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Hemorrhagic fever viruses (HFV) include some of the most lethal agents of the microbial 
world. Disease onset can be rapid and fatal. HFV can be extraordinarily contagious and will 
spread in hospitals without sophisticated infection control. HVF disease is characterized by 
a rapid onset of fever, muscle ache, and “flu-like” symptoms, followed by liver necrosis, 
lymph node depletion, coagulation defects, and organ systems failure. Most people have 
subclinical HFV infections but the potential for severe disease distinguishes the HFV as a 
major public health threat. As high level threat agents, there will be unique rules for han-
dling HFV in research settings [1, 2].

Most virology texts do not embrace the classification of “hemorrhagic fever viruses.” 
According to the rules for virus classification [3], viruses should not be classified according 
to the diseases they cause since a virus that makes one organism ill might not affect another. 
The most useful classifications should allude to the structure of the virion or the region 
where the virus was found. The appellation “hemorrhagic fever virus” is an operational 
name given to those viruses with unique potential to cause severe vascular leakage disease.

Hemorrhagic fever viruses frequently belong to the taxonomic families Hantaviridae, 
Nairoviridae, Peribunyaviridae, Phenuiviridae, Arenaviridae1, Flaviviridae, Filoviridae 
and Rhabdoviridae. Arenaviridae include the largest number of viruses causing viral hem-
orrhagic fever (VHF) [4]. The importance of Arenaviridae is reflected in this book as 19 
of 30 chapters focus on arenaviruses as experimental examples of HVF. This compilation of 
work from many laboratories makes reference to high-containment facilities and precau-
tions for working with high risk-group agents, even though most of the protocols herein 
have broad utility and are applicable to less virulent Risk Group 2 agents, as well as to 
highly virulent Risk Group 4 Select Agents.

In May of 2015, during the height of the Ebolavirusdiseaseoutbreak in Western Africa, 
the world faced the ravages of Ebola virus disease and the toll it took on populations and 
health care workers who voluntarily entered the danger zones. While it is important to 
encourage appropriate responses to epidemic disease, this type of information blurs the 
lines between fearsome natural infections and the attenuated versions that are so necessary 
for effective biomedical research. For example, Reston virus, so named because it was dis-
covered in a dying monkey colony in Reston Virginia, was later suspected to be an attenu-
ated virus that had co-infected the monkeys with a simian hemorrhagic fever virus [5]. 
Because it was an ebolavirus, similar in form to the ebolaviruses that ravaged Zaire and 
Sudan, Reston virus was branded a Risk Group 4 Select Agent. A surveillance team traveled 
to the Philippines, the origin of the ill-fated monkey colony, to find the source of Reston 
virus. The virus was not found in bats or rodents, but was detected on farms where both 
pigs and farmers had been infected [6–8]. As a result, pigs were exterminated and the farm-
ers were quarantined. Since the domestic pigs that became ill were also co-infected with 
porcine arteriviruses and/or circoviruses, it was not clear that clinical disease was due solely 
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1 As of June 2017, the former Bunyaviridae family is now the order Bunyavirales containing the virus families 
Hantaviridae, Nairoviridae, Peribunyaviridae, Phenuiviridae and Arenaviridae.
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or even mainly to Reston virus infection. Fear instilled by the name “Ebola” may have 
caused scientists to overlook the potential benefits of having an attenuated virus for vaccine 
development and even overlooked the contribution of other infectious agents to the disease 
in Philippine pig farms. These challenges must be met by rigorous studies using commonly 
accepted practices and standards. This book is intended to help develop a common under-
standing of how best to approach the study of hemorrhagic fever viruses of many types and 
in many places.

This book has five parts. The first part on Surveillance, diagnosis, and classification of 
hemorrhagic fever viruses begins by discussing methods used to predict viral pandemics. 
Following this introductory chapter are two chapters on the methods and strategies for 
classifying viruses: one describes the open-source software available for classifying sequences 
obtained during surveillance, and the other describes Pairwise Sequence Comparison 
(PASC) to help determine genetic distances between taxa. Next, there is a chapter on viral 
diagnostics with specific methods for antibody capture using Lassa virus antigens. Three 
chapters address approaches for epidemiological surveillance: one on surveillance of clinical 
samples, one on field surveillance of arthropod-borne viruses, and the other on surveillance 
of rodent-borne viruses.

The second part of the book covers Structural studies and reverse genetics of hemor-
rhagic fever viruses. Three chapters describe studies on viral entry and on envelope mem-
brane fusion. One chapter describes assays for glycoprotein function, another, assays for Z 
matrix protein functions, and two chapters cover the structure and functions of the arena-
virus nucleocapsid protein (NP). A chapter on RNA fluorescence in situ hybridization 
(FISH) describes the subcellular localization of viral gene expression. The techniques suc-
cessfully used to reveal universal budding mechanisms for filoviruses, arenaviruses, and 
rhabdoviruses are described in a chapter on using virus-like particles to study virus egress.  
One chapter describes polymerase function of the Crimean-Congo hemorrhagic fever virus, 
typical of the large multi-functional polymerases of the hemorrhagic fever viruses. Finally, 
there are two chapters devoted to reverse genetic systems: one for filoviruses and the other 
giving us two reverse genetic approaches for Pichindé virus.

The third part contains chapters on In vivo models of hemorrhagic fever virus infection. 
The chapter on murine models for VHF describes a quantitative measure for vascular leak-
age using Evan’s blue dye that could be applied to other animal models of VHF. The 
authors who gave us a chapter on the guinea pig model for VHF also used this model to 
test their antibody therapy for Ebola virus infection. A primate model for VHF summarizes 
the methods used to sample infected rhesus monkeys. Finally, we present a method to 
obtain a subset of primary human liver cells that can be cultured long term and used for 
HFV infections.

The fourth part contains Immune assays and vaccine production for hemorrhagic fever 
viruses. The first chapter in this part is a remarkable description of the facilities and proce-
dures used to produce the live attenuated-Junín vaccine against Argentinian hemorrhagic 
fever. Next is a chapter on detecting virus-antibody immune complexes in secondary den-
gue infection. The last chapter in this part is on DNA vaccines from a laboratory renowned 
for promoting such vaccines for a number of hemorrhagic fever viruses.

The fifth and final part describes Host responses to viral hemorrhagic fever. First is a 
method for identifying host restriction factors controlling Junín or dengue virus infection. 
Then we present two chapters analyzing antivirals: one that determines the life cycle stage 
blocked by an antiviral, and another that uses high-throughput screening to find antivirals 
against a retroviral surrogate for a hemorrhagic fever virus. The last chapter is a cell culture 
method to assess coagulation after HFV infection.
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Despite a tremendous amount of interest, there remains a gap between identifying 
viruses during surveillance and linking these agents to specific disease risks. Viruses that 
cause hepatitis, like the HFV, carry more risk for the malnourished, the immunosuppressed, 
or the aged [9] than for the young techies of Silicon Valley. Our goal here is to promote 
research on the disease mechanisms of HFV by offering detailed instructions on exploring 
structure/function of viral molecules and assessing virus effects in cell culture and in animal 
models. Armed with this type of information, we will eventually be able to do more than 
classify a virus’ taxon but also find its actual risk group. Such research will move HFV from 
the category of bio-terrors to the category of manageable bio-threats.

Baltimore, MD, USA� Maria S. Salvato 
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Chapter 1

Global Spread of Hemorrhagic Fever Viruses: Predicting 
Pandemics

Jean-Paul Gonzalez, Marc Souris, and Willy Valdivia-Granda

Abstract

As successive epidemics have swept the world, the scientific community has quickly learned from them 
about the emergence and transmission of communicable diseases. Epidemics usually occur when health 
systems are unprepared. During an unexpected epidemic, health authorities engage in damage control, fear 
drives action, and the desire to understand the threat is greatest. As humanity recovers, policy-makers seek 
scientific expertise to improve their “preparedness” to face future events.

Global spread of disease is exemplified by the spread of yellow fever from Africa to the Americas, by 
the spread of dengue fever through transcontinental migration of mosquitos, by the relentless influenza 
virus pandemics, and, most recently, by the unexpected emergence of Ebola virus, spread by motorbike 
and long haul carriers. Other pathogens that are remarkable for their epidemic expansions include the 
arenavirus hemorrhagic fevers and hantavirus diseases carried by rodents over great geographic distances 
and the arthropod-borne viruses (West Nile, chikungunya and Zika) enabled by ecology and vector adap-
tations. Did we learn from the past epidemics? Are we prepared for the worst?

The ultimate goal is to develop a resilient global health infrastructure. Besides acquiring treatments, 
vaccines, and other preventive medicine, bio-surveillance is critical to preventing disease emergence and to 
counteracting its spread. So far, only the western hemisphere has a large and established monitoring sys-
tem; however, diseases continue to emerge sporadically, in particular in Southeast Asia and South America, 
illuminating the imperfections of our surveillance. Epidemics destabilize fragile governments, ravage the 
most vulnerable populations, and threaten the global community.

Pandemic risk calculations employ new technologies like computerized maintenance of geographical 
and historical datasets, Geographic Information Systems (GIS), Next Generation sequencing, and 
Metagenomics to trace the molecular changes in pathogens during their emergence, and mathematical 
models to assess risk. Predictions help to pinpoint the hot spots of emergence, the populations at risk, and 
the pathogens under genetic evolution. Preparedness anticipates the risks, the needs of the population, the 
capacities of infrastructure, the sources of emergency funding, and finally, the international partnerships 
needed to manage a disaster before it occurs. At present, the world is in an intermediate phase of trying to 
reduce health disparities despite exponential population growth, political conflicts, migration, global trade, 
urbanization, and major environmental changes due to global warming. For the sake of humanity, we must 
focus on developing the necessary capacities for health surveillance, epidemic preparedness, and pandemic 
response.

Key words Viral hemorrhagic fever, Pandemic, Global biosecurity, Predicting epidemic risk (i.e., 
pathogenic threat and vulnerability)
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1  Introduction

Infectious diseases have swept the world, taking the lives of millions 
of people, causing considerable upheaval, and transforming the 
future of entire populations. Every year pathogens cause nearly 14 
million deaths worldwide, mostly in developing countries. More 
than 350 infectious diseases have emerged between the 1940s and 
2004 [1]. Also among the 500 known arboviruses, only 50 are 
known to be human pathogens, while the others only infect wild 
animals and/or arthropods. To anticipate an epidemic one must 
identify the risk, prepare an appropriate response, and control the 
disease spread by first identifying the vulnerabilities of the popula-
tion and circumscribing the potential space into which a disease 
will extend. When the epidemic expansion risk is identified, ade-
quate information must be communicated to decision makers. 
Ultimately, an appropriate response will depend on biosurveillance, 
prevention, sustained data processing, communication, strategic 
immunization campaigns, resilience, and mitigation strategies.

The viral hemorrhagic fevers (VHFs) are a diverse group of 
human illnesses caused by RNA viruses including approximately 
50 species of the Arenaviridae, Filoviridae, Bunyavirales, Flavi­
viridae, and Rhabdoviridae (Table 1). Despite the efforts placed 
on early detection, viruses like dengue, Ebola, Lassa, Crimean-
Congo hemorrhagic fevers continue to threaten the health of mil-
lions of people, mostly in areas where demographic changes, and 
political and socio-economic instability interrupt vaccination cam-
paigns [2]. However, the threat of VHF to global health is increased 
by intercontinental travel and global trade. Moreover, because of 
the high case fatality rate of some of these pathogens, such concerns 
extend to the potential use of these viruses by bio-terrorists [3].

Global expansion of several diseases is exemplified by the spread of 
yellow fever from Africa to the Americas, the spread of dengue 
Fever across continents, and recently, the spread of Ebola virus 
from the Democratic Republic of the Congo to Western Africa. 
The concept of an epidemic, as a disease affecting many persons at 
the same time and spreading from person to person in a locality 
where the disease was not previously prevalent, was not enunciated 
until 1854 when John Snow produced his admirable demonstra-
tion of the emergence of an infectious disease in an urban area: the 
emergence of a cholera epidemic in London. At that time, none 
could clearly comprehend the mechanisms of emergence and 
spread since the existence of microbes had just been demonstrated 
by Louis Pasteur in the late 1830s and microbe transmission modes 
were more speculative than based on medical or scientific facts, 
until 1876 when Robert Koch demonstrated that bacteria can be 
transmitted and responsible for diseases. Nowadays, it is extremely 
difficult to make a retrospective diagnosis of historical pandemics, 

1.1  Preamble

1.2  Historical 
Perspectives
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Table 1 
Most common hemorrhagic fever viruses and their associated disease

Family Virus Disease Origin

Arenaviridae Junín virus Argentinian HFa Argentina

Arenaviridae Whitewater Arroyo virus Whitewater Arroyo HF N. America

Arenaviridae Chapare virus Chapare HF Bolivia

Arenaviridae Guanarito virus Venezuelan HF Venezuela

Arenaviridae Lassa fever virus Lassa fever Africa

Arenaviridae Lujo virus Lujo HF Africa

Arenaviridae Lymphocytic choriomeningitis 
virus

Lymphocytic 
choriomeningitis

World

Arenaviridae Machupo virus Bolivian HF Bolivia

Arenaviridae Sabiá virus Brazilian HF Brazil

Filoviridae Marburgviruses Marburg virus disease Africa

Filoviridae Ebolavirusesb Ebola virus disease Africa

Flaviviridae Alkhurma virus Alkhurma HF Saudi Arabia

Flaviviridae Dengue viruses severe dengue World

Flaviviridae Kyasanur Forest disease virus Kyasanur Forest disease India

Flaviviridae virus Kyasanur Forest disease virus China

Flaviviridae Omsk hemorrhagic fever virus Omsk HF India

Flaviviridae Tick-borne encephalitis virus Tick-borne encephalitis Eurasia

Flaviviridae Yellow fever virus Yellow fever Africa/S. America

Hantaviridae Hantaan virusc HF with renal syndrome World

Hantaviridae Puumala virus Nephropathia epidemica World

Paramyxoviridae Hendra virus Hendra virus encephalitis Australia

Paramyxoviridae Nipah virus Nipah virus encephalitis Asia

Nairoviridae Crimean-Congo hemorrhagic 
fever virus

Crimean-Congo HF Africa/Asia

Peribunyaviridae Ngari virus Garissa HF Africa

Peribunyaviridae Ilesha virus Ilesha HF Africa

Phenuiviridae Rift Valley fever virus Rift Valley fever Africa

Rhabdoviridae Bas-Congo virus Bas-Congo HF Africa
aHF is hemorrhagic fever
bEbolaviruses pathogenic for humans include Bundibugyo, Ebola, Sudan, and Taï Forest viruses
cThere are currently 41 species in the Orthohantavirus genus. The pathogeny of most of them is unknown

Predicting HFV Pandemics
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during times when clinical descriptions were rare or lacking accu-
racy, and the extent of an epidemic was extremely subjective. Thus, 
it is common to note that the first outbreak described in the 
Western World was that of the plague of Athens for which 
Thucydides rather precisely reported the symptoms; today this epi-
demic has often been attributed to typhus through its clinical pic-
ture and epidemic profile [4].

The first historically recorded outbreaks due to viral agents 
date to antiquity when the Roman armies were returning from 
distant countries bringing with them “exotic” diseases. Indeed, the 
rise of a “new” virus is an extremely rare event. Most often, in 
terms of pathogen emergence, a virus adapts through mutation 
and selection pressure to a human host causing disease. Presumably, 
smallpox, measles, and influenza were among the plagues that 
struck the ancient Latins in gusts of epidemics more or less severe. 
The Antonin plague that extended from 167 to 172 AD in much 
of Western Europe, when the troops of Emperor Lucius Verus 
returned from war against the Parthians, is often attributed to a 
smallpox pandemic by historians. In the Middle Ages, it seems that 
smallpox made a return around 541  AD to France, Germany, 
Belgium, and the British Islands [5]. The acute respiratory infec-
tions reported during the winter of 876–877 AD accompanying 
the return of the Carolingian armies from Italy have been attrib-
uted by historians to a flu epidemic. Many soldiers of Charlemagne 
died then. The disease returned regularly and fiercely in 927 and 
1105 AD to the western European peninsula [6, 7] (Table 2).

From the plague (sensu lato, including all transmissible diseases) of 
antiquity, to the severe acute respiratory syndrome that emerged 
on the eve of the third millennium, pandemics have followed in the 
history of mankind. As noted by Mirko Grmek, a historian of med-
icine, it seems that one pandemic will drive in another. If several 
diseases circulate concomitantly, one of them will take precedence 
over the other, an epidemic over the previous, and it is more likely 
that a pandemic will prevail [8]. Plague temporarily replaced the 
leprosy that appeared in Eurasia for over 50,000 years; during the 
first millennium, plague was manifested by successive pandemics 
that crossed continents. During the first half of the past millen-
nium, syphilis started its expansions, crossed oceans, and became 
global. Tuberculosis originated in Europe more than 15,000 years 
ago, but it was only at the turn of the seventeenth century that it 
was considered a pandemic; smallpox was also manifest as epidem-
ics and then was pandemic at its peak in the late nineteenth cen-
tury, then smallpox persisted until the Jenner area. Although early 
medical records of smallpox are available (Egypt, China, India), 
large and devastating epidemics were only identified in the late 
fifteenth century of the millennium. Smallpox was introduced into 
the Americas by Spanish settlers in the Caribbean island of 
Hispaniola in 1492 and arrived in Mexico in 1509. On Hispaniola 

1.3  Past and Present 
Viral Pandemics

Jean-Paul Gonzalez et al.



