Zubavichene et al. 1999; Mikhailov et al.
1994; Ryabchikova et al. 1999a, b).

Many the studies were conducted in either the rhesus or cynomolgus macaques
using 1000 pfu of EBOV delivered via intramuscular (IM) route. While no pub-
lished reference could be located, the selection of 1000 pfu IM challenge was based
on models of a needle stick exposure from a late stage EVD case (Jahrling, personal
communication). The rhesus monkey model is often selected for therapeutic eval-
uations since the disease progression is a bit slower than in cynomolgus macaques.
The cynomolgus macaque model is selected more often for vaccine studies due to
the slightly more compact disease course and consistent disease progression
(Geisbert et al. 2003d; Rubins et al. 2007). Aerosol exposure, while not the natural
route of infection, has been used to mimic accidental laboratory exposure or
intentional virus release. In addition, investigators are exploring alternative expo-
sure routes that may more closely mimic naturally acquired EBOV infections and
are examining the impact of challenge agents given via alternative routes. (Alfson
et al. 2015; Mire et al. 2016; Pratt et al. 2010; Reed et al. 2011; Sullivan et al. 2003;
Johnson et al. 1995; Geisbert et al. 2008a; Willet et al. 2015; Jaax et al. 1996). To
date, most NHP animal modeling studies have focused on EBOV exposure; studies
evaluating BDBV or SUDV exposure are limited (Falzarano et al. 2011; Hensley
et al. 2010; Pratt et al. 2010; Geisbert et al. 2009). A limited number of NHPs from
other species have been evaluated as EVD models. Since a large proportion of
studies have used rhesus and cynomolgus macaques by IM challenge route, this
chapter will focus on these models.

3 Rhesus Monkeys

3.1 Intramuscular Challenge Models of Ebola
Virus Infection

Rhesus monkeys have been used for the study of EBOV infection since the iden-
tification of EBOV in 1976 (Bowen et al. 1978a, b). Following IM inoculation with
EBOV, animals become febrile on 2–4 days post-exposure (Fig. 2) and develop
petechial hemorrhage by days 4–7 post-exposure (Fig. 3a) (Bowen et al. 1978a, b;
Fisher-Hoch et al. 1985). Mild anorexia, dehydration, and decreased activity
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typically occur 1–2 days after the onset of fever (Bowen et al. 1978a, b). Most
animals succumb to infection on days 5–9 (average 6.5 days) post-inoculation
depending on the isolate and virus preparation (Ebihara et al. 2011; Bowen et al.
1978a, b; Geisbert et al. 2002). Some but not all animals develop diarrhea, epis-
taxis, and or bleeding from venipuncture sites, gums, rectum, and vagina (Bowen
et al. 1978a, b).

Monocytes, macrophages, and dendritic cells are the early target cells for viral
infection, and seeding of the draining lymph nodes, spleen and liver are early
events. Infected NHPs develop neutrophil-driven leukocytosis. An overall lym-
phopenia is manifested by a marked decrease in CD8+ cells and NK cells from
circulation, and widespread bystander apoptosis occurs both in peripheral blood
mononuclear cells and lymphoid tissues (Geisbert et al. 2000).

Thrombocytopenia is observed, with the most marked drop often occurring on
days 2–4 post-inoculation. Decreased hemoglobin and hematocrit are typical
findings (Fisher-Hoch et al. 1983; Kortepeter et al. 2011). Significant drops in
protein C activity and marked increases in fibrin degradation products, plasminogen
activator inhibitor-1, and tissue-type plasminogen activator are noted from in-depth
hematological studies (Geisbert et al. 2003c; Hensley et al. 2007). A decrease in
protein C coagulation inhibitor activity occurs 1–2 days prior to an increase in
coagulation times (Ebihara et al. 2011). During end-stage disease, animals expe-
rience a rapid reduction of plasma fibrinogen concentrations followed by an
increase in intravascular fibrin deposition (Ebihara et al. 2011).

Changes in clinical chemistries during the early stages of disease are often
unremarkable. Marked changes in the aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (AP), and ɣ-glutamyltransferase
concentrations occur in the later stages of disease. Marked increases in serum
creatinine concentrations, rises in blood urea nitrogen (BUN) concentrations, and
drops in total serum proteins are noted. Analysis of serum for circulating cytokines
and chemokines reveals the development of a dysregulated state with the
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Fig. 2 Time course of clinical signs of Ebola virus infection following IM exposure in rhesus
monkeys
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accumulation of many pro-inflammatory cytokines and chemokines. This accu-
mulation commences as early as 3–4 days post-inoculation and includes interferon
(IFN)-a, interleukin (IL)-1b, IL-6, macrophage inflammatory protein (MIP)-1a,
IL-15, and IL-18 (Ebihara et al. 2011; Hensley et al. 2002).

Analysis of necropsied tissue reveals enlarged lymph nodes with the presence of
congestion, hemorrhage, and edema. Marked congestion of the duodenum often
with hemorrhage is observed occasionally at the gastroduodenal and ileocecal
junction (Fig. 3b). Congestion and erythema of the gut-associated lymphoid tissues

2 cm

1 cm

(a) (b)

(c) (d)

Fig. 3 Gross pathologic findings following IM Ebola virus exposure in rhesus monkeys. a NHP
left arm with typical cutaneous petechial hemorrhage. b Stomach pyloric duodenal junction
hemorrhage: Gastroduodenal junction with the pylorus to the left and the duodenum to the right.
c Liver hepatomegaly and necrosis: Typical pallor and enlargement of the liver of an NHP,
showing rounded edges and the typical reticulated pattern. d NHP urinary bladder with typical
mucosal petechial hemorrhage
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are also typical. The liver is often enlarged and friable with rounded edges and a
reticulated pattern (Fig. 3c). Multifocal or coalescing hemorrhages may also be
observed in the urinary bladder (Fig. 3d). Microscopically, a significant depletion
of the germinal centers of the lymph nodes and widespread necrosis and apoptosis
in the lymph nodes are noted (Fig. 4a). Similarly, in the spleen, widespread lym-
phoid depletion and the presence of numerous apoptotic cells and necrotic debris
are observed. In addition, hemorrhage, congestion, and fibrin deposition are noted
in the marginal zones of the spleen (Figs. 4b and 5). Similarly, fibrin and con-
gestion are often observed in liver and kidneys. The sinusoids and spaces of Disse
of the liver are typically expanded, and disruption of the sinusoidal endothelium
may be observed. Hepatocytes are often degenerate or necrotic and contain variably
sized intracytoplasmic viral inclusion bodies (Fig. 4c).

3.1.1 Alternative Routes of Ebola Virus Exposure

Exposure to aerosols containing EBOV is not believed to be a natural route of
infection. The risk or belief that EBOV may be misused as a bioweapon has driven
the development and characterization of EBOV small-particle aerosol exposure
models (Cenciarelli et al. 2015; Twenhafel et al. 2013; Osterholm et al. 2015). Of
interest is whether this route of exposure changes the disease course, if the amount
of virus required to achieve a lethal infection differs from other routes, and if an
aerosol exposure alters the efficacy of candidate MCMs. Attempts to establish lethal
dose50 (LD50) or lethal dose90 (LD90) were unsuccessful, with lethal disease
observed following a challenge dose of <10 pfu in rhesus, cynomolgus, and grivet
monkeys (Reed et al. 2011). Despite these challenges, many scientists have per-
severed with pathogenesis and efficacy testing of MCMs. Results from the EBOV
aerosol model sequential serial sampling study in rhesus monkeys reveal an early
infection of the respiratory lymphoid tissues and early fibrin deposition in the
splenic white pulp (Twenhafel et al. 2013). Twenhafel et al. propose that the
pathology observed in the lung is specifically related to EBOV infection, unique to
this route of infection, and is not seen in IM, intranasal, or intraperitoneal
(IP) challenge models. In addition, perivasculitis and vasculitis in superficial dermal
blood vessels of haired skin sampled from areas with visible rash were first noted in
this study. Researchers are unclear if perivasculitis is linked to this particular model
(Twenhafel et al. 2013).

Historically, conjunctival or oral inoculation of rhesus monkeys with EBOV
produces a disease model that is consistent with IM challenge. Following con-
junctival or oral inoculation with 5.2 log10 pfu of EBOV isolate
Yambuku-Mayinga, 4/4 and 2/3 monkeys (one remained uninfected) succumbed to
infection 7–8 days post-exposure (Jaax et al. 1996). On day 7 post-exposure, rash
on the face, axillary, and inguinal areas was observed. However, the challenge dose
used in this study is 100 times higher than a typical IM challenge (Jaax et al. 1996).
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3.1.2 Long-Term Ebola Virus Disease Progression

Over the last decade, results from a growing body of studies of EBOV-infected
NHPs (treated with MCMs) describe delayed death or what is now referred to as
long-term progression (LTP). First reported at the Negative Strand Virus meeting in
2003 (Hensley et al. 2003), the potential relevance and significance of these

JFig. 4 Hematoxylin and eosin (HE) and immunohistochemical (IHC) staining of common target
organs in Ebola virus-infected rhesus monkeys. Left column is hematoxylin and eosin (HE) stain of
target tissues. Right column is IHC stain of target tissues. a (left) Staining of an axillary lymph
node at 20� magnification reveals focally extensive loss of lymphocytes, germinal center necrosis
accompanied by fibrin deposition and edema. (right) IHC staining for EBOV-glycoprotein (GP) in
a lymph node reveals positive staining in the cytoplasm of macrophages, endothelial cells, and
fibrocytes (20� magnification). b (left) Staining of spleen periarteriolar lymphoid sheath at 20�
magnification indicates marked depletion of lymphocytes. Approximately 80% of the normal
architecture of the red pulp is replaced by dense, irregular sheets of fibrin. Remaining splenic cords
and sinusoids are markedly congested with blood. Upper left side of figure is the periarteriolar
lymphoid sheath. (right) IHC staining for EBOV-viral matrix protein (VP40) in the spleen at 20�
magnification reveals positive serum staining in the splenic cords and sinusoids and within the
cytoplasm of histiocytes (tissue macrophages). c (left) The normal sinusoidal architecture of the
hepatic parenchyma is disrupted by moderate-to-marked diffuse hepatocellular swelling and
multifocal degeneration and necrosis. The space of Disse is markedly expanded by diffuse edema.
Numerous eosinophilic cytoplasmic inclusion bodies within hepatocytes are noted (20�
magnification). (right) IHC staining for EBOV VP40 protein reveals positive serum staining in
the hepatic sinusoids and multifocal, punctate, positive staining in individual hepatocytes (20�
magnification)

500 nM

(a) (b)

Fig. 5 Transmission electron microgram of a spleen of a rhesus monkey. a (left) Numerous
mature virions are present within the red pulp with abundant fibrin (dark material) and a distorted
red blood cell (24,200� magnification). (right) Inset of a portion of a (left, red square) at higher
magnification. Red blood cell is not included in the image on right
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findings were for the most part overlooked until the 2013–2016 Western
African EVD outbreak. NHPs that experience LTP may display or present with
clinical signs not typically seen in classical disease models, including neurological
manifestations and ocular involvement (Larsen et al. 2007; Alves et al. 2016).
Although the development of a LTP phenotype is not well defined, the onset is
usually not before 12 days post-exposure, (after the normal time-to-death in the
rhesus monkey IM challenge model). From a summary of six animals experiencing
LTP from several different treatment studies, an average time-to-death is 21.7 days
(14–29 days) post-exposure, indicating that the phenomenon is not specific to any
given candidate MCM (Larsen et al. 2007; Alves et al. 2016).

At necropsy, 5 of 6 animals experiencing LTP had glial nodules with EBOV
antigens present in the brain suggestive of a meningoencephalitis or, at the mini-
mum, an active inflammatory process accompanied by viral replication. Viral
antigen was also detected in the pancreatic islets of Langerhans, pancreatic acini,
the follicular and perifollicular areas of the thyroid, lungs, the cornea, retina, and or
the pia/arachnoid mater surrounding the optic nerve of the animals. Surprisingly,
the presence of viral antigen was not always associated with an inflammatory
response. Although these animals were challenged by IM with EBOV, five of the
six NHPs had interstitial pneumonia with multifocal areas of consolidation, alveolar
inflammation, or pulmonary emboli. Examination of normal target organs, spleen,
liver, and lymph nodes, suggests a viral clearance from these organs (Larsen et al.
2007). The small amount of available data suggest that late stage seeding of the
brain, pancreas, thyroid, eye, and lung can occur during an elongated infection.
However, in classic EBOV NHP models, this event occurs near the terminal stage
and is most likely often overlooked or undetected. When the time-to-death window
is extended slightly, the window for viral replication in these tissues is expanded,
and the incidence of LTP is increased (Larsen et al. 2007; Alves et al. 2016).

Initially, EBOV targeting of eyes, brain, pancreas, thyroid, or lungs was referred
to as potentially altered tropism. The presence of EBOV in these organs was not
usually observed during early infection, and LTP was an infrequent event (Larsen
et al. 2007). Results from current models suggest that infection of these tissues is
more aptly referred to as a third phase or third wave. This phase requires a viremic
state, breakdown of the blood–brain barrier, blood–testis barrier, access to other
immune privileged compartments, and a disease course of sufficient length to detect
viral replication in these tissues. The reports of prolonged EBOV persistence in the
semen and vitreous fluid of human EVD survivors (Christie et al. 2015; Diallo et al.
2016; Mate et al. 2015; Crozier 2016) support the need to characterize the LTP
phenotype and investigate the potential for the development of a model for EBOV
persistence.
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3.2 Intramuscular Challenge Models of Sudan
Virus Infection

From limited information, rhesus monkeys challenged IM with 1000 pfu of SUDV
intramuscularly had decreased activity and reduced appetite similar to that observed
following challenge with EBOV. Cage-side observations also included the devel-
opment of petechial rash, diarrhea, and epistaxis. Death occurred 7–10 days
post-inoculation (Thi et al. 2015, 2016). Animals that succumbed to infection
presented with splenic lymphoid depletion, expansion of the splenic red pulp with
fibrin, multifocal necrotizing hepatitis with sinusoidal leukocytosis, and mild
interstitial pneumonia (Thi et al. 2016). In a blinded pilot study comparing the
SUDV variants Gulu and Yambio, similar lethality was observed following IM
challenge of cynomolgus macaques, with one monkey surviving from each initial
group of six (Johnson et al. 2015). From subsequent studies performed with the
Gulu variant utilizing either IM or aerosol challenge, no animals survived (Wollen
et al. 2015).

3.2.1 Alternative Routes of Sudan Virus Exposure

In a single aerosol challenge experiment, small groups of rhesus monkeys were
exposed to 50 or 500 pfu of SUDV (Zumbrun et al. 2012). Five of six animals in
the 50 pfu group and 6/6 in the 500 pfu group succumbed following challenge.
Overt clinical signs of illness, including dyspnea (3/6), reduced stool (2/6), and
fever (1/6), were observed on day 4 post-exposure in the higher dose group. The
onset of fever occurred on day 5 post-exposure (3/6) in the lower challenge dose
group. Reported hematological and changes in clinical chemistries were consistent
with EBOV NHP models.

4 Cynomolgus Macaques

4.1 Intramuscular Challenge Models of Ebola
Virus Infection

Following IM inoculation with 1000 pfu of EBOV, cynomolgus macaques develop
a clinical picture of EVD that is nearly indistinguishable from the disease observed
in rhesus monkeys. However, the disease course is compressed compared to that
observed in rhesus monkeys with the normal disease course ranging from 6 to
7 days. Typically EBOV-infected cynomolgus macaques present with fever by day
3 post-exposure and develop a cutaneous rash by day 4 post-exposure (Geisbert
et al. 2003b). As the disease progresses, leukocytosis and thrombocytopenia
develop, fibrin degradation products (D-dimers) increase, and animals remaining
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with end-stage disease bleed from the nares or rectum (Geisbert et al. 2003b). EVD
is almost uniformly lethal in this model. Significant gross lesions include macular
rash on the face, inguinal, and axillary areas; pale and friable liver; enlarged, turgid
spleen; pale discoloration of the kidneys; and enlarged lymph nodes (inguinal and
axillary) (Trefry et al. 2015).

As also observed in rhesus monkeys, monocytes, macrophages, and dendritic
cells are the primary sites of virus replication in cynomolgus macaques. In a
sequential sampling study, the earliest EBOV-infected cells are macrophages and
dendritic cells in the spleen and draining lymph nodes (Geisbert et al. 2003b).
Kupffer cells in the liver are also targets of EBOV infection. Virus replication in
endothelial cells, occurring in late stage disease, does not disrupt the architecture of
the vasculature (Geisbert et al. 2003d).

A hallmark of EBOV infection is dysregulation of the normal host immune
response with lymphopenia, bystander lymphocyte apoptosis, and destruction of
lymphoid tissue (Hensley et al. 2002; Geisbert et al. 2000). Transcript analysis of
circulating mononuclear cells reveals early and sustained IFN response detectable
as early as day 2 post-inoculation prior to the onset of viremia and any detectable
signs of illness (Rubins et al. 2007). In addition, strong changes are noted in tran-
scripts in genes that regulate apoptosis, particularly tumor necrosis factor-related
apoptosis inducing ligand (TRAIL), caspase-5, caspase-8, Fas-associated death
domain protein (FADD), and the B-cell lymphoma 2 agonist of the death (BAD).
From analysis of serum and plasma, a number of cytokines and chemokines accu-
mulate, including IFN a and b, IL-6, IL-18, MIP-1a, and MIP-1b (Hensley et al.
2002).

The available transcript and protein data support the theory of a dysregulated
host immune response. This response leads to an uncontrolled inflammatory state
that is likely resembling the systemic inflammatory response syndrome (SIRS)-like
state associated with septic shock (Rubins et al. 2007). Work in the macaque
models previously demonstrated a strong upregulation of tissue factor, a trigger of
the extrinsic arm of the coagulation pathway. EBOV-infected macrophages
expressed tissue factor, and striking images of EBOV-infected macrophages
encased in fibrin were seen in tissues collected from NHPs (Geisbert et al. 2003d).
These findings support the hypothesis that the coagulation activation is triggered by
the expression of tissue factor and not by the destruction of the endothelium
(Geisbert et al. 2003d). The uncontrolled inflammatory responses may perpetuate
the dysregulated host response amplifying the intertwined coagulation and
inflammatory pathways.

At necropsy, cellular examination of other tissues besides the normally described
target organs provide some unique potential insights that differ from that observed
in rhesus monkeys. In late stage cynomolgus macaques, small foci of EBOV
antigen-positive adrenal cortical cells were present in the zona glomerulosa, zona
fasciculata, and zona reticularis of the cortices (Geisbert et al. 2003b).
Antigen-positive germinal epithelial cells were infrequently noted in the tongue,
esophagus, and lips in one of three animals at end-stage EBOV disease. However,
no appreciable pathology was associated with these observations.
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4.1.1 Alternative Routes of Ebola Virus Exposure

For cynomolgus macaques exposed via the aerosol route with *1000 pfu of
EBOV, onset of fever (detected with radiotelemetry devices) occurred as early as
3 days post-exposure; almost 2.5 days earlier than that observed in the rhesus
monkey model (Reed et al. 2011). The onset of fever coincided with the detection
of viremia. Changes in hematology were consistent with previously reported NHP
models, and changes in both the prothrombin time and activated partial thrombo-
plastin time were detected. Oral or conjunctival exposure of cynomolgus macaques
to low-dose EBOV (10 pfu) failed to produce detectable disease or viremia (Mire
et al. 2016). However, when the oral EBOV exposure dose was increased to 100
pfu, the animals became moribund and were euthanized on day 8 post-exposure
(Mire et al. 2016). Conjunctival exposure to 100 pfu of EBOV resulted in
sub-clinical disease with low viremia on day 14 post-exposure (Mire et al. 2016).
Note that previous low-dose exposure experiments with other EBOV isolates using
either aerosol, IM, or IP routes of administration resulted in fatalities (Sullivan et al.
2000, 2003). The small number of animals used in these studies limit
interpretations.

4.2 Intramuscular Challenge Models of Sudan
Virus Infection

Investigators have performed limited studies using the Nzara-Boniface SUDV
isolate, derived from a fatal human case from the 1976 SUDV-caused outbreak, to
test candidate MCMs against SUDV infection (Zumbrun et al. 2012; Warfield et al.
2015). The time-to-death following SUDV challenge was 6–10 days
post-challenge, and clinical chemistries and hematological values were consistent
with EBOV infection models (Warfield et al. 2015). Additional studies are needed
to evaluate other SUDV isolates to characterize pathology and temporal progression
of SUDV disease.

4.2.1 Alternative Routes of Sudan Virus Exposure

In a single study, NHPs challenged with either 50 or 500 pfu of SUDV
Nzara-Boniface isolate developed fever, petechial rash, disruption in the diurnal
changes in the heart rate, and an increase in the overall heart rate (Zumbrun et al.
2012). Most the animals developed dyspnea. Changes in hematology and clinical
chemistries were consistent with that observed in previously reported models.
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5 Additional Primate Models

5.1 African Green Monkeys

AGMs (genus Chlorocebus) refer to five to six monkey populations inhabiting most
of sub-Saharan Africa (Grubb et al. 2003; Pfeifer 2017). The taxonomy has been
revised over the years making confirmations of true species used in the limited
number of older studies difficult. Thus, the term AGM will be used collectively, and
we make no attempt to correct the reported taxonomy. Following aerosol exposure
to a EBOV dose of 712 ± 442.7 pfu, fever onset began on day 5.2 ± 0.8
post-exposure, and animals were moribund on day 8.3 ± 0.5 post-exposure (Reed
et al. 2011). The time-to-death in this study was 24–48 h longer than that observed
with either rhesus or cynomolgus monkeys at the challenge dose used. However,
the number of animals used for each of the study groups was small. Overall, clinical
chemistry and hematological changes seen in the AGMs were consistent with that
seen in rhesus and cynomolgus monkeys challenged with a comparable aerosol
dose. However, platelet loss and increases in the prothrombin time and activated
partial thromboplastin time were much more marked this model than that observed
in either macaque model.

Two vervet monkeys (Chlorocebus pygerythrus) were exposed IP to 104 median
guinea-pig infectious doses of EBOV passaged three times in guinea pigs. Animals
survived 6 days post-inoculation. No rash was observed, but animals did develop
diarrhea and intermittent melena. Gross lesions were similar to what was observed
in rhesus monkeys (Baskerville et al. 1978). At necropsy, blood, heart, lung liver,
spleen, adrenal glands, kidneys, mesenteric lymph nodes, and urine had viral titers
ranging from 3.5 log10 guinea-pig infectious units/g or mL of tissue (urine) to 7.5
log10 guinea-pig infectious units/g of spleen (Bowen et al. 1978a, b).

Upon necropsy, EBOV infection in green monkeys presented as impairment of
microcirculation by deposition of fibrin masses and thrombi in the organs
(Ryabchikova et al. 1999a). However, the development of the classic petechial rash
during the disease course was not consistently observed (Reed et al. 2011;
Ryabchikova et al. 1999a; Baskerville et al. 1978; Bowen et al. 1978a, b).
Monocytes and macrophages were the primary targets of EBOV infection
(Ryabchikova et al. 1999a). In addition, lymphoid depletion in B-cell follicles and
spleen and the absence of inflammatory infiltration were observed (Ryabchikova
et al. 1999a). Involuted follicles were frequently congested with tangible body
macrophages (Geisbert et al. 2000; Ryabchikova et al. 1999a). Necrosis in the liver,
spleen, and kidneys was present (Ryabchikova et al. 1999a).
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5.2 Baboons

Serological surveys of wild hamadryas baboons (Papio hamadryas) suggest that
these animals are permissive to wild-type EBOV infection (Leroy et al. 2004;
Johnson et al. 1982). Reports of experimental infection of baboons with EBOV
(passaged two times in monkeys) or rodent-adapted EBOV are limited
(Ryabchikova et al. 1999a; Ignatiev et al. 2000). In one experiment, hamadryas
baboons were inoculated subcutaneously with EBOV passaged twice in monkeys
with a dose of 20–50 mouse LD50 (Ryabchikova et al. 1999a). When infected with
monkey-passaged virus, significant changes in blood chemistries (ALT, AST,
bilirubin, urea, and creatinine) were observed starting on days 3–7 post-exposure.
Up to 70% of the hamadryas baboons developed hemorrhage that progressed to
hematemesis and bleeding from the rectum, vagina, skin, and mucosa
(Ryabchikova et al. 1999a).

Of the animals infected with guinea-pig adapted virus, hemorrhagic syndrome
also developed in one of three animals as evidenced by bleeding from the
nose/mouth and hematochezia (Ignatiev et al. 2000). The other two animals bled
from a blood draw puncture point. Viremia was detected on day 3 post-inoculation,
3 days prior to obvious clinical signs. Again, increases in ALT, AST, urea, and
creatinine concentrations were observed. These animals underwent a period of
initial hypercoagulation, followed by hypocoagulation starting on day 7
post-inoculation, and ending with no measurable clotting on day 9 post-inoculation
(Ignatiev et al. 2000). As these studies used either monkey-passaged or
rodent-adapted viruses, results may not be directly comparable results from other
NHP studies that utilized cell culture-propagated EBOV.

Like humans, hamadryas baboons produce four isotypes of IgG antibodies,
whereas IgG3 is not detected in macaques (Shearer et al. 1999). IgG3 is an activator
of complement (Shearer et al. 1999). As immunologic markers of human EVD
survival are identified, the baboon’s complete humoral response may provide more
opportunities to predict vaccine or therapeutic efficacy in humans than macaques.

5.3 Common Marmosets

Common marmosets (Callithrix jacchus) are small New World monkeys that have
been used in limited filovirus studies (Smither et al. 2013, 2015; Carrion et al.
2011). Aerosol exposure of sexually mature common marmosets to 4–27 tissue
culture infectious dose 50 of EBOV led to lethal disease. In this model, fever,
hunched posture, unkempt fur, altered respiration, and a reluctance to move, eat, or
drink were the initial clinical signs, with terminal disease occurring 6–8 days after
virus challenge (Smither et al. 2015). No rash was observed in this animal model.
However, thrombocytopenia, elevated ALT, BUN, and or creatinine, and increased
blood clotting times were noted consistent with that observed with other NHP
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models and human disease (Smither et al. 2015). Gross and histological findings
were consistent with other NHP models of EBOV infection, including lymphocyte
depletion with evidence of apoptosis, and fibrin deposition in multiple organs.

Similarly, IM inoculation of marmosets with 10 or 1000 pfu of EBOV resulted
in a severe systemic disease course, which resembled human disease course. The
infection was characterized by fever, viremia, thrombocytopenia, neutrophilia, and
disseminated intravascular coagulation leading to death 4–5 days post-inoculation.
Similar to the aerosol model and other NHP models, severe lymphoid depletion and
fibrin deposition were evident. Hematological changes and changes in the clinical
chemistries were consistent with other NHP models of EBOV infection. The
compact disease course combined with the monkey’s small size, 320–450 g
(roughly equivalent to guinea-pig weights for males and females 3–7 weeks of age)
(Charles River Laboratories International 2016), may impact the utility of this
model for interventional studies or studies requiring frequent blood collection.
Alternatively, the small size may be an advantage for some BSL-4 containment
laboratories with limited space for housing NHPs (Carrion et al. 2011).

6 Common Threads of Pathogenesis

Change in clinical chemistries, hematology and end-stage pathology are in general
surprisingly consistent across the IM and aerosol NHP challenge models. Early
changes in the lungs are one of the few differences in disease presentation with
aerosol exposure compared to that observed following IM exposure (Twenhafel
et al. 2013). For models with sufficient data, several commons threads of patho-
genesis are readily noted: the development of a dysregulated host immune response
characterized by a profound bystander lymphocyte apoptosis and a SIRS-like state;
the activation of the coagulation cascade leading to widespread fibrin deposition;
and the early infection of monocytes, macrophages, and dendritic cells.

EBOV infection of monocytes, macrophages, and dendritic cells is an early,
critical event in EVD and leads to seeding of target organs. This early event
promotes EBOV to co-opt the dendritic cells critical for the immune response
against invading pathogens. EBOV infection of the dendritic cells has been sug-
gested to be linked to both the lack of a robust immune response and a potential role
in the development of bystander apoptosis seen in the lymph nodes of infected
NHPs (Geisbert et al. 2003b; Ilinykh et al. 2015; Melanson et al. 2015; Yen et al.
2014; Bosio et al. 2003; Geisbert et al. 2000). Infection of monocytes and mac-
rophages in vitro with EBOV leads to upregulation of TRAIL and multiple
apoptosis-related genes, cytokines, chemokines, and tissue factor (Geisbert et al.
2000; Ludtke et al. 2016). Analysis of samples from infected NHPs has confirmed
these findings and support that early infection of these target cells may be driving
multiple critical downstream pathways. Data from both in vitro and in vivo
experiments have hinted at just how complex these interactions are with activation
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of multiple apoptotic, inflammatory signaling, and coagulation pathways (Rubins
et al. 2007; Geisbert et al. 2000, 2003a, b; Caballero et al. 2016).

The importance of the interaction between coagulation and inflammation as a
response to severe infection has become increasingly appreciated. As such, coag-
ulation and inflammation clearly go hand in hand. In fact, coagulation mediators are
included as part of the spectrum known as SIRS, also referred to as a cytokine
storm. Cytokines are key coordinators of inflammation and vascular dysfunction.
Although the vascular endothelium may not be an early target of EBOV infection,
the potential contribution of the vascular endothelium to EBOV pathogenesis
cannot be overlooked. Cytokines and coagulation products can induce changes in
endothelial cell structure that affect permeability, and they can also play a role in
regulating the inflammatory response. Inflammatory mediators upregulate proco-
agulant factors such as tissue factor, inhibit fibrinolytic activity, and downregulate
natural anticoagulant pathways (e.g., protein C anticoagulant pathway).
Importantly, protein C activity rapidly declines in the EBOV models. Replacement
with recombinant activated protein C was demonstrated to reduce morbidity and
fatality (protected �20% of NHPs) and increase the mean time-to-death in an NHP
experimental EBOV challenge model (Hensley et al. 2007). Not surprisingly,
evaluation of treated NHPs that exhibited a beneficial effect had significant
reductions in D-dimers and pro-inflammatory cytokines, including IL-6 and
monocyte chemoattractant protein 1 (Hensley et al. 2007) A similar effect was seen
in other intervention studies regardless of the class of intervention tested? sounds
confusing (Geisbert et al. 2003a, b).

Other cytokines or chemokines may also be involved in modulating endothelial
function during EBOV infections either directly or indirectly. For example, fibrin
split products and thrombin can increase the production of pro-inflammatory
cytokines such as IL-6. Production of IL-6 can in turn increase tissue factor pro-
duction, activating the clotting cascade (Geisbert et al. 2003c). Theoretically,
anti-cytokine therapies alone or in combination with anticoagulant strategies may
aid in disrupting the downward spiral observed in filovirus infections. Previously,
investigators demonstrated that treatment of NHP with a recombinant protein (i.e.,
nematode anticoagulant protein C2) targeting activation of the intrinsic pathway
increased survival to 33% (Geisbert et al. 2003a). Results from this study
demonstrate the potential for this compound and the benefit of targeting the clinical
manifestations of the disease itself rather than direct viral replication.

7 Future Outlook

Currently, the most pressing questions facing the filovirus animal model community
are: Does the current NHP model accurately reflect human disease? Does the model
accurately predict the performance of any given countermeasure in humans? Are
additional animal models needed? Some researchers question whether the current
NHP lethal animal models are too stringent. The models may mimic severe EVD,
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but not the full spectrum of disease ranging from asymptomatic-to-severe infection,
LTP, or viral persistence. Lethality in the current well-characterized NHP models is
substantially higher than in human infections. Researchers are unclear if the mea-
sured case fatality (*40%) during the Western African 2013–2016 outbreak is
directly a result of a large outbreak size leading to a more accurate outcome
measurements, a product of improved supportive care, or reflection of genetic
variation of the population or of the EBOV variant. To date, only limited attempts
have incorporated aggressive supportive care in NHP EBOV studies (Jaax et al.
1996). As the field moves beyond the Western African EVD outbreak, researchers
should step back and recognize and understand the limitations of the current
models. Gaps in current EVD models include the inability of current models to
mimic EVD sequelae and viral persistence. Addressing these gaps will likely
require new or refinement of the existing models. The potential of NHP model(s)
for these purposes is unknown, and pilot experiments should be initiated.
Developing models of EBOV persistence as evidenced by LTP should be consid-
ered as separate, independent tasks and should not be confused with a need to
determine if the existing models accurately reflect human EVD disease or predict
MCM efficacy.
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Small Animal Models for Studying
Filovirus Pathogenesis

Satoko Yamaoka, Logan Banadyga, Mike Bray and Hideki Ebihara

Abstract Filovirus small animal disease models have so far been developed in
laboratory mice, guinea pigs, and hamsters. Since immunocompetent rodents do not
exhibit overt signs of disease following infection with wild-type filoviruses isolated
from humans, rodent models have been established using adapted viruses produced
through sequential passage in rodents. Rodent-adapted viruses target the same
cells/tissues as the wild-type viruses, making rodents invaluable basic research tools
for studying filovirus pathogenesis. Moreover, comparative analyses using
wild-type and rodent-adapted viruses have provided beneficial insights into the
molecular mechanisms of pathogenicity and acquisition of species-specific viru-
lence. Additionally, wild-type filovirus infections in immunodeficient rodents have
provided a better understanding of the host factors required for resistance to filo-
virus infection and of the immune response against the infection. This chapter
provides comprehensive information on the filovirus rodent models and
rodent-adapted filoviruses. Specifically, we summarize the clinical and pathological
features of filovirus infections in all rodent models described to date, including the
recently developed humanized and collaborative cross (CC) resource recombinant
inbred (RI) intercrossed (CC-RIX) mouse models. We also cover the molecular
determinants responsible for adaptation and virulence acquisition in a number of
rodent-adapted filoviruses. This chapter clearly defines the characteristic and
advantages/disadvantages of rodent models, helping to evaluate the practical use of
rodent models in future filovirus studies.
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1 Introduction

The recent and devastating West African Ebola virus disease (EVD) epidemic due
to Ebola virus (EBOV) infection clearly highlighted the need for effective
anti-filoviral countermeasures, including vaccines and postexposure therapeutics, to
be deployed rapidly in an outbreak situation (Martins et al. 2016; Mendoza et al.
2016). Considering the development of such countermeasures, rodent models are
most valuable for the initial testing of direct-acting antivirals and vaccines, prior to
their final evaluation in nonhuman primates (NHPs) and eventual clinical trials.
Furthermore, rodent models have been used extensively to understand molecular
aspects of filovirus pathogenesis and host immune responses. In this chapter, we
summarize the pathological features and molecular pathogenesis of filovirus
infection in each rodent model, and we discuss the advantages and disadvantages of
these models for understanding filoviral disease mechanisms.
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2 Background

Ebola virus (EBOV) and Marburg virus (MARV) belong to the family Filovirdae,
which includes three genera: Ebolavirus, Marburgvirus, and Cuevavirus (Bukreyev
et al. 2014). The genus Ebolavirus includes of five species that each have a single
type virus: Zaire ebolavirus with type virus Ebola virus (EBOV), Sudan ebolavirus
with type virus Sudan virus (SUDV), Bundibugyo ebolavirus with type virus
Bundibugyo virus (BDBV), Taï Forest ebolavirus with type virus Taï Forest virus
(TAFV), and Reston ebolavirus with type virus Reston virus (RESTV). The genus
Marburgvirus includes a single species, Marburg marburgvirus, which has two
genetically closely related members, Marburg virus (MARV) and Ravn virus
(RAVV). The recently established genus Cuevavirus also includes a single species,
Lloviu cuevavirus, although the type virus Lloviu virus (LLOV) was only detected
in bats and has not yet been isolated (Negredo et al. 2011; Bukreyev et al. 2014).
Except for RESTV and LLOV, filoviruses are known to cause severe hemorrhagic
fever in humans with high case-fatality rates (Sanchez et al. 2007; Banadyga and
Ebihara 2015).

Filovirus particles are filamentous in shape, consisting of a nucleocapsid core
surrounded by a viral matrix and a host-derived envelope studded with glycoprotein
spikes. The filoviral single-stranded, negative-sense genome consists of a linear
RNA molecule of approximately 19 kb that is composed of seven genes, encoding
nine proteins for ebolaviruses and seven for marburgviruses (Sanchez et al. 2007;
Brauburger et al. 2015). The termini of the genome comprise a 3’ leader and a 5’
trailer that contain replication/transcription promoters and genome packaging sig-
nals. Four of the gene products—the nucleoprotein (NP), virion protein 35 (VP35),
VP30, and the RNA-dependent RNA polymerase L—comprise the ribonucleo-
protein complex, which drives viral RNA synthesis, mRNA transcription, and
replication of the RNA genome (Brauburger et al. 2015). The glycoprotein GP1,2,
which is expressed following transcriptional editing that leads to a +1 frame shift,
mediates viral entry, including attachment to receptor molecules and membrane
fusion (Jangra et al. 2015). EBOV, unlike MARV, also encodes soluble GP (sGP),
which is expressed from the unedited GP transcript, and small soluble GP (ssGP),
which is expressed following transcriptional editing that produces a +2 frame shift.
The function of sGP has been postulated to modulate host immune responses and
endothelial permeability (Mohan et al. 2012; Escudero-Pérez et al. 2014). VP40
functions as the viral matrix protein, which is essential for virion assembly and
budding (Bornholdt et al. 2013; Oda et al. 2015), while VP24 is required for
nucleocapsid assembly along with NP, VP30, and VP35 (Huang et al. 2002; Noda
et al. 2005; Hoenen et al. 2006; Watt et al. 2014). VP35 also functions to inhibit the
induction of a type I interferon (IFN) response, whereas ebolavirus VP24 and
marburgvirus VP40 additionally act to inhibit the IFN signaling cascade directly
(Basler et al. 2000; Reid et al. 2006; Valmas et al. 2010; Bale et al. 2012;
Messaoudi et al. 2015; Oda et al. 2015).
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3 General Pathological Features of Filovirus Infection
in Humans and NHPs

Ebola virus disease (EVD) [also colloquially referred to as Ebola hemorrhagic
fever, EHF] and Marburg virus disease (MVD) [also colloquially referred to as
Marburg hemorrhagic fever, MHF] are among the most severe acute viral diseases.
Severe/fatal filoviral hemorrhagic fevers are characterized by systemic viral repli-
cation; dysregulation of immune responses, including induction of uncontrolled
pro-inflammatory responses and suppression of effective innate and acquired
immune responses; hemorrhagic manifestations, including coagulation abnormali-
ties, such as disseminated intravascular coagulation and a characteristic
maculopapular/petechial rash; increased vascular permeability; multi-organ failure;
and electrolyte imbalances and fluid redistribution that induce hypovolemic shock
(Bray and Mahanty 2003; Geisbert and Jahrling 2004; Mahanty and Bray 2004;
Mohamadzadeh et al. 2007; Messaoudi et al. 2015). Several clinical and patho-
logical studies in infected humans and NHPs have demonstrated that cells of the
mononuclear phagocytic system (MPS) (i.e., monocytes, macrophages) and den-
dritic cells are the first target cells (Geisbert et al. 2003a; Bray and Geisbert 2005),
whereas infection of endothelial cells seems to occur at the terminal stage of
infection (Geisbert et al. 2003b; Hensley and Geisbert 2005). Dendritic cells and
cells of the MPS are usually located in peripheral tissues and circulate in target
organs (e.g., liver, lymph nodes, spleen), resulting in the efficient transmission of
the virus to noninfected cells and tissues. Filovirus infection in lymphoid tissues
may contribute to the dysregulation of immune responses. For example, filovirus
infection of dendritic cells is thought to paralyze early immune responses and
impair the maturation of these cells and their ability to support T cell stimulation,
which may be one of the mechanisms that lead to immune suppression during
filovirus infection (Bosio et al. 2003; Mahanty et al. 2003b; Mohamadzadeh et al.
2007). Necrosis of hepatocytes in the liver caused by viral replication leads to the
impairment of clotting factor synthesis, and a reduction in the synthesis of serum
proteins (such as albumin) results in decreased plasma osmotic pressures and
induces edema (Martines et al. 2015; Wolf et al. 2015). Recent studies suggest that
filoviral hemorrhagic fevers, as well as some other viral hemorrhagic fevers, are at
least in part driven by an uncontrolled release of cytokines known as a “cytokine
storm,” similar to what is seen in septic shock induced by gram-negative bacteria
(Bray and Mahanty 2003; Bixler et al. 2015). Indeed, several reports support the
idea that a cytokine storm is a major trigger that contributes to lymphocyte
depletion, vascular leakage, and coagulation disorders (Wauquier et al. 2010;
Ebihara et al. 2011).
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4 Animal Disease Modeling in Filovirus Research

Animal models of filovirus infection have so far been developed in laboratory mice,
guinea pigs, hamsters, ferrets, pigs, and NHPs. Of these models, NHPs are con-
sidered the “gold standard” since they are highly susceptible to filovirus infections
and show hallmark pathological features similar to those seen in human infections.
Viruses isolated from humans are lethal for NHPs without any adaptation, and
virulence in NHPs is apparently not affected by amplification of virus in cell
culture. NHP models have been developed with monkeys of several different
species, including cynomologus macaques, rhesus macaques, grivets (African green
monkeys), hamadryas baboons, and common squirrel monkeys, all of which display
similar hemorrhagic fever syndromes but with species-specific differences in
hemorrhagic manifestations (Kuhn et al. 2008).

Unlike NHPs, adult, immunocompetent rodents do not exhibit overt signs of
disease following infection with wild-type filoviruses, and, as such, all filovirus
rodent models described to date rely on either immunocompromised animals or
rodent-adapted virus strains. Soon after the first recognized outbreaks of filovirus
disease, attempts were made to isolate MARV and EBOV by inoculating specimens
from patients into guinea pigs (Smith et al. 1967; Bowen et al. 1977), although such
attempts caused only nonlethal, febrile illness in guinea pigs (Siegert et al. 1967;
Smith et al. 1967). Additional early studies revealed that immunocompetent adult
mice were completely resistant to filovirus-induced disease, although virus repli-
cation was detected. In contrast, newborn mice, which have incompletely developed
immune systems, were susceptible to filovirus infection. Wild-type MARV
(WT-MARV) caused lethal infection in newborn mice following intracerebral
inoculation (Hofmann and Kunz 1970), whereas intracerebral or intraperitoneal
inoculation of wild-type EBOV (WT-EBOV) was lethal in newborn mice up to
4 days old (Bowen et al. 1977; Van der Groen et al. 1979; Bray et al. 2001a). To
develop rodent models that more accurately recapitulated filovirus virulence,
immunocompromised animals, such as Severe combined immunodeficiency (SCID)
mice were used, although wild-type viruses cause a prolonged wasting illness in
SCID mice that bears no resemblance to filovirus disease in humans (Bray et al.
2001a; Warfield et al. 2007). In addition, and more commonly, viruses were
adapted to rodents via sequential passage through guinea pigs or mice (Smith et al.
1967; Simpson et al. 1968; Bray et al. 1999; Volchkov et al. 2000; Warfield et al.
2009; Subbotina et al. 2010; Lofts et al. 2011; Qiu et al, 2014; Cross et al. 2015a).
In addition, immunocompromised mouse models, including knockout mice, have
been used to identify host factors required for resistance to infection and to elu-
cidate the immunological responses to filovirus infections (Bray et al. 2001a; Gupta
et al. 2001, 2004, 2005; Bray 2004; Panchal et al. 2009; Bradfute et al. 2010; de
Wit et al. 2011; Raymond et al. 2011; Brannan et al. 2015; Hill-Batorski et al.
2015).
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Compared to the NHP models, rodent models in general present several distinct
advantages in the study of filovirus pathogenesis (Table 1). Their relatively small
size and prolific reproduction make them inexpensive and easy to handle and house,
especially under maximum containment conditions. For mice in particular, the
availability of various strains with precisely defined genetic backgrounds, along
with numerous reagents and experimental tools for work with mice and other
rodents, make these animals appealing experimental models. Rodent-adapted filo-
viruses, specifically, target the same cells/tissues as wild-type filoviruses in humans
and NHPs and have enabled the modeling of at least some of the pathogenic
processes associated with disease in humans and NHPs. Moreover, comparative
analyses using wild-type and rodent-adapted viruses have provided valuable insight
into the molecular mechanisms of pathogenicity and acquisition of species-specific

Table 1 Comparison of animal model systems for filovirus research

Human NHP Ferret Guinea
pig

Hamster Hu-BLT CC-RIX Mouse

Virus adaptation No No No Yes Yes No Yes Yes
Pathogenicity of
MA-filovirusa

ND + ND ++ +++ ND +++ +++

Pathogenicity of
GPA-filovirusa

Yesb +++c ND +++ − ND ND −

Inoculation route N/A Various in ip/sc/ar ip ip ip ip/ard/
ine

Viremia +++ +++ +++ ++ ++ +++ +++ +++
Tissue/cell tropism + + + + + + + +
Pyrexia +++ +++ ++ ++ ND ND ND −

Systemic
inflammatory
response

+++ +++ +/++ ++ ++ +++ ND +

Hematology + + + + + + ND +
Blood chemistry + + + + + + ND +
Lymphocyte
apoptosis

+ + + + + ND + +

Coagulation
abnormalities

+++ +++ +++ +/++f +++ ND +++ +/−

Rash/hemorrhage ++ ++ + −/+ −/+ − − −/+
Availability N/A + ++ +++ +++ + ++ +++
Ease of handling N/A + + ++ +++ + ++ +++
Cost N/A +++ ++ + + +++ ++ +
Large N N/A − − ++ +++ −/+ +/++ +++
Tools and reagents ++ ++ +/++ −/+ +/++ +++ +++ +++
aOnly examined with rodent-adapted EBOV strains
bLaboratory accident with GPA-EBOV in Koltsovo, Russia, 2004
cHamadryas Baboon (Papio hamadryas) (Ignatiev et al. 2000)
dBXD (C57BL/6 crossed with DBA/2) recombinant inbred strains and C57BL/6 mice (Zumbrun et al 2012)
ePartial lethality in mice infected with mouse-adapted MARV Angola variant strains (Qiu et al. 2014)
fParamerters indicate coagulopathy were only examined in outbred guinea pigs
N/A not applicable; ND not determined; ip intraperitoneal; sc subcutaneous; ar aerosol; in intranasal
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virulence. Several rodent-adapted lethal variants of filoviruses have been generated
based on EBOV isolate Mayinga (EBOV-Mayinga), SUDV isolate Boniface
(SUDV-Boniface), RAVV isolate Ravn, and several isolates of MARV (Figs. 1 and 2).

On the other hand, rodent models also present some disadvantages over NHP
models. Although rodent-adapted filoviruses recapitulate many of the hallmark
clinical features of disease, they often also display biological phenotypes different
from the wild-type, parental viruses, leading to a disease course that does not
always accurately reflect that seen in humans and NHPs. Accordingly, inconsis-
tencies have been observed between the results obtained from the evaluation of
vaccines and treatments in rodent versus NHP models (Geisbert et al. 2002).
Nevertheless, rodent models are convenient and critical for modeling certain aspects
of filovirus disease. Indeed, they have been used extensively to study aspects of
pathogenicity and host immune responses, as well as to test the efficacy of post-
exposure therapeutics and experimental vaccines prior to their final evaluation in
NHPs.

Fig. 1 Mutations in lethal rodent-adapted ebolavirus strains: Non-synonymous mutations are
indicated with black arrows, and mutations are indicated using the single-letter amino acid code
and the position of the residue substituted in each viral protein. Blue arrows with blue text indicate
mutations that existed in the precursor virus used for rodent adaptation. Green and brown arrows
indicate synonymous mutations and nucleotide substitutions in noncoding/untranslated regions,
respectively
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5 Mouse Models of Filovirus Infection

5.1 Immunocompetent Mouse Model with Mouse-Adapted
Ebola Virus

WT-EBOV does not cause any clinical signs in adult mice, with neither intraperi-
toneal nor subcutaneous inoculation of WT-EBOV causing disease in mice over 8
days old (Bray et al. 2001a). The establishment of mouse-adapted EBOV
(MA-EBOV), which was generated by repeated passage of EBOV-Mayinga (iso-
lated from a patient during the initial outbreak of EBOV in Zaire 1976) in pro-
gressively older suckling BALB/c mice (Bray et al. 1999), enabled the investigation
of EBOV pathogenesis in immunocompetent adult mice. An intraperitoneal dose of
1 or 100 plaque-forming units (pfu) of MA-EBOV caused lethal infection in
BALB/c, C57BL/6, and CD-1 (ICR) mice ranging in age from 5 to 16 weeks old. All
infected mice became visibly ill with ruffled fur and diminished activity, began to
lose weight on day 3 postinfection, and died by day 7 (Bray et al. 1999, 2001a, b).

Fig. 2 Mutations in lethal rodent-adapted marburgvirus strains: Non-synonymous mutations are
indicated with black arrows, and mutations are indicated using the single-letter amino acid code
and the position of the residue substituted in each viral protein. Blue arrows with blue text indicate
mutations that existed in the precursor virus used for rodent adaptation. Green and brown arrows
indicate synonymous mutations and nucleotide substitutions in noncoding/untranslated regions,
respectively
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Elevated body temperatures were not detected in infected mice throughout the
duration of illness (Bray et al. 2001b). Although all three strains of mice produced
100% lethality, CD-1 mice showed the highest susceptibility, with a time to death of
2–5 days post-infection, compared to a time to death of 4–7 and 6 days postinfection
for BALB/c and C57BL/6 mice, respectively. Virus titers in the liver and spleen
reached approximately 109 pfu/g on day 3, coincident with peak viremia in the sera,
which was 7.5 � 107 pfu/ml. The livers and spleens of mice infected with
MA-EBOV yielded virus titers more than a thousand times greater than the mean
titer of WT-EBOV in these organs at the same time point (Bray et al. 1999).
Subcutaneous inoculation of the virus did not cause symptomatic illness in
3-week-old mice (Bray et al. 2001a; Mahanty et al. 2003a). Interestingly,
MA-EBOV also resulted in uniformly lethality and 30% lethality in BXD (C57BL/6
crossed with DBA/2) recombinant inbred and C57BL/6, respectively, following
aerosol inoculation (Zumbrun et al. 2012).

Immunohistochemistry and in situ hybridization targeting viral RNA revealed
that MA-EBOV initially infects macrophages and other cells of the MPS in the
lymph nodes and spleen. Viral infection then spreads to Kupffer cells, hepatocytes,
and sinusoidal endothelial cells in the liver; fibroblast-like cells (fibroblastic retic-
ular cells) in the lymph nodes and spleen; and a number of organs, including the
thymus, adrenal glands, lungs, gastrointestinal tract, kidneys, reproductive tract, and
central nervous system (Bray et al. 1999; Gibb et al. 2001). Coincident with viral
spread, severe histological lesions were observed in infected organs, especially in
the spleen and liver by days 4 and 5 postinfection. Marginal zones of the spleen
became almost indistinguishable because of extensive necrosis, and the liver
developed disseminated coalescing degeneration and necrosis. Lymphoblastic cells
were present in lymph nodes and spleen, concomitant with severe lymphocyte
apoptosis in these organs as well as the thymus (Gibb et al. 2001; Bradfute et al.
2007, 2008). In contrast to other animal models (Geisbert et al. 1992; Jaax et al.
1996; Connolly et al. 1999), infrequent small deposits of fibrin were observed in the
spleen and visceral vasculature of the mice (Bray et al. 1999; Gibb et al. 2001).

MA-EBOV-infected mice showed hemoconcentration with a rise in hemoglobin
and hematocrit, leukocytosis, and severe thrombocytopenia. By day 5, mice inoc-
ulated with 100 pfu of virus exhibited a platelet count drop of approximately 60%
from the baseline value (Bray et al. 2001b). Although hemorrhagic manifestations,
such as spontaneous bleeding from the gastrointestinal tract or abdominal cavity,
were occasionally observed in a small number of infected animals, no obvious
hematological abnormalities suggestive of coagulopathy were observed in infected
mice: the plasma prothrombin time (PT) and activated partial thromboplastin time
(aPTT) remained normal throughout the duration of illness, and plasma fibrinogen
concentrations showed no change from baseline, consistent with the lack of
intensive fibrin deposition. Serum concentrations of liver-associated enzymes,
especially aspartate aminotransferase (AST), were markedly elevated, reflecting
severe liver damage (Bray et al. 2001b). Moreover, similar to humans and NHPs
infected with EBOV, an increased inflammatory response, characterized by tumor
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necrosis factor (TNF)-a and monocyte chemotactic protein (MCP)-1 production,
appeared early after infection and correlated with the increasing virus loads
(Mahanty et al. 2003a).

5.2 Immunocompetent Mouse Model with Mouse-Adapted
Marburg and Ravn Viruses

Three mouse-adapted marburgviruses have been generated based on RAVV (iso-
lated from a fatal case in Kenya 1987), MARV isolate Cie67 (Ci67) (isolated in
Marburg, West Germany 1967), and MARV variant Angola (isolated in Uíge,
Angola 2005), each of which was generated by passage through immunodeficient
SCID mice and, in the case of RAVV and MARV isolate Ci67, additional pas-
saging through BALB/c mice. Twenty-four sequential passages of WT-RAVV—
ten in SCID mice and fourteen in BALB/c mice—were required to generate
mouse-adapted RAVV (MA-RAVV), which was uniformly lethal in adult
immunocompetent BALB/c mice infected with 1000 or 100,000 pfu via the
intraperitoneal route (Warfield et al. 2009). Mouse-adapted MARV variant Angola
(MA-MARV-Angola) was generated by 24 passages in SCID mice (Qiu et al.
2014), whereas mouse-adapted MARV isolate Ci67 (MA-MARV-Ci67) required
15 passages in SCID mice followed by 14 in BALB/c mice (Lofts et al. 2011).
Interestingly, whereas MA-RAVV killed both BALB/c and C57BL/6 mouse strains
(by days 8 and 12 postinfection, respectively) when inoculated intraperitoneally,
MA-MARV-Ci67 only killed 80% of infected BALB/c mice and 60% of infected
C57BL/6 mice. Like MA-RAVV, MA-MARV-Angola caused 100% lethal disease
in BALB/c mice following intraperitoneal inoculation; however, unlike
MA-RAVV, MA-MARV-Angola also resulted in 80% lethality in mice following
intranasal inoculation. None of the mouse-adapted marburgviruses caused disease
following subcutaneous inoculation.

After intraperitoneal inoculation with 1000 pfu of MA-RAVV, reduction of
body weight was observed from day 3 postinfection, and all infected mice died by
day 8 without hemorrhagic manifestations. Viral titers in the blood of
MA-RAVV-infected mice peaked on day 5, with titers over 105 pfu/ml. Infectious
virus was detected in a number of organs, including the spleen, liver, lymph node,
kidneys, lungs, brain, intestine, and gonads as early as day 3, and the highest titer
was observed in the spleen on day 7, with values exceeding 105 pfu/g. In contrast to
MA-RAVV infection, virus titers of WT-RAVV and WT-MARV-Ci67 in all mice
tissues assayed were around the lower detection limit on day 7. Interestingly,
MA-MARV-Ci67 grew to higher titer than MA-RAVV in almost all organs tested,
despite the fact that MA-RAVV is more virulent in mice (Lofts et al. 2011).

Pathological and hematological features in mice infected with either MA-RAVV
or MA-MARV-Angola are similar. Following infection with either virus, MARV
antigen was detected 3–5 days postinfection in the spleen and liver, where it
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localized to macrophages and dendritic cells in the red pulp of the spleen and
Kupffer cells and hepatocytes in the liver. Splenic lymphoid depletion and lym-
phocytosis were seen in follicles and periarteriolar lymphoid sheaths, accompanied
by the appearance of large lymphoblastic cells in MA-RAVV-infected mice. The
pathological changes in the liver, including hepatocellular degeneration and
necrosis, were also prominent.

Hematologic analysis revealed a decrease in both peripheral white blood cells
and lymphocyte numbers in MA-MARV-Angola and MA-RAVV-infected mice, as
well as a remarkable reduction in platelets starting around days 3–5 postinfection.
In addition, numbers of peripheral CD4+, CD8+, B, and NK cells decreased in
MA-RAVV-infected mice. While elevated levels of D-dimers—a fibrin degradation
product—were seen during the late stage of infection with MA-RAVV, significant
fibrin deposition in tissues and prolonged PT and aPTT were not observed.
Concentrations of liver-associated enzymes, including AST and alanine amino-
transferase (ALT), increased over time, indicating diminution of liver function in
infected mice. Moreover, a massive cytokine response occurred, with increased
levels of numerous cytokines and chemokines, including TNF-a, IFN-c, interleukin
(IL)-5, and MCP-1. Notably, none of these changes were observed in mice infected
with nonadapted wild-type viruses.

5.3 Immunodeficient Mouse Models

The mechanisms underlying the immune response to filovirus infection have been
studied in mice with a variety of immune defects, including gene knockout mice.
Bray et al. (2001a) reported that intraperitoneal inoculation of WT-EBOV or
WT-MARV and subcutaneous inoculation of MA-EBOV, which produced no
visible illness in immunocompetent mice, caused death in IFN-a/b receptor
knockout (IFNAR–/–) mice, and electron microscopy and immunohistochemistry
confirmed large amounts of replicating virus and viral antigen in the livers and
spleens of these mice. Additionally, mice lacking the transcription factor STAT1,
which plays an important role in type I IFN signaling, were also highly susceptible
to intraperitoneal inoculation of WT-EBOV or subcutaneous inoculation of
MA-EBOV (Bray et al. 2001a). These reports prove that the type I IFN response is
critical to resistance in mice, and they suggest its importance in primates.

Indeed, since type I IFN signaling-defective mouse models are highly suscep-
tible to wild-type filoviruses, they have served as useful models for investigating the
virulence and pathogenesis of filoviruses for which no rodent-adapted variants exist.
Although WT-EBOV and SUDV-Boniface were capable of causing lethal infection
in 129/Sv IFNAR–/– mice, EBOV variant Kikwit (EBOV-Kikwit), RESTV, and
TAFV were unable to cause lethal illness (Bray et al. 2001a). A more recent study
indicated that IFNAR–/– mice with a C57BL/6 background were more resistant to
various ebolaviruses: SUDV-Boniface and SUDV variant Gulu were only partially
lethal in this model, with 37 and 5% of mice succumbing via intraperitoneal
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inoculation, respectively, while BDBV, TAFV, and RESTV were incapable of
causing lethal disease (Brannan et al. 2015). Interestingly, EBOV-Mayinga caused
lethal illness in these IFNAR–/– mice, whereas EBOV-Kikwit did not, despite both
viruses exhibiting similar virulence in NHP models. Infection of STAT1–/– mice
with EBOV-Mayinga, EBOV-Kikwit, SUDV-Boniface, RESTV isolate AZ-1435,
MARV isolate Musoke (MARV-Musoke), and RAVV produced visible illness in
mice (Raymond et al. 2011), and a comparable study with RESTV variant
Pennsylvania and Reston08-A demonstrated the same, with the Pennsylvania
variant resulting in 50% lethality (de Wit et al. 2011). These studies suggest that the
absence of STAT1, which would impact type I, II, and III IFN-mediated signaling,
is more critical to filovirus infection in mice than the absence of IFNAR. Overall,
nonadapted filoviruses that possess highly virulent phenotypes (EBOV, SUDV,
MARV, and RAVV) in NHPs (and possibly in humans) tend to cause lethal or more
severe illness than TAFV, BDBV, and RESTV in type I IFN signaling-defective
mice.

For mouse models in which the adaptive immune system is compromised, it has
been demonstrated that wild-type EBOV, MARV-Musoke, MARV-Ci67, and
RAVV all cause lethal infection in SCID mice, although the course of illness was
relatively long and infected mice did not die until 3–8 weeks after inoculation (Bray
et al. 2001a; Warfield et al. 2007). These results again demonstrate the important
role of innate immune responses, which can slow the progression of disease, but
cannot prevent death. Recombination activating gene (Rag)-2 knockout mice
resembled SCID mice in their susceptibility to infection with wild-type EBOV;
however, nude mice, which lack T cells, developed disease only after intraperi-
toneal or subcutaneous inoculation with MA-EBOV, and not after inoculation with
WT-EBOV. MA-EBOV caused lethal infection in beige mice, IFN-c knockout
mice, and TNF-a knockout mice, whereas WT-EBOV caused no apparent disease
in those mice (Bray 2004).

