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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.
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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
Ca**-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.
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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

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
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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).
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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).

b2 [ Control

Infected

g
h

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.
¢ —h TEGs from Marburg virus-infected guinea pigs on day 4 after onset of fever.
e + h unmodified plasma TEGs without additional substances. ¢ + d unmodified plasma TEGs
with 0.1 ml (¢) or 0.2 ml (d) of 0.1 mM solution of CaCl, per ml plasma; f + g citrate plasma
TEGs with 0.1 ml (f) and 0.2 ml (g) 0.1 of mM solution of CaCl, per ml plasma. Source Egbring
et al. (1971)
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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 Ca>* in plasma is
reduced to less than 50% of the normal value. Since ionized calcium is an important
clotting factor (factor I'V), 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 (CaCl,) 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 Sraatliches 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 Cumakov (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
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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



12 W. Slenczka

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. Miiller, 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. Miiller, asking him to continue the search. In less than an hour, Dr. Miiller 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, Miiller 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 Miiller, 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 Miiller,
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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 Diisseldorf, 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 Diisseldorf
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 per week, at Behringwerke AG in Marburg, on five days. On August 21, 1967, 18
monkeys were euthanized at on two days per week Behringwerke AG for diagnostic
purposes. Postmortem specimens were collected and sent to the Institute of Hygiene in
Freiburg, Germany, to the Institute of Hygiene in Vienna, 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 7/28 | Day Day Day Day Day Day Day Day
arrival 11 19 20 21 22 24 25 31
First day of 8/8 8/16 8/17 8/18 8/19 8/21 8/22 8/28
illness

Direct 1 3 1 2 1 2 2 1
contact

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 naive 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 unmdégliche Tatsache (The impossible fact): “Weil,
so schliefst 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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Abstract Filoviruses can cause severe and often fatal disease in humans. To date,
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
scientific disciplines have worked to better understand the natural history of these
deadly viruses. Citing original research wherever possible, this chapter reviews
laboratory and field-based studies on filovirus ecology and summarizes efforts to
identify where filoviruses persist in nature, how virus is transmitted to other animals
and ultimately, what drivers cause spillover to human beings. Furthermore, this
chapter discusses concepts on what constitutes a reservoir host and highlights
challenges encountered while conducting research on filovirus ecology, particularly
field-based investigations.
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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 Deaths
cases fatality
ratio
1967 West Germany and Marburg 32¢ 7 (23%)
Yugoslavia virus
1975 Johannesburg, South Marburg 3 1 (33%)
Africa virus
1976 England Sudan virus | 1 0
1976 Sudan (South Sudan) Sudan virus | 284 151 (53%)
1976 Zaire (Democratic Ebola virus 318 280 (88%)
Republic of the Congo)
1977 Zaire Ebola virus |1 1 (100%)
1979 Sudan (South Sudan) Sudan virus | 34 22 (65%)
1980 Kenya Marburg 2 1 (50%)
virus
1987 Kenya Marburg 1 1 (100%)
virus
1989-1990 Philippines Reston virus |3 0
(asymptomatic)
1989 USA Reston virus | 0 0
1990 USA Reston virus | 4 0
(asymptomatic)
1990 Russia Marburg 1 1 (100%)
virus
1992 Italy Reston virus |0 0
1994 Cote d’Ivoire Tai Forest 1 0
virus
1994 Gabon Ebola virus | 52 31 (60%)
1995 Democratic Republic of | Ebola virus 315 250 (81%)
the Congo
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— | Gabon Ebola virus | 60 45 (74%)
January)
1996 (January— Gabon Ebola virus 37 21 (57%)
April)
1998-2000 Democratic Republic of | Marburg 154 128 (83%)
Congo virus
2000-2001 Uganda Sudan virus | 425 224 (53%)
October 2001- Republic of the Congo Ebola virus |57 43 (75%)
March 2002
October 2001— Gabon Ebola virus 65 53 (82%)
March 2002