7

Table 2 
Viral pandemics

Disease Origin Inception/end Morbidity/mortality

Measles virus 
(Paramyxoviridae)

Measles Asia, Northern 
Africa

Third centurya /200mb

Variola virus 
(Poxviridae)

Smallpox North Eastern 
Africa

Tenth 
century–1979c

50m year/20 m

Yellow fever virus 
(Flaviviridae)

Yellow fever Africa Fourteenth 
centuryd -

30–70m/year

Influenza A virus 
(Orthomyxoviridae)

Pandemic flu Northern 
China

1580e /0.023%

Influenza A virus 
(Orthomyxoviridae)

Russian flu Uzbekistan 1889–1890 /1m

Poliovirus 
(Enteroviridae)

Poliomyelitis Western 
hemisphere

1900–1960s /5%

Influenza A virus H1N1 
(Orthomyxoviridae)

Spanish flu US Kansas 1918–1919 /50m

Influenza A virus H2N2 
(Orthomyxoviridae)

Asian flu China 1956–1958 /2m

Marburgviruses 
(Filoviridae)

Marburg virus 
disease

Eastern Africa? 1967f /55%

Influenza A virus H3N2 
flu 
(Orthomyxoviridae)

Hong Kong flu Hong Kong 1968–1969 /1m

Crimean-Congo 
hemorrhagic fever 
virus (Nairoviridae)

Crimean-Congo HF Central Africa 1969 - g /40%

Lassa virus 
(Arenaviridae)

Lassa fever Western Africa 1969 - h

Ebolaviruses 
(Filoviridae)

Ebola virus disease Central Africa 1976 - i >30,000/50%

HIV-1, −2 
(Lentiviridae)

HIV/AIDS Cameroon 1981–2012 35.3m/25m

Rift Valley fever virus 
(Phenuiviridae)

Rift Valley fever North East 
Africaj

1987–2000 /1%

SARS-CoV 
(Coronavirinae)

SARSk China 2003 - /36%

(continued)

Predicting HFV Pandemics
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Island, one third of a million of the inhabitants died of smallpox in 
the following 20 years. Smallpox devastated the native Amerindian 
population and was an important factor in the conquest of the 
Aztecs and the Incas by the Spaniards [9]. In 1545, 8000 children 
died in Goa, India, from a smallpox epidemic. In Europe, smallpox 
was a leading cause of death in the eighteenth century, killing an 
estimated 400,000 Europeans each year [10]. During the twenti-
eth century, it is estimated that smallpox was responsible for  
300–500 million deaths. The last known natural case of smallpox 
occurred in Somalia in 1977 [11].

It is only at the end of the first millennium that all these pathol-
ogies were better understood and their infectious origins eluci-
dated. The first pandemic of the twentieth century was attributed 
to the H1N1 Spanish Flu that emerged in Kansas in 1918. 
However, this “flu pandemic” is now thought to have had sub-
epidemic circulation earlier in France or Germany or even prior 
emergence in China in 1916 or 1917 [12], and to be exascerbated 
by concurrent bacterial infections. Although it burned out quickly 
by 1920, it has been estimated that one third of the world’s popu-
lation was afflicted; 50 million people died, half of them in the first 
25 weeks of the outbreak.

Since the 1960s, the frequency and magnitude of dengue fever 
epidemics increased dramatically as the viruses and the mosquito 
vectors have both expanded geographically in pandemic proportions 
[13] largely extending the pandemic to all the intertropical zone. 
In the early 1980s, human immunodeficiency viruses (HIV-1 and 
HIV-2) spread as an acquired immunodeficiency syndrome 
(AIDS), a pandemic that continues to take its terrible toll at the 
global level. Since the emergence of AIDS, 78 million people have 
been infected and 39 million have died. According to World Health 

Disease Origin Inception/end Morbidity/mortality

MERS-CoV 
(Coronavirinae)

MERS-CoV Saudi Arabia 2012 - /36%

Ebola virus (Filoviridae) Ebola virus disease Guinea 
(Western 
Africa)

2014–2016 2000

a“-” = uncertainty about virus circulation and endemics
bm = million
ceradicated
dc. = century
eLarge pandemic occurring every 10–30 years
fWest Germany, Yugoslavia and then discovered in Africa
gOccurred South of 50 °N latitude then extended to the Western Asia, Balkans, Asia
hImported cases to Canada, Germany, Israel, Japan, Netherlands, United Kingdom, USA
iContinental sparse repetitive epidemics in different countries, expansion within the African Rain forest
jExpansion to Western Africa and Western Asia (and also Saudi Arabia, Yemen)
kSevere acute respiratory syndrome

Table 2  (continued)

Jean-Paul Gonzalez et al.
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Organization updates, as of June 2015 only 17 million people 
were accessing antiretroviral treatment and among them, seven of 
ten pregnant women received treatment.

In 2003, a severe acute respiratory syndrome, SARS, inaugu-
rated the twenty-first century as a first pandemic of the millen-
nium, involving more than 24 countries with secondary epidemic 
chains in Asia, Europe, North America, South America, and a total 
of 8098 cases [14].

Ultimately, one of the major characteristics that defines today’s 
pandemics, apart from the introduction of the disease within sev-
eral continents or the rapid expansion across the administrative 
borders of countries, is the initiation of locally active transmission 
of the pathogen. Although, the first Ebola virus disease outbreak 
of Western Africa was considered a pandemic and witnessed several 
exported cases with secondary epidemic chains in distant countries 
of the African continent (i.e., Nigeria, Mali), outside of Africa, 
exported cases rarely sparked local transmission.

Emergence from a sporadic case to an outbreak, to an epidemic, and 
ultimately to a pandemic depends upon effective transmission among 
nonimmune hosts, host availability (density), characteristics of the 
vector (natural or human made) that would enable it to circumvent 
distances, and the pathogen infectiousness. All these dynamics are 
essential for an effective disease transmission and spread. An out-
break is a sudden increase in occurrences of a disease in a particular 
time and place, more localized than an epidemic. An epidemic occurs 
as the disease spreads to a large number of people in a given popula-
tion within a short period of time. To spark an epidemic chain of 
transmission depends on factors like immune population density, 
virus infectiousness, promiscuity, vulnerability, etc., while the effi-
ciency of such transmission depends on how many persons will be 
infected by one person (i.e., the reproductive ratio or R0). An epi-
demic event will therefore expand in space (beyond the first cluster 
of cases) and time (rapid spread). A pandemic is essentially spatial, 
and represents an epidemic of infectious disease that has spread 
through human populations across a large region, extensively across 
two or more continents, to worldwide. However, all these typolo-
gies harbor the same fundamentals: emergence from one index case, 
transmission from one host to another, and spatial expansion. 
Altogether, an epidemic and a pandemic are respectively a local and 
a global network of interconnected infectious disease outbreaks (i.e., 
epidemic chains). Ultimately, understanding how disease (i.e., 
pathogens) spread in the social system is fundamental in order to 
prevent and control outbreaks, with broad implications for a func-
tioning health system and its associated costs [15]. Also, after the last 
case occurs at the end of an epidemic, the goal is to control the risk 
of transmission for a 21-day time period. This three-week period 
represents an incubation when the infected subject does not trans-
mit the virus and remains asymptomatic. The “21 days” is based on 

1.4  Understanding 
the Transition 
from Outbreak, 
to Epidemic, 
to Pandemic.

1.4.1  From Focal 
to Global

Predicting HFV Pandemics
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experimental methods use in virology to detect virus replication: 
Influenza virus infected eggs should hatch in 21  days, there is a 
21-day limit for an arbovirus to infect a living model (suckling mice, 
mice, rats, guinea pigs, cell lines). Moreover, most viral infectious 
diseases have a maximal incubation period of 21  days, with few 
exceptions (e.g., HIV, and rabies). Ultimately, such 21-day periods 
multiplied by the potential of a carrier to travel will produce the risk 
area for the emergence of secondary cases (from a walking distance 
to the long distances covered by commercial jets). However, it is 
important to clarify that many VHF including Ebola virus can be 
carried by an asymptomatic host for several months [16, 17].

The mode of transmission profiles the epidemic pattern of a 
transmissible disease. It is extremely helpful when a disease emerges 
to rapidly surmise the mode of transmission and how to respond 
(e.g., water-borne disease, arthropod-borne disease, human-to-
human transmission). Pathogen transmission can be interspecific or 
hetero-specific, direct or indirect. Direct transmission occurs by 
close contact with infected biological products (e.g., blood, urine, 
saliva). Indirect transmission occurs with intermediate hosts such as 
arthropod vectors (e.g., mosquito, tick) or mammalian vector/res-
ervoir (e.g., rodent, chiropteran) or from infected environmental 
means (e.g., soil, water, etc.). Mobility and transportation are the 
main factors for diseases dispersion, as an emblematic example, one 
can simply show how the 2013–2016 EVD outbreak of Western 
Africa expanded due to the transportation of patients during their 
21-day incubation periods, first by foot-paths, then by motorbike, 
then taxis and public transportation, finally becoming a global con-
cern with patients traveling by boat or commercial airline [18, 19].

Host population density and promiscuity, crowded places (like 
schools, markets, mass transportation system) also play an impor-
tant role in the efficiency of transmission as well as the level of herd 
immunity (e.g., annual pandemic flu), altogether this gives us the 
level of population susceptibility (i.e., vulnerability). Environmental 
factors can also be major drivers of pathogen expansion, for exam-
ple the emergence of Nipah encephalitis. The Nipah virus, when it 
emerged for the first time in Malaysia in 1998, was transported  
by its natural host, a frugivorous chiropteran. A year earlier, an 
immense forest fire affecting several Indonesian islands had forced 
the escape of disease-carrying bats that took refuge in Malaysian 
orchards, planted to nurture newly developed pig farms. Both pigs 
and farmers became infected and Nipah virus was discovered  
for the first time. Another classical example, more associated with 
human environment and behavior, is the old story of the spread of 
dengue virus via the used tires carrying infected Aedes aegypti eggs 
and transporting dengue across oceans and continents [20].

Understanding the mechanisms of transmission and expansion 
of disease vectors with respect to the typology (epidemic pattern) of 
a disease is the ultimate challenge for controlling and preventing 

1.4.2  Transmission 
and Spread
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disease. Typologies from human-to-human transmission, zoonotic 
diseases, arboviruses, water-borne diseases, and others play different 
roles in the rate of disease spread and need to be clearly understood. 
Finally, while an epidemic pattern is driven intrinsically by the virus 
and its vector, the host population, the mode of transmission, and 
even the human environment (e.g., population density, urbaniza-
tion, agricultural practices, health system, public health policies) as 
well as physical environment (season, meteorology, climate chang-
ing, latitude, altitude) factor into the rate of disease spread.

With respect to pandemic risk (the rapidity and area covered by 
disease), the main characteristics of a virus are found in its environ-
mental persistence while remaining infectious. Environmental per-
sistence depends on: virus structure, enveloped viruses are more 
sensitive than the naked viruses; its mode of entry into the body of 
the susceptible subject (transdermal, oral, respiratory); its ability to 
diffuse out of the body for a sufficient period of time which will, in 
turn, enable transmission to a greater number of subjects (R0). 
Altogether these intrinsic factors link to the infectivity of the virus, 
indeed, viruses transmitted by aerosol possess certainly the most 
efficient way to spark an epidemic that increases with population 
density and vulnerability as well as with the resistance of the virus 
to environmental factors outside the host cells.

The cycle of transmission shapes the epidemic in time and spatial 
dispersion. For example, animal to human zoonoses are dictated 
by chance encounters between host (population density, animal 
farming, pets, hunting) and, eventually transmission such as that 
observed between human and nonhuman primates [21]. Vector-
transmitted diseases (i.e., arthropod-borne diseases) depend on 
the vector ecology (ability to transmit, length of the intrinsic cycle 
of the virus, trophic preferences, vector density, seasonality, repro-
duction, breeding sites, food abundance for hematophagous 
arthropods). Mobility of hosts/vectors that are part of the natural 
cycle will also play a role in the potential for disease expansion 
(e.g., mosquito-flying distance, cattle transhumance, human migra-
tion). Also, other factors associated with the hosts will render a more 
efficient transmission: human behaviors like fear/social responses, 
nosocomial infections, super-spreaders); viruses having multiple nat-
ural hosts (vicariates) or vectors; vectors with multiple trophic pref-
erences (e.g., biting cattle, birds, and primates); the incubation 
period in the vertebrate hosts as well as the intrinsic replication in 
the arthropod vectors will also intervene; ultimately subclinical 
infection is also an underestimated factor of virus dispersion and 
transmission that modifies the epidemiological pattern of disease.

One can distinguish also a typology of communicable diseases 
that reflects the spatial and temporal mode of transmission includ-
ing arthropod-borne transmission, human-to-human transmission, 
human-to-animal (and vice versa) transmitted diseases (i.e., zoo-

1.4.3  The Virus

1.4.4  Hosts
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noses) including vector and nonvector transmitted diseases, and 
some other types of environmentally transmitted diseases. All of 
them represent unique types of transmission and risk of spread 
with a variable path of time, and also dependent on multiple factors 
(environment, climate, behavior, etc.).

We have to consider territories as spaces where disease can potentially 
expand and that can be characterized by the fundamental factors of 
emergence and spread: the vulnerability of the population, the level 
of favorable transmission factors, and the probability for the population 
to be exposed to the virus. VHF are exemplary for their epidemic 
patterns of expansion dependent on the above reviewed factors (i.e., 
fundamentals of emergence) and their epidemiological characteristics 
(i.e., virus, host, environments). For example, let us consider the 
control of arenavirus spread by their strong host-species association. 
On a geological time scale, arenaviruses such as the agent for 
Argentinian hemorrhagic fever (AHF) coevolved with their natural 
rodent host and then spread according to the expansion of the rodent 
host. One host–one virus ultimately produces a localized endemic 
cycle, the distribution of the disease overlaps the distribution of the 
rodent host while enzootic patterns appear naturally limited to an 
ecosystem (e.g., local rodent populations, behaviors, and environ-
mental factors). Hantaviruses also appear as a global complex, result-
ing from the coevolution of virus and rodent hosts and a global 
dispersion of generally localized enzootic diseases [22–24]. As for the 
pandemic risk associated with a natural virus reservoir, chiropterans 
are unique flying and migratory mammals that have been associated 
with filoviruses and other viruses of major public health importance 
[25], their potential as vectors will eventually favor the spread of 
these viruses into new territories. Also because there is potential for a 
long coevolution, epidemiological patterns are also dependent on 
virus-host spillover, host vicariate, and other environmental factors 
(e.g., climate change and man-made changes in land use). Other 
arboviruses such as yellow fever virus, dengue virus, as well as West 
Nile, chikungunya, or Zika viruses show a pandemic risk associated 
with the existing distribution of their respective arthropod vector, 
vector density, and ability to transmit virus.

Investigating the fundamental factors of transmission and 
favorable territories for disease emergence are necessary to evaluate 
the risk, respond to the epidemic, and control its expansion from 
an index case to a pandemic. Ultimately, when the fundamentals 
are understood and epidemic/pandemic risk identified, suitable 
emergency funding needs to be identified and made available in 
endemic areas to insure political willingness and community par-
ticipation. Ultimately, a suitable response will improve biosurveil-
lance, data processing, communication, strategic immunization 
campaigns, and research for future risk prevention. Several emblem-
atic VHF and their original “epidemiological engineering” are pre-
sented in herein.

1.4.5  Territories
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2  Viral Hemorrhagic Fevers

VHF such as Ebola Virus Disease, Lassa fever, Rift Valley fever, or 
Marburg virus disease are highly contagious and deadly diseases, 
with potential to become pandemics. Remarkably, VHF are essen-
tially caused by viruses of eight families; Arenaviridae, Filoviridae, 
Hantaviridae, Nairoviridae, Peribunyaviridae, Phenuiviridae, 
Flaviviridae, and more recently Rhabdoviridae [26] (Table 3).

Hemorrhagic fever viruses (HFV) have been classified as 
“Select Agents” because they are considered to pose a severe threat 
to both human and animal health due to high mortality rate, 
human-to-human transmission, and, in some cases, the potential 
to be aerosolized and used as bioweapons [27]. Each of these HFV 
shares some common features that define the nosology of the VHF 
group, from virus structures to the clinical and epidemiological 
characteristics of their diseases.

2.1  Viral 
Hemorrhagic Fevers 
and Hemorrhagic 
Fever Viruses

Table 3 
Viral hemorrhagic fever emergence and pandemics

Date Diseasea Place Typea

3000 BCEb Yellow fever Africa E

1976 to date Yellow fever Nigeria LEE

Seventeenth century to 1998 Yellow fever Brazil LEE

1952 (1978c) HFRS Korea E

1976 EVD DRC E

2014 EVD Western Africa P

1967 MVD Europe E

1953 DF/DHF South East Asia E, LEE

1970s DF/DHF Oceania, Central and South America E, LEE, P

1980s DF/DHF Africa E, LEE, P

1969 Lassa fever Nigeria E

1972 Lassa fever Liberia, Sierra Leone LEE

Twelfth century (1944d) CCHF Central Asia (Crimea) E

1956 CCHF Africa (DRC) E

Mid 1900s CCHF Western Asia LEE
aE is Emergence; P is Pandemic; LEE is Large Emerging Events
bFrom the third millennium to the present, multiple outbreaks of yellow fever were recorded in Africa, largely spreading 
as long-term pandemics to the Americas during the seventeenth century and thereafter
cHantavirus identified as a hitherto etiologic agent
dCCHF virus isolation
eHFRS is hemorrhagic fever with renal syndrome; EVD is Ebola virus disease, DF/DHF is dengue fever/severe dengue; 
CCHF is Crimean-Congo hemorrhagic fever virus

Predicting HFV Pandemics
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–– HFV are RNA viruses with envelope proteins embedded in a 
lipid bilayer, they are dependent on their animal and/or insect 
hosts for survival, and their geographical spread overlaps the 
areas where their natural hosts live.