Many other immunodeficient rodent models have been used for basic research to
obtain a better understanding of the host immune response against filovirus
infection in vivo. Gupta et al. (2001) demonstrated that the transfer of immune
serum from EBOV-infected mice to SCID mice resulted in 100% survival after
otherwise lethal challenge with EBOV, indicating that antibodies alone can protect
mice from lethal infection. Moreover, mice transfused with CD8+ T cells from
MA-EBOV-infected mice or mice vaccinated with recombinant Venezuelan equine
encephalitis virus (VEEV) expressing NP survived after otherwise lethal EBOV
challenge, indicating an important role for CD8+ T cells in protection against
EBOV infection (Wilson et al. 2001; Bradfute et al. 2008). Further analyses using
mice deficient in Fas, IFN-c, or perforin revealed that the CD8+ T cell-mediated
protection against EBOV infection was perforin-dependent (Gupta et al. 2005).
Moreover, Panchal et al. (2009) established mice expressing differential levels of
the leukocyte tyrosine phosphatase CD45, and the authors reported that mice
expressing 11–77% CD45 levels were protected from lethal MA-EBOV challenge
dependent on CD8+ T cells and IFN-c, whereas mice expressing 0 or 100% CD45
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were not. These data suggest that susceptibility to EBOV is influenced by a subtle
balance of immune responses.

By using several kinds of immunodeficient mice, Gupta et al. (2004) demon-
strated that CD8+ T cells played an important role in protection against acute EBOV
disease, while both CD4+ T cells and antibodies were required for long-term pro-
tection. The results indicated that mice lacking B cells and depleted of CD4+ T cells
showed signs of illness about 50–70 days after infection, indicating the possibility
of a persistent infection of EBOV under certain conditions of immunodeficiency.
Moreover, Strong et al. (2008) used the mouse model with WT-EBOV to reveal
that reactivation of EBOV from a state of persistent infection could be achieved by
stimulating the Ras/MAPK pathway by phorbol-12-myristate treatment. Consistent
with these findings, there is a report describing the development of meningoen-
cephalitis, along with the detection of EBOV in cerebrospinal fluid, in a patient nine
months after recovery from EVD (Jacobs et al. 2016), indicating that severe
relapses of this disease can occur in humans.

Induction of uncontrolled pro-inflammatory responses by filovirus infection in
MPS is thought to be one of the most significant drivers of the cytokine storm,
coagulation abnormalities, increased vascular permeability, and multi-organ failure.
Comparative analysis of cytokine/chemokine responses between mice infected with
MA-EBOV intraperitoneally and mice infected with MA-EBOV subcutaneously
(lethal and nonlethal infection, respectively) revealed that nonlethal subcutaneous
inoculation was associated with an attenuated inflammatory response and early
production of antiviral cytokines, particularly, IFN-a (Mahanty et al. 2003a). In a
similar line of study, hypersecretion of interleukin-1 receptor antagonist (IL-1Ra)
was associated with fatal human EBOV infection. Hence, to elucidate whether
IL-1Ra had a pathogenic or protective role in fatal EBOV infection, Hill-Batorski
et al. (2015) made use of IL-1Ra knockout mice. Their work suggests that IL-1Ra
may have a protective effect by attenuating the intense pro-inflammatory response
typically induced upon EBOV infection (Hill-Batorski et al. 2015). Additionally,
several studies have suggested that lymphocyte apoptosis is one of the major factors
underlying the immunosuppression observed in infected humans and NHPs.
Several groups of transgenic mice defective in different apoptosis pathways were
used to examine the mechanism underlying EBOV-induced lymphocyte death, and
EBOV induces multiple proapoptotic stimuli (Bradfute et al. 2010). Moreover, it
was demonstrated that there was no difference in survival after EBOV infection
between wild-type mice and transgenic mice defective in apoptotic pathways,
indicating that inhibiting lymphocyte apoptosis alone is not sufficient to improve
survival in EBOV infection.

5.4 Recombinant Inbred Mouse Models

Recently, a collaborative cross (CC) resource recombinant inbred (RI) intercrossed
(CC-RIX) mouse model with MA-EBOV was developed, which showed severe
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coagulopathy that was not evident in other conventional laboratory mouse strains,
such as BALB/c, C57BL/6, and CD-1 (Rasmussen et al. 2014). CC-RI mouse lines
were established by three generations of funnel breeding to incorporate eight mouse
founder lines, including five inbred strains (C57BL/6 J, A/J, 129S1/SvImJ,
NOD/ShiLtJ, and NZO/H1LuJ) and three wild-type-derived strains (CAST/EiJ,
PWK/PhJ, and WSB/EiJ), followed by at least 20 generations of inbred mating.
CC-RI strains derived from collaborative cross of the eight founders captures 90%
of the most common genetic diversity across members of the three major Mus
musculus subspecies, and different F1 progeny of CC-RIX strains can be created by
crossing CC-RI strains. Following MA-EBOV infection of the 8 CC-RI founders
and 47 CC-RIX lines, several distinct pathological phenotypes became evident,
classified as resistant, partially resistant, lethal with hepatitis, and lethal with
hemorrhagic fever. In CC-RIX mouse lines classified as “lethal with hemorrhagic
fever”, mice infected with MA-EBOV had severe coagulopathy with prolongation
of clotting times and late hypofibrinogemia. Transcriptomic profiling of these mice
revealed a decrease in the expression levels of the endothelial tyrosine kinases Tie1
and Tek on day 5 post-infection compared with mock-infected animals. In contrast,
“resistant” CC-RIX mice exhibited constitutively upregulated Tie1 and Tek
expression. Tie1 and Tek positively regulate the activation of coagulation factors,
and they therefore likely represent important host factors related to the hemorrhagic
fever pathogenesis of EBOV infection. Combining the phenotype characterization
and genome analysis of CC-RIX lines with filovirus infection will contribute to a
better understanding of host factors that determine susceptibility, resistance, and
activation of pathogenic processes in mice.

5.5 Humanized Mouse Model

In an effort to overcome the need to adapt filoviruses to mice, a humanized mouse
model has recently been developed (Bird et al. 2016). Humanized BLT (Hu-BLT)
mice, which are generated by engraftment of functional human macrophages,
dendritic cells, T cells, B cells, and natural killer cells in NOD.
Cg-PrkdcscidIl2rgtmlWjl/Sz (NSG) mice, are highly susceptible to intraperitoneal
WT-EBOV infection, producing a 100% lethal outcome. Hu-BLT mice infected
with WT-EBOV with dose range from 103 to 105 TCID50 per animal died
6–15 days postinfection. Virus genome titers in target organs and blood were often
greater than 107 TCID50 genome equivalents. Cellular tropism of infection and
histopathological changes in target organs were similar to those seen in other rodent
models, NHPs, and humans. Immunological assays revealed that infected Hu-BLT
mice induced extensive production of human pro-inflammatory cytokines and
chemokines from human cells, with a profile similar to the uncontrolled
pro-inflammatory responses seen in other animal models and humans. Interestingly,
since susceptibility and/or fatality of EBOV-infected Hu-BLT mice was dependent
on the donor of human hematopoietic stem cells, this mouse model may prove
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useful in elucidating human resistance factors against filovirus infection. It will also
be worth examining the susceptibility of these mice to infection with other filo-
viruses, including RESTV and MARV.

6 Guinea Pig Models of Filovirus Infection

6.1 Wild-Type Filovirus Infection in Guinea Pigs

As previously described, guinea pigs were the first rodents used as a model for the
isolation of filoviruses. Four to 10 days after inoculation with WT-MARV, guinea
pigs lost weight and showed a mild febrile illness lasting 4–6 days (Smith et al.
1967; Simpson et al. 1968). Clinical manifestations, including anorexia, loss of
excitability, diarrhea, and tufts of hair, were also observed (Ryabchikova et al.
2004). Similarly, infection with WT-EBOV produced only a febrile illness in adult
outbred Hartley guinea pigs, whereas 20% of strain 13 inbred guinea pigs died,
suggesting a higher susceptibility for the inbred animals. Although viral infection
was found in the macrophages in the liver of guinea pigs, and the titer of EBOV in
the liver was 1.1–1.3 � 105 PFU/ml on days 7–8 postinfection (Bray 2004 in
Ebola and Marburg virus), spread of the virus from macrophages to hepatocytes
was not observed (Mateo et al. 2011). The prominent histopathological feature in
WT-EBOV-infected guinea pigs was the granuloma-like inflammatory foci, which
were composed of monocytes/macrophages, in the liver (Ryabchikova et al. 1996).
Widespread depletion of the lymphoid tissues and necrotic liver cells were also seen
in guinea pigs infected with wild-type filoviruses.

6.2 Guinea Pig-Adapted Ebolaviruses

While wild-type filoviruses cause only transient febrile illness or partial lethality (in
strain 13 guinea pigs), they acquired the ability to cause uniformly lethal infection in
strain 13 inbred (Connolly et al. 1999; Bray et al. 2001b) and outbred Hartley guinea
pigs as a consequence of serial passage in guinea pigs (Subbotina et al. 2010; Cross
et al. 2015a; Cheresiz et al. 2016). Several guinea pig-adapted lethal viruses based on
EBOV-Mayinga were generated (Fig. 1): GPA-EBOV8mc (Volchkov et al. 2000),
GPA-EBOVP7 (Subbotina et al. 2010), GPA-EBOVUSAMRIID (Connolly et al. 1999),
and GPA-EBOVUTMB (Cross et al. 2015a). Guinea pigs infected with these viruses
became febrile 4–7 days postinfection and died on days 8–12 (Connolly et al. 1999;
Bray et al. 2001b; Subbotina et al. 2010; Cross et al. 2015a). Notably although
GPA-EBOV is highly adapted to guinea pigs, it did result in the lethal infection of a
human following a laboratory accident, indicating that this virus retains virulence in
humans (Table 1). Similarly, hamadryas baboons (Papio hamadryas) infected with
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GPA-EBOV succumbed to an illness that displayed the clinical hallmarks of EVD,
including coagulation abnormalities and increased serum concentrations of TNF-a
and IFN-a at late stage of infection (Ignatiev et al. 2000).

Studies by Connolly et al. (1999) and Cross et al. (2015a) with
GPA-EBOVUSAMRIID and GPA-EBOVUTMB have provided thorough characteri-
zations of GPA-EBOV pathogenesis in inbred strain 13 and outbred Hartley guinea
pigs, respectively. Accordingly, we have based the majority of the following dis-
cussion on these two studies. In general, both inbred and outbred guinea pigs
displayed similar clinical disease signs and pathological changes following infec-
tion with GPA-EBOV. Visible signs of hemorrhage were not usually observed,
although some animals showed locally extensive hemorrhages in subcutaneous
tissues of the distal limb and serosal hemorrhages in the stomach and other internal
organs (Cross et al. 2015a). Viremia was seen within two days after inoculation and
reached a peak on day 7, with values greater than 104 pfu/ml (Connolly et al. 1999;
Jahrling et al. 1999; Subbotina et al. 2010; Cross et al. 2015a). High virus titers—
approximately 105 pfu/g—were recorded in various tissues, including the spleen,
liver, adrenal glands, lungs, pancreas, and kidneys.

In the liver, a number of infected Kupffer cells were detected beginning
1–2 days post-infection, followed by the detection of viral antigen in hepatocytes
on day 3. Apoptotic hepatocytes and eosinophilic, intracytoplasmic viral inclusion
bodies were detected from day 4 postinfection until the terminal stage of infection.
Prominent histopathological changes in the liver during the middle to late stages of
infection included progressive hepatocellular vacuolation, degeneration/necrosis,
and sinusoidal leukocytosis. In the spleen, viral antigen was detected in mononu-
clear cells within the red pulp beginning one day post-infection. On day 3
postinfection, the number of antigen-positive mononuclear cells peaked within the
red and white pulp. Beginning on day 4 postinfection and continuing to the terminal
stage of disease, all infected animals displayed progressive lymphocyte depletion
within the white pulp with a concomitant increase in macrophages containing
phagocytosed apoptotic cells (known as tingible body macrophages). Within the
splenic germinal centers, increasing numbers of apoptotic cells, which were mostly
lymphocytes and cells of the MPS, were detected by TUNEL staining and peaked
on day 5 postinfection. Extensive apoptosis in the spleen most likely contributed to
lymphoid depletion and necrosis of the splenic follicles. Ultrastructurally, the red
pulp and marginal zones of the spleen contained large fibrin deposits. Fibrin
deposition was also prevalent in the sinusoids and in the subendothelial spaces of
the liver where it was intermixed with virions and cellular debris (Connolly et al.
1999). In other lymphoid tissues, lymphocyte degeneration, and necrosis were
observed in the mandibular lymph node and hemorrhagic lesions were observed in
the subcapsular and medullary sinuses in inguinal lymph nodes. In addition, cortical
medullary hemorrhage with cortical necrosis in the adrenal glands and interstitial
pneumonia in the lungs were also observed.

Guinea pigs infected with GPA-EBOV showed developing leukocytosis due to
an increasing neurotrophilia. As seen in other animal models, lymphopenia was
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remarkable in guinea pig models: lymphocyte counts declined from 7.5 � 103

cells/mm3 on day 1 to 2.3 � 103 cells/mm3 on day 9 postinfection. There was
progressive and striking thrombocytopenia as pre-infection mean platelet counts
declined from 500,000/ll to 50,000/ll on day 7 (Connolly et al. 1999). Elevations
of blood urea nitrogen (BUN) and some serum enzymes, such as AST, ALT, and
lactic acid dehydrogenase were observed in the late phase of disease. At late stages
of infection, animals also showed signs of severe coagulation abnormalities, rep-
resented by prolongation of clotting factor times (PT and aPTT) and decreased
protein C activity, as well as elevation of inflammatory mediators, such as TNF-a,
IL-6, nitric oxide, and high-mobility group B1 (HMGB-1) in the serum (Cross et al.
2015a). Increased concentrations of von Willebrand factor were also detected at the
late stage of disease. Moreover, concentrations of plasminogen activator inhibitor 1
was elevated and transiently spiked on day 4 postinfection. Notably, in the early
stages of infection, tissue factor levels were also transiently increased, a phe-
nomenon common to EBOV-infected NHPs and thought to be a key factor con-
tributing to coagulation abnormalities (Geisbert et al. 2003c).

Interestingly, intraperitoneal infection of adult inbred strain 2 and 13 guinea pigs
with MA-EBOV produced a lethal infection that was almost identical to that
observed following infection with GPA-EBOV (Bray et al. 2001b). Infected guinea
pigs began to lose weight 4–5 days postinfection, and they died on days 8–9, with
viremic titers higher than those observed in guinea pigs infected with GPA-EBOV.
Similar to guinea pigs infected with GPA-EBOV, but unlike mice infected with
MA-EBOV, guinea pigs infected with MA-EBOV had prolonged clotting times
throughout the course of disease (Bray et al. 2001b). It is also worth noting that, in
contrast to the mouse model with MA-EBOV, subcutaneous inoculation of guinea
pigs with MA-EBOV produced lethal infection, albeit with slower disease pro-
gression than guinea pigs infected intraperitoneally.

Most recently, a guinea pig model of lethal SUDV infection was developed
based on SUDV-Boniface (Wong et al. 2015). Twenty-five serial passages in 6–
8 week-old Hartley guinea pigs were required for the generation of GPA-SUDV,
which caused 100% lethality in infected animals. Infected animals started losing
weight on day 5 post-infection and died between days 9 and 14. The LD50 value
was determined to be 5.3 � 10−2 TCID50/animal. Guinea pigs infected intraperi-
toneally with a dose of 1000 LD50 had lymphocytopenia and thrombocytopenia as
well as prolonged PT and aPTT, similar to what is seen in guinea pigs infected with
GPA-EBOV. In addition, pathological changes in multiple organs during infection
with GPA-SUDV were suggested based on the increased serum concentrations of
albumin, alkaline phosphatase (ALP), ALT, blood urea nitrogen, creatinine, and
globulin at the late and terminal stages of infection (10–11 days post-infection).
The peak virus RNA titer in the liver, spleen, and blood reached approximately 106

genome equivalents/g or ml on day 5 when the animal started losing weight.
Pathological findings were similar to the those found in guinea pigs infected with
GPA-EBOV, and were described as multifocal necrotizing hepatitis and neutrophil
infiltration in the liver and extensive neutrophil infiltration in the red pulp and
multifocal cellular necrosis in the spleen.
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Notably, Dowall et al. recently reported a catheterized guinea pig model of
EBOV infection and demonstrated its usefulness for sequential blood sampling
from the same group of animals (Dowall et al. 2013). Accordingly, this model will
be valuable in assessing the hematological and biochemical changes that occur in
filovirus-infected animals, because of its advantage of being able to track same
group of animals being studied.

6.3 Guinea Pig-Adapted Marburgviruses

To date, GPA-RAVV and several GPA-MARV viruses (based on isolates Ci67 and
Musoke and variant Angola) have been established by sequential passages of the
viruses in either outbred Hartley or inbred strain 13 guinea pigs (Fig. 2). Following
the original outbreak of MVD in 1967, attempts to adapt MARV in guinea pigs led to
a 1–3 days decrease of the incubation period and development of a more severe
disease (Simpson et al. 1968). It was reported that, by the 8th passage, all infected
guinea pigs died on days 7–9, and their temperatures in the febrile stages often
reached 41.1 °C (Smith et al. 1967; Simpson et al. 1968). Clinical signs in the
animals also included bloated face and loss of appetite and weight. Since then,
several guinea pig-adapted marburgviruses have been developed and used frequently
as challenge viruses for examining the efficacy of potential vaccines (Hevey et al.
1997, 1998, 2001). Historically, detailed pathogenesis studies of the
GPA-MARV/RAVV guinea pig model were not conducted, owing mainly to the
lack of available reagents and tools, such as antibodies, quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) assays, and enzyme-linked
immunosorbent assays (ELISA). However, recent work by Cross et al. (2015b) has
characterized and compared the pathogenesis of GPA-RAVVUTMB and
GPA-MARV-Angola infections in outbred guinea pigs, providing valuable infor-
mation and a better understanding of the pathogenesis and disease progression of
MARV infection in the guinea pig model.

A striking feature of GPA-MARV-infected guinea pigs is splenomegaly, with
the spleen becoming enlarged up to three times its normal size. Lymphoid depletion
and the appearance of lymphoblasts were also observed. Macroscopic abnormalities
were also significant in the liver, which became soft and mottled light yellow to
reddish brown in color (Smith et al. 1967; Simpson et al. 1968). Microscopically,
disseminated single-cell and group necrosis of the liver with slight inflammation,
early proliferation of Kupffer cells, and a marked fatty degeneration were observed
(Korb and Slenczka 1971 in Marburg Virus Disease). Fibrinoid thrombi were
deposited inside the sinusoids and Kupffer cells were enlarged. In the most recent
study with GPA-RAVV and GPA-MARV-Angola, viremia was detected 3 days
post-infection for both viruses, with similar titers. Peak viremia titers of
GPA-MARV-Angola reached approximately 7.9 log10 PFU/ml by day 7 postin-
fection, which was about a log higher than the peak viremia titer of GPA-RAVV
infection detected at terminal time points. Beginning on day 3 postinfection, virus
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replication was detected in various target organs, including the spleen, liver, pan-
creas, adrenal gland, kidney, and plasma from both GPA-MARV-Angola and
GPA-RAVV-infected animals, with similar growth kinetics between the two
viruses. Histopathology and immunohistochemistry demonstrated that viral
antigen-positive cells were most apparent by day 3 postinfection, with the severity
of the lesions and affected areas increasing over the duration of disease. In the liver,
Kupffer cells and hepatocytes were early and major targets for infection, similar to
GPA-EBOV infections. Progressive hepatocellular vacuolation, degeneration/
necrosis with mineralization, and sinusoidal leukocytosis were observed from day
7 postinfection until the terminal stage of disease. In the spleen, GPA-MARV-
Angola-infected animals had more extensive and scattered antigen-positive
mononuclear cells than observed in GPA-RAVV-infected animals. From day 3
postinfection until the terminal stage of disease, progressive lymphocyte depletion
with tingible body macrophages, hemorrhage, and fibrin deposition within the white
pulp were observed in animals infected with both viruses. The numbers of apoptotic
lymphocytes and cells of the MPS increased over time within the splenic germinal
centers in GPA-RAVV and GPA-MARV-Angola-infected animals, as detected by
TUNEL staining. Fibrin aggregates within vessels, along with the endothelium, and
clusters that disperse into the adjacent red and white pulp were present only in
guinea pigs infected with GPA-MARV-Angola. Lymphocyte depletion was
observed in mandibular, axillary, and inguinal lymph nodes. In the late stage of
infection, interstitial pneumonia with antigen-positive alveolar macrophages in the
lung and hemorrhage at the corticomedullary junction with viral positive cells were
also observed for both virus infections. Guinea pigs infected with GPA-RAVV or
GPA-MARV-Angola developed leukocytosis due to an increasing neurotrophilia,
lymphocytopenia, and thrombocytopenia, as seen in other animal models, including
the EBOV guinea pig model. Elevations of some serum enzymes, such as AST,
ALT, and ALP were observed in the late phase of disease for both the GPA-RAVV
and GPA-MARV-Angola-infected animals.

The original studies in 1968 had already indicated evidence of severe coagu-
lopathy in guinea pigs infected with MARV (Smith et al. 1967; Simpson et al.
1968). The concentrations of a number of clotting factors, as well as the throm-
bocyte count, dramatically decreased, and prolongation of thromboplastin time
(PTT) was observed (Egbring et al. 1971 in Marburg Virus disease). The more
recent study by Cross et al. (2015b) also demonstrated marked prolongation of
clotting times (PT and aPTT) and increased levels of plasminogen activator inhi-
bitor 1 and von Willebrand factor in both GPA-RAVV and GPA-MARV-
Angola-infected animals at the late stage of disease. Conversely, circulating protein
C activity and tissue factor concentrations progressively decreased until the time of
death. Notably, the kinetics of tissue factor circulation differ between guinea pigs
infected with GPA-EBOV and GPA-RAVV/MARV, mirroring similar differences
observed in NHP infection with WT-EBOV and WT-MARV and suggesting that
this protein plays a different role in the coagulopathy associated with these two
filoviruses. Overall, these observations strongly suggest that both GPA-RAVV and
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GPA-MARV-Angola infections lead to severe coagulation abnormalities in infected
guinea pigs. In addition, activation of the kinin–kallikrein system, which regulates
inflammation and coagulation, and perturbation of the fibrinolysis pathway were
also observed, as evidenced by a depression in the metabolism of bradykinin,
prekallikrein, and thrombin-activated fibrinolysis inhibitor (TAFI). Interestingly,
GPA-RAVV-infected animals exhibited markedly increased TAFI concentrations
3 days postinfection, whereas GPA-MARV-Angola-infected animals did not
exhibit increased TAFI concentrations by the late stage of infection. Furthermore,
serum concentrations of inflammatory mediators, including TNF-a, IL-6, nitric
oxide, and HMGB-1, increased during the late stages of infection. Moreover, in
GPA-RAVV-infected animals, an earlier and marked increased in expression of
HMGB-1 in Kupffer cells and hepatocytes was detected compared with
GPA-MARV-Angola-infected animals and mock-infected animals. Intriguingly,
HMGB-1 concentrations are increased in patients with severe cases of
Crimean-Congo hemorrhagic fever and hemorrhagic fever with renal syndrome
(Resman Rus et al. 2016). Thus, the pathobiological significance of these biological
markers, including TAFI and HMGB-1, in filovirus disease in guinea pigs warrants
further investigation.

7 Syrian Golden Hamster Models of Filovirus Infection

7.1 The Hamster Model with Mouse-Adapted Ebola Virus

As is the case for mice and outbred guinea pigs, adult hamsters are resistant to
wild-type filovirus infection and do not develop illness upon virus inoculation
(Simpson et al. 1969; Zlotnik and Simpson 1969; Ebihara et al. 2013). Accordingly,
a Syrian golden hamster model of EBOV was established by infection of
6-week-old hamsters with MA-EBOV (Ebihara et al. 2013). Hamsters intraperi-
toneally inoculated with MA-EBOV (Bray et al. 1999) developed signs of disease,
such as ruffled fur and decreased activity, beginning on day 3 postinfection, and all
animals died by days 4 and 5 (Ebihara et al. 2013). Viremia was detected on day 2
and reached approximately 108 ffu/ml by day 4. Virus replication was also sys-
temic, with high virus titers detected in the spleen, liver, kidneys, heart, lungs, and
brain. As with the mouse model, subcutaneous inoculation with MA-EBOV did not
cause visible illness in hamsters.

In infected hamsters, rapid and increased distribution of viral antigen was
immunohistochemically observed in the spleen and liver, the main target organs for
infection (Ebihara et al. 2013). In the spleen, virus mainly replicated in macro-
phages and marginal reticular-like cells in the red pulp and marginal zone. In the
liver, Kupffer cells were the first target cells for both WT-EBOV and MA-EBOV,
which then spread to hepatocytes starting at day 2 postinfection. Conversely, only a
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few antigen-positive hepatocytes were detected in WT-EBOV-infected hamsters,
even after 4 days postinfection. Virus replication was also observed in MPS cells in
the mesenteric lymph node, accompanied with inflammation represented by histi-
ocytosis and neutrophilia. Extensive lymphocytolysis induced by apoptosis was
also observed in the mesenteric lymph node, as well as the spleen. In the liver,
hepatitis associated with hemorrhage and fibrin deposition was shown in ill
hamsters.

The most important feature of the hamster model of EBOV infection is severe
coagulopathy, which is a hallmark of filovirus infection but typically absent in other
rodent models. MA-EBOV-infected hamsters had significantly prolonged PT,
aPTT, and TT during the late stage of infection (Ebihara et al. 2013).
Concentrations of plasma fibrinogen increased and peaked on day 4 postinfection,
and suddenly dropped below normal levels prior to death. Other factors, including
thrombocytopenia and decreased protein C concentrations, were also observed in
the infected hamsters. Moreover, in contrast to WT-EBOV, MA-EBOV infection
induced the expression of a number of cytokine/chemokine genes, including IL-1b,
IL-6, TNF-a, IL-12p35, IP-10, and IL-10 in the spleen and liver. In the blood of
terminal MA-EBOV-infected hamsters, intense elevation of cytokine/chemokine
gene expression was observed, indicating an uncontrolled immune response in
moribund animals. In contrast, the type I IFN response—represented by STAT1,
PKR, and Mx2 gene expression—was severely impaired at the early stage of
infection in target organs of MA-EBOV-infected hamsters, likely contributing to
the efficient replication of this virus. Conversely, intense upregulation of these type
I IFN related genes was detected in hamsters infected with WT-EBOV. Together,
these data suggest that acquisition of the ability to evade the host type I IFN
response in may be one of the mechanisms for adaptation in hamsters.

7.2 The Hamster Model with Marburg Virus

Although a recent model has yet to be established for MARV infection of hamsters,
historical work offers some insight into the pathogenesis of this virus in hamsters.
Zlotnik (1971 in Marburg Virus Disease) demonstrated that only suckling hamsters
were susceptible to WT-MARV infection by either intracerebral or intraperitoneal
inoculation, although only 40–80% of infected animals developed disease.
Inoculation of hamsters with MARV that had been passaged nine times through
suckling hamsters caused lethal infection in 90% of 5–6 week-old hamsters.
Pathological findings in organs of infected hamsters were basically similar to those
demonstrated in other animal models, but encephalitis, which was observed in
hamsters after intracerebral inoculation, was a characteristic feature of this model
(Simpson et al. 1969; Zlotnik and Simpson 1969).
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8 Comparison Between Rodent and NHP Models

As is the case with humans, NHPs (e.g., cynomolgus macaques, rhesus macaques,
grivets (African green monkeys), hamadryas baboons) are susceptible to lethal ill-
ness following inoculation with wild-type filoviruses isolated from human patients,
without any process of adaptation. Although the viral strain, dose, route, and species
of NHP appears to influence the severity of disease, the clinical signs, and
pathological/hematological features observed in NHPs experimentally infected with
filoviruses are quite similar to those of patients with filoviral hemorrhagic fever.
Therefore, the NHP model is recognized as the “gold standard” for studying filovirus
pathogenesis and for evaluating the efficacy of medical countermeasures (Table 1).

Despite the fact that serial passaging of wild-type filoviruses in rodents has
resulted in the successful establishment of lethal rodent-adapted strains, some
aspects of the pathogenic findings in rodent models are still different from those of
NHP models. Route-dependent inoculation susceptibility is not observed in guinea
pigs and NHPs, but it is seen in mice and hamsters (Table 1). Whereas guinea pigs
and NHPs develop severe or lethal illness following inoculation of adapted (GPs) or
unadapted (NHPs) by any route, including intraperitoneal, subcutaneous, and
aerosol routes, mice and hamsters do not develop symptomatic disease after sub-
cutaneous inoculation of MA-EBOV. Other than SCID mice, which developed a
prolonged illness, the progression of disease is nearly identical between rodents and
NHPs: infected animals become acutely ill around days 3–7 postinfection, show
weight loss, anorexia, and decreased activity, and die around day 7 (Bray et al.
1999, 2001b; Connolly et al. 1999; Subbotina et al. 2010; Hensley et al. 2011;
Ebihara et al. 2013). Pyrexia, an important clinical sign of disease in NHPs, is
observed in guinea pigs but not in mice. While maculopapular skin rashes appear on
the forehead, fore and hind limbs, and chest in macaques on days 4–6 postinfection,
none of the rodent models exhibit such a rash. Obvious and extensive hemorrhagic
manifestations are usually seen consistently only in NHP models, although sporadic
instances of hemorrhage are observed in infected mice, guinea pigs, and hamsters
(Table 2) (Wahl-Jensen et al. 2012). Viremia is detectable within 2–3 days after
infection in all animal models. The maximum virus titer in the blood of terminal
mice and hamsters is approximately 108 pfu/ml, similar to that in macaques
(Jahrling et al. 1999; Jones et al. 2005; Geisbert et al. 2008; Hensley et al. 2011),
whereas guinea pig models tend to display lower viremic and organ virus titers
(Table 2). Target organs and cells are the same among all animal models, with the
main target organs being the spleen and liver, although viral replication is observed
systemically (e.g., lymph node, kidney, adrenal, lung, brain) (Jahrling et al. 1999;
Geisbert et al. 2008). The cells of the MPS, such as monocytes, macrophages, and
dendritic cells in the lymph nodes and spleen, are the primary and preferred
replication sites of both the wild-type virus in macaques and the adapted viruses in
rodents. Viral antigen is also detected in Kupffer cells and cells lining the sinusoids
in the liver during the early stages of infection, followed by detection mainly in
hepatocytes during later stages. Pathological changes, including inflammatory cell
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infiltration and parenchymal cell necrosis, in lymphoid organs and the liver are
similar among all animal models. Fibrin deposition in tissues is observed in guinea
pigs and hamsters, but not as marked as that shown in NHPs, and it is infrequently
seen in mice (Table 2).

Table 2 Comparison of clinical and pathological features in different animal models of Ebola
virus infectiona–j

NHPa,b,j Guinea pigc,d,e,j Hamsterf,j Mouseg,h,i,j

Average time to death 6–8 days 5–12 days 4–5 days 4–7 days

First detection of viremia (mean titrek) Day 3 (2.5–
3.5)

Day 2 (1.6–3.0) Day 2 (3.5) Day 1 (1.5)

Mean peak viremia titrek (day pi) 6.0–8.0
(Day 6)

5.2 (Day 3–7) >7.0 (Day 5) >7.5 (Day
3)

Spleen pathology

Lymphoid depletion, necrosis, and
apoptosis

Diffuse,
severe

Diffuse, severe Diffuse, moderate
to severe

Multifocal,
mild

Inflammatory lesions Neutrophlic Neutrophlic Neutrophlic Neutrophlic

Mean peak virus titrek (day pi) >8.0 (day
5)a

6.4 (day 9)c

3.7 (day 3)d
>7.0 (day 5) >8.0 (day 3)

Liver pathology

Hepatocellular degeneration and
necrosis

Diffuse,
random

Diffuse, random Diffuse, midzonal Diffuse,
random

Inflammatory lesions Neutrophilic Neutrophilic and
histiocytic

Neutrophilic Neutrophilic

Mean peak virus titrek (day pi) >8.0 (day
5)a

4.3–5.5 (day 8–9) >6.5 (day 5) >8.0 (day 5)

Coagulopathy

Prolonged PT ++ ++/+++d,f ++ −

Prolonged aPTT +++ ++d,f +++ −

Prolonged TT ++ −d,f ++ ND

Late hypofibinogenemia +++ −/+d,f +++ −/+

Decreased protein C activity % ++ + ++ +

D-dimer detection yes ND ND ND

Thrombocytopenia ++ ++ ++ ++

Tissue factor detection + +d ND ND

Fibrin deposition in spleen and liver +++ ++ + +

Hemorrhagic manifestations

Rash ++ − − −

Other hemorrhage (internal and
subcutaneous tissues)

++ ++ ++ +

aGeisbert et al. (2003a): cynomolgus macaques infected with WT-EBOV (dose: 1000 pfu/animal)
bEbihara et al. (2011): rhesus macaques infected with WT-EBOV (dose: 1000 pfu/animal)
cConnolly et al. (1999): inbred strain 13 guinea pigs infected with GPA-EBOVUSAMRIID (dose: 103.8 pfu/animal)
dCross et al. (2015a): outbred Hartley guinea pigs infected with GPA-EBOVUTMB (dose: 5000 pfu/animal)
eCheresiz et al. (2016): outbred Hartley guinea pigs infected with several GPA-EBOV strains including 8 mc (dose: not
available)
fEbihara et al. (2013): Syrian golden hamsters infected with MA-EBOV (dose: 1000 pfu/animal)
gBray et al. (1999): inbred BALB/c, C57BL/6, and outbred ICR (CD-1) mice infected with MA-EBOV (dose: 1–300
pfu/animal)
hBray et al. (2001b): BALB/c mice infected with MA-EBOV (dose: 100 pfu/animal)
iGibb et al. (2001): BALB/c mice infected with MA-EBOV (dose: 100 pfu/animal)
jWahl-Jensen et al. (2012): Comparative review of clinical and pathological changes in EBOV animal models
kLog10 plaque-forming units (focus-forming units)/ml
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During filovirus infection, NHP models exhibit overt coagulopathy indicated by
prolongation of PT, aPTT and TT, as well as thrombocytopenia, increased fib-
rinogen and D-dimer concentrations, and decreased protein C activity (Geisbert
et al. 2007; Hensley et al. 2011). In contrast, mice infected with MA-EBOV do not
consistently display coagulation abnormalities. Compared to mice, guinea pigs had
coagulopathy but no hypofibinogenemia was observed, which is in contrast to what
is observed in NHPs and hamsters (Wahl-Jensen et al. 2012). Notably, the course of
coagulopathy in hamsters resembles that seen in macaques, indicating the adequacy
of this model for studying filovirus disease (Table 2). Massive expression of a
number of inflammatory cytokines and chemokines—another hallmark of filovirus
disease in humans and NHPs—has been demonstrated in infected mice (Mahanty
et al. 2003a), guinea pigs (Cross et al. 2015a, b) and hamsters by monitoring innate
immunological gene expressions using qRT-PCR (Ebihara et al. 2013).

9 Genomic Analysis

To identify the molecular determinants and mechanisms of filovirus adaptation and
the acquisition of virulence in rodent models, reverse genetics has been used to
generate and characterize a variety of recombinant viruses containing various
subsets of the mutations found in rodent-adapted filoviruses. In the case of EBOV,
comparative genomic analysis between WT-EBOV-Mayinga (GenBank accession
number AF086833), MA-EBOV (GenBank accession number AF499101) (Bray
et al. 1999), GPA-EBOV8mc (Genbank accession number AF272001) (Volchkov
et al. 2000), GPA-EBOVP7 (Genbank accession number EU224440) (Subbotina
et al. 2010), and GPA-EBOVUTMB (Cross et al. 2015a GenBank accession # is not
available) revealed the presence of 9 to 19 nucleotide substitutions among the
rodent-adapted EBOV variants (Volchkov et al. 2000; Ebihara et al. 2006;
Subbotina et al. 2010; Cross et al. 2015a). Notably, almost all of the amino acid
changes in these viruses are found in NP and VP24, suggesting important roles for
these proteins in the acquisition of virulence in mice and guinea pigs, although the
exact sites of the mutations in GPA-EBOV differ from those in MA-EBOV (Fig. 1)
(Banadyga et al. 2016). For MA-EBOV, studies using reverse genetics demon-
strated that the amino acid mutations in NP (S72G) and VP24 (T50I) were primarily
responsible for the acquisition of virulence in mice, although all of the other
mutations contributed to some extent to the virulence (Ebihara et al. 2006). Further
analysis demonstrated that this recombinant virus grew to higher titers compared to
WT-EBOV in IFN-stimulated mouse macrophages, suggesting that NP and VP24
play an important role in counteracting the IFN-mediated antiviral state. VP24 is
known to function as an IFN antagonist by binding karyopherin-a1, 5, and 6 and
blocking nuclear accumulation of STAT1. However, Reid et al. (2007) showed that
there was no difference in the ability of wild-type or mouse-adapted VP24 to inhibit
STAT1 nuclear translocation in human or mouse fibroblasts (NIH3T3 cells).
Although it remains unclear how NP is involved in the mouse adaptation process,
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the interaction of NP with VP24 in the efficient formation of nucleocapsids in target
cells (macrophages) might be critical. Indeed, for GPA-EBOV8mc, a reverse
genetics approach revealed that the three amino acid mutations in VP24 (M71I,
L147P, and T187I) were the minimum requirements for a fully virulent phenotype
in guinea pigs. VP24 derived from both WT-EBOV and GPA-EBOV8mc showed
similar abilities to inhibit the IFN response in human and guinea pig cell lines,
suggesting that the mechanism of EBOV adaptation to guinea pigs is not linked to
evasion of the type I IFN response. Instead, evidence suggests that the guinea pig
adaptation of EBOV is linked to an enhancement of viral replication in target cells.
Recombinant EBOV possessing the three guinea pig-adapted mutations in VP24
was better able to replicate and form viral inclusion bodies in guinea pig primary
macrophages than WT-EBOV. Interestingly, GPA-EBOV8mc and GPA-EBOVP7

share two identical amino acid substitutions in VP24 (M71I and L147P), strongly
implying that this protein is critical to guinea pig adaptation of EBOV.

For GPA-SUDV, full-length sequence determination revealed 16 nucleotide
substitutions, of which six resulted in amino acid changes: one in VP35, one in
VP40, three in GP, and one in VP24. The effects of these nucleotide/amino acid
changes on SUDV virulence in guinea pigs remain to be elucidated.

Genome sequence information has so far been made available for eight
rodent-adapted marburgviruses: MA-RAVV (GenBank accession number
EU500826), MA-MARV-Ci67 (Genbank accession GQ433351), MA-MARV-
Angola (GenBank accession number KM2611523), GPA-MARV-Musoke
(GenBank accession number AY430365), GPA-MARV-Ci67 (GenBank accession
number AY430365), GPA-MARV-Angola (GenBank accession number
DQ447653.1), GPA-RAVVUSAMRIID (GenBank accession number EF446131), and
GPA-RAVVUTMB (Hevey et al. 1997; Lofts et al. 2007, 2011; Cross et al. 2015a;
Banadyga et al. 2016). Notably, all rodent-adapted MARV and RAVV variants
possess amino acid substitutions in VP40, which is known to play an important role in
virus particle assembly and budding, as well as transcription regulation and IFN
signaling antagonism (Fig. 2). In contrast to EBOV,which uses VP24 to inhibit type I
IFN signaling, MARV and RAVV VP40 inhibits type I IFN signaling by targeting
janus kinase 1 (JAK1), an upstream signaling molecule in the IFN response cascade
(Valmas et al. 2010). Interestingly, some of the mutations in MA-RAVV and
MA-MARV-Ci67VP40 have been shown to confer the ability to inhibit IFN signaling
in mouse cells and alter the susceptibility of VP40 to human but not murine tetherin
(Valmas et al. 2011; Feagins and Basler 2014; Feagins et al. 2015). Together, these
data suggest the host innate/antiviral response represents a barrier to marburgvirus
infection in rodents that can be overcome by amino acid changes in VP40. Another
significant amino acid substitution is D184 N in VP40, which is found in all
mouse-adapted RAVV and MARV viruses, as well as GPA-MARV-Musoke and
GPA-MARV-Ci67. This mutation has no effect on the ability of VP40 to inhibit the
IFN response in either guinea pig or human cells—instead it contributes to the
enhancement of VP40’s role as the viral matrix protein by improving viral budding
and viral RNA synthesis. Indeed, reverse genetics studies demonstrated that MARV
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containing only the D184 N substitution in VP40 outgrowsWT-MARV in guinea pig
cells (Koehler et al. 2015). The roles of other rodent-adapted mutations in NP, VP35,
GP, VP30, VP24, and L remain to be elucidated.

10 Future Perspectives

Rodent models are invaluable basic research tools for better understanding filovirus
pathogenesis. In particular, the combination of rodent models and filovirus reverse
genetics systems has been, and will continue to be, a very powerful research
strategy for elucidating the molecular basis of filovirus replication and pathogenesis
in vivo. Indeed, this approach has already been applied to identify the molecular
determinants responsible for adaptation and virulence acquisition in a number of
rodent-adapted filoviruses. Understanding the molecular mechanisms that underlie
filovirus rodent adaptation has provided valuable insight into the roles that viral
proteins play in pathogenic processes in vivo, which is a crucial to understanding
how filoviruses cause such a unique, complicated, and devastating hemorrhagic
fever syndrome. For instance, during filovirus adaptation in rodents, viruses gain
the ability to (i) replicate in target cells/tissues, (ii) evade the host type I
IFN-mediated antiviral response, (iii) decrease the local inflammatory response, and
(iv) induce uncontrolled systemic inflammatory responses, all of which contribute
to filovirus disease pathogenesis. It is noteworthy that MA-EBOV appeared to be
less virulent for NHPs than WT-EBOV, as 2 of 3 animals survived infection (Bray
et al. 2001b). The identification of the specific attenuating mutations, in addition to
adaptive mutations, will also provide important information for understanding the
pathogenicity of filoviruses.

Reverse genetics systems for rodent-adapted filoviruses will also allow us to
further elucidate the functions of viral proteins in vivo in a way that would not
otherwise be possible. Before reverse genetics systems for the generation of
rodent-adapted filoviruses were available, the role of viral proteins and their
functional motifs in viral replication and pathogenicity could not be easily deter-
mined in infected animals, with studies having to rely on NHPs or immunodeficient
mice. However, the use of recombinant rodent-adapted EBOV mutants has enabled
unprecedented investigations into viral protein functions and pathogenic processes.
For example, using MA-EBOV and GPA-EBOV, it was demonstrated that dis-
ruption of the interferon inhibitory domain of VP35 rendered the virus completely
attenuated in mice and guinea pigs (Hartman et al. 2008; Prins et al. 2010).
Additionally, recombinant GPA-EBOV mutants that do not express sGP were used
to elucidate the role of this protein in pathogenesis in guinea pigs (Hoenen et al.
2015; Volchkova et al. 2015). Indeed, the availability of rodent-adapted filovirus
reverse genetics will improve our ability to understand viral protein function and
the molecular processes leading to filoviral hemorrhagic fever.

Numerous small animal models have been developed for use in filovirus
research. The use of recently developed humanized and CC-RIX mouse models
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(Bird et al. 2016; Rasmussen et al. 2014) will be able to shed more light on how
genetic and immunological backgrounds contribute to resistance of filovirus
infection and recovery from disease—invaluable information for the development
of effective therapeutic schemes. Moreover, lethal ferret models for BDBV, SUDV,
and EBOV infection using nonadapted viruses (Cross et al. 2016) may offer a
convenient alternative to the NHP model (Table 1). In summary, filovirus rodent
models will continue to promote basic as well as translational research, contributing
to a more detailed and better molecular understanding of filovirus virulence and
host responses that will be crucial to improving our ability to control infections and
future outbreaks.
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Abstract The Ebola virus disease outbreak that began in Western Africa in
December 2013 was unprecedented in both scope and spread, and the global
response was slower and less coherent than was optimal given the scale and pace of
the epidemic. Past experience with limited localized outbreaks, lack of licensed
medical countermeasures, reluctance by first responders to direct scarce resources to
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clinical research, community resistance to outside interventions, and lack of local
infrastructure were among the factors delaying clinical research during the outbreak.
Despite these hurdles, the global health community succeeded in accelerating Ebola
virus vaccine development, in a 5-month interval initiating phase I trials in humans
in September 2014 and initiating phase II/III trails in February 2015. Each of the
three Ebola virus disease-affected countries, Sierra Leone, Guinea, and Liberia,
conducted a phase II/III Ebola virus vaccine trial. Only one of these trials evaluating
recombinant vesicular stomatitis virus expressing Ebola virus glycoprotein
demonstrated vaccine efficacy using an innovative mobile ring vaccination trial
design based on a ring vaccination strategy responsible for eradicating smallpox that
reached areas of new outbreaks. Thoughtful and intensive community engagement
in each country enabled the critical community partnership and acceptance of the
phase II/III in each country. Due to the delayed clinical trial initiation, relative to the
epidemiologic peak of the outbreak in the three countries, vaccine interventions may
or may not have played a major role in bringing the epidemic under control. Having
demonstrated that clinical trials can be performed during a large outbreak, the global
research community can now build on the experience to implement trials more
rapidly and efficiently in future outbreaks. Incorporating clinical research needs into
planning for future health emergencies and understanding what kind of trial designs
is needed for reliable results in an epidemic of limited duration should improve
global response to future infectious disease outbreaks.
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1 Introduction

Prior to 2014 Ebola virus disease (EVD) outbreak, EVD outbreaks occurred pri-
marily in rural Central Africa, involved less than 500 persons, and were brought
under control through infection control practices. When an EVD outbreak began in
the Guéckédou prefecture, Guinea, in late 2013 (Baize et al. 2014; Dudas et al.
2017), the outbreak was not identified for several months (World Health
Organization 2014a). By the time the initial EVD cases were confirmed in March
2014 (Nyenswah et al. 2014), cases had spread across local and national borders
and into urban centers, ultimately leading to sustained urban person-to-person
transmission in Liberia, Sierra Leone, and Guinea, with importation into Senegal
and Mali, Nigeria, Europe, and the US (Bray and Chertow DS 2016; World Health
Organization 2015b). When the World Health Organization (WHO) declared a
public health emergency of international concern (PHEIC) on August 8, 2014, the
weekly incidence already exceeded over 500 EVD cases per week in the three most
affected countries—Liberia, Guinea, and Sierra Leone—sparking fears of EVD
around the world (World Health Organization 2014d). The 2014–2016 West
African EVD outbreak ultimately resulted in over 28,000 cases and 11,000 deaths
(World Health Organization 2016a).

Before the West African EVD outbreak, the need for clinical research during an
international emerging infectious disease emergency was neither fully realized nor
integrated into organizational policies, planning, and practices. Recognition of the
critical role of clinical research to inform clinical care, diagnostics, and new vac-
cines and therapeutics for emerging and re-emerging infectious diseases was largely
absent. Beyond the lack of recognition of the potential of clinical research to aid in
curbing the spread of epidemics, emergency clinical research was viewed by many
as a potential distraction from classic public health strategies and practices or a
dilution of critical resources. This end result was a global community ill prepared
for a coordinated response. Even the Global Health Security Agenda (GHSA),
based on the pillars of “Prevent, Detect, Respond” did not have the vision to include
clinical research as part of the response (Frieden et al. 2014). Thus, some confusion
and disagreements were inevitable in the midst of a public health emergency.
During the early stages of the epidemic, results of some models predicted up to 1
million EVD cases.

By August 2014, most global stakeholders understood the need for and were
working toward accelerated development of a safe and effective Ebola virus
(EBOV) vaccine. At the time of the PHEIC declaration, only two EBOV vaccine
studies in humans had been completed, both investigating a DNA-based vaccine
which ultimately failed to elicit high antibody titers (Kibuuka et al. 2015; Martin
et al. 2006). The two lead experimental vaccine candidates in August 2014, both
expressing the surface EBOV glycoprotein (GP), were the a) recombinant vesicular
stomatitis virus (rVSVDG-ZEBOV-GP) vaccine developed by the Public Health
Agency of Canada (PHAC) and NewLink Genetics, then licensed to Merck & Co.,
Inc. (Kenilworth, NJ USA) for further development and b) recombinant DNA
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chimpanzee adenovirus type 3 (rChAd3-EBO Z) vaccine developed by the Vaccine
Resource Center at the NIH and Glaxo Smith Kline (GSK), respectively (Grady D
2014). These vaccines had yet to enter phase I clinical trials.

The WHO used its convening authority throughout the PHEIC to bring global
researchers together to accelerate and facilitate Ebola vaccine development. The
first-in-human study of rChAd3-EBO Z sponsored by the NIH began on September
2, 2014 at the NIH Clinical Center in Bethesda, Maryland (Ledgerwood et al. 2017;
Regules et al. 2017). Additional Phase I studies in the US, Europe, and Africa for
both the rVSVDG-ZEBOV-GP and the rChAd3-EBO Z vaccines provided data for
both safety and dose selection for Phase II/III studies. By June 2015, three large
vaccine studies were underway in the EVD-affected countries (Henao-Restrepo
et al. 2015; Widdowson et al. 2016; Doe-Anderson et al. 2016). As the outbreak
progressed, other candidate vaccines entered clinical trials including adenovirus
platforms (Ad5) (Li et al. 2017; Zhu et al. 2015; Dolzhikova et al. 2017). By
October 2015, another phase II trial (NCT02509494) evaluating replication
incompetent adenovirus-vectored vaccine (Ad26.ZEBOV) expressing the EBOV
Mayinga variant GP (Janssen Vaccines and Prevention BV, Leiden, The
Netherlands) with modified vaccinia Ankara virus (MVA-BN-Filo) expressing GP
of EBOV, Sudan virus (formerly known as Ebola virus Sudan), Marburg Virus
Musoke variant, and the nucleoprotein of Taї forest virus (formerly known as Cote
d’Ivoire Ebola virus) was initiated (Keusch et al. 2017) in Sierra Leone. In 2017,
the largest phase II vaccine trial to date, Partnership for Research on Ebola
Vaccinations (PREVAC) also referred to as PREVAIL V in Liberia, was initiated
across the three countries (NCT02876328). This randomized placebo-controlled
clinical trial will provide data for three vaccine strategies on the safety and dura-
bility of immune responses for the Ad26.ZEBOV (rHAd26) vaccine with an
MVA-BN-Filo boost, and the rVSVDG-ZEBOV-GP vaccine with or without
boosting in both children and adults.

Though a full account of the accelerated vaccine development is beyond the
scope of this chapter, it provides an overview of some critical elements and prin-
ciples that may be useful for future efforts. These elements include preclinical data
leading to initial candidate selection; global efforts to coordinate and collaborate on
vaccine studies; manufacturers’ actions to accelerate production and development;
innovative trial designs; and the critical elements of social mobilization, community
engagement, and communications. The phase II/III vaccine studies conducted in
Western Africa required all these elements. The chapter concludes with lessons
learned and recommendations for accelerated emergency research response.

1.1 Identification of Leading Vaccine Candidates

At the time of the outbreak, a number of candidate vaccine platforms had
demonstrated efficacy in preclinical animal models. In addition to the
rVSVDG-ZEBOV-GP and the rChAd-EBO Z vaccines, multiple vaccines were
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under development including vaccines based on other replication-deficient aden-
oviruses (Geisbert et al. 2011), a rabies vaccine vector (Johnson et al. 2016), a
virus-like particle (Warfield et al. 2007), and a Venezuelan equine encephalitis
vector (Herbert et al. 2013). Down selection from the list of available vaccines to
the rVSVDG-ZEBOV-GP and the rChAd-EBO Z vaccines was heavily based on
preclinical efficacy and safety, durability, availability of clinical-grade supplies,
development state, and proposed vaccine dosing schedule.

The rVSVDG-ZEBOV-GP and the rChAd-EBO Z vaccines demonstrated
immunogenicity and efficacy in nonhuman primate studies (Geisbert et al. 2008a;
Marzi et al. 2013; Qiu et al. 2009; Stanley et al. 2014), which positioned both
vaccines as lead experimental candidates for accelerated efforts. The
rVSVDG-ZEBOV-GP vaccine is a live attenuated chimeric virus consisting of a
single recombinant vesicular stomatitis virus (rVSV) (variant Indiana) in which the
gene for the VSV G glycoprotein was deleted and replaced with the gene for the
Ebola virus glycoprotein (ZEBOV GP), Kikwit variant. These changes result in a
replication-competent chimeric virus with a VSV backbone and ZEBOV GP
envelope (Widdowson et al. 2016). As observed for similar chimeric vaccines, the
substitution of the native virus GP genes with a heterologous GP leads to significant
attenuation (Geisbert et al. 2008b). The expression of the heterologous ZEBOV GP
on the surface of the virus does not perturb the proper assembly of the recombinant
virus particle, which resembles the native VSV bullet-like shape (Fig. 1). However,
ZEBOV GP expression is thought to narrow the cell tropism of the recombinant
virus and eliminate neurovirulence associated with wild-type (WT) VSV (Geisbert
et al. 2008b; Mire et al. 2012).

Results from published preclinical studies evaluating rVSVΔG-ZEBOV-GP in
rodents and nonhuman primates (NHPs) demonstrated robust humoral immuno-
genicity following a single intramuscular (IM) vaccination, and high efficacy (100%
survival) against IM EBOV challenge 4–6 weeks after vaccination (Geisbert and
Feldmann 2011; Jones et al. 2007; Geisbert et al. 2009; Jones et al. 2005; Qiu et al.
2009). Other studies demonstrated that the rVSVΔG-ZEBOV-GP vaccine was
protective and well tolerated, lacking neurovirulent properties, in simian–human
immunodeficiency virus-infected NHPs (Geisbert et al. 2008b).

VSV WT VSV∆G / ZEBOVGP

Glycoproteins
switched

N P M VSVG L N P M ZEBOVGP L

Fig. 1 Design of the recombinant vesicular stomatitis virus expressing Ebola virus glycoprotein
(rVSVDG-ZEBOV-GP) vaccine. This vaccine consists of a recombinant VSV backbone in which
the surface glycoprotein (G) of wild-type (WT) VSV has been completely replaced by the Ebola
virus Kikwit variant surface glycoprotein
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In parallel to the start of the human Phase I trials, a dose-ranging study in NHPs
was conducted at the US Army Medical Research Institute for Infectious Diseases
(USAMRIID) to assess immunogenicity and efficacy of rVSVDG-ZEBOV-GP
vaccine at doses similar to those used in the Phase I studies (Trefry et al.,
unpublished data). This study demonstrated 100% survival upon IM challenge with
approximately 1000 plaque-forming units (pfu) of WT EBOV, Kikwit variant, 42
days after a single IM immunization of rVSVDG-ZEBOV-GP at a nominal dose of
2 � 107 or 1 � 108 pfu. Administration of a 3 � 106 pfu dose of
rVSVDG-ZEBOV-GP vaccine protected 7 out of 8 animals challenged with EBOV.
All vaccinated animals developed IgG to EBOV GP as measured by Filovirus
Animal Nonclinical Group GP-enzyme-linked immunosorbent assay (FANG
GP-ELISA) prior to challenge.

The first vaccine to demonstrate efficacy in nonhuman primates (NHP) utilized a
prime-boost strategy with DNA plasmid expressing the GP and Ad5 vector repli-
cation defective vector expressing GP. The original Ad5 vector contained both a
deletion to the E1 in addition to a deletion/substitution of E3 (Sullivan et al. 2000).
Follow-on studies demonstrated the use of a single dose of the Ad5-GP vaccine to
be sufficient to elicit a protective immune response in NHPs (Sullivan et al. 2003).
However, subsequent studies showed that the presence of pre-existing immunity to
the adenovirus type 5 (Ad5) vector reduced the efficacy of the Ad5-GP vaccine
alone in NHPs. These findings drove the investigation of alternative adenovirus
vectors primarily derived from rare serotypes and animals. Down selection of
candidate vectors was based on multiple factors including the existing seropreva-
lence, ability to circumvent Ad5 immunity, the efficiency of production of the
vector, and their immunogenicity.

Characterization of several novel Ad vectors derived from rare serotypes sug-
gested the Ad26 vector was most immunogenic of the vectors evaluated in NHPs.
However, neither the antibody responses nor cellular responses reached the levels
observed with the Ad5 vectors (Abbink et al. 2007). Evaluation of this vector in
NHPs protected 75% of the NHPs using a single-dose strategy and required a
prime-boost strategy to achieve 100% protection (Geisbert 2011).

The ChAd vectors were evaluated to identify an alternative to human adenovirus
(HuAd) vectors that could avoid the challenges of pre-existing immunity while
rapidly inducing a robust protective immune response with a single dose of vaccine.
These vectors were explored in human clinical trials for other indications including
malaria, human immunodeficiency virus 1 infection (HIV), and hepatitis C and had
been demonstrated to be highly immunogenic. The observed T cell responses were
reported to be comparable to those observed with HuAd5 vectors and such
responses were of high magnitude and long lived (Capone et al. 2013).
Furthermore, ChAd vectors were demonstrated to be 100% efficacious for EBOV
infection in NHPs by multiple laboratories (Kobinger et al. 2006; Stanley et al.
2014).

Despite the number of studies performed by various laboratories using various
adenovirus vectors, limited preclinical data were available on the efficacy and safety
of candidate rChAd-EBO Z vaccine prior to advancement into Phase I trials.
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(Widdowson et al. 2016; World Health Organization 2014c; Keusch G et al. 2017;
World Health Organization 2015a). In a multi-arm, dose-ranging study, cynomol-
gus macaques received either monovalent ChAd3 vaccine expressing EBOV GP,
monovalent ChAd63 expressing EBOV GP (De Santis et al. 2016), a bivalent
ChAd3 vaccine expressing EBOV GP and Sudan virus GP, or were placed into one
of the prime-boost groups to receive ChAd3 followed by either ChAd3, ChAd63, or
MVA (Stanley et al. 2014). All eight NHPs that received monovalent ChAd3
vaccine (1 � 1010 or 1 � 1011 particle units [pu]) 5 weeks prior to challenge with
1000 pfu of EBOV were completely protected against EVD. Surprisingly, signifi-
cant breakthrough was observed in the ChAd63 group. Comparison of the survival
data from the dose–response study of the ChAd3 demonstrated comparable potency
to that previously observed with HuAd5 studies in NHPs (Stanley et al. 2014). This
study on the monovalent ChAd3 EBO Z vaccine formed the basis for Phase I trials
in humans.

1.2 Efforts to Coordinate Ebola Virus Vaccine Studies

The first WHO Consultation on Potential Ebola Therapies and Vaccines meeting
September 4–5, 2014 (World Health Organization 2014c) convened 29 countries
and broadly addressed the need to accelerate research and development (Maurice
2014). Participants expressed substantial differences on the acceptability of various
study design elements, such as randomization and the use of placebo. Some par-
ticipants from both nongovernmental organizations and research organizations
(e.g., Médecins Sans Frontières [MSF]) opposed randomized controlled studies.
These participants argued that diverting scarce resources from patient care or
withholding any potential treatment or vaccine would be unethical in view of bed
shortages and fatality rates close to 90% in some facilities (Calain 2016). Other
participants countered that rigorous clinical research was essential to demonstrate
both safety and efficacy, and hence essential to both avoid harming research par-
ticipants and improving patient outcomes.

The United Nations Security Council (UNSC) responded to transport restrictions
by airlines, shipping companies, and other countries; government lockdowns in
Sierra Leone; quarantines in Liberia; and concerns that the EVD outbreak threat-
ened gains in the fragile postwar states of Sierra Leone and Liberia. On September
18, 2014, the UNSC approved an EVD resolution urging member states to end
travel bans, deploy medical assets, and educate the public (United Nations Security
Council 2014). The UNSC resolution, coupled with dire modeling predictions of
explosive EVD spread, raised public awareness and injected a global sense of
urgency into the quest for EBOV vaccines.

On October 23, 2014, WHO Director General Margaret Chan launched what
would become a series of high-level meetings to accelerate vaccine development.
Margaret Chan opened the first “High-level Meeting on Ebola Vaccines: Access
and Financing,” with a challenge “to accomplish within a matter of months, work
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that normally takes years, with no compromise whatsoever of international stan-
dards for safety and efficacy…to give the African people and their health authorities
the best product that the world scientists, working collectively, have to offer.” At
this meeting, the Liberia-US Joint Clinical Research Partnership, newly established
to accelerate development of EBOV vaccines and therapeutics, shared plans for a
randomized, placebo-controlled phase II/III trial. This trial would include 28,000
participants in Liberia, comparing each of the two lead experimental vaccines to
placebo (Keusch et al. 2017; World Health Organization 2014e). In addition, the
US Centers for Disease Control and Prevention (CDC) presented a plan to conduct
a step-wedge design trial in Sierra Leone. Shortly afterward, the WHO convened
parties interested in developing a phase III trial in Guinea, which would later
become known as the “Ring Study” (Henao-Restrepo et al. 2017).