(continued)
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Table 1 (continued)
Outbreak year (s) | Country Virus Number of Deaths
cases fatality
ratio
December 2002— | Republic of the Congo Ebola virus 143 128 (89%)
April 2003
November— Republic of the Congo Ebola virus |35 29 (83%)
December 2003
2004 Russia Ebola virus 1 1 (100%)
2004 Sudan Sudan virus | 17 7 (41%)
2004-2005 Angola Marburg 252 227 (90%)
virus
December 2007— | Uganda Bundibugyo | 149 37 (25%)
January 2008 virus
2007 Democratic Republic of | Ebola virus | 264 187 (71%)
the Congo
2007 Uganda Marburg 4 1 (25%)
virus
December 2008— | Democratic Republic of | Ebola virus 32 15 (47%)
February 2009 the Congo
November 2008 Philippines Reston virus | 6 0
(asymptomatic)
2008 USA ex Uganda Marburg 1 0
virus
2008 Netherlands ex Uganda Marburg 1 1 (100%)
virus
May 2011 Uganda Sudan virus | 1 1 (100%)
November 2012— | Uganda Sudan virus | 6° 3% (50%)
January 2013
June—November Democratic Republic of | Bundibugyo | 36" 13*
2012 the Congo virus (36.1%)
June—October Uganda Sudan virus | 11° 4% (36.4%)
2012
2012 Uganda Marburg 15 4 (27%)
virus
August— Democratic Republic of | Ebola virus | 66 49 (74%)
November 2014 the Congo
(Dec) 2013-2016 | Guinea, Sierra Leone, Ebola virus 28,652 11,325
Liberia (39%)
2014 Uganda Marburg 1° 1 (100%)
virus

“The 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)

PLaboratory 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 MARYV, but
not RAVYV, 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 MARYV 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 MARYV antigen (Towner et al. 2007). These data extended the geographic range
of potential MARYV 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. 20006).
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 MARYV 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 RAVYV, 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 MARYV and
RAVYV 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 MARYV 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 MARYV 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
torquatal, 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), Tai Forest virus (TAFV; 9/748), Bundibugyo virus (BDBV;
8/748), Reston virus (RESTV; 9/748), and MARYV (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.

RESTYV 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
gRT-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-DHO4, 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.



50 B.R. Amman et al.

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, RESTYV 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
Wabhlberg’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 TCIDso 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, MARYV 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 10*
TCIDsy MARYV 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 DPL
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 DPIL. 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 DPIL. 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,
MARYV 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 10* TCIDso (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 MARYV 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 MARYV 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 DPIL. 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 naive 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 naive bat and monitored for 42 days. Some bats were serially
euthanized to monitor infection, and while transmission of MARYV to naive 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 naive contact
bats or placed over cages of additional naive 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 naive contact bats had detectable MARV RNA in oral swab samples
indicating exposure to MARYV, 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 naive 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 naive contacts bats seroconverted, demonstrating horizontal transmission
had occurred between infected donor bats and naive 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 10’ LDs, 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, MARYV 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 MARYV,
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 DPIL.

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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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, 2015¢).

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 Tai 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
Tai Forest virus (Formenty et al. 1999a, b). When EVD appeared in neighboring
Guinea in 2013, most experts predicted that Tai 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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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,
¢ 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
for Ebola Emergency, e Publication of preliminary results from first EVD Phase III vaccine
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

theoretically capable of dispersing EBOV directly from the Congo Basin to Guinea:
African straw-colored fruit bats (FEidolon 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. 2 Map of West Africa
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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.
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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

Due to a preexisting health project, the nongovernmental organization Médecins
Sans Fronti¢res (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).
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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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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

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.
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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

~ 3% 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

2', 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 Typically 1-2 >50

units

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

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
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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 Estimated number of beds Current capacity/estimated
of beds required demand (%)

Guinea 160 210 76

Liberia 620 2930 21

Sierra 304 1148 26

Leone




76 D. G. Bausch

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 Ry (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 