–– HFV spread person-to-person through direct contact with symp-
tomatic or asymptomatic patients, body fluids, or cadavers.

–– VHF can have a zoonotic origin, as when humans have contact 
with infected livestock via slaughter or consumption of raw 
meat, unpasteurized milk, bushmeat, inhalation or contact 
with materials contaminated with excreta from rodents or bats.

–– HFV can be vector-borne, i.e., transmitted via rodents, mos-
quitos, and ticks.

–– VHF are zoonotic diseases. Accidental transmission from the 
natural host to humans can eventually lead to human-to-human 
transmission, human infection, and sporadic outbreaks.

–– With a few noteworthy exceptions (i.e., ribavirin), there is no 
cure or established drug treatment for VHF, while limited 
vaccines could be available, including YF, AHF, and RVF (the 
latter is for animals only).

–– VHF have common features: they affect many organs, they 
damage blood vessels, and they affect the body’s ability to reg-
ulate itself. Clinical case definitions describe VHF with at least 
two of the following clinical signs: hemorrhagic or purpuric 
rash; epistaxis, hematemesis, hemoptysis, melena, among other 
hemorrhagic symptoms without known predisposing host fac-
tors for hemorrhagic manifestations. In fact, during an epi-
demic, all infected patients do not show these signs and a 
specific case definition needs to be defined in accordance with 
the suspected or proven viral etiology of the disease [28].  
Also, VHF pathogenesis encompasses a variety of mechanisms 
including: (1) alteration of hepatic synthesis of coagulation 
factors, cytokine storm, increased vascular permeability, com-
plement activation, disseminated intravascular coagulation. 
Moreover, severe pathogenic syndrome is often supported by 
an ineffective immunity, high viral loads, and severe plasma 
leakage and co-infection with other pathogens [29].

The present chapter will mainly focus on the factors that can spe-
cifically and eventually contribute to a pandemic risk and how did 
we learn from historical spread of the VHF.

The yellow fever disease pandemic is thought to have originated in 
Africa, where the virus emerged in East or Central Africa and spread 
to Western Africa. In the seventeenth century, it spread to South 
America through the “triangular” slave trade, after which several 
major outbreaks occurred in the Americas, Africa, and Europe [30, 
31]. The yellow fever vaccine is a fantastic gift from pioneering vac-

2.2  Study Cases: VHF 
Pandemic Risk Today

2.2.1  Yellow Fever Virus, 
YFV: A Timeless Plague
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cinology; it is efficient, affordable for developing countries, and 
protects for at least a decade or even life-long. However, YF remains 
a particular concern at the global level and the number of cases has 
unexpectedly increased this past decade. Nowadays, YFV causes 
200,000 infections and 30,000 deaths every year, with nearly 90% 
occurring in Africa. Nearly a billion people live in an endemic area 
[32]. Although YFV is common in tropical areas of South America 
and Africa, it has never been isolated in Asia [33]. Ultimately, the 
pandemic risk is there, from the uncontrolled epidemic as for exam-
ple in the inland remote area of the Brazilian Mato Grosso state, to 
the recent burst of epidemics in West and Central Africa including 
Angola, DRC, as well as imported cases in Kenya and China [34, 
35]. Indeed, the risk of a pandemic exists if any imported case goes 
to an area where the fundamentals of emergence are present (i.e., 
Aedes aegypti and a nonimmune human population). For years it 
has been stressed that YF coverage needs to be exhaustive in the 
endemic area, and the WHO international health regulations (IHR) 
need to be strictly respected when peoples are crossing frontiers to 
or from an endemic area [36].

Even though the virus was known to actively circulate in Asia, North 
America, and Africa 200 years ago, a global pandemic of dengue 
fever began in Southeast Asia in the 1950s [37, 38]. Dengue virus 
(DENV) expansion was followed by the emergence of a DHF pan-
demic that occurred in the late twentieth century (see above, the 
“tire-mosquito larvae connection”). By the end of the century, 
DHF emerged in the Pacific and the Americas, and extended to all 
Asian continents [32]. Lately, in the 1980s, epidemic dengue fever 
occurs in Africa, with a predominant activity in East Africa, while 
sylvatic DENV circulation was described in Western Africa [39]. 
The different dengue virus serotypes spread also independently to 
all continents. While it is remarkable that infection with one sero-
type does not provide cross-protective immunity against the others, 
epidemics caused by multiple serotypes became more frequent, and 
highly pathogenic DENV were identified [40]. Dengue fever to 
date has a global distribution with an estimated 2.5 billion people at 
risk. Yearly, hundreds of thousands of DHF cases occur [32]. 
Altogether, the requirements for a DHF pandemic are globally pres-
ent [41]: the highly competent Aedes aegypti and Aedes albopictus 
DENV vectors, the globally distributed DENV serotypes and highly 
pathogenic strains, and finally, climate change that opens new breed-
ing opportunities for these mosquitoes to expand and eventually 
transmit imported DENV into new populations and territories [42]. 
Mankind will have to live with this pandemic until the new DENV 
vaccines can be implemented.

In 1967, an unknown disease was reported by a group of labo
ratory workers in West Germany and former Yugoslavia [43]. Over  
the course of 2 months, 31 cases and seven deaths occurred. 

2.2.2  Dengue 
Hemorrhagic Fever, DHF: 
An Expanding Pathogeny

2.2.3  Marburg Virus 
Disease: A Brief, 
but Disturbing History
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Conclusions made by treating physicians at the time (and published 
shortly thereafter) highlighted the following: high fatality rate, risk 
of relapse; risk of sexual transmission [38]. A connection was made 
to infected African primates, Chlorocebus aethiops, when laboratory 
workers were exposed to their imported tissues. It took 43 years to 
effectively connect Marburg virus, MARV, to a bat, Rousettus 
aegyptiacus, as a natural MARV reservoir in Central Africa [44]. 
MARV is considered to be extremely dangerous for humans, is 
classified as a Risk Group 4 Pathogen, and also is listed as a Select 
Agent; however, the pandemic risk cannot be assessed because only 
four epidemics have occurred. Although MARV expansion appears 
to be limited to a few countries in Africa, the recent emergence 
(estimated at a few decades ago) of a second human pathogenic 
marburgvirus known as Ravn virus, and the widely distributed Old 
World rousette fruit bats (Rousettus spp.) serving as reservoir for 
both viruses [45], are two factors that favor pandemic risk.

Although more than 35 years after its emergence from a remote 
area on the Ebola river in the Central African rain forest, Ebola 
virus (EBOV) remained hidden in a cryptic natural cycle. Then a 
series of 23 outbreaks occurred in the large Congolese rain forest 
of Central Africa [46]. The epidemic risk was always considered to 
be localized and circumscribed [47]. Then, suddenly without 
warning, in the late months of 2013, EBOV emerged for the first 
time in a remote area of Western Africa and sparked an outbreak 
more massive than ever witnessed before. More than 28,000 peo-
ple were infected, ten countries recorded cases (transmitted or 
imported), the pandemic risk raised fear, and WHO declared it as 
an international health emergency that requires a coordinated 
global approach [48].

Besides the lack of preparedness of national and international 
public health systems, the other major factor that played an 
immense role for the dispersion of EVD in Western Africa was  
the extreme mobility of village populations. They followed the 
Kissidougou forest foot-paths to the towns in Guinea using motor-
bikes, cars, and other public transportation, then later EVD trav-
eled by plane to the global level. The EVD epidemic went from 
outbreak to pandemic risk. Like Marburg virus, another member 
of the Filoviridae, Ebola virus, shares bats as a potential virus res-
ervoir, human and nonhuman primates are highly sensitive to the 
virus, and inter-epidemic periods play an important role since the 
epidemic silences tend to diminish the attention of health services 
and increase epidemic risk. In this way, the first Western African 
EVD epidemic is exemplary for showing the hidden risks contained 
in the natural cycle of a virus, and the sudden emergence followed 
by an unprecedented velocity of spreading. In the absence of bio-
surveillance, a pandemic risk remains.

2.2.4  Ebola Virus 
Disease: Disconcerting 
and Cryptic Silent Periods
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Hemorrhagic Fever with Renal Syndrome, HFRS, appears first as a 
global concern of one virus family, several human pathogenic 
viruses of the genus Orthohantavirus, multiple clinical presenta-
tions, and different epidemiological patterns [49]. Hantaviruses 
and HFRS were first described in Asia [50]; nowadays, Hantaviruses 
are the cause of zoonoses that are expanding worldwide. Indeed, 
since 1993 when a previously unknown hantavirus was implicated 
in the first hantavirus pulmonary syndrome (HPS) outbreak in the 
United States, several other hantavirus infections were reported in 
western Europe, and then hantaviruses were described in South 
America. Ultimately, after an early suspicion of the presence of the 
Hantaviruses in Africa [51], a novel hantavirus, Sangassou virus, 
was isolated in 2012 in Guinea [52]. Altogether we observed the 
emergence of the Hantaviridae in the Western hemisphere, from 
the old World to the new World, and recently discovered its first 
tentative steps on the African continent. With respect to the 
Orthohantavirus genus, a real pandemic exists even when multiple 
viruses are involved. Ultimately, as for the Arenaviridae, hosts are 
specific and certainly the major vectors of virus dispersion.

The Arenaviridae includes 33 different viral species grouped as 
Old or New World arenaviruses [53], each is maintained by rodents 
of individual species as natural reservoir host and as vector for the 
viruses that are human pathogens. The rodent hosts are chronically 
infected without obvious illness and they pass virus vertically to 
their offspring. De facto, the distribution of the virus covers that of 
its natural hosts but is isolated in an ecosystem generally limited by 
natural barriers, e.g., mountains, river. A phenomenon in which 
rodent lineages are naturally infected by a virus and remain in such 
a limited environment is called “nidality” [54]. This is what it is 
observed for Argentinian HF, Venezuelan HF, Bolivian HF, and 
Lassa HF. Regarding the pandemic risk of any of these HF, arena-
viruses because of their strict association with their natural hosts, 
like the hantaviruses, have their expansion potential limited by 
their natural hosts even though the latter are widely spread and 
could certainly be infected. Such risk lies in an unexpected encoun-
ter between infected and noninfected populations under the pres-
sures of (as yet unknown) factors that favor their migration from 
enzootic to non-enzootic areas. In that matter, lymphocytic cho-
riomeningitis virus, another member of the Arenaviridae, has a 
worldwide distribution through its domesticated natural host, the 
ubiquitous house mouse, Mus musculus.

Although Crimean-Congo hemorrhagic fever, CCHF, is a wide-
spread disease endemic to Africa, the Balkans, Western Asia, and 
Asian countries south of the 50th parallel North, it is generally 
transmitted by ticks to livestock or humans and therefore geo-
graphically limited to regions where tick vectors feed on humans. 

2.2.5  Hemorrhagic Fever 
with Renal Syndrome: No 
Pandemic Risk 
but a Recently Growing 
Ancient Family That Can 
Still Be Surprising

2.2.6  Lassa Fever 
and Other Arenaviruses: 
A Global Dispersion 
with Localized Epidemics

2.2.7  Crimean-Congo 
Hemorragic Fever: 
An Emerging Threat
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Although the competent ixodid vector is limited, as is the abun-
dance of their natural hosts, climate change modifies the distribu-
tion and abundance of tick hosts (i.e., tick abundance) [55]. 
Additionally the CCHFV pandemic risk is limited by low mobility, 
geographical repartition, and seasonal activity, although its main 
natural hosts are widely dispersed from Africa, to Asia and Europe 
[56]. Ultimately, human-to-human transmission occurs from close 
contact with the blood, secretions, or other biological fluids of 
infected persons but these remain rare events with a R0  <  1. 
Altogether, a CCHF pandemic risk remains hypothetical but 
underlined by the risk of human-to-human transmission [57].

As for CCHF, Rift Valley fever, RVF, is first a disease of cattle and 
illustrates a unique subcontinental zoonotic spread along the path 
of traditional herders. RVF became a transcontinental risk with 
trade and transportation when the virus spread from North East 
Africa to Western Africa, and even to Madagascar [58]. If one con
siders its pandemic risk, with respect to RVF epidemiology as a 
mosquito-transmitted disease, two factors have to play concomi-
tantly: the presence of infected cattle (i.e., nonimmune) and 
competent mosquito abundance, both considered hazards, while 
concretizing the risks from human vulnerability (nonimmune; 
mosquito bite; direct exposure to infected blood).

3  Response Preparedness

In order to streamline the prevention and the actions to reduce 
epidemic risk, the various elements involved in an outbreak are 
here considered from a systemic point of view, considering the risk 
as the convergence of a hazard and vulnerability:

–– The presence of the threat (or “hazard” pathogen, i.e., vector, 
virus reservoir) is considered to be a necessary—but not suffi-
cient—condition for the development of a disease. It is often 
known only in terms of probabilities, sometimes very low and 
therefore often subject to significant random variability in time 
and space. We often seek to evaluate the spatial and temporal 
differences of this probability, trying to measure its signifi-
cance. Sometimes, it only uses one character necessary to the 
presence of the pathogen or vector (e.g., the presence of water, 
a minimum temperature, a type of vegetation).

–– The susceptibility of the host (which is essentially linked to 
individual characters, genetic, biological, such as immune sta-
tus or age) is individual, and often given by a probability.

–– Direct exposure of the host to the hazard is an element of 
active vulnerability, depending on the behavior of the host that 
increases the likelihood of contact between host and hazard by 

2.2.8  Rift Valley Fever

3.1  Framework
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exposing it to an environment conducive to his presence (e.g., 
travel and contacts, professional activities). It also includes all 
the known “risk” behaviors that increase the likelihood of 
direct exposure to the hazard.

–– Passive vulnerability of the host, which is not directly depen-
dent on the pathology, is not even necessary nor sufficient for 
pathology, but influences the exposure of the host to the 
hazard or to protection from the pathology. This protection 
consists of prophylaxis, access to care, availability of care. It is 
independent of the real presence of the hazard; the host can be 
vulnerable without being exposed to the threat. The vulnera-
bility is often defined by several levels (individual, context). It 
is very often “spatial” as linked to phenomena of segregation 
or spatial concentration. This is an area primarily studied by 
geography.

Ultimately, this vision can differentiate what is active, often 
subject to high variability, random in time and space (the emer-
gence or the presence of hazards is often difficult if not impossible 
to control) from what is passive, generally situated among more 
stable population levels (sensitivities, exhibitions, behaviors, and 
vulnerabilities). This allows for better public health preventive 
actions, and also to understand rationally crisis situations by pre-
emptively targeting the most important elements of the system in 
terms of vulnerability, and secondly by optimizing risk reduction 
(elimination of vectors, vaccinations, quarantine, etc.). In all cases, 
these actions must be adapted to social contexts to have a real 
impact on risk behaviors and vulnerabilities that they generate, 
hence the increasing role of anthropology in the field of health.

To prevent or reduce the epidemic risk, it is necessary to act on 
each component of this system:

–– Reducing the susceptibility of the host (e.g., immunization, 
vaccination, prophylaxis).

–– Reducing host exposure to the pathogen (e.g., vector control, 
quarantine, exclusion zone).

–– Eliminating the pathogen directly (e.g., animal slaughter, dis-
infection, hygiene), or indirectly (e.g., suppress transmission).

–– Reducing host vulnerability (e.g., socio-economic, behavioral, 
access to health care system).

–– Reducing host exposure to emergency condition (e.g., real-
time data collection, warning systems for emergency, crisis 
management, implementation of treatment).

The rapid detection of emergence is the key to controlling the 
spread of an epidemic. It requires comprehensive monitoring to 
trigger alerts and all other risk-reducing actions, in particular, 
reducing the exposure of the host to the pathogen and, if possible, 

Predicting HFV Pandemics



20

the elimination of the pathogen. In parallel to the monitoring and 
warning systems, protocols must always take into account local 
characteristics of political power and decision-making bodies that 
could otherwise render ineffective year-long action plans or warn-
ing systems (for example, the management of the chikungunya epi-
demic in Reunion Island was largely impacted by bottlenecks 
related to local political system) [59].

Biosurveillance and efficiency in data collection and management 
will be the technical keys for prevention (early detection of epi-
demic risk) and forecasting epidemic emergence and spread (i.e., 
analyzing the data in near real time taking into account the vulner-
ability of a given population). Also, this can be achieved only by 
exhaustive capacity building (human and technical) mostly in the 
more vulnerable developing countries but also where the most 
advanced technology needs to be developed. Networking biosur-
veillance systems are a major undertaking from regional to global, 
involving politics and diplomacy. Taking in account the local 
characteristics of political structures and decision systems is 
fundamental.

Despite our current recognition of the risks posed by emerging 
and re-emerging infectious diseases to global public health and sta-
bility, reliable structured data remains a major gap in our ability to 
measure (and therefore manage) globally infectious diseases. WHO 
has long served as an information hub for infectious disease events 
worldwide; however, extracting quantitative data from WHO 
information bulletins (Weekly Epidemiological Record and the more 
recent Disease Outbreak News alerts) proves to be a time-consuming 
effort with limited results in terms of operability, and exists more 
for the record and future analysis. The current proliferation of geo-
spatial information tools (i.e., Geographical Information System, 
GIS) and stepwise advances in data extraction capabilities have 
made it possible to develop robust, systematic databases facilitating 
anomaly detection (like clusters), infectious disease models (and 
model evaluation), and apples-to-apples comparisons of historic 
infectious disease events worldwide. However, biosurveillance 
capabilities—the key to global prevention and health security—
remain inadequate to support true early detection and response. 
Increased access to technology, rapidly developing communications 
infrastructures, smartphone usage for suspected-case reporting, 
and global networks of (formal and informal) disease surveillance 
practitioners provide an explosive opportunity to patch and improve 
surveillance networks. The challenge is to leverage all these devel-
opments, implement technical and capacity building where needed, 
before the next epidemic with global impact emerges.