2 Overview of Phase I Studies of Two Virus Vector
Vaccines

The goal of any clinical vaccine development program is to evaluate safety,
immunogenicity, and efficacy to support product licensure, starting with Phase I
clinical trials in healthy adult volunteers across a range of vaccine doses. It is not
unusual for vaccine development and licensure to take 10 years or more. Through
loosely coordinated and intensely focused efforts, the global health research com-
munity accelerated the clinical development of the two leading Ebola vaccines
candidates, rVSVDG-ZEBOV-GP and ChAd3-EBO Z, progressing in 5 months
from phase I first-in-human studies to phase II/III studies in the EVD outbreak
setting. The accelerated development of both vaccines benefited from the experi-
ence of large pharmaceutical companies.

2.1 Vesicular Stomatitis Virus Expressing Ebola Virus
Glycoprotein

Starting in October 2014, eight phase I clinical trials assessing
rVSVDG-ZEBOV-GP at doses ranging from 3 � 103 to 1 � 108 plaque-forming
units (pfu) were launched (Table 1). These studies were conducted in healthy
volunteers in EVD non-endemic countries in North America, Europe, and Africa.
Overall, nearly 800 adults and 40 pediatric subjects received rVSVDG-ZEBOV-GP
in the phase I program, and preliminary results from some trials have been pub-
lished (Regules et al. 2017; Agnandji et al. 2016; Huttner et al. 2015).

Preliminary safety and immunogenicity data from the North American trial sites
were analyzed in January 2015 for selection of the rVSVDG-ZEBOV-GP dose for
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phase II/III trials. The vaccine was generally well tolerated across all doses.
Common systemic adverse events were consistent with those observed following
administration of other live virus vaccines, including headache, fatigue, myalgia,
subjective fever, chills, and arthralgia (Regules et al. 2017). These signs and

Table 1 Phase I clinical trials of rVSVDG-ZEBOV GP vaccine

Protocol number and
site

N Trial Description Dose-Escalation Regimens
(pfu)

V920-001-00 (NLG
0207; WRAIR 2163);
US, ClinicalTrials.gov:
NCT02269423

39 Randomized,
single-center,
double-blind,
placebo-controlled,
dose-escalation study of 3
sequential cohorts

3 � 106, 2 � 107, 1 � 108

(each, n = 10), or placebo
(n = 9)

V920-002-00 (NLG
0407; NIH (NIAID)
15-I-0001); US,
ClinicalTrials.gov:
NCT02280408

39 Randomized,
double-blind,
placebo-controlled,
dose-escalation study of a
prime (day 0) then boost
(day 28) regimen (2 doses
total)

3 � 106, 2 � 107, 1 � 108

(each, n = 10), or placebo
(n = 9)

V920-003-00 (#CI
1401); Halifax, CA,
ClinicalTrials.gov:
NCT02374385

40 Randomized,
single-center, double-blind
controlled, dose-ranging
study

1 � 105, 5 � 105, 3 � 106

(each, n = 10), Placebo
(n = 10)

V920-004-00 (NLG
0507); US,
ClinicalTrials.gov:
NCT02314923

512 Randomized, multi-center,
double-blind,
placebo-controlled, dose–
response study

3 � 103, 3 � 104, 3 � 105

(each, n = 64), 3 � 106

(n = 84), 9 � 106,
2 � 107 (each n = 47),
1 � 108 (each, n = 48),
placebo (n = 94)

V920-005-00 (WHO);
Geneva,
ClinicalTrials.gov:
NCT02287480

115 Dose-finding, randomized,
single-center,
double-blinda,
placebo-controlled study

3 � 105 (n = 50), 1 � 107

(n = 35), 5 � 107

(n = 15), placebo (n = 15)

V920-006-00 (WHO);
Hamburg,
ClinicalTrials.gov:
NCT02283099

30 Open-label, single-center,
dose-escalation study

3 � 105, 3 � 106, 2 � 107

(each, n = 10)

V920-007-00 (WHO);
Gabon,
ClinicalTrials.gov: not
registered

115b Randomized, open-label,
dose-escalation study

3 � 103 (n = 20), 3 � 104

(n = 20), 3 � 105

(n = 20), 3 � 106

(n = 39), 2 � 107 (n = 16)

V920-008-00 (WHO);
Kenya,
ClinicalTrials.gov:
NCT02296983

40 Open-label,
dose-escalation study

3 � 106, 1 � 107 (each,
n = 20)

aExcluding 19 run-in subjects and those in the deployable group (entire group received rVSV-
ΔG-ZEBOV-GP)
bAdditional 40 pediatric subjects 6–17 years of age also included
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symptoms were generally mild (grades 1–2) and transient, and such effects resolved
by day 4 postvaccination.

Several cases of arthritis were initially observed in the first cohort of subjects in
the second week following study initiation at the Geneva site (Huttner et al. 2015).
The study was temporarily halted to more fully investigate these observations.
These events appeared to be self-limited and resolved generally within 1–3 weeks
or longer. The recovery of the vaccine viral RNA from the joints, when joint fluid
was available for testing, suggests a virally mediated (rather than
immune-mediated) process. Such arthritis has been seen after the administration of
other live virus vaccines, particularly the rubella vaccine in adult women (Institute
of Medicine and Committee to Review Adverse Effects of Vaccines 2011; Institute
of Medicine and Committee to Review the Adverse Consequences of Pertussis and
Rubella Vaccines 1991). Following a review of the data on the cases in Geneva, and
noting the absence of similar events in other trial sites, the Data and Safety
Monitoring Board (DSMB) determined that dosing could resume at the Geneva site,
at a dose of 1 � 105 pfu, and the trial was reinitiated on January 5, 2015. Arthralgia
and arthritis were subsequently added to solicited adverse events for other protocols
including those in Western Africa. Across the phase I program, arthritis has been
observed in <5% of subjects with the exception of the Geneva trial.

In addition to the safety data, immunogenicity data that were available in
January 2015 were pooled (study days 0 [day of vaccination] and 7, 14, and 28
postvaccination) from the three North American phase I studies (Table 1) and
assessed for dose selection. The immune responses were measured by an ELISA
developed by the Filovirus Animal Model Nonclinical Working Group, also
referred to as the FANG ELISA at USAMRIID. Geometric mean FANG
GP-ELISA titers for this cohort on day 28 postvaccination were 857 ELISA units
(EU)/ml at 1 � 105 pfu dose (n = 10), 800 EU/ml at 5 � 105 pfu dose (n = 10),
1361 EU/ml at 3 � 106 pfu dose (n = 30), and 4079 EU/ml at 2 � 107 pfu dose
(n = 20).

Responses at the 2 � 107 pfu dose were statistically significantly higher
(p <0.001) for all pairwise comparisons between 2 � 107 pfu and lower doses, and
a dose of 2 � 107 pfu was selected enabling the initiation of the first phase II/III
EBOV vaccine trial in Liberia. The phase I studies, and subsequent phase II/III
clinical trials, were conducted in collaboration with many partners including reg-
ulators, academic institutions, international public health agencies, nongovern-
mental organizations, the US military, and other US and non-US governmental
agencies,1 which enabled Merck & Co., Inc. and NewLink Genetics to move this

1Governmental agencies (e.g., PHAC, US NIH, US CDC, US Biomedical Advanced Research and
Development Authority [BARDA], US Defense Treat Reduction Agency [DTRA], Norwegian
Institute of Public Health]), clinical researchers (e.g., WHO-led VSV Ebola Consortium, Canadian
Center for Vaccinology, Walter Reed Army Institute of Research [WRAIR], Sierra Leone Medical
School, Liberia-US Clinical Research Partnership), funding organizations (The Wellcome Trust,
Joint Vaccine Acquisition Program), and regulatory agencies/Ministries of Health (e.g., US Food
and Drug Administration [FDA], European Medicines Agency, Health Canada, Ministry of Health
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vaccine forward at an unprecedented pace. Furthermore, frequent engagement with
regulatory agencies and their rapid feedback was a critical part of the accelerated
progress.

2.2 Chimpanzee Type 3 Adenovirus Expressing Ebola Virus
Glycoprotein

Prior to the EVD outbreak, the NIH, National Institute of Allergy and Infectious
Diseases (NIAID) Vaccine Research Center and GSK were developing
ChAd3-EBO Z vaccine. Through the GSK-NIAID partnership, the first phase I
clinical trial in adults for safety and immunogenicity was rapidly initiated at the
NIH Clinical Center in Bethesda MD on September 2, 2014. Numerous other phase
I clinical trials evaluated the safety and immunogenicity of the ChAd3-EBO Z
vaccine in a variety of populations: healthy adults in Switzerland, United Kingdom
(UK), Cameroon, Mali, Nigeria, and Senegal, and healthy children in Mali and
Senegal, Table 2 (Ledgerwood et al. 2017; De Santis et al. 2016; Tapia et al. 2016;
U.S. National Institutes of Health 2017a, b; Ewer et al. 2016). Participants from the
US, Mali, UK, and Switzerland enrolled in dose-escalation phase I studies received
ChAd3-EBO Z doses ranging from 1 � 1010 to 1 � 1011 pu with or without a
boost from MVA-BN-Filo. (Tapia et al. 2016; Ewer et al. 2016; De Santis et al.
2016). These populations were chosen to show the range of responses from vol-
unteers of different genetic backgrounds.

A single dose of the ChAd3-EBO Z vaccine was well tolerated with
mild-to-moderate adverse events in numerous phase I studies, including in African
populations in Mali using the ChAd3-EBO Z with MVA-BN-Filo boost (Tapia
et al. 2016), the Switzerland trial (monovalent ChAd3-EBO Z without boost) (De
Santis et al. 2016), US trial (ChAd3 EBO Z without boost) (Tapia et al. 2016), and
the UK trial (monovalent ChAd3-EBO Z with MVA-BN-Filo boost) (Ewer et al.
2016). The highest dose and the broadest range of doses studied were in the Mali
trials (Tapia et al. 2016). Some evidence from the US trial at the highest dose tested
(1 � 1011 pu) and another dose-escalation trial at lower doses suggest that the
incidence and severity of adverse effects are dose-related (Tapia et al. 2016; Ewer
et al. 2016). The placebo-controlled results from the Switzerland trial indicated that
more local and systemic adverse effects (e.g., local pain, fatigue, malaise,
muscular-articular pain, chills, fever, headache) occurred in the active arm than in
the placebo-treated arm (De Santis et al. 2016). Data from these dose-ranging trials
suggested 1 or 2 � 1011 pu of ChAd3-EBO Z as the dose range for additional
phase II–III trials (Ledgerwood et al. 2017; Tapia et al. 2016; Kennedy et al. 2017).

(Footnote 1 continued)

and Social Welfare of Liberia, Ministry of Health and Public Hygiene of Guinea, Ministry of
Health and Sanitation of Sierra Leone).
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Antibody titers as measured by ELISA and neutralization assays peaked at
1 month after vaccination and were maintained to study endpoint or until boost
with multivalent vaccine (4–48 weeks postvaccination) (Ledgerwood et al. 2017;
Ewer et al. 2016; Wang et al. 2017; Tapia et al. 2016). Development of EBOV GP
antibodies was dose-related, and antibody responses were sustained to study end-
point (Tapia et al. 2016). In the Oxford study (monovalent ChAd3 EBo Z with
MVA-BN-Filo boost), seropositivity (defined as a geometric mean titer >166 EU)
declined from 82.6% at 28 days to 25% at 6-month postvaccination.

T cell response to vaccination was measured by flow cytometry and intracellular
cytokine (interferon, interleukin 2, tumor necrosis factor) staining of peripheral
blood mononuclear cells (Tapia et al. 2016). Another study measured T cell
responses ex vivo by interferon-c enzyme-linked immunospot (ELISPOT) (Ewer
et al. 2016). T cell responses to ChAd3-EBO Z vaccination were slight in Malian
adults; 31% of participants mounted memory CD4 or CD8 responses following
exposure of T cells to peptides from EBOV Kikwit variant glycoprotein (Tapia
et al. 2016). In participants who received priming with ChAd3-EBO Z vaccine and
a placebo booster at 11–16 weeks after priming, the slight T cell (CD4 AND CD8)
responses noted during the priming were stable through study endpoint (day 28
after boost). Among the participants boosted with MVA-BN-Filo vaccine, 85% of
participants mounted strong CD4 and CD8 responses. T cell responses, as measured
ex vivo by interferon-c ELISPOT assay, peaked at day 14 postvaccination and
returned to baseline around day 90 postvaccination. Similar to results in Malian
adults (Tapia et al. 2016), boosting with MVA-BN-Filo in pediatric subjects
markedly increased virus-specific antibodies by a factor of 12 and GP-specific T
cells by a factor of 5 compared to priming with ChAd3-EBO Z only (Ewer et al.
2016).

3 Overview of EBOV Vaccine Efficacy from Phase II/III
Studies

Three Phase II/III clinical trials evaluating ChAd3-EBO Z and rVSVDG-ZEBOV-
GP vaccines began in the EVD epidemic region in February through April 2015.
The PREVAIL I study sponsored by the NIH and conducted by the Liberian-NIH
Partnership started in February 2015 (Kennedy et al. 2017). The “Ebola ça Suffit”
ring vaccination trial, sponsored by the WHO and partners (Henao-Restrepo et al.
2015, 2017), began in March 2015 in Guinea. Concurrently, WHO and MSF
conducted a safety and immunogenicity study in frontline workers (FLW) in
Guinea (PACTR201503001057193). In April 2015, the Sierra Leone Trial to
Introduce a Vaccine against Ebola (STRIVE) study was initiated by the CDC and
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the Sierra Leone Medical School with support from BARDA (Widdowson et al.
2016). In addition to these studies in the outbreak regions, Merck & Co., Inc.
started a phase III study in August 2015 in North America and Europe to generate
safety and manufacturing lot consistency data important for licensure of the
rVSVDG-ZEBOV-GP vaccine (Table 3).

Table 3 Phase II and III clinical trials of Ebola virus vaccines

Sponsor
Trial Name
Trial Identifier

Location Vaccine(s) Study Objectives/Comments

• NIH (NIAID)
• PREVAIL
• ClinicalTrials.gov:
NCT02344407

Liberia • rVSVDG-
ZEBOV-GP

• ChAd3 EBO Z
• Placebo

• Safety and efficacy of each
vaccine compared to placebo
(3 arms; n = 9000 per arm
planned)—canceled due to
declining number of cases

• Phase II safety and
immunogenicity sub-study
(n *1500)

• WHO/NIPH/MSF
• Ebola ça suffit
• Pan African Clinical
Trials:

• PACTR201503001057193

Guinea rVSVDG-
ZEBOV-GP

• Safety and efficacy of
immediate vs. delayed ring
vaccination (n *10,000);
delayed vaccination arm
21 days later

• Parallel safety and
immunogenicity study of
front line workers
(n *1800)

• CDC
• STRIVE
• ClinicalTrials.gov:
NCT02378753

Sierra
Leone

rVSVDG-ZEBOV • Safety and efficacy in
immediate vs. delayed
vaccination groups; delayed
arm 18–24 weeks later

• Study focused on high-risk
workers including healthcare
workers (n *8000)

• Safety sub-study (n *400)
• Immunogenicity sub-study
(n *500)

• Merck
• V920-012
• ClinicalTrials.gov:
NCT02503202

US,
Canada,
Spain

• rVSVDG-
ZEBOV-GP

• Placebo

• Safety through day 42
postvaccination, including
detailed work-ups of joint
and skin symptoms
(n *1200)

• Immunogenicity assessments
at days 28 and 180
postvaccination including lot
consistency assessment at
day 28

• Subset of subjects extended
follow-up out to 2 years
postvaccination

242 E.S. Higgs et al.



3.1 PREVAIL I Trial

The initial design of this phase III study called for approximately 28,000 healthy
men and women to be randomized to either ChAD3-EBO Z, rVSVDG-ZEBOV-
GP, or matching placebo in equal numbers (Kennedy et al. 2017). This three-arm,
double-blind, randomized, controlled trial was designethe safety data are reassur-
ingd to assess the safety and efficacy of each of the two candidate vaccines against a
pooled-saline placebo more efficiently than two separate trials. The willingness of
the pharmaceutical companies to join attests to the shared recognition of the need
for expedience in the PHEIC. The trial design stipulated that 600 participants were
to be enrolled into a phase II sub-study to collect safety and immunogenicity data
with a DSMB review to follow, without a pause in enrollment. As the EVD epi-
demic waned in Liberia (Fig. 2), the ability to collect sufficient data to assess
efficacy also waned (Keusch et al. 2017). Following the DSMB advice, the phase III
arm of the trial was eventually dropped. The Phase II arm was expanded to include
safety and immunogenicity assessments and long-term follow-up on 1500 volun-
teers total, with 500 volunteers in each vaccine group and in the placebo
group. Volunteers were followed up at 1 week, 1 month, 2 months, and then every
2 months through 12 months and then yearly thereafter for safety and longevity of
immune responses. Both vaccines were found safe and immunogenic at 1 month
and 1 year (Bolay 2016; Kennedy et al. 2017). Injection site reactions, headache,
muscle pain, fever, and fatigue were significantly greater during week one in both
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vaccine groups compared to placebo (p <0.001), but the incidence of these adverse
effects declined to incidence observed with placebo at 1 month postvaccination. The
incidence of cumulative serious adverse events (SAEs) at 12 months did not differ
significantly between the vaccine arms and placebo. In the ChAD3-EBO Z arm, 40
(8.0%) participants experienced SAEs compared to 47 (9.4%) in
rVSVΔG-ZEBOV-G arm and 59 (11.8%) in the placebo arm. Some 71% of SAEs
were due to malaria (Kennedy et al. 2017). A 2-week postvaccination active
assessment of joint problems failed to identify a difference between the vaccines
and placebo (Kennedy et al. 2017).

Immunogenicity was assessed by IgG levels against the EBOV GP using the
FANG GP-ELISA assay (Kennedy et al. 2017). A positive vaccine response is
defined as a log10 titer increase or more than 2 standard deviations above the
placebo change in the absence of elevated baseline antibodies. In both vaccines,
antibody responses peaked at 1 month and declined at 6 and 12 months. At
1 month, 70.8% of the participants receiving ChAd3 EBO Z vaccine and 83.7% of
the participants receiving rVSVΔG-ZEBOV GP responded to vaccination,
respectively (p <0.001 for each comparison to placebo). Antibody responses were
largely maintained at 1 year in 63.5% of the ChAd3 vaccinees, 79.5% of the
rVSVΔG-ZEBOV vaccinees, and 6.8% of placebo recipients, respectively
(p <0.001 for each vaccine compared to placebo) (Kennedy et al. 2017).

3.2 STRIVE Trial

The CDC partnered with the College of Medicine and Allied Health Sciences,
University of Sierra Leone, and the Sierra Leone Ministry of Health and Sanitation
to design and implement the Sierra Leone Trial to Introduce a Vaccine against
Ebola (STRIVE, NCT02378753, PACTR201502001037220). The study enrolled
healthcare and other response workers caring for EVD patients or managing the
deceased beginning in April 2015. The trial was originally designed to use a
step-wedge design, in which participants were randomized to receive the
rVSVDG-ZEBOV-GP vaccine with varying periods of delay. At the time this
clinical study started, the EVD epidemic was slowing (Fig. 2), and data were again
insufficient to assess efficacy. STRIVE proceeded as a phase II study (n = 8673)
with a safety sub-study (n = 453) and an immunogenicity sub-study (n = 539).
Participants were individually randomized to either immediate (within a week)
vaccination with rVSVDG-ZEBOV-GP or vaccination 6 months after enrollment
(Widdowson et al. 2016).

Although complete results have not been published, some preliminary findings
were reported by Widdowson et al. No confirmed cases of EVD or vaccine-related
SAEs were reported as of April 2016, 1 year after enrollment. The report by the
National Academies of Sciences, Engineering, and Medicine concluded that
“Although still incomplete, the safety data are reassuring” (Keusch et al. 2017).
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3.3 Ebola ça Suffit! Trial

A third Phase III EVD vaccine trial took place in Guinea under the leadership and
regulatory sponsorship of the WHO. This trial has the distinction of being the only
one of the three West African trials to accrue enough participants with EVD
infections from ongoing transmission chains for the investigators to draw conclu-
sions about vaccine efficacy. Modeled after smallpox eradication campaigns, the
open-label, cluster-randomized Ebola ça Suffit! trial (PACTR201503001057193)
focused on identifying clusters (rings) of at-risk adults who had had contact with an
EVD index case or who were contacts of contacts (Henao-Restrepo et al. 2015;
Keusch et al. 2017). Upon identification of a new laboratory-confirmed EVD index
case, individuals in each ring were enumerated based on reported contact and social
or residential proximity. Then, the entire ring was randomized 1:1 as a single unit to
receive either immediate or delayed, defined as 21 days later, vaccination with
rVSVDG-ZEBOV-GP (Keusch et al. 2017).

The primary endpoint of this trial focused on EVD cases that occurred between
10 and 31 days post-randomization. EVD cases diagnosed on days 0–9 postvac-
cination were excluded from the primary analysis to exclude subjects who were
likely infected pre-vaccination and to allow time for an adaptive immune response
to develop following vaccination. In the rings assigned to delayed vaccination, the
teams returned to vaccinate consenting and eligible individuals on day 21
post-randomization. Mobile research vaccination teams were deployed to areas
within Guinea with newly identified EVD cases or transmission chains. The trial
was planned to have approximately 190 rings (Henao-Restrepo et al. 2015).
Assuming an average ring size of 50 participants and an intra-class correlation of
0.05, the trial would have power to detect vaccine efficacy of 70% or more.

With the novel design of the trial using a mobile research team that focused on
high-risk contacts within rings, 41 cases of EVD were identified, 16 of which were
between days 10 and 31 postvaccination. An interim analysis was conducted in July
2015 (Henao-Restrepo et al. 2015). Following the interim analysis, the DSMB
recommended discontinuing randomization to the delayed vaccination arm and
offering the vaccine immediately to subsequent rings, including children ages 6–17
(Henao-Restrepo et al. 2017; Keusch et al. 2017).

At the final analysis, 98 rings were randomized to either immediate or delayed
vaccination, and 19 rings were offered immediate vaccination without randomiza-
tion (Henao-Restrepo et al. 2017). No cases of EVD were seen 10 or more days
postvaccination in any subject who received vaccine. When individuals vaccinated
in the immediate arm were compared to individuals in the delayed vaccination
group who were eligible and consented on day 0, the estimated vaccine efficacy was
100%, with a 95% confidence interval from 63.5 to 100% (p = 0.0471) (Table 4).
In the analysis of all eligible participants in 7 rings that had been randomized to
delayed vaccination, including those who did not consent or did not receive vac-
cination, 16 EVD cases occurred (Keusch et al. 2017).
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Based on published critiques (Zhang et al. 2016; Krause 2015; Kieny et al. 2016;
Keusch et al. 2017), the authors conducted additional analyses (eight different
comparisons) that were included in the final data set (Henao-Restrepo et al. 2017).
Four of these comparisons include only information from the randomized part of
the trial, and therefore provide the most rigorous assessment of vaccine efficacy
(Table 4). To partially address the criticism that these two groups may not be
comparable, all immediately vaccinated versus all those eligible who consented on
day 0 are compared in column 2 of Table 4. If the study had been blinded, these
groups would likely be close to ideal comparator groups that led to an estimated
vaccine efficacy of 100%, with a similar 95% confidence interval of 68.9–100%
(p = 0.0471). In this unblinded study, however, researchers have difficulty knowing
whether the two sets of individuals are comparable, and whether exposure rates
would be influenced by the fact that they were or were not vaccinated.

In the last two columns, comparisons that include all eligible individuals in both
arms (comparison 3) or all individuals identified as belonging to the ring (com-
parison 4) are also depicted. These comparisons are consistent with the traditional
intent-to-treat approach and subject to the same criticisms as the other arms, since
researchers included the same groups of individuals for both arms. However, the
inclusion of individuals who did not receive vaccination in the immediate arm
yielded lower estimates of vaccine efficacy (64.6% for both comparisons), falling

Table 4 Results of the Ebola ça suffit phase II trial (Henao-Restrepo et al. 2017)

Four randomized comparisons

1 2 3 4

Immediate vaccination
arm

All vaccinated All
vaccinated

All
eligible

All

#clusters (#individuals): 51 (2108) 51 (2108) 51
(3212)

51
(4513)

#clusters with 1+ case
(#cases)

0 (0) 0 (0) 4 (7) 5 (10)

Delayed vaccination arm All consented on
Day 0

All eligible All
eligible

All

#clusters (#individuals): 46 (1429) 47 (3075) 47
(3075)

47
(4529)

#clusters with 1 + case
(#cases)

4 (10) 7 (16) 7 (16) 8 (22)

Estimated vaccine
efficacya

100% 100% 64.6% 64.6%

p-value 0.0471 0.0045 0.344 0.3761
aNote that, as is appropriate in cluster-randomized trials, rings were randomized in their entirety so
that all individuals in a ring would get the same treatment assignment. The vaccine efficacy
estimates and p values are computed based on the number of rings with one or more cases, not on
the number of individual cases
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short of statistical significance (Henao-Restrepo et al. 2017). Importantly, the high
efficacy and incidence of EVD cases before elimination of randomization suggest
that the Ebola ça Suffit trial itself may have had some contribution to foreshortening
the epidemic of EVD in Guinea by direct and indirect aversion of cases.

The trial in Guinea also included an open-label parallel study of the
rVSVΔG-ZEBOV-GP in healthcare workers that was conducted by MSF and
sponsored by WHO. In this study, over 1800 healthcare workers were vaccinated,
and safety and immunogenicity data were collected. This study provided an
important contribution both to public health, by providing potential protection for
people at risk, and to scientific understanding of the vaccine’s profile. Since no
samples for evaluation of immunogenicity were collected in the ring study itself, the
MSF/WHO healthcare worker study, along with the STRIVE and PREVAIL trials,
will provide important data on the immunogenicity of the vaccine in at-risk pop-
ulations in Guinea, Sierra Leone, and Liberia, respectively, and may contribute to
understanding correlates of protection.

3.4 Summary

Three large Ebola vaccine efficacy trials were planned in each of the three primary
EVD-affected countries and sponsored by public partners (NIH, CDC, and WHO).
The three studies were started 6–8 months after declaration of the PHEIC. Two of
the three studies were unable to assess efficacy due to fortunate diminution of the
outbreak in Liberia and Sierra Leone. Only investigators of the PREVAIL study
used the ChAD3-EBO Z vaccine, vaccinating 500 adults. The ChAD3-EBO Z
vaccine was found to be safe and immunogenic compared to placebo and
demonstrated a similar safety profile to that found in the phase I studies. From over
17,000 subjects who received rVSVDG-ZEBOV in twelve Phase I, II, and III trials
since late 2014 (Tables 1 and 3) enough data were accrued to proceed with a
licensing application to regulatory agencies. Preliminary safety data in healthy,
nonpregnant adults suggest that the vaccine is generally well tolerated, and the
safety profile observed in phase II and III trials is consistent with the results
summarized previously for the phase I studies. Based on vaccine efficacy as
reported in the Guinea ring vaccination (Ebola ça Suffit!) trial and safety assessed to
date in all clinical trials, the rVSVDG-ZEBOV GP vaccine appears to have a
positive benefit-risk ratio for adults (Regules et al. 2017; Huttner et al. 2015;
Agnandji et al. 2016; Henao-Restrepo et al. 2015, 2017). Common systemic
adverse events included headache, pyrexia, fatigue, and myalgia, most which were
mild-to-moderate and of short duration (Regules et al. 2017; Huttner et al. 2015;
Agnandji et al. 2016).
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4 Accelerated Ebola Virus Vaccine Development:
A Pharmaceutical Company’s Response

The global mobilization against the EVD epidemic and the partnerships it engen-
dered were pivotal for rapid progress in development, compressing work that
typically takes decades to less than 5 years in the case of the rVSVDG-ZEBOV-GP
vaccine. Merck & Co., Inc. contributed by putting its expertise and resources
behind development of the rVSVDG-ZEBOV-GP vaccine, joining the effort with
NewLink pharmaceuticals in the fall of 2014, during the height of the EVD out-
break. Preclinical data generated by PHAC demonstrating the efficacy and safety of
the vaccine in relevant animal models, and availability of clinical-grade vaccine
supplies prepared by PHAC in 2013 were critical for rapid advancement.

Cumulatively, the phase I, II, and III studies are expected to provide a solid body
of clinical data supporting the safety and efficacy of the rVSVDG-ZEBOV-GP
vaccine. These studies are part of an accelerated development program that also
includes nonclinical safety and efficacy data and manufacturing process validation.
A licensure package is under preparation at the time of writing. To further accel-
erate licensure and availability of the vaccine to those at risk, Merck & Co., Inc.
applied for and received Breakthrough Therapy Designation from the US FDA and
Priority Medicines status from the European Medicines Agency in June of 2016.
With these designations, ongoing interactions with key regulatory bodies ensure
alignment of product filing packages with regulatory requirements in support of
licensure. To access the vaccine if needed prior to licensure, Merck also filed an
Emergency Use Assessment and Listing (EUAL) application with the WHO. If
approved, EUAL would expedite the availability of the vaccine outside clinical
trials in a public health emergency. Expanded access clinical protocols have also
been developed for vaccination of contacts of EVD cases in countries most likely to
experience a future EVD outbreak.

5 Social Mobilization and Community Engagement
for Vaccine Studies in Liberia

During the initial phase of the EVD epidemic, government-enlisted partners,
includingWHO, were overwhelmed by medical and logistical demands, exacerbated
by cultural and geographic challenges. Outside organizations mounting a response to
the epidemic lacked experience in the Liberian cultural context, and Liberians
mistrusted their own existing healthcare system and political leaders. EBOV spread
rapidly through social networks in a culture that stresses compassionate, hands-on
care for the ill, and ceremonial rites for the deceased. The rapid spread of a disease
new toWestern Africa generated fears and many misconceptions that spread through
communities and society by word of mouth (World Health Organization 2014b),
triggering societal disruption. The government was overwhelmed, admittedly
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lacking the capacity to respond to a severe, sustained, and unprecedented public
health crisis. Overflowing healthcare facilities turned away new patients (World
Health Organization 2015a). Inadequate infrastructure and understanding of trans-
mission and variable disease manifestations and sequelae created a volatile situation
that undermined conventional control measures and constantly delivered surprises.

Amid the outbreak, Liberians still had hope, courage, commitment, and the
resilience of the local communities to combat this crisis. Community leaders set up
response teams (EVD task forces) to carry out contact tracing, case investigation
and reporting, and surveillance (Fallah et al. 2017). The community-based Ebola
task force also instituted quarantine measures and provided food and water to those
in quarantine. The Ministry of Health understood the successes of these
community-based efforts and formally supported them. The community-based
initiative (CBI) program was instituted to support volunteers who had been sacri-
ficing their time and meager resources.

The success of the people and the government of Liberia in overcoming EVD
was not primarily the result of international support, but rather of community
resilience and cooperation to awaken from the “nightmare” called Ebola. As several
experts noted, when technical interventions violate entrenched cultural practices,
cultural norms will prevail. Control efforts must work within the culture to
accommodate or change attitudes, not against long-standing norms (Hankins 2016;
Keusch et al. 2017).

Before the EVD outbreak in Liberia, little clinical research had been conducted
in the country, and most citizens were “research naïve.” In this context, the Liberian
Ministry of Health and Social Welfare requested that the U.S. Department of Health
and Human Services collaborate in a clinical research effort to rapidly develop
EBOV vaccines and therapeutics (also known as PREVAIL). Social mobilization
and community engagement were quickly identified as essential to the success of
the randomized, placebo-controlled Ebola vaccine trial (PREVAIL I).
The PREVAIL partnership established the Social Mobilization, Communication,
and Community Engagement (SMC) team to promote acceptance of clinical trials,
address misconceptions, and counteract fears hindering cooperation with outside
organizations and local government agencies. In addition, the team provided social
support for fellow community members enrolled in the trials (Doe-Anderson et al.
2016; Webmaster Administration 2017). The SMC team strategy was to leverage
existing community structures in harnessing trust and to build collaboration and
sustainable partnerships with inhabitants of targeted communities.

Discussing and understanding the basic clinical research concepts with all
stakeholders are essential to full community participation in clinical research, and
the PREVAIL SMC team strategy was designed to ensure community engagement.
Social mobilization for the PREVAIL I trial had four distinct but coordinated
pillars: (1) advocacy, (2) community engagement, (3) communication, and
(4) monitoring and evaluation. These four pillars provided the basic structure for
confidence and trust in the research team. The SMC strategy created a space for
dialogue between researchers and communities to share their perspectives on study
designs, facilitating the recruitment and retention of study participants.
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5.1 Advocacy

The goal of the advocacy pillar is to ensure that key formal and informal
decision-makers, opinion shapers, political leaders, and religious and traditional
leaders have a comprehensive understanding of the study and its potential risks and
benefits for the participants and their communities. Advocacy begins with ethno-
graphic community mapping to identify major stakeholders and ensure proper
community entry. Fruitful engagement with national stakeholders and local leaders
and community members (gate keepers) requires respect for their cultural values
and principles. Meetings with government officials and other national stakeholders
prepare the way for political support. Dialogue with gatekeepers smooths com-
munity entry through better understanding of cultural, religious, and traditional
norms and their interplay with community concerns.

5.2 Community Engagement

Community engagement included outreach to targeted populations, including
community leaders, through community meetings, posters, flyers, brochures, and
other educational materials covering, for example, frequently asked questions.
Community leaders organized engagement meetings to build sustainable partner-
ships through existing structures. Community perspectives noted during the
meetings were used to craft corresponding messages. Through these meetings, the
research team also began to understand issues affecting the community, cultural
values to consider, and methods of clear communication regarding research issues.
Effective entry into the community required meeting formal and informal author-
ities to solicit approval before engaging individual community members. Not cul-
tivating community leadership could imply disrespect for the community, thereby
leading to rejection or noncompliance from the community.

5.3 Communication

The communication pillar is the major information dissemination arm of the SMC
team. To avoid myths and misconceptions, accurate information was disseminated
to targeted communities through flyers, posters, radio shows covering frequently
asked questions, press statements/releases, media conferences, interpersonal com-
munication, drama, music, and jingles. In Liberia, songs and drama are living
means of communication, though they may be disregarded by outsiders who do not
understand the fabric of Liberian society. Researchers must build understanding of
the cultural context surrounding research to incorporate community norms and
bring universal ethical standards to bear upon their specific local actions.
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5.4 Monitoring and Evaluation

The SMC team established joint monitoring and evaluation mechanisms with
community leaders, governments, and partners through focus group discussions,
qualitative questionnaires, and interviews. These dialogues helped to ensure that the
impacts of the study interventions were well documented and consistent with
ethical and protocol guidelines of standardized clinical research. Monitoring and
evaluation with full involvement of the community may necessitate reprogramming
and redesigning activities. For example, the team reviewed messages and com-
munication channels to enhance effective communication and engagements with all
stakeholders.

5.5 Impact of Social Mobilization and Community
Engagement

The PREVAIL SMC team faced many challenges in communicating to the com-
munity information about an EBOV vaccine when the name “Ebola” by itself
evoked horror, suspicion, and disgust in the minds of many Liberians. Wild rumors
were rife: EVD was brought to Africa by westerners who wanted to make money
through pharmaceutical sales. Others believed that the EBOV vaccine was a rein-
forcement mechanism to infect more people with the virus. Some community
dwellers thought that participants’ blood specimens would be used for commercial
purposes. One SMC team goal was to dispel the plethora of conspiracy theories
floating around Western Africa and the world beyond.

After 3 months of intense engagement with community leaders and members,
1500 volunteers consented to enroll in the vaccine trial. The overall retention rate of
study participants was quite impressive, with over 98% of participants returning for
their follow-up visits within the first 6 months of enrollment. This phenomenal
achievement would not have been possible without the support of formal and
informal community leaders, who in effect championed the research. Their con-
tributions began with rectification of names: “Trial” became “Study” to enhance
understanding. Moreover, community members were recruited from within the
research area to follow participants enrolled in the study. These trackers provided
another channel of communication, ensuring adherence to follow-up schedules, and
reporting issues affecting participation. Their role in enhancing trust and sustainable
collaboration cannot be overemphasized.

In a context of fear and societal disruption, community involvement must be
considered an essential ethical norm by the research community, particularly in
public health emergencies. Experiences from the vaccine study in Liberia demon-
strate that the prevention and control of a public health emergency such as EVD
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outbreak can only be advanced from a social cultural perspective informed by early,
genuine engagement with communities. This is a crucial lesson learned from both
the EVD outbreak response and the vaccine study in Liberia.

6 Lessons Learned for Epidemic Preparedness

A great deal of thought has gone into reviewing the EVD epidemic response and
how to improve international readiness for the next infectious disease crisis
(d’Harcourt 2016). With hindsight, many of the responders who were skeptical
about clinical research in 2014 now understand that an earlier focus on clinical
research in the EVD crisis may have brought the epidemic to a close sooner. If
expertise on clinical research and clinical care had been incorporated into the initial
assessment team in March 2014, the need for accelerated Ebola virus vaccine and
therapeutic research agenda could have been identified. Had the accelerated EBOV
vaccine development timeline begun then, and a phase II/III vaccine study would
have begun in August 2014 during the peak transmission period, more data on
safety and efficacy would have been likely.

In the United States, both the Department of Health and Human Services and the
National Security Council formally recognized the need for clinical research as an
integral part of infectious disease emergency planning (U.S. Department of Health
and Human Services 2016, 2017). A National Academy of Sciences report (Keusch
et al. 2017) focuses on improvements in three main areas: strengthening capacity,
engaging communities, and facilitating international coordination and collabora-
tion. Better health and research systems in the affected countries, memorandums of
agreement on research needs such as data and sample sharing, and capacity for
rapid ethical review within affected countries would help speed implementation of
needed research.

Lessons from the trials themselves are valuable as well. Ideally, phase I safety
and dose-ranging studies for known emerging infectious pathogens with epidemic
potential will be conducted prior to outbreaks. Conducting a randomized controlled
clinical trial during a public health emergency was both feasible and ethical,
incorporating a social cultural perspective informed by early, genuine engagement
with communities and stakeholders according to Good Participatory Practices.
From a design perspective, the collaboration within PREVAIL I trial of two large
pharmaceutical companies was both laudable and efficient.

Despite the successful completion of a phase III efficacy study, the ring study
correlates of immunity remain unknown. The ring study was not able to obtain
blood samples from participants which may have contributed to this knowledge.
Preparedness plans for future vaccine studies should include acquisition of blood
samples. The innovation of using mobile teams to bring the ring study to areas of
high geographic incidence and identification of individuals at highest epidemiologic
risk enabled completion of an efficacy trial comparing immediate to delayed groups
that may lead to vaccine licensure. However, elements of this ring vaccination
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design comparison have been questioned (Zhang et al. 2016; Krause 2015; Kieny
et al. 2016; Keusch et al. 2017). For example, individuals who were eligible for
vaccination but did not consent might have different risk factors, exposures, or
behaviors than those who were vaccinated. An additional concern is that the con-
tacts in the immediate and delayed arms could be handled differently in such a
design. Finally, recent information about “super-shedders or transmitters” (Lau
et al. 2017) is a reminder that exposure risk can be variable in infectious disease
transmission. Such criticisms combined with the success of the novel ring study
design in capturing EVD endpoints during an outbreak can inform future vaccine
study design. Vaccine study designs for future outbreak should consider leveraging
mobile research teams to high incidence areas, identification of high-risk individ-
uals, combined with concomitant individual randomization within clusters to active
versus control vaccine to mitigate confounding factors and maximize efficiency.
Discussion of such designs is ongoing.

7 Conclusions

In recognition of the need for better preparedness for emerging pathogens such as
EBOV and Zika virus, national governments and the international public health
community have undertaken a number of initiatives. The WHO is undertaking
multifaceted efforts to improve its performance in emergencies. In addition to the
formation of a new Emergency Program (World Health Organization 2016e), WHO
has produced a blueprint to prevent epidemics which “underlines the importance of
research as an integral element of the response to any epidemic” (World Health
Organization 2016e). These publications are a clear mandate for better preparing
countries and the international community for the next infectious disease emer-
gency and for integrating clinical research into both preparation and response.

Other programs include U.S. initiatives led by the National Security Council and
Department of Health and Human Services (U.S. Department of Health and Human
Services 2016, 2017) and the recently established Coalition for Epidemic
Preparedness and Innovations (CEPI) (Rottingen et al. 2017; Brende et al. 2017;
Plotkin 2017). CEPI will focus on ensuring that medical countermeasures for
pathogens likely to cause an outbreak are in the development pipeline. These
endeavors incorporate the understanding that clinical research can play a vital role
in ending ongoing epidemics, not only in preventing or preparing for future ones.

As highlighted previously, focusing on community engagement is critical to the
success of clinical research in the context of an epidemic. Preparation, including the
identification of promising medicines and vaccines in advance of an outbreak and
the availability of preclinical data, phase I studies, and clinical supplies to support
rapid clinical trial implementation, is also key. Finally, the response to the 2014–
2016 EVD outbreak highlights that public–private partnerships can help bring
experience and expertise from all sectors to bear, and produce extraordinary
achievements in the face of a daunting public health challenge. Significant clinical
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research capacity has been established in the West African region for future pre-
paredness. Much work remains, but stakeholders have broad agreement for moving
forward.

Aside from the stark demonstration of the imperative role of clinical research,
the EVD epidemic provided invaluable experience on how to accelerate clinical
research. In the context of a broken healthcare system in a resource-poor envi-
ronment, efficient trial design, collaboration, and robust community engagement are
essential (Keusch et al. 2017). The need for rapid clinical research and accelerated
development of medical countermeasures is now more widely recognized as critical
to a global health response (Keusch et al. 2017; U.S. Department of Health and
Human Services 2017). Those working on EBOV vaccine trials during the epi-
demic were learning how to do emergency research. It is incumbent upon
researchers and policymakers to ensure that what they learned is incorporated in
preparedness planning and brought to bear on the next emerging infectious disease
emergency.
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Therapeutics Against Filovirus Infection

John Connor, Gary Kobinger and Gene Olinger

Abstract Therapies for filovirus infections are urgently needed. The paradoxical
issue facing therapies is the need for rigorous safety and efficacy testing, adhering to
the principle tenant of medicine to do no harm, while responding to the extreme for
a treatment option during an outbreak. Supportive care remains a primary goal for
infected patients. Years of research into filoviruses has provided possible medical
interventions ranging from direct antivirals, host-factor supportive approaches, and
passive immunity. As more basic research is directed toward understanding these
pathogens and their impact on the host, effective approaches to treat patients during
infection will be identified. The ability to manage outbreaks with medical inter-
ventions beyond supportive care will require clinical trial design that will balance
the benefits of the patient and scientific community.
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1 Introduction

The 2013–2016 Ebola virus disease (EVD) outbreak in West Africa serves as an
example of the dramatic health consequences of severe viral disease transmissions
at a time when there are few effective therapies. The appearance and rapid spread of
Ebola virus (EBOV) in Guinea, Sierra Leone, and Liberia was unprecedented, and
the world’s response was off balance and somewhat disorganized at many stages.
Much needed potential postexposure therapies were not available in significant
supply and guidelines for their use were absent or created on-the-fly (Jacobs et al.
2015). Difficulties in organization and deployment led to few effective antiviral
trials in humans (Cohen and Enserink 2016). These difficulties were encountered
and occurred despite a longstanding research effort to develop countermeasures
against filoviruses that produced many promising candidates. Sadly, the effort to
deploy therapies was inadequate to impact the magnitude of disease observed in this
outbreak, which should serve as a reminder of the importance of continuing
development of these approaches.

This review focuses on postexposure therapies that have been identified and
developed for filoviruses, with a heavy focus on those for EBOV. As is applicable,
we discuss their development stages following the West African EVD outbreak.
This represents a single waypoint in what is hopefully a continuing effort to steadily
improve and broaden the therapy and prophylactic options to treat this explosive
disease. We first discuss approaches that have sought to block virus replication by
directly targeting virus components, followed by a discussion of approaches that
target host-factors. Antibody therapeutics are presented as a separate approach
because of the extensive issues associated with their testing and development. We
also discuss the role of animal models in developing effective therapies and the
need for preparedness to deploy potential therapies quickly in future outbreaks.

It is important to note that postexposure therapeutics were not deployed in
filovirus outbreaks before the West African outbreak. Earlier outbreaks were halted
by epidemiological approaches that effectively detected and isolated cases and case
contacts, thus breaking chains of transmission. In these outbreaks, the course of
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disease was not usually significantly impacted by medical intervention. Healthcare
options have been limited during most outbreaks. This has meant that highly
desired basic supportive treatment such as provision of replacement fluids, elec-
trolytes, and control of pain and other symptoms was often not achieved. Against
this background, the ability to provide effective and targeted postexposure therapies
to individuals with filovirus disease has been an obvious priority.

The existing pipeline of potential therapies was a result of years of investment in
researching both the pathology of filoviruses and the replication cycle of the viruses
themselves. The research has been slow due to the high containment required when
working with filoviruses (Biosafety Level 4 maximum containment) and the
resulting higher costs to research these high consequence pathogens. Most efforts to
develop medical countermeasures have begun with the in vitro and small animal
models followed by a staged development into larger animal models.

The regulations 21 CFR 314.600 through 314.650 (drugs) or 21 CFR 601.90
through 601.95 (biological products), commonly referred to as the FDA Animal
Efficacy Rule has been an important consideration in the development of medical
countermeasures. While focused on allowing intervention approval when human
efficacy studies are not ethical and feasible, the development pathway has limited
progress of the various interventions. In some cases, lack of resources, limited
human clinical data, clear path for development, and lack of agreement on
appropriate animal models hampered promising candidate therapies. Linking ani-
mal model data to those of human disease is difficult and often does not fully
encompass the various clinical symptomology and outcomes observed. Uniformly
lethal models of disease have been prioritized due to logistical and resource con-
straints, which has likely limited potential interventions that could have clinical
benefit in humans.

Much of the early success in identifying potential postexposure therapies has
come through approaches that seek to block the virus before and/or during cellular
infection. Understanding virus replication has been paramount in this aspect of
antiviral target discovery. The different life cycle steps of virus entry, replication,
assembly and egress from the infected cell have yielded many targets amenable to
inhibition and thus are targets for antivirals. Small molecules, small inhibitory
RNAs (siRNA) approaches, and antibody approaches have all been used as
approaches to inhibit virus replication.

Additionally, our increasing understanding of the pathology of filovirus infection
has offered intervention strategies. The understanding of the pathology induced by
the virus in hosts, the protective innate and adaptive immune responses that are
created or blocked, and basic virus–host interactions have provided great insight
into the disease and approaches to alter disease symptoms, morbidity, and mortality.
Small molecules, recombinant proteins, including host proteins have been used to
disrupt virus-induced and maladaptive host responses. Following the early dis-
covery and development of these interventions, the focus has been to determine the
tolerability of interventions within the animal model(s) and efficacy of these
interventions unaccompanied by supportive care or combination approaches. As for
most viruses, a combination of therapies may be most advantageous in a clinical
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setting and the search for complimentary and synergistic therapies will be a focus
for future research.

Currently there are a variety of approaches that have demonstrated safety and
efficacy in animal models. The development of the various potential therapies will
rely on both animal models and human safety studies. During outbreaks, clinical
studies demonstrating efficacy and safety in humans are possible. However, the
animal model remains a key development pathway for preclinical and clinical
development. During outbreaks, clinical trials are fraught with ethical, logistical,
and political issues that must be considered and managed. Conducting such studies
during an outbreak is an enormous challenge and often hastily and poorly designed
given the colossal demand by patients and their families. There is a strong pressure
to conduct studies under very challenging conditions. Proper study design, adequate
data collection, and sharing results are all critical to advancing treatments and to
fully assess the safety and efficacy, moreover the continuation of human testing.
The past EVD outbreak in West Africa offered considerable insight into this for the
current and future development of therapies for filoviruses and other emerging
pathogens.

2 Antivirals—Virus Life Cycle Targets

A focus of research into antivirals that block EBOV infection has been the iden-
tification of small molecules that directly target specific aspects of the viral life
cycle. Figure 1 illustrates the life cycle of EBOV. Like other viruses, EBOV begins
its life cycle through attachment of its virions to the surface of a cell through
GP/cell surface receptor interactions. The virion is taken up into intracellular
vesicles where the GP is proteolytically cleaved to allow additional receptor binding
and entry into the cell cytoplasm. Entry into the cytoplasm is marked by primary
mRNA transcription and translation, followed by genome amplification and further
mRNA transcription. The virion assembly process occurs continuously through the
virus life cycle as components become available (Feldmann 2013). To date, small
molecules have been identified that target each step of the virus life cycle.

2.1 Small Molecules Targeting EBOV Entry

Many molecules that have some antiviral activity against EBOV target the entry
process. Significant among these are small molecules that alter cholesterol
biosynthesis or intracellular trafficking of cholesterol. These include cationic
amphipathic drugs such as clomiphene and toremiphene (Zhao et al. 2016). These
molecules block entry in vitro and are efficacious in an animal model of disease
(Johansen et al. 2013, 2015). Molecules such as U18666A that target cholesterol
transport and the Neimann-Pick type C 1 protein (NPC1) that is the entry receptor
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for EBOV have been shown to block EBOV replication in vitro. Additionally,
several molecules such as compound 3.4 and MBX2254 and MBX2270, disrupt the
interaction between EBOV and NPC1 and block virus infection in vitro (Basu et al.
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2015; Cote et al. 2011). These compounds highlight the multifaceted potential for
targeting the EBOV GP/NPC1 interaction as an effective means of blocking
infection in vitro, suggesting potential for these cholesterol manipulation molecules
to have an antiviral effect against EBOV infection.

In addition to the effectiveness of these compounds, a number of additional
compounds have been identified that block EBOV replication at the entry
step. These include molecules such as arbidol (Pecheur et al. 2016), a molecule with
broad-spectrum antiviral activity that appears to target entry at the membrane fusion
step. It also includes G-protein coupled receptor antagonists (Cheng et al. 2015),
small molecule inhibitors of ErbB kinases and PI3 K pathway kinases (Saeed et al.
2008). Inhibitors of cathepsin and cathepsin-like proteases have been shown to
block EBOV infection in vitro (Misasi et al. 2012; Zhou et al. 2015).

2.2 Small Molecules Targeting EBOV Replication

Significant progress has been made in identifying small molecules that directly
inhibit EBOV replication by interfering with the viral RNA-dependent RNA
polymerase (RdRP). Particularly prominent in this area are nucleoside analogs that
are believed to be substrates for polymerization for viral RdRPs but not for cellular
RNA polymerases. Favipiravir, a nucleoside analog developed initially for the
treatment of influenza, has been shown to effectively limit EBOV infection in
aerosol and intramuscular animal models of infection (Smither et al. 2014;
Oestereich et al. 2014). Favipiravir is currently clinically used to treat influenza
infection in Japan (Yen 2016) and was utilized as a treatment for EBOV infection
during the 2013–2016 outbreak. Due to the rapid implementation of the trial and
chaotic nature of the situation the trial was unable to provide strong evidence on
associated benefits or risks (Sissoko et al. 2016b). In addition to favipiravir, two
other nucleoside analogs had promising results in primate models of EVD.
BCX4430, a nucleoside analog blocks EBOV infection in mouse and primate
models of disease (Warren et al. 2014). A different purine analog, GS-5734 also has
the ability to reduce viremia and promote survival of primates infected with EBOV,
confirming strong potential as an anti-EBOV treatment in vivo (Warren et al. 2016).
These compounds all show some promise but show different PK parameters that
may influence their overall effectiveness (Madelain et al. 2016).

Aside from direct nucleoside analogs, additional compounds have been identi-
fied that target virus replication at the level of replication. CMLDBU3402, an
indoline alkaloid that has activity against multiple viruses. Experiments using
minigenome and full-length virus approaches showed that the molecule blocks
EBOV through limiting virus-dependent transcription (Filone et al. 2013). It is
possible that this molecule could be combined with nucleoside analogs or other
treatments to provide synergistic protection against infection by targeting different
aspects of polymerase function.
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2.3 Antisense Approaches Targeting Viral RNA Products

Antisense RNA has also been used as an approach for limiting the replication of
EBOV. Phosphorodiamidate morpholino oligomers (PMOs), which inhibit gene
translation by steric blockage of ribosomal assembly, have been one successful
approach. A combination of EBOV-specific PMOs targeting sequences of viral
mRNAs for the VP24, VP35, and RdRP (L) proteins protected rodents in both pre-
and postexposure therapeutic regimens (Warfield et al. 2006). In rhesus macaque
models, treatment with a combination of the PMOs of VP24, VP35, and L from
2 days prior to EBOV challenge through day 9 of the infection protected 3 of 4
(75%) rhesus macaques against lethal infection (Warfield et al. 2006). Furthermore,
it was demonstrated that the antiviral potency of PMOs could be enhanced by
chemical modification, either by conjugating PMOs with peptides or by introducing
positive charge to the PMOs (PMOplus™, Avi BioPharma, Inc. (Swenson et al.
2009). Subsequently, PMOplus targeting EBOV VP24 and VP35 or MARV
Musoke VP24 and NP showed significant protection of mice and guinea pigs
against lethal challenge with EBOV and MARV Musoke, respectively (Warren
et al. 2010). AVI-6002 PMOplus against both EBOV VP24 and VP35, and
AVI-6003 PMOplus against MARV VP24 and NP, were developed and tested for
treatment efficacy using NHP models. These PMOs, delivered 30–60 min postex-
posure, protected 62.5% of rhesus macaques against otherwise lethal EBOV
infection and 100% of cynomolgus macaques against MARV Musoke infection
(Warren et al. 2010).

Small-interfering RNA (siRNA) also can effectively limit EBOV replication.
siRNA targeting the EBOV RdRp formulated in stable nucleic acid-lipid particles
(SNALPs) completely protected guinea pigs when administered shortly after an
otherwise lethal EBOV infection (Geisbert et al. 2006). In rhesus macaques, a
combination of siRNA targeting the EBOV L, VP24, and VP35 were formulated in
SNALPs and administrated intravenously. Two of three macaques, which were
treated four times with siRNA at 30 min, 1, 3, and 5 days after challenge, survived
lethal infection. Furthermore, all four animals treated seven times at 30 min,
1–6 days after challenge survived (Geisbert et al. 2010). Later studies with a
re-formulated siRNA to target EBOV-Makona provided further evidence of pro-
tection in the NHP model of disease (Thi et al. 2015).

3 Exploiting Host-Factors as Therapeutic Targets

In addition to directly targeting viral factors in the replication process, there has also
been success in attacking EBOV replication by targeting host-factors that are
essential for Ebola virus replication. Small molecules that are likely targeting
host-factors required for EBOV entry have been discussed in the entry section
above. In addition to these factors, it has been shown that p38 MAPK inhibitors can
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also block virus entry (Johnson et al. 2014), as can inhibitors of the PI3 K/Akt
signaling pathway (Saeed et al. 2008).

Success has been seen through the indirect targeting of the EBOV RdRP through
the host cell chaperone Hsp90. Studies have shown that compounds that limit
Hsp90 function will block EBOV replication in vitro, presumably through desta-
bilizing the L RdRP subunit and decreasing viral transcription and replication
(Smith et al. 2010). Heme oxygenase activators inhibit EBOV replication, thought
the stage is not well established at this point (Hill-Batorski et al. 2013).

Preemptive activation of innate immune responses could also be an effective
approach for limiting EBOV infection Pretreatment of cells with interferon beta or
gamma prior to EBOV infection has a strong antiviral effect on cells in tissue
culture (McCarthy et al. 2016; Rhein et al. 2015). Treatment of cells with RLR
agonist has a similar effect on suppressing EBOV replication (Pattabhi et al. 2016).
These approaches set off a series of host responses to infection, including the
increased transcription of hundreds if not antiviral genes. Understanding the exact
mechanism of how innate immune activators limit infection is difficult to know a
priori. This potential for multiple mechanisms of action may be advantageous. At
least one study supports the idea that an interferon treatment approach could have
an effect in vivo (Smith et al. 2013).

Coagulation abnormalities are one of the most prominent hallmarks of filovirus
infection. Tissue factor may play an important role in triggering the hemorrhagic
complications in NHPs infected with filoviruses (Geisbert et al. 2003a).
Overexpression of tissue factor, which performs as the primary cellular inhibitor of
the coagulation protease cascades, is one of the causes of DIC and
thrombosis-related organ failure. Recombinant nematode anticoagulant protein c2
(rNAPc2), which directly inhibits factor VII and tissue factor, provided partial
postexposure protection to rhesus macaques infected with ebolavirus (Geisbert et al.
2003a, b; Hensley et al. 2007). In rNAPc2-treated rhesus macaques, the mean
survival time (11.7 days) was longer than that in untreated control monkeys
(8.3 days) and 33% of EBOV-infected macaques survived. In MARV
Angola-infected rhesus macaques treated with rNAPc2, 1 of 6 (17%) monkeys
survived and the mean time to death for five animals was significantly prolonged
compared with those of the untreated control monkeys. rNAPc2 demonstrated a
clear improvement in survival rate and an increase in mean survival time in a
normally 100% lethal model of filovirus infection.

Activated protein C (APC) is generated from protein C, which is a vitamin
K-dependent plasma protein, and inactivates factors V and VIII to down-regulate
thrombin generation. Circulating levels of protein C were rapidly and significantly
reduced in cynomolgus macaques and rhesus macaques during EBOV infections,
because protein C is be produced in the liver, which is a main target of filovirus
infection (Geisbert et al. 2003b). In rhesus macaques, administration of recombi-
nant human APC (rhAPC) at 30–60 min after challenge and continuing for 7 days,
protected 2 of 11 (18%) monkeys against otherwise lethal EBOV infection
(Hensley et al. 2007). The mean survival time in the rhAPC-treated monkeys was
prolonged compared with the untreated monkeys (Hensley et al. 2007).
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During the 2014–2015 outbreak, a long list of proposed therapies ranging from
novel small molecules to cardiac modulators to silver particles, and green tea were
proposed as therapies. Limited capacity within BSL-4 laboratories did not allow for
rapid in vitro and in vivo assessments. For those that were prioritized, most were
unsuccessful in initial studies and were abandoned (Glisic et al. 2015; Haque et al.
2015). Some candidates progressed to animal model testing with various levels of
efficacy. These and newly developed small molecules are keeping the drug pipeline
filled with candidates.

4 Antibodies as Therapies

Defense against pathogens and toxins is provided at least in part by the humoral
immune response. Some of the earliest treatments for infection were based on
passive immunity, the process of providing serum from previously infected humans
or animals to those suffering from infection. In fact, the first Nobel Prize in med-
icine was awarded for the development of antiserum to combat diphtheria. The
power of this approach was self-evident and led to the hypothesis of a “magic
bullet” approach, an ideal therapeutic approach, which selectively targets and
destroys a disease-causing organism or toxin. While antiserum treatments continued
to be develop for other diseases and for intoxinations; the full realization of the
“magic bullet” would take another 70 years to be realized with the development of
monoclonal antibodies. The ability to utilize antibody therapeutic efforts for
infectious diseases has been fraught with complex issues and conflicting observa-
tions (Graham et al. 2015). In contrast, the development of small molecules has
been simpler and cheaper leading to a preference for antibiotics and eventual
abandonment of passive immunity approaches. The promise of both passive
immunity with blood products and monoclonal antibodies for treatment of infec-
tious diseases, specifically viral diseases, has been limited because of the higher
cost and the learning curve to understand antibody function and antibody charac-
teristics associated with potency and efficacy in vivo. One exception is plaivizumab
(Synagis brand name for MedImmune), which has been effectively developed and
clinically used to treat human respiratory syncytial virus (HRSV) infections in
infants since 1998 (Sandritter 1999). In the past two decades, both serum treatments
using traditional and novel technologies, as well as monoclonal antibodies have
been rediscovered and shown to have efficacy in animal models of filoviruses
infection. Recently, the use of monoclonal antibodies, but not immune sera, has
shown promises in the treatment and cure of humans infected with Ebola virus and
appear to be a potential therapeutic option. Previous efforts focused on blocking
virus entry by targeting the virus glycoprotein. More recently, expanding on this
approach, engineered antibody methods and targeting host proteins have been
considered.
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4.1 Convalescent Whole Blood and Plasma

Passive immunity can be achieved before or after exposure to a pathogen by
administering antiviral antibodies to patients from others that have been infected
and survived the infection. For Junín and Lassa virus infections, passive transfer of
sera collected from survivors has proven effective when treatments were initiated
soon after infection (Enria et al. 1984; Jahrling and Peters 1984; Jahrling et al.
1985). The approach is often a salvage therapy approach when no other option
exists and can raise numerous concerns during clinical management of a patient.
Paramount is the potential for doing harm to the recipient from blood matching
requirements and possible transmission of other advantageous pathogens. The need
to match blood types (ABO) and antigen (Rh negative/positive) lessens its clinical
utility in resource-limited situations. In most emergency uses, the inability to pretest
for quality including potency and the absence of other blood borne pathogens in
donor blood creates a hurdle for implementation in austere clinical settings (van
Griensven et al. 2016a, b, c). Despite these limitations, the approach has been
attempted during filovirus outbreaks and laboratory exposures.