Several organizations have developed systems to collect epi-
demic information and facilitate rapid response: WHO has  
the Department of Pandemic and Epidemic Diseases (PED) that 

3.2  Global 
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Collection
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develops mechanisms to address epidemic diseases, thereby 
reducing their impact on affected populations and limiting their 
international spread. Among them some have self-explanatory 
titles: the Battle against Respiratory Viruses (BRaVe); Early War
ning and Response systems for Epidemics in emergency (EWARE); 
Emerging and Dangerous Pathogens Laboratory Network 
(EDPLN); International Coordinating Group for access to vac-
cines for epidemics (ICG); Global Infection Prevention and 
Control Network; (GIPCN ); Global Influenza Surveillance and 
Response System (GISRS); Global Leptospirosis Environmental 
Action Network (GLEAN); Meningitis Environmental Risk 
Information Technologies (MERIT); Weekly Epidemiological 
Record (WER); Emerging Diseases Clinical Assessment and 
Response Network (EDCARN). Global commitment to these 
efforts will insure their readiness in times of need.

Most certainly and most importantly, any preparedness and 
response requires emergency funding [60]. It has been estimated 
that if the Ebola virus disease response started 2 months earlier, it 
could have reduced the total number of deaths by 80% in Liberia 
and Sierra Leone [61]. We learned from this last EVD epidemic 
that in March 2015, the African Union’s Minister of Finance 
requested the African Risk Capacity (ARC) Agency to help Member 
States to better plan, prepare, and respond to devastating outbreaks 
by developing new applications for financial tools, like insurance, 
that can significantly improve the speed of funds to affected coun-
tries and shorten the time between event and response. The Agency 
is now developing an outbreak and epidemic insurance product 
primarily based on responsibly and timely budget reallocation; 
however, viruses do not wait. Moreover, the World Bank’s Pandemic 
Emergency Facility is designed to finance surge capacity and sup-
port international government partners to actively participate to 
the response. Ultimately, epidemics are not one-off events, but 
rather demonstrate financial patterns similar to other natural catas-
trophes. As natural catastrophes, large epidemics can be insured by 
creating financial mechanisms to facilitate the movement of critical 
resources within affected countries and ultimately manage the 
spread of disease and minimizing macroeconomic impact [62].

Classical tools and strategies for predicting epidemics encompass 
human disease surveillance (e.g., public health and hospital statis-
tics) and, sometimes, environmental surveys (e.g., climate, el Niño, 
earthquake, tsunami); also more recently complying with One 
Health concept, human and veterinary health as well environmental 
risk factors have been reunited in a comprehensive approach of 
Public Health risk (i.e., outbreak, epidemic risks). However, this 
heuristic approach of health remains limited to specific diseases and 
territories and does not apply as a global predictor of pandemics. 

3.3  Emergency 
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First, historical data is the only available objective view of past 
epidemics and pandemics, needs to be collected, formatted, cor-
rected, and analyzed. This will be the foundation of the different 
tools and strategies described below. In that matter, with respect to 
the depth of the past data available, time series of disease observa-
tion, modern tools such as Internet Search Data have actually led 
to the development of several specific sites (e.g., Google Flu and 
Dengue) [63], whose search-term reports have correlated strongly 
with incidence estimates in several public health reports in Europe, 
Asia, and the U.S. However, even though such tools can comple-
ment classical disease surveillance, most of these sites are geo-
graphically limited and cannot be used for live monitoring of 
epidemic risk and for Neglected Tropical Disease Surveillance  
[64, 65]. However, from such historical and live-collected data, 
health alert systems can be implemented, and prediction models 
can be developed. Moreover, thanks to the spatial analyses, com-
bining multiple data sources will provide the ultimate tools for live-
mapping an outbreak, which will lead to an efficient response when 
tools and strategy have been specifically identified (i.e., sufficient 
and available in-country heath system resources and funding; iden-
tifying variations in pathogen sequences that contribute to Ro and 
pathogenicity; monitoring population movement; etc.).

The amount of data being digitally collected and stored is expo-
nentially accumulating. It is estimated that, as of September of 
2016, the World Wide Web reached 5.02 billion pages containing 
eight zettabytes of accessible data, and the accumulation of infor-
mation is growing around 40% every year [66]. This situation has 
generated much discussion about how to use the unprecedented 
availability of information and computational resources and  
the sophistication of new analytic and visualization algorithms for 
decision-making to reduce the impact of infectious diseases. In 
fact, it is argued that the paradigm of “Big Data” will change not 
only the way business and research is done, but significantly 
improve the understanding of factors leading to the emergence of 
infectious diseases. Big Data could lead to the implementation of a 
decentralized biosurveillance enterprise allowing organizations 
and individuals to take full advantage of a large collection of dispa-
rate, unstructured qualitative, and quantitative datasets. With the 
proper integration and the right analytics, Big Data could find 
unusual data trends leading to better pathogen detection systems, 
as well as therapeutic and prophylactic countermeasures. However, 
the impact of these analyses and forecasts depends not only on how 
the data is collected, ingested, disambiguated and processed, but 
also on how it is relayed in different operational contexts to users 
with different backgrounds and understandings of technology. 
While impressive in data mining capabilities, real-time content 
analysis of social media data misses much of the factual complexity. 

3.4.1  “Big Data” Analysis
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Quality issues within freeform user-provided hashtags and biased 
referencing can significantly undermine our confidence in the 
information obtained to make critical decisions about the natural 
versus intentional emergence of a pathogen.

Risk factors associated with a health event in a population are often 
linked to environmental factors (Fig. 1). They are also linked to 
spatial relationships between individuals, especially for infectious 
diseases. The geographical distribution of these phenomena reflects 
spatial relationships. Beyond “classic” epidemiology mainly based 
on statistical analysis, using the location and spatial distribution is 
essential in the understanding of health events and analysis of their 
mechanisms.

Spatial analysis in epidemiology is a method to help determine 
the location (georeferenced) of risk factors. It allows one to iden-
tify the spatial and temporal differentiation in the distribution of 
events, using their location in time and space. When the location is 
available, with precision for each studied object (i.e., individuals or 
geographical units), it is possible to:

–– Characterize the overall spatial distribution, using synthetic 
indices on the absolute position of an object, on the average 
spatial arrangement of objects or their values (grouping/

3.4.2  Spatial Analysis

Fig. 1 Mapping environmental factors that have a major impact on insect vector population (i.e., mosquitoes 
and ticks). This map of Laos constitutes the basis of a risk map showing part of the hazards contributing to 
virus vector density that could be matched with human density and pathogen prevalence leading to a risk map 
(spatial risk) and eventually extended through seasonality (temporal risk). Mean temperature and mean rain-
falls are interpolated as climatic conditions, as environmental factors influencing the presence of mosquitoes
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dispersion, spatial dependence, variogram measure of Auto
correlation Space).

–– Look for characteristics of the overall shape of the pheno
menon (tendency, shape), and search for a theoretical spatial 
distribution, or for a process to model the observed spatial 
distribution.

–– Look for unusual places (geographical centers and source sites; 
aggregates; exclusions; hot spots, cold spots), and to study the 
spatial relationships at the individual level.

–– Conduct spatiotemporal analysis: search index cases, recon-
struction of paths, diffusion models, models of extinction, etc.

–– Spatial analysis allows the development of applications for 
modeling epidemics, preparing warning systems, as well as cri-
sis management systems, risk prevention and analysis systems, 
and vaccination campaigns. Many tools for biomonitoring and 
prevention of epidemic risk have been developed (Fig. 2), as 
well as software tools to:
	(a)	 Visualize spatial distributions.
	(b)	 Synthesize and analyze position and spatial relationships 

between events (continuity, consolidation, attraction-
repulsion, shape, centrality, displacement, diffusion 
processes).

	(c)	 To analyze the relationship between spatial distribution of 
attributed values and environmental characteristics of the 
phenomenon (environmental correlations).

	(d)	 To model the phenomena of emergence, dissemination, 
extinguishment of an epidemic.

Cluster detection, space-time analysis, and spatial integration 
with environmental and demographic data are widely used in such 
warning systems.

Multiple and complex factors are associated with the emergence 
and impact of pathogens in a given geographical area. Therefore, 
public health analysts are confronted with the task to identify the 
likely, and unlikely, consequences and alternative critical outcomes 
of a given VHF outbreak. This requires the ability to monitor in 
near real time the dynamics of the geographical dissemination of 
these viruses in villages, cities, countries, continents, or the globe 
using new analytical techniques within the emerging field of 
genomic-based biosurveillance. This concept integrates microbial 
genotyping, next generation sequencing, metagenomics, big data 
and database analytics, and contextualized visualization to identify, 
characterize, and attribute known and unknown pathogens and 
generate estimates of how different contingencies will affect their 
impact [67]. A genomic-based biosurveillance system includes 

3.4.3  Genomic-Based 
Biosurveillance
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powerful microbial genomic characterization to rapidly identify a 
pathogen [67]. This characteristic makes a genomic-based biosur-
veillance a useful approach not only for public health but serves as 
a deterrence tool for intentional biological weapon development 
and deployment. The initial step consists of integration of signals 
generated by molecular-based assays and next generation DNA 
sequencing and unbiased microbial characterization for pathogen 
source tracing, attribution and forensics. While each of these tech-
niques has been discussed in the literature in detail [68], the inte-
gration of this information can yield a more extended view of the 
scale of a pathogen outbreak. The development of high-throughput 

Fig. 2 From the point of emergence of H5N1 to the pathways of spread: The exemplary case of the highly 
pathogenic avian influenza virus H5N1 in Thailand. From the emergence of one imported case (red-filled cir-
cle), the pathway direction (arrowed green lines) of H5N1 infection in farms (yellow points) is reconstituted, 
using dates of infection and distance between farms. Results show local spread with time-to-time medium 
distance jumps
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DNA sequencing technologies (i.e., DNA and cDNA forms of 
RNA viral genomes) is allowing the genomic characterization of 
previously unknown pathogens without relying on prior reference 
molecular information [69, 70]. This information is available 
within days, and even hours, of sample collection, and well before 
the development of animal infection models. Because of their por-
tability, this technology will become widely used in the next 5 years 
in routine clinical settings. However, to be clinically and epidemio-
logically relevant, DNA sequences must be rapidly and effectively 
translated into actionable information defining pathogen charac-
teristics (i.e., virulence or drug resistance), it must point to a source 
of origin, and discriminate a natural event from a manmade  
release [71]. While some government agencies are considering use 
of genomic information to develop next generation Level-0 and 
Level-1 detection/surveillance devices [72, 73], there is no refer-
ence database where researchers can retrieve standardized genomic 
signatures and motif fingerprints to develop primer-, probe-, and 
antibody-based detection technology using reference moieties. 
The impact of genomic-based biosurveillance in public health and 
biodefense will not be fully realized until addressing the current 
impracticality of transferring the terabytes of genomic data gener-
ated by DNA sequencing devices to a centralized architecture per-
forming analysis operations, as that might take hours or even days. 
Therefore, a new paradigm could emerge from encouraging the 
development of decentralized algorithms that first determine in 
situ the presence of pathogen-specific genomic signatures or motif 
fingerprints, summarize and relay the results into an operational 
biosurveillance metadata format for contextualized decision 
support.

The localized data management, time, and space required for spa-
tial analysis is performed by geographic information systems (GIS). 
These are computer systems that manage large volumes of data and 
easily use the location to perform spatial analysis. Most GIS are not 
limited to data management functions, but also integrate multiple 
analysis tools, data transformation, and cartographic representa-
tion. These are for the most part complex applications with enor-
mous features. The “GIS” designation covers a wide variety of 
software projects built according to different technical options, 
functionality, and diverse performances. A GIS is essentially a man-
agement tool (structure, organization, entry, storage), an analyti-
cal tool (statistical and geographical treatment, spatial analysis), 
and a communication tool (data visualization, descriptive map-
ping, thematic mapping, atlas). It is also a tool that allows the use 
of a spatial model for the simulation of a process, such as the devel-
opment of an epidemic. GIS facilitates the interface between mod-
eling and simulation program, and the geographic database, and 
can ultimately take over the whole of access to spatial information 

3.4.4  Database 
Management 
and Geographical 
Information System (GIS)
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needed by the modeling program. The GIS should thus be at the 
heart of organizing the collection and processing of monitoring 
data. To ensure the management of this system, it is important to 
set up a body specifying all the collection, validation, processing 
and dissemination of information and results (alerts, risk modeling, 
near real-time dissemination of results). This body must be pro-
posed and validated by political authorities, preemptively, to avoid 
further blockage and to ensure effectiveness in situations of 
epidemic crisis.

Mathematical modeling is a mathematical formulation of a param-
eter or risk; it depends on identified or hypothesized risk factors 
whose coefficients are determined by a statistical or heuristic analy-
sis from historical or observed data with the use of R0, as a basic 
reproduction rate, to timely and spatially predict the spread-speed 
of an emerging outbreak. Spatial-temporal modeling of health 
events can be seen as the final stage of the analysis. It is different 
from statistical modeling. Despite using risk factors, it considers 
the epidemic phenomenon as a whole, taking into account the spa-
tial relationships between agents (hosts, vectors, reservoirs, and 
pathogens), between individuals, and relationships between indi-
viduals and their environment. This model is thus useful for under-
standing and anticipating the epidemics, and can be generally used 
to classify individuals in different states (susceptible, infected, sick 
healed, immune) and to model the major phenomena that can 
change the state of an individual. However, when a model takes 
into account many phenomena, it can quickly become very com-
plex. The vast majority of models are simplifications of assumed 
reality. Two broad categories of methods are usually developed in 
modeling:

–– A deterministic approach, based on differential equations 
whose coefficients are adjusted from observed data, or moni-
toring data from epidemics. In this model, one can introduce 
stochastic types of components in the coefficients, studying the 
variability of observed data. Taking no account of spatial rela-
tionships is difficult in these models, which deal in general 
populations, not individuals.

–– A nondeterministic approach, which is based on agents whose 
behavior is described by expertly determined rules (multi-
agent models). The status of each agent is calculated at each 
time step, from its behavior, environment, and relations 
between the agent and all other agents. These models take into 
account a more realistic description of the phenomenon, near 
the complex system finely describing reality. They allow us to 
consider spatial relationships in each time step. These models 
require intensive calculation, and their use is made possible by 
development of the power of computer calculations.

3.4.5  Mathematical 
Modeling
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4  Conclusion

Let us first honestly address the fundamental questions about 
epdimeics and preparedness: What did we learn from all the past 
epidemics, what will we remember in times of need? Are we pre-
pared for the worst of these hypothetic pandemics abundantly illus-
trated in the cinema and unfortunately sometimes overwhelmed 
when reality goes beyond fiction? Certainly, we are not “globally” 
prepared, unfortunately, at that scale, the immense natural and 
human disparities do not permit it, but we do our best in our own 
societies. The concept of disease emergence, born only at the end of 
the twentieth century, is a societal marker, our desire to be on alert, 
understand and predict epidemics. Ultimately, there are a few, but 
necessary and difficult goals to reach for the prevention and control 
of any epidemic, also these goals are part of the development of our 
societies, as well as for education, they become part of the well-
being for all: First, beyond understanding transmission, is needed a 
clear understanding of the epidemiological pattern and the spread of 
a given disease, before it is too late; then, which is certainly one of 
the more complex and costly things to achieve, is having an efficient 
health system to respond to an epidemic and an operational network 
to respond at the regional and global levels; and last but certainly 
not a least, having identified funding for any public health emer-
gency will be crucial to changing our world. Perhaps, in a shrinking 
global community, after too many Ebola virus disease outbreaks, we 
will learn and be prepared for future epidemic challenges? The prog-
ress made, mostly by computer sciences in the overall analysis of 
health data, should serve as a tool in the prevention of major epidem-
ics. Let us ultimately use our predictions of pandemic risk to meet 
and unite beyond the current frontiers of political and social wills.
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Chapter 2

An Approach to the Identification and Phylogenetic 
Analysis of Emerging and Hemorrhagic Fever Viruses

Francisco J. Díaz, Luis E. Paternina, and Juan David Rodas

Abstract

An important aspect of virological surveillance is the identification of the detected viruses. Broad 
surveillance, that typically employs deep sequencing of collected tissue samples, provides the investigator 
with many sequence files constructed from overlapping stretches of DNA sequences. Directed surveillance 
for viruses of a specific taxonomic group provides the investigator with sequence files from cDNA ampli-
fied using specific primers to conserved viral regions. Here we will describe general approaches to identify 
hemorrhagic viral agents through phylogenetic analysis of cDNA sequences obtained during surveillance 
activities.

Key words Hemorrhagic viruses, Phylogenetics, Databases, Alignment, Genetic trees, Bioinformatics

1  �General Introduction

Viral hemorrhagic fevers (VHF) refer to a group of diseases caused 
by agents from different RNA viral families. The term “viral 
hemorrhagic fever” is used to describe the multisystem syndrome 
characterized by impairment of the vascular system, sometimes 
accompanied by hemorrhage (bleeding). Although the bleeding 
by itself is rarely the cause of death, and some types of hemorrhagic 
fever viruses can cause relatively mild illnesses, some of these viruses 
cause severe, life-threatening disease [1].

Viral hemorrhagic fevers share several features: (1) they all are 
produced by enveloped RNA viruses; (2) they are all zoonotic, 
involving transmission by insects, ticks, rodents, bats, or other wild 
or domestic reservoirs; (3) they are geographically restricted to the 
areas where their hosts live; (4) humans are usually incidental hosts 
that are sporadically infected, but in some cases, they can also 
transmit these viruses to other humans; and (5) outbreaks cannot 
be easily predicted, and there are very few antiviral treatments and 
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vaccines available [1]. So far, most of the agents associated with 
HF have been found within the following four viral families:

Filoviridae: Ebola and Marburg virus diseases
Arenaviridae: Lassa fever, Lujo, Guanarito, Machupo, Junín, 

Sabiá, and Chapare viruses
Bunyavirales: Rift Valley fever (mosquito-borne), Crimean-

Congo hemorrhagic fever, and hantaviruses
Flaviviridae: Dengue, yellow fever, Omsk hemorrhagic fever, 

Kyasanur Forest disease, and Alkhurma viruses [2]
Here we will describe freely available programs to align your 

DNA sequence obtained from surveillance activities with reference 
sequences deposited in public databases like GenBank; we will 
describe how to analyze your sequence files in order to get phylo-
genetic trees for viral agent identification with brief notes about 
the utility of this work in epidemiological studies (e.g., mapping 
vector population spread and epidemic start sites).

2  �Materials

Besides the sequences, the only other “materials” required for 
phylogenetic sequence analyses are the appropriate computer hard-
ware and software: a sequence database and one or more phylo
genetic packages.

	 1.	Sequence databases. The major sequence database is GenBank, 
maintained at the National Center for Biotechnology Infor
mation (NCBI), Bethesda, Maryland, available at http://
www.ncbi.nlm.nih.gov/genbank/ [3]. The European (EMBL) 
and Japanese (DDBJ) bioinformatic databases are equivalent 
to GenBank since these three organizations exchange data on 
a daily basis. Several manuals and tutorials are available at the 
GenBank web site to get started and to understand the 
resources of the site. Another useful database for research in 
hemorrhagic fever viruses is the Virus Pathogen Resource 
(ViPR) available at http://www.viprbrc.org/. This is a more 
curated database focused on virus families; among them are 
Flaviviridae, Togaviridae, Arenaviridae, former Bunyaviridae, 
Filoviridae, and others. Besides serving as a repository of 
sequence data, the site provides several analytical tools for 
sequence alignment, similarity searches, phylogenetic recon-
struction, sequence variation, and more [4].

	 2.	Phylogenetic software. Many computer programs have been 
developed to perform phylogenetic and related sequence anal-
yses and have been made available. A comprehensive list of 
them with comments about their uses and links to their web 
sites is maintained by Professor Joseph Felsenstein at the 
University of Washington [5]. Most of these are specialized 
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programs that perform specific analyses, making it necessary to 
combine them with other programs; so they will not be 
described here. We recommend MEGA (Molecular Evolu
tionary Genetic Analysis) software for beginners, a multipur-
pose, user-friendly, and free software that allows one to perform 
the full process of bioinformatic and evolutionary analysis of 
nucleic acid and protein sequences in a single platform. The 
program includes sufficient help, tutorials, and examples to 
allow the user to develop familiarity. MEGA is updated fre-
quently; here version 6.0, described in reference [6], will be 
used in its more basic form. A detailed guide to its use is pro-
vided in the book Phylogenetic Trees Made Easy [7].

3  �Method

The protocol that follows assumes that you have amplified viral 
sequences, either directly from a patient, host, or environmental 
sample or from a virus isolate.

	 1.	Obtain one or several genomic sequences of your samples or 
isolates either by direct sequencing a PCR product or from a 
cloned sequence (see Note 1). Assemble the products of indi-
vidual sequencing reactions into a single “contig,” and edit 
conflicting bases or segments. Save your sequence in FASTA 
format in a plain text editor. Alternatively, sequences obtained 
by deep (next-generation) sequencing could be used.

	 2.	Search for homologous sequences in GenBank. Go to the 
BLAST page of NCBI (http://blast.ncbi.nlm.nih.gov/Blast.
cgi), and select nucleotide blast. Copy and paste your sequence 
in the Enter Query Sequence window. In Choose Search Set/
Database, choose Others “Nucleotide collection (nr/nt)”. In 
Program Selection, select Optimize for “Somewhat similar 
sequences (blastn)”. Check the “Show results in a new win-
dow” and click on the BLAST button. The search could take 
1 min or more. Look in the Graphic Summary to get a quick 
idea of the coverage and identity of the homologous sequences 
found or “hits.” Scroll down to the Description section. It is a 
table with the 100 closest sequences to your query. The first of 
these hits gives you the identity of the virus in most of the 
cases. The columns at the right give some metrics showing 
how well each hit matches to the query sequence. The “Query 
cover” and “Ident” columns give a percent value of the cover-
age and identity. The “E-value” is the probability of having 
this match just by chance. Select the sequences you wish to 
include in the analysis by checking them at the left. How many 
and which sequences to select depend on the scope of the 
analysis, either limited to strains of the same virus or different 
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species within a genus or a family. As a rule of thumb, avoid 
selecting sequences with very similar names or with identical 
E-values because they are probably redundant sequences. Also 
avoid selecting sequences with a low coverage (say, less than 
60–70%). Go back to the top of the table and click on 
Download and then on FASTA (aligned sequences) to get the 
dataset of sequences in a text file. Open the dataset with a text 
editor, include query sequence and (optional) other less closely 
related sequences to be used as “outgroups” in the analysis. 
Edit sequence names to a short and meaningful sentence like 
“Lujo virus South Africa 2008” and save it with .fas extension, 
say “newseq.fas” (see Note 2).

	 3.	Align the sequences. Open MEGA and note the menu options. 
Follow this path Align → Edit/Build Alignment → Create New 
DNA alignment → DNA. The “Alignment Explorer” window 
will open. Here click the “Open” icon to browse, and open 
your dataset file. Move your mouse over the toolbar buttons 
above to know what their functions are. Align the DNA 
sequences using either Clustal W or MUSCLE. In the window 
that appears, accept (OK/Compute) the alignment default 
parameters, unless you have a good reason to modify them. 
Alignment may take some minutes depending on the size and 
complexity of your dataset. Visually check the quality of the 
alignment. If this is satisfactory, go to the Data menu and select 
“Save session”. The program will assign the “.mas” extension 
(e.g., Newseq.mas). Go back to the Data menu and select 
Export Alignment → MEGA format. Save this as suggested 
(e.g., Newseq.meg), and minimize the Alignment Explorer to 
return to the main menu. Next, use the Data function in the 
toolbar to open the .meg file you just created. Now you can use 
the “TA” button to open the “Sequence Explorer” or go 
directly to the next step.

	 4.	Select a substitution model. From MEGA main menu, select 
Models → “Find best DNA/protein model (ML)”. In the 
incoming window, accept the default Analysis Preferences and 
compute. These steps may take some minutes depending on 
your dataset and your computer. It yields a table showing how 
different substitution models fit to your dataset sorted by the 
Bayesian information criteria (BIC). The first (upper) model is 
recommended for the next step (see Note 3).

	 5.	Perform the phylogenetic analysis. With the *.meg file still 
open, go to the Phylogeny function in Mega main menu, and 
select Construct/test Neighbor-joining tree. Other methods 
could also be used, but we recommend trying neighbor-joining 
first to get a quick phylogenetic tree that could be improved 
later. In the opening Analysis Preferences window, select the 
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following options. Test of Phylogeny: Bootstrap method. No. 
of Bootstrap replications: 1000. Substitution type: nucleotide. 
Model/method: the model selected in step 4. Rates among 
sites: If the model selected in step 4 included a +G (e.g., 
TN93+G), then choose Gamma distributed, and type the value 
in the (+G) column of the table in the next option (Gamma 
Parameter); otherwise (e.g., TN93 or TN93+I), select Uniform 
rates in Rates among Sites. Pattern among Lineages: Same 
(Homogeneous). Gaps/Missing Data Treatment: Partial dele-
tion. Site Coverage Cutoff (%): 95. Finish with √ Compute. 
The analysis could take a few seconds or several minutes 
depending on the dataset (see Note 4).

	 6.	Edit and interpret the phylogenetic tree. When the analysis 
is finished, a phylogenetic tree will appear in a new window. 
Move the mouse over the icons in the left and upper bars to 
explore the editing options available. Look for the out-group 
sequence(s) in the tree, and click on the branch that leads to it 
(them); go to the “Place Root on Branch” icon on the left bar, 
and click on it to place the root properly. Observe the tree 
carefully. Terminal branches that are too short or too long 
could indicate redundant sequences or misaligned sequences, 
respectively. Decide which sequences should be removed and 
which others are missing, according to your knowledge of the 
species or genus. Go back to the dataset obtained in step 2 and 
modify it properly. When ready, repeat steps 3–6 until you are 
satisfied with the tree (see Note 5).

	 7.	Consider post-phylogenetic analyses. Molecular epidemio-
logical study of viruses uses several analytical tools including 
phylogenetic, phylogeographic, and phylodynamic analyses. 
The aforementioned stepwise protocol for genetic analysis is 
the basis of virus evolutionary genetics. Phylogenetic analysis 
of viral sequences proceeds as outlined in Fig. 1, and each of 
the steps is described in the protocol with some important 
notes about it. One of the most prolific uses of such genetic 
analyses lies in the field of phylogeography. The phylo
geographic analysis focuses on the coupled study of the 
distribution/dispersion process of organisms and their genetic 
variation. There are several classic examples of phylogeography 
of hemorrhagic viruses that have provided useful information 
about their evolution and dispersion patterns [8, 9].

This kind of work has enabled the mapping of origin points 
for outbreaks [10] and the dispersion patterns of hemorrhagic 
fever viruses in their reservoirs [11], and more recently, in con-
junction with experimental methods, virologists are trying to 
make predictions about the future fitness and molecular evolu-
tion of some emerging/reemerging viruses [12].

Phylogenetic Analysis of Hemorrhagic Fever Viruses
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4  �Notes

	 1.	Both second-generation automated sequencing and third-
generation (deep) sequencing technologies are useful for 
molecular epidemiology purposes. The former can be accom-
plished by direct sequencing of RT-PCR products or by 
sequencing recombinant clones of retro-transcribed genomic 
sequence; this latter variant, however, is not recommended 
since it could randomly select for sequences that do not repre-
sent the majority of the viral population; these sequences could 
also exhibit additional mutations introduced during the ampli-
fication process. On the other hand, direct sequencing yields 
the consensus sequence of the viral population in the isolate or 
in the sample. It is worth noting, however, that primers used in 
diagnostic PCR are not always satisfactory for molecular epide-
miology work, since they are often designed to amplify short, 
well-conserved genomic segments with few variable sites on 
them. These sequences are good enough for identifying viral 
species and often for subtyping/genotyping too. However, 
most powerful phylogenetic and phylodynamic analyses require 
large alignments of sequences with many variable sites to pro-
duce robust, well-supported statistical inferences. The longer 

Fig. 1 Steps in a phylogenetic study
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the sequenced segment, the better. Accordingly, sequences of 
500 nucleotides or more are sufficient for most analyses, but 
longer segments are needed when several isolates of an epi-
demic cluster or from a single endemic site are being studied. 
Therefore, additional primer pairs amplifying long or contigu-
ous segments are usually required.

Third-generation sequencing technologies are more promis-
ing since they allow one to obtain longer, frequently complete, 
genomic sequences of viral isolates. They also help to identify 
viral sequences of non-previously identified viruses from clinical 
or from complex environmental samples [13]. Technical and 
financial issues still preclude the use of these technologies on a 
routine basis in most places, but these obstacles could be over-
come soon due to the rapid development of these technologies.

	 2.	The first analysis performed on a genomic sequence usually 
consists of searching for identical or similar sequences in a  
large bioinformatic database like GenBank, maintained at the 
National Center for Biotechnology Information (NCBI), 
Bethesda, Maryland, available at http://www.ncbi.nlm.nih.
gov/nuccore/ [3]. BLAST (Basic Local Alignment Search 
Tool) is the resource available at GenBank for such searches. 
The “blastn” algorithm, which compares your own (query) 
nucleotide sequence with all nucleic acid sequences in the 
database, in sense and antisense directions, is the basic method 
for searching, but many other algorithms like megablast, 
blastp, blastx, and others are available for more refined searches 
in nucleotide and protein databases. Several manuals and tuto-
rials are available at http://www.ncbi.nlm.nih.gov/genbank/ 
to get started and gain understanding about the resources of 
the site. BLAST outputs include a table with the description, 
accession number, percent identity, probability (E-value) of a 
false-positive hit, and other measures of the most similar 
sequences. Graphic summaries, alignments, taxonomy reports, 
several downloading formats, as well as links to the original 
publication and other resources are also available.

	 3.	When you are performing the substitution model selection, 
please have in mind that the substitution model option in 
MEGA only explores the 24 most common substitution 
patterns, while specialized software for this purpose such as 
jModelTest has approximately 88 models with other models in 
development. Because MEGA only works with 24 substitution 
patterns, just substitution models listed in MEGA are allowed. 
Model selection: MEGA software typically orders the substitu-
tion models according to the highest BIC; however, it also 
provides AIC and log likelihood for the same substitution 
model. You need to choose the best model for your data 
according to your criteria (BIC, AIC, AICc, log likelihood).

Phylogenetic Analysis of Hemorrhagic Fever Viruses
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	 4.	MEGA offers several kinds of analysis that range from similar-
ity analysis based on dendrograms such as UPGMA, minimum 
evolution, and neighbor joining up to analysis of characters 
such as maximum parsimony and maximum likelihood. The 
tree reconstruction method chosen by the scientist will deter-
mine the type of tree that you can obtain, and concordance 
among them is expected; however, because of the different 
principles in which they lie on, it is possible to obtain different 
genetic trees (tree topology, branch length, branch support). 
Further information about the different methods is provided 
with examples in Molecular Evolution and Phylogenetics [14] 
and Phylogenetic Trees Made Easy [7].

When you are running your phylogenetic analysis, the most 
common setting for bootstrapping procedure is 1.000. The 
bootstrapping is a nonparametric procedure used for assess-
ment of confidence of genetic clustering. In this case, it is used 
as an estimator for branch support. The result of bootstrap will 
be a number between zero to a hundred, and the higher the 
bootstrap (closest to 100), the better supported is your clus-
ter/clade. However, it is important to mention that only the 
highest values of bootstrap are considered to be good evidence 
for cluster/clade support and values below 70 are considered 
non-conclusive support for branches [15].

	 5.	Once you have obtained your tree, you can save this output 
in *.mts format that allows the saving of not only the phyloge-
netic tree but also the setup information of the whole analysis 
(just like a Log file). This information of the analysis contains 
the substitution model, the options for treatment of gaps, the 
support method, the number of sites used in the analysis, and 
the sites used (first + second + third or otherwise).
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Chapter 3

Preliminary Classification of Novel Hemorrhagic  
Fever-Causing Viruses Using Sequence-Based PAirwise 
Sequence Comparison (PASC) Analysis

Yīmíng Bào and Jens H. Kuhn

Abstract

During the last decade, genome sequence-based classification of viruses has become increasingly prominent. 
Viruses can be even classified based on coding-complete genome sequence data alone. Nevertheless, clas-
sification remains arduous as experts are required to establish phylogenetic trees to depict the evolutionary 
relationships of such sequences for preliminary taxonomic placement. Pairwise sequence comparison 
(PASC) of genomes is one of several novel methods for establishing relationships among viruses. This 
method, provided by the US National Center for Biotechnology Information as an open-access tool, cir-
cumvents phylogenetics, and yet PASC results are often in agreement with those of phylogenetic analyses. 
Computationally inexpensive, PASC can be easily performed by non-taxonomists. Here we describe how 
to use the PASC tool for the preliminary classification of novel viral hemorrhagic fever-causing viruses.

Key words Pairwise sequence comparison analysis, PASC, Species demarcation, VHF, Viral hemor-
rhagic fever, Virus classification, Virus taxonomy

1  �Introduction

The International Committee on Taxonomy of Viruses (ICTV) is 
responsible for the classification of viruses into taxa, such as orders, 
families, subfamilies, genera, or species [1]. Official classification  
is a relatively lengthy process mediated by ICTV Study Groups 
responsible for specific viral families [1]. In the past, classification 
was based predominantly on morphological properties of virions, 
their serological relationships, virus host range, pathogenicity, and 
genome organization. Therefore, official classification of viruses 
was often delayed for years until these properties were described in 
the scientific literature.

The number of viral genome sequences in public databases, 
such as the US National Center for Biotechnology Information 
(NCBI) database GenBank [2], has increased dramatically in recent 
years due to the development of novel sequencing technologies 



44

and methods and to increased interest in viral (meta)genomic 
sequencing efforts [3]. The ICTV reacted to this development by, 
in principle, permitting classification of viruses based on coding-
complete genome sequence data alone. However, classification was 
not accelerated as experts were required to establish phylogenetic 
trees, and such trees were then validated by ICTV Study Groups to 
depict the evolutionary relationships of such sequences. This type 
of analysis is usually computationally expensive, and the interpreta-
tion of the results is not straightforward. Consequently, the back-
log of unclassified viruses continues to increase exponentially [3].