In the face of an outbreak and limited options, the age-old approach of immune
human convalescent plasma transfers for EVD infection was first reported
by Emond et al. (1977). During the 1995 Zaire (now Democratic Republic of the
Congo) EVD outbreak, blood transfusions from convalescent patients were once
again attempted with eight EVD infected patients (Mupapa et al. 1999).
Unfortunately, a clinical benefit was unclear and was impeded by a variety of
complications including the study design, the low number of cases, and the possible
impact of improved supportive care provided to the treated patients.

More recently during the 2013–2016 EVD outbreak, the approach was attempted
and the outcome was uncertain. For clinical assessment, 99 patients diagnosed with
EVD were enrolled in a nonrandomized, comparative study who received two
consecutive transfusions of 200–250 ml of ABO-compatible convalescent plasma
obtained from separate convalescent donor (van Griensven et al. 2016a, b, c). No
significant survival benefit was observed with the passive transfer to confirmed
EVD patients. Most notable, the antiviral quality of the immune plasma provided
was not known prior to administration and it is likely that there were large dif-
ferences in titer and antiviral activity. In contrast to earlier studies with EVD in
NHPs during which protection was observed with pooled convalescent sera after
concentration of the total IgG antibodies (Dye et al. 2012), the administration of
convalescent serum from macaques infected with EBOV-Makona was not protec-
tive in challenged NHPs (Mire et al. 2016). Combined, these findings suggest that
unconcentrated convalescent sera have limited value to protect against established
infection. While the NHP data suggest that the approach may have clinical benefit,
there are many aspects that likely have contributed to the clinical failure of the
approach. First and foremost, the overall quality and quantity of anti-EBOV anti-
bodies in each treatment is an important confounding factor. To date, there is no
potency assay for serum or plasma, and both virus-specific neutralizing and
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non-neutralizing antibodies can provide protection in animal models. The antiviral
potency between donors can’t be assumed, and thus every transfer is confounded by
the lack of a potency determination. In some cases, the specific EBOV-neutralizing
capacity and overall antibody titer may be analyzed following the study to assess
the characteristics of the preparation but clinical use did not permit this assessment
during the outbreak. In vitro neutralization assessments may be of little benefit since
it is unclear if neutralization activity is required for protective efficacy. Effective
dosing, epitope specificity, non-neutralizing protective antibodies with alternative
in vivo functions are yet to be understood to develop a potency assay for adequate
assessment. As was learned more than a century ago with diphtheria antitoxin, a
potency assay is necessary to interpret the effectiveness of convalescent treatment.
It is likely that a clinical benefit was observed but only with specific donors with a
unique, yet undefined quality of antibody response contained in the serum. The
in vitro neutralization and titer of patients is highly variable in survivors (Sobarzo
et al. 2013; van Griensven et al. 2016a, b, c). Patients received plasma with
anti-EBOV IgG antibodies, but levels of neutralizing antibodies were low in many
donations. Knowledge gaps about potency and quality of the donor transfers
remains a hurdle for this classical clinical therapy for filoviruses. More research is
needed to clarify if convalescent passive immunity will be efficacious for filo-
viruses. Compounding this technical issue, sources of human immune plasma are
scarce early in outbreaks; therefore, antiviral preparations using animals as a source
of immune plasma had to be pursued.

4.2 Heterologous Animal-Derived Hyperimmune
Polyclonal Antibodies

After the MVD and EVD outbreaks in 1967 and 1976, there was an evident need
for a prophylactic and therapeutic option for infected people that could be stock-
piled and prepared before new cases were identified. With scarce options and
limited human survivors, heterologous hyperimmune serum was an obvious
approach. Control over quantity and quality of the preparation is often a benefit of
this approach. Traditionally, non-susceptible animals can be immunized with a
pathogen to induce a protective antiserum. Alternatively, inactivated virus can be
used to generate hyperimmune serum in animals. Hyperimmune serum was one of
the first perceived successful therapies for Ebola and Marburg virus infection fol-
lowing accidental laboratory exposures. Sheep, goats, and horse serum were used to
generate hyperimmune serum that could protect in both rodent and nonhuman
primate animal models of EVD and MVD (Borisevich et al. 1995, 1996;
Krasnianskii et al. 1995; Krasnianskii et al. 1994; Kudoyarova-Zubavichene et al.
1999; Markin et al. 1997; Mikhailov et al. 1994; Dowall et al. 2016; Borisevich
et al. 2008). Further, the earlier efforts demonstrated the first logical approach to
placing an emergency-use drug in a better position for clinical use by conducting
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safety assessments in healthy human volunteers. Later studies conducted by others
using macaque infection models suggested these candidates did not have protective
efficacy in other nonhuman primate models of EVD, thus lessening the enthusiasm
for the products (Jahrling et al. 1996).

In addition to the conflicting animal model data observed, cost, storage issues,
and immunological complications associated with the use of heterologous sera in
humans, such as serum sickness and immediate hypersensitivity significantly lim-
ited progress in using heterologous hyperimmune serum (Casadevall and Scharff
1995). Traditionally, antibodies from hyperimmune serum can be fractionated into
smaller F(ab) or F(ab’)2 fragments to avoid the serious side effects observed in
human treatments. Theoretically, this would severely impact potency since it could
reduce the antibody half-life and in vivo potency. One approach that builds on this
approach is the use of hyperimmune serum product derived from a transchromo-
somic (Tc) bovine in which the bovine immunoglobulin genes are knocked out and
the human immunoglobulin genes have been inserted and are expressed.
Immunized animals develop a fully human antiviral antibodies that can be collected
and purified to treat infected patients. Early animal protection studies demonstrate
the efficacy of the EBOV-specific hyperimmune serum (Dye et al. 2016). Combined
with the experience of the approach with other viral diseases, the predicted cost and
scalability projections, and ongoing human safety studies, the approach is a leading
method to respond to emerging outbreaks, including EVD and MVD (Garraud 2017
#165).

4.3 Monoclonal Approaches

As mentioned previously, classical passive immunity approaches such as human
intravenous immunoglobulin (IVIG), heterologous animal-derived polyclonal
antibodies (pAbs), have a variety of inherent limitations. Monoclonal antibodies
(mAb) offer the full realization of the “magic bullet” approach sought in the early
days of passive immunity. Paradoxically, while overcoming many of the issues
related to pAbs, identification of the optimal antibody clone or clones in the
complexity of the enormous and diverse repertoire of antigen specific and non-
specific antibody responses is like finding a needle in a haystack. Years of brute
force efforts were required to realize the utility of this approach for filoviruses (Hiatt
et al. 2015). However, technological developments, such as improved purification
techniques and the ability to engineer humanized mAbs, have greatly lessened the
antibody panning process, allowing for increased specificity, expanded the range of
possible target and selection (Jin and Simmons 2016). Antibody therapy approaches
have focused on the filoviral glycoprotein or on host specific targets that are nec-
essary for filovirus to function.
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4.4 Anti-GP MAb-Based Therapies

The selection of the viral glycoprotein as the target for monoclonal antibodies
coincided with the development of the vaccines and the early understanding of the
role of antibodies in filovirus infection. For EBOV andMARV, vaccine and adoptive
transfer studies in rodents revealed a protective role for antibodies against the viral
glycoprotein. Strategies to identify GP-specific antibodies focused on either vacci-
nation of animals or human survivors. Numerous therapeutic anti-GP full-length
mAbs have been described (Moekotte et al. 2016). These mAbs target different
epitopes (some linear, but most of them conformational) of the GP EBOV protein.

However, passive immunity offered limited clinical value in most animal
models. As an example, an early GP-specific antibody, a human monoclonal
antibody (mAbs) derived from an EVD survivor with strong virus neutralizing
capacity was identified. Studies in guinea pigs demonstrated protective efficacy
(Parren et al. 2002). Furthermore, passive therapy with convalescent phase blood
from ebolavirus immune macaques failed to protect naïve primates (Jahrling et al.
2007). Similarly, passive immune therapy with hyperimmune EVD equine serum
failed to demonstrate clinical benefits in the macaque model of infection (Jahrling
et al. 1996). For more than 15 years, attempts to achieve passive immune therapy in
primates were unsuccessful in the U.S. laboratories. In contrast, baboon models of
EVD and MVD demonstrated the utility of the approach (Borisevich et al. 1995;
Borisevich et al. 2008). The inability to replicate the successful studies with baboon
models of disease, U.S. researchers became dogmatic about the utility for passive
immunity as a efficacious treatment for EVD (Jahrling et al. 2007).

The first set of experiments that documented a successful use of passive
immunization for EBOV infection in macaques was published in 2012 (Dye et al.
2012; Qiu et al. 2012a, b; Pettitt et al. 2013; Olinger et al. 2012). In these studies,
the use of polyclonal antibodies and later monoclonal antibodies protected NHPs
from EBOV infection. The pAb that was directly recovered and concentrated from
NHPs that survived EBOV or MARV infection protected naïve animals when
infected 48 h after infection. The first successful use of anti-GP (EBOV) mAb was
based on a mixture of monoclonal antibodies (Qiu et al. 2012a; Olinger et al. 2012).
Nearly simultaneously, MB003 and ZMAb, each consisting of three unique mon-
oclonal antibodies against the viral glycoprotein protected NHPs infected with
EBOV with a few limitations. An optimized product consisting of the two of the
neutralizing antibodies from ZMAb and one antibody from MB003 was developed
as ZMapp. The cocktail of three murine antibodies were humanized and produced
in transgenic tobacco leaves. ZMapp demonstrated a high level of protection in
NHPs when given at 3–5 days after lethal challenge (Qiu et al. 2014). Subsequently
during the 2013–2016 Western African EVD outbreak, ZMAPP or convalescent
plasma and ZMapp were administered to 25 laboratory confirmed cases of EVD on
compassionate grounds. Early use was complicated by logistical and production
limitations as well as confounded by the lack of control arm(s) and variability of
additional supportive care approaches, however 22 of the 25 people survived (24 of
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the 25 people receiving at least 2 doses of ZMApp survived) (Group and
Multi-National 2016). Ultimately, a randomized clinical trial was initiated toward
the conclusion of the outbreak for ZMapp. As stated at the conclusion of the study,
ZMapp appeared to be beneficial compared to standard of care, but lacked the
prespecified statistical threshold for efficacy set at 97.5% (Group and
Multi-National 2016). The inability to reach the statistical threshold was in part due
to the lack of new cases as the outbreak ended. Therefore, an early termination of
the trial occured after less than half of predicted enrollees had been recruited (72 out
of a predicted 200).

Currently, mAb-based therapies have proven to be the most efficient strategy to
reverse the progression of a lethal EBOV challenge in animal models of disease in
the face of very limited therapeutic options. Thus, numerous teams have led research
efforts on the development of monoclonal antibodies directed toward the viral
glycoprotein. Antibodies with greater potency, broader reactivity, and bi-functional
capabilities are desired. Isolating antibodies from human survivors offers a unique
opportunity to obtain protective antibodies. While ZMapp requires multiple anti-
bodies for optimal efficacy others have identified antibodies with potency that only
requires a single antibody for protection in the NHP model (Corti et al. 2016). The
monoclonal antibodies mAb100 and mAb114 isolated from a survivor in 2006
provide protective capacity and avoid the generation of virus escape mutations
(Kugelman et al. 2015). In preliminary NHP studies, mAb100 and mAb114 in
combination or mAb114 monotherapy protected NHPs from a lethal infection. More
extensive in vitro and in vivo studies are necessary to ensure that viral escape
mutants will not be induced in monotherapy approaches. Ultimately, an immune
therapy consisting of fewer antibodies, less frequent treatments, and lower overall
concentration of antibodies required could offer lower costs and clinical utility.

Another approach has focused on finding broadly reactive antibodies that can
recognize a broader range of filoviruses. Most vaccines induce a protective response
that is limited to either EBOV or Sudan virus (SUDV). Multiple pan-ebola virus
antibodies were identified that react to the EBOV, SUDV, Bundibugyo virus
(BDBV), and Reston virus (RESTV). It is rare that the vaccination with one ebo-
lavirus provides cross protective (pan-ebolavirus) immunity. The ideal vaccine or
therapeutic would provide protection to ebolaviruses and marburgviruses
(pan-filovirus). Despite the challenge, several pan-ebolavirus and pan-filovirus
monoclonal antibodies have been identified (Holtsberg et al. 2015; Fusco et al.
2015). Moreover, the cross-reactive monoclonal antibodies offer protection in
postexposure murine models of infection demonstrating systemic utility. More
research is needed to understand these novel epitopes and the utility of these
monoclonal antibodies in NHP models of infection.

Recently, antibody engineering has been used to combine knowledge about
GP-binding epitopes and knowledge about the virus entry mechanism to further the
use of monoclonal antibodies as a therapeutic. Bispecific antibodies (bsMab) are
artificially engineered monoclonal antibodies (MAbs) that consist of two distinct
binding sites and are capable of binding two different antigens noncovalently. The
approach has been demonstrated with two types of bispecific antibodies, each
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consisting of two monoclonal antibodies combined into one antibody structure. One
bispecific antibody was devised to neutralize the viral glycoprotein epitope that
binds to NPC1, a critical step in the entry processs, whereas the other variable
region targets the host NPC1 (Wec et al. 2016). The antibody FVM09, which binds
to the surface glycoproteins of all ebola viruses was used to target the virus, offering
the potential of broader virus specificity. The bispecific function is provided by the
antibody MR72 which targets the NPC1-binding site in glycoprotein which
becomes accessible by all filoviruses in lysosomes. Within the lysosome, the
antibody MR72 was combined with FVM09 in a bispecific mAb. With one bis-
pecific antibody targeting the “lock” (NPC1) and the other targeting the “key” (the
virus’s NPC1-binding protein), both have the potential for preventing Ebola virus
from interacting with NPC1 and escaping from the lysosome into the cytoplasm
(Fig. 2).

4.5 Targeting Critical Virus–Host Interactions
with Antibodies

A major focus has been focused on targeting the virus by selecting antibodies that
recognize and incapacitate the virus. An alternative approach is to target virus
critical host proteins or proteins that are exposed because of virus infection. Special
consideration is necessary as the antibodies are targeting a host protein, process or
tissue, resulting in a delicate balance between stopping the virus and doing no harm
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Fig. 2 Virus dissemination during infection and sequelae. Cartoon illustrates that EBOV initially
infects immune cells, and from there disseminates to hepatocytes. Continued replication of the
virus leads to several downstream responses including the alteration of dendritic cell function and
the release of cytokines and tissue factor. These events can contribute to increased vascular
permeability, cell death, and the activation of clotting cascades that contribute to overall pathology
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to the host. Critical to these targets is the basic research that has revealed the critical
host proteins usurped by the virus. One advantage of targeting host proteins is to
limit viral escape mutations. The aforementioned entry mechanism utilizing the host
protein NPC1, revealed a conserved entry mechanism for host interactions for all
filoviruses (Aman 2016). Similarly, several studies have focused on targeting
critical host proteins with monoclonal antibodies. One such approach has been the
monoclonal human-mouse chimeric antibody that targets phospholipid phos-
phatidylserine (PS). Bavituximab (PGN401) is a monoclonal antibody to PS that
was identified for oncology drug development (Thorpe 2010). Normally, PS is
restricted to the inner side of the cell plasma membrane, however, under stress
conditions, including infection by filoviruses, PS is flipped to the outer membrane.
As a result, cells that are undergoing stress either by infection and cancer can be
targeted. The drug candidate offers broad-spectrum utility since PGN401 can rec-
ognize PS change in cells infected with hepatitis C virus, Pichindé virus, influenza
A virus, vaccina virus, vesicular stomatitis Indiana virus and murine cytomegalo-
virus (Soares et al. 2008). Similarly, the ability to target ebola virus-infected cells
was demonstrated (Dowall et al. 2013, 2015). The mechanism of action for
PGN401 is likely more complex than simply targeting infected cells for clearance
by antibody clearance mechanisms. Changes in PS are known to suppress immune
responses and inflammatory responses by binding to macrophage PS receptors
(Gerber et al. 2016). The systemic impact of these changes in cytokines, inflam-
mation, and potential tissue destruction during filovirus infection remains unknown.

5 Challenges of Discovery, Animal Models, Preclinical
and Clinical Development

Prior to the outbreak in Western Africa, most of the knowledge about filovirus
disease was established on the animal models and less on human infections.
Candidate antivirals were often discovered with in vitro studies, followed by rodent
and nonhuman primate animal protection assessment (Fig. 3). The animal models
or filoviruses, in rodents and nonhuman primates induce an acute infection with
uniform lethality in less than 10 days of exposure. The lethal dose often is low as
measured by in vitro assays. NHPs models and have been traditionally the primary
development hurdle for potential medical countermeasures to proceed to preclinical
assessments. Although survival has been the primary measure; morbidity, delay to
death, and reduction in viremia are secondary measures of effectiveness. A strong
weight has been placed on examining models that most completely replicate the
most severe syndromic outcome of disease that exists in the human population, that
of hemorrhagic complication or death.

In humans, EVD and MVD are not uniformly lethal. Our understanding of viral
immunity suggests that therewill be a continuumof outcomes ranging from resistance
to infection as observed with other viral diseases (Rasmussen et al. 2014),
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to asymptomatic cases (Sissoko et al. 2016a), to varying degrees of symptomatic
clinical manifestations disease (Xu et al. 2016; Leligdowicz et al. 2016; Mattia et al.
2016). Diarrhea was observed inWest African EBOV outbreak, a clinical feature that
is rare in the earlier NHP models of disease (Chertow et al. 2014). More recent data
with the EBOV-Makona variant suggest that 10–20% of NHPs exhibit diarrhea
(Wong et al. 2016), which was also observed in the most recent outbreak (Hunt et al.
2015). In humans, survival is common and clinical sequela is observed with moderate
to severe long-term impacts on the patient. In some survivors, virus has been detected
in reproductive, eye, and CNS tissue in humans long after symptoms subside and the
patient is declared virus free (Brainard et al. 2016a, b). Some of these clinical features
have been observed in NHPs (Larsen et al. 2007) but remain poorly characterized.
Thus, the current knowledge gained from the animal models is of the most acute and
lethal outcome. Further efforts recapitulating more of the human experience with
animal models will be necessary to understand the effectiveness of medical inter-
ventions in preventing long-term sequelae.

Fig. 3 Therapeutic hierarchy and development pipeline
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As the efforts to progress toward improved filovirus treatment continue, the
ability to compare and contrast the human and animal model data will be essential.
Opportunities for phase 1 or 2 clinical trials in Africa on sustained EVD outbreaks
are fraught with ethical, moral, regulatory, and logistical constraints. Therefore, it is
very difficult to compare human and animal model datasets, allowing for the
understanding of what models to use to test therapeutic candidates in before human
use. There were a number of advanced development efforts for medical counter-
measures, which began the regulatory steps toward a human efficacy studies in
Western Africa (Cardile et al. 2016a, b). These human clinical trials often lacked
the predictive power due to limited patient enrollments at the end of the outbreak
and/or declining case fatality rates in the associated ETUs. Assessment in animal
models and human clinical safety assessment will advance candidates for any future
outbreak.

Unfortunately, there was no clear clinical evidence of a miracle post exposure
therapeutic that is efficacious against EBOV, although positive results on the
development of a vaccine were obtained (Agnandji et al. 2016; Huttner et al. 2015).
The clinical experience suggests that obtaining optimal bedside supportive care has
an impact on patient survival rates although this was also never formally evaluated
with appropriate control arms and thus remain speculative in essence (Sueblinvong
et al. 2015; Liddell et al. 2015). There were several studies that suggest that
therapeutic benefit beyond supportive care was not observed and a few that had
trends toward showing benefit (Cardile et al. 2016a, b).

Therapeutic clinical options became paramount to clinicians, politicians and
patients as cases continued to rise in Western Africa. Most drugs tested in the
clinical trial conducted in Western Africa, Europe, and the U.S. had shown benefit
in the animal models of EVD. The NHP model remains the most stringent and
acceptable model to demonstrate efficacy against an otherwise lethal challenge and
was considered the ideal threshold for consideration for advancement to human use.
Examples of the various levels of preclinical assessment include ZMapp,
Brincidofovir, TKM-130803, and Favipiravir (T-705) (Dunning et al. 2016a, b;
Group and Multi-National 2016; Bai et al. 2016). TKM-130803, Favipiravir, and
ZMapp, demonstrated efficacy in animal models of infection. Brincidofovir had
demonstrated in vitro efficacy under specific in vitro conditions, however efficacy
for EVD in an animal had not been conducted before human-use studies in Western
Africa (McMullan et al. 2016). Both Brincidofivir and Favipiravir had preexisting
human clinical safety data. In some cases, with limited in vitro or human safety data
clinical application of antivirals were initiated at various Ebola Treatment Units
throughout Liberia, Sierra Leone, and Guinea (Richardson et al. 2017).
Uncontrolled studies and even rogue treatments by clinicians lead to a continuum of
drugs being assessed, often without any or limited preliminary data from in vitro or
in vivo models. In these sporadic and compassionate attempts to provide care to
patients, the ability to ascertain efficacy compared to “standard of care” was nearly
impossible due to study design. These studies further highlighted the need to link
basic, applied, and preclinical data for candidate antivirals to the clinical
application.
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6 Timely and Appropriate Therapeutic Approaches
of Clinical Intervention During an Outbreak

The experience with therapeutics for EVD have illustrated the difficulty of devel-
oping therapeutics in the absence and then during an outbreak. The inability to have
candidates in Phase I safety trials impeded the ability to proceed with compas-
sionate use of clinical trials. The lack of demonstrated safety profiles and a regu-
latory approach to perform clinical studies during an outbreak in resource-limited
settings significantly limited the ability to respond and to implement ethical studies
that could provide a definitive assess the value of intervention. The experience and
the knowledge gained from understanding the linkage between the research and the
clinical experience offers a unique opportunity to prepare the global response
network to prepare for the next outbreak response.

Therapeutics must advance beyond preclinical studies and need to be supported
to the point of demonstrating safety in healthy populations before their entry into an
emergency clinical trial. The value of randomized or adaptive clinical trial designs
should be discussed globally to determine the appropriate approach for the situa-
tion, culture and population. In the middle of an outbreak, this discussion becomes
difficult, if not impossible. Establishment of regulatory framework in areas where
filovirus may impact the population will be a necessary step. Evaluating the true
contribution of supportive care and its various algorithms will be critical in
assessing any co-administered therapeutic. Along with fluid management, enhanced
levels of clinical assessment and diagnostic testing may be ways to further improve
survival beyond what has been seen elsewhere and in previous outbreaks of EVD.

Once supportive care is established, preplanned a coordinated clinical protocol
will be necessary to consider clinical efficacy studies. Next, as the therapeutics
options change due to discovery research, the ranking of therapeutic options will
vary and should be discussed at least annually to be better prepared for any future
outbreak. A unified and well-planned approach before an outbreak may avoid the
chaos observed in the West African EVD outbreak, lessen confusion and rogue
efforts to treat patients in the future. A positive note resides to effectively control the
next outbreak caused by EBOV. There is now a vaccine (rVSV-EBOV) that was
shown to be protective in an advanced human trial prophylactically and ZMapp,
which was reported by NIH to be a promising therapeutic and is currently available
through the FDA emergency rule protocol and continue to advance toward licensure
also using the animal rule (Huttner et al. 2015; Agnandji et al. 2016; Group and
Multi-National 2016).

Marrying the knowledge from the past, understanding the gaps, and developing
new knowledge including improved animal models will be critical for future
responses especially to filoviruses such as Marburg virus (MARV), SUDV, BDBV,
and possibly new emerging viruses. Adequate funding must be provided to place
clinical options ready to be used in an outbreak, including the much dreaded “valley
of death” where drugs suffer from high attrition rates as they move from successful
laboratory testing and begin to fail in preclinical and clinical stages of development
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(Butler 2008). Adequate funding during preclinical and early clinical safety
assessments of promising therapies is an essential step in development that is poorly
funded. In a concurrent approach, the refined animal models that best recapitulate
the human disease syndromes, new therapeutic options can be adequately assessed
and prepared for emergency compassionate use in any future outbreaks.

7 Future and Outlook

The pipeline to drug development is mature and filled with promising candidates.
Basic research reveals continuous opportunities to inhibit virus disease in humans.
Once discovered, applied and translational studies move the candidate therapy to
human safety studies. The steady research efforts of the numerous decades provided
the knowledge and the countermeasure options that were used in the 2014–2015
EVD outbreak. Unfortunately, many of these promising candidates were hampered
by the lack of funding to proceed from preclinical to safety clinical assessments to
reduce the risk associated with emergency clinical use. Fortunately, research con-
tinues and the pipeline is robust and promising. A clearer regulatory pathway is
being applied to the candidate products that can assist during outbreaks and beyond
(Russek-Cohen et al. 2016). Continued funding and the subsequent research will
provide additional options for therapies for filoviruses. Some of these options are
broad-spectrum and may have utility against all filoviruses including SUDV and
marburgviruses; and there are equal efforts to obtain virus-specific and host-directed
therapies. In conclusion, the pipeline offers a wealth of emerging options and our
experience during the past three years, demonstrates the gaps and the importance of
this research effort.
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Part III
Replication: at Cellular Level and Below



Filovirus Strategies to Escape Antiviral
Responses

Judith Olejnik, Adam J. Hume, Daisy W. Leung,
Gaya K. Amarasinghe, Christopher F. Basler and Elke Mühlberger

Abstract This chapter describes the various strategies filoviruses use to escape
host immune responses with a focus on innate immune and cell death pathways.
Since filovirus replication can be efficiently blocked by interferon (IFN), filoviruses
have evolved mechanisms to counteract both type I IFN induction and IFN
response signaling pathways. Intriguingly, marburg- and ebolaviruses use different
strategies to inhibit IFN signaling. This chapter also summarizes what is known
about the role of IFN-stimulated genes (ISGs) in filovirus infection. These fall into
three categories: those that restrict filovirus replication, those whose activation is
inhibited by filoviruses, and those that have no measurable effect on viral repli-
cation. In addition to innate immunity, mammalian cells have evolved strategies to
counter viral infections, including the induction of cell death and stress response
pathways, and we summarize our current knowledge of how filoviruses interact
with these pathways. Finally, this chapter delves into the interaction of EBOV with
myeloid dendritic cells and macrophages and the associated inflammatory response,
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which differs dramatically between these cell types when they are infected with
EBOV. In summary, we highlight the multifaceted nature of the host-viral inter-
actions during filoviral infections.
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1 Introduction

The filovirus family includes three genera, Ebolavirus, Marburgvirus, and
Cuevavirus. The genus Marburgvirus has two members (Marburg and Ravn viru-
ses), and Lloviu virus is the only member of the genus Cuevavirus. Five ebola-
viruses (Bundibugyo, Ebola, Reston, Sudan, and Taï Forest virus) have been
assigned to the genus Ebolavirus (Fig. 1; see chapter Guide to the Correct Use of
Filoviral Nomenclature in this book for a closer analysis of filovirus taxonomy).
Although the members of the filovirus family differ in their virulence (Mahanty and
Bray 2004), they take similar but not identical approaches to the circumvention or
inhibition of host defense pathways.

Filoviruses encode at least four proteins that counteract host antiviral defense
strategies: glycoprotein (GP), viral protein (VP) 24, VP35, and VP40. These pro-
teins have additional roles in viral attachment, transcription, replication, or virion
formation (see chapters Inside the Cell and Filovirus Structural Biology: The
Molecules in the Machine in this book for in-depth descriptions of these latter
functions).

Much work has been done to elucidate how filoviruses interact with the inter-
feron (IFN) pathway, which is one of the best-studied antiviral host defense sys-
tems. Activation of the type I IFN signaling pathway leads to the expression of
IFN-stimulated genes (ISGs), the mediators of IFN-induced inhibition to pathogens
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(Hoffmann et al. 2015). Pretreatment of cells with type I IFNs (IFNa and IFNb) or
type II IFN (IFNc) efficiently blocks filovirus replication, indicating that at least
some of the ISGs are potent inhibitors of filovirus replication (Pinto et al. 2015;
Rhein et al. 2015). This chapter will highlight the molecular mechanisms that
filoviruses use to inhibit IFN induction and signaling. It will also summarize what is
known about the role of ISGs in filovirus infection, which falls into three categories:
those that restrict filovirus replication, those that the virus blocks from restricting
replication, and others that have no effect on viral replication.

The IFN system is not the only strategy used by cells to control viral infection.
Various forms of cell death are used as a crude, last-ditch effort to limit viral
replication; by destroying the host cell, virus replication is, at least temporarily,
halted. While some viruses actively inhibit cell death signaling, other viruses have
co-opted this host defense strategy to facilitate virus spread. Here, we will describe
the role that cell death plays during filovirus infection.

Finally, this chapter will review how filovirus infection impacts the functions of
macrophages and dendritic cells (DCs). These cells are key players in innate virus
control and play central roles in linking innate and adaptive immunity. Importantly,
they are also early target cells during filovirus infection.

2 Immune Evasion by Filovirus Proteins

2.1 Inhibition of IFN Induction

The innate immune system is an evolutionarily conserved branch of the host
response that serves as the first line of defense against invading pathogens. Detection
of viral infection is mediated by pattern recognition receptors (PRRs), which

Ebolavirus
Ebola virus (EBOV)
Sudan virus (SUDV)
Bundibugyo virus (BDBV)
Taï Forest virus (TAFV)
Reston virus (RESTV)

Marburgvirus
Marburg virus (MARV)
Ravn virus (RAVV)

Cuevavirus
Lloviu virus (LLOV)

Filoviridae

Fig. 1 The virus family Filoviridae includes three genera, Ebolavirus, Marburgvirus, and
Cuevavirus. The genus Ebolavirus has five members: Ebola virus (EBOV), Sudan virus (SUDV),
Bundibugyo virus (BDBV), Tai Forest virus (TAFV), and Reston virus (RESTV). The genus
Marburgvirus has two members: Marburg virus (MARV) and Ravn virus (RAVV). The genus
Cuevavirus has only one member, Lloviu virus (LLOV). Viruses in red are pathogenic to humans,
those in green appear to be non-pathogenic to humans, and those in blue are not known to have
been in contact with humans
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recognize pathogen associated molecular patterns (PAMPs) absent in the host. Two
major types of PRRs are RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs)
(Akira et al. 2006; Gerlier 2011). RLRs, including retinoic acid inducible gene I
(RIG-I) and melanoma associated differentiation factor 5 (MDA5), are cytoplasmic
proteins containing N-terminal caspase activation and recruitment domains
(CARDs), central DExD/H box helicase domains, and C-terminal RNA binding
domains that recognize PAMPs from viral genomic material, including those gen-
erated due to viral replication within the host cells (Leung et al. 2012; Takeuchi and
Akira 2008). RIG-I is activated by short double stranded RNA (dsRNA) with 5′-ppp
or 5′-OH groups, whereas MDA5 preferentially binds to longer lengths of dsRNA
(Leung et al. 2012; Takeuchi and Akira 2008; Schlee et al. 2009; Yoneyama et al.
2005; Schmidt et al. 2009; Li et al. 2009; Akira and Takeda 2004). Signaling through
CARD-CARD interaction between RLRs and the mitochondrial activator of viral
signaling (MAVS, also known as IPS-1, VISA, or Cardif) located on mitochondria
(Sun et al. 2006; Berke and Modis 2012) (Fig. 2) results in the activation of TANK
binding kinase (TBK1) and inhibitor of nuclear factor j-B kinase subunit e (IKKe)
through association with TANK (TRAF family member-associated NFjB activator)
and TRAF3 (TNF receptor-associated factor 3). TBK1/IKKe kinases phosphorylate
the transcription factors IFN regulatory factors 3 and 7 (IRF3 and IRF7), which
homodimerize and translocate into the nucleus to activate the expression of type I
IFNs (Akira et al. 2006).

The filoviral VP35 proteins are multifunctional. In addition to their functions as
viral polymerase cofactors (see chapters Inside the Cell and Filovirus Structural
Biology: The Molecules in the Machine in this book for more information), they
antagonize the antiviral response. Ebola virus (EBOV) and Marburg virus (MARV)
VP35 proteins bind viral dsRNA to prevent their recognition by RIG-I and MDA5
(Prins et al. 2010a; Ramanan et al. 2012; Leung et al. 2009, 2010), representing
some of the better studied systems of viral antagonism of IFN production through
PAMP sequestration. Structural studies of the C-terminal IFN inhibitory domain
(IID) of EBOV VP35 in complex with an 8-bp in vitro transcribed RNA show that a
series of conserved basic residues facilitate binding of EBOV VP35 to the phos-
phodiester backbone of dsRNA (Fig. 2) (Leung et al. 2010). Mutational analysis of
these residues, particularly Arg312, shows that these basic residues are important
for dsRNA binding and IFN inhibition (Prins et al. 2010a). In fact, substitution of
Lys319 and Arg322 with alanine residues renders a guinea pig-adapted EBOV
avirulent (Prins et al. 2010a). EBOV VP35 also caps the blunt ends of dsRNA
through hydrophobic residues Phe235 and Phe239 (Leung et al. 2010). This dual
interaction provides a mechanism that allows EBOV VP35 to efficiently sequester
dsRNA from detection by and activation of RIG-I and MDA5. Similarly, MARV
VP35 coats the dsRNA backbone. Although MARV VP35 is structurally homol-
ogous to EBOV VP35, the backbones of their crystal structures have a root mean
square deviation of less than 1.0 Ångstrom (Ramanan et al. 2012), MARV VP35 is
unable to endcap dsRNA and preferentially binds longer dsRNA that are targeted
by MDA5 (Berke and Modis 2012; Ramanan et al. 2012; Peisley et al. 2011;
Edwards et al. 2016) (Fig. 2). These differences in MARV VP35 recognition of
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dsRNA motifs manifests in less-efficient inhibition of RIG-I signaling compared to
EBOV VP35 (Edwards et al. 2016). EBOV VP35 also interacts with and sequesters
individual components of stress granules, cytoplasmic structures which transla-
tionally silence RNAs in response to stress (Nelson et al. 2016; Le Sage et al. 2016).
The correspondence between in vitro studies that evaluate RNA sequestration with
in vivo studies of corresponding mutant viral infections support the relevance of
these mechanisms (Prins et al. 2010a). The inhibition of type I IFN induction by
VP35 appears to be a pan-filovirus characteristic, as it has been shown for the VP35
proteins of all five ebolaviruses, both marburgviruses, and Lloviu virus (LLOV)
(Edwards et al. 2016; Feagins and Basler 2015; Guito et al. 2016). However, there
are species-specific differences. Thus, marburgvirus VP35 proteins might be less
efficient in counteracting IFN induction compared to their ebolavirus counterparts
(Edwards et al. 2016; Guito et al. 2016).

2.1.1 Suppression of PACT Induced RIG-I Activation

RIG-I can be activated by the cellular protein kinase R (PKR) activator (PACT)
(Kok et al. 2011; Iwamura et al. 2001; Luthra et al. 2013), although the exact
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Fig. 2 Filoviruses inhibit the type I IFN response at multiple steps. This figure shows a simplified
schematic of the type I IFN signal pathway. Viral PAMPs (e.g., dsRNA, endosomal ssRNA) are
detected by host PRRs, such as RLRs (e.g., MDA5, RIG-I) and TLRs, which lead to the
production of type I IFNs (IFNa/b) and pro-inflammatory cytokines. Binding of IFNa/b to the
receptor complex IFNAR1/2 activates the JAK/STAT pathway leading to the expression of
IFN-stimulated genes (ISGs). Filovirus proteins (in red) target different steps of these pathways
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molecular mechanism is poorly understood. Some viral proteins, such as EBOV
and MARV VP35, target PACT to inhibit RIG-I signaling (Edwards et al. 2016;
Luthra et al. 2013). PACT induces potent activation of RIG-I-dependent IFNb
promoter activity, which is correlated with an increase in RIG-I ATPase activity.
Expression of the EBOV VP35 C-terminal domain suppresses RIG-I ATPase
activity, as well as IFNb promoter activity (Edwards et al. 2016; Luthra et al. 2013).
Coimmunoprecipitation studies show that EBOV VP35 binds PACT and disrupts
the interaction between PACT and RIG-I in a RNA-independent manner (Luthra
et al. 2013). Moreover, EBOV VP35 residues critical for dsRNA binding, including
Arg312, Arg322, and Phe239, are required for PACT binding. Interestingly,
dsRNA binding does not appear to mediate the interaction between EBOV VP35
and PACT. Further studies are needed to elucidate upon the molecular mechanism
of how PACT binding to VP35 regulates RIG-I activity, as well as the role of
PACT binding to VP35 on viral polymerase activity as VP35 functions as a
cofactor for the filoviral replication complex (Luthra et al. 2013; Prins et al. 2010b;
Becker et al. 1998). The function of PACT in promoting translational inhibition
through PKR activation requires additional studies to define the cellular role of its
impact.

2.1.2 Inhibition of IRF3 and IRF7 Activation

In addition to facilitating RLR signaling, IRF3 and IRF7 are part of the signaling
cascade for a number of other PRRs including TLRs and cytoplasmic DNA sensors
[reviewed in (Hiscott 2007)]. Whether it is for the purpose of redundant inhibition
of the above-mentioned RLR pathway or for the purpose of inhibiting other PRRs,
EBOV VP35 also inhibits IRF3- and IRF7-mediated signaling, in part by binding to
and inhibiting the function of the upstream kinases TBK1 and IKKe (reviewed in
Basler and Amarasinghe 2009; Prins et al. 2009, Fig. 2). Similar to EBOV, MARV
VP35 also inhibits IRF3 phosphorylation and IRF3 reporter gene activity, even in
the presence of over-expressed TBK1 and IKKe (Ramanan et al. 2012). In a
comparative analysis of ebola- and marburgvirus VP35 proteins, marburgvirus
VP35 proteins were slightly less efficient at inhibiting IRF3 reporter gene activation
than ebolavirus VP35 proteins (Guito et al. 2016). LLOV VP35 is also capable of
inhibiting IRF3 activation (Feagins and Basler 2015).

2.2 Inhibition of IFN Signaling by Filoviral Proteins

Type I IFNs, including IFNa and IFNb are master regulators of antiviral responses
(Rawlings et al. 2004; O’Shea et al. 2015). IFNa is predominantly produced by
hematopoietic cells, including plasmacytoid dendritic cells, while IFNb is more
broadly expressed (Ivashkiv andDonlin 2014; Chow andGale 2015). Type I IFNs can
act in an autocrine or paracrine fashion and bind to IFNa/b receptor (IFNAR) to
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activate Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which phosphorylate
Signal transducer and activator of transcription 1 (STAT1) and STAT2.
Phosphorylated STAT1 is recognized by a subset of the karyopherin a (KPNA) family
of nuclear transport proteins, the NPI-1 subfamily, which translocate
STAT1-containing complexes to the nucleus (McBride et al. 2002; Sekimoto et al.
1997). The phosphorylated STAT1/STAT2 heterodimer forms a ternary complex
along with IRF9 in the nucleus that induces transcription of ISGs through the
IFN-stimulated gene response elements (ISREs). ISGs can inhibit different stages of
viral infection including entry, replication, transcription, translation, assembly, and
egress (Schneider et al. 2014; Sadler and Williams 2008). As a result of the actions of
ISG expression, an overall antiviral state is achieved within the infected and neigh-
boring cells. In addition to inhibition of IFN induction,filoviruses also encode proteins
that inhibit the IFN signaling pathway. Below we describe how filoviral components
have developedways to inhibit JAK/STATactivity, interferewith the nuclear transport
of transcription factors STAT1 and STAT2, as well as inhibit the activity of ISGs.

2.2.1 Inhibition of Phosphorylation of JAK/STAT Pathway Proteins

IFNa/b binding to IFNAR leads to the phosphorylation of JAK1 and TYK2.
Although MARV and EBOV have a similar genome organization, only MARV
VP40 inhibits JAK1-dependent signaling pathways (Valmas et al. 2010) (Fig. 2).
Expression of MARV VP40 inhibits the tyrosine phosphorylation of JAK1, TYK2,
STAT1, and STAT2 in response to IFNc- and IL6-mediated phosphorylation of
STAT1 and STAT3 (Guito et al. 2016; Valmas et al. 2010). This process is similar
to a JAK1-deficient phenotype, suggesting that MARV VP40 targets JAK1, and not
TYK2. Furthermore, MARV VP40 residues Ala57 and Ala165 appear to be
important for inhibition of IFN signaling as mutation of these residues results in
loss of JAK1 inhibition (Valmas et al. 2010).

Recent studies analyzing ebola- and marburgvirus proteins for their abilities to
counteract the antiviral response suggest that the VP40 proteins of MARV, RAVV,
and to a lesser extent TAFV and SUDV, inhibit IFN- and Sendai virus (SeV)-
induced ISG production (Guito et al. 2016). Initial studies analyzing LLOV show
that LLOV VP40 is unable to inhibit IFN signaling, similar to EBOV VP40
(Feagins and Basler 2015).

2.2.2 Inhibition of Nuclear Transport of STATs

In contrast to MARV VP40, which inhibits JAK1 phosphorylation, ebolavirus
VP24 proteins block the nuclear translocation of phosphorylated STAT1
(pY-STAT1) complexes by targeting the STAT1 transporter KPNA (Guito et al.
2016; Reid et al. 2006, 2007; Xu et al. 2014). Recent biochemical and structural
studies have elucidated how EBOV VP24 affects STAT1 nuclear accumulation
while maintaining other KPNA-mediated cargo delivery (Xu et al. 2014).
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All KPNA recognize cargo containing a classical nuclear localization signal
(CNLS) through a major site on armadillo repeats (ARM) 2–4 and a minor site on
ARM 6–8 (Conti et al. 1998; Conti and Kuriyan 2000; Chook and Blobel 2001;
Conti and Izaurralde 2001). However, pY-STAT1 is transported by the
nucleoprotein-interacting protein 1 (NPI-1) subfamily, including KPNA1, KPNA5,
and KPNA6, which can recognize a relatively uncharacterized nonclassical NLS
(ncNLS) (Sekimoto et al. 1997). EBOV VP24 binds to KPNA with a significantly
higher affinity than pY-STAT1, suggesting that EBOV VP24 competes with
pY-STAT1 for binding to KPNA (Xu et al. 2014). The crystal structure of EBOV
VP24 in complex with the minimal binding region of KPNA5 has a large surface
area of interaction with a hydrophobic core and high shape complementarity (Xu
et al. 2014). The binding surface is formed by residues in KPNA that are conserved
only among the NPI-1 subfamily and residues of EBOV VP24 that vary in the
closely related MARV VP24 (Xu et al. 2014). Use of the ncNLS allows STAT1
transport to occur independently of other nucleocytoplasmic trafficking of cargoes
containing cNLSs. This may be important in EBOV pathogenesis by maintaining
certain cellular functions that can facilitate viral replication.

VP24 from all ebolaviruses, but not MARV VP24, inhibit IFN signaling,
although BDBV and RESTV VP24 are less efficient at inhibition. This may in part
be due to decreased KPNA binding (Guito et al. 2016; Schwarz 2016). LLOV
VP24 inhibits the IFN pathway in a manner similar to EBOV VP24 by inhibiting
IFN-induced STAT1 nuclear translocation and ISG induction presumably due to its
ability to bind KPNA (Feagins and Basler 2015).

2.3 ISGs in Filovirus Infection

As mentioned above, pretreatment of cells with IFNa/b or IFNc drastically reduces
filovirus infectivity, suggesting an inhibitory role for ISGs (Pinto et al. 2015; Rhein
et al. 2015; Bjorndal et al. 2003). Some well-studied ISGs include the antiviral
proteins myxovirus resistance 1 (Mx1), IFN-inducible dsRNA-dependent protein
kinase R (PKR), 2′-5′-oligoadenylate synthetase (OAS), IFN-induced proteins with
tetratricopeptide repeats (IFITs), apolipoprotein B mRNA-editing enzyme catalytic
polypeptide (APOBEC1), tripartite motif-containing proteins (TRIM) molecules,
and tetherin (Schneider et al. 2014; Sadler and Williams 2008; Yan and Chen 2012;
Haller et al. 2015; Garcia et al. 2006; Rebouillat and Hovanessian 1999; Diamond
and Farzan 2013; Vladimer et al. 2014; Ozato et al. 2008; Kuhl et al. 2011). Here
we review the literature regarding the ability of ISGs to restrict filovirus infection.

2.3.1 PKR

Protein kinase R (PKR) is a PRR that uses an N-terminal dsRNA binding domain to
sense viral infection [reviewed in (Garcia et al. 2007)]. Kinase activity of PKR is
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activated upon dsRNA binding, leading to the phosphorylation of targets, including
eukaryotic translation initiation factor 2a (eIF2a), which results in the shutdown of
translation and viral protein synthesis (Garcia et al. 2007; Nanduri et al. 1998;
Dauber and Wolff 2009). In addition to inhibiting the previously mentioned
dsRNA-sensing proteins RIG-I and MDA5, EBOV VP35 can prevent
dsRNA-dependent PKR activation (Feng et al. 2007; Schümann et al. 2009). Three
residues within the C-terminus of EBOV VP35, R305, K309, and R312, are critical
for inhibition of PKR as mutation of all three of these amino acids to alanine greatly
reduces the ability of VP35 to inhibit PKR activation (Schümann et al. 2009).
Intriguingly, inhibition of PKR activation by EBOV VP35 does not appear to be
dependent upon the ability to bind dsRNA, since the R312A mutant of VP35,
which lacks dsRNA binding ability, can still prevent PKR activation (Schümann
et al. 2009). More recently, LLOV VP35 was shown to inhibit SeV-induced PKR
activation, indicating that inhibition of PKR activation by VP35 may be a
pan-filovirus function (Feagins and Basler 2015).

2.3.2 PML Protein

Promyelocytic leukemia (PML) protein is a component of antiviral ISG forming
nuclear bodies, often referred to as PML nuclear bodies (PML-NB) or Nuclear
Domain 10 (ND10), which aggregate the replication and transcriptional machinery
of many viruses (Everett and Chelbi-Alix 2007; Geoffroy and Chelbi-Alix 2011).
While present in non-activated cells, PML expression is greatly enhanced upon
stimulation of cells with type I or type II IFNs (Regad and Chelbi-Alix 2001;
Chelbi-Alix et al. 1995; Lavau et al. 1995). The antiviral capacity of PML applies to
certain RNA viruses as PML overexpression results in the restriction of both
vesicular stomatitis Indiana virus and influenza A virus, but not encephalomy-
ocarditis virus (Chelbi-Alix et al. 1998; Jin et al. 2014).

As of today, there is only one study looking at the role of PML in filovirus
infection. PML expression is upregulated in EBOV-infected IFN-competent MCF7
cells (human breast cancer cell line), whereas only a minor change of PML
expression occurs in infected Vero cells (african green monkey kidney epithelial
cell line), which cannot produce IFN. Interestingly, PML expression does not
change in surrounding, noninfected cells, indicating an IFN-independent mecha-
nism of increased PML expression directly induced by EBOV infection (Bjorndal
et al. 2003). Viral replication occurs readily in PML-expressing cells, suggesting
that PML has no major inhibitory effect on EBOV replication, which was not
analyzed in this study (Bjorndal et al. 2003).

2.3.3 IFIT Proteins

The IFN-induced protein with tetratricopeptide repeats (IFIT) family of proteins
contains five members in humans, IFIT1, 1B, 1C, 2, 3, and 5. With the exception of
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IFIT1B, the expression of IFIT proteins are strongly induced by IFN and possess
antiviral activity against specific RNA viruses (Pinto et al. 2015; Vladimer et al. 2014;
Fensterl and Sen 2015; Hyde and Diamond 2015; Fensterl and Sen 2011; Young et al.
2016). There are two antiviral mechanisms that have been attributed tomembers of the
IFIT family. IFIT1 binds to and inhibits the translation of viral mRNAs lacking 2′-
O cap methylation. It also sequesters RNA of uncapped viral genomes and anti-
genomes containing 5′ triphosphates and prevents their translation with the help of
IFIT2 and IFIT3 (Vladimer et al. 2014; Hyde and Diamond 2015; Pichlmair et al.
2011; Kumar et al. 2014; Daffis et al. 2010). The antiviral activity of IFIT1 is lacking
or is minimal against wild-type flaviviruses but is greater against mutant forms of
these viruses lacking 2′-O methyltransferases (2′OMTases) (Daffis et al. 2010;
Szretter et al. 2012; Li et al. 2013; Kimura et al. 2013). These data indicate that the
antiviral activity of IFIT1 against some viruses is overcome by viral 2′OMTase
activity. The EBOV polymerase is predicted to have 2′OMTase activity (Zhao et al.
2016; Bujnicki and Rychlewski 2002; Ferron et al. 2002). Consistent with this pre-
diction, EBOV replication does not seem to be affected by IFIT1. EBOV titers are
similar in mouse macrophages lacking IFIT1 compared to wild-type (wt) cells (Pinto
et al. 2015). Whether other IFITs have an antiviral function against EBOV or whether
MARV is influenced by the IFIT family has not yet been reported.

2.3.4 IFITM Proteins

The IFN-induced transmembrane (IFITM) family includes IFITM1, 2, 3, and 5 in
humans. A broad range of enveloped RNA viruses are restricted by at least one
member of the IFITM family. IFITM proteins act at late stages of viral entry and
restrict fusion from late endosomes (Huang et al. 2011;Alber and Staeheli 1996; Brass
et al. 2009;Mudhasani et al. 2013; Lu et al. 2011; Everitt et al. 2013;Anafu et al. 2013;
Bailey et al. 2014). The various members of the IFITM protein family are able to
inhibit filoviral GP-mediated entry, as shown for retroviruses (murine leukemia virus)
pseudotyped with distinct filoviral GPs, including those of all ebolavirus species,
MARV, and LLOV to varying degrees (Huang et al. 2011; Wrensch et al. 2015)
(Fig. 2). Importantly, the IFITM proteins also inhibit infection with EBOV and
MARV (Huang et al. 2011). The inhibition of filovirus GP-mediated entry likely
occurs in the late endosome (Huang et al. 2011). The exact mechanism remains
unclear, but it appears that modulation of cathepsin activity is not involved (Huang
et al. 2011).

2.3.5 Tetherin

Tetherin is a cell surface-localized transmembrane protein which acts as an antiviral
ISG by inhibiting the budding of various viruses (Sakuma et al. 2009; Neil et al.
2008). Budding of filoviral particles is mediated by the matrix protein VP40, and
tetherin blocks the release of virus-like particles (VLPs) from cells expressing
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EBOV, MARV, or RAVV VP40 (Sakuma et al. 2009; Kaletsky et al. 2009;
Radoshitzky et al. 2010; Feagins and Basler 2014). However, tetherin-mediated
restriction of VLP release can be overcome by co-expression of GP (Fig. 2). While
the mechanism of the antagonizing function of GP has not been determined,
EBOV GP and tetherin interact directly, suggesting a direct mechanism of action
(Kaletsky et al. 2009; Lopez et al. 2010). While the mucin-like domain of
EBOV GP was initially hypothesized to play a role in overcoming
tetherin-mediated restriction, it does not seem to play a critical role in this process
(Kaletsky et al. 2009; Radoshitzky et al. 2010). Interestingly, mutations in the VP40
gene in mouse-adapted RAVV increase the sensitivity of the virus to restriction by
human, but not mouse, tetherin (Feagins and Basler 2014).

2.3.6 ISG15

ISG15 is a small, ubiquitin-like protein whose main antiviral function appears to be
ISGylation, the covalent attachment to cellular and viral proteins in a manner
similar to ubiquitinyl or SUMOyl conjugation. While the targets and functions of
ISGylation remain relatively poorly characterized, ISG15 is generally characterized
as harboring antiviral activity (Zhang and Zhang 2011). Similar to tetherin, ISG15
inhibits budding of VLPs containing EBOV VP40. Overexpression of a
dominant-negative form of the ubiquitin ligase Nedd4 abolishes this inhibition,
indicating a role for Nedd4 in ISG15-mediated restriction of EBOV (Malakhova
and Zhang 2008; Okumura et al. 2008). Inhibition of VLPs containing EBOV VP40
is observed in the absence of other viral proteins. It is not known if ISG15 is able to
inhibit budding of other filoviruses besides EBOV.

2.3.7 ZAP

Zinc finger antiviral protein (ZAP) is a zinc finger-containing ISG which has
antiviral activity against a number of RNA viruses, although its antiviral activity is
not universal (Gao et al. 2002; Bick et al. 2003). While the exact mechanism of
ZAP antiviral function remains to be determined, initial studies show that ZAP
post-transcriptionally reduces viral RNAs in a zinc finger-dependent manner (Mao
et al. 2013). Additional studies indicate that ZAP binds to and destabilizes target
viral RNAs by facilitating the removal of the mRNA caps and poly A tails as well
as recruiting the 3′–5′ exosome to facilitate transcript degradation of RNAs (Guo
et al. 2007; Zhu et al. 2011). EBOV and SUDV and, to a lesser extent MARV,
replicate to lower titers in Rat2 and 293T cells expressing rat ZAP (Muller et al.
2007). Expression of ZAP leads to a reduction in the mRNA amounts of mainly
EBOV and MARV L mRNAs, suggesting that ZAP interferes with L mRNA
synthesis or stability (Muller et al. 2007).
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2.4 Inhibition of RNA Interference Pathways

The related miRNA and RNAi pathways serve as cellular antiviral defense systems
aside from their roles in normal cellular functions (Umbach and Cullen 2009;
Haasnoot and Berkhout 2011; Vasselon et al. 2013). Three EBOV proteins, VP30,
VP35, and VP40, each inhibit RNA interference (RNAi) in co-transfection
experiments (Haasnoot et al. 2007; Fabozzi et al. 2011). EBOV VP35, the most
effective of these EBOV proteins at inhibiting the RNAi pathway, does so in a
dsRNA binding-dependent manner (Haasnoot et al. 2007). Inhibition the RNAi
pathway by VP30 and VP35 may in part be due to their ability to interact with
individual components of the RNAi pathway; VP30 interacts with Dicer and TRBP,
while VP35 interacts with Dicer, TRBP, and PACT, independent of its dsRNA
binding domain (Fabozzi et al. 2011). The VP35 proteins from both EBOV and
MARV are able to inhibit Dicer-dependent production of virus-derived siRNAs
(vsiRNAs) during infection of cells with influenza A virus lacking NS1, suggesting
that VP35 may perform the same function during filovirus infections (Li et al.
2016). Interestingly, a lipid nanoparticle-delivered siRNA cocktail targeting VP35
and L is efficacious in rhesus monkeys up to 3 days post exposure to an otherwise
lethal EBOV dose (Thi et al. 2015).

3 Cell Death in Filovirus Infection

Viruses rely on a functional cellular machinery to replicate. Cell death is an efficient
way to disable this cellular machinery and therefore, is considered as an antiviral
strategy. Some forms of cell death trigger a pro-inflammatory response, leading to
additional cell damage (Labbe and Saleh 2008). Cell death caused by filovirus
infection occurs in both animal (in vivo) and cell culture (in vitro) models.

3.1 Filovirus-Induced Cell Death in Animal Models
and Patients

3.1.1 Cell Death of Permissive Cells in Vivo

Both in vivo and in vitro infectionmodels suggest that filovirus-infected cells undergo
non-apoptotic cell death, including necrosis (Baskerville et al. 1978; Connolly et al.
1999; Geisbert et al. 2000, 2003a; Ryabchikova et al. 1996a, 1999; Ryabchikova
2004; Murphy et al. 1971; Warfield et al. 2007; Groseth et al. 2012; Warfield et al.
2009; Qiu et al. 2014; Bird et al. 2016; Cross et al. 2015; Herbert et al. 2015; Ludtke
et al. 2015; Zumbrun et al. 2012; Ebihara et al. 2013; Lever et al. 2012; Warren et al.
2010; Gibb et al. 2001; Bray et al. 2001; Olejnik et al. 2011; Schmidt et al. 2011).
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Although expression of apoptotic markers increases during EBOV infection in
humans and in animal models (Geisbert et al. 2003a; Baize et al. 1999; Hensley et al.
2002; Leroy et al. 2001; Rubins et al. 2007), apoptosis is not observed in infected cells
directly (Baskerville et al. 1978; Connolly et al. 1999; Geisbert et al. 2000, 2003a;
Ryabchikova et al. 1996b, 1999; Ryabchikova 2004; Murphy et al. 1971; Gibb et al.
2001; Olejnik et al. 2011, 2013). A hallmark of filovirus infection is liver damage,
which is associated with tissue necrosis and hepatocyte death (Baskerville et al. 1978;
Ryabchikova et al. 1999; Ryabchikova 2004; Murphy et al. 1971; Warfield et al.
2007; Groseth et al. 2012;Warfield et al. 2009; Qiu et al. 2014; Bird et al. 2016; Cross
et al. 2015; Herbert et al. 2015; Zumbrun et al. 2012; Ebihara et al. 2013; Lever et al.
2012; Ryabchikova et al. 1996b; Ellis et al. 1978; Zaki et al. 1999; Gedigk et al. 1968;
Rippey et al. 1984). Hepatocytes and Kupffer cells in various rodent models of EBOV
disease undergo apoptosis (Groseth et al. 2012; Ebihara et al. 2013; Bradfute et al.
2010). However, it is not clear whether apoptosis is induced in infected cells or in
noninfected bystander cells or in both (Groseth et al. 2012; Ebihara et al. 2013;
Bradfute et al. 2010). Inhibition of apoptosis delays liver dysfunction in mice, sug-
gesting that the extent of hepatic cell death plays a crucial role in EBOV pathogenesis
(Groseth et al. 2012; Ebihara et al. 2013; Bradfute et al. 2010).

3.1.2 Cell Death of Non-Permissive Cells in Vivo

Although lymphocytes are not permissive to filovirus infection, they are depleted in
infected patients and in infected animals, presumably through apoptotic cell death
(Geisbert et al. 2000, 2003a; Warfield et al. 2007, 2009; Cross et al. 2015; Ebihara
et al. 2013; Baize et al. 1999, 2002; Leroy et al. 2000; Bradfute et al. 2007, 2008,
2010; Gupta et al. 2007; Reed et al. 2004; Brannan et al. 2015). Apoptotic lym-
phocytes are detected by various methods, including histology staining, electron
microscopy, TUNEL assay, and flow cytometry in the tissues or peripheral blood
mononuclear cells (PBMCs) of filovirus-infected animals (Geisbert et al. 2000,
2003a; Warfield et al. 2007, 2009; Cross et al. 2015; Ebihara et al. 2013; Bradfute
et al. 2008, 2010; Reed et al. 2004; Brannan et al. 2015). Various apoptotic
markers, including cleavage of the 41/7 nuclear matrix protein (NMP), DNA
fragmentation, and increased Fas/CD95 expression are detected in lymphocytes
from fatally EBOV-infected patients and macaques (Baize et al. 1999; Reed et al.
2004; Wauquier et al. 2010). In a mouse model of EBOV infection, lymphocyte
apoptosis was shown to be dependent on both death receptor and intrinsic apoptosis
signaling (Bradfute et al. 2010). Surprisingly, blocking lymphocyte apoptosis in an
EBOV mouse model does not increase survival (Bradfute et al. 2010). A recent
study analyzing the immune signature in patients infected with EBOV did not
observe significant differences in the number of circulating white blood cells
between fatal cases and survivors of infection. However, fatal cases showed a high
percentage of CD4+ and CD8+ T cells expressing CTLA-4 and PD-1, both markers
of T cell exhaustion (Ruibal et al. 2016). An increase in the number of white blood
cells followed by only moderate lymphopenia was observed in nonhuman primates
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(NHPs) fatally infected with EBOV (Marzi et al. 2015). Initial increases in white
blood cell numbers are also observed in survivors of EBOV infection (Kreuels et al.
2014; Wolf et al. 2015), suggesting that temporal changes in the T cell compartment
might play a role in EBOV pathogenesis.