For more rapid preliminary classification based on sequence 
classification, several virus classification tools based on pairwise 
sequence comparison have been brought forward [4, 5]. These 
tools include, for instance, PAirwise Sequence Comparison (PASC), 
DivErsity pArtitioning by hieRarchical Clustering (DEmARC) [6], 
and sequence demarcation tool (SDT) [7] analyses.

Here we describe the use of the PASC tool for preliminary 
virus classification because a nonexpert user-friendly PASC soft-
ware tool is available open-access at the web site of NCBI [8]. In 
the improved version of the PASC tool [4, 8], pairwise sequence 
identities among input sequences are calculated by a combined 
Basic Local Alignment Search Tool (BLAST)-based alignment 
method. The distribution of these pairwise identities is represented 
by a histogram/plot (Fig. 1) showing numbers of sequence pairs at 
each percentage of pairwise identities. The percentages at the gaps 
between the peaks on the histogram can be used as demarcation 
criteria for different taxa.

The NCBI PASC tool has been preloaded with genomic 
sequences of all known viral hemorrhagic fever-causing viruses. 
Consequently, the sequence of a putative novel viral hemorrhagic 
fever-causing virus can be easily compared directly to genomic 
sequences already analyzed by PASC. The PASC result will provide 
a strong indication of the probability that the virus at hand is a 
member of existing species or requires classification into a novel 
species in existing higher taxa or establishment of novel higher 
taxa. This PASC-based preliminary classification can then be used 
as the basis for a formal taxonomic proposal (“TaxoProp”) for sub-
mission to the ICTV for official classification of the novel virus [9].

2  �Materials

	 1.	Viral genome sequences used in PASC are directly obtained 
from the NCBI viral genome resource [10], and taxonomy 
information associated with the genomes is obtained from the 
NCBI taxonomy database [11] [note that the NCBI taxonomy 
database is built on, but is not yet identical with, ICTV 
taxonomy].

Yīmíng Bào and Jens H. Kuhn
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Fig. 1 Screenshot of the “ArenaviridaeSegL” (=Arenaviridae L segment) PASC user interface showing PASC 
results for GenBank sequences AB972429.1 (unclassified mammarenavirus “sp. 13ZR68”) and AB972431.1 
(Luna virus SLW-1 [currently assigned to the species Luna mammarenavirus] [16])

Sequence-Based PASC Analysis for HFV Classification
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	 2.	Input viral genome sequences to be analyzed by PASC are 
those either deposited in GenBank [2] or provided by the user 
in FASTA format [12, 13].

3  �Methods

	 1.	On the PASC webpage [8], select the virus “Family/Genera” 
tab, and click on the taxon the putative novel virus belongs to 
based on preliminary sequence analyses (e.g., BLAST of poly-
merase chain reaction [PCR]-derived genomic fragment 
sequences). In the case of a (suspected) segmented or polypar-
tite virus genome, separate PASC results are created for each 
segment (e.g., L segment of members of the Arenaviridae or M 
segment of members of the Bunyavirales), and sequences of the 
appropriate segment are used for comparison. After selecting a 
taxon, the user will enter into the PASC user interface (Fig. 1).

	 2.	In the “Sequence:” input box of the interface, specify the 
query genome using either its Accession or GI number if the 
genomic sequence of the putative novel virus is present in 
GenBank, or copy/paste the sequence in FASTA format into 
the box. Alternatively, upload a file containing the sequence  
by clicking the “Browse” button underneath the “Sequence:” 
input box. Use only coding-complete genomes [14, 15] as 
query sequences [in the absence of a viral isolate in tissue cul-
ture, the ICTV currently hesitates to consider classifying a 
virus based on genomic sequences that are less than coding-
complete]. Add up to 50 sequences in one submission.

	 3.	Click the “Submit” button and wait for a list of pairwise identi-
ties, from the highest to the lowest, between this input genome 
and (1) the rest of input genomes (if more than one are 
retrieved) in bold (see Fig. 1), and (2) five to ten of the closest 
matches to existing genomes within the chosen taxon not in 
bold.

	 4.	Locate the top hit among the existing genomes to the input 
genome. If only one input genome is queried, locate the first 
one on the list. If more than one input genome is queried, 
locate the first genome not highlighted in bold.
(a)	� For virus families with already established PASC-derived 

taxon demarcation criteria (e.g., Arenaviridae [16], 
Filoviridae [17]), compare the percentage identity between 
the input sequence and the top hit with the established 
taxon demarcation criteria cutoffs, and then determine the 
taxonomic placement of the new virus (see Notes 1 and 2).

(b)	�For virus families with not-yet-established PASC-derived  
taxon demarcation criteria (e.g., Bunyavirales, Rhab­

Yīmíng Bào and Jens H. Kuhn
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doviridae), locate the percentage identity between the 
input sequence and the top hit on the graph of the PASC 
result (upper right-hand corner). If the identity value is 
located in the region with predominantly green peaks, 
then the examined virus may belong to the same species as 
the top hit. If the identity value is located in a yellow area, 
then the examined virus may belong to a different species 
but to the same genus as the top hit. If the identity value 
is found in the brown area, then the examined virus may 
have to be assigned to a novel genus (see Notes 3–5).

4  �Notes

	 1.	For example, in Fig.  1, the percentage identity between  
the first input sequence (unclassified mammarenavirus “sp. 
13ZR68” L segment, GenBank #AB972429.1) and its top 
species hit (Ippy mammarenavirus, Ippy virus L segment, 
RefSeq #NC_007906.1) is 58.95% (red bar on the x-axis of 
the PASC plot). This value is less than the currently agreed-
upon mammarenavirus L segment species cutoff of 76% and 
greater than the currently agreed-upon arenavirus L segment 
genus cutoff of 35% [16]. Therefore, “sp. 13ZR68” may have 
to be assigned to a novel species but in the same genus that 
includes Ippy mammarenavirus (genus Mammarenavirus) if a 
similar divergence is measured for the “sp. 13ZR68” S seg-
ment. Similarly, the second input sequence (Luna mammare­
navirus, Luna virus SLW-1L segment, GenBank #AB972431.1) 
is only 70.94% identical to its top hit (Luna mammarenavirus, 
Luna virus LSK-2, GenBank #AB693149.1), and therefore 
this virus may have to be assigned to a novel species but in the 
same genus that includes Luna mammarenavirus (genus 
Mammarenavirus) if a similar divergence is measured for the 
“Luna virus LSK-2” S segment. The percentage identity 
between the two input sequences is 56.07%, therefore con-
firming that both input sequences belong to two different 
species in the same genus.

	 2.	Establishing demarcation criteria—A gap between the peaks 
in a PASC plot may serve as a demarcation criterion for taxo-
nomic ranks. In the case of agreement between NCBI taxon-
omy and ICTV taxonomy, a gap between peaks in green and 
yellow colors may be used as the species demarcation cutoff, 
and a gap between peaks in yellow and brown colors may be 
used as the genus demarcation cutoff. PASC plots may suggest 
different possibilities for taxon demarcation cutoffs that could 
be chosen by the user, but it is ultimately the role of the ICTV 
to formally establish such criteria, taking into account other 

Sequence-Based PASC Analysis for HFV Classification
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biological properties of a particular virus. Species and genus 
demarcation criteria based primarily on PASC (and supple-
mented by additional biological data) were thus far established 
for two viral families with viral hemorrhagic fever-causing 
members: Arenaviridae [16] and Filoviridae [17]. In the case 
of Arenaviridae, PASC-derived taxon demarcation criteria 
have been accepted by the ICTV Arenaviridae Study Group 
and are therefore part of official taxonomy. ICTV acceptance 
of PASC demarcation criteria for Filoviridae has not yet 
occurred, although the currently used sequence-based taxon 
demarcation criteria for members of that family [18] are very 
close to those suggested by PASC analysis [17]. PASC analysis 
is able to suggest demarcation cutoffs for some other virus 
families (e.g., Rhabdoviridae), but not for others (e.g., Flavi­
viridae) because the members of different genera in a particu-
lar family may have evolved at very different rates and therefore 
may require vastly different species cutoffs (Table 1).

	 3.	For example, Fig. 2 shows PASC analysis of the coding-complete 
genome of Bas-Congo virus (GenBank # JX297815.1), an unclas-
sified rhabdovirus suspected to cause viral hemorrhagic fever in 
humans [19]. The complete genome of Bas-Congo virus is 36.2% 
identical to the top hit (species Tibrogargan tibrovirus, Tibrogargan 
virus, RefSeq #NC_020804.1). Since this value is located in the 
region of brown peaks, Bas-Congo virus may be considered as the 
member of a novel rhabdoviral genus rather than a member of the 
genus Tibrovirus [note, though, that Bas-Congo virus shares 

Table 1 
Species and genus demarcation criteria suggested by PASC analyses for families with viral 
hemorrhagic fever-causing members

Virus family Species cutoff Genus cutoff References

Filoviridae 64–77%a 42–46%a [17]

Arenaviridae L segment
(mammarenaviruses only)

76% 30–33% [16]

Arenaviridae S segment
(mammarenaviruses only)

80% 30–40% [16]

Rhabdoviridae 73%a 43%a N/A

Flaviviridae N/Aa,b N/Aa,b N/A

Bunyavirales L segment N/Aa 21–35%a N/A

Bunyavirales M segment N/Aa,b N/Aa,b N/A

Bunyavirales S segment N/Aa,b N/Aa,b N/A
aThese cutoffs are purely based on PASC analyses and have not been accepted by ICTV Study Groups or the ICTV
bNot available (N/A) because different species cutoffs have been used for divergent genera included in these families
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Fig. 2 Screenshot of the “Rhabdoviridae” PASC user interface showing PASC results for GenBank sequence 
JX297815.1 (unclassified rhabdovirus Bas-Congo virus)

Sequence-Based PASC Analysis for HFV Classification
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Fig. 3 Screenshot of the “Flaviviridae” PASC user interface showing PASC results for the entire family (a), the 
genus Flavivirus in linear scale (b), and the genus Flavivirus genus in log scale (c)

numerous properties with various tibroviruses, suggesting that 
Bas-Congo virus could nevertheless be considered a member of 
the genus Tibrovirus despite the PASC result].

	 4.	Dealing with complications—Three colors are used to label 
viral genome sequence pairs that have different taxonomic 
relationships. The green, yellow, and brown bars in the PASC 
plots represent pairs of genomes that are assigned to the same 
species, different species belonging to the same genus, and dif-
ferent genera, respectively, in the current NCBI taxonomy 
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database [11]. Ideally, each peak in a PASC plot is depicted in 
only one color because the viruses contributing to each peak 
should belong to the same taxonomic lineage.

However, the occurrence of different colors in the same 
peak is not uncommon. For instance, in a PASC analysis of the 
family Flaviviridae (Fig.  3a), green can be found in the pre-
dominantly yellow peak at the region of 65–68% identities when 
only one of the included genera, Flavivirus, is analyzed (Fig. 3b; 
see also Note 5). If that analysis is switched from linear to log 
scale (Fig. 3c), a small number of yellow dots are visible in the 
region greater than 75% identity. Two main reasons for different 
colors in the same peak are: (1) Some of the analyzed virus 
genomes were assigned to the incorrect lineage in the NCBI 
taxonomy database. For instance, the small yellow dots at the 
90% identity value in Fig.  3c represent the identity between 
RefSEq #NC_027709.1 (Spanish goat encephalitis virus) and 
#NC_001809 (louping ill virus). Virus genomes with identities 
around 90% mostly belong to the same species as indicated by 
the green color. The publication associated with the genome 
record #NC_027709 also contains the suggestion that Spanish 
goat encephalitis virus and louping ill virus both belong to the 
same species Louping ill virus [20]. However, in the NCBI tax-
onomy database, Spanish goat encephalitis virus is listed as an 
unclassified species different from Louping ill virus. If the 
Spanish goat encephalitis virus genome is assigned to the species 
Louping ill virus, the dot at the 90% value would be in green. 
(2) In the case of many viruses, criteria other than sequence 
identities are used for species demarcation. For instance, the 
currently recognized four dengue viruses (dengue virus 1–4) 
have been assigned officially to a single species (Dengue virus), 
even though their genome identities are as low as those between 
members belonging to separate species in the genus Flavivirus. 
This inconsistency is the reason why the 68% identity value in 
Fig. 3c is comprised of both green (representing genome pairs 
assigned to the same species [Dengue virus] between dengue 
virus 1 [GenBank #EF457905.1] and dengue virus 2 [GenBank 
#EF105379.1]) and yellow (representing genome pairs assigned 
to separate species, i.e., those of Japanese encephalitis virus 
[GenBank # HM596272.1, species Japanese encephalitis virus] 
and West Nile virus [GenBank # DQ176636.2, species West 
Nile virus]). Consequently, use of PASC analysis is limited in 
the case of the genus Flavivirus until taxonomic inconsistencies 
are removed by the ICTV Flaviviridae Study Group.

	 5.	Selecting individual genera—When a novel virus is known to 
belong to an existing genus, all other genera of the family can 
be unchecked from the “Genera selection” section below the 
“Sequence:” input box on the PASC user interface page. For 
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example, compare Fig. 3a, which shows PASC results for the 
entire family Flaviviridae, to Fig.  3b, c, which show results 
only for the flaviviral genus Flavivirus, but not those for the 
flaviviral genera Hepacivirus, Pegivirus, and Pestivirus. A new 
input sequence will then only be compared to existing seq
uences belonging to viruses assigned to the selected genus, 
therefore reducing computation time. This calculation short-
cut is particularly helpful in the case of families represented by 
a large number of genomes (compare the number of total 
genome pairs in Fig. 3a to b/c). Taking this shortcut is also 
necessary when different species demarcation cutoffs are  
used for different genera in one family (e.g., Flavivirus versus 
Hepacivirus).
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Chapter 4

Epidemiological Surveillance of Viral Hemorrhagic Fevers 
With Emphasis on Clinical Virology

Carolina Montoya-Ruiz and Juan David Rodas

Abstract

This article will outline surveillance approaches for viral hemorrhagic fevers. Specific methods for surveillance 
of clinical samples will be emphasized. Separate articles will describe methods for surveillance of rodent-
borne viruses (roboviruses) and arthropod-borne viruses (arboviruses). Since the appearance of hantavi-
ruses and arenaviruses in the Americas, more than 30 different species in each group have been established, 
and therefore they have become the most frequently emerging viruses. Flaviviruses such as yellow fever and 
dengue viruses, although easier to recognize, are also more widely spread and therefore considered a very 
important public health issue, particularly for under-developed countries. On the other hand, marburgvi-
ruses and ebolaviruses, previously thought to be restricted to the African continent, have recently been 
shown to be more global. For many of these agents virus isolation has been a challenging task: trapping 
the specific vectors (mosquitoes and ticks), and reservoirs (rodents and bats), or obtaining the samples 
from suspected clinical human cases demands special protective gear, uncommon devices (respirators), 
special facilities (BSL-3 and 4), and particular skills to recognize the slow and inapparent cytopathic effects 
in cell culture. Alternatively, serological and molecular approaches have been very helpful in discovering 
and describing newly emerging viruses in many areas where the previous resources are unavailable. 
Unfortunately, in many cases, detailed studies have been performed only after outbreaks occur, and then 
active surveillance is needed to prevent viral dissemination in human populations.

Key words Zoonotic viruses, Clinical samples, Hemorrhagic fevers, Diagnostics

1  Introduction

Ambitious attempts at broad microbial surveillance are currently 
being carried out on our oceans and in the air of our cities. 
Surveillance of our oceans involves passing liters of liquid through 
graded filters that capture different sizes of microbes, followed by 
extraction and high-throughput cDNA sequencing of microbial 
nucleic acids [1]. Surveillance of air involves capture of microbes 
onto adsorbent surfaces, elution of microbes from these surfaces, 
and then cDNA sequencing [2]. In contrast to those global efforts 
to catalogue environmental microbes, we focus here on the sur-
veillance of those RNA viruses that occasionally infect human 
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beings, but are more often carried by rodents or insects. Although 
most infections in the carrier host have little pathology, human 
infection can cause severe disease and is, therefore, a public health 
concern.

The usual progression of events is that an “outbreak” of dis-
ease such as viral hemorrhagic fever (VHF) is followed by epide-
miological surveillance of the likely viral zoonotic reservoirs and by 
retrospective surveillance of stored clinical samples. In order to 
conserve resources, our surveillance focused first on detecting 
infectious virus, viral sequences, and viral antigens in clinical sam-
ples. Our accompanying articles on surveillance of rodent-borne 
and insect-borne viruses describe the use of Global Information 
Systems (GIS) to systematize surveillance over large geographic 
regions.

Viral hemorrhagic fevers (VHF) encompass a group of diseases 
caused by agents from different RNA viral families. The term “viral 
hemorrhagic fever” is used to describe the multisystem syndrome 
characterized by impairment of the vascular system accompanied 
by hemorrhage (bleeding). Although the bleeding by itself is rarely 
the cause of death, and some types of hemorrhagic fever viruses 
cause relatively mild illnesses, many of these viruses cause severe, 
life-threatening disease [3].

Viral hemorrhagic fevers share several features, among others: 
(1) they all are produced by enveloped-RNA viruses, (2) they are 
all of zoonotic nature that involves transmission by insects, ticks, 
rodents, bats, or other wild and domestic reservoirs; (3) these 
viruses tend to be geographically restricted to the areas where their 
hosts live, (4) humans are usually incidental hosts that are sporadi-
cally infected, but in some cases, they can also transmit these viruses 
to other humans; (5) outbreaks cannot be easily predicted, and 
there are very few antiviral treatments or vaccines available for 
these viral agents [3].