3.2 In Vitro Analysis of Filovirus-Induced Cell Death

In cell culture models, filovirus infection generally leads to a visible cytopathic
effect (CPE) including cell blebbing, cell rounding, vacuolization, and detachment
(Schmidt et al. 2011; Olejnik et al. 2013; Alazard-Dany et al. 2006; Barrientos and
Rollin 2007; Hoenen et al. 2013; Geisbert et al. 2003b; Boehmann et al. 2005;
Gupta et al. 2010). The degree of CPE caused by infection varies with different
ebolaviruses (Boehmann et al. 2005). EBOV-infected cells, including human
monocyte-derived macrophages, undergo necrotic cell death rather than apoptosis
(Olejnik et al. 2013). There are conflicting results about the fate of EBOV-infected
monocytes and macrophages in a human PBMC infection model. Although no
signs of apoptosis were detected in EBOV-infected macrophages during PBMC
infection in one study (Geisbert et al. 2000), apoptotic markers were found on
monocytes and macrophages in EBOV- and BDBV-infected PBMCs by another
group (Gupta et al. 2007, 2010). Whether differences in the experimental protocol
account for the conflicting results remains to be determined.

EBOV-infected cells remain sensitive to the induction of apoptosis through both
the intrinsic and extrinsic pathways (Olejnik et al. 2013). Interestingly, stimulation
of dsRNA-dependent apoptosis in EBOV-infected cells inhibits EBOV replication
(Olejnik et al. 2013). These data indicate that apoptotic pathways can be success-
fully induced to inhibit EBOV propagation. Intriguingly and in contrast to EBOV,
MARV infection leads to the activation of cytoprotective responses in infected cells
to prolong cell viability (as discussed below) (Page et al. 2014; Edwards and Basler
2015; Zhang et al. 2014; Johnson et al. 2016).

3.2.1 Filovirus Cytotoxic Proteins

Signs of cytotoxicity, including cell rounding and detachment have been associated
with EBOV GP and VP40 (Alazard-Dany et al. 2006; Takada et al. 2000; Yang
et al. 2000; Chan et al. 2000; Volchkov et al. 2001; Simmons et al. 2002; Ray et al.
2004; Sullivan et al. 2005; Han et al. 2007; Francica et al. 2009; Hacke et al. 2015;
Melito et al. 2008). The mechanism of cell death in VP40-expressing cells remains
undetermined but seems to be related to transient overexpression of the protein
(Alazard-Dany et al. 2006; Melito et al. 2008). Since VP40 mediates budding
(Hartlieb and Weissenhorn 2006), it is conceivable that the observed cytopathic
effects are caused by massive membrane loss.
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The mechanisms of GP-induced cytotoxicity are not entirely understood.
Reduced activation of the ERK2 kinase and reduced integrin cell surface levels
might play a role (Sullivan et al. 2005; Francica et al. 2009; Zampieri et al. 2007).
While some studies report the induction of cell death in GP-expressing cells (Yang
et al. 2000; Ray et al. 2004; Zampieri et al. 2007), other reports did not observe cell
disruption (Chan et al. 2000; Simmons et al. 2002). A possible explanation for these
conflicting results might be differences in the expression levels of GP in the various
studies. Notably, low levels of EBOV GP expression comparable to GP levels in
EBOV-infected cells do not lead to the induction of cytotoxic effects (Alazard-Dany
et al. 2006). GP is processed from a precursor protein (preGP) into two subunits,
GP1 and GP2, which both have cytotoxic effects (Yang et al. 2000; Han et al. 2007;
Francica et al. 2009; Hacke et al. 2015; Zampieri et al. 2007). For GP1, the heavily
glycosylated mucin-like domain is sufficient to mediate these effects (Yang et al.
2000; Francica et al. 2009; Zampieri et al. 2007). Increased expression of
membrane-bound GP from a recombinant EBOV resulted in elevated cytotoxicity
(Volchkov et al. 2001). Interestingly, this recombinant virus was less virulent in a
guinea pig model, suggesting that early cell death of infected cells limits viral
spread (Volchkova et al. 2015). A decrease in tumor necrosis factor a–converting
enzyme (TACE)-mediated shedding of GP leads to increased cytotoxic effects and
enhanced viral growth and infectivity (Dolnik et al. 2004, 2015). This suggests that
GP-mediated cytotoxicity in EBOV infection is controlled by regulating both the
levels of expression and shedding of GP. Intriguingly, no cytotoxic effects have
been associated with overexpression of MARV GP (Chan et al. 2000). Cell surface
expression of EBOV, MARV, or LLOV GP interferes with Fas/CD95 binding by
steric shielding, thereby preventing the subsequent induction of apoptosis (Noyori
et al. 2013). Whether this effect plays a role in the prevention of apoptosis in
infected cells has yet to be determined.

3.2.2 Regulation of the Oxidative Stress Response by MARV VP24

MARV activates expression of genes with promoters that contain antioxidant
response elements (AREs). ARE genes encode proteins that facilitate cellular sur-
vival under conditions of stress, including oxidative stress. MARV VP24 interacts
with KELCH-like ECH-associated protein 1 (Keap1) (Page et al. 2014; Edwards
and Basler 2015; Pichlmair et al. 2012). Keap1 interacts with proteins such as the
transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2), and directs
their Cul3 ubiquitin ligase-dependent poly-ubiquitinylation, thereby activating
expression of ARE-containing genes. However, cell stresses trigger alteration in
Keap1–Nrf2 interaction, leading to Nrf2 stabilization and activation of ARE gene
expression (Copple et al. 2008). MARV VP24 interacts with Keap1 via one of the
C-terminal six-bladed beta propeller Kelch domains. Interaction occurs through a
loop (K-loop), which projects out from the MARV VP24 structure, and contains a
GE amino acid motif that is preceded by acidic residues. This domain is similar to
interaction motifs found in other Keap1 targets, including Nrf2. Biophysical studies
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indicate that MARV VP24 and Nrf2 interact with the same region of the KELCH
domain (Edwards and Basler 2015; Zhang et al. 2014; Johnson et al. 2016). MARV
VP24 binding to Keap1 disrupts Keap1-Nrf2 binding leading to ARE gene
expression (Page et al. 2014; Edwards and Basler 2015). ARE gene expression is
upregulated after MARV infection, but not after EBOV infection, which is con-
sistent with the observation that MARV VP24 interacts with Keap1 but EBOV
VP24 does not (Edwards and Basler 2015). Further, Nrf2-deficient mice are
resistant to disease caused by mouse-adapted MARV (Page et al. 2014). These data
suggest that MARV VP24 activates Nrf2 to facilitate viral replication, perhaps by
activating the cytoprotective ARE response; infected cells survive longer and
produce more virus. Alternatively, the ARE response may protect viral products
from oxidative damage to facilitate replication. Keap1 also modulates stability of
the kinase IKKb, which regulates NF-jB expression, and MARV VP24 relieves the
suppressive activity of Keap1 on NF-jB activation. As NF-jB can also exert
cytoprotective effects, MARV VP24–Keap1 interaction may represent a general
strategy of the virus to sustain the viability of infected cells (Edwards and Basler
2015).

4 Interaction of Filoviruses with Host Immune Cells

Antigen-presenting cells, including monocytes, macrophages, and myeloid dendritic
cells, are considered the primary target cells of filoviruses and play crucial roles in
filovirus pathogenesis (Bray and Geisbert 2005; Martinez et al. 2012). Infection of
these cells by filoviruses severely impacts their function in mediating an appropriate
innate immune response and might play a role in the excessive pro-inflammatory
response observed during filovirus disease (Geisbert et al. 2003a, c; Hensley et al.
2002; Leroy et al. 2001; Rubins et al. 2007; Baize et al. 2002; Wauquier et al. 2010;
Ruibal et al. 2016; Rougeron et al. 2015; Feldmann and Geisbert 2011; Villinger
et al. 1999; McElroy et al. 2016; Gupta et al. 2001; McElroy et al. 2014a, b; Sanchez
et al. 2004; Hutchinson and Rollin 2007; Ignatiev et al. 2000; Ebihara et al. 2011;
Marzi et al. 2013; Martins et al. 2015; van Paassen et al. 2012; Fritz et al. 2008;
Hensley et al. 2011; Alves et al. 2010; Geisbert et al. 2007; Lin et al. 2015; Connor
et al. 2015; Fernando et al. 2015; Ignat’ev et al. 1995; Caballero et al. 2014, 2016;
Marzi et al. 2016). In addition, comparative data on the cytokine and chemokine
responses in EBOV-infected patients and nonhuman primates suggest that a broadly
dysregulated inflammatory response is associated with severe or fatal EBOV disease
(Baize et al. 1999, 2002; McElroy et al. 2014a; Martins et al. 2015).
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4.1 Monocytes and Macrophages

Substantial data from studies of human infections and experimental animal infec-
tions demonstrate the replication of filoviruses in macrophage infection in vivo
[reviewed in (Martinez et al. 2012)]. Macrophages are among the earliest cell types
infected and remain targets of infection throughout the course of disease (Geisbert
et al. 2003a). Human monocyte-derived macrophages are permissive for filovirus
infection in vitro (Feldmann et al. 1996; Stroher et al. 2001; Martinez et al. 2013).
Monocytes obtained from human blood also appear to be permissive for filovirus
infection in vitro (Stroher et al. 2001). This observation seems to contradict studies
that found monocytes to be resistant to viral entry by viruses pseudotyped with
EBOV GP (Yonezawa et al. 2005; Dube et al. 2008). An explanation that may
resolve this apparent contradiction is that as monocytes differentiate towards a
macrophage or DC phenotype, they acquire permissiveness for GP-mediated entry
(Martinez et al. 2013). This hypothesis suggests that monocytes that are infected by
EBOV are in the process of differentiating, a process that may be facilitated by
interaction of the cells with GP.

In vitro studies suggest that monocytes and macrophages may be significant
sources of the cytokines that are characteristic of severe filovirus disease. Substantial
cytokine and chemokine expression is induced early in filovirus infection of
monocytes or macrophages (Hensley et al. 2002; Gupta et al. 2001; Stroher et al.
2001; Martinez et al. 2013; Wahl-Jensen et al. 2011; Ayithan et al. 2014; Olejnik
et al. 2017). Similar responses are elicited by inactivated EBOV and by Ebola VLPs
generated by co-expressing EBOV VP40 and GP (Hensley et al. 2002; Stroher et al.
2001; Wahl-Jensen et al. 2011; Olejnik et al. 2017; Wahl-Jensen et al. 2005). This
shows that viral genome replication and transcription within the infected cells are not
required for the induction of the observed inflammatory response. VLP studies
revealed that EBOV GP is sufficient to stimulate cytokine and chemokine expres-
sion. Intriguingly, EBOV GP activates Toll-like receptor 4 (TLR4) and induces
downstream inflammatory responses (Okumura et al. 2010; Escudero-Perez et al.
2014). TLR4 activation is mediated by both GP inserted on the surface of viral
particles and shed GP, a truncated form of membrane-bound GP lacking the trans-
membrane domain (Olejnik et al. 2017; Escudero-Perez et al. 2014). In contrast,
soluble GP, the carboxy terminal part of which differs from transmembrane GP and
shed GP, cannot activate TLR4-mediated inflammatory responses (Wahl-Jensen
et al. 2005; Escudero-Perez et al. 2014). There are conflicting results regarding the
activation of human macrophages by RESTV infection. In one study, RESTV
infection led to a robust activation of human monocytes and macrophages similar to
EBOV, whereas RESTV-infected macrophages remained remarkably silent in
another study (Stroher et al. 2001; Olejnik et al. 2017). It is conceivable that different
procedures to generate virus stocks might account for this discrepancy (Hartman
et al. 2008). VLPs containing RESTV GP fail to stimulate a pro-inflammatory
response in primary human macrophages, indicating that RESTV GP does not
trigger TLR4 signaling (Olejnik et al. 2017). The inability of RESTV GP to activate
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human macrophages through TLR4 might contribute to lower pathogenicity by
preventing the cytokine storm observed in EBOV infection. Interestingly, EBOV
GP-mediated TLR4 activation of macrophages can be inhibited by using TLR4
antagonists or anti-TLR4 antibodies which opens up potential treatment options
(Olejnik et al. 2017; Escudero-Perez et al. 2014). Further studies are needed, how-
ever, to determine to what extent GP drives monocyte and macrophage
pro-inflammatory responses, whether TLR4 signaling is the dominant pathway
inducing this response and if TLR4 activation is correlated with pathogenicity.
Although it seems counterproductive for a virus to induce a strong inflammatory
response in the infected cells, GP-mediated TLR4 activation might be beneficial for
the virus. Among the upregulated host proteins detected in GP-activated macro-
phages are suppressor of cytokine signaling 1 and 3 (SOCS1 and SOCS3).
Intriguingly, SOCS3 enhances EBOV particle budding, supporting the hypothesis
that the induction of a pro-inflammatory response promotes EBOV infection
(Olejnik et al. 2017; Okumura et al. 2010, 2015).

4.2 Dendritic Cells

DCs play a critical role in linking the innate and adaptive immunity. They respond
to pathogens by undergoing a maturation process that facilitates presentation of
antigen to and stimulation of T cell responses (Lanzavecchia 1999). Like macro-
phages, DCs are productively infected by filoviruses (Bosio et al. 2003; Mahanty
et al. 2003). However, whereas EBOV infection of monocytes and macrophages
leads to substantial cytokine production, as discussed above, a much more muted
cytokine response is produced by infected human monocyte-derived DCs. In each
case, a minimal response and an absence of IFN responses, as assessed by cytokine
production or gene expression changes, occurs following infection (Hensley et al.
2002; Bosio et al. 2003; Mahanty et al. 2003; Lubaki et al. 2013). Further, other
measures of DC maturation are also suppressed, including the upregulation of cell
surface markers and activation of T cell responses (Bosio et al. 2003; Mahanty et al.
2003; Lubaki et al. 2013, 2016).

Stimulation of human DCs with VLPs exposing EBOV GP or recombinant shed
EBOV GP leads to activation of cells and secretion of cytokines and chemokines
(Escudero-Perez et al. 2014; Bosio et al. 2004; Martinez et al. 2007; Ye et al. 2006).
Inflammatory responses after stimulation with recombinant shed EBOV GP are
inhibited by anti-TLR4 antibodies, suggesting GP-TLR4 mediated activation
comparable to macrophages as discussed above (Escudero-Perez et al. 2014). In
addition, EBOV GP delivered by VLPs interacts with C-type lectin domain family
4 member G (CLEC4G/LSECtin) on DCs, leading to the induction of an inflam-
matory response (Zhao et al. 2016).

The major inhibitor of DC maturation in EBOV infection appears to be the VP35
protein. VP35, when delivered to DCs with alphavirus replicons, from herpes
simplex virus (HSV), or from lentiviral vectors, is effective in suppressing DC
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responses (Bosio et al. 2003; Yen and Basler 2016; Yen et al. 2014; Jin et al. 2010).
Delivery by lentivirus allowed the comparison of wild-type and mutant VP35s and
their capacity to counteract different DC maturation stimuli and signaling pathways
(Yen et al. 2014). Wild-type EBOV VP35 effectively suppresses DC maturation
induced by stimuli that signal via either the RIG-I or MDA5 pathways. The sup-
pression is manifested by impairment of IFNA or IFNB gene expression, a decrease
in inflammatory cytokine production, suppressed upregulation of cell surface
markers of maturation, and impaired capacity to stimulate T cell responses (Yen
et al. 2014). VP35 mutants previously described to lose dsRNA binding and RIG-I
inhibitory activities lost the capacity to suppress each of these measures of DC
maturation and function (Yen et al. 2014). Delivery of MARV VP35 has the same
effect as EBOV VP35 (Yen and Basler 2016). Delivery of the other defined innate
immune antagonists of either EBOV or MARV, including EBOV VP24, MARV
VP40, and MARV VP24, has only limited impact on DC maturation (Yen and
Basler 2016). Both EBOV VP24 and MARV VP40 effectively suppress ISG
upregulation following either infection with the RIG-I activating SeV or following
treatment of cells with IFN. Nonetheless, these effects of EBOV VP24 or MARV
VP40 are insufficient to prevent upregulation of cell surface markers of maturation
or to impair T cell activation. Similarly, although MARV VP24 can modulate
expression of genes connected to the antioxidant response, it had no impact on other
measures of DC maturation (Yen and Basler 2016).

The findings obtained by studying individual filovirus proteins are consistent
with the results obtained with recombinant EBOVs possessing mutations in VP35
or VP24 proteins important for inhibition of IFN induction and signaling. In con-
trast to EBOV encoding wild-type IFN antagonists, recombinant EBOV containing
mutant VP35 triggers robust IFN and cytokine responses, upregulates cell surface
markers, and becomes able to stimulate T cell responses (Lubaki et al. 2013).
Mutation of EBOV VP24 had modest impact on DC maturation (Lubaki et al.
2013). These findings therefore suggest that VP35 plays a critical role in sup-
pressing DC maturation in the context of EBOV infection. Studies of
lentivirus-transduced DCs indicate that VP35 potently inhibits RIG-I and MDA5
signaling but has only a very modest effect on DC responses after LPS induced
signaling, mediated by TLR4 (Yen et al. 2011). These data therefore suggest that
RLR signaling plays the determining role in DC maturation induced by the VP35
mutant. Why GP signaling via TLR4 is not sufficient to induce DC maturation
remains to be clarified.

Plasmacytoid DCs (pDCs) represent a special class of DCs that produce copious
amounts of IFNa in response to viral stimulation. In pDCs, response to RNA
viruses such as EBOV is largely TLR7-dependent. When the EBOV VP35 protein
is delivered to pDCs via a recombinant Newcastle disease virus (NDV), it is
ineffective at countering pDC IFNa production (Leung et al. 2011). Consistent with
an inability to block IFNa production in this system, VP35 is unable to block
signaling by TLR7 when TLR7 is expressed by transfection in 293T cells.
Interestingly, in in vitro infections EBOV fails to trigger IFNa production by pDCs
and EBOV particles fail to enter pDCs (Leung et al. 2011). IFNa–producing pDCs
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have been detected in the spleen of MARV-infected macaques, but it was not
determined if these cells were infected with MARV or were noninfected cells (Fritz
et al. 2008). It remains to be determined whether pDCs are activated during EBOV
infection in vivo and if EBOV and MARV differ in their ability to activate IFN
responses in this cell type.
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Mechanisms of Filovirus Entry

R.A. Davey, O. Shtanko, M. Anantpadma, Y. Sakurai, K. Chandran
and W. Maury

Abstract Filovirus entry into cells is complex, perhaps as complex as any viral
entry mechanism identified to date. However, over the past 10 years, the important
events required for filoviruses to enter into the endosomal compartment and fuse with
vesicular membranes have been elucidated (Fig. 1). Here, we highlight the important
steps that are required for productive entry of filoviruses into mammalian cells.
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1 Filovirus Morphology

Filovirions are structurally pleomorphic, but are characterized by a commonly
observed long filamentous structure. These helically symmetrical virions that con-
tain a negative strand RNA genome are *80 nm in width and as long as 1400 nm
(Feldmann et al. 2013). Ebolavirus particles are thought to be longer than Marburg
virus (MARV) (Geisbert and Jahrling 1995). Filovirus particles are enveloped,
acquiring the membrane during viral budding from the host cell plasma membrane.
The membrane is studded with the virally encoded glycoprotein (GP) that can be
seen to protrude from the membrane in electron micrographs. VP40, which lines the
inner leaflet of the envelope, is the main protein controlling morphology, although
nucleoprotein (NP) and several minor structural proteins including VP24 define the
virion cross-section diameter (Harty et al. 2000; Noda et al. 2002; Makino et al.
2011). Within the virion, the RNA genome is surrounded and protected by the
nucleocapsid complex composed of NP, VP30, and VP35 (Makino et al. 2011) with
the matrix proteins VP40 and VP24 also contributing to the nucleocapsid structure
(Hoenen et al. 2010; Bharat et al. 2012). The viral RNA-dependent RNA polymerase
(RdRp, L) is thought to be recruited to this complex by interactions with VP35 and
VP30 (Becker et al. 1998; Groseth et al. 2009).

2 The Biology of the Filovirus Glycoprotein

The biology of filovirus glycoproteins has been extensively studied [see reviews
(Miller and Chandran 2012; Simmons 2013; Rhein and Maury 2015; Martin et al.
2016)]. Filovirus GP is a class I viral membrane fusion glycoprotein that is similar to
other well-studied glycoproteins of this class such as HIV-1 Env and influenza A
virus hemagglutinin [recently reviewed (Harrison 2015)]. The major protein product
transcribed from the ebolavirus GP gene is a secreted, soluble GP (sGP) (Sanchez
et al. 1998). The function of sGP is still unclear, but it may be important in viral
immune evasion [recently reviewed (Audet and Kobinger 2015)]. Full-length,
membrane-associated ebolaviral GP is produced by a cotranscriptional frameshift
that results in the insertion of a non-templated adenosine residue during transcription
of the GP gene (Volchkov et al. 1995; Sanchez et al. 1996). In contrast, the mar-
burgvirus GP gene directly encodes membrane-associated GP (Feldmann et al.
1999). The mature filoviral GP is generated by posttranslational furin cleavage of the
pro-protein, producing a disulfide-linked heterodimeric protein composed of GP1
and GP2 (Volchkov et al. 1998). The GP1 subunit is required for receptor
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interactions and membrane-associated GP2 is required for membrane fusion. Like
other class I viral membrane fusion glycoproteins, filovirus GPs are found on virions
as trimers. Crystal structures of both ebolavirus and marburgvirus trimeric GP
ectodomains have been solved (Lee and Saphire 2009; Dias et al. 2011; Hashiguchi
et al. 2015). In all filoviruses, GP forms a chalice-like shape with a trimer of het-
erodimers of GP1/GP2. GP2 serves as the base, whereas GP1 is the cup.

Mature filovirus GP1 has four distinct subdomains: base, receptor-binding
domain (RBD), glycan cap, and mucin-like domain (MLD). The base interacts with
GP2 ectodomain residues, providing structural support for the other domains.
Residues within the RBD interact with an intracellular cellular receptor,
Niemann-Pick C1 (NPC1) in late endosomal/lysosomal compartments, as discussed
below. The MLD and glycan cap are heavily glycosylated with N-linked glycans.
These glycans shield the GP ectodomain from neutralizing antibodies (Lennemann
et al. 2014). In addition to the N-linked glycans, filovirus GPs contain as many as
80 O-linked glycans on the MLD (Feldmann et al. 1991; Geyer et al. 1992;
Feldmann et al. 1994; Jeffers et al. 2002). The MLD can be deleted from
EBOV GP, and its removal is thought to enhance GP processing and surface
expression, thereby increasing virion entry efficiency in tissue culture (Yang et al.
2000; Jeffers et al. 2002).

Filovirus GP2 proteins have similar functionality and domain structure as other
class I fusion proteins, containing a fusion peptide, helical repeats, a
membrane-proximal extracellular region, a transmembrane domain, and a short
cytoplasmic tail. The fusion peptide is located within a loop near the N-terminal
sequence of GP2 rather than directly at the N terminus as occurring in many class I
viral glycoproteins. This internal fusion loop (IFL) is delineated by a disulfide bond
and contains hydrophobic residues at the tip of the loop (Ito et al. 1999; Jeffers et al.
2002; White et al. 2008; Gregory et al. 2011). Premature triggering of fusion events
is prevented by interactions of the hydrophobic loop sequences with GP1 residues
on adjacent GP subunits (Lee and Saphire 2009).

JFig. 1 Schematic of cell entry pathway of filoviruses showing major host cell factors important for
virus infection. Heavily glycosylated trimeric glycoproteins are present on the surface of
filovirions. Interactions with phosphatidylserine receptors, such as the TIMs and TAMS (through
Gas6 or Protein S), and C-type lectins mediate virion internalization into the early endosomal
compartment by macropinocytosis and requires signaling events such as activation of the PI3K
pathway and tyrosine kinase activity (tk). These signaling proteins may help trigger actin
polymerization and aid in formation of the macropinosome. Once inside, the endosome processing
by endosomal proteases, in particular cysteine proteases, cleave the glycoprotein to a smaller form,
exposing residues within the receptor-binding domain. Trafficking of the virus particle in the
endosome requires the HOPS complex, (includes RILP) and other associated trafficking factors
including TPC ion channels. Upon arrival in a NPC1+/TPC+ late endosome/lysosome, the
processed glycoprotein binds to NPC1. The glycoprotein/NPC1 interaction and additional
uncharacterized events stimulate virion/cellular membrane fusion, allowing the release of the viral
nucleocapsid into the cell cytosol
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3 Filovirus Interactions with the Surface of Cells

Despite efforts to identify filoviral GP interactions with cognate cellular protein
receptors on the surface of cells, no one cell protein is sufficient to define the broad
tropism of the virus. Instead, filoviruses appear to bind to cells through at least two
types of alternative surface receptors interactions: filovirus GP binding to
carbohydrate-binding receptors and virion lipid binding to phosphatidylserine
receptors.

Carbohydrate-binding receptors. N- and O-linked glycans on EBOV GP bind to
two structurally different groups of carbohydrate-binding receptors: C-type lectins
and glycosaminoglycans. A series of structurally related C-type lectin receptors
(CLRs) have been shown to enhance filovirus infection by binding to specific
sugars on the GP glycans (Becker et al. 1995; Alvarez et al. 2002; Takada et al.
2004; Powlesland et al. 2008; Lennemann et al. 2014; Dahlmann et al. 2015). CLRs
that enhance filovirus entry include dendritic cell-specific ICAM-3-grabbing
non-integrin (DC-SIGN) (Alvarez et al. 2002; Baribaud et al. 2002b; Colmenares
et al. 2002; Geijtenbeek and van Kooyk 2003; Lasala et al. 2003; Lin et al. 2003;
Simmons et al. 2003a; Marzi et al. 2004), liver/lymph node-specific ICAM-3
grabbing non-integrin (L-SIGN) (Bashirova et al. 2001; Alvarez et al. 2002; Marzi
et al. 2004; Marzi et al. 2007), lymph node sinusoidal endothelial cell C-type lectin
(LSECTin) (Gramberg et al. 2005; Powlesland et al. 2008; Pipirou et al. 2011),
asialoglycoprotein receptor 1 (ASGPRI) (Becker et al. 1995), and human macro-
phage galactose- and acetylgalactosamine-specific C-type lectin (hMGL) (Takada
et al. 2004). These five CLRs are but a small subset of all C-type lectin receptors
and it is likely that additional CLRs also bind to filovirus GP glycans and enhance
infection.

CLRs are found on a variety of primary cells and each has a specific carbohy-
drate interaction. For instance, DC-SIGN, found on myeloid cells, and L-SIGN
(also called DC-SIGNR), found on some endothelial cells, bind to high mannose N-
linked glycans (Alvarez et al. 2002; Lin et al. 2003; Simmons et al. 2003; Marzi
et al. 2006, 2007; Lennemann et al. 2014). Early work demonstrated that EBOV
and MARV GPs contain abundant high mannose N-linked glycans (Feldmann et al.
1991; Geyer et al. 1992; Feldmann et al. 1994). Therefore, not surprisingly, loss of
N-linked glycans on either the glycan cap or MLD of GP1 abrogates EBOV entry
facilitated by these CLRs (Lennemann et al. 2014). LSECTin on liver and lymph
node sinusoidal endothelial cells binds to N-acetylglucosamine-b1, 2-mannose
(Powlesland et al. 2008). ASGPRI and hMGL are expressed on hepatocytes and
monocyte-derived immature dendritic cells or macrophages, respectively, and both
bind to galactose and N-acetylgalactosamine (Becker et al. 1995; Takada et al.
2004; Lennemann et al. 2014).

The role of EBOV GP N-linked glycans on CLR-dependent entry has been
evaluated by a number of different approaches. Early work with glycosidase treat-
ments and lectin binding analysis defined the extensive presence of N- and O-linked
glycans on filovirus GPs (Feldmann et al. 1994). The interaction of the GP-associated
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glycans with CLRs was initially determined by overexpression studies and CLR
antibody and/or inhibitor studies (Alvarez et al. 2002; Baribaud et al. 2002a, b;
Takada et al. 2004; Gramberg et al. 2005; Powlesland et al. 2008; Pipirou et al. 2011).
This work established the importance of CLRs for filovirus entry into a variety of cell
types. A more recent study that genetically eliminated N-linked glycans extended
these findings by identifying which N-linked glycans affect CLR binding
(Lennemann et al. 2014). Loss of the eight N-linked glycans on the mucin-like
domain or the sevenN-linked glycans on the glycan cap of GP1 profoundly decreased
virus entry mediated by DC-SIGN or L-SIGN. Since removal of glycans from either
GP1 domain was equally effective at inhibiting mannose-dependent interactions with
DC-SIGN or L-SIGN, this finding suggests that reducing the total number ofN-linked
glycans on GP1 alters glycan processing in producer cells. This presumably results in
more of the N-linked glycans being processed to more complex structures. The
impact of the loss of EBOV GP1 N-glycans was more subdomain-specific for
interactions with LSECtin, ASGPR1, and hMGL. The removal ofN-glycans from the
core of GP1 had little to no effect on entry via these CLRs, whereas loss of N-glycans
on the MLDmore significantly decreased entry. It should be noted that some of these
CLRs likely interact withO-glycans on the EBOV GP1MLD. The effect of partial or
complete O-glycan removal from the full-length EBOV GP1 has yet to be
investigated.

Soluble C-type lectins such as mannose-binding lectin (MBL) and ficolin-1 also
bind to filovirus GPs (Ji et al. 2005; Brudner et al. 2013; Favier et al. 2016). Soluble
lectins serve as serum pattern recognition receptors with MBL binding to N-acetyl
glucosamine (GlcNAc), mannose, and fucose, whereas ficolin-1 binds to GlcNAc
and sialic acid on host cells and pathogens (Hansen and Holmskov 1998; Aoyagi
et al. 2005; Gout et al. 2010). Binding of these soluble lectins to EBOV enhances
virus infection of Vero E6 cells or primary human macrophages under low com-
plement conditions (Brudner et al. 2013; Favier et al. 2016). Consistent with a role
of MBL in enhancing virus entry, a number of genetic polymorphisms have been
described in human population that reduce the levels of the soluble lectin (Turner
2003; Brudner et al. 2013), suggesting these genes are actively under positive
selection. However, for viruses, interactions with soluble CLECs can also be
detrimental. Soluble CLECs interact with the serine proteases, MASPs, to initiate
the complement cascade and thereby clear virus from circulation [for a review, see:
(Mason and Tarr 2015)].

A final group of glycan binding moieties, glycosaminoglycans (GAGs), has
recently been shown to bind to EBOV GP (O’Hearn et al. 2015). Addition of a
series of exogenous GAGs, including heparin, heparin sulfate, chondroitin and
chondroitin sulfate, to permissive cells blocked EBOV transduction at very early
times during infection (Cheng et al. 2015; O’Hearn et al. 2015). Further, knock
down of exostosin 1, which is critical for the production of heparin sulfate, reduces
EBOV and MARV infection in tissue culture (O’Hearn et al. 2015).

It is likely that the interactions of C-type lectins and GAGs with filovirions play
an important role facilitating virus infection in vivo, but this has yet to be directly
studied. No studies have explored the role of these receptors during filovirus
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infection of animals. Of special interest would be the impact of CLRs on the early
and important cellular targets of filoviruses: dendritic cells and macrophages.
Interestingly, the murine homolog of human DC-SIGN (SIGNR1) does not enhance
transduction of pseudovirions bearing EBOV GP (Caminschi et al. 2006; Gramberg
et al. 2006). However, at least four other DC-SIGN-related genes encode similar
proteins in mice (Park et al. 2001; Powlesland et al. 2006) and one or more of these
proteins may serve to enhance filovirus entry into cells of these animals.

Phosphatidylserine receptors. Although filovirus GP glycan interactions with
the host factors enhance virus entry into a variety of cells, it is not clear that these
carbohydrate interactions directly lead to virus internalization, and cells lacking
expression of these receptors remain permissive for EBOV infection. Thus, addi-
tional cell surface receptors must interact with filoviruses and mediate viral entry.

Shimojima et al. identified that the tyrosine kinase receptors, Tyro3, Axl, and
Mer (TAM receptors) enhance filovirus transduction (Shimojima et al. 2006). The
involvement of Axl for virus entry was later confirmed by Kondratowicz et al.,
using a high-throughput screening approach. The same study also identified T cell,
immunoglobulin, mucin domain receptor-1 (TIM-1) as being important for EBOV
cell entry (Kondratowicz et al. 2011). A direct role in EBOV entry was confirmed
by Jemielity et al., and by Moller-Tank et al., who showed that TIM directly binds
PS on the outer leaflet of the filovirus envelope membrane. This interaction is
independent of the presence of the viral glycoprotein (Jemielity et al. 2013;
Moller-Tank et al. 2013). Formal demonstration that TAMs also interact with
filovirus lipids has yet to occur, but TAM interactions occur with PS present on
other enveloped viruses such as dengue virus 2 (Meertens et al. 2012). Both the
TIM and TAM families of cell surface receptors have previously been described to
bind to PS on the surface of apoptotic bodies, mediating their clearance (Linger
et al. 2008; DeKruyff et al. 2010; Freeman et al. 2010; Ravichandran 2010, 2011).
The concept of PS present on the surface of virions mediating virus binding of and
internalization into cells was termed apoptotic mimicry by Mercer and Helenius
(Mercer and Helenius 2008). This uptake mechanism is not only important for entry
of filoviruses, but also for a number of other viruses and viral vectors that are either
enveloped or associated with cellular membranes (Morizono et al. 2011; Meertens
et al. 2012; Feng et al. 2013; Jemielity et al. 2013; Moller-Tank et al. 2013;
Morizono and Chen 2014). These include poxviruses, flaviviruses, alphaviruses,
and hepatitis A virus as well as viral vectors such as lentiviruses pseudotyped with
the alphaviral glycoprotein.

TIM receptors. Genes for three TIM family members (TIM-1, TIM-3 and
TIM-4) are present in the human genome, whereas at least four TIMs are expressed
in mice (TIM-1 through TIM-4) (Freeman et al. 2010). TIMs are type I, cell surface
glycoproteins that share a common structure. Their amino terminal immunoglobulin
variable-like domain (IgV) contains a binding pocket for PS (Santiago et al. 2007a,
b). This pocket is conserved across the entire family and contains invariant
asparagine and aspartic acid residues that coordinate a metal ion and are required
for lipid interaction (Santiago et al. 2007a; Meertens et al. 2012; Moller-Tank et al.
2013; Rhein et al. 2016). In addition to the PS pocket residues, other murine and
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human TIM-4 IgV residues are important for filovirus binding and internalization
(Rhein et al. 2016), through direct interaction or stabilization of PS binding (Tietjen
et al. 2014). The TIM IgV domain is adjacent to an O-glycosylated mucin-like
domain and is anchored to the cell membrane by a transmembrane domain followed
by a cytoplasmic tail. Expression of exogenous TIM-1 in T cells signals through
phosphorylation of cytoplasmic tail tyrosine (de Souza et al. 2005; Binne et al.
2007; de Souza et al. 2008). However, none of the TIM family members requires
their cytoplasmic domain for virus binding and internalization, suggesting that this
signaling mechanism is not required for enveloped virus uptake (Meertens et al.
2012; Moller-Tank et al. 2014).

While all three human TIM family members bind PS and enhance the uptake of
apoptotic bodies (Kobayashi et al. 2007; DeKruyff et al. 2010), TIM-3 does not
enhance filovirus entry. Mapping studies indicated that the TIM-3 mucin-like
domain is *2.5-times shorter than that of TIM-1 and -4, suggesting that the length
of the mucin-like domain is important for function as a filovirus receptor
(Moller-Tank et al. 2014). Consistent with this observation, reducing the TIM-1
mucin-like domain resulted in reduced filovirus receptor efficiency (Moller-Tank
et al. 2014). Thus, both the amino acid residues within IgV binding pocket and
length of the mucin-like domain determine the efficacy of the TIM molecule to
serve as a filovirus receptor.

TAM receptors. Tyro3, Axl, and Mer (TAM receptors) are highly related cell
surface receptors that contain two N-terminal immunoglobulin-like domains, two
fibronectin type III domains, a single transmembrane domain, and a cytoplasmic
protein tyrosine kinase (PTK) domain. TAMs do not bind directly to lipids. Instead,
the N-termini of TAMs bind to the serum protein growth arrest specific factor 6
(Gas6), which in turn binds to apoptotic body or virion lipids. Tyro3 and Mer, but
not Axl, also bind to a second PS-binding serum protein, Protein S (Stitt et al. 1995;
Prasad et al. 2006). Both Gas6 and Protein S consist of an N-terminal domain rich
in c-carboxyglutamic acid residues that bind to PS, a loop region, four epidermal
growth factor-like repeats, and two C-terminal laminin G-like domains forming a
globulin-like structure that binds to the Ig-like domains of the TAM receptors
(Lemke and Rothlin 2008; Linger et al. 2008). Dimerization of TAM receptors
occurs after binding of their ligands, resulting in a complex (Sasaki et al. 2006).
Formation of this complex causes TAM receptor signaling and autophosphorylation
of tyrosines within the PTK domain (Stitt et al. 1995) and PI3K activation (Zhong
et al. 2010). While TAM signaling is not required for enhancing enveloped virus
infection (Bhattacharyya et al. 2013), mapping of regions of Axl required for
optimal viral transduction demonstrated that motifs within both the ectodomain and
known signaling motifs in the cytoplasmic tail were required (Shimojima et al.
2007). As TAM cytoplasmic tail signaling results in reduced type 1 interferon
responses (Bhattacharyya et al. 2013), it appears that TAM signaling does not
directly enhance virus entry, but instead dampens early innate immune responses.
By dampening these responses, virus replication is enhanced. Thus, two different
mechanisms are at play that stimulate TAM-dependent virus replication: direct
virus binding and internalization and inhibition of type 1 interferon responses.
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Although TIMs and TAMs have been demonstrated to enhance filovirus
attachment and infection, the specific mechanism(s) by which these factors might
induce internalization of virus particles remains unknown and the role of these
receptors in vivo has yet to be explored. Thus, similar to the carbohydrate-binding
receptors discussed above, it is unclear whether the loss of one of these proteins
impacts filovirus infection and pathogenesis or if these proteins are sufficiently
redundant in their function that loss of them individually would have little conse-
quence to virus entry. If the loss of specific receptors in vivo proves to be important
for determining virus loads or aberrant cytokine profiles that result from filovirus
infection, development of antibodies or small molecules to inhibit filovirus inter-
actions with these receptors may prove to be important antivirals.

Other PS receptors. Although a number of other PS receptors and PS-binding
proteins have been described, only two additional PS receptors have been identified
to enhance entry of enveloped viruses or enveloped viral vectors. A complex
composed of integrin aV/b3 or b5 and the serum protein, MFG-E8, facilitates
uptake of lentiviral particles bearing a modified Sindbis virus GP in a PS-dependent
manner (Morizono and Chen 2014). In addition, the PS receptor CD300a mediates
uptake of dengue virus 2 into cells (Carnec et al. 2015). Whether either of these
receptor/receptor complexes is important for filovirus entry into cells has yet to be
evaluated.

4 Filovirus Internalization and Endocytic Trafficking

Lipid signaling requirements. After binding to the cell surface, the virus particle is
internalized into the endosomal network, from which the capsid escapes into the
cell cytoplasm (Empig and Goldsmith 2002; Simmons et al. 2003b; Sanchez 2007).
Endocytic uptake involves invagination of the cell surface lipid membrane,
encapsulation of the virus particle, and severing of the vesicle membrane from the
cell surface after which the vesicle and its contents are trafficked through the cell
cytoplasm. The alteration of membrane structure that leads to endocytosis involves
multiple cell proteins, specific lipid microdomains, consumption of energy and is
often triggered through signals generated from the lipids themselves. Using
virion-like particles (VLPs), pseudotyped virus and wild-type viruses, it was shown
that the EBOV GP leads to activation of phosphoinositide-3-kinase (PI3K), an
enzyme that phosphorylates the lipid, phosphatidylinositol to generate a variety of
secondary PIP messengers. These in turn activate other signaling proteins, with
phosphorylation of Akt-1 known to occur after interaction of GP with the cell. One
role of Akt-1 is to activate Rac1, which can trigger actin polymerization through a
series of intermediate proteins including Pak1 (Saeed et al. 2008; Quinn et al.
2009). Another lipid signaling pathway that at least in some cells is important for
EBOV infection involves phospholipase C. Phospholipase C inhibitors inhibit
Axl-dependent entry of EBOV GP pseudovirions (Hunt et al. 2011). Other lipids
are also involved in productive EBOV infection of cells. Acid sphingomyelinase
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(ASM) activity and presence of its lipid substrate, sphingomyelin, which is a
component of cholesterol-rich lipid microdomains, termed lipid rafts, is needed for
EBOV infection (Miller et al. 2012b). ASM-generated ceramide works in concert
with PI3K to modulate PI3K-mediated signaling and membrane dynamics (Gao
et al. 2011). These findings suggest that tightly regulated lipid-mediated signaling is
involved in the earliest steps of EBOV infection but the exact mechanism remains
to be defined.

Routes of filovirus uptake. Cellular receptors that undergo recycling and many
viruses share common internalization mechanisms such as clathrin-coated pits,
caveolae, or other routes termed non-clathrin/non-caveolin-mediated endocytosis. In
case of filoviruses, after binding to the cell surface, the virus particles traffic through
the endosomal network to low pH compartment(s) (Empig and Goldsmith 2002;
Simmons et al. 2003b; Sanchez 2007). Filovirus movement through the endosomal
compartment allows the virus to enter the cell cytoplasm deep within the cell rather
than at the periphery. This provides a way for the virus to avoid barriers imposed by
the cytoskeleton and interaction with other cytoplasmic proteins that may degrade
the virus (Franco and Shuman 2012). Early electron microscopy showed EBOV
particles protruding out of highly structured membrane invaginations on the cell
surface, that were structurally similar to clathrin-coated pits (Geisbert and Jahrling
1995), although it is unclear if these structures result in virus internalization and
productive infection. Both clathrin-coated vesicles and caveolae rely heavily on free
membrane cholesterol to promote the high curvature of the vesicle membrane. Since
disruption of membrane cholesterol abrogates EBOV infection (Empig and
Goldsmith 2002; Brindley and Maury 2008), it was predicted that one of these
pathways would be involved in uptake of this virus family. Later work showed a
fraction of virus particles were associated with clathrin, and depletion of clathrin
heavy chain (CHC) by siRNA resulted in a partial drop in infectivity
(Aleksandrowicz et al. 2011). In addition, chlorpromazine, a small molecule that
disrupts the formation of clathrin-coated pits, showed a partial block to both EBOV
pseudotype and wild-type virus infection (Bhattacharyya et al. 2010; Hunt et al.
2011). However, chlorpromazine is known to also interfere with biogenesis of other
vesicle types, including the closely related uptake mechanisms of phagosomes and
macropinosomes (Ivanov 2008) which are also cholesterol-dependent. Furthermore,
CHC plays multiple roles in general membrane biogenesis including phagocytosis
(O’Halloran and Anderson 1992; Chen et al. 2013).

Other work indicated that clathrin-coated pits were not involved in productive
infection. In one study, the majority of virus particles colocalized with caveolin-1, a
marker of caveolae, on the cell surface, but not transferrin, a marker of the
clathrin-mediated endocytosis (Empig and Goldsmith 2002), suggesting that filo-
viruses entered cells through caveolae and not clathrin-coated pits. However, it was
later shown that several cell lines lacking caveolae still supported transduction of
lentivirions pseudotyped with EBOV GP (Simmons et al. 2003b). Together, these
findings provide evidence that EBOV uptake routes may differ from cell to cell,
possibly being driven by the type of receptor being used, and suggest that
clathrin-coated pits and caveolae may not be primary uptake pathways for filoviruses.
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More recently, macropinocytosis has been shown to play a clear and predomi-
nant role in EBOV infection mechanism. Macropinocytosis involves large-scale
rearrangement of the plasma membrane to engulf extracellular fluid and particles. It
is initiated with plasma membrane ruffling at the cell periphery (Amstutz et al.
2008; Mercer and Helenius 2009; Pernet et al. 2009; Raghu et al. 2009; Eierhoff
et al. 2010; Mercer et al. 2010; Schelhaas et al. 2012). Actin-dependent membrane
protrusions extend from the cell and then collapse back onto the plasma membrane
creating uncoated, fluid-filled vacuoles termed macropinosomes (Swanson 2008).
These vacuoles allow cellular uptake of large cargo. In contrast to clathrin-coated
pits and caveolae generated vacuoles that have diameters of around 200 nm, the
diameter of macropinosome can range up to microns in size and can easily
accommodate filovirus particles. Consistent with using macropinocytosis of uptake,
EBOV infection is heavily dependent upon actin function. Inhibition of actin
polymerization by cytochalasin D (May et al. 1998) blocks uptake of EBOV par-
ticles into cells (Nanbo et al. 2010; Saeed et al. 2010). Interestingly, the EBOV GP
is capable of triggering aggregation of the actin-related protein 2, Arp2, an actin
nucleation factor (Saeed et al. 2010) suggesting the capability to induce
macropinocytosis. Both membrane ruffling and macropinosome biogenesis depend
on cellular kinases, including PI3K, protein kinase C (PKC), and phospholipases
Cc (PLCc) and A2 (PLC-A2), all of which are implicated as important for EBOV
infection. A key correlate came when EBOV particles were seen colocalized with
high molecular weight dextran, a fluid phase marker that allows macropinosomes to
be visualized. Disruption of Pak1, CtBP/BARS, PKC, Cdc42, or AMPK function in
cells, which all control actin polymerization and are all needed for macropinosome
formation (Ridley et al. 1992; Dharmawardhane et al. 2000; West et al. 2000;
Norbury 2006; Liberali et al. 2008; Koivusalo et al. 2010; Kondratowicz et al.
2013) also disrupted EBOV infection, internalization of virus particles and dextran
uptake (Nanbo et al. 2010; Saeed et al. 2010; Kondratowicz et al. 2013). The
pharmacological inhibitor 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), an inhibitor
of a Na+ channel needed for macropinosome formation also blocked EBOV
infection (Fretz et al. 2006; Hunt et al. 2011). A final line of evidence supporting
the role of macropinocytosis in filovirus uptake was that internalized virions
localize to structures positive for sorting-nexin 5 (SNX5) (Nanbo et al. 2010), a
component of macropinosomes required for vesicular maturation (Kerr et al. 2006;
Lim et al. 2008). An important caveat is that the majority of work has been per-
formed using immortalized cell lines. Given the diverse receptor usage of filo-
viruses, specific cell types may express and display different receptors and thereby
utilize alternative uptake routes. However, macropinocytosis is seen in most cell
types, and so is likely to play a significant role in infection.

Viral endocytic trafficking to membrane fusion sites. Once internalized, filo-
viruses are trafficked through the endocytic network and require endosomal acidi-
fication. Pharmacological agents that inhibit endosomal acidification, including
bafilomycin A1, monensin, chloroquine, and ammonium chloride, block filovirus
infection as well as transduction with virus pseudotypes bearing the EBOV or
MARV GP (Takada et al. 1997; Wool-Lewis and Bates 1998). The requirement for
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acidification is not uncommon, with viruses from more than half of all established
virus families utilizing low pH as a trigger for membrane fusion (Kielian 2014).

Further details of the uptake process were revealed using specific markers of
endosomal compartments. EEA1 and LAMP1 are proteins that reside in early and
late endosomes, respectively, and have been well characterized (Luzio et al. 2007b).
Both wild-type virus and VLPs were seen associated with each of these markers in
cells, indicating that virions access both early and late endosomal compartments
(Saeed et al. 2010; Favier et al. 2016). Rab5 and Rab7 are small GTPases that
regulate vesicular trafficking from the early to late endosomes and from the late
endosomes to lysosomes, respectively (Numrich and Ungermann 2014). Both
dominant-negative and constitutively active forms disrupt normal endocytosis and
efficiently block EBOV infection (Saeed et al. 2010). Furthermore, recent live cell
imaging studies of filovirus uptake showed that filovirus membrane fusion is
activated in compartments containing Rab7. Both lines of evidence indicate that
virus requires access to at least the late endosome or endolysosomes for productive
infection (Simmons et al. 2015; Spence et al. 2016). The precise site of nucleo-
capsid release into the cytoplasm remains to be determined.

Other cellular host factors involved in endocytic trafficking have been implicated
in filovirus entry. A haploid genetic screen identified the HOPS (homotypic fusion
and protein sorting) complex as an entry host factor (Carette et al. 2011). Additional
studies also indicated a role for the HOPS-interacting factors RILP and ORP1 K
(van der Kant et al. 2013). Although more work is needed, current evidence sug-
gests that (i) endosomal fusion events mediated by HOPS deliver virions to one or
more compartments that can support viral membrane fusion and/or (ii) deliver
fusion cofactors to these compartments.

Calcium is an important mediator in many cell functions including vesicle
transport (Hay 2007; Luzio et al. 2007a) and consequently, for infection by many
viruses types (Cheshenko et al. 2007; Bozym et al. 2010). Calcium enters the
cytoplasm through calcium channels found on the plasma membrane, on intracel-
lular vesicles such as endosomes and the endoplasmic reticulum. The change in
cytoplasmic calcium concentration is detected by sensing proteins that modify cell
behavior including endosome trafficking and cytoskeletal remodeling (Abe and
Puertollano 2011; Shen et al. 2011; Gandini and Felix 2015). Using siRNA
screening, host factors important for cell entry of pseudotypes carrying EBOV GP,
calcium sensing proteins including calmodulin and Ca2+/calmodulin-dependent
protein kinase II (CaMKII) were identified (Kolokoltsov et al. 2009). Separately,
screening FDA-approved drugs for repurposing against EBOV demonstrated that
multiple L-type calcium channel blocking agents inhibited both pseudotypes as well
as EBOV and MARV (Madrid et al. 2013; Gehring et al. 2014; Johansen et al.
2015). The finding that L-type channel blocking compounds also inhibit two-pore
channels (TPCs), found in endosomes/lysosomes (Sakurai et al. 2015), suggested
involvement in virus uptake. TPCs are endosomal ion channels that transport cal-
cium as well as sodium ions and can be activated by nicotinic acid adenine dinu-
cleotide phosphate (NAADP) and phosphatidylinositol-3,5-bisphosphate (PI(3,5)
P2), a product of PI3 K, PIKfyve, and polyphosphoinositide phosphate activity
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(Patel 2015). The latter 3 proteins are known to be important for EBOV infection
(Saeed et al. 2008; Carette et al. 2011). TPCs regulate vesicle trafficking in
endosomal/lysosomal systems and other cellular compartments (Davis et al. 2012;
Grimm et al. 2014; Ambrosio et al. 2015, 2016). They physically interact with the
regulators of endosome maturation, Rab5 and Rab7 (Grimm et al. 2014;
Lin-Moshier et al. 2014). Consistent with this role, TPCs affect EBOV movement
through the endocytic pathway, and disruption of their function through pharma-
cological inhibitors stops virus uptake prior to membrane fusion (Spence et al.
2016). In addition to NAADP antagonist Ned19, tetrandrine, an alkaloid originally
identified from an Asian herb, inhibits TPC-mediated calcium flux and blocks
filovirus entry in multiple cell types and prevented disease in the mouse model of
EBOV infection (Rathbun et al. 2015; Sakurai et al. 2015; Hoffmann et al. 2016).

5 Proteolytic Processing of Filovirus GP in Endosomes

Like other class I virus glycoproteins, filovirus GP requires proteolytic cleavage
during maturation (Weissenhorn et al. 1998; Malashkevich et al. 1999; White et al.
2008). The preGP precursor polypeptide is cleaved at a polybasic site in the Golgi by
the subtilin/kexin-like endopeptidase furin, to yield GP1 and GP2 subunits, and
liberate a hydrophobic internal fusion loop (IFL) near the N–terminus of GP2
(Volchkov et al. 1998; Wool-Lewis and Bates 1999). Unexpectedly, however, furin
cleavage is dispensable for infection in vitro and in vivo (Wool-Lewis and Bates
1999; Neumann et al. 2002). This conundrum was resolved by the discovery that
filovirus GPs undergo further proteolytic priming by host cysteine proteases (cys-
teine cathepsins) in endosomes of target cells (Chandran et al. 2005). Biochemical
and structural studies provided evidence that cathepsin B (CatB) and cathepsin L
combine to initiate cleavage of EBOV GP1 within the b13–b14 loop. Consequently,
the GP1 mucin-like and glycan cap subdomains are released from the trimeric GP
spike, and/or degraded (Chandran et al. 2005; Schornberg et al. 2006; Dube et al.
2009; Hood et al. 2010; Bale et al. 2011). Although this proteolytic processing step
to generate GPCL does not itself appear to induce conformational rearrangements
within the pre-fusion GP (Bale et al. 2011; Bornholdt et al. 2015; Wang et al. 2016),
it is necessary for viral entry and membrane fusion (Chandran et al. 2005;
Schornberg et al. 2006; Wong et al. 2010; Simmons et al. 2015; Spence et al. 2016).
Subsequent work determined at least two reasons for this requirement: first, the
extensive proteolytic remodeling of GP unmasks the RBS, thereby allowing GPCL to
recognize NPC1 (see below) (Miller et al. 2012a; Bornholdt et al. 2015; Hashiguchi
et al. 2015; Wang et al. 2016) and second, it appears to prepare GP to undergo
subsequent fusion-relevant conformational changes. This effect is likely mediated in
part by proteolytic removal of the b13-b14 loop in GP1, which overlies the GP2 IFL
(Lee et al. 2008; Zhao et al. 2016). Furthermore, a structure of the GP pre-fusion
trimer revealed that residues in the b13–b14 loop are “tucked” into a solvent-
accessible pocket at the base of GP trimer, and can be displaced by a small molecule,
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toremifene, that destabilizes GP (Zhao et al. 2016). Therefore, proteolytic removal of
these residues during entry might favor, through multiple mechanisms, a GP con-
formation susceptible to fusion triggering. Providing further evidence for this
hypothesis, stepwise cleavage of GP by CatL and CatB (or by surrogate proteases
mediating similar steps) leads to the stepwise destabilization of the pre-fusion
conformation of GP, and serial viral passage in the presence of a CatB inhibitor
selects destabilizing mutations in GP (Wong et al. 2010; Brecher et al. 2012).
Finally, although CatB cleavage of GP in vitro affords bypass of the CatB
requirement within cells, entry by GPCL-bearing viruses can still be blocked by the
cysteine protease inhibitor E-64, suggesting an additional cathepsin-dependent step
downstream of the biochemically defined GP ! GPCL priming events (see Fusion
triggering, below).

Cysteine cathepsin activation of GP is shared by all known filoviruses, but has
also painted a more complex picture of the dependence of filoviruses on individual
proteases (Misasi et al. 2012; Ng et al. 2014). Specifically, EBOV and TAFV
GP-mediated entry is strongly CatB-dependent, whereas SUDV, RESTV, MARV,
and LLOV GP-mediated entry has a diminished requirement for CatB (SUDV) or no
requirement at all (RESTV, MARV, LLOV). CatL is dispensable in both grivet
(Vero) cells and human peripheral blood mononuclear cell (PBMC)-derived den-
dritic cells, but acts as a CatB-accessory or redundant factor for filovirus entry
(Chandran et al. 2005; Schornberg et al. 2006; Martinez et al. 2010). The molecular
basis of these naturally occurring virus-dependent differences in protease dependence
remains to be identified. They are apparently distinct from the amino acid changes
near the N–terminus of GP1 and at GP1–GP2 subunit interface associated with
CatB-independent GP mutants obtained under inhibitor selection (Wong et al. 2010).

In contrast to these in vitro studies,Ctsb−/− andCtsL−/−mice lacking CatB or CatL,
respectively, are susceptible to EBOV infection and develop disease, suggesting that
viral entry can proceed in the absence of either enzyme in vivo (Marzi et al. 2012).
While more work is needed, one possible explanation for this apparent discrepancy is
that multiple murine cysteine cathepsins play redundant roles in priming
EBOV GP. Given the broad substrate preferences of cysteine cathepsins and their
known capacity for redundancy, experiments in animal models with broad-spectrum
(but class-specific) cysteine cathepsin inhibitors like E-64 are warranted, but their
interpretation may be complicated by the murine requirements for CatL and CatS in
MHC II invariant chain degradation and antigen presentation in thymus and
antigen-presenting cells, respectively (Riese et al. 1998; Sevenich et al. 2010).

6 NPC1 Is a Critical Intracellular Receptor for Filoviruses

Niemann-Pick C1 (NPC1) is a highly conserved, ubiquitously expressed, polytopic
membrane protein localized to the limiting membrane of late endosomes (Carstea
et al. 1997; Higgins et al. 1999; Davies and Ioannou 2000; Naureckiene et al.
2000). Working in concert with a small cholesterol-binding protein, NPC2, NPC1
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regulates efflux of cholesterol from late endosomes and lysosomes to the endo-
plasmic reticulum and other cellular sites, and loss of either gene results in the
development of a progressive neurodegenerative disease, Niemann-Pick type C
disease (Carstea et al. 1997; Naureckiene et al. 2000). Using a genome-wide
loss-of-function genetic screen in human haploid cells, Carette and co-workers
identified NPC1 to be essential for filovirus entry and infection (Carette et al. 2011).
Côté el al. also found NPC1 to be a critical filovirus entry factor in a small-molecule
inhibitor screen (Côté et al. 2011). Importantly, studies in Npc1−/− mice revealed
that NPC1 is indispensable for filovirus replication and in vivo pathogenesis
(Herbert et al. 2015). Unexpectedly, even heterozygous Npc1+/− mice, which do not
suffer from Niemann-Pick type C disease, were substantially protected from EBOV
and MARV infection—they developed plasma viral titers similar to WT mice, but
were able to clear infection by 7 days post-challenge (Carette et al. 2011; Herbert
et al. 2015). The molecular basis of this phenotype is currently unknown, but may
reflect the requirement for high levels of NPC1 in some cell types critical for viral
pathogenesis. The requirement for NPC1 by all known filoviruses implicates this
protein as a universal filovirus entry factor (Miller et al. 2012a; Ng et al. 2014).

Mechanistic studies showed that NPC1’s role in endosomal cholesterol traf-
ficking could be decoupled from its function as a filovirus entry factor. Mutations in
NPC1 that abrogate its cholesterol trafficking function had little effect on filovirus
entry, and NPC2, which is required for NPC1-dependent cholesterol trafficking, is
dispensable for filovirus infection both in vitro and in vivo (Côté et al. 2011; Miller
et al. 2012a; Herbert et al. 2015). Moreover, proteolytically primed GPCL, but not
intact uncleaved GP, binds directly to the second luminal domain of NPC1, domain
C, in a manner that is required for filovirus entry and infection (Krishnan et al.
2012; Miller et al. 2012a). These and other studies have delineated the previously
proposed GP1 RBS as the site of NPC1 domain C (NPC1–C) binding, a conclusion
corroborated by the recent structural elucidation of a GPCL:NPC1–C complex
(Wang et al. 2016). This structure further revealed that two loops in NPC1–C
mediate NPC1’s interaction with GPCL. Intriguingly, these loops also appear to be
required for transient NPC2:NPC1–C binding during the handoff of cholesterol
from NPC2 to NPC1 (Li et al. 2016), raising the possibility that GPCL:NPC1–C
recognition evolved as a form of molecular mimicry. Finally, a cryo-electron
microscopy-based structure of full-length NPC1 in detergent micelles in complex
with EBOV GPCL suggests that GPCL contacts NPC1–C but not NPC1’s other
luminal domains, A and I (Gong et al. 2016). However, roles for the latter in proper
domain C presentation and/or for downstream events in entry cannot yet be fully
discounted.

Together, these and other findings indicate that NPC1 is a novel viral receptor,
engaging its viral glycoprotein partner only in an intracellular compartment, and not
at the cell surface (Miller et al. 2012a; White and Schornberg 2012; Jae and
Brummelkamp 2015). Two mechanisms appear to preclude GP-NPC1 interaction at
the cell surface. First, endosomal cleavage of GP by host cysteine cathepsins is
necessary for the interaction, because it unmasks the NPC1-binding site in GP1.
Second, essentially no NPC1 is present at the cell surface (Scott et al. 2004; Berger
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et al. 2007; Miller et al. 2012a). Consistent with the obligate intracellular role of
NPC1, cell biological studies provided evidence that viral particles accumulate in
LAMP1-positive late endosomal/lysosomal compartments in NPC1-deficient cells,
indicating that this receptor is dispensable for viral attachment, internalization, and
delivery to late endosomes (Carette et al. 2011; Krishnan et al. 2012; Miller et al.
2012a). These findings indicate instead that NPC1 acts at a late step at or near the
site of membrane fusion. Live cell imaging studies support this hypothesis by
showing lipid mixing between viral and endosomal membranes, an initial step in
viral membrane fusion, which is initiated in compartments that contain NPC1 as
well as TPC (Simmons et al. 2015; Aman 2016; Spence et al. 2016). Moreover,
both loss of cellular NPC1 and mutation of viral GP to abrogate GPCL:NPC1
binding drastically inhibited viral lipid mixing (Spence et al. 2016), strongly sug-
gesting that NPC1 interaction is a prerequisite for triggering viral membrane fusion.

The mechanism for requirement of GPCL:NPC1 binding in late endosomes for
filovirus membrane fusion remains unclear but several hypotheses have been pro-
posed (Brecher et al. 2012; Hunt et al. 2012; Miller and Chandran 2012; Miller
et al. 2012a; Wang et al. 2016; White and Whittaker 2016). First, NPC1-dependent
tethering of viral particles to the limiting endosomal membrane may play a critical
membrane-localizing role in fusion and/or may protect GP from proteolytic
destruction in the hostile environment of the late endosome or endolysosome.
Second, binding may induce conformational changes required for fusion (see
Fusion triggering below).

Recent work also indicates that NPC1 influences filovirus host tropism and viral
interspecies transmission. Variation at a single amino acid residue in “loop 2” of
NPC1–C accounts for the species-specific susceptibility of cells derived from the
African fruit bat Eidolon helvum (Ng et al. 2015). A second, highly conservative,
amino acid change, also in loop 2, rendered cells from a snake, Russell’s viper
(Daboia russellii), completely resistant to filovirus entry and infection (Ndungo
et al. 2016). In both cases, NPC1 sequence variation affected GP-receptor recog-
nition but not NPC1-dependent cholesterol trafficking, suggesting loop 2 can be
varied without impacting its housekeeping function. Indeed, NPC1 is evolving
under positive selection in both mammals at large, and in bats, with codons in
NPC1–C and at GP contact sites overrepresented (Ng et al. 2015; Pontremoli et al.
2016). These findings prompted the hypothesis that NPC1 in mammals has been
shaped by a long-term coevolutionary arms race between NPC1-dependent
filovirus-like agents and their hosts.

The unusual obligate intracellular property of the filovirus receptor interaction
also has potential implications for the capacity of the adaptive immune response to
control filovirus infections. Specifically, it may serve as a means for viral particles
to evade neutralizing antibodies. This is because, as discussed above, GP:NPC1
recognition necessitates GP ! GPCL cleavage with concomitant removal of the
glycan cap and mucin sequences that comprise the viral “glycan shield.” As noted
above, loss of the glycan shield through site directed mutagenesis enhances
anti-EBOV antisera neutralization of virion particles (Lennemann et al. 2014).
Conversely, conventional antibodies directed against the highly conserved GPCL
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RBS are largely unable to access it within endosomes (Bornholdt et al. 2015; Flyak
et al. 2015; Hashiguchi et al. 2015; Wec et al. 2016). Taking advantage of the
endosomal exposure of the RBS, Wec et al. (2016) engineered bispecific antibodies
that were delivered to NPC1 containing vesicles on the virus itself. The antibodies
then bound NPC1–C or the GPCL RBS and disrupted their interaction. The engi-
neered bispecific antibodies protected mice against both EBOV and SUDV in
postexposure challenge studies and represent promising broadly active anti-filovirus
immunotherapeutics.

7 Membrane Fusion

By analogy to other class I viral fusion proteins, the fully primed, NPC1-bound GP
intermediate generated within endosomes is proposed to undergo a series of con-
formational changes that culminate in fusion of viral and cellular membranes, and
cytoplasmic escape of the viral ribonucleocapsid (Hunt et al. 2012; Miller and
Chandran 2012; White and Whittaker 2016). These changes include: (i) partial or
complete release of GP1-GP2 contacts, which permits GP2 to undergo
fusion-related rearrangements (Lee et al. 2008; Lee and Saphire 2009; Dias et al.
2011); (ii) rearrangement of the three N-terminal heptad repeats (NHR) in GP2 to
form a protruding coiled coil, a so-called “extended intermediate”, which projects
the N-terminal fusion loop into the endosomal membrane (White et al. 2008;
Gregory et al. 2011); and (iii) folding back of the three C-terminal heptad repeats
(CHR) into grooves along the NHR core trimer to create a stable post-fusion
six-helix bundle (6HB) conformation (Weissenhorn et al. 1998; Malashkevich et al.
1999). These rearrangements are proposed to drive close apposition and merger of
viral and endosomal lipid bilayers.

Fusion triggering. The final molecular trigger that initiates this conformational
cascade remains incompletely defined. Current evidence indicates that GP ! GPCL
cleavage by CatB/CatL is insufficient to trigger filovirus membrane fusion, at either
neutral or acid pH (Chandran et al. 2005; Schornberg et al. 2006; Bale et al. 2011;
Miller and Chandran 2012; Miller et al. 2012a). Further, although GPCL:NPC1
binding is critically required for fusion triggering, its precise role in this process is
unclear. This step itself does not appear to trigger fusion-related conformational
changes at either neutral or acid pH, at least in vitro (Miller et al. 2012a), although
this might just represent a limitation inherent in the soluble NPC1–C proteins used
for these studies. Interestingly, however, comparison of recent apo and
NPC1-bound GP structures raises the possibility that NPC1–C binding does indeed
induce conformational changes in sequences at the GP1–GP2 interface and in the
GP2 IFL. More work is needed to uncover their role, if any, in viral membrane
fusion.

The finding that virions bearing cleaved GP still maintain their sensitivity to the
broad cysteine protease inhibitor E-64, suggests additional proteolytic cleavage
steps of NPC1-bound GP could also play a role in triggering membrane fusion
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(Schornberg et al. 2006; Wong et al. 2010; Miller et al. 2012a). Further, in vitro
treatment of fully primed GP with mildly reducing reagents at physiological tem-
peratures induced fusion loop-mediated GP binding to liposomes, suggesting that
reduction of the GP1–GP2 intersubunit disulfide bond by an unknown mechanism
may be involved in fusion (Brecher et al. 2012).

Fusion execution. The structural similarity of the coiled-coil region of GP2 to
other class I fusion proteins led to successful development of C-peptides that
inhibited EBOV and MARV infection. Consistent with activation of membrane
fusion in the endosome, the C-peptides derived from EBOV GP2 were shown to be
effective only when targeted to the endosome (Watanabe et al. 2000; Miller et al.
2011; Higgins et al. 2013). Further work emphasized the role of endosomal acid-
ification in filovirus membrane fusion (in addition to roles in activating endosomal
cysteine proteases). First, acid pH induces a conformational change in the GP2
fusion loop that reorients and compacts a hydrophobic patch at its apex; this may
destabilize the lipid bilayer and promote fusion of viral and cellular membranes
(Gregory et al. 2011, 2014; Lee et al. 2016). Second, acid pH stabilizes the
post-fusion conformation of both EBOV and MARV GP2, at least in part by
protonating a belt of anionic residues on the surface of the six-helix bundle (the
“anionic stripe”). This destabilizes the six-helix bundle through electrostatic
repulsion (Harrison et al. 2011, 2012; Koellhoffer et al. 2012; Harrison et al. 2013).
Other acid-dependent class I viral fusion proteins may also be regulated through
this type of mechanism (Aydin et al. 2014; Koellhoffer et al. 2014).

A full accounting of the molecular mechanism of filovirus membrane fusion has
been complicated by the extensive involvement of endosomal host factors. This last
feature at least partly explains observations that EBOV GP-expressing cells do not
undergo classical cell–cell fusion leading to easily detectable syncytia formation, as
seen with many other class I membrane fusion proteins. Using a highly sensitive,
reporter-based cell–cell content-mixing assay to study EBOV GP-mediated fusion,
Bar et al. found that exposure of the EBOV GP-expressing cells to acid pH could
induce cell–cell fusion (2006). More recently, Markosyan et al. (2016) reported an
assay for EBOV GP-dependent content mixing between cells loaded with aqueous
fluorescent dyes, and showed that this process required known filovirus entry host
factors. However, the efficiency of fusion in both of these assays was relatively low
in comparison to that obtained with other class I fusion glycoproteins, including
influenza A virus hemagglutinin and Semliki Forest virus E1/E2, likely because
only small amounts of the necessary host factors, such as NPC1, are available at the
cell surface. Development of a robust fusion assay that recapitulates the known
requirements for host factors (e.g., cysteine cathepsins, NPC1, acid pH) and that
could be used to dissect additional steps and molecular players remains a high
priority.

Overall, work on filovirus cell entry has revealed a complex interaction with the
host. While initial interaction with the host cell is through cell factors found on
diverse sets of cells, and through interaction of host PS receptors and CLRs with the
virus envelope and viral glycoprotein glycans, the virus makes up for specificity by
interacting with specific endosome proteins such as NPC1. A schematic of filovirus
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entry events is shown in (Fig. 1). While the field has advanced significantly over
the past 10 years, much remains to be learnt. Outstanding questions to be answered
are: How does the expression profile of receptor proteins impact virus trafficking
and infection outcome in specific cell types? Do virus protein interactions with
known surface host factors directly result in virion internalization by
macropinocytosis or are other unknown factors involved? What additional endo-
somal proteases are needed to process the virus glycoprotein for productive
infection and where does each act? What is the direct trigger of membrane fusion
and what are the sites for productive release of the filovirus particle into the cell
cytoplasm? Answers to each of these questions will aid in understanding the
complex biology of filoviruses and in development of new therapy strategies.
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assembly of filoviral particles. We will follow particles from nucleocapsid entry into
the cytoplasm until the nucleocapsids are enveloped at the plasma membrane. We
will also highlight the currently open scientific questions surrounding filovirus
assembly.

L. Kolesnikova (&) � S. Becker (&)
Institute of Virology, Philipps University of Marburg, Hans-Meerwein-Str. 2,
35043 Marburg, Germany
e-mail: kolesnik@staff.uni-marburg.de

S. Becker
e-mail: becker@staff.uni-marburg.de

A. Nanbo
Department of Cell Physiology, Hokkaido University Graduate School of Medicine,
Kita-Ku, Kita 15 Nishi 7, Sapporo 060-8638, Japan
e-mail: nanboa@med.hokudai.ac.jp

S. Becker
German Center for Infection Research (DZIF), Institute of Virology,
Philipps University of Marburg, Hans-Meerwein-Str. 2, 35043 Marburg, Germany

Y. Kawaoka
Division of Virology, Department of Microbiology and Immunology,
Institute of Medical Science, University of Tokyo, Minato-Ku, Tokyo, Japan
e-mail: yoshihiro.kawaoka@wisc.edu

Y. Kawaoka
Department of Special Pathogens, International Research Center for Infectious Diseases,
Institute of Medical Science, University of Tokyo, Minato-Ku,Tokyo, Japan

Y. Kawaoka
Department of Pathobiological Sciences, School of Veterinary Medicine,
University of Wisconsin—Madison, Madison, WI 53711, USA

Current Topics in Microbiology and Immunology (2017) 411:353–380
DOI 10.1007/82_2017_15
© Springer International Publishing AG 2017
Published Online: 11 June 2017



Contents

1 Introduction.......................................................................................................................... 354
2 Uncoating............................................................................................................................. 355
3 Primary Transcription .......................................................................................................... 357
4 Spatial Organization of Viral Protein Translation .............................................................. 359
5 Protein Prerequisites for the Synthesis of Anti-Genomic and Genomic RNA.................. 360
6 Assembly of Mature Nucleocapsids.................................................................................... 363
7 Formation of Perinuclear Viral Inclusions.......................................................................... 365
8 Transport of Nucleocapsids to the Sites of Budding ......................................................... 367
9 Budding ............................................................................................................................... 370
References .................................................................................................................................. 373

1 Introduction

Studies on filovirus assembly began almost simultaneously with the discovery of
Ebola (EBOV) and Marburg virus (MARV), and were initially based on the
ultrastructural analysis of virus-infected cells (Peters et al. 1971; Ellis et al. 1979;
Murphy et al. 1978). These studies have already defined morphological signs of
filoviral infection and the main steps of assembly, such as the formation of per-
inuclear viral inclusions consisting of tubule-like filamentous nucleocapsids, the
redistribution of these filamentous nucleocapsids to the cell periphery, and finally,
their envelopment at the plasma membrane. Further biochemical studies identified
seven filoviral structural proteins, NP, VP35, VP40, GP, VP30, VP24, and L, and
characterized the single-stranded negative-sense RNA genome, reviewed in (Beer
et al. 1999; Feldmann and Kiley 1999). The development of viral life cycle mod-
eling systems (e.g., minigenome, delta-VP30 system and virus-like particle sys-
tems) allowed scientists to simulate different stages of virus assembly and to further
advance our understanding of viral protein functions. For example, the essential
roles of nucleocapsid proteins (NP, VP35, VP30, and L) in the transcription and
replication of filoviral negative-strand RNA have been clarified by use of a mini-
genome system, reviewed in (Mühlberger 2007). Similarly, the key role of VP40 in
the attraction of viral surface protein GP and the nucleocapsid to the site of filovirus
budding, and in budding per se, has been dissected by using an infectious VLP
system, reviewed in (Jasenosky and Kawaoka 2004; Aman et al. 2003; Hartlieb and
Weissenhorn 2006; Ascenzi et al. 2008; Dolnik et al. 2008; Olejnik et al. 2011).
Molecular biological and structural studies have shown that filoviral proteins form
homo-oligomers, and heterologous protein–protein complexes. Remarkably, the
formation of NP and VP40 higher order homo-oligomers takes place in specific
cellular compartments. For example, the ectopic expression of filoviral NP alone
leads to left-handed helical structures in the perinuclear region, whereas the ectopic
expression of VP40 alone results in the accumulation of regular protein arrays
beneath the plasma membrane, reviewed in (Hartlieb and Weissenhorn 2006).
However, during filoviral infection, the formation of “empty” VP40-enriched
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membrane particles (or NP helices without other nucleocapsid proteins and viral
RNA) is not observed. Therefore, mechanisms must exist that coordinate the onset
and completion of the different steps of filovirus assembly ultimately leading to the
formation of infectious particles. In this review, we used the currently available data
to reconstruct the different steps of filovirus assembly with an emphasis on the
probable mechanisms involved in coordinating the assembly processes.

2 Uncoating

The mechanisms of filovirus uncoating are not fully understood. Filovirus
uncoating likely comprises multiple steps that involve viral protein modifications
(e.g., selective proteolysis) and are triggered by virus–cell interactions, as has been
shown for other viruses, reviewed by (Greber et al. 1994; Haywood 2010). In the
following paragraphs, we address the likely events that occur after infection and
emphasize aspects that still need to be analyzed.

As described in the “Mechanisms of Filovirus Entry” chapter in this book, fusion
of the viral and cellular membranes during filoviral entry leads to the release of the
nucleocapsids into the cytoplasm, while the viral envelope remains attached to the
endosomal/lysosomal membrane (Fig. 1a). Thus, two main viral components gain
direct access to the cytosol, the nucleocapsid and the inner layer of the viral
envelope (Fig. 1b). The inner layer of the filoviral envelope is composed of a
regular protein lattice of VP40, which is attached to the inner side of the virus
membrane, and the four (EBOV)- or eight (MARV)-amino-acid long cytoplasmic
domains of virus surface glycoproteins, GPs, which are the type I transmembrane
proteins, reviewed in (Mittler et al. 2013; Hartlieb and Weissenhorn 2006; Schibli
and Weissenhorn 2004). The fate of the VP40 lattice and the cytoplasmic domain of
GP, which after fusion gain access to the cytosol of the target cell, is not known.
Likewise, we do not know what happens to the endosome-associated viral enve-
lope. Studies are needed to determine whether it is delivered to the lysosomes and
degraded, recycles to the plasma membrane, or plays a signaling role at the initial
stage of host–virus interactions.

The incoming nucleocapsid contains the single-stranded, non-segmented RNA
genome of negative polarity and five viral proteins: the nucleoprotein NP, the
RNA-dependent RNA polymerase L, the polymerase cofactor VP35, the tran-
scription factor VP30, and VP24. Four nucleocapsid proteins (NP, VP35, L, and
VP30) together with viral RNA are necessary and sufficient to support filovirus
replication and transcription, as demonstrated using minireplicon systems
(Mühlberger et al. 1998, 1999; Weik et al. 2002; Boehmann et al. 2005; Groseth
et al. 2005).

The fate and function of the fifth protein (VP24) in the incoming nucleocapsid
remain unclear. VP24, often called the minor matrix protein, displays both
membrane-binding properties and is implicated in nucleocapsid assembly (Han
et al. 2003; Bamberg et al. 2005; Huang et al. 2002; Watanabe et al. 2006).
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Analysis of the radial positions of the proteins in the MARV virions detected VP24
in close proximity to NP and VP35 (Bharat et al. 2011), suggesting that VP24 has a
closer connection to the nucleocapsid than to the viral envelope, and stays asso-
ciated with the nucleocapsid after uncoating. Although VP24 is important for
nucleocapsid formation (Huang et al. 2002; Noda et al. 2007a; Mateo et al. 2011;
Bamberg et al. 2005), it has an inhibitory effect on viral transcription and/or
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replication in the EBOV minireplicon system (Watanabe et al. 2007; Hoenen et al.
2010b). Therefore, it has been suggested that the dissociation of VP24 from the
surface of the incoming nucleocapsid (Fig. 1c) might serve as a signal for the onset
of primary transcription (Sanchez et al. 2001; Watt et al. 2014).

3 Primary Transcription

Time course RT-PCR analysis of mRNAs in EBOV-infected cells has determined
that the onset of primary transcription occurs between 2 and 4 h post-infection
(Hoenen et al. 2012).

During primary transcription, the viral RNA in the incoming nucleocapsid serves
as a template, and the RNA-encapsidating proteins NP, VP35, L, and VP30 col-
laboratively synthesize the novel viral mRNA. During transcription, the seven viral
genes are sequentially transcribed into monocistronic mRNAs, which are capped and
polyadenylated (Weik et al. 2002; Mühlberger et al. 1996; Sanchez and Kiley 1987).
The mRNAs are not encapsidated. As with all negative-sense single-strand RNA
viruses, the filoviral polymerase is believed to gain access to the viral genes through
a single polymerase binding site at the 3’ end of the genome. Once bound, the
polymerase complex proceeds along the RNA template by stopping and reinitiating
at each gene junction, thereby transcribing the individual genes sequentially in their
3’ to 5’ order (Whelan et al. 2004). The transcriptional stop signal seems to slow
down the polymerase complex, allowing a poly A tail to be added to the nascent
mRNA. During this process, the polymerase falls off the template with a certain
probability; therefore, not all polymerase complexes reinitiate transcription of the
next gene located downstream. Since this process takes place at every gene
boundary, it has been suggested that the first gene, NP, should be transcribed at the
highest levels, and the last gene, L, should be transcribed at the lowest levels
(Fig. 1d) (Mühlberger et al. 1996; Mühlberger 2007). Indeed, recent studies have
shown that although mRNA levels for different viral genes increase during the
course of the infection, the ratio of NP mRNAs to L mRNAs was almost constantly
30 to 1 at 6, 12, and 24 h post-infection (Shabman et al. 2013, 2014).

Transcription of EBOV is dependent on VP30 and, in particular, on the phos-
phorylation and oligomerization state of VP30. Non- or weakly phosphorylated
VP30 activates transcription of EBOV minigenomes, whereas fully phosphorylated
VP30 is inactive in transcription (Modrof et al. 2002, 2003; Mühlberger et al. 1999;
Biedenkopf et al. 2013). The use of a reverse genetics system showed that mutations
in VP30 phosphorylation domains alter EBOV fitness (Martinez et al. 2011), and
non-phosphorylated VP30 is a requisite for transcription reinitiation of downstream
genes (Martínez et al. 2008). Recent study showed that phosphorylation and
dephosphorylation events are necessary to fully support EBOV transcription
(Biedenkopf et al. 2016). EBOV VP30 homo-oligomerizes into hexamers, which
can be detected in viral particles (Hartlieb et al. 2007). Oligomerization-deficient
VP30 mutants are unable to support transcription (Hartlieb et al. 2003).
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In contrast to EBOV VP30, MARV VP30 is not essential for the transcription of
MARV minigenomes (Mühlberger et al. 1996). However, the phosphorylation state
of MARV VP30 influences the interaction of VP30 with NP-induced inclusions;
only phosphorylated MARV VP30 accumulates in NP inclusions (Modrof et al.
2001). Moreover, MARV VP30 was necessary to rescue recombinant MARV in an
infectious clone system, suggesting that MARV VP30 is essential for the primary
transcription of a full-length genome (Enterlein et al. 2006).

It is unknown whether the primary transcripts are randomly distributed in the
cytoplasm, accumulate near incoming nucleocapsids, or are targeted to specific
subcellular compartments to produce the viral proteins where they are needed.

4 Spatial Organization of Viral Protein Translation

The earliest possible detection of filoviral protein expression comes from
immunofluorescence analyses of NP in infected cells. The first signs of filoviral NP
expression were detected at around 6–10 h post-infection (Nanbo et al. 2013;
Hoenen et al. 2012; Becker et al. 1998), which is 2–6 h later than the onset of viral
mRNA transcription. Remarkably, there is no diffuse distribution of NP at earlier
time points of infection. NP signals always appear as small bright spots in the
perinuclear region of the infected cells. This observation suggests that viral protein
synthesis occurs at distinct sites of the infected cells. Interestingly, of all of the
nucleocapsid proteins, only recombinant NP accumulates at distinct perinuclear sites
when expressed alone (Noda et al. 2011; Groseth et al. 2009; Dolnik et al. 2010;
Becker et al. 1998). Ectopic expression of all of the other nucleocapsid proteins
(VP35, VP30, L, and VP24) results in their diffuse intracellular distribution (Becker
et al. 1998; Reid et al. 2006; Basler et al. 2003; Mateo et al. 2010; Bamberg et al.
2005; Modrof et al. 2002; Groseth et al. 2009). These findings indicate that an
inherent function of NP is to ensure that its synthesis occurs at the perinuclear region.
A closer look at NP synthesis by ultrastructural analysis showed that upon single
expression, filoviral NP molecules homo-oligomerize to form loose helices
(Mavrakis et al. 2002; Noda et al. 2011; Noda et al. 2010; DiCarlo et al. 2007). In

JFig. 2 Spatial organization of NP (or NP and VP35) translation, and perinuclearly located viral
inclusion. Morphological evidence of the connection between the synthesis of nucleocapsid
proteins and the ER-bound ribosomes. (a) Electron micrograph of cells expressing MARV NP. NP
helices sectioned along longitudinal axes appear to be located in parallel tubes (arrowheads).
The NP helices are located near to the outer membrane of the nuclear (N) envelope covered with
ribosomes (arrows). (b) Scheme shows probable association between ER-bound ribosomes
(arrows) and synthesis of NP helices (arrowheads). (c) Electron micrograph of a human
macrophage infected with MARV, 24 h post-infection. Viral inclusions (Vi) are surrounded by
circular rosettes of polysomes and ER-bound ribosomes, located near nucleus (N). (d) Electron
micrograph of cells expressing MARV NP and VP35. Electron dense complexes of viral proteins
are lined with ER-bound ribosomes (arrows). (e) Schematic presentation of synthesis of NP and
VP35 complexes on the surface of rough ER. Arrows show ribosomes on oblique section of
membrane. Bars, (a) 200 nm, (c) 500 nm, (d) 200 nm
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ultrathin sections, these NP helices resemble parallel thin-walled tubes when the
plane of the section coincides with the longitudinal axis of the helices (Fig. 2a, b).
While one end of these tubes is located near to the ER-bound ribosomes, the other
end protrudes into the cytoplasm (Noda et al. 2011; Watanabe et al. 2006;
Kolesnikova et al. 2000). This suggests that the formation of several NP helices
might take place simultaneously from one surface (e.g., the surface of the ER sheet),
where newly synthesized NP molecules on the ER-bound ribosomes can bind to the
previously synthesized ones. Although we currently have no direct evidence that NP
mRNAs are recruited to the ER-bound ribosomes, the distinctiveness of the intra-
cellular localization of NP-induced inclusions as well as viral inclusions (Fig. 2a–c)
supports this hypothesis despite NP being a cytosolic protein. A recent study that
investigated the ribosome loading of ER-associated mRNAs on a global scale found
that the ER is a major site for the translation initiation of various mRNAs, not only
those coding for proteins destined for the ER but also for cytosolic proteins (Reid
and Nicchitta 2012; Hermesh and Jansen 2013; Weis et al. 2013).

Where does translation of the other nucleocapsid proteins (VP35, L, VP30, and
VP24) take place? Upon viral infection, all nucleocapsid proteins are concentrated
in the perinuclear region where they are colocalized with NP (Becker et al. 1998;
Nanbo et al. 2013). The absence of diffusely distributed VP35, VP30, L, and VP24
during the course of a filoviral infection points to mechanisms of specific local-
ization and timing of translation of the nucleocapsid proteins, which would mini-
mize protein transport expenditure. Such mechanisms are absent when individual
nucleocapsid proteins except for NP are ectopically overexpressed. Remarkably,
co-expression of recombinant EBOV or MARV NP and VP35 is accompanied by
recruitment of ribosomes to the NP- and VP35-induced aggregates whose surfaces
are literally covered by ribosomes (Noda et al. 2011; Dolnik et al. 2008). This
phenomenon, which is not observed upon expression of NP alone, suggests that
either VP35 mRNA contains information for its partitioning to the ER-bound
ribosomes in concert with NP mRNA, or that VP35 mRNA, or a complex of NP
and VP35 mRNAs, induces recruitment of the cellular translation machinery more
efficiently than NP alone. Thus, targeting of NP translation to the ER-bound
ribosomes might occur independently of other viral proteins; however, the
robustness of this process is increased upon co-translation of NP and VP35. The
association of ribosomes with membranes of cells expressing NP and VP35 is not
always visible in ultrathin sections most likely for technical reasons (e.g., oblique
sections of membranes, Fig. 2d, e).

5 Protein Prerequisites for the Synthesis of Anti-Genomic
and Genomic RNA

During replication, the encapsidated viral RNA genome is transcribed into
full-length positive-sense replicative intermediates, antigenomes. The antigenomes
serve as templates for the production of progeny genomes, reviewed in (Mühlberger
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2007). Both the genomes and the antigenomes are encapsidated by the nucleocapsid
proteins. A minimum set of nucleocapsid proteins required to support MARV or
EBOV replication in a minireplicon system includes NP, VP35, and L (Mühlberger
et al. 1998, 1999).

How is genome replication organized in time and space? The onset of viral RNA
replication, namely, the appearance of negative-sense genomes, has been detected
at 6–12 h post-infection (Nanbo et al. 2013; Hoenen et al. 2012). This is coincident
with the onset of filoviral NP expression as described above (Hoenen et al. 2012;
Nanbo et al. 2013). This simultaneity of viral protein synthesis and replication is to
be expected because the formation of antigenomic and genomic RNA is dependent
on the cooperative function of the nucleocapsid proteins (NP, VP35, and L). NP is
necessary for RNA encapsidation, VP35 acts as a cofactor for the RNA-dependent
RNA polymerase, and L contains the enzymatic functions of the RNA-dependent
RNA polymerase (Elliott et al. 1985; Mühlberger et al. 1998, 1999). These three
viral proteins have a complicated mode of interaction. NP, VP35, and EBOV L can
form homo-oligomers. As stated previously, EBOV and MARV NP, when
expressed alone, assembles into long loose helices that associated with non-specific
cellular RNA (Mavrakis et al. 2002; Noda et al. 2010). EBOV and MARV VP35
proteins also form homo-oligomers (Moller et al. 2005; Reid et al. 2005) and
EBOV L was also shown recently to homo-oligomerize (Trunschke et al. 2013). In
contrast, L and NP do not interact directly with each other, but use VP35 as a
bridging molecule (Becker et al. 1998; Groseth et al. 2009; Reid et al. 2005).
Homo-oligomerization of MARV VP35 is a prerequisite for L binding, and, hence,
for a functional polymerase complex (Moller et al. 2005). To provide the specificity
of viral RNA transcription/replication, the interaction between NP, VP35, and L
must be organized in such a way as to allow attachment of each new component to
the forming encapsidated RNA only after conformational changes occur in the
preformed protein complex. The existence of some ordered mode of nucleocapsid
assembly has been suggested based on the results of a cryo-tomographic study of
the MARV nucleocapsid. This study showed that alternate NPs within the helical
nucleocapsid are not equivalent; instead, a boomerang-like protrusion was found
between every other NP (Bharat et al. 2011). Thus, it has been suggested that this
nonequivalence can be introduced at one end of the nucleocapsid concomitant with
the synthesis and assembly of the nucleocapsid, and propagated along the helix.
This mode of interaction would prevent the homo-oligomerization of NP and the
binding of nonspecific RNA nucleotides (which has been observed during the
expression of NP alone), and would result in the successive construction of
antigenomic or genomic RNA in the 5′–3′ direction enwrapped in NP coupled with
VP35 (Fig. 3a). These RNA-NP-VP35 (ribonucleoproteins, RNP) complexes rep-
resent the structural and functional basis for the replicative activity of filoviral
polymerase L. During the synthesis of encapsidated antigenomic or genomic RNAs,
the newly formed RNP complexes need to be close to the template, at distance
reachable by the L polymerase. This mode of assembly results in the accumulation
of morphologically similar RNP complexes (thin-walled tubes) located close to
each other (Fig. 3b, c).
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As mentioned above, the site for the onset of viral RNA replication coincides
with the site of NP synthesis in the perinuclearly located small spots (Nanbo et al.
2013; Hoenen et al. 2012). The presence of an incoming nucleocapsid, as a
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template, is absolutely necessary for the onset of replication, which means that the
incoming nucleocapsid must be targeted to the perinuclear region, close to the
rough ER membrane, and anchored there. The mechanisms that provide such tar-
geting and anchoring remain unknown. The incoming nucleocapsid might be
delivered to the perinuclear region within the endosome, reviewed in (Miller and
Chandran 2012). Interestingly, EBOV VP24 colocalizes with Sec61a, a component
of the heterotrimeric Sec61 complex that promotes protein translocation at the ER
membranes (Iwasa et al. 2011). Iwasa and coauthors found that depletion of Sec61a
reduces the polymerase activity even in the absence of VP24, suggesting that VP24
might provide a connection for the incoming nucleocapsid to the ER membrane and
modulate the viral polymerase activity by dissociating from the incoming
nucleocapsid.

6 Assembly of Mature Nucleocapsids

The term “mature” has been used for completely formed and released filovirus
progeny and for viral inclusions (Geisbert and Jahrling 1995); however, the mor-
phological changes of filoviral nucleocapsids that occur during the course of
infection prompted us to also use this term for nucleocapsids (Noda et al. 2006;
Kolesnikova et al. 2000). In ultrathin sections, the structure of cross-sectioned
newly synthesized genomic RNA encapsidated with the NP-VP35-L complex has
the appearance of a tube with an electron translucent central core (around 20 nm in
diameter), and an electron dense thin wall, approximately 5-nm thick (Fig. 3b, c).
These thin-walled nucleocapsids were termed immature. In contrast, nucleocapsid
inside a filoviral particle has the appearance of a tube (50–55 nm in diameter) with
a wall of high electron density, or, in another words, a thick wall (Fig. 3b–d).
Morphologically similar nucleocapsids were detected in the cytoplasm near the
plasma membrane, or during budding in filoviral-infected cells. These thick-walled
nucleocapsids were named “mature” in contrast to the thin-walled nucleocapsids,
many of which were present in the perinuclear region during the earlier stages of
infection (Kolesnikova et al. 2000).

JFig. 3 Replication of the viral genome and formation of viral inclusions. (a) Schematic
presentation of viral antigenomic and genomic RNP synthesis, and of nucleocapsid maturation.
The encapsidated viral RNA in the incoming particle (1) is copied to produce a full-length
positive-sense replicative intermediate, the antigenomic RNP (2). The antigenomic RNP is used as
template for the production of the progeny genome (3). Red circles indicate the site of initiation of
RNA synthesis from 5′ to the 3′ end. Both the antigenomic and the genomic RNAs are
encapsidated by NP and VP35 (2 and 3). Binding of VP30 and VP24 to the nucleocapsid (4 and 5)
makes wall of nucleocapsid thicker. (b and c) Electron micrographs of MARV viral inclusions
with cross-sectioned (b) or longitudinally sectioned nucleocapsids (c). Arrowheads indicate
thick-walled tubes (mature nucleocapsids), blue arrows indicate thin-walled tubes (immature
nucleocapsids). (d) panel shows the boxed area of (b) at higher magnification. Bars, (b and
c) 200 nm; (d) 50 nm
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According to cryotomographic data, nucleocapsid within filoviral particles has a
left-handed helical structure with polarity induced by characteristic boomerang-like
protrusions located at an angle to the helical axis, so-called “barbed” and “pointed”
ends by analogy with actin filaments (Bharat et al. 2011, 2012; Noda et al. 2005).
Left-handed helical nucleocapsid, together with polarity, is a common feature of
Mononegavirales (Egelman et al. 1989; Ge et al. 2010; Schoehn et al. 2004; Bakker
et al. 2013; Desfosses et al. 2011), although a right-handed nucleocapsid has been
reported for EBOV also (Booth et al. 2013; Beniac et al. 2012). Filoviral NPs, in
particular, the N-termini of NPs can form left-handed helices, and therefore NP is
considered to be a main determinant of the helical structure of the nucleocapsid
(Bharat et al. 2011, 2012; Noda et al. 2005). A comparison of a MARV nucleo-
capsid 3D reconstruction with immunogold labeling data on the radial positions of
the viral proteins suggests that the innermost density of the MARV nucleocapsid
corresponds to NP, and the boomerang-like protrusions correspond to VP24 and
VP35 (Bharat et al. 2011). The positions of VP30 and L remain unclear for both
EBOV and MARV mature nucleocapsids.

The molecular mechanisms that accompany the maturation of nucleocapsids, or
the morphologically observed changes in the thickness of the nucleocapsid wall,
include the binding of VP30 and VP24 to the immature nucleocapsid and their
oligomerization. Several studies have shown that the set of expressed nucleocapsid
proteins influence the wall thickness of the nucleocapsid-like structures. For
example, singly expressed NP formed thin-walled tubes, whereas co-expression of
NP with other nucleocapsid proteins (VP35, VP24, VP30) resulted in thick-walled
tubes that looked similar to the nucleocapsids detected in virus-infected cells in the
pre-budding stage (Watanabe et al. 2006; Huang et al. 2002; Dolnik et al. 2008).
Remarkably, thick-walled tubes were found at the edge of the thin-walled
NP-induced tubes, suggesting that binding of VP24 molecules to the preformed NP
helices occurs in succession from one end of helix (Noda et al. 2006, 2011). These
observations suggest that directionality of nucleocapsid assembly might represent a
common mechanism that is maintained not only during encapsidation of the viral
RNA, but also during later stages of nucleocapsid maturation.

The sequence, or spatiotemporal steps of VP30 and VP24 binding to the
immature nucleocapsid remain unclear. EBOV VP30 may interact with NP by its
N- and C-terminal domains (Hartlieb et al. 2007), and, as mentioned earlier, is
necessary for the transcription and replication of the viral genome (Biedenkopf
et al. 2013; Martínez et al. 2008). VP24 is important for nucleocapsid formation,
although it associates loosely with RNPs (Kiley et al. 1988; Huang et al. 2002;
Bamberg et al. 2005; Noda et al. 2007a; Han et al. 2003; Mateo et al. 2011). As
mentioned previously, VP24 has an inhibitory effect on viral transcription and/or
replication in the EBOV minireplicon system (Watanabe et al. 2007; Hoenen et al.
2010b). Based on these observations, the binding of VP24 to the immature
nucleocapsid appears to occur after the binding of VP30.

Thus, a hypothetical reconstruction of nucleocapsid maturation might include:
First (i) the formation of an immature nucleocapsid that represents the viral
genomic RNA encapsidated with the NP-VP35-L protein complex with a
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left-handed helical structure (Fig. 3a). Then, (ii) binding of VP30 to the immature
nucleocapsid, which might make thin-walled tubes thicker, regulating the function
of the RNP complex either as a transcriptase or replicase depending on the VP30
phosphorylation state (Biedenkopf et al. 2013). Last, (iii) binding of VP24, which
stabilizes the nucleocapsid complex and probably locks transcription and replica-
tion (Watanabe et al. 2007; Hoenen et al. 2006, 2010b), and hence prepares the
nucleocapsid for transport to the budding site.

7 Formation of Perinuclear Viral Inclusions

As noted above, filoviral inclusions appear at 6–12 h post-infection as small
NP-positive spots located in the perinuclear region. Time course studies, based on
immunofluorescence protein staining, viral RNA detection in fixed cells, and live
cell imaging analyses of infected cells, demonstrated that these small filoviral
inclusions represent the site of virus replication (Becker et al. 1998; Nanbo et al.
2013; Hoenen et al. 2012). Inclusions could increase in size and/or fuse with one
another to form larger inclusions with a pleomorphic shape. At the same time, many
new small spots appear distal from the nucleus as the infection progresses (Nanbo
et al. 2013; Hoenen et al. 2012).

At the ultrastructural level, filoviral inclusions appear as aggregates of thin- and
thick-walled nucleocapsids located close to the nucleus or rough ER (Geisbert and
Jahrling 1995; Kolesnikova et al. 2000), see also (Figs. 2c and 3b, c). Depending on
the plane of the sections, nucleocapsids can appear to be located in parallel tubes
(Fig. 3c), or as hexagonally arranged circles (Fig. 3b, d). Sometimes viral inclu-
sions look like amorphous electron dense material (Fig. 2c). Mature nucleocapsids
might be located either at the periphery of viral inclusions or inside (Fig. 3b, c), and
the number of mature nucleocapsids inside the viral inclusions increases during the
course of the infection (Geisbert and Jahrling 1995).

All inclusions remain in the perinuclear region and display a sway-like move-
ment, which is not influenced by depolymerization of actin filaments, but can be
inhibited by depolymerization of microtubules (Hoenen et al. 2012). In highly
motile macrophages, the shape of filoviral inclusions often changes in line with the
cellular shape; in round cells, viral inclusions are predominantly round and in
elongated cells they are drawn out along the long axis (Fig. 4) (Kolesnikova et al.
2002). During mitosis, EBOV viral inclusions are transformed from a condensed to
a dispersed pattern that allows the equal distribution of the encapsidated viral RNAs
into the daughter cells, in which viral inclusions are again transformed to perinu-
clear condensed inclusions (Hoenen et al. 2012). This synchronization of viral
inclusion transformation with cytokinesis or cell movement suggests that a delicate
connection exists between viral inclusions and perinuclearly located cellular
structures that provides the viral inclusions with maneuverability yet does not limit
their growth. One of the possible mechanisms, which still need to be tested, might
be the anchoring of viral protein synthesis to the ER-bound ribosomes. Rough ER is
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composed of the nuclear envelope and perinuclearly located sheet-like cisternae
with relatively flat areas where the membrane extends for many microns with little
membrane curvature (Shibata et al. 2006). ER distribution and the sheet/tubule
balance are influenced by the cytoskeleton, mainly the microtubules (Gurel et al.
2014), and ER reorganization during mitosis ensures the equal distribution of this
single interconnected network into the daughter cells (Puhka et al. 2007, 2012).

Further correlative light-electron studies of the location of viral RNAs and
nucleocapsid proteins are needed to better understand the mechanisms of formation
and transformation of viral inclusions. Many questions remain open. For example,
what is the fate of the antigenomic RNP complexes? Degradation, accumulation, or
sorting away from the viral inclusions? Is the hexagonal order of nucleocapsids
inside the viral inclusions induced by dense packing (Starostin 2006), or by a
special location order of the newly formed encapsidated viral RNA? If this location
order exists, does it induce gradual nucleocapsid redistribution, for example, to the
periphery of the viral inclusions during the course of their maturation?

Fig. 4 Viral inclusions. An elongated and a round human macrophage infected with MARV,
2 days post-infection. Viral inclusions (green), microtubules (red). Bar, 10 lm
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8 Transport of Nucleocapsids to the Sites of Budding

Viral inclusions remain in the perinuclear region during the course of infection;
therefore, mature nucleocapsids must cross the cytoplasm to reach the budding sites
at the plasma membrane. It has been shown that only when filoviral nucleocapsid
proteins are co-expressed with the viral matrix protein VP40, can they be found
beneath the plasma membrane and inside filamentous VLPs released into the
supernatant (Hoenen et al. 2006, 2011; Spiegelberg et al. 2011; Wenigenrath et al.
2010; Watanabe et al. 2004; Dolnik et al. 2008; Noda et al. 2006). On the basis of
these observations, it is believed that the interaction of nucleocapsids with VP40 is
required to make them competent for transport.

The ability of filoviral VP40 to reach the plasma membrane and induce the
formation of filamentous VLPs is well known (Timmins et al. 2001; Noda et al.
2002; Kolesnikova et al. 2004a; Swenson et al. 2004; Hartlieb and Weissenhorn
2006); however, the molecular mechanisms responsible for VP40 transport to the
plasma membrane remain enigmatic. EBOV and MARV VP40s are peripheral
membrane proteins (Jasenosky et al. 2001; Kolesnikova et al. 2002). In cells
expressing VP40, approximately 80% of the VP40 molecules became membrane
associated under steady state conditions, and were found on the cytosolic side of the
plasma membrane, of small vesicles, and of the multivesicular bodies (MVBs)
(Kolesnikova et al. 2004a). In filovirus-infected cells, VP40 was detected in mul-
tiple cellular compartments, but more often VP40 displayed a weak diffuse distri-
bution pattern in the cytoplasm with a more intense signal in the perinuclear
structures and bright distinct signals at the cell periphery. VP40 can be seen
sometimes inside the nucleus (Bjorndal et al. 2003; Nanbo et al. 2013; Kolesnikova
et al. 2002) as reported for many paramyxovirus matrix proteins, reviewed in
Harrison et al. (2010). Essentially, bright distinct VP40 signals at the cell periphery
represent higher order oligomers of VP40 beneath patches or subdomains of plasma
membrane but not beneath the whole cell surface. Targeting to these subdomains
was clearly apparent in studies of polarized cells where MARV VP40 was targeted
to the patches of the basolateral domain (Kolesnikova et al. 2007b). Analyses of
ectopically expressed filoviral VP40s indicate that they might have a connection to
various components of the cellular transport systems (Fig. 5a), including actin (Han
and Harty 2005; Adu-Gyamfi et al. 2012; Kolesnikova et al. 2007a), IQGAP1 (Lu
et al. 2013), Sec24C (Yamayoshi et al. 2008), and microtubules (Ruthel et al. 2005;
Noda et al. 2006). The list of components involved in VP40 trafficking might be
even longer if one considers that VP40 has been shown to colocalize with the
cholesterol-enriched plasma membrane domain (Panchal et al. 2003; Koehler et al.
2015) suggesting a potential association between VP40 transport and cholesterol
trafficking, reviewed in (King and Sharom 2012; Du and Yang 2013).

How is the co-transport of VP40 and mature nucleocapsids regulated? What
mechanisms provide the specificity and timing of the VP40 interactions with the
viral proteins, and with different intracellular membranes and proteins? The answers
to the questions remain obscure. Structural and functional studies have shown that
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VP40 adopts different conformations, reviewed in (Hartlieb and Weissenhorn 2006;
Stahelin 2014). In addition, VP40s can undergo tyrosine phosphorylation
(Kolesnikova et al. 2012; García et al. 2012), and ubiquitination (Okumura et al.
2008), and can be sorted to cholesterol-enriched membranes (Bavari et al. 2002;
Panchal et al. 2003; Koehler et al. 2015). Therefore, the regulation of VP40
co-transport with mature nucleocapsids might be based on the different VP40
conformations and posttranslational modifications, each of which occurs after the
interplay of VP40 with a specific protein, lipid, or RNA, and each of which allows
VP40 to perform a distinct function. For example, the interaction of an EBOV
VP40 construct (31–326 aa) with liposomes in vitro induced a conformational
change in VP40 that resulted in hexamerization (Scianimanico et al. 2000).

Although filoviral VP40s have been detected inside viral inclusions (Geisbert
and Jahrling 1995; Kolesnikova et al. 2000; Schudt et al. 2013), only tiny amounts
of MARV VP40 have been found in association with nucleocapsids during trans-
port by using immunogold labeling (Kolesnikova et al. 2002). This amount of
VP40 most likely was under the detection level for live cell imaging analysis, which
showed that nucleocapsids leaving viral inclusions do not contain VP40, and only
nucleocapsids located close to the plasma membrane colocalized with VP40
(Schudt et al. 2013). Remarkably, EBOV VP40 octamers can bind RNA
(Gomis-Ruth et al. 2003; Hoenen et al. 2005), and the RNA-binding activity of
VP40 octamers is essential for the negative regulation of viral transcription in the
minireplicon system (Hoenen et al. 2010a; Bornholdt et al. 2013). Are VP40
octamers present in transport-competent nucleocapsids in virus-infected cells? And
if so, are they located at the tips of the nucleocapsid (Fig. 5a)? These questions need
to be answered.

JFig. 5 Transport of filovirus nucleocapsid, VP40 and GP to the site of budding, and mode of
interaction between infected and target cells. (a) Schematic presentation of the transport routes and
cellular interacting partners. GP is transported along the secretory pathway (ER, Golgi, TGN,
trans-Golgi), VP40 is transported along the retrograde late endosomal (LE) pathway, or in
association with COPII vesicles. GP and VP40 might be sorted into intracellular recycling
endosomal (RE) compartment before delivery to the plasma membrane. In addition, VP40 might
interact with the cellular proteins listed in the white box. Nucleocapsid is transported with the
“pointed” end first either along cytoskeletal filaments (AF, actin filaments, MT, microtubules) with
the help of motor proteins (Mp), or propulsed by actin polymerization at the rear end of the
nucleocapsid (comet-like actin tail). The association of the nucleocapsid with the small vesicles
(b) might influence the efficiency of nucleocapsid transport. (b) Two small vesicles (arrows)
located between the mature nucleocapsid and the viral inclusions (Vi). Ultrathin section of
MARV-infected Vero cells, 48 h post-infection. (c) Contact between a target cell (TC) and a
MARV virion located at the tip of a filopodium and still connected to the producer cell (PC).
Ultrathin section of MARV infected Huh-7 cells, 24 h post-infection. (d) Contact between
MARV-infected and noninfected Huh-7 cells imaged by scanning electron microscopy and
immunogold labeling of MARV GP. The infected cell and virus particle are recognized by gold
particles (white spots), whereas the noninfected cells do not have gold-labeled GP on the surface.
Six-shaped virion (arrowhead) located at the tip of the filopodium (arrows) is lassoed by the long
filopodium of the uninfected cell. Inset shows this contact at a lower magnification. Bars, (b and c)
100 nm; (d) 200 nm, inset, 1000 nm
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Interestingly, filoviral filamentous nucleocapsids are always transported along
their long axis; lateral transport has not been detected (Schudt et al. 2013; Bharat
et al. 2011). This mode of transport suggests that the site of connection between the
nucleocapsids and the cellular transport machinery is not located along the lateral
surface, but is close to the nucleocapsid tips. Small vesicles located near the
nucleocapsid tips were detected on ultrathin sections of infected cells (Fig. 5b);
however, the protein composition of these vesicles and their role, if any, in
nucleocapsid transport remain unknown (Fig. 5a).

Nucleocapsid movement in and release of particles from virus-infected cells has
been shown to be predominantly actin-based with different transport modes and
velocities (Kolesnikova et al. 2007a; Schudt et al. 2013). From viral inclusions to
the cell periphery, nucleocapsids are transported either over long distances along
actin filaments (speed approx. 200 nm/s), or over short distances (switching from
one actin filament to another with a speed of approx. 400 nm/s) (Schudt et al. 2013,
2015). A comet-like actin tail has sometimes been observed at the rear end of
nucleocapsids, suggesting that nucleocapsids can be propulsed by actin polymer-
ization. In one study, at the cell periphery, nucleocapsids colocalized with a bright
VP40 signal, were recruited to filopodia, and then co-transported with host motor
protein myosin-10 toward the budding sites at the tip or side of the filopodia with a
low velocity of approx. 100 nm/s (Schudt et al. 2013).

Further live cell imaging studies are needed to clarify the transport mechanisms
used by filoviral nucleocapsids.

9 Budding

Envelope formation. Filoviral nucleocapsids that come close to the plasma
membrane are enveloped by a lipid bilayer that contains a regular lattice of VP40 on
the cytosolic side and inserted viral surface GP, reviewed in (Mittler et al. 2013;
Hartlieb and Weissenhorn 2006; Schibli and Weissenhorn 2004). Remarkably, the
formation of the filoviral envelope can occur upon co-expression of VP40 and GP,
and is accompanied by the redistribution of GP to the VP40-enriched patches of the
plasma membrane (Kolesnikova et al. 2004b; Noda et al. 2002). Evidence of GP
sorting into the VP40-enriched membrane (but not vice versa) has been obtained in
polarized cells, where singly expressed GP accumulated at the apical domain, and
singly expressed VP40 formed VP40-enriched membrane patches at the basolateral
domain. Upon co-expression of both proteins, approx. 20% of the GP was redis-
tributed to the VP40-enriched patches at the basolateral domain where MARV
budding takes place (Sanger et al. 2001; Kolesnikova et al. 2007b). A study on the
targeting of chimeric GP constructs containing different combinations of ecto-,
transmembrane, and cytoplasmic domains of MARV GP and Lassavirus surface
protein GPC to the VP40-enriched membrane patches showed that the transmem-
brane domain is essential and sufficient for the recruitment of GP into the
VP40-enriched membrane (Mittler et al. 2007). Interestingly, EBOV and MARV
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viral surface glycoproteins can be targeted to the heterologous VP40-enriched
membrane, and form hybrid VLPs (Warfield et al. 2005). VLPs containing
homologous or heterologous VP40 and GP have been shown to provide protection
from filovirus infection upon VLP immunization (Warfield et al. 2003, 2004;
Swenson et al. 2005). The mechanisms responsible for GP sorting into the
VP40-enriched membrane remain a mystery. The characteristics of the transmem-
brane domain of GP, such as its acylation, length, and hydrophobicity (Sharpe et al.
2010; Shao and Hegde 2011), as well as the likelihood that the VP40 and GP
transport routes intersect, can be considered important factors. Surprisingly, the
budding of filoviruses has been detected not only at the plasma membrane, but also
into the intracellular membrane with a multivesicular appearance (Feldmann et al.
1996; Kolesnikova et al. 2004b), which might represent a point of intersection of
the VP40 and GP transport routes.

Both conventional ultrastructural studies and more advanced cryoelectron
tomography analyses show an “empty” space between the nucleocapsids and the
filoviral envelope, lacking proteins (Geisbert and Jahrling 1995; Beniac et al. 2012;
Bharat et al. 2011). Moreover, the ordered VP40 matrix layer does not follow the
helical symmetry of the nucleocapsid, suggesting that the association of the viral
envelope with the nucleocapsid takes place through flexible interactions (Geisbert
and Jahrling 1995; Beniac et al. 2012; Bharat et al. 2011). These interactions restrict
the radial position of the VP40 layer and the associated membrane, but do not
precisely define the lateral position of VP40 (Beniac et al. 2012; Bharat et al. 2011).
Such flexible interactions can mediate envelopment of a preformed nucleocapsid by
a preformed VP40 lattice through a Velcro-like interaction. The VP40 layer may
grab the nucleocapsid via the C-terminus of NP, which has been shown to be
important for the incorporation of EBOV NP into VP40-derived VLPs (Licata et al.
2004; Noda et al. 2007b). Remarkably, a comparison of the VP40 lattice in VLPs
and MARV by using cryotomography showed that the VP40 layers are arranged
differently, and only within the virion does the VP40 layer contain features that
repeat regularly around the circumference of the virion (Bharat et al. 2011).

Envelopment of nucleocapsids and directionality. The coating of filovirus
nucleocapsids with VP40- and GP-enriched membrane occurs predominantly at the
plasma membrane (Geisbert and Jahrling 1995). MARV budding has been detected
at the tip or side of long thin filopodia-like extensions (Welsch et al. 2010;
Kolesnikova et al. 2007a). A cryoelectron tomographic study of MARV-infected
cells revealed a clear directionality of nucleocapsid transport inside filopodia and
during envelopment (Bharat et al. 2011). The study found that the beginning of the
envelopment of MARV nucleocapsids was specifically associated with the pointed
end of the helical nucleocapsid, and nucleocapsids located inside the filopodia had a
preferential orientation with the pointed end facing away from the cell (Bharat et al.
2011). These data suggest that “factors” responsible for the transport of the
nucleocapsid and for the initiation of envelopment are associated with the pointed
end and not with the whole surface of the nucleocapsid. What factors determine the
directionality of MARV budding remains an open question. It is essential to
mention that the recruitment of filovirus NP or RNP complexes into filamentous
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VLPs is genus-specific (Spiegelberg et al. 2011), and impaired when the RNP
complexes or VP40 are derived from different filovirus genera.

The directionality of MARV nucleocapsid transport and budding has been
detected at 22 h post-infection, corresponding to the time required for one repli-
cation cycle (Bharat et al. 2011). Whether this directionality is preserved at 2 or
3 days after infection needs to be elucidated. It may be that at later stages, when
infected cells are overcrowded with viral proteins, another mode of envelopment
takes place. For example, a horizontal mode of budding has been suggested for
EBOV nucleocapsids based on transmission and scanning electron microscopy
examination of EBOV-infected cells at 2 days post-infection (Noda et al. 2006).

Fission and/or cell-to-cell spread. Mechanisms of filoviral particle fission and
the probable involvement of the endosomal sorting complex required for transport
(ESCRT)-associated proteins has been extensively studied. ESCRT complexes are
essential to induce inward budding and pinching off of vesicles into MVBs,
reviewed in (Henne et al. 2011). Inward budding of internal MVBs is topologically
similar to virus budding, and several virus systems have shown that the interaction
between ESCRT-associated proteins and so-called “late domains” in viral proteins
can induce or even enable the budding of viral particles (Bieniasz 2006; Calistri
et al. 2009). Filoviral VP40s contain late domain motifs: 16-PPPY-19 in MARV
VP40, and two overlapping late domains 7-PTAPPEY-13 in EBOV VP40. These
domains have been shown to mediate interactions with the ESCRT-associated
proteins Nedd4 and Tsg101 (Timmins et al. 2003; Martin-Serrano et al. 2001; Harty
et al. 2000; Urata et al. 2007), and inhibition of ESCRT function has been shown to
affect VP40 VLP formation (Licata et al. 2003; Yasuda et al. 2003; Urata and
Yasuda 2010). However, mutations in the VP40 late domains or inhibition of the
ESCRT machinery do not completely inhibit the release of filoviruses into the
extracellular space. For example, recombinant EBOVs containing mutations in one
or both of the VP40 late domains were attenuated by one log unit (Neumann et al.
2005), and the budding of MARV in cells expressing a dominant-negative vacuolar
protein sorting-associated protein 4 (VPS4) was also only partially inhibited
(Kolesnikova et al. 2009). These data suggest that the vacuolar protein sorting
pathway is only one of several so far unknown mechanisms that drive filoviral
budding.

We must keep in mind that filovirus transmission from cell to cell might occur
not only via free extracellular particles, but alternatively, the virus may be passed on
at contacts established between infected and noninfected target cells (Fig. 5c, d).
A recent study of recombinant MARV containing a mutation in the NP late domain
demonstrated that the level of the attenuation of these two modes of virus trans-
mission might be different (Dolnik et al. 2014). It has been shown for other human
pathogenic viruses that cell-to-cell spread facilitates rapid viral dissemination,
promotes immune evasion, and influences disease outcomes, reviewed in (Sattentau
2008). The potential impact of these two routes of transmission should be taken into
consideration in future studies on filovirus pathogenesis.

This review summarizes our current understanding of the relationship between
the cellular compartments and filovirus assembly. While some details of this
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relationship have recently emerged, the regulation of the filovirus assembly process
remains unclear; the viral and cellular signals that link one step of virus assembly to
the next have yet to be identified. Further development of systems that model the
different steps of filovirus assembly, together with new imaging techniques, will
allow us to tackle questions regarding how posttranslational modifications of viral
proteins and variations in their composition influence their specific interactions with
host cell proteins and provide spatiotemporal coordination of virus assembly. On
the basis of current knowledge, we present hypotheses that might stimulate the field
and direct future research.
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The Molecules in the Machine
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Abstract In this chapter, we describe what is known thus far about the structures
and functions of the handful of proteins encoded by filovirus genomes. Amongst
the fascinating findings of the last decade is the plurality of functions and structures
that these polypeptides can adopt. Many of the encoded proteins can play multiple,
distinct roles in the virus life cycle, although the mechanisms by which these
functions are determined and controlled remain mostly veiled. Further, some filo-
virus proteins are multistructural: adopting different oligomeric assemblies and
sometimes, different tertiary structures to achieve their separate, and equally
essential functions. Structures, and the functions they dictate, are described for
components of the nucleocapsid, the matrix, and the surface and secreted
glycoproteins.
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1 Introduction

In this chapter, we describe what is currently known about the forms and
form-driven functions of the proteins encoded by filoviruses. To begin with, we will
clarify the potentially confusing terminology used to name the viruses and the
proteins they encode.

The mononegaviral filovirus family (Mononegavirales: Filoviridae) includes
three known genera: Ebolavirus,Marburgvirus, and Cuevavirus (Kuhn et al. 2014).
The genus Ebolavirus has five members: Ebola virus, Sudan virus, Taï Forest virus,
Bundibugyo virus, and Reston virus. The similar terms “Ebola virus,” “ebolavirus
or ebolaviruses” (used as the vernacular for the five members of the genus
“Ebolavirus”) understandably cause some confusion. “Ebola virus” (two words,
capitalized E) refers to the specific and single virus of that name, while “ebolavirus”
or “ebolaviruses” (lower case, one word) refers to one or more viruses in the
Ebolavirus genus. The category “ebolaviruses” thus also includes Sudan virus,
Bundibugyo virus, Reston virus, and Taï Forest viruses. The genus Marburgvirus
has two members, termed Marburg virus and its variant Ravn virus. The genus
Cuevavirus currently has only one member, Lloviu virus (Kuhn et al. 2014;
Negredo et al. 2011).

All filoviruses contain seven genes. They are listed 3′ to 5′ in the negative-sense
RNA genome, NP, VP35, VP40, GP, VP30, VP24, and L. In marburgviruses, these
seven genes encode seven proteins of the same names: NP (the nucleoprotein),
VP35 (a polymerase cofactor), VP40 (the matrix protein), GP (the surface glyco-
protein), VP30 (also a polymerase cofactor), VP24 (a nucleocapsid protein), and L
(the RNA-dependent RNA polymerase).

For the ebolaviruses and the cuevavirus, however, there are more than seven
proteins, as not one, but several proteins result from the single GP gene: GP, sGP,
ssGP, and D-peptide (Mehedi et al. 2011; Sanchez et al. 1996). In ebolaviruses, the
major gene product is not the viral surface GP, but instead a secreted protein termed
sGP. sGP constitutes 80% or more of the transcripts of the GP gene, is encoded in a
single open reading frame, forms a dimer and is secreted abundantly from infected
cells. The role of sGP is unclear, but it may serve as an immune decoy and to
restore endothelial barrier function (Mohan et al. 2012; Wahl-Jensen et al. 2005).

In contrast, the viral surface GP results from a transcriptional editing event and a
shift in open reading frame. Its N-terminal 295 amino acids are identical to those of
sGP, but the shift in reading frame confers an alternate C-terminal region, which
includes a transmembrane domain. GP is thus a membrane-anchored protein. It
forms a trimer on the surface of the virus and is responsible for attachment and
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entry of new host cells. It is interesting that the glycoprotein required for propa-
gation of the virus through its life cycle is only encoded after some transcriptional
gymnastics. The third transcript produces a minor product whose function is
unknown. This product, ssGP, results from the third possible reading frame of GP
(Mehedi et al. 2011). D-peptide is a C-terminal glycosylated peptide released from
sGP upon furin cleavage in the producer cell.

Here we describe what is known thus far about the structures and functions of
the set of proteins encoded by filovirus genomes. Amongst the fascinating findings
of the last decade is the plurality of functions and structures that these polypeptides
can adopt. Many of the encoded proteins can play multiple, distinct roles in the
virus life cycle, although the mechanisms by which these functions are determined
and controlled remain mostly veiled. Further, some filovirus proteins are multi-
structural: adopting different oligomeric assemblies and sometimes, different ter-
tiary structures to achieve their separate, and equally essential functions.

Although we describe many findings here, much remains to be discovered. For
some proteins, only a portion has been experimentally visualized. For others, we
may have visualized the monomer, but do not yet know precisely how its biolog-
ically functional assembly or assemblies are built or function. In this chapter, we
first describe the proteins in the nucleocapsid complex, followed by the matrix
protein VP40, the glycoproteins, and finally, the polymerase, which has eluded
high-resolution analysis.