All VHF present with fever (body temperature over 40 °C), and 
one or more of the following clinical findings: severe headache, 
muscle pain, erythematous maculopapular rash on the trunk with 
fine desquamation 3–4 days after rash onset, vomiting, diarrhea, 
pharyngitis, abdominal pain, bleeding not related to injury, retro
sternal chest pain, proteinuria, and thrombocytopenia [3, 4]. As 
part of the laboratory criteria for diagnosis, VHF blood or tissue 
samples may also carry one or more of these signs: viral antigens 
[detectable by immunohistochemistry or enzyme-linked immuno-
sorbent assay (ELISA)], infectious virus (detectable by cell culture), 
and viral RNA sequences [detectable by reverse transcription-
polymerase chain reaction (RT-PCR)] [4]. From an epidemiolog-
ical perspective, valid linkages (or risk factors) could be:  
(1) contact with blood or other body fluids of a patient with VHF, 
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(2) residence in/or travel to a VHF endemic area, (3) work in a 
laboratory that handles VHF specimens, (4) work in a laboratory 
that handles bats, rodents, or primates from endemic areas, and (5) 
sexual intercourse with a confirmed acute or convalescent VHF 
case within 10  weeks of that person’s onset of symptoms [4]. 
Finally, for the purpose of classification, a suspected case is the one 
that meets the clinical and epidemiologic linkage criteria, and a 
confirmed case is the one that meets the clinical and laboratory 
criteria [4].

Viral hemorrhagic fevers (VHF) are caused by enveloped RNA 
viruses of zoonotic origin and transmitted by mosquitoes, ticks, 
rodents, bats, or domestic animals. So far, most of the viral agents 
associated with these HF have been found within the following 
four virus families: filoviruses, including marburgviruses and ebola-
viruses (that are thought to be primarily bat-borne), arenaviruses, 
including Lassa fever, Lujo, Guanarito, Machupo, Junín, Sabiá, 
and Chapare viruses (that are primarily rodent-borne), bunyavi-
ruses, including Rift Valley fever (mosquito-borne), Crimean-
Congo hemorrhagic fever (tick-borne), and hantaviruses 
(rodent-borne), and the flaviviruses, including dengue and yellow 
fever viruses (mosquito-borne), Omsk hemorrhagic fever, Kyasanur 
Forest disease, and Alkhurma viruses (tick-borne) [5].

VHF caused by arena- and hantaviruses are usually diagnosed 
by RT-PCR or by using antigen-capture ELISA. There are also 
ELISA and Indirect Fluorescent Antibody tests for serology detec-
tion, used to detect IgM or a fourfold rise in IgG, but it is a widely 
known fact that some agents causing HF, such as arenaviruses, 
elicit antibodies too late to be useful for clinical diagnosis. Viral 
isolation is also a possibility, but in many cases this technique 
requires skillful laboratory personal and high-containment (BSL-
3/4) facilities, which makes it impractical for most developing 
countries in Africa, Asia, and South America where the majority of 
these cases occur. Currently, the attenuated vaccine against 
Argentinian hemorrhagic fever is the only VHF vaccine available to 
protect laboratory workers and to prevent VHF caused by arenavi-
ruses. Also, few antiviral drugs (ribavirin and convalescent serum) 
are available to treat patients in case of accidental infection [6].

In surveillance studies the goal is to collect and keep samples in 
good condition for isolation of virus and RNA. Although the con-
tainment requirements for Risk Group 3/4 agents are very high, 
viral isolation is useful for obtaining biological material to perform 
subsequent genetic and serological viral characterization [7–9]. 
The main precaution that has to be taken during field and clinical 
studies is to maintain the cold chain, because it avoids the reduc-
tion of viral titer or RNA degradation. Consequently, all biological 
samples obtained during fieldwork must be shipped in dry ice, 
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liquid nitrogen, or RNALater, and once at the laboratory, they 
must be stored in liquid nitrogen or −130 °C (or at least −80 °C) 
freezer. The −20 °C freezer is feasible for a short time storage (no 
more than 24  h), and sometimes cold packs could be used for 
serum samples or during short field sampling (also under 24 h) [7]. 
However, the best option to keep blood, tissues, urine, and ecto-
parasites cold during field sampling is liquid nitrogen [10].

Another requirement for classical virological surveillance is to 
reduce the bacterial contamination when obtaining samples, 
because this avoids the further need to filter material for cell cul-
ture in the viral isolation procedure. To reduce bacterial contami-
nation, tissues should be stored in sterile tubes with screw caps or 
placed in sterile cryovials, and quickly put into liquid nitrogen. 
Necropsy material must be sterilized and working environments 
should be kept as clean as possible. When planning to isolate virus, 
different types of samples could be used to inoculate several types 
of cell cultures and laboratory animals. Samples to be used depend 
on the suspected virus, and could come from blood, mammalian 
tissues, arthropod organs, or excreta of mammals or insects.

2  Materials

	 1.	Clinical blood and serum samples (mainly from suspected virus 
infections) or tissues (postmortem cases, and endothelial cell 
infections).

	 2.	Histopaque is a sterile solution of polysucrose and sodium dia-
trizoate adjusted with a specific density to provide viscosity 
gradients for cell isolation. Histopaque-1077 has a density of 
1.077 g/ml facilitating the recovery of viable lymphocytes and 
other mononuclear cells from small volumes of whole primate 
blood. Histopaque-1083 allows recovery of viable mono
nuclear cells from rats, mice, and other small mammals, 
Histopaque-1119 is commonly used for the recovery of mono-
nuclear cells and granulocytes [11, 12].

	 3.	Low-speed centrifuge capable of generating 400 × g.
	 4.	15 ml plastic centrifuge tubes.
	 5.	Vero E6 cells are used for hantavirus, arenavirus, flavivirus, and 

filovirus isolation because they have a defect in interferon 
production.

	 6.	Culture flasks.
	 7.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 

KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4.
	 8.	Maintenance medium for Vero cells: MEM with 2% fetal 

bovine serum, 1% penicillin, 1% streptomycin, 1% sodium 
pyruvate, and 7.5% bicarbonate.

2.1  Virus Isolation 
from Clinical Samples
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	 9.	Incubator with 37 °C and 5% CO2.
	10.	Glass spheres are used to lyse the cells at the end of each pas-

sage to store supernatants with lysed cells.
	11.	Polyethylene glycol (PEG) 6000, 8000, or 40,000 Da powder 

for precipitating virus from solution.
	12.	Amicon Ultra-4 filter units (Millipore) for concentrating virus-

containing fluid.
	13.	Biosafety cabinet for tissue culture.

	 1.	Common RNA-isolation kits contain a reagent for disrupting 
cells and RNA-protein complexes: TRIzol® Reagent (Thermo 
Fisher), QIAzol® Lysis Reagent (Qiagen), and TRI Reagent® 
(Sigma) [13–17] all contain a monophasic solution of phenol 
and guanidine isothiocyanate designed to facilitate lysis of fatty 
tissues and inhibit RNases.

	 2.	Chloroform is used to separate the TRIzol/sample mixtures 
into phases.

	 3.	100% isopropanol and ethanol (used at 70% and 96–99%).
	 4.	1.5 ml plastic tubes.
	 5.	Micro-centrifuge for high-speed (14,000 × g) spins of samples 

with less than 2 ml volume.
	 6.	Manual of mechanical homogenizer.
	 7.	The other alternative methodology to do the RNA isolation  

is the Silica (glass-particle)-based kits. These are suitable for 
serum, plasma, milk, urine, meconium, nasal fluids, swab-
eluted fluids, and whole blood and are designed for a sample 
volume of less than 500 μl. These kits contain disruptive agents 
like TRIzol and, additionally, silica that adsorbs nucleic acids. 
Examples of kits are: PureLink® Viral RNA/DNA Kits (Life 
Technologies), QIAamp® Viral RNA (Qiagen), and High Pure 
Viral Nucleic Acid Kit (Roche). They have been used for den-
gue virus detection in serum samples and hantavirus detection 
in saliva and urine samples [15, 18, 19].

	 1.	Samples of purified RNA.
	 2.	Kit to make cDNA, usually containing random hexameric 

primers and poly dT to amplify the RNA, and some type of 
reverse transcriptase, buffers, and nucleotide solutions.

	 3.	Forward and reverse primers to amplify conserved regions of 
the viral genome.

	 4.	Heat-resistant DNA polymerase for PCR.
	 5.	Thermal cycler.

2.2  RNA Isolation 
from Clinical Samples

2.3  RT-PCR for Virus 
Genome Detection
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	 1.	Buffers for gel electrophoresis: 10× Tris-Borate-EDTA (TBE) 
buffer: 108 g Tris base (890 mM), 55 g boric acid (890 mM), 
40 ml EDTA (0.5 M), add H2O up to 1 L (pH 8.0). 50× Tris-
Acetate-EDTA (TAE) buffer: 242 g Tris base, 57.1 ml glacial 
acetic acid (40 mM Tris Acetate), 32.7 g Na2EDTA (2 mM), 
H2O to 1 L, pH 8.0.

	 2.	Electrophoresis equipment: there are many options available 
for horizontal setups; some of the most commonly used are 
from Berkeley and Bio-Rad.

	 3.	Agarose gel could be used to analyze DNA fragments between 
0.1 and 25 kb (Table 1).

	 4.	Gel Loading buffer: 20% Ficoll-400, 0.1 M disodium EDTA 
(pH 8.0), 1.0% sodium dodecyl sulfate, 0.25% bromophenol 
blue, 0.25% Xylene cyanol [20].

	 5.	0.5 μg/ml ethidium bromide (EtBR) is an intercalating agent 
used to stain nucleic acid. Since it is a carcinogen, inactivate it 
by combining it with activated carbon (100 mg of activated 
carbon/100 ml of EtBr in solution). [21].

	 6.	UV trans-illuminator.

In the specific case of the Orthohantavirus genus, several types of 
recombinant antigens for hantaviruses of different species have 
been used in the format of ELISA assays [22–24]. Commercial kits 
are available for highly endemic Flaviviruses like yellow fever and 
dengue. Here, we list two major types of ELISA, the indirect 
ELISA that detects host antibodies to virus (Table 2) and those 
(sandwich ELISA) that directly detect viral antigens (Table 3).

Indirect ELISA vary in the type of antigen used to capture 
antibodies, e.g., infected cell lysates or recombinant proteins  
[24, 25]. The following components are employed in one example 
of in-house ELISA to detect host antibodies to hantaviruses.

2.4  Agarose Gels 
to Separate Viral 
Nucleic Acids or 
RT-PCR Products

2.5  ELISA 
for Serological 
Surveys of Antibody 
Responses to Virus 
Infection

Table 1  
Concentration of agarose gel needed to resolve different sizes of cDNA

Agarose concentration (w/v) Fragment size resolved

0.3% 5–60 kb

0.5% 1–30 kb

0.7% 0.8–12 kb

1.0% 0.5–10 kb

1.2% 0.4–7 kb

1.5% 0.2–3 kb

2.0% 0.1–2 kb
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	 1.	Clinical plasma or serum samples to be surveyed. Positive 
control serum and uninfected (negative) controls should be 
available to include in the ELISA.

	 2.	96-well flat-bottomed ELISA plates.
	 3.	Viral antigen, which could be infected cell lysate or recom

binant proteins [24, 25], this ELISA protocol was used for 
recombinant hantavirus nucleocapsid protein [22–24].

	 4.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 
KCl, 10 mM Na2HPO4, 2 mM KH2PO4 pH 7.4.

	 5.	PBS-T is ELISA wash: 0.05% Tween-20 in PBS.
	 6.	ELISA blocking buffer: PBS-T with 3% bovine serum albumin 

(BSA).
	 7.	Secondary antibody conjugated with peroxidase or alkaline 

phosphatase: i.e., peroxidase-labeled goat anti-human IgG 
(H  +  L) antibody (KPL) for patient sera, and horseradish 
peroxidase (HRP)-labeled goat anti-Peromyscus leucopus IgG 
(H + L) secondary antibody (KPL) for Peromyscus rodent sera.

	 8.	A peroxidase substrate: o-phenylenediamine dihydrochloride 
(OPD).

	 9.	An incubator at 37 °C.
	10.	ELISA plate reader capable of reading 450 nm wavelength.

Table 3 
Commercial kits for detection of viral antigens

Virus antigen Sample Methodology Company Commercial name

Detection of 
Human Ebola 
Virus

Serum, plasma, 
tissue 
homogenate

Sandwich ELISA assay MybioSource Qualitative Human 
Ebola Virus (EV) 
ELISA Kit

Dengue NS1 
Antigen

Serum Sandwich ELISA assay Focus Dengue NS1 Antigen
DxSelect™

Human Marburg 
virus

Serum, plasma, 
tissue 
homogenate

Sandwich ELISA assay MybioSource Qualitative Human 
Marburg Virus 
(MV) ELISA Kit

Lassa virus 
nucleoprotein

Serum Immunoblot Corgenix ReLASV® Antigen 
Rapid Test for 
Lassa fever 
diagnosis

VP40 Ebola virus 
antigen

Whole blood 
and plasma

Rapid chromatographic 
immunoassay

Corgenix ReEBOVTM Antigen 
Rapid Test
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	 1.	Glass microscope slides with wells and coverslips.
	 2.	Cultured cells infected with a specific agent (positive controls) 

and cultured cells infected with unknown agents such as sur-
veillance samples.

	 3.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 
KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4.

	 4.	Primary hantavirus antibody or sera against hantavirus (Sin 
Nombre virus recombinant hyperimmune mouse ascitic fluid, 
HMAF).

	 5.	Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse 
IgG, a secondary antibody conjugated with fluorochrome.

	 6.	Acetone and 100% ethanol.
	 7.	Evans-blue dye in water (1:10,000 w/v) to enhance visualiza-

tion of nuclear antibodies.
	 8.	Glass spheres to help collect cell lysates (Add the glass spheres 

and PBS to the culture flask and shake them on the 
monolayer).

	 9.	Oil immersion microscope.
	10.	Clear nail polish to seal coverslips.
	11.	Biosafety cabinet for tissue culture (Type II laminar flow).

	 1.	6-well plates.
	 2.	Type II Biosafety cabinet (laminar flow) for tissue culture.
	 3.	Incubator: 37 °C, 5% CO2.
	 4.	10 × 100 mm sterile serial-dilution tubes.
	 5.	Serum dilution medium: Eagle’s minimal essential medium 

(EMEM), 2% heat-inactivated fetal bovine serum (FBS), 1% 
Penn/strep, 1% L-glutamine, and 1% sodium bicarbonate.

	 6.	Agarose overlay medium: 4 g of agarose per 200 ml of sterile 
water. This is microwaved until it dissolves and maintained in a 
warm water bath to allow it to cool to 40 °C before combining 
with enriched EMEM and adding to cells. The EMEM should 
be 200 ml: 10% FBS, 2× nonessential amino acids, 2% Penn/
strep, 2% L-glutamine, and 20 mM HEPES.

	 7.	Vero cells.
	 8.	Neutral red vital stain.
	 9.	Temperature-regulated water bath.

	 1.	SDS PAGE (see polyacrylamide gel).
	 2.	Colorimetric kit BCIP-NBT Solution Kit.
	 3.	Skim milk.

2.6  Immunofluo
rescence (IF) 
Microscopy

2.7  Neutralization 
(NT) Assay

2.8  Western 
Blot (WB)
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	 4.	Nitrocellulose or polyvinylidene difluoride (PDVF) membrane. 
The PDVF membrane should be activated by immersion in 
methanol 100% for 5 or 10 min.

	 5.	Electrophoresis apparatus.
	 6.	Primary antibody: human sera. Secondary antibody: (HRPO)-

conjugated goat anti-human IgG antibody.
	 7.	Tris-buffered saline with Tween-20 (TBST) buffer: 20  mM 

Tris adjusted to pH 7.5, 150 mM NaCl, 0.1% Tween-20.
	 8.	Blocking buffer for the WB: TBST containing 5% skim milk 

powder.
	 9.	Transfer buffer: 25 mM Tris, 190 mM glycine, 20% methanol, 

adjust the pH to 8.3.

	 1.	SDS sample buffer: 0.0625 M Tris-HCl (pH 6.8), 2% SDS, 10% 
glycerol, 5% β-mercaptoethanol, 0.001% bromophenol blue.

	 2.	5× Running buffer: 15.1  g Tris–base, 72.0  g glycine, 5.0  g 
SDS, H2O to 1000 ml. Dilute to make 1× or 2× working solu-
tions, as appropriate.

	 3.	Coomassie blue stain is commonly used at the end of a gel run 
when you want to confirm protein migration. Coomassie stain 
(0.025% dye): 200 ml acetic acid, 0.5 g Coomassie blue G-250 
dye, 1800 ml H2O.

	 4.	Destaining buffer: 30% methanol, 10% glacial acetic acid in 
water.

	 5.	Prestained protein ladder for molecular weight marking.
	 6.	Gel apparatus and power supply.

3  Methods

Whole blood samples can either be allowed to coagulate for serum 
isolation, or they can be collected with anti-coagulant and layered 
on the top of a density medium like Histopaque-1077, and spun 
for 30 min, 400 × g, at room temperature. The cloudy layer above 
the medium/Histopaque interface is mostly lymphocytes and 
monocytes (PBMC) and the clearer layer above that is plasma. 
Serum, plasma, and PBMC fractions can be immediately processed 
for virus assays or frozen for later use.

The protocol is adapted for hantavirus isolation from frozen tissues 
and yellow fever or dengue isolation from human sera [26–28].