2 NP

The nucleoproteins (NP) of filoviruses are 692–749 amino acids long and are
encoded in the first gene of the negative-sense genome (Sanchez 1993). NP forms
long, linear oligomers, encapsidating the viral RNA genome, and the NP-RNA
complex is the functional template for the viral polymerase to carry out tran-
scription and replication. NP does not interact directly with the polymerase (L).
Instead, interactions are mediated by the polymerase cofactors VP30 and VP35
which are required to carry out RNA synthesis (Becker et al. 1998; Groseth et al.
2009). The N-terminal 450 amino acids of Ebola and Marburg virus NP (Bharat
et al. 2011; Noda et al. 2010) are sufficient for RNA binding and oligomerization.
This N-terminal region is likely to be homologous to the nucleoproteins of other
non-segmented negative-sense RNA viruses (Bharat et al. 2011), in which the RNA
binds in a cleft between two subdomains (Green et al. 2006).

Electron microscopy of full-length, recombinant NP oligomers shows long ropey
filaments with a generally helical path (Mavrakis et al. 2002). Removal of the C-
terminal region by genetic truncation causes NP oligomers to instead form into
rigid, spiral cylinders similar to those of the measles virus nucleoprotein (Schoehn
et al. 2004). In cell culture, narrow NP cylinders gather into large inclusions.
Co-expression of VP24 and VP35 with NP results in somewhat wider cylinders
whose density and diameter are indistinguishable from the nucleocapsids observed

Filovirus Structural Biology: The Molecules in the Machine 383



in filovirus-infected cells (Huang et al. 2002; Watanabe et al. 2006). Several studies
using cryoelectron tomography of filovirus virions reveals the nucleocapsid to
assemble into a left-handed helix, and that the nucleocapsid of Marburg virus has a
diameter somewhat greater than that of the ebolaviruses (Beniac et al. 2012; Bharat
et al. 2012; Bharat et al. 2011; Noda et al. 2005) (Fig. 1). It was estimated from
these studies that NP binds to 6–12 nucleotides of RNA, and that VP24 and VP35
bind to alternating NP monomers (protomers) (Bharat et al. 2012; Bharat et al.
2011). NP has also been found to interact with the viral matrix protein VP40 to
facilitate incorporation of the nucleocapsid into progeny virions (Noda et al. 2006).

Recent structural studies have provided additional insights into the role of NP
and its interactions with RNA and with VP35. Studies from a variety of other
mononegaviruses suggest that the nucleoprotein (termed NP for filoviruses or N for
other mononegaviruses) readily associates with both host and viral RNA, and that
the interaction with RNA is controlled by viral partners such as the phosphoprotein
P (for other mononegaviruses) or VP35 (for filoviruses). Kirchdoerfer et al. (2015)
and Leung et al. (2015), recently discovered that the N-terminal peptide of VP35
maintains NP in an RNA-free state, and determined the structures of the NP-VP35
peptide complex (Fig. 2a, b). The resulting structures are a reasonable approxi-
mation of the RNA-free form of filoviral NP and provide important insights into
how VP35 association prevents binding of cellular RNA before delivery to the
nascent nucleocapsid, where it may specifically bind the viral genome. The N-
terminal domain of NP forms a two-lobed structure and is responsible for nucle-
ocapsid assembly and binding of RNA. The N-terminal peptide of VP35 (residues
20–45 in Ebola virus) binds in a highly conserved pocket on the side of NP, roughly
where the two lobes of the ordered Ebola NP N-terminal domain meet. Examination
of the specific residues involved suggests that this interaction is conserved across
the family Filoviridae.

Further analysis is needed to understand if NP undergoes a conforma-
tional change upon RNA binding, or uses another mechanism to close about the

Fig. 1 Electron tomographic reconstructions of filovirus nucleocapsids. a Ebola virus
(EMD-2043) and b Marburg virus (EMD-1986) nucleocapsids form left-handed helices with
protrusions corresponding to the bound VP24 and VP35 proteins
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RNA strand. Data are currently inconsistent whether the monomeric core of NP,
itself, is sufficient to bind RNA, probably because different versions of the
monomer have been analyzed—containing some or none of the additional N- and
C-terminal arms that mediate NP oligomerization.

Dong et al. (2015) reported the structure of Ebola virus NP core alone (residues
19–405). This structure contains a fold similar to that observed in the VP35/NP
complexes. However, instead of VP35 binding into the hydrophobic patch on
monomeric NP, the C-terminal end of the NP N-terminal domain construct (helix
a20) flipped up to occupy VP35’s binding site (Fig. 2c). The functional significance
of this interaction is currently unknown.

The C-terminal half of NP is flexible and acidic, scaffolds the other proteins in
the nucleocapsid complex, and culminates in a *100-residue ordered domain.
Structures of this domain are available for Ebola virus (Fig. 2d), Taï Forest virus
and Bundibugyo virus, and are consistent in fold (Dziubanska et al. 2014).

3 VP30

Viral protein 30 (VP30) plays an essential, though not fully understood, role in the
filovirus life cycle. VP30 is unique to filoviruses, and unlike NP, VP35, and L, has
no corresponding protein in the nucleocapsid of other mononegaviruses. VP30 is
also essential: infectious recombinant Marburg and ebolaviruses cannot be pro-
duced from cDNAs that lack the VP30 gene, although the specific roles of and

Fig. 2 Crystal structures of the NP ordered domains. (a and b) 2.4 Å (Kirchdoerfer et al. 2015)
and 3.7 Å (Leung et al. 2015) crystal structures of the N-terminal domain of NP held in an
RNA-free, monomeric state by the VP35 N-terminal peptide (yellow). The two lobes of the NP N-
terminal domain are colored red and blue, and RNA is expected to bind between them. c 1.8 Å
crystal structure (Dong et al. 2015) of the unbound NP N-terminal domain, in which helix a20
occupies the hydrophobic patch on the side of NP in place of the VP35 chaperoning peptide.
d 1.75 Å structure of the 100-residue C-terminal domain of Ebola virus NP (Dziubanska et al.
2014)
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requirements for VP30 in Marburg and Ebola may differ (Enterlein et al. 2006).
Many molecular functions have been ascribed to VP30. One key role in Ebola virus
is as a transcriptional activator, allowing the viral polymerase to read through an
RNA hairpin in the 5’ untranslated region of NP mRNA (Weik et al. 2002).
However, this function is not required for transcription in Marburg virus
(Mühlberger et al. 1999), and it remains unclear why VP30 is essential for the
rescue of Marburg viruses. VP30 has also been proposed to promote polymerase
transcription re-initiation (Martinez et al. 2008).

Ebolavirus and marburgvirus VP30 proteins are 281–289 amino acids in length,
while the recently discovered Lloviu virus VP30 contains a longer N-terminal
region and is 328 amino acids in length. The N-terminal region of Ebola virus VP30
has been found to be phosphorylated (Modrof et al. 2002), to bind zinc and RNA
(John et al. 2007), and to contribute to oligomerization of the protein (Hartlieb et al.
2003), but the structure of that essential domain remains unknown. The structure of
the Ebola virus C-terminal region, however, has been determined by X-ray crys-
tallography and shows a dimer of globular domains, in which a C-terminal helix
reaches over to its neighbor to mediate dimerization (Clifton et al. 2014; Hartlieb
et al. 2007) (Fig. 3a). The C-terminal domain has a structure similar to that of the
pneumovirus M2-1 protein, which is also a viral transcriptional activator (Blondot
et al. 2012), though there is no sequence homology, and VP30 and M2-1 play
different specific roles in transcriptional activation of their respective viruses. VP30

Fig. 3 VP30 C-terminal Domain. a The VP30 C-terminal domain forms a dimer and the unbound
dimer structure has been determined from Ebola virus (Hartlieb et al. 2007) and Reston virus
(Clifton et al. 2014) (pictured). Dimerization is assisted by a-helix 7 extending to contact the
neighboring protomer. One protomer is light blue and the other dark blue and secondary structural
elements are numbered. (b and c) Crystal structures of the Ebola virus (blue and brown) and
Marburg virus (green and orange) VP30-NP complexes, which illustrate a proline-rich NP peptide
(yellow for Ebola virus and pink for Marburg virus) binding into a groove on each copy of the
VP30 dimer (Kirchdoerfer et al. 2016). PDB: 5T3T, 5T3W, 5VAO, 5VAP
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allows polymerase read through of a hairpin, while M2-1 has an anti-termination
function (Blondot et al. 2012).

Both the VP30 N- and C-terminal regions individually associate with NP
inclusions in transfected cells (Hartlieb et al. 2007; Modrof et al. 2002). Interactions
between NP and VP30 are thought to regulate the replication and transcription
switch. Recent structural studies have identified a polypeptide region within the
flexible C-terminal half of NP that binds the VP30 C-terminal domain (Kirchdoerfer
et al. 2016). Crystal structures of the VP30-NP complexes made by both Ebola
virus and Marburg virus illustrate that a short proline-rich sequence from NP binds
into a conserved shallow groove on the VP30 C-terminal domain (Fig. 3b, c).
Functional analysis suggests that this interaction is important for regulating viral
RNA synthesis, and that binding of VP30 to this NP peptide is critical for mini-
genome reporter activity and for synthesis of RNA (Kirchdoerfer et al. 2016).
Structure-guided mutagenesis identified residues critical for the interaction, with
some mutants enhancing the NP-VP30 interaction and others diminishing or
abrogating binding (Kirchdoerfer et al. 2016).

4 VP35

VP35 is encoded by the genome’s second gene and is the equivalent of viral
phosphoproteins (P) found in other mononegaviruses. Despite this functional
similarity, VP35 has not been found to be strongly phosphorylated in infected cells
(Elliott et al. 1985). However, VP35 is similar to the other viruses’ P proteins in its
essential role in virus transcription and replication. VP35 acts as a polymerase
cofactor, interacting with both the polymerase (L) and the viral nucleoprotein (NP).
In addition, VP35 acts to blunt the host innate immune response by interfering with
sensing of dsRNA (Cardenas et al. 2006; Feng et al. 2007; Luthra et al. 2013; Prins
et al. 2009) and by RNA interference (Fabozzi et al. 2011).

VP35 ranges in length from 320 to 341 amino acids. The protein can be sepa-
rated into several regions. The N-terminal peptide holds NP in a monomeric,
RNA-free state as previously described (Fig. 2). An internal region, residues 80–
120 in Ebola virus numbering, forms a coiled coil and is responsible for the
oligomerization of the VP35 protein (Moller et al. 2005). The C-terminal
RNA-binding domain, 217–340 in Ebola virus numbering, forms a four-helix
bundle linked to a fifth short helix and a three-stranded mixed b-sheet (Leung et al.
2009) (Fig. 4a). The remaining, intervening regions of the protein are unlikely to
form stable secondary structure, as judged by hydrogen–deuterium exchange mass
spectrometry (H/DXMS) (Kimberlin et al. 2010) and have thus far prevented
visualization of the complete molecule. This domain organization is similar to the P
proteins of other mononegaviruses, as they also have internal oligomerization
domains and folded C-terminal domains connected by flexible linkers (Gerard et al.
2009). Of note, however, is the larger size of the filovirus C-terminal domain, as
well as its additional functionality in innate immune antagonism. Also like the P
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proteins of other mononegaviruses, the C-terminal domain of VP35 is responsible
for the protein’s interaction with the NP-RNA complex.

Structures of filovirus VP35 RNA-binding domains have been determined by
X-ray crystallography for Ebola virus, Reston virus, and Marburg virus in both
double stranded RNA (dsRNA)-bound and unliganded states (Figs. 4 and 5).
Interestingly, all structures of the VP35 RNA-binding domain in complex with
dsRNA for any ebolavirus (whether Ebola or Reston), illustrate how VP35 binds to
the dsRNA as a striking, asymmetric dimer (Figs. 4b and 5a). In this dimer, one of
the copies of VP35 uses a hydrophobic surface to cap the termini of the RNA
strands while the second copy of VP35 contacts the phosphate backbone
(Kimberlin et al. 2010; Leung et al. 2010) (Figs. 4c and d). Three mutations were
found to interfere with innate immune antagonism. Of these, R305A and K309A

Fig. 4 VP35 C-terminal, RNA-binding domain. a The filovirus VP35 C-terminal domain forms a
compact domain (PDB: 3KS4). b These domains from ebolaviruses form an asymmetric dimer
(blue and purple) to bind RNA (PDB: 3KS8). (c and d) The different protomers in the dimer use
different residues, although roughly contained in similar faces of the protein to contact either the
end or the backbone of dsRNA
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(Ebola virus numbering), both disrupt interactions with the phosphate backbone,
whereas R312A disrupts formation of the dimer interface. Structures of the
Marburg virus VP35 RNA-binding domain in complex with dsRNA illustrate that
the fold of the RNA-binding domain is similar. However, all visualized interactions
of Marburg virus VP35 are with the sugar-phosphate backbone (Fig. 5b, c), in a
manner similar to the second copy in the asymmetric dimer in the ebolavirus VP35
structures (Bale et al. 2012b; Ramanan et al. 2012). Despite the observation of
different binding modes in the crystals, both ebolavirus and Marburg virus
VP35 RNA binding domains probably both cap and coat dsRNA in solution (Bale
et al. 2012).

VP35 must be an oligomer to function in the virus life cycle (Moller et al. 2005),
with oligomerization mediated by the central domain. Two separate X-ray crystal
structures of the oligomerization domain from Marburg virus VP35 illustrate a
trimeric coiled coil (Bruhn et al. 2016) (Fig. 6). In these structures, Marburg virus
VP35 forms an assembly typical of other trimeric, coiled coils with all “knob”
residues leucines, isoleucines, or valines (Bruhn et al. 2016). Two prolines (78 and
109) flank this coiled coil and are conserved among marburgviruses and most
ebolaviruses. Beyond these prolines, however, very little sequence identity exists in
the coiled coil domain (18% identity vs. 33% for the entire VP35) (Bruhn et al.
2016). The predicted coiled coil of the ebolaviruses is also 12 residues longer than
that of Marburg virus (Geisbert and Jahrling 1995).

Although no high-resolution structure is yet available for an ebolavirus VP35
oligomerization domain, light scattering experiments suggest that the particle size is
consistent with a tetramer instead of a trimer (Bruhn et al. 2016; Edwards et al.
2016). Distinct oligomeric assemblies between Marburg and Ebola virus VP35
would not be inconsistent with some of the observed functional differences in VP35
of the different viruses (Messaoudi et al. 2015) or the demonstrated inability of
these proteins to be exchanged in minigenome experiments (Mühlberger et al. 1998,

Fig. 5 VP35-dsRNA complexes. a Two copies of the ebolavirus VP35 RNA-binding domain
(green) form an asymmetric dimer to cap the end of a dsRNA oligo (yellow). Pictured here is the
complex from Reston virus with an 18 bp dsRNA (PDB:3KS8). (b and c) In crystal structures,
Marburg virus VP35 (purple) instead spirals about the backbone of the dsRNA (yellow). Pictured
are side b and end c views (PDB:4GHA)
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1999). A further difference is that oligomerization of VP35 is required for potent
interferon antagonism by ebolaviruses (Bale et al. 2012b; Edwards et al. 2016), but
not for maximal antagonism by Marburg virus. In general, Marburg virus VP35 is a
less potent interferon antagonist (Bale et al. 2012b; Edwards et al. 2016).

5 VP24

The VP24 protein is important for assembly and function of the viral ribonucleo-
protein complex and plays other roles as well (Hoenen et al. 2010b; Noda et al.
2007a; Watanabe et al. 2007). VP24 (233–241 amino acids in length) adopts a
pyramidal a/b fold, *70 � 30 � 30 Å in dimension, with two neighboring cav-
ities, one hydrophobic and the other hydrophilic (Zhang et al. 2012) (Fig. 7a).
VP24 of the ebolaviruses inhibits interferon signaling by binding to karyopherin a
proteins (Reid et al. 2006). Ebolavirus VP24 interacts with the C-terminal portion
of karyopherin a5 by binding at a site that overlaps with that of a nonclassical
nuclear localization signal. By binding karyopherin a5, VP24 prevents it from
achieving nuclear transport of tyrosine phosphorylated STAT1 (Xu et al. 2014)
(Fig. 7b).

VP24 of Marburg virus targets Keap1, a repressor of antioxidant transcriptional
signaling (Edwards et al. 2014; Page et al. 2014). In Marburg virus VP24, but not
ebolavirus VP24, residues 201–217 form a pair of long antiparallel beta strands that
jut out from the VP24 core (Zhang et al. 2014) (Fig. 7c). These beta strands mediate
dimerization of Marburg virus VP24, and a dimer/monomer equilibrium of
Marburg virus VP24 may regulate its roles in ribonucleoprotein function and Keap1
interactions (Johnson et al. 2016a).

Fig. 6 VP35 oligomerization
domain. The central
oligomerization domain of
Marburg virus is a
triple-stranded coiled coil.
Here, each polypeptide is
colored blue to red, N- to
C terminus. Prolines 78 and
109 flank the central coiled
coil (PDB:5TOI) (Bruhn et al.
2016)
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Notably, for VP24, as in VP35, we observe different types of interactions with
host factors for Ebola virus and Marburg virus. VP35 has multiple domains, each
with separate roles to play, but governed by oligomerization at center. In the course
of the virus life cycle, VP24 (at least for Marburg virus) may adopt distinct oli-
gomeric assemblies to accomplish multiple functions. This introduces a theme of
multi-form, multi-function proteins—a theme most evident in the viral protein
VP40.

6 VP40

Viral Protein 40 (VP40) is the main structural component of the filovirion matrix
(Elliott et al. 1985), and the equivalent of the matrix (M) proteins found in other
mononegaviruses. VP40 polymerizes to form protein filaments out of which the
virion matrix is constructed and from which the characteristic filamentous shape of
the virion is achieved (Beniac et al. 2012; Bornholdt et al. 2013). The VP40 matrix
also recruits the nucleocapsid to the virion (Bharat et al. 2012; Bharat et al. 2011;
Hoenen et al. 2010a; Noda et al. 2007b) and has essential interactions with the
glycoprotein and the cell membrane during budding. Expression of VP40 alone is
sufficient to bud filamentous virus-like particles (Beniac et al. 2012; Jasenosky et al.
2001; Johnson et al. 2006; Noda et al. 2002; Panchal et al. 2003; Timmins et al.
2001). VP40 also interacts with the viral surface protein GP. Indeed, coexpression
of VP40 alters the distribution pattern of GP, leading to GP accumulation at
VP40-positive basolateral clusters from which budding occurs (Kolesnikova 2007).
VP40 has also been shown to be critical for transcriptional control (Hoenen et al.
2010b), and VP40 for Marburg virus has been shown to be immunosuppressive

Fig. 7 VP24. a VP24 has a pyramidal shape. Illustrated here is Sudan virus VP24 (Zhang et al.
2012) (PDB:3VHF), but the fold is similar for Reston virus and Ebola virus as well. b Ebola virus
VP24 (pink) binds the C-terminal portion of karyopherin a5 (yellow) to prevent nuclear translation
of STAT1(Xu et al. 2014) (PDB:4U2X). c Marburg virus VP24 contains a projecting beta hairpin
(b17-b18) and forms a dimer, with dimerization assisted by the N-terminal strand (Johnson et al.
2016a; Zhang et al. 2014). Here the two monomers are green and blue, respectively (PDBs: 4OR8
and 4M0Q)
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(Oda et al. 2015; Valmas and Basler 2011; Valmas et al. 2010). These multiple
functions are believed to be controlled by the ability of the VP40 polypeptide to
adopt different structures.

VP40 is encoded in the third gene of the negative-sense genome (Sanchez 1993).
Ebola virus VP40 is 326 amino acids in length, while Marburg virus VP40 is 303
amino acids. A VP40 protomer is divided into two compact domains: an N-terminal
domain (NTD) circa residues 1–194, and a C-terminal domain (CTD) circa residues
195 to C terminus (in Ebola virus numbering). The NTD is built around a central b-
sandwich and has several a-helices on its surface farthest from the CTD (Dessen
et al. 2000). Residues 1–43 and 320–326 are disordered. This simple two-domain
structure supports a surprising variety of interfaces, alternative forms, and corre-
sponding functions.

In some forms of the protomer, the CTD is held against the NTD by a limited
number of hydrophilic and hydrophobic contacts (Dessen et al. 2000). In other
forms, the CTD has been sprung and floats at a disordered position relative to the
NTD, with the residues circa 193–200 becoming a flexible linker (Bornholdt et al.
2013; Gomis-Ruth et al. 2003; Scianimanico et al. 2000). This form of the protomer
is not fully known, as the flexible linker and the sprung CTD are not visible in crystal
structures. A second structural variation is that in some forms, residues 44–68 cling
to the surface of the NTD farthest from the CTD (Dessen et al. 2000), while in other
forms, these residues are absent from the crystal structures, having become part of
the disordered N-tail (Bornholdt et al. 2013; Gomis-Ruth et al. 2003).

These alternative forms of the VP40 protomer underlie three distinct forms of
oligomerization, each with its corresponding function:

First, a dimer, with the two protomers joined symmetrically NTD–NTD via a
dimer interface located on the surface of the NTD farthest from the CTD
(Bornholdt et al. 2013; Dessen et al. 2000; Timmins et al. 2003) (Fig. 8). Each

Fig. 8 VP40 dimer. The cartoon representation is bright blue for residues 44–68, light blue for
the rest of the NTD, pink for the CTD (PDB:4LDB). Both CTDs are unsprung. At center, both
instances of residues 44–68 are unsprung (blue), and it is here that the dimer interface is found
(orange). In this form, the oligomerization interface (yellow) is hidden under the CTD, and the
octamer interface (red) is hidden under residues 44–68 (blue)
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protomer is maximally ordered, i.e., both the CTD and residues 44–68 cling to the
NTD. This form of VP40, sometimes described as a butterfly shape, is essential for
trafficking through the cell. Indeed, in late-stage infection, VP40 localizes to the cell
membrane (Adu-Gyamfi et al. 2012; Bornholdt et al. 2013; Hoenen et al. 2005;
Nanbo et al. 2013; Panchal et al. 2003; Timmins et al. 2001); mutants that cannot
dimerize experience reduced localization, suggesting that the dimer recruits assis-
tance from the cell’s transportation network (Bornholdt et al. 2013). VP40 also
interacts with the viral nucleoprotein and VP35, escorting nucleocapsids to the cell
surface and incorporating them into virions (Geisbert and Jahrling 1995; Hoenen
et al. 2010a; Johnson et al. 2006; Noda et al. 2006; Noda et al. 2007b).

Next, a hexamer is formed by linearly connecting three dimers (Bornholdt et al.
2013). To make this assembly possible, the four central protomers spring their
CTDs; this displacement of the CTD reveals a new oligomerization interface on the
NTD, by means of which the three dimers join NTD–NTD. A CTD-to-CTD
interface then allows hexamers to polymerize, forming protein filaments out of

Fig. 9 VP40 hexamer (PDB:4LDD). A zig-zagging hexameric structure of VP40 is made by six
NTDs at center (alternating cyan and blue-gray), with each end capped by one visible CTD (pink).
The CTDs that belong to the NTDs at center do remain attached by their polypeptide bonds, but
have “sprung” away and have become disordered in solvent channels in the crystals. Each
hexameric building block, with the visible section described as (CTD-NTD)-(NTD)4-(NTD-CTD),
repeats in crystals by interactions of the CTD at each end with the CTD at the end of another
hexameric building block. The CTD–CTD interface is hydrophobic, flat and “slippery”, potentially
allowing flexibility in the extended filaments built from these hexamers. In this figure, the central
hexamer is composed of three dimers, each centered on its dimer interface (involving residues
illustrated in orange). Note that the extreme-left and extreme-right copies of VP40 are similar to
those of Fig. 8, while the central four protomers have sprung their CTDs, so only the NTDs are
visible. This springing of the central CTDs exposes the instances of the oligomerization interface
(yellow) to either side of the central dimer, joining the central dimer to the left dimer and right
dimer. At extreme left and extreme right, the CTD-to-CTD interface (green) allows for
polymerization with other hexamers (gray). For clarity, the following bonds are not drawn: the
non-exposed instances of the oligomerization interface and the octameric interface (red in Fig. 8)
which is still hidden in this structure under residues 44–68 (royal bue).
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which the virion matrix is constructed (Bornholdt et al. 2013) (Fig. 9).
Interestingly, VP40 hexamers were observed at sites of budding from the plasma
membrane (Adu-Gyamfi et al. 2012; Adu-Gyamfi et al. 2013) prior to resolution of
the hexameric crystal structure.

The CTD also includes residues that interact with phosphatidylserine in the cell
membrane; this triggers hexamerization (Adu-Gyamfi et al. 2012, 2013, 2015;
Bornholdt et al. 2013; Scianimanico et al. 2000; Soni et al. 2013) and leads to
budding (Adu-Gyamfi et al. 2013, 2015; Dessen et al. 2000; Harty 2009; Jasenosky
et al. 2001; Panchal et al. 2003; Ruigrok et al. 2000; Scianimanico et al. 2000; Soni
and Stahelin 2014). VP40 is also sufficient to induce phosphatidylserine exposure
on the outer plasma membrane leaflet at sites of budding (Adu-Gyamfi et al. 2015),
which helps explain Ebola virus’s phosphatidylserine-dependent entry
(Kondratowicz et al. 2011), and makes a clear link between a matrix protein’s use
of a lipid for budding and then subsequent entry. Determining the functional
dynamics of these VP40/lipid interactions remains an open problem. Dependency
of budding on NTD residues has moreover been reported for a loop region
(Adu-Gyamfi et al. 2014), for residues circa Pro 53 (Yamayoshi and Kawaoka
2007), and for motifs in residues 7–13 that interact with host proteins (Harty 2009;
Harty et al. 2000; Jasenosky et al. 2001; Licata et al. 2003; Panchal et al. 2003;
Timmins et al. 2001). Additionally, the lipid phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) in the plasma membrane apparently serves as an important anchor for
VP40: PI(4,5)P2 triggers VP40 hexamerization (Johnson et al. 2016b), while VP40
clusters the PI(4,5)P2 lipid (Gc et al. 2016).

The third form is a symmetrical octameric ring (Gomis-Ruth et al. 2003;
Timmins et al. 2003). In this form, all eight CTDs are sprung, as well as all
instances of residues 44–68 (Fig. 10). Every second protomer–protomer association
forming the ring is NTD–NTD via the oligomerization interface described above.
The remaining protomer–protomer associations are NTD–NTD via a new octamer
interface that is revealed when residues 44–68 are peeled away. The NTD alone is
thus sufficient to form the octamer; indeed, deleting the CTD forces octamerization
(Bornholdt et al. 2013; Gomis-Ruth et al. 2003; Ruigrok et al. 2000; Timmins et al.
2003). Other ways of encouraging octamerization include deleting residues 320–
326 (Scianimanico et al. 2000), mutating I307R or W95A (Bornholdt et al. 2013) or
P283/286L (Panchal et al. 2003), and applying disruptive agents such as urea
(Scianimanico et al. 2000); this suggests a general rule that springing all CTDs
leads to octamerization. The sprung CTDs float above and below the ring’s lumen
(Scianimanico et al. 2000); their function thereafter is unknown.

RNA binds to the ring’s lumen at the NTD–NTD cleft of the octamer interface
(Gomis-Ruth et al. 2003) (Fig. 10). This is striking because no other form of VP40
binds RNA. Binding of RNA or an RNA-protein complex could be the natural
trigger for formation of the octamer (Gomis-Ruth et al. 2003; Radzimanowski et al.
2014; Timmins et al. 2003). A three-nucleotide UGA repeat was visualized bound
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to each of the eight copies of VP40 in a crystal structure of the octamer
(Gomis-Ruth et al. 2003)—the nature and identity of additional nucleotides in the
bound RNA are not yet known.

Octamers do not localize to the cell membrane (Bornholdt et al. 2013; Hoenen
et al. 2010; Panchal et al. 2003; Timmins et al. 2001) and are not found in virions
(Gomis-Ruth et al. 2003). They are instead specific to the infected cell and thus
represent a non-structural form of this viral structural protein. Instead of assembling
the viral matrix, this form of VP40 is thought to regulate viral transcription
(Bornholdt et al. 2013; Hoenen et al. 2010a, b). The octamer is essential to the virus
life cycle (Hoenen et al. 2005), presumably to achieve the incompletely understood
regulatory function.

For Marburg virus VP40, octameric rings have a propensity to stack into rod-like
structures (Timmins et al. 2003). The octameric ring form of Marburg virus VP40
may be linked to its immunosuppression function: the NTD of Marburg virus VP40
is necessary and sufficient to achieve antagonism of interferon b-stimulated
enhancement of reporter gene expression, and the NTD alone is thought to form the
octameric ring (Oda et al. 2015).

VP40 is thus a multi-form, multi-function protein, called a transformer protein
(Bornholdt et al. 2013; Radzimanowski et al. 2014; Wasserman and Saphire 2016).
VP40 has multiple structural states with the power to express in one form, then
transform to another. There is, in particular, a convincing narrative that VP40
molecules express as dimers, localize to the vicinity of the cell membrane, and
there, triggered by contact with lipids, transform into hexamers to build and bud
virions (Adu-Gyamfi et al. 2012, 2013, 2015; Bornholdt et al. 2013). Other sources
have found VP40 to form monomers (Dessen et al. 2000; Panchal et al. 2003;

Fig. 10 VP40 octamer
(PDB:1H2C). NTDs alternate
light blue and cyan. In crystal
structures, all eight CTDs are
deleted. All instances of
residues 44–68 are sprung;
this disrupts the dimer
interface (remnants orange)
and exposes the octamer
interface (red). Going around
the ring, the octamer interface
(red) alternates with the
oligomerization interface
(yellow). RNA (white) binds
in the cleft of the octamer
interface
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Radzimanowski et al. 2014; Ruigrok et al. 2000; Scianimanico et al. 2000) or
hexameric rings (Harty 2009; Radzimanowski et al. 2014; Ruigrok et al. 2000;
Scianimanico et al. 2000; Timmins et al. 2003), or that the regulatory function is not
specific to the octamer (Hoenen et al. 2010). Some issues are still subject to debate,
but in many cases, these differences reflect the evolution of our understanding of
VP40 in recent years.

Ebola virus and Marburg virus VP40 are 34% identical (49% homologous) in
amino acid sequence, with differences concentrated in the C-terminal domains. Not
surprisingly, the N-terminal domains are similar in structure (2.4 Å
root-mean-square deviation (r.m.s.d.) among Ca atoms), and the NTD–NTD dimer
interfaces they assemble are critical for matrix assembly and budding (Fig. 11a).
The C-terminal domains, however, are only 16% identical in sequence and differ in
structure (5.6 Å r.m.s.d. among Ca atoms). The Marburg virus CTD is more loosely
folded than that of Ebola virus, key residues such as 208–221 trace a different path,
and the basic patch of the CTD is expansive, larger and flatter than that of Ebola
virus (Fig. 11b), which involves more projecting, flexible and disordered loop
structures. In support of these structural differences, Marburg virus VP40 has been
shown to associate with membranes in a nonspecific manner, although lipid binding
is dependent upon the anionic charge density of the membrane (Wijesinghe and
Stahelin 2015). Marburg virus VP40 is displaced from the plasma membrane inner
leaflet when plasma membrane anionic charge is neutralized (Wijesinghe and
Stahelin 2015), a classical feature of nonspecific electrostatic interactions. In con-
trast, Ebola virus VP40, which is thought to undergo selective interactions with
phosphatidylserine (Adu-Gyamfi et al. 2015), was not displaced when the plasma
membrane inner leaflet anionic charge was neutralized (Adu-Gyamfi et al. 2015;
Johnson et al. 2016).

7 GP

Substantial progress has been made in the last decade in understanding the struc-
tures and functions of two major products of the filovirus GP gene: the viral surface
glycoprotein GP and the secreted glycoprotein sGP. GP is 676–681 amino acid
long, contains a transmembrane domain and forms a trimer on the surface of virions
and infected cells (Feldmann et al. 1994). The GP trimer can also be cleaved from
cell surfaces and released as an ectodomain (Dolnik et al. 2004). The sGP protein is
364 amino acids long, does not have any transmembrane domain, and instead forms
a dimer that is secreted abundantly from infected cells (Sanchez et al. 1996;
Sanchez et al. 1998).

The viral surface GP precursor is cleaved by furin in the producer cell to yield
two distinct subunits: GP1 and GP2 (Volchkov et al. 1998). Of these, GP1 is
responsible for binding receptor(s), while GP2 drives the conformational changes
required for fusion of virus and host membranes. GP1 and GP2 remain associated
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by a disulfide bond and three copies of the GP1-GP2 complex form the trimer
known as GP1,2, or here, simply referred to as “GP.”

In the fusion process, a dramatic conformational change in thought to occur in
which this GP complex springs from a metastable prefusion arrangement of GP1
and GP2 intertwined into a more stable, six-helix bundle of GP2 alone (with GP1
released or moved out of the way). The six-helix bundle structures of GP2 were first
revealed for Ebola virus in 1998 (Malashkevich et al. 1999; Weissenhorn et al.
1998a, b) (Fig. 12a, b), and for Marburg virus in 2012 (Koellhoffer et al. 2012)
(Fig. 12c). In these structures, the central feature of the post-fusion GP2 is a long,
triple-stranded coiled coil formed by the three copies of heptad repeat 1, flanked on
the outside by the shorter helices of heptad repeat 2.

The prefusion conformation of Ebola virus GP was first determined in 2008,
crystallized in complex with a human survivor antibody termed KZ52 (Lee et al.
2008) (Fig. 13). This structure revealed that the viral surface GP forms a bowl or
“chalice” shape, with the three GP1 receptor-binding subunits angling outward,

Fig. 11 Marburg virus VP40 and the basic patch. aMarburg virus VP40 dimer (PDB:5B0V). The
cartoon representations are light blue for the NTD, pink for the CTD. Interfaces are suggested via
colored bonds for selected residues: dimer interface, T40/N42/Y43/L49/T105, orange; basic patch,
K210/K211/R215/K218, cyan. The basic patch is a primary site of lipid binding. Additional basic
patch residues not visible here because disordered: K264/K265/R266. b Rotated detail of the
Marburg virus VP40 CTD, illustrating the extensive, flat basic patch (left). Juxtaposed in
translucent gray is the Ebola virus VP40 CTD (PDB:4LDB), aligned using MultiSeq/STAMP,
with its less flat and more distributed basic batch. Ebola virus VP40 basic patch residues seen here
are K221/K270/K274/K275/K279, black; not visible because they are disordered, K224/K225

Filovirus Structural Biology: The Molecules in the Machine 397



bound together at the bottom by the three GP2 fusion subunits that encircle and
cradle them at the base. The trimer interfaces are made primarily of GP2-GP2
interactions at the center (Lee et al. 2008), with the additional packing of the
internal fusion loop of each GP2 around the outside of the trimer into the neigh-
boring monomer’s GP1. During cellular entry, this fusion loop must unwind from
the trimer and penetrate the target cell membrane.

Subsequent structures of GP from Sudan virus, using an isolate of variant Gulu
(Dias et al. 2011) (Fig. 14) and isolate Boniface (Bale et al. 2012a), illustrate a
similar trimeric organization, but different electrostatics at the trimeric interfaces.
Sudan virus GP is much more acidic at this interaction site than Ebola virus
(EBOV). Also in the Sudan virus (SUDV) structures, the N-terminal half of the
fusion loop adopts a different, lower hanging conformation than that observed in
EBOV—this region is only 33% identical in sequence between SUDV and EBOV
(Dias et al. 2011). The upper, C-terminal portion, however, is more conserved in
sequence and structure and is anchored to the neighboring monomer’s GP1 by Arg
89 in both viruses (Dias et al. 2011). The Sudan virus structures revealed the

Fig. 12 Filovirus GP2 in its post-fusion structure. (a and b) Crystal structures of Ebola virus GP2
in its six-helix bundle conformation (Malashkevich et al. 1999; Weissenhorn et al. 1998a). (PDB:
1EBO (darker blue) and 2EBO (lighter blue), respectively). c Crystal structure of Marburg virus
GP2 (Koellhoffer et al. 2012) (PDB: 4G2K). In a and c, GCN4 sequences that were introduced to
support trimerization are colored gray
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GP1-GP2 disulfide bond common to filovirus GPs, C53 of GP1 and C609 of GP2,
anchor those subunits together at the bottom of the trimer.

Each of the GP1 and GP2 subunits contains several subdomains. In GP1 is a
base region that forms a spool about which GP2 is wound (Fig. 15a). Atop the base
is the receptor-binding “head”. The head is topped and masked by a subdomain
termed the “glycan cap” that has several N-linked glycosylation sites (Lee et al.
2008). Upward and outward of the glycan cap is a flexible, heavily N- and O-
glycosylated, mucin-like domain. The structure of the mucin-like domain has been
studied by tomography (Tran et al. 2014), small-angle X-ray scattering (SAXS)
(Hashiguchi et al. 2015) and most recently by cryoelectron microscopy (Beniac and
Booth 2017). In solution, the mucin-containing GP ectodomain has a radius of
gyration, RG, about 20 Å larger than the mucin-deleted GP. The mucin-like
domains are likely to be quite flexible in solution. Indeed, a smaller volume is
visible by tomography and microscopy (Beniac et al. 2012; Tran et al. 2014; Beniac
and Booth 2017), in which flexibility could be constrained by neighboring copies of
GP on the viral surface.

The GP2 subunit contains an N-terminal peptide (released from GP1 by furin
cleavage), an internal fusion loop, and two heptad repeats that flank a CX6CC
switch region (Lee et al. 2008). The first heptad repeat, HR1, which forms a single
long helix in the post-fusion, six-helix bundle (Fig. 15b), is broken into four seg-
ments that wrap about the base of GP1 in the prefusion GP1-GP2 complex (Bale

Fig. 13 Ebola virus GP. 3.4 Å Crystal structure of Ebola virus GP in its prefusion conformation,
bound by the human survivor antibody KZ52 (Lee et al. 2008) (PDB:3CSY). The three copies of
GP1 are colored blue and the three copies of GP2 colored white. Fab KZ52 is yellow. KZ52 binds
the base of GP, bridging GP1 (blue) to GP2 (white). The stalk region of GP2 is disordered in this
structure

Filovirus Structural Biology: The Molecules in the Machine 399



et al. 2012a; Lee et al. 2008) (Fig. 15a). In that assembly, five b strands of the GP1
base combine with a GP2 b to form a semicircular spool about which the first
heptad repeat is wound. On the other side, those same five GP1 strands combine
with the two antiparallel b strands of the GP2 fusion loop to form a continuous,
twisted b sheet. For GP2 to rearrange into its post-fusion six-helix bundle, both the
continuous GP1-GP2 b sheet interactions and the GP1 spool-GP2 HR1 interactions
must be broken (Bale et al. 2012a; Lee et al. 2008).

Below the GP base are the other portions of GP2: the chain reversal or switch
region, followed by a stalk and the transmembrane domain. The chain reversal
region contains a conserved CX6CC sequence, which forms a 360° loop before
continuing downward to the membrane. The final Cys is C609, which disulfide
bonds to GP1 C53 (Fig. 15d). The first two are C601 and C608, which form an
intra-GP2 disulfide bond (Fig. 15d). This bond is observed in both pre-fusion and
post-fusion structures, and so it probably remains intact during the fusion process.

GP2 must unwind from around GP1 to adopt its post-fusion structure. It is not
known if the GP1-GP2 disulfide must be reduced for this to occur. Given the
proximity of that C53-C609 GP1-GP2 disulfide to the C601-C608 intra-GP2

Fig. 14 Sudan virus GP. 3.35 Å crystal structure of Sudan virus GP in complex with Fab 16F6
(Dias et al. 2011) (PDB:3S88). GP1 is colored green and GP2 white. The heavy chain of the
antibody is orange and the light chain colored light orange. 16F6 binds roughly the same location
as KZ52, but is Sudan specific. The CX6CC, switch region between the two heptad repeats of GP2
is visible at the bottom between the antibody fragments
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disulfide, which appears to remain intact, it is possible that neither disulfide is
reduced during fusion. Further studies will reveal if GP1 simply rotates out of the
way, or if instead, continual enzymatic processing of GP1 removes its steric hin-
drance to GP2 rearrangement (Bale et al. 2012a), or if another host factor is
involved. Below the base is the GP2 stalk, which contains the second heptad repeat
of GP2 (HR2), the membrane-proximal external region, the transmembrane domain
and a very short cytoplasmic region (Zhao et al. 2016).

Fig. 15 Prefusion GP, post-fusion GP and sGP compared. a 2.2 Å Crystal structure of prefusion,
unbound Ebola virus GP with residues colored by subdomain. The base region of GP1 is dark
green, the head blue and the glycan cap colored cyan. The mucin-like domain (not pictured) is
attached to the glycan cap. The N-terminal peptide of GP2 released by furin cleavage is red, the
internal fusion loop orange, the first heptad repeat and CX6CC switch region yellow and the
second heptad repeat is white. Visible glycans are illustrated in ball-and-stick (Zhao et al. 2016)
(PDB:5JQ3). b The crystal structure of the post-fusion six-helix bundle conformation of GP2
contains the first heptad repeat and CX6CC region (both yellow) as well as the second heptad
repeat (white). In this structure, HR1 forms a single, long central helix, while in the prefusion
structure, it is wound about the GP1 base. HR2 packs on the outside of the three HR1 helices. The
intra-GP2 disulfide bond C610-C608 is visible between the heptad repeats (Weissenhorn et al.
1998) (PDB:1EBO). c 5.5 Å structure of sGP illustrating dimerization mediated by a C53-C53
disulfide bond and interactions of residues that correspond to the base and head regions of GP1.
The C306-C306 disulfide bond is not visible (Pallesen et al. 2016) (PDB:5KEM). d Zoomed-in
view of the CX6CC region of GP2 illustrating the C53-C609 GP1-GP2 disulfide, as well as the
C601-C608 intra-GP2 disulfide
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The structure of Marburg virus GP was determined in 2015, in complex with the
antibody of a human survivor of Marburg virus infection (Fig. 16). Marburg virus
and Ebola virus share only 28% sequence identity overall (but 85% within the
receptor-binding site). The differences in sequence in GP result in several differ-
ences in structure. While Ebola virus entry requires cleavage by cathepsin B
(Chandran 2005; Martinez et al. 2010; Schornberg et al. 2006), Marburg virus entry
is independent of cathepsin B (Gnirss et al. 2012; Misasi et al. 2012). Further, the
intra-GP1 disulfide bond formed by C121 and C147 in ebolavirus GPs does not
exist in Marburg virus. Instead, these two cysteines are replaced by L106 and H131.
As a result, the polypeptides that contain these residues differ in structure and
flexibility. In ebolaviruses, the polypeptide bearing C147 (residues 145–150) turns
inward toward the trimer center to disulfide bond with C121. In Marburg virus, the
equivalent polypeptide turns outward to solvent, away from the trimer center.
A second difference lies at the base of the cathepsin cleavage loop. In Marburg
virus, these residues pack against the outside of the GP2 fusion loop and form a

Fig. 16 Marburg virus GP. The 3.6 Å crystal structure of Marburg virus GP in complex with the
human survivor antibody MR78 is illustrated with GP1 in purple, GP2 in white and the antibody
Fab fragment in yellow (Hashiguchi et al. 2015) (PDB:3X2D). Visible glycans are illustrated in
ball-and-stick. Residues corresponding to the glycan cap were removed by enzymatic cleavage to
improve diffraction, but are thought to occupy a different position from where they are in Ebola
virus. In Ebola virus, the glycan cap binds into and masks the receptor-binding site. They do not
mask the same site in Marburg virus, and this antibody binds equally well to cleaved and
uncleaved Marburg virus GP but only to cleaved Ebola virus GP (Flyak et al. 2015; Hashiguchi
et al. 2015)
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clear alpha helix. In ebolaviruses, the equivalent residues form a loop rather than a
helix (Bale et al. 2012a; Dias et al. 2011; Lee et al. 2008; Zhao et al. 2016).

In Ebola virus, there is a large tunnel between monomers, with the entrance
“plugged” by the two Phe residues in a loop containing an Asp-Phe-Phe sequence,
also known as the “DFF” lid (Zhao et al. 2016). This interaction is likely important
for Ebola virus stability as displacement of the DFF lid by the small molecules
toremifene and ibuprofen destabilizes the GP structure (Zhao et al. 2016). In
Marburg virus, however, the DFF lid is replaced instead by a helical structure
(Hashiguchi et al. 2015).

After entry in the endosome, host cathepsin enzymes cleave filovirus GPs. This
cleavage event strips the mucin-like domain and glycan cap from GP leaving the
receptor-binding head well exposed (Bornholdt et al. 2016; Wang et al. 2016). This
receptor-binding head forms a wave crest-and-trough morphology with a hydro-
philic crest atop a hydrophobic wave trough. The essential domain C of the receptor
Niemann Pick C1 (NPC1) binds into that GP trough (Fig. 17) using two protruding
loops (Wang et al. 2016). The first loop contacts one side of the trough, while the
second loop binds into the trough itself. In the second loop are residues F503, F504,
and Y506, which make the majority of the contact there to GP (Wang et al. 2016).

Fig. 17 NPC1 in complex with Ebola virus GP. a The 2.3 Å crystal structure of cleaved GP in
complex with domain C of NPC1 is illustrated with a surface representation for one GP monomer
(GP1 blue and GP2 white) and a ribbon model for domain C in red (Wang et al. 2016)
(PDB:5F1B). An extended loop of NPC1 is visible binding down into the recessed, hydrophobic
trough that becomes exposed upon cathepsin cleavage of GP. b A lower resolution, 6.6 Å
cryo-EM reconstruction of intact NPC1 in complex with a cleaved GP trimer. Domains A and I
and the thirteen transmembrane coils of NPC1 are also visible (Gong et al. 2016) (PDB: 5JNX)
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Notably, F503 is a key determinant of filovirus tropism (Ndungo 2016; Ng 2015).
An antibody against this receptor-binding site, MR78, also uses a Phe and Tyr
residue to interact with the site in a similar fashion (Hashiguchi et al. 2015), as do
the native residues of the Ebola virus glycan cap.

Conformational adjustments do occur upon NPC1 domain C binding, such as
release of the short 310 helix in the b3-a1 loop of GP1 from its contact with the
internal fusion loop of GP2 (Wang et al. 2016). However, the NPC1–GP structures
have not “sprung” into the post-fusion six-helix bundle (Gong et al. 2016; Wang
et al. 2016). Indeed, it is not yet clear exactly what does spring GP from its
prefusion to post-fusion structures. Low pH, cleavage and binding of NPC1 domain
C are all essential for Ebola virus infection (Carette et al. 2011; Chandran 2005;
Côté et al. 2011; Miller et al. 2012), but these three things together do not drive
conformational change in GP (Bale 2011; Bornholdt et al. 2016; Wang et al. 2016).

Many structures of filovirus GP have been determined in complex with anti-
bodies, revealing sites targeted by antibody elicited by immunization or natural
infection. Some sites involve residues of GP2 wrapped about GP1, such as the
“base” and the internal fusion loop. The “stalk” epitopes contain only GP2. Other
sites involve only residues in GP1, such as the glycan cap, the receptor-binding site
or “head” subdomain, and the mucin-like domain.

The “base” is a GP1/GP2 containing epitope at the bottom of the GP core that is
recognized by the Ebola virus-specific human antibody KZ52 (Lee et al. 2008)
(Fig. 13), the Sudan virus-specific antibody 16F6 (Dias et al. 2011) (Fig. 14), the
Ebola-specific antibodies 2G4 and 4G7 (Murin et al. 2014; Pallesen et al. 2016;
Tran et al. 2016) (Fig. 18b), mAb 114 (Misasi et al. 2016) (Fig. 18a) and others.
More of the antibody contact at this site is to GP2 than GP1, yet GP1 is critical as it
maintains GP2 in its prefusion conformation. Antibodies against the base likely
neutralize by mechanically interfering with conformational changes required for
infection.

Antibodies against the base are typically virus species specific. A major struc-
tural difference that may cause the virus specificity is the GP2 N-terminal peptide,
which differs in sequence, structure and flexibility between different ebolaviruses
(Bale et al. 2012a). In Ebola virus, its sequence is EAIVNAQPK, and it is hydrogen
bonded to the GP core and forms a critical part of the KZ52 epitope, bound between
the antibody heavy and light chains (Lee et al. 2008). In Sudan virus, the GP2 N-
terminal peptide sequence is different (QVNTRATGK), disordered, and not bound
by 16F6, the one anti-Sudan virus antibody visualized against this site (Bale et al.
2012a; Dias et al. 2011). Instead, 16F6 binds the underlying core of GP beneath the
peptide. Studies by deuterium exchange mass spectrometry suggest that the GP2 N-
terminal peptide may be fundamentally more mobile in SUDV than in EBOV,
probably because of the presence of a Gly (EBOV) at position 509 versus a Pro
(SUDV), where the peptide anchors to the core (Bale et al. 2012a). Further, EBOV
contains an Asn at position 506 and a Gln at position 508, which hydrogen bond to
the core. A Gln508Arg point mutation allows GP to escape recognition by multiple
base-binding antibodies (Audet et al. 2014), presumably by breaking the hydrogen
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bonds necessary to maintain the GP2 peptide in the right position for antibody
binding.

The internal fusion loop is another GP2/GP1-containing epitope that requires the
assembled trimer for binding. Below the fusion loop and the base is the stalk region,
which is formed by heptad repeat 2 of GP2. Both the fusion loop and stalk are
relatively conserved among filoviruses, and antibodies against these sites have been
identified in immunized animals (Furuyama et al. 2016; Keck et al. 2016) and in
human survivors of Ebola virus and Bundibugyo virus infection (Bornholdt et al.
2016; Flyak et al. 2016).

Tomography of the viral surface suggests that one GP spike exists per 250 nm2

on a virus-like particle surface, with an average center-to-center spacing between
GP spikes of 15 ± 4 nm (Tran et al. 2016). Hence, it is likely possible for an
antibody against an epitope like the base or the stalk to bridge neighboring spikes
(Tran et al. 2016).

In the GP1 subunit, major epitopes include the glycan cap, the receptor-binding
site and the mucin-like domain. Many antibodies against GP1 also bind sGP, such
as 13C6 (Murin et al. 2014; Pallesen et al. 2016; Tran et al. 2016) (Fig. 18b, c) and

Fig. 18 GP/sGP cross-reactive antibodies. a 6.7 Å crystal structure of a ternary complex of mAb
100 against the apex of GP1 (yellow) and mAb 114 against the base with Ebola virus GP (GP1
blue and GP2 white (PDB:5FHC) (Misasi et al. 2016). b 4.3Å cryo-EM structure of the ternary
complex of antibodies 13C6 (yellow) against the glycan cap, and 2G4 (pink) against the base with
Ebola virus GP (PDB:5KEL) (Pallesen et al. 2016). Only the variable portions of each Fab
fragment could be built. c 5.5 Å cryo-EM structures of the complex of antibodies 13C6 (yellow)
and BDBV 91 (pink) with sGP (blue) (PDB:5KEM) (Pallesen et al. 2016). Only the variable
portions of the Fab fragments could be built
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Q314 (Zhang et al. 2016) against the glycan cap region, and mAb 100 (Misasi et al.
2016; Zhang et al. 2016) (Fig. 18a), Q206, Q411 (Misasi et al. 2016; Zhang et al.
2016), and FVM04 (Howell et al. 2016) which anchor both the glycan cap and the
crest of the receptor-binding site. Many anti-GP1 antibodies bind the abundant sGP
preferentially.

Curiously, binding of FVM04 at the apex of GP is enhanced by mutations at the
base of GP—distal from the FVM04 epitope (Howell et al. 2016). This suggests
that mutations and perhaps antibody binding at the base alter the GP structure.

Several competition groups of antibodies have also been identified in the
mucin-like domain. These antibodies tend to be more weakly neutralizing, but offer
some protection in mouse models (Wilson et al. 2000). One of these has an unusual
structure: mAb 13F6-1-2 uses an extremely rare Vkx light chain to recognize GP
residues 405–413 in a broad, flat groove that reaches atypically across both heavy
and light chains, rather than between them (Lee et al. 2008b) (Fig. 19a). Antibody
14G7, in contrast, binds a tandem b turn conformation formed by GP residues 482–
491 in a pocket between heavy and light chains (Olal et al. 2012) (Fig. 19b). The b
turn conformation effectively doubles contact surface with the antibody combining
regions.

Fig. 19 Antibodies against the mucin-like domain. a 2.0 Å crystal structure of antibody 13F6-1-2
in complex with its GP mucin-like domain linear epitope, residues 405–413 (blue). The GP
peptides lies in a broad, flat groove across both heavy (orange) and light chains (yellow), (Lee
et al. 2008) (PDB: 2QHR). b 2.8 Å structure of antibody 4G7 recognizes GP residue 482–491 in a
tandem b turn conformation between heavy (orange) and light chains (yellow), (Olal et al. 2012)
(PDB: 2Y6S)
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Notable differences between the mucin-like domains of Marburg virus and Ebola
virus are relevant for antibody recognition. In ebolaviruses, furin cleaves C-terminal
of the mucin-like domain so that the domain remains attached solely to the GP1
subunit. In Marburg virus, however, furin cleaves within the mucin-like domain, so
that some of it remains attached to GP1 and another potion is attached to GP2. This
additional GP2 anchor in Marburg virus results in an alternate position of the
mucin-like domain, lower on the GP spike. This lower position is thought to cover
the sides of the GP core, while leaving the upper receptor-binding site more
exposed. In contrast, in Ebola virus, the solely GP1-anchored mucin-like domain is
positioned upwards, leaving the base of the GP more exposed (Hashiguchi et al.
2015). Consistent with alternate positions of the mucin-like domain, multiple
antibodies have been noted against the hydrophobic receptor-binding trough eli-
cited during Marburg virus infection (Flyak et al. 2015; Hashiguchi et al. 2015).
This site is masked in ebolaviruses by the glycan cap. Further, the alternate furin
cleavage site in Marburg virus, which leaves a portion of the mucin-like domain
attached to GP2 results in a Marburg-specific, GP2-containing antibody epitope
termed the “wing” (Fusco et al. 2015).

The structure of the secreted dimeric sGP was recently revealed by cryo-EM
(Pallesen et al. 2016). Each sGP monomer contains residues that roughly corre-
spond to the base, head and glycan cap of GP1. As a result, both GP and sGP are
recognized by antibodies that target epitopes like the glycan cap. In sGP, the two
monomers are angled outward from each other. As a result, two copies of the
anti-glycan cap antibody 13C6 face each other when bound to sGP, but are parallel
when bound to GP (Pallesen et al. 2016) (Fig. 18b, c).

Dimerization of sGP is achieved by a hydrophobic patch formed largely by
residues that would correspond to the base subdomain of GP1 and some of the
head, as well as by C53-C53 and C306-C306 inter-chain disulfide bonds. The
C306-C306 disulfide bond has been detected biochemically but was not visible in
the cryo-EM structure (Barrientos et al. 2004; Falzarano et al. 2006; Pallesen et al.
2016) (Fig. 15c). C306 is unique to sGP and is the result of a shift in reading frame
from that which encodes GP (Sanchez et al. 1996). C53 is shared by both GP and
sGP, but in GP, C53 of GP1 anchors to C609 of GP2 (Fig. 15d). The fold of the
core of sGP remains similar to that of GP1, explaining why so many antibodies
cross-react between the two proteins. Other antibodies that recognize quaternary
epitopes specific for sGP have also been noted (Pallesen et al. 2016).

8 L

Due to difficulties in producing sufficient amounts of material for in vitro charac-
terizations, very little is known about the structure of the filovirus RNA-dependent
RNA polymerase, L. The L protein is the largest gene and protein produced by the
virus, varying from 2196 to 2331 amino acids in length. The protein is expressed as
a single polypeptide carrying all of the enzymatic activities for RNA synthesis.

Filovirus Structural Biology: The Molecules in the Machine 407



Much of what has been hypothesized about filovirus L proteins is based on the
homology amongst other non-segmented negative strand virus L proteins. These L
proteins each contain six conserved regions, but only a handful of highly conserved
residues (Fig. 20) (Poch et al. 1990). Studies of vesicular stomatitis Indiana virus L
have indicated that regions I–IV form the core polymerase domain (Rahmeh et al.
2010). Region III contains sequence motifs A–D found in all viral RNA-dependent
polymerases (Poch et al. 1990). These sequence motifs contain the essential cat-
alytic residues for RNA synthesis. Region V contains the polyribonucleotide
transferase activity (PRNTase), which modifies nascent 5′ triphosphorylated mRNA
transcripts to create GpppG products through a covalent intermediate with a his-
tidine in a conserved “HR” motif (Li et al. 2008; Ogino et al. 2010). This nascent
transcript is then G7 and 2’O methylated to form the mRNA cap structure through
the methyltransferase (MTase) activity of region VI (Galloway et al. 2008).

The structure of L remains the largest mystery in filovirus structural biology, but
much remains to be learned for the remaining proteins as well. We do not yet have a
high-resolution view of the assembled nucleocapsid, nor do we understand all the
interactions of its component proteins that achieve replication and transcription, or
how those complexes switch between those separate roles. We have not yet visu-
alized a complete VP35 nor a complete VP30. We do not yet entirely understand
what drives changes in function for multifunctional proteins like VP35 and VP24:
are there structural adjustments important to change from a role in the nucleoprotein
assemblies versus a role in immunosuppression? Or, are the distinct functions
simply driven by interaction with separate binding partners at separate stages of the
viral life cycle or in separate subcellular locations? We have not yet illuminated the
intermediate steps by which GP undergoes conformational change. Finally, struc-
tural differences that remain to be determined in many of the proteins, whether
subtle or sizeable, may dictate why filoviruses differ in virulence in human and in
animal models.

Fig. 20 Sequence alignment of filovirus L proteins. Region III of the L polymerase protein
contains sequence motifs similar among non-segmented negative-sense RNA viruses (bold)
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Reverse Genetics of Filoviruses

Thomas Hoenen, Janine Brandt, Yíngyún Caì, Jens H. Kuhn
and Courtney Finch

Abstract Reverse genetics systems are used for the generation of recombinant
viruses. For filoviruses, this technology has been available for more than 15 years
and has been used to investigate questions regarding the molecular biology,
pathogenicity, and host adaptation determinants of these viruses. Further,
reporter-expressing, recombinant viruses are increasingly used as tools for
screening for and characterization of candidate medical countermeasures. Thus,
reverse genetics systems represent powerful research tools. Here we provide an
overview of available reverse genetics systems for the generation of recombinant
filoviruses, potential applications, and the achievements that have been made using
these systems.
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1 Introduction

About 50 years have passed since the discovery of filoviruses during an outbreak of
a then unknown, severe viral hemorrhagic fever amongst workers of a German
biomedical company, which used kidney cells from grivets imported from Uganda
for the purposes of vaccine production. Marburgviruses were identified as the
agents responsible for this outbreak, and about a decade later ebolaviruses were
identified as closely related viruses responsible for concurrent outbreaks of severe
hemorrhagic fevers in Sudan (now South Sudan) and Zaire (now Democratic
Republic of the Congo). Three decades after these discoveries, reverse genetics
systems for filoviruses became available, which helped to greatly increase our
knowledge regarding their molecular biology and pathophysiology. Here, after a
short introduction into the molecular biology of filoviruses, we describe the
development of reverse genetics systems for filoviruses and provide examples for
the discoveries made possible by these systems.

1.1 Marburg Virus

Marburg virus (MARV) and the more distantly related Ravn virus (RAVV) are the
two members of the genus Marburgvirus (Kuhn 2017). In contrast to RAVV,
MARV is well characterized on the molecular level (Brauburger et al. 2012, 2015).
MARV has a negative-sense, single-stranded, nonsegmented, RNA genome. This
genome is roughly 19 kb in length with the following gene order: 3′-leader-
NP-VP35-VP40-GP-VP30-VP24-L-trailer-5′ (Fig. 1a) (Feldmann et al. 1992). Each
of the seven genes is flanked by 3′ and 5′ untranslated regions containing tran-
scriptional initiation and termination signals, and each gene is either separated from
downstream genes by intergenic regions or, in one case, overlaps (Feldmann et al.
1992).

The seven genes encode seven structural proteins (Fig. 1b): nucleoprotein (NP),
polymerase cofactor (VP35), matrix protein (VP40), glycoprotein (GP1,2), viral
protein 30 (VP30), nucleocapsid-associated protein (VP24), and the
RNA-dependent RNA polymerase (L), respectively. NP, VP35, VP30, L, and VP24
comprise the MARV ribonucleoprotein complex (RNP) (Schmidt and Mühlberger
2016).

NP coats and stabilizes the MARV genome and antigenome (Becker et al. 1998;
Bharat et al. 2011), and mediates the contact between the polymerase complex and
the genome or antigenome (Becker et al. 1998; Mühlberger et al. 1998; Mavrakis
et al. 2002; Kolesnikova et al. 2000). NP interacts with VP35, while VP35 also
interacts with L (Mühlberger et al. 1999; Becker et al. 1998; Möller et al. 2005). NP
also recruits cellular endosomal sorting components to the cell membrane, facili-
tating both transport of viral components to the membrane and budding (Dolnik
et al. 2010, 2014, 2015a). VP30 is a poorly understood component of the RNP. It is
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not essential for the formation of the RNP and is not required in the context of
minigenome assays (Mühlberger et al. 1998; Becker et al. 1998). Nevertheless, the
presence of VP30 is essential for the rescue of infectious MARV from full-length
genomes; furthermore, VP30 down-regulation leads to a reduction in MARV
protein production (Enterlein et al. 2006; Fowler et al. 2005). Even less clear is the
function of VP24, which appears less closely associated with the RNP than NP, L,
VP30, and VP35. The most recent data indicate that VP24 may also be involved in
the regulation of RNA synthesis (Wenigenrath et al. 2010) and in the release of
infectious MARV particles, but not virion budding itself (Bamberg et al. 2005).
VP40, the only MARV protein other than GP1,2 not directly associated with the
RNP, is a matrix protein that mediates virion budding (Kolesnikova et al. 2007,
2012; Wijesinghe and Stahelin 2015).

During transcription, which occurs via a stop–start mechanism, the viral poly-
merase recognizes the termination and initiation signals of each gene as it moves
along the genome, transcribing accordingly. This movement leads to the sequential
transcription of all seven genes (from NP to L). As the genes are transcribed, all
nascent mRNAs are capped and polyadenylated. L caps the mRNAs immediately
after transcription initiation, whereas the poly(A) tails are generated via a stuttering
mechanism subsequent to transcription termination (Mühlberger et al. 1996). An
inherent characteristic of sequential transcription is a concentration gradient among
the expressed proteins. Because L falls off the genome occasionally, genes at the 5′

(a)

(b)

Fig. 1 Filoviruses. a Genome, drawn to scale, showing all genes (labeled in italics), open reading
frames (colored arrows), and gene overlaps (triangles). b Virion, drawn not to scale, showing all
structural proteins (labeled unitalicized)
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end of the genome are transcribed less frequently than those at the 3′ end, leading to
a much higher concentration of, for instance, NP compared to that of L (Mühlberger
et al. 1996). During replication, L ignores the transcription initiation and termi-
nation signals, thereby synthesizing a full-length antigenome that serves as the
template for the viral polymerase to generate full-length progeny genomes
(Mühlberger 2007; Mühlberger et al. 1998; Brauburger et al. 2015).

Although the 3′ leader and 5′ trailer regions of the MARV genome are non-
coding, these regions are critical for virus replication and transcription because they
contain promoters. For example, the replication promoter is comprised of two
regions. The first region is located in the 3′ leader region, whereas the second region
is part of the 3′ untranslated region (negative-sense orientation) of the NP gene. The
transcription promoter is also located in the leader region (Enterlein et al. 2009).
Similar to the 3′ leader region, the 5′ trailer region contains the complementary
replication promoter, which serves to replicate the MARV antigenome (Schmidt
and Mühlberger 2016).

1.2 Ebolaviruses

The genus Ebolavirus comprises five genetically distinct viruses: Ebola virus
(EBOV) and Sudan virus (SUDV), which were co-discovered in 1976 and became
the founding members of the genus; Bundibugyo virus (BDBV); Reston virus
(RESTV); and Taï Forest virus (TAFV) (Kuhn 2017). EBOV along with SUDV,
BDBV, and MARV are known to cause severe viral hemorrhagic fevers in humans
with case-fatality rates averaging 41% (Kuhn 2015). Only one (nonfatal) human
case of TAFV infection has been described thus far (Formenty et al. 1999; Le
Guenno et al. 1999). The Asian filovirus RESTV can infect humans but appears to
be nonpathogenic (Miranda et al. 1999; Miranda and Miranda 2011; Albariño et al.
2017).

The genetic diversity in the nucleotide sequences between the various ebola-
viruses ranges, based on nucleotides, from 32 to 42%, whereas the genetic differ-
ence between ebolaviruses and marburgviruses is approximately 57%. However,
the molecular differences among variants and isolates of individual ebolaviruses are
very low and indicate a high degree of genetic stability for each virus. This low
genetic diversity suggests strong ecological adaptation. The molecular disparity
between genetic variants of EBOV is around 2.7%, whereas that of SUDV and
RESTV variants is 5.2 and 4.5%, respectively (Carroll et al. 2013). In contrast, the
two described marburgviruses (MARV and RAVV) are highly distinct from each
other, but genomes of their variants and isolates have little variation (Towner et al.
2009, 2006).

Filoviruses form pleomorphic particles that vary in length. The average unit
lengths of the virions in association with peak infectivity range from �880 nm for
MARV to �980 nm for EBOV (Beniac et al. 2012; Bharat et al. 2012). The various
lengths of the EBOV and MARV particles result from subtle differences in the
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structure of their nucleocapsid. Compared to the MARV nucleocapsid, the EBOV
nucleocapsid has fewer nucleoprotein (NP) subunits per helix rotation, but has also
more helical turns (Martin et al. 2017).

Ebolavirus and marburgvirus genomes are similar in length and gene arrange-
ment. However, marburgvirus genomes have only one gene overlap between the
VP30 and the VP24 genes, whereas ebolavirus genomes contain up to three over-
laps (between the VP35 and VP40, GP and VP30 [absent in RESTV], and VP24 and
L genes). These overlaps are 18–20 bases in length and are limited primarily to
conserved sequences that serve as transcription signals (Sanchez et al. 1993;
Bukreyev et al. 1995). Furthermore, the lengths of the 5′ trailer regions vary among
filoviruses. The longest trailer region of 676 bases is found in EBOV, whereas
RESTV has the shortest trailer region with just 25 bases (Volchkov et al. 1999).

With respect to their lifecycles and the functions of their individual proteins,
ebolaviruses strongly resemble marburgviruses. One striking difference is the
organization of their GP gene. In all filoviruses, the GP gene encodes the surface
glycoprotein GP1,2, which is the only viral transmembrane surface protein. GP1,2
forms virion-surface spikes involved in a receptor-mediated virion entry into host
cells (Bukreyev et al. 1993; Feldmann et al. 1991; Sanchez et al. 1993). In contrast
to marburgviruses, whose GP gene contains only a single open reading frame
(ORF), ebolavirus GP1,2 is encoded by two partially overlapping ORFs. In the
center of the GP gene is a translational stop codon that prevents the synthesis of the
full-length glycoprotein (Sanchez et al. 1996; Volchkov et al. 1995). During
transcription, three different sets of mRNAs can be produced through an editing
mechanism in the GP gene caused by a poly-U repeat, the so-called editing site,
upstream of the stop codon (Volchkov et al. 1995; Mehedi et al. 2013; Sanchez
et al. 1996). Primarily, the mRNA is not subject to editing during transcription, and
the translation runs until the stop codon of the first ORF is encountered. This
termination results in the synthesis of the precursor soluble glycoprotein (pre-sGP).
The nonstructural pre-sGP is post-translationally cleaved into mature sGP and Δ-
peptide, and both cleavage products are secreted from the infected cell (Volchkova
et al. 1999; Radoshitzky et al. 2011). If, however, a non-templated adenosine
residue is inserted co-transcriptionally at the editing site, a frameshift takes place,
and the two ORFs become linked. Translation then continues until the stop codon
of the second ORF is reached, resulting in the GP1,2 precursor protein, preGP
(Volchkov et al. 2001; Sanchez et al. 1996). preGP is post-translationally cleaved
by furin-like proteases into the disulfide bond-linked subunits GP1 and GP2. These
two subunits are functionally analogous to marburgvirus GP1 and GP2 and mediate
receptor binding and membrane fusion, respectively (Volchkov et al. 1998;
Feldmann et al. 1994; Jeffers et al. 2002). Co-transcriptional insertion of two
adenosine residues at the editing site results in the expression of a small non-
structural glycoprotein, the small soluble glycoprotein (ssGP), which is also
secreted from the infected cell (Mehedi et al. 2011; Volchkov et al. 1998). The
exact role of ssGP, sGP, and Δ-peptide in the lifecycle of ebolaviruses remains
incompletely understood.
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2 Filovirus Reverse Genetics

One definition for reverse genetics is research from genotype to phenotype rather
than from phenotype to genotype (Griffiths et al. 2000). Thus, reverse genetics
relies on knowledge of a gene sequence of interest and the ability to express that
gene in a model system. With respect to viruses, reverse genetics typically refers to
the cloning of a complete virus genome and the generation or “rescue” of a
functional virus from that clone. Other definitions of reverse genetics are also
commonly used, e.g., the generation of genomes or genome analogs (such as
minigenomes) from cDNA (Hoenen et al. 2011); however, within this chapter, we
will only discuss reverse genetics as is refers to the production of recombinant
viruses from a cDNA clone. For positive-sense RNA viruses, the concept of reverse
genetics is relatively simple. The viral RNA (vRNA) essentially serves as an
mRNA that can be directly read by ribosomes. Consequently, the “naked” vRNA is
infectious; introduction of the vRNA into a host cell leads to immediate expression
of viral proteins, followed by virion assembly and egress. Thus, to establish a
reverse genetics system, a cDNA copy of the virus genome is cloned into an
expression plasmid that, upon transfection into a cell, serves as the template to
synthesize naked vRNA. The first such viral reverse genetics system was created for
poliovirus in 1981 (Racaniello and Baltimore 1981).

Reverse genetics systems for negative-sense RNA viruses are more challenging
to create because the viral proteins required for transcription must be provided in
trans to achieve rescue of the full-length clone. In addition, when full-length
genomic (rather than the antigenomic) sense cDNA is transfected, the vRNA must
be transcribed into mRNAs and antigenomes. Thus, reverse genetics systems for
such viruses typically consist of a transcription plasmid encoding the viral anti-
genome and several expression plasmids encoding the viral proteins required for
replication and transcription. Upon transfection of all plasmids into a host cell, viral
transcription and replication are initiated. The first reverse genetics system to
generate negative-sense RNA viruses was developed in 1994 for rabies virus
(Schnell et al. 1994). This seminal work laid the foundation for reverse genetics
systems for all negative-sense RNA viruses, including ebolaviruses and mar-
burgviruses. The initial rabies virus system relied on an antigenomic cDNA clone
under the control of the Escherichia phage T7 RNA polymerase (T7) promoter. To
express rabies virus in mammalian cells, the rabies virus plasmid was transfected
into cells previously infected with a T7-expressing recombinant vaccinia virus. In
addition, plasmids expressing N (analog to filoviral NP), P (analog to filoviral
VP35), and L had to be transfected into the same cells (Schnell et al. 1994).
Filovirus rescue is even more complex as rescue additionally requires the presence
of VP30 (Volchkov et al. 2001; Neumann et al. 2002; Towner et al. 2005; Enterlein
et al. 2006; Krähling et al. 2010; Dolnik et al. 2014; Albariño et al. 2013).
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2.1 Marburg Virus Reverse Genetics

2.1.1 Components and Concepts

MARV NP, VP35, VP30, and L are required to rescue full-length MARV from a
cDNA clone. The VP30 requirement for rescue first described by Enterlein et al.
was surprising, as VP30 is not required for MARV minigenome replication and can
even be replaced by EBOV VP30 to achieve rescue of full-length MARV (Enterlein
et al. 2006; Krähling et al. 2010; Dolnik et al. 2014; Albariño et al. 2013). With the
exception of the original MARV reverse genetics system described by Enterlein
et al., which used a T7 promoter for helper gene expression, MARV NP, VP35,
VP30, and L genes are typically cloned under the control of an RNA polymerase II
(RNA Pol II) promoter, such as the cytomegalovirus (CMV) promoter or the
chicken beta actin (CAG) promoter. Along with these helper plasmids, a plasmid
encoding a cDNA copy of the MARV antigenome is transfected (Albariño et al.
2013). The full-length antigenome is cloned under the control of a T7 promoter
(Enterlein et al. 2006; Krähling et al. 2010; Dolnik et al. 2014; Albariño et al.
2013). T7 is delivered either via a helper plasmid in the same manner as the
ribonucleocapsid genes or is stably expressed by a genetically modified mammalian
cell line (Enterlein et al. 2006; Krähling et al. 2010; Dolnik et al. 2014; Albariño
et al. 2013).

The goal of any viral reverse genetics system is to generate infectious virus from
cDNA. Thus, while the initial round of viral replication is generated from plasmid
transfection, all subsequent rounds are a product of viral infection of new cells.
Figure 2 compares a natural filovirus replication cycle (Fig. 2a) to that of a filovirus
reverse genetics system (Fig. 2b).

The primary difference between the natural MARV lifecycle and a launch from a
reverse genetics system is how “virus” is introduced into the cell and how initial
genome transcription and replication occur. During natural MARV infection,
MARV particles enter the host cell via receptor-mediated endocytosis. As the
endosome matures and acidifies, GP1,2 facilitates the fusion of the virion and
endosomal membranes. This fusion results in the release of the RNP into the
cytoplasm (Bhattacharyya et al. 2012; Miller and Chandran 2012). At this point,
viral mRNAs are transcribed from the MARV genome by the viral polymerase (L),
resulting in the synthesis of all MARV proteins, and positive-sense MARV anti-
genomes are transcribed from the genome as templates for negative-sense progeny
vRNA genomes. Ultimately, new virions form at the cell membrane at the site of
filopodia (Kolesnikova et al. 2007). In contrast, a reverse genetics system involves
the formation and transfection of plasmid-carrying liposomes formed with the aid of
a commercially available transfection reagent. The liposomes enter the cell, and
their contents are released into the cytoplasm. Before the viral polymerase complex
can begin transcription and replication, the RNP genes and the viral genome must
be transcribed. Once that transcription has occurred, NP must coat the until-then
free antigenomic RNA to form the RNP (a crucial step that does not occur in the
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natural lifecycle during which vRNA is always encapsidated, and which therefore is
referred to as artificial or illegitimate encapsidation (Conzelmann 2004)). From this
point forward, subsequent rounds of transcription and replication proceed in the
same manner as in a naturally infected cell (Schmidt and Mühlberger 2016).

Currently, only three MARV reverse genetics systems have been reported
(Table 1). These systems are based on MARV isolates from both human patients
and frugivorous bats (Enterlein et al. 2006; Krähling et al. 2010; Albariño et al.
2013). Their derivatives have been used to answer key scientific questions:

Viral nucleocapsid

L 35

NP 30

T7

fl antigenome

Attachment and entry

Nucleus Cytoplasm

Replication

Assembly

Budding

Translation

NP, VP35,
L, VP30 NP, VP35, L, VP30,

GP, VP40, VP24

(+) fl antigenome

(+) fl antigenome

(-) fl genome
AAA
AAA
AAA
AAA
AAA
AAA
AAA

mRNAs

Rescue system

(a)

(b)

Fig. 2 Filovirus lifecycle. a Natural lifecycle showing virion attachment to and entry into a host
cell, uncoating, replication and transcription, protein production, and virion egress. b Nonnatural
initiation of the lifecycle using reverse genetics. Plasmids expressing the filoviral ribonucleocapsid
proteins NP, VP35, VP30, and L under T7 promoters (or alternatively eukaryotic promoters—not
shown), a plasmid expressing T7, and a plasmid encoding the full-length (fl) filovirus antigenome
under a T7 promoter are transfected into a target cell. Coating of the naked filovirus genome and
formation of the ribonucleocapsid complexes are the rate-limiting steps
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2.1.2 Site-Directed Mutagenesis

Important research has been performed using MARV mutants created via
site-directed mutagenesis of cDNA clones. This research includes findings
regarding host specificity, evasion of host innate immunity, interaction of MARV
with the cellular host factor tumor susceptibility gene 101 (Tsg101), MARV
transcription and replication, and the role of the GP2 cytoplasmic domain in the
MARV lifecycle (Enterlein et al. 2009; Dolnik et al. 2014; Albariño et al. 2015b;
Koehler et al. 2015; Mittler et al. 2013).

Wild-type MARV does not infect rodents. A single MARV VP40 mutation,
D184N, had previously been found to arise during MARV adaptation to guinea pigs
(Cavia porcellus) by serial passaging (Lofts et al. 2007). To further understand this
mutation, a wild-type MARV cDNA clone was altered to introduce the D184N
mutation into VP40 (Koehler et al. 2015). This study demonstrated that, while the
VP40 mutation did not alter viral protein production or interferon
(IFN) antagonism, the mutation enhanced MARV replication in human and guinea
pig cell lines in addition to causing a slight increase in VP40-mediated budding.
Further research using minigenome and virus-like particle (VLP) systems con-
firmed these findings and revealed that D148 N enhanced recruitment of NP to
virion budding sites (Koehler et al. 2015).

Albariño et al. sought to disrupt VP35’s ability to bind dsRNA through the
generation of two mutant viruses each bearing mutations in the VP35 gene
(Albariño et al. 2015b). MARV encoding VP35 R294A and MARV encoding
VP35 R301A were reduced in their ability to inhibit the IFN response in com-
parison to wild-type MARV. In IFN-producing cell lines, the R301A mutation
inhibited MARV replication to a higher extent compared to the R294A mutation,
whereas growth kinetics of both mutant viruses and wild-type control virus were
similar in IFN-deficient cells (Albariño et al. 2015b).

To examine putative endosomal sorting motifs important for MARV budding,
Dolnik et al. mutated one of these motifs encoded by the NP gene. Specifically, the
motif PSAP, located in the C-terminal domain of NP, was modified to AAAA. The
mutant MARV was unable to recruit Tsg101 (Dolnik et al. 2014), a part of
the endosomal sorting complexes required for transport (ESCRT) machinery known
to bind MARV NP PSAP (Slagsvold et al. 2006; Bieniasz 2006). The mutant’s
inability to recruit Tsg101 was associated with a reduction in virion budding and
consequently viral spread. Additionally, with the loss of the Tsg101-NP interaction,
nucleocapsids accumulated within the cytoplasm of the host cell. Further analysis
revealed that Tsg101 is involved in the transport of nucleocapsids within the cell. In
the absence of the Tsg101-NP interaction, the nucleocapsids followed a shorter
trajectory, and some nucleocapsids were immobile (Dolnik et al. 2014).

Mutations were also introduced into the MARV genome via site-directed
mutagenesis to improve understanding of the bipartite MARV replication promoter
(Enterlein et al. 2009). A MARV mutant, in which the second promoter element
was destroyed, could not be rescued, indicating that the second promoter element is
essential for replication activity (Enterlein et al. 2009).
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Mittler et al. sought to elucidate the function of the MARV GP2 cytoplasmic tail
domain and GP2 acylation by establishing mutant MARVs encoding a series of GP2
cytoplasmic tail variants (Mittler et al. 2013). Three viruses could be rescued: a GP2
cytoplasmic domain deletion mutant, a GP2 cytoplasmic domain deletion mutant
with mutated acylation sites at amino acid positions 671 and 673, and a GP2 mutant
with an intact cytoplasmic domain but mutated acylation sites at positions 671 and
673. Deletion of the GP2 cytoplasmic domain resulted in viruses causing smaller
sized plaques in plaque assays compared to those observed with wild-type MARV.
Additionally, the percentage of infected cells after just one cycle of replication was
much lower compared to a wild-type control, indicating a viral cell-entry defect.
Deleting the GP2 cytoplasmic domain also increased the concentration of MARV
overall protein content within host cells and in the cell-culture supernatant (Mittler
et al. 2013). Surprisingly, loss of GP2 acylation alone did not significantly alter
MARV infectivity. However, the MARV mutant combining both the loss of acy-
lation and the deletion of the cytoplasmic domain was significantly less infectious
compared to wild-type MARV or the cytoplasmic domain deletion mutant (Mittler
et al. 2013).

2.1.3 Reporter Viruses

Beyond simply generating MARV mutants bearing functionally altered genes,
reverse genetics was used to create reporter gene-encoding viruses. MARV mutants
encoding optical reporter genes have been instrumental in research areas such as
intracellular virus localization, rapid drug screening assays, and MARV isolate
comparisons (Schmidt et al. 2011; Albariño et al. 2013; Dolnik et al. 2014).

Schmidt et al. published the first reporter-encoding MARV in 2011. The
researchers cloned a sequence encoding enhanced green fluorescent protein (eGFP)
flanked by MARV transcription initiation and termination signals into the
VP35-VP40 intergenic region. Although the viral replication rate of the
eGFP-encoding MARV was lower than that of wild-type virus, eGFP was
expressed and viral spread was easily detectable by live-cell imaging (Schmidt et al.
2011).

Albariño et al. created an Egyptian rousette (Rousettus aegyptiacus) MARV
isolate encoding eGFP (Albariño et al. 2013). In this case, the eGFP gene was
cloned into the NP-VP35 intergenic region. The mutant virus caused only a roughly
log-fold reduction in peak viral titer compared to that observed with wild-type virus
in baby hamster (Mesocricetus auratus) kidney (BHK-21) cells. In macrophages,
however, replication of eGFP-encoding virus was significantly impaired and
induced distinct differences in the intrinsic immune response compared to wild-type
virus (Albariño et al. 2013). Thus, while a foreign gene can be expressed by a
replicating MARV, this additional gene cassette may alter modulation of the host
innate immune response.

Optical reporter-encoding MARVs have been instrumental in examining MARV
nucleocapsid transport and budding (Dolnik et al. 2014; Schudt et al. 2013).
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Using a MARV encoding VP40 N-terminally fused to red fluorescent protein
(RFP) as an additional transcriptional unit upstream of the VP40 gene, fluorescently
tagged actin, tubulin, and myosin 10 (an actin-dependent motor protein), and a
MARV VP30-eGFP fusion expression plasmid, live-cell imaging tracked colocal-
ization of these proteins. Imaging revealed colocalization of RFP-VP40 at the cell
membrane; colocalization of actin and the nucleocapsid; recruitment of
RFP-VP40-associated nucleocapsids at filopodia; colocalization of RFP-VP40 and
myosin 10; and actin-dependent nucleocapsid transport from the point of viral
replication to the site of MARV particle budding (Schudt et al. 2013). These
observations confirmed previous hypotheses of VP40 recruiting nucleocapsids to
the site of budding and of co-transportation of VP40 and the nucleocapsids by
myosin 10 along actin filaments, with budding preferentially occurring at filopodia
(Kolesnikova et al. 2007; Berg and Cheney 2002; Welsch et al. 2010; Schudt et al.
2013). Similarly, a gene encoding a VP30-RFP fusion protein was cloned down-
stream of the VP35 gene into the VP35-VP40 intergenic region. Live-cell imaging
revealed colocalization of the VP30-RFP fusion with Tsg101 in inclusion bodies
and cotransport of VP30-RFP with Tsg101. This experiment confirmed the critical
role of Tsg101 in nucleocapsid transport (Dolnik et al. 2014).

2.2 Ebolavirus Reverse Genetics

2.2.1 Rescue Procedure

Similar to MARV, a number of research groups have successfully generated reverse
genetics systems for ebolaviruses and used them to study ebolavirus molecular
biology. In fact, the generation of recombinant EBOV from cDNA preceded that of
recombinant MARV and appears to be easier to achieve. The reason for easier
generation of recombinant EBOV is not well understood, since the overall strategy
for rescue is identical for viruses of both filovirus genera: expression of a viral
antigenome from plasmid DNA (by T7-driven initial transcription) is followed by
illegitimate encapsidation of the “naked” antigenome and replication and tran-
scription by the RNP proteins NP, VP35, VP30, and L. This transcription results in
the production of all viral proteins, and ultimately the formation of recombinant
viruses.

Details of rescue protocols vary somewhat between different groups and studies,
particularly with respect to the cell lines used for rescue. Good transfection efficacy
and high susceptibility and efficient propagation of recombinant viruses are
required. Grivet (Chlorocebus aethiops) Vero cells (or their subclones) are used
most often, which although somewhat more difficult to transfect very efficiently
replicate filoviruses (Hoenen et al. 2012), in addition to baby hamster (Mesocricetus
auratus) kidney BSR-T7 cells (Volchkov et al. 2001). Some groups also have used
mixtures of 293T and Vero cells, trying to combine the advantages of high trans-
fectability of human 293T cells with the high propagation capacity of Vero cells
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(Towner et al. 2005). Recently, human Huh-7 cells have been used for rescue, and
less mutations were observed in the genomes of rescued viruses compared to
viruses rescued using Vero cells (Tsuda et al. 2015).

Another recent optimization of the rescue procedure has been the inclusion of a
hammerhead ribozyme at the 5′ end of the antigenome to ensure the creation of an
authentic 5′ antigenomic terminus. This modification led to a modest increase in
rescue efficacy in some, but not all, cell lines tested (Tsuda et al. 2015). Finally,
codon optimization of the support plasmids (i.e., the expression plasmids for the
RNP proteins and T7) was used to improve rescue efficacy (Albariño et al. 2015a).
An overview of some of the ebolavirus reverse genetics systems is given in Table 2.
However, these systems and the rescue protocols are improved continuously even
within research groups, and therefore numerous variations exist. Current detailed
rescue protocols for recombinant filoviruses are provided in (Hoenen and Feldmann
2017; Groseth 2017).

2.2.2 Molecular Biology

The purpose of the majority of studies using recombinant ebolaviruses was to better
understand the molecular biology of these viruses. Indeed, the very first studies
aimed at a better understanding of the molecular biology of the GP gene and its
products. Using EBOVs with mutations in the GP gene editing site, RNA editing
was shown to play a role in modulating GP1,2-mediated cytotoxicity (Volchkov
et al. 2001). Viruses with preGP furin cleavage knock-out mutations remained
functional, thereby demonstrating that preGP cleavage into GP1 and GP2 subunits is
dispensable in vitro (Neumann et al. 2002) and in vivo (Neumann et al. 2007).
Similarly, the importance of individual amino acid residues for GP1,2 function has
been investigated using reverse genetics (Mpanju et al. 2006). Finally, the role of
GP1,2DTM shedding has been studied with recombinant viruses, and it has been
suggested that shedding regulates the amount of cell-expressed GP1,2, and thus as
an additional mechanism to control GP1,2-mediated cytotoxicity, as well as GP1,2
incorporation into virions (Dolnik et al. 2015b).

Reverse genetics also has been used to show an importance of RNA binding by
VP40 octamers for the EBOV lifecycle, even though the exact mechanism for this
phenomenon remains unclear (Hoenen et al. 2005). Further, the main function of
EBOV VP40, i.e., virus budding, has been investigated using reverse genetics. Here
recombinant viruses encoding VP40 variants with two knocked-out late domain
motifs (which were deemed essential for virion budding based on data from VLP
experiments) were shown to be only mildly attenuated and not strongly impaired in
budding, suggesting that either additional late budding motifs or other budding
mechanisms must exist (Neumann et al. 2005).

A third viral protein that has been rather extensively studied by reverse genetics
is VP30. Initially, it was shown that VP30 is involved in transcription reinitiation
(Martínez et al. 2008). Later studies with recombinant viruses investigated the role
of VP30 in ebolavirus transcription, particularly the importance of dynamic
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phosphorylation at a serine residue cluster involving S29 for the regulation of
transcription, replication, and nucleocapsid transport (Martinez et al. 2011;
Biedenkopf et al. 2016).

Although most recombinant ebolavirus molecular biology studies used viruses
with point mutations, some work has also been done using reporter-expressing
viruses. These viruses express fluorescent or luminescent reporter proteins either
from additional transcriptional units or as fusions with viral proteins. The expres-
sion of viral protein/fluorescent reporter fusions, of course, lends itself to detailed
spatial and spatiotemporal analyses of viral protein localization in infected cells
using microscopic approaches. For instance, a recombinant EBOV expressing a
fusion of the fluorescent protein mCherry and L allowed studying the localization of
L in cells over the first 24 h of infection, ultimately leading to the conclusion that
viral inclusion bodies are sites of EBOV genome replication (Hoenen et al. 2012).
However, also reporter proteins expressed individually by recombinant viruses can
be used for answering questions regarding the molecular biology of ebolaviruses.
For example, a recombinant EBOV expressing luciferase from an additional tran-
scriptional unit was used to study the role of VP24 in down-regulating virus gen-
ome replication and transcription, showing that this function is much less prominent
during virus infection than in studies using VP24 overexpressed from a plasmid
(Watt et al. 2014).

2.2.3 Pathogenicity Determinants and Host Adaptation

The second major field in which recombinant ebolaviruses have been used is that of
understanding pathogenicity and host adaptation determinants. In particular,
researchers are interested in understanding the molecular mechanisms that dictate
pathogenicity and virulence. The GP gene has been proposed for a long time to be
the decisive factor in pathogenicity. However, results of reverse genetics studies
using full-length clones of both EBOV and RESTV as well as chimeric
EBOV/RESTV with their GP genes swapped indicated that the GP gene contributes
but is not solely responsible for pathogenicity, at least in a laboratory mouse model
(Groseth et al. 2012). A potential role of sGP for pathogenicity also has been
investigated, but so far, studies have not reached a consensus on sGP’s importance
(Hoenen et al. 2015; Volchkova et al. 2015). In contrast, a role of the IFN antag-
onism function of EBOV VP35 has clearly been demonstrated by several groups
and in several animal models. Mutating a single amino acid of VP35 to render the
protein unable to inhibit IRF-3 activation completely abolishes the lethality of the
recombinant virus in otherwise highly lethal laboratory mouse or guinea pig models
(Hartman et al. 2008a, b; Prins et al. 2010).

In most small animal models of ebolavirus infection, an adaptation of the viruses
by sequential passaging is typically required to achieve pathogenicity. The under-
lying mutations have been the subject of intense studies. For mouse-adaptation,
eight mutations have been observed, and by introducing these mutations either
individually or in various combinations into recombinant viruses, Ebihara et al.
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showed that VP24 and NP are necessary and sufficient for EBOV adaptation to
laboratory mice (Ebihara et al. 2006). Interestingly, VP24 has also been shown to
be crucial for adaptation to guinea pigs (Mateo et al. 2011). However, somewhat
surprisingly, results of this study suggest that the role of VP24 in adaption might
not be due to the VP24’s function as an IFN signaling inhibitor, but rather due to
VP24’s role in nucleocapsid assembly and condensation.

Reverse genetics has also been used to study host adaptation in the context of
human infection. Dietzel et al. investigated mutations that occurred during the
prolonged Ebola virus disease outbreak due to EBOV infection in Western Africa
from 2013 to 2016 within extensive human-to-human transmission chains. Using
recombinant viruses, the authors characterized mutations in NP, GP1,2, and L that
appear to modulate protein function and result in faster virus growth in tissue
culture (Dietzel et al. 2017). Similarly, Albariño et al. investigated mutations in
VP30 and L that confer slight advantages in replication and transcription, and
showed that recombinant viruses carrying these mutations outcompete wild-type
viruses (Albariño et al. 2016).

2.2.4 Using Recombinant Viruses for Medical Countermeasure
Evaluation

A third field in which recombinant viruses are used increasingly is the screening
and testing of candidate medical countermeasures. Reporter-expressing filoviruses
are typically used for this purpose, as they are more convenient to use in mid- or
high-throughput screens compared to wild-type viruses that can only be quantified
via cytopathic effect-based assays (Towner et al. 2005). In most cases, fluorescent
reporters such as eGFP are used, although luciferase-expressing viruses have also
been developed. With these luciferase-expressing viruses, the readout is possible
after 2 days, compared to 3–5 days for eGPF-expressing viruses used at similar
MOIs or 1–2 weeks for viruses without a reporter (Hoenen et al. 2013).

Different strategies are used for reporter expression. The first strategy is to
express the reporter from an additional transcriptional unit inserted between two
existing genes (Towner et al. 2005). As this strategy distorts the transcriptional
gradient, attenuation of recombinant viruses can be a consequence. Indeed, this
attenuation was observed in vitro (albeit not in all tested cell lines) and in vivo, with
insertions proximal to the 3′ end of the genome having a stronger attenuating effect
than insertions distal to it (Ebihara et al. 2007). Nevertheless, these viruses are now
commonly used and have been proven invaluable for identifying and characterizing
antivirals (Panchal et al. 2010, 2012; Madrid et al. 2013; Warren et al. 2010;
Johansen et al. 2013; Welch et al. 2016). Similarly, eGFP-expressing ebolaviruses
carrying GP1,2s from various filoviruses (i.e., BDBV, SUDV, Lloviu virus, and
MARV) have been used to characterize filovirus-neutralizing antibodies (Ilinykh
et al. 2016).

While introducing additional transcriptional units for generation of
reporter-expressing viruses remains the most commonly used strategy, alternative
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approaches have also been pursued to circumvent disturbing the transcriptional
gradient. One rather intriguing strategy is to express the reporter as a fusion with a
viral protein but separated by a self-cleaving P2A peptide. For instance, a
ZsGreen-expressing EBOV was created by introducing a ZsGreen-P2A-VP40 ORF
in place of the original VP40 open reading frame. The resulting virus expressed
high levels of ZsGreen but was somewhat attenuated vitro (Albariño et al. 2015a).
Similarly, the above-mentioned recombinant virus expressing an L-mCherry fusion
protein was readily rescuable and was not noticeably attenuated in Vero cells
(Hoenen et al. 2012). However, no in vivo data with this virus have yet been
published, and whereas the mCherry-derived fluorescence allows tracking of L in
infected cells using live-cell imaging technologies, overall signal strengths are
lower than those observed with viruses expressing a reporter from an additional
transcriptional unit. The applications for this L-mCherry virus, therefore, lie in
investigating the molecular biology of EBOV L rather than high-throughput
screening approaches for candidate medical countermeasures.

3 Conclusions

Reverse genetics systems for the generation of recombinant filoviruses have been
and continue to be invaluable research tools in filovirology. Use of reverse genetics
requires a maximum-containment (BSL-4) laboratory, as opposed to lifecycle
modeling (“surrogate”) systems such as minigenomes, which are important tools to
study the filovirus lifecycle at lower containment (Hoenen et al. 2011). However,
by their very nature, recombinant viruses are free of the artificial aspects that
differentiate lifecycle modeling systems from infectious viruses. Therefore, reverse
genetic systems for the generation of recombinant filoviruses are important to
validate findings from studies performed at lower containment levels. Further, with
these systems, researchers also can ask scientific questions in more authentic and
complex contexts (including in vivo, thus enabling studies on an organism level).

Recombinant viruses have extensively been used to understand the molecular
biology of ebolaviruses and to dissect host adaptation and pathogenicity factors.
Recombinant reporter-expressing viruses are replacing wild-type viruses as tools
for in vitro characterization of candidate medical countermeasures. However,
in vivo applications of reporter-expressing viruses are still exceedingly scarce,
owing to the attenuation of these viruses in vivo. Therefore, developing
non-attenuated reporter-expressing viruses will be an important achievement for the
study of filoviruses. Further, reverse genetics systems currently only exist for the
generation of EBOV and RESTV. Expansion of this spectrum to include other
ebolaviruses will be important to better understand the differences and common-
alities between these different viruses.

With the publication of the first MARV reverse genetics system in 2006
(Enterlein et al. 2006), complex MARV molecular biology became possible.
Hypotheses regarding viral replication, virus-host interaction, and viral pathogenesis
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could be posed and tested. Phenomena once merely observable can now be
explained by exploring mechanisms-of-action in controlled experimental settings.
Therefore, the advent of this system marked a new frontier in MARV research.
Despite this progress, numerous obstacles have yet to be overcome. MARV reverse
genetics systems are not yet widely distributed, and rescue of MARV from these
systems is not necessarily foolproof or highly efficient. Furthermore, MARV reverse
genetics only exist for two distinct MARV isolates, and the repertoire of
reporter-encoding MARVs should be extended to yield viruses that are not impaired
in growth or virulence.
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Guide to the Correct Use of Filoviral
Nomenclature

Jens H. Kuhn

Abstract The International Committee on Taxonomy of Viruses (ICTV) currently
recognizes three genera and seven species as part of the mononegaviral family
Filoviridae. Eight distinct filoviruses (Bundibugyo virus, Ebola virus, Lloviu virus,
Marburg virus, Ravn virus, Reston virus, Sudan virus, and Taï Forest virus) have
been assigned to these seven species. This chapter briefly summarizes the status quo
of filovirus classification and focuses on the importance of differentiating between
filoviral species and filoviruses and the correct use of taxonomic and vernacular
filovirus names and abbreviations in written and oral discourse.
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1 Introduction

Virus taxonomy consists of two subdisciplines, classification and nomenclature.

1.1 Classification

Virus classification is the continuous attempt to sort viruses into categories that are
called taxa (singular: taxon). In practice, virus classification is a way to gather
viruses into progressively more inclusive groups based on common genomic,
phylogenetic, and phenotypic properties. Taxa are hierarchically organized into
ranks. In virology, these ranks are called, in descending order, order, family,
subfamily, genus, and species (King et al. 2011a). Importantly, each lower taxon is
included in the next higher taxon rank: a virus that is a member of a particular
species is automatically a member of the higher ranked taxa that include that
species. This organization is akin to other biological classification schemes, for
instance that of zoology. If a particular animal is a primate (an animal belonging to
the order Primates) and if the order Primates is included in the class Mammalia,
then that animal is both a primate and a mammal because all primates are mammals
(“inclusion principle”).

Assigning viruses to hierarchical taxa ideally occurs based on objectively
measured evolutionary relationships. The goal of virus classification is therefore the
clarification that, for instance,

• a virus 1 is not the same thing as a virus 2, requiring both of them to be assigned
to different lowest taxa (species);

• but that both viruses share a common ancestor and therefore should be assigned
to the same higher taxon (genus); and

• that both viruses are more closely related to each other than either of them are to
a virus 3, which therefore needs to be assigned to a different lower (species) and
higher (genus) taxon.

This clarification has meaning beyond purely evolutionary interests: viruses that
are closely related to each other share more properties with each other than either of
them shares with a more distantly related virus. Therefore, successful diagnostics or
medical countermeasures developed against virus 1 are more likely to work on virus
2 than on virus 3. Empirical treatment, as already possible for bacterial diseases,
may therefore become possible for viral infections if virus taxonomy is “correct,”
i.e., truly reflects the evolutionary relationship between a relatively uncharacterized
virus and a better characterized virus.
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1.2 Nomenclature

Virus nomenclature is the process of assigning names to the individual concept of
the mind (taxon) and its physical members (viruses) to allow precise written and
oral communication because names are easier to remember than long lists of
alphanumerical codes. Therefore, nomenclature efforts for the 3 viruses could result
in

• naming viruses 1, 2, and 3 “rabies virus,” “vesicular stomatitis Indiana virus”;
and “Lassa virus,” respectively;

• assigning these viruses to the species “Rabies lyssavirus” in the genus
“Lyssavirus,” “Indiana vesiculovirus” in the genus “Vesiculovirus,” and “Lassa
mammarenavirus” in the genus “Mammarenavirus,” respectively;

• including the genera “Lyssavirus” and “Vesiculovirus” together in the family
“Rhabdoviridae”; and

• including the genus “Mammarenavirus” in a different family called
“Arenaviridae”.

1.3 Taxonomic Process

The International Committee on Taxonomy of Viruses (ICTV), the only committee
of the Virology Division of the International Union of Microbiological Societies
(IUMS), is responsible for all matters of virus taxonomy. The ICTV’s activities are
regulated by Statutes [(King et al. 2011b); latest update at http://www.ictvonline.
org/statutes.asp], and the Rules of virus classification and nomenclature are laid out
in a Code, the International Code of Virus Classification and Nomenclature
[ICVCN (King et al. 2011a); latest update at https://talk.ictvonline.org/information/
w/ictv-information/383/ictv-code]. Importantly, the vast majority of virology and
microbiology specialty journals, including those by Springer Publishing, require
authors to follow official ICTV taxonomy (see Springer “Instructions for Authors”).
This requirement means that applying ICTV nomenclature in written discourse is
not optional but quasi-mandated, although unfortunately not strictly enough
enforced.

The ICTV bases all its decisions on scientific debate and available (published)
data. At the heart of all discussions and decisions lays the input of individual
experts in the field (through the submission of taxonomic proposals or public
comment on such proposals) and the consultation of ICTV Study Groups (listed at
http://www.ictvonline.org/studygroups.asp?se=5). ICTV Study Groups typically
consist of several experts on the viruses belonging to a particular viral order or
family and serve as mediators between the needs and concerns of their respective
virologist constituency on the one hand and the Code requirements and concerns of
the ICTV on the other.
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Taxonomic process begins with the submission to the ICTV of a taxonomic
proposal (“TaxoProp”) to change current virus classification and/or nomenclature
and/or the Code via https://talk.ictvonline.org/files/taxonomy-proposal-templates/.
Such TaxoProps can be written and submitted by anybody. The TaxoProp is then
evaluated for adherence to the Code, scientific accuracy, and taxonomic merit by
the respective ICTV Study Group. Finally, the ICTV Executive Committee and the
IUMS Virology Division make a decision based on ICTV Study Group input and
public comments whether to accept/ratify, reject, or delay the proposal. Importantly,
absence of ICTV Study Group input and/or public comments may have to be
regarded as input by the ICTV to ensure taxonomic progress (“absence of dissent is
consent”), and the ICTV also can (but very rarely does) overrule Study Group
recommendations. During every given year, the then-official ICTV taxonomy is
posted at http://www.ictvonline.org/virusTaxonomy.asp, and annual update articles
are published in Springer’s Archives of Virology [latest update: (Adams et al.
2017)]. Importantly, this official taxonomy only lists taxa but not their member
viruses, i.e., the ICTV Master Species List cannot be used to look up the names of
particular viruses or their abbreviations.

2 Current Filovirus Taxonomy

2.1 Filovirus Classification

The family Filoviridae, the members of which are collectively referred to as
“filoviruses”, has been established around the prototype filovirus, Marburg virus,
which was discovered and named that way in 1967 (Siegert et al. 1967). Molecular
studies revealed that Marburg virus shares several properties with viruses of the
current families Pneumoviridae and Rhabdoviridae (e.g., a monopartite nonseg-
mented, linear, negative-sense single-stranded RNA genome and the general gene
order 3′-N-P-M-G-L-5′). However, Marburg virus also differs from pneumoviruses
and rhabdoviruses considerably (e.g., encoding the additional protein VP24 for
which there is no homolog in other virus groups). The commonalities and differ-
ences indicated that Marburg virus ought to be classified in a new family,
Filoviridae (Kiley et al. 1982), which however needed be included together with
Pneumoviridae and Rhabdoviridae in a higher taxon, i.e., the order today called
Mononegavirales (Pringle 1991). Since 1967, seven additional distinct viruses have
been discovered that share more properties with Marburg virus than with any other
virus in that order. Hence, these viruses were also classified in the family
Filoviridae [reviewed in (Kuhn et al. 2011; Bukreyev et al. 2014)]. Phylogenetic
analyses based on coding-complete filovirus genome sequences, filovirus core
RNA-dependent RNA polymerase module amino acid sequences, glycoprotein
gene nucleotide or deduced amino acid sequences, and pairwise genome
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comparisons using PASC or DEmARC methodologies all confirmed the existence
of seven distinct filovirus lineages (i.e., species) that cluster into three clades (i.e.,
genera) in one mononegaviral family (Fig. 1a) (Bao et al. 2012; Lauber and
Gorbalenya 2012; Carroll et al. 2013; Kuhn et al. 2011). This classification of
distinct filoviruses into several species of more than one genus was de facto
established by the ICTV via the ICTV Filoviridae Study Group chaired by Netesov
in 2000 (Netesov et al. 2000) and upheld by the successor Study Groups chaired by
Feldmann (2005) (Feldmann et al. 2005) and Kuhn (present) (Kuhn et al. 2011).
References to the eight distinct filoviruses as “subtypes” or “strains” of either
Marburg virus or Ebola virus can unfortunately still be found in manuscripts
published by scientists who have not reviewed or understood filovirus phylogeny in
depth. However, this classification is uncontroversial among evolutionary filovi-
rologists and therefore will not be discussed here any further.

Fig. 1 Official ICTV taxonomy of the family Filoviridae (Bukreyev et al. 2014; Kuhn et al. 2011;
Carroll et al. 2013). Graphical presentation of a Bayesian coalescent analysis using representative
cuevavirus, marburgvirus, and ebolavirus genomes (based on data published by Serena
Carroll/CDC (Carroll et al. 2013)). a Evolutionary relationships (classification) of newly
discovered filoviruses relative to Marburg virus. b Same analysis with all clades and viruses named
based on current nomenclature consensus
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2.2 Filovirus Nomenclature

In contrast to classification, nomenclature is unfortunately almost always con-
tentious as names appear tightly tied to emotions (Payne 2016; Kuhn and
Wahl-Jensen 2010). Ideally, names for any biological entity (e.g., genes, proteins,
organisms, viruses) remain stable as long as possible to ensure precise and
unambiguous scientific communication. On the other hand, new discoveries or
newly emerging sensitivities often challenge old or well-established names.
Ultimately, names should honor those who first created them as much as possible
and should be unique, memorable, devised in a way not to cause confusion, be
adaptable to new developments, and eligible for electronic database usage by fol-
lowing a universal format. Combined, these requirements restrain the freedom in
naming. The most current nomenclature of the family Filoviridae is outlined in
Table 1 and Fig. 1b.

3 Application of Filovirus Nomenclature

3.1 Taxa Versus Taxon Members

3.1.1 Concept

During manuscript writing, it is important to clearly distinguish between viral taxa
and their members. Taxa are concepts of the human mind, i.e. not things, whereas

Table 1 Official ICTV
taxonomy of the family
Filoviridae (Bukreyev et al.
2014; Kuhn et al. 2011)

Order Mononegavirales
Family Filoviridae

Genus Marburgvirus
Species Marburg marburgvirus
Virus: Marburg virus (MARV)
Virus: Ravn virus (RAVV)

Genus Ebolavirus
Species Bundibugyo ebolavirus
Virus: Bundibugyo virus (BDBV)

Species Reston ebolavirus
Virus: Reston virus (RESTV)

Species Sudan ebolavirus
Virus: Sudan virus (SUDV)

Species Taï Forest ebolavirus
Virus: Taï Forest virus (TAFV)

Species Zaire ebolavirus
Virus: Ebola virus (EBOV)

Genus Cuevavirus
Species Lloviu cuevavirus
Virus: Lloviu virus (LLOV)

452 J.H. Kuhn



taxon members (e.g., viruses, animals, plants) are physical objects and not concepts
of the human mind (Calisher and Mahy 2003; Drebot et al. 2002; Kuhn and Jahrling
2010; Van Regenmortel 2003, 2006, 2007, 2016). A taxon, for instance a species,
can be regarded as the perfect average of all its variable members, perfection in
conceptual space (Kuhn and Jahrling 2010). In zoology, one can for instance refer
to Homo sapiens, the species that has been created for all humans that have ever
lived, that currently live, or that will live in the future. Included in the concept of
Homo sapiens is that its members are upright-walking bipedal mammals. This idea,
the species, is not challenged by the occasional observation that individual mem-
bers of this species are not able to walk upright in a bipedal manner—the average of
all members indeed “walks” upright in conceptual space. Keeping this concept in
mind, it becomes instantly clear that one cannot talk to or study Homo sapiens, but
that one can only talk to or study individual representatives of the species. These
representatives, the members of the species Homo sapiens, are called “humans”.
The definition of the species Homo sapiens is based on studying as many humans as
possible to approximate the “perfect” human in conceptual space. However,
because one can never study all living humans, let alone all humans that have lived
or have not yet lived, the species definition will always remain in flux. The smaller
the sampling space, the less perfect the species definition.

Many virologists understand the differentiation between taxa and their members
on the macroscopic level. For instance, in manuscript method sections, virologists
note that “rhesus monkeys (Macaca mulatta)” have been infected with a particular
virus and then continue referring to “rhesus monkeys” (the physical object) rather
than “Macaca mulatta” (the concept) throughout the remainder of the manuscript.
These virologists have only infected a few representatives of the species—and not
all rhesus monkeys that have ever lived, currently live, or will live tomorrow.
Likewise, the results obtained with several rhesus monkeys cannot necessarily be
extrapolated to all rhesus monkeys. Although the same concept applies to virology,
most virologists unfortunately do not yet apply the correct separation of taxa and
their members to viruses. In the case of filoviruses, for instance, Ebola virus is the
member of the species Zaire ebolavirus. It follows that one can centrifuge Ebola
virus and one can get infected with Ebola virus, or one can use Ebola virus to infect
rhesus monkeys, because Ebola virus is a physical object. But one cannot infect
rhesus monkeys with Zaire ebolavirus or be infected by Zaire ebolavirus because
Zaire ebolavirus is not a physical object. The separation of object and concept
allows us to have species for animals (and possibly also viruses) that do not exist
anymore. Contrary to common parlance, the zoological species Tyrannosaurus rex
is not extinct. Instead, the reader has an immediate idea about the animal member of
that species despite the fact that there are no living members of that species any-
more. The concept T. rex is “alive,” whereas animal representatives of that concept
are not.
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3.1.2 Orthography

In all biological taxonomies, taxon names are written with a capital first letter. In
virology, taxon names of all ranks are italicized and thereby are instantly recog-
nizable as taxa (e.g., “Mononegavirales: Filoviridae: Ebolavirus: Zaire ebola-
virus”), whereas names of ranks higher than genus are not italicized in
non-virological taxonomies (e.g., “Primates: Hominidae: Homo: Homo sapiens”
in zoology). The names of members of taxa are not italicized and are always written
in lower case except if a name component is a proper noun [e.g., “rabies virus” is
the member of the species “Rabies lyssavirus” and “Sudan virus” is the member of
the species “Sudan ebolavirus” (“Sudan virus” is capitalized because “Sudan” is a
proper noun)]. In contrast to taxon names, virus names may be abbreviated (e.g.,
Sudan virus: “SUDV”).

Virological taxa of different ranks above species can be easily differentiated by
ICVCN-proscribed name suffixes. These are “-virales”, “-viridae”, “-virinae”, and
“-virus” for order, family, subfamily, and genus names, respectively. Thus, the
name “Mononegavirales” immediately implies an order, whereas the names
“Filoviridae” and “Ebolavirus” immediately imply a family and a genus, respec-
tively. Higher taxa almost always have more than one virus member. The collective
members (tangible things) of a higher taxon (mental construct) are named by
keeping the word stem of the taxon name, removing the italics, placing the word
into lower case, and adding the suffix “-viruses”. Importantly, collective members
of taxa above species are never to be abbreviated (there is no abbreviation for
“poxviruses”, there is none for “arenaviruses”, and hence there is none for “ebo-
laviruses” or “marburgviruses”). The correct application of filoviral above-species
taxon orthography is depicted in Tables 2, 3 and 4.

Taxon member-specific adjectives are formed by using the singular of the
member name (“The polymerase of ebolaviruses”!“The ebolavirus polymerase”)
or by replacing the suffix “-viruses” with “-viral” (!“The ebolaviral polymerase”).

From the deliberations above, it logically follows that

• the sentence “The hantavirus/hantaviral glycoprotein binds a protein receptor”
would mean that all 62 currently classified members of the genus Hantavirus,
i.e. all hantaviruses, have a glycoprotein that binds a protein receptor; whereas
“Hantaan virus glycoprotein binds a protein receptor” would mean that (possibly

Table 2 Orthography of viral order and order member names

Order name (capitalized, italicized,
specific suffix “-virales”, never
abbreviated)

Name of the collective members of the order
(word stem of the order name appended to the
specific suffix “-viruses”, not capitalized, not
italicized, never abbreviated)

Caudovirales caudoviruses

Nidovirales nidoviruses

Picornavirales picornaviruses

!Mononegavirales !mononegaviruses
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only) this one particular hantavirus, namely Hantaan virus, binds a protein
receptor; and therefore that

• the sentence “The ebolavirus/ebolavirus glycoprotein binds NPC1” means that
all 5 currently classified members of the genus Ebolavirus, i.e. all ebolaviruses
(BDBV + EBOV + RESTV + SUDV + TAFV), have a glycoprotein that binds
NPC1, whereas “Bundibugyo virus binds NPC1” would mean that (possibly
only) one particular ebolavirus, namely Bundibugyo virus, binds NPC1.

The taxonomic inclusion principle implies that

• if dengue virus 1 (DENV-1) and yellow fever virus (YFV) are members of the
genus Flavivirus, then dengue virus 1 is a flavivirus and yellow fever virus is
also a flavivirus; and therefore

• if Ebola virus (EBOV) and Bundibugyo virus (BDBV) are members of the
genus Ebolavirus, then Ebola virus is an ebolavirus and Bundibugyo virus
(BDBV) is also an ebolavirus; and

• if Marburg virus (MARV) and Ravn virus (RAVV) are members of the genus
Marburgvirus, then Marburg virus is a marburgvirus and Ravn virus is also a
marburgvirus; and

• because the genera Ebolavirus and Marburgvirus are included in the family
Filoviridae, Ebola virus and Marburg virus are (two) filoviruses, and ebola-
viruses and marburgviruses are (seven) filoviruses.

Table 3 Orthography of viral family and family member names

Family name (capitalized, italicized,
specific suffix “-viridae”, never
abbreviated)

Name of the collective members of the family
(word stem of the family name appended to the
specific suffix “-viruses”, not capitalized, not
italicized, never abbreviated)

Arenaviridae arenaviruses

Paramyxoviridae paramyxoviruses

Poxviridae poxviruses

!Filoviridae !filoviruses

Table 4 Orthography of viral genus and genus member names

Genus name (capitalized, italicized,
specific suffix “-virus”, never
abbreviated)

Name of the collective members of the genus
(word stem of the genus name appended to the
specific suffix “-viruses”, not capitalized, not
italicized, never abbreviated)

Flavivirus flaviviruses

Hantavirus hantaviruses

Henipavirus henipaviruses

!Cuevavirus !cuevaviruses

!Ebolavirus !ebolaviruses

!Marburgvirus !marburgviruses
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Table 5 Nomenclature cheat sheet for filovirus manuscript writing

Potential problem Potential solution

Search your draft manuscript for the terms
“Bundibugyo ebolavirus”, “Lloviu
cuevavirus”, “Marburg marburgvirus”,
“Reston ebolavirus,” “Sudan ebolavirus,”
“Taï Forest ebolavirus,” and “Zaire
ebolavirus”

These terms are current species names
(Bukreyev et al. 2014). Species are not
objects (Kuhn and Jahrling 2010). Hence,
these terms should only appear very rarely in
your manuscript. Typically, these terms ought
to be listed in the method section, linked to
their member viruses, which are usually the
subject of scientific papers. Therefore, replace
these terms throughout the paper with virus
names: “Bundibugyo virus,” “Lloviu virus,”
“Marburg virus” or “Ravn virus,” “Reston
virus,” “Sudan virus,” “Taï Forest virus,” or
“Ebola virus,” respectively (Bukreyev et al.
2014)

Search your draft manuscript for the terms
“Lake Victoria marburgvirus” and “Cote
d’Ivoire ebolavirus”/“Côte d’Ivoire
ebolavirus”/“Ivory Coast ebolavirus”

These species names are no longer official.
Replace with “Marburg marburgvirus” or
“Taï Forest ebolavirus,” respectively
(Bukreyev et al. 2014)

Search your draft manuscript for the terms
“Bundibugyo ebolavirus,” “Lloviu
cuevavirus,” “Marburg marburgvirus,”
“Reston ebolavirus,” “Sudan ebolavirus,”
“Taï Forest ebolavirus”/“Cote d’Ivoire
ebolavirus”/“Côte d’Ivoire ebolavirus”/
“Ivory Coast ebolavirus,” or “Zaire
ebolavirus”

These terms do not exist anymore. They either
need to be italicized (if referring to species)
or, more likely, need to be replaced with
current virus names (see above) (Bukreyev
et al. 2014)

Search your draft manuscript for the terms
“BEBOV”/“UEBOV”, “MBGV”, “Marburg
virus Ravn,” “REBOV”, “SEBOV”,
“CIEBOV”/“ICEBOV”, or “ZEBOV”

These terms are outdated. Replace with
“BDBV”, “MARV”, “RAVV”, “RESTV”,
“SUDV”, “TAFV”, or “EBOV”, respectively
(Bukreyev et al. 2014; Kuhn et al. 2010)

Search your draft manuscript for the
abbreviation “EBOV”

Do you refer to one virus, namely “Ebola
virus (species Zaire ebolavirus)”? In that case
the abbreviation is correctly applied (Kuhn
et al. 2010). Do you refer to several viruses of
the genus Ebolavirus? Then replace with
“ebolavirus(es)/ebolaviral” because the
collective members of higher taxa are not
abbreviated

Search your draft manuscript for the
abbreviation “MARV”

Do you refer to one virus, namely “Marburg
virus (species Marburg marburgvirus)”? In
this case, the abbreviation is correctly applied
(Kuhn et al. 2010). Do you refer to several
viruses of the genus Marburgvirus? Then
replace with “marburgvirus(es)/marburgviral”
because the collective members of higher taxa
are not abbreviated

(continued)
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Table 5 (continued)

Potential problem Potential solution

Search your draft manuscript for the terms
“Cuevavirus”, “Ebolavirus” and
“Marburgvirus”

These terms do not exist. Either italicize (if
referring to genera) or place in lower case
plural (when referring to all members of these
genera): “cuevaviruses”, “ebolaviruses”, or
“marburgviruses”

Search your draft manuscript for the terms
“ebolavirus”/“ebolaviral” and
“marburgvirus”/“marburgviral”

These terms refer to groups of viruses, namely
all members of the genera Ebolavirus and
Marburgvirus, respectively. If you want to
refer to one particular virus, replace with, for
instance, “Ebola virus” or “Marburg virus”

Search your draft manuscript for the term
“species”

Remember that a species is not a thing, but an
idea (Kuhn and Jahrling 2010). Species can
therefore not be “used” in any way; they can
also not be discovered or go extinct. Rephrase
your sentences accordingly, for instance:
(a) replace “three species of monkeys were
infected with Ebola virus” with “monkeys of
three species were infected with Ebola virus”;
(b) replace “rhesus monkeys infected with the
Zaire ebolavirus species” with “rhesus
monkeys infected with Ebola virus”;
(c) “Ebola virus is thought to infect three
species of fruit bats” with “Ebola virus is
thought to infect fruit bats of three species”;
or
(d) replace “Five ebolavirus species have been
discovered” with “Five ebolaviruses have
been discovered” or “Five ebolavirus species
have been established”

Search your draft manuscript for the term
“member” and the verb “include(d)”

If in taxonomic context, ensure that “include(d)”
is only used for taxa (species are included in
genera, genera are included in families and so
on—but species are not members of genera and
genera are not members of families). Likewise,
ensure that “member” is only used for viruses
(physical objects): a virus is a member of a
species, a genus, a family and so on, but it is not
“included” in any of them (Van Regenmortel
2003, 2006, 2007, 2016)

Search your draft manuscript for the term
“strain”

If referring to a filovirus, use the word “strain”
only if you refer to a laboratory mouse- or
guinea pig-adapted virus that causes disease
in those rodents. Otherwise, replace with
“variant” or “isolate” [“Kikwit”, “Makona”,
“Yambuku” are EBOV variants;
“Kikwit-9510621”, “Makona-C05”, and
“Yambuku-Mayinga” are examples for
isolates of each of these variants (Kuhn et al.
2013a, b)].
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Applied to all ranks, these principles mean that if the genera Cuevavirus,
Ebolavirus, and Marburgvirus are included in the family Filoviridae, and measles
virus is a member of the genus Morbillivirus in the family Paramyxoviridae, and
the families Filoviridae and Paramyxoviridae are included in the order
Mononegavirales, then

• (a) measles virus and Ebola virus are mononegaviruses; (b) ebolaviruses and
morbilliviruses are mononegaviruses; and (c) paramyxoviruses and filoviruses
are mononegaviruses, but

• (d) measles virus is not a filovirus and (e) Ebola virus is not a morbillivirus.

4 Conclusion

Filovirus taxon and virus nomenclature, if correctly applied as outlined here, mir-
rors the nomenclature of all other viruses. Correct application of this nomenclature
is not only important to avoid confusion in scientific discourse but also helps to
properly populate electronic databases such as GenBank. Uniformly applied stan-
dards in databases ensure that search queries result in the maximum of appropriate
retrieved hits: if all Ebola virus sequence entries are labeled with the correct “Ebola
virus”, a search for “Ebola virus” will retrieve all entries; however, if 30% of the
entries are labeled incorrectly with “Zaire ebolavirus”, then a search for “Ebola
virus” will retrieve only 70% of all desired entries. The differentiation between taxa
and taxon members via application of correct orthography and term usage (see
Table 5 for a cheat sheet for filovirus manuscript authors) is therefore important
rather than merely a philosophical exercise.
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