	 1.	For hantavirus isolation approximately 50 and 100 mg of tis-
sue are homogenized in PBS (concentration of 10% w/v). 
When attempting yellow fever or dengue isolation, one should 

2.9  Sodium  
Dodecyl Sulfate-
Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE)

3.1  Protocol for Virus 
Isolation from Tissues, 
Clinical Serum, or 
Blood Samples

3.1.1  Virus Isolation 
from Tissue and Sera 
Sample
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dilute the human sera 1:10 in PBS solution (without magne-
sium and calcium).

	 2.	Inoculate all the tissue suspensions onto a monolayer of Vero 
E6 cells grown in 12.5-cm2 plastic culture flasks (confluence 
>80%). For yellow fever or dengue virus isolation, inoculate 
100 μl of the diluted sample in confluent monolayers of Vero 
cells in 12.5 cm2 plastic culture flasks.

	 3.	The flask inoculated with the sample is incubated for 60 min at 
37 °C in a humidified atmosphere with 5% CO2 (the cultures 
are briefly rocked every 15 min).

	 4.	Remove the excess of inoculated suspension and 7.0  ml or 
15 ml of maintenance medium is added to each flask.

	 5.	The monolayers are maintained under a fluid overlay and incu-
bated under the same conditions as step 3.

	 6.	On day 7 post-inoculation, half of the monolayer overlay is 
replaced with fresh maintenance medium. Observe the flask 
for cytopathic effects (CPE). Yellow fever grows quickly dur-
ing the first inoculation, but hantavirus isolation, usually takes 
long time and requires up to three blind passages to detect the 
virus. In both cases, the cytopathic effect could be hard to see, 
for this reason the final detection is normally performed  
with IF.

	 7.	At day 13 or 14 for hantavirus isolation, or 7–10 days for yel-
low fever or dengue virus, scrape-off or glass-bead agitate the 
cells and collect them with the supernatant (approximately 
7 ml) and add 1.5 ml of this suspension to a fresh monolayer 
of Vero E6 cells, for a “blind” passage using the same method-
ology as used for the first inoculation. Observe the flask for 
CPE (see Note 1).

	 8.	At the end of the virus isolation, virus may be concentrated 
from media by either high-speed centrifugation (3  h at 
150,000 × g), precipitation using PEG, or collected on filters 
with pore sizes smaller than the virus particles (see Note 2). 
For virus precipitation, add 7–8% (w/v) PEG powder to a con-
ical tube containing virus-media, mix it well, let it sit at 4 °C 
for 3 h to overnight, and spin at low speed (400 × g) in the 
cold to collect the precipitate. Resuspend the virus pellet in 
PBS (using a tenth of the original media volume) and dialyze 
this against PBS to remove the PEG [29]. Virus can also  
be concentrated by spinning onto small-pore filters, such as 
Amicon filters or Macrosep filtration devices (Pall).

	 1.	Viral cultures preserved in an uninterrupted cold chain or 
using a chemical stabilizer (such as RNAlater from Qiagen, 
Life Technologies) could be used to isolate RNA and perform 
genetic characterizations.

3.2  Isolating 
and Quantifying Viral 
RNA (See Note 3)
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	 2.	Add 1 ml TRIzol® Reagent per 50–100 mg of tissue sample or 
add 0.75 ml of TRIzol® per 0.25 ml of sample (5–10 × 106 
cells from tissue).

	 3.	Homogenize sample using a mechanical or manual 
homogenizer.

	 4.	Shake tube vigorously by hand for 15 s.
	 5.	Incubate for 2–3 min at room temperature.
	 6.	Centrifuge the sample at 12,000 × g for 15 min at 4 °C. The 

mixture separates into a lower red phenol-chloroform phase, 
an interphase, and a colorless upper aqueous phase. RNA 
remains in the aqueous phase.

	 7.	Separate the RNA into an aqueous phase by adding a one-third 
volume of chloroform, agitating the sample for 30 s, and then 
spinning for 2 min in the microcentrifuge.

	 8.	Place the upper or aqueous phase containing the RNA in a new 
tube.

	 9.	Add 0.5 ml of 100% isopropanol to the aqueous phase, mix 
well, and leave on ice for at least 15 min.

	10.	Centrifuge at 12,000 × g for 10 min at 4 °C.
	11.	Decant the supernatant (see Note 4).
	12.	Add 1 ml of 75–70% ethanol per 1 ml of TRIzol® used.
	13.	Vortex the sample a few seconds and centrifuge the tube at 

7500 × g for 5 min at 4 °C.
	14.	Air dry the RNA pellet for 5–10 min. Do not dry the pellet by 

vacuum centrifuge.
	15.	Resuspend the RNA in 10–50 μl nuclease-free water and freeze 

until further use.

The PCR assay is a good tool for epidemiological surveillance 
because it can be performed at biosafety level-2 and allows the 
genetic characterization and identification of the circulating agents.

	 1.	Quantify RNA by spectrophotometry at 260/280  nm 
wavelengths.

	 2.	Using a cDNA-making kit, combine the viral RNA with ran-
dom hexanucleotide primers and polydT to amplify the RNA 
in the presence of buffer, reverse transcriptase, and nucleotide 
solutions.

	 3.	Using a PCR kit, combine an aliquot of cDNA from the previ-
ous step with forward and reverse primers to amplify conserved 
regions of the viral genome.

	 4.	Place the mixture in a thermal cycler to produce amplicons 
(amplified cDNA segments) of the viral genome.

3.3  Reverse 
Transcription 
and Polymerase Chain 
Reaction (RT-PCR) 
(See Note 5)
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	 1.	After conventional PCR, the DNA products (or amplicons) 
can be run on an agarose gel to detect their size and sometimes 
identity them by hybridization.

	 2.	The usual buffers to run and prepare agarose gels are TBE 
(tris-borate-EDTA) and TAE (Tris-acetate-EDTA). Although 
TAE has a lower buffering capacity than TBE, TAE should be 
used when DNA gel purification is performed for subsequent 
procedures such as sequencing, whereas TBE is more appro-
priate during extended electrophoresis (longer than 30 min).

	 3.	Make a 1.5 or 2% agarose gel to resolve PCR amplicons. This 
can be stained with EtBR and photographed, or alternatively, 
blotted to a nitrocellulose filter and hybridized to DNA probes.

	 4.	To purify DNA from gels, there are also many kits available, 
i.e., QIAquick® Gel Extraction Kit (Qiagen). The procedures 
for agarose gel variations and protocols to purify DNA from 
gels are available on Bench Guide, Qiagen [30].

The ELISA is a good tool for epidemiological surveillance studies 
of animal reservoirs and humans. The detection of IgG antibodies 
is indirect evidence of circulation of virus of interest or closely 
related viruses, and the detection of IgM is indicative of recent 
infections. Unfortunately, most viruses that cause hemorrhagic 
fevers emerge at brief and unexpected intervals; so commercial 
reagents are not available. Currently, there are many studies that 
use recombinant antigens because they could be produced in BSL-
2 laboratories, unlike cell lysates of some hemorrhagic viruses that 
require higher biosecurity levels. As an example of the indirect 
ELISA protocol to detect IgG antibodies, we describe the assay 
that uses recombinant nucleocapsid protein expressed by E. coli. 
The protocol described here is similar to those published for Sin 
Nombre and Andes hantaviruses [22, 24] (see Notes 7 and 8).

	 1.	Recombinant viral nucleocapsid protein (rNp) expressed by  
E. coli is diluted in PBS to a concentration of 1 μg/ml as cap-
ture antigen.

	 2.	Add 100 μl per well of the recombinant protein dilution and 
incubate overnight at 4 °C (for all the incubations it is neces-
sary to use a humid chamber (a box with a wet towel) to avoid 
plate evaporation.

	 3.	Wash the plate three times with PBS-T.
	 4.	Plates are blocked with PBS-T containing a nonspecific protein 

like BSA or nonfat dry milk powder using 100 or 150 μl per 
well for 1 h at 37 °C.

	 5.	Wash plates three times with PBS-T.
	 6.	The patient or rodent sera under surveillance are diluted 1:200 

with PBS-T containing nonspecific protein and 100 μl of these 
dilutions is added per well of the plate for 1–3 h at 37 °C.

3.4  Agarose Gel 
to View PCR  
Products (Amplicons) 
(See Note 6)

3.5  Serological 
Surveillance
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	 7.	Wash the plate three times with PBS-T.
	 8.	Dilute the conjugated antibody with PBS-T and add 100 μl of 

the dilution per well for 1  h at 37  °C. (Antibody dilutions 
could be in the range of 1:1000 to 1:20,000).

	 9.	Wash the plate three times with PBS-T.
	10.	Prepare the substrate for the color reaction with 

o-phenylenediamine dihydrochloride (OPD) according to the 
manufacturer’s instructions, add 100 μl per well, and allow it 
to develop for 10–15 min.

	11.	Measure the absorbance at 450  nm using a plate 
spectrophotometer.

IF is a serological technique that can be set up for both antibody 
detection and viral antigen detection (see Note 9). This technique 
has some limitations for antibody detection in comparison to other 
serological assays because cell-culture slides must be produced, 
sometimes necessitating high-containment facilities. In some epi-
demiological studies, this technique is used to support the results 
obtained with other serological assays such as ELISA and Western 
Blot [31–34]. IF is very commonly used for antigen detection to 
confirm results of viral isolation. Depending on the availability of a 
primary antibody from infected animal or human cases, and the 
respective secondary antibody, virus infection of the original cul-
ture could be detected [35, 36]. The following protocols were 
described by Powers et al. to detect Rio Mamore hantavirus and 
Wuff et al. to detect Marburg infection [35, 37].

	 1.	At the end of the first passage of the virus isolation assay, cells 
from the monolayer are scraped with glasses spheres, using a 
small amount of PBS for cell dilution.

	 2.	Clean the glass microscope slides briefly with ethanol.
	 3.	Drop the cell suspension into the wells of the microscope slide, 

and let them air-dry in the biosafety cabinet.
	 4.	Fix the cells with cold acetone for 1–10  min and store at 

−80 °C or −20 °C until performing the serological assay.
	 5.	Before using the stored slides, they should be washed in PBS 

three times for 5 min.
	 6.	To block unspecific binding, incubate the slide with PBS-T-

BSA for 10 min at room temperature.
	 7.	Decant the blocking solution and wash the cells three times in 

PBS-T, 5 min per wash.
	 8.	Incubate with the primary antibody: in the case of hantavirus 

infection it is Sin Nombre virus recombinant hyper-immune 
mouse ascitic fluid (HMAF) in PBS-T with 1% BSA in a 
humidified chamber for 1 h at room temperature or 4 °C for 

3.6  Immunofluo
rescence (IF) 
Microscopy to Detect 
Virus Antigens or 
Antibodies
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several hours. In the case of Marburg infection it is guinea pig 
immune serum prepared against Marburg virus (the primary 
antibodies in both cases are not commercial reagents; there-
fore, this usually is prepared in the laboratory or obtained by 
donations). When the IF is performed to evaluate serum sam-
ples from patients as primary antibody, each slide must have 
positive and negative control sera and the patient’s samples 
must be used in different dilutions ranging from 1:20 to 1:160.

	 9.	Decant the mixture with the primary antibody solution and 
wash the cells three times in PBS-T, 5 min each wash.

	10.	Incubate the cells with the secondary antibody, in case of 
hantavirus detection it is FITC-conjugated goat anti-mouse 
IgG in PBS-T with 1% BSA in a humidified chamber for 1 h at 
room temperature in the dark. In case of Marburg infection it 
is the same preparation FITC-conjugated anti-guinea pig.

	11.	Decant the mixture of the secondary antibody solution and 
wash three times with PBS-T for 5 min each in the dark.

	12.	Mount coverslips with a drop of mounting medium.
	13.	Seal coverslip with nail polish to prevent drying and movement 

under the microscope.
	14.	Read the slides under the fluorescence microscope.
	15.	Store slides in the dark at −20 °C or 4 °C.

The in  vitro NT test consists of mixing serum samples with a 
certain amount of a titered virus stock, and then inoculating this 
mixture onto cell culture monolayers with a semisolid media. A 
serum sample with NT activity will reduce the capacity of your 
virus stock to cause CPE in cell culture. In epidemiological surveil-
lance, the neutralization assay is very useful because, normally, the 
other serological tests have a high cross-reactivity among viruses of 
different species within the same genus, for this reason it is difficult 
to determine which virus is the etiological agent. The neutralizing 
antibodies are more specific for viruses, for example the dengue 
neutralizing antibodies can differentiate among different sero-
types, making this technique essential for determining which sero-
types circulate in a given area [38, 39]. Otherwise, the neutralization 
assay only identifies antibodies that block the virus entrance to the 
host cell; for that reason this technique is also useful in estimating 
vaccine efficacy [38]. Nevertheless, the NT also has some disad-
vantages for its application in epidemiological surveillance: it 
requires more time to perform than other serological tests and 
requires a cell culture laboratory with the appropriate biosafety 
level (BSL) according to the risk group of each agent [NIH Guide­
lines http://osp.od.nih.gov/sites/default/files/NIH_Guidelines.html].

3.7  Neutralization 
(NT) Test

Hemorrhagic Fever Virus Epidemiological Surveillance
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The following protocol for a DENV NT test is simplified from 
the world health organization protocol [38].

	 1.	Heat inactivate all sera to be assayed in a 56 °C water bath for 
30 min.

	 2.	Prepare serial 1:2 dilutions of test sera and positive and nega-
tive control sera in serum diluent (MEM). To the first tube of 
each dilution series, and to each of the five other tubes in the 
series, add 250 μl of diluent. Then prepare 1:10 dilution and 
the next tube 1:20, and so on.

	 3.	Prepare all the control sera at the same dilutions as the clinical 
sera under surveillance.

	 4.	Rapidly thaw the virus vial of the appropriate serotype, in a 
37 °C water bath and then place it immediately on ice.

	 5.	Place the same volume of the diluted virus stock into each of 
the serum dilution tubes, including controls for a final virus 
concentration of approximately 50 PFU/ 0.2 ml.

	 6.	Mix the virus + serum well by gentle vortexing and incubate 
the tubes in a 37 °C water bath for 1 h.

	 7.	Label 6-well plates containing confluent Vero cell monolayers 
for inoculation and remove all culture supernatants, being 
careful to prevent the monolayers from becoming dry.

	 8.	Add 200 μl of the virus-serum mixture and inoculate this into 
each of the two wells of a properly prepared 6-well plate. 
Distribute the inoculum by rocking the plate back and forth 
and from side to side.

	 9.	Incubate the inoculated plates at 37 °C for 1 h in a 5% CO2 
incubator to allow for virus absorption. Be sure that the plates 
are level so that the cell monolayers do not become dry. Rock 
the plates at regular intervals to maintain moisture on the cell 
sheets.

	10.	After the incubation period, remove the inoculum and add 
2.5 ml of agarose-containing overlay medium to each well.

	11.	To mix the first overlay medium with equal volume of 2% 
agarose solution immediately prior to use (see Subheading 2) 
(see Note 10).

	12.	Set the plates at room temperature for 15–20 min to allow the 
agarose to solidify.

	13.	Incubate the plates upside down to minimize water condensa-
tion in the wells in a 37  °C, 5% CO2 incubator for 5  days 
(depending on virus strain) to allow virus plaques to develop.

	14.	After the previously determined incubation time (e.g., 5 days) 
prepare the second overlay containing the vital stain neutral 
red. Add 2 ml of the second overlay to each well.
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	15.	To make the second overlay medium, do exactly as for the 
first, but add neutral red to a final concentration of 0.5%. Allow 
the agar solution to cool as for the first overlay, then add the 
neutral red (which should be at room temperature) right 
before use.

	16.	Set the plates at room temperature for 15–20 min to allow the 
agarose to solidify.

	17.	Incubate the plates, same environment as above, for a mini-
mum of 18 h or up to 48 h to allow the cells to maximally take 
up neutral red stain.

	18.	Place the stained 6-well plates on a light box. Using a counting 
pen, count the plaques. For a valid assay the negative control 
should contain a minimum of 30 plaques. As plaque overlap 
would be caused by excessive numbers of plaques it must be 
avoided.

Western blots give information about the specific proteins that are 
recognized by antibodies and require separation of antigen pro-
teins on a SDS-PAGE in discernible bands corresponding to their 
molecular weight. WB is useful in epidemiological surveillance to 
detect antibodies in patients and animals to confirm the result of 
the ELISA commonly used in screening, e.g., for Ebola, Crimean-
Congo, and Seoul virus [40–42]. Similar to the ELISA, the anti-
gens for the WB could be recombinant proteins or native antigens. 
In the case of antibody detection, recombinant antigens are more 
often used to reduce the background reactivity to other cellular 
components [40–42]. WB is advantageous for epidemiological 
surveillance, because in rapid assays for field studies, antigens can 
be preloaded onto membranes to detect specific antibodies using 
colorimetric systems that do not require special equipment [43]. 
For example, there is a WB protocol to detect Crimean-Congo 
hemorrhagic fever virus (CCHFV) antibodies [41, 44, 45].

	 1.	Load more than 1 μg of the recombinant Np in each well of 
the gel, this protein will be prepared in sampling buffer  
(see Subheading 2.9) and boiled for 10 min.

	 2.	Run the gel for 2 h at approximately 120 V.
	 3.	Transfer the proteins to a nitrocellulose membrane. For this 

procedure place the gel and membrane onto the transfer sand-
wich according to the electrophoresis apparatus manufactur-
er’s recommendations. Place the cassette in the transfer tank 
immersed in transfer buffer. Transfer overnight in a cold room 
at a constant current of 10 mA.

	 4.	The membrane with the proteins is blocked by incubating in 
TBST with 5% skim milk for 1 h at room temperature.

3.8  Western Blots 
(WB) to Detect Viral 
Antigens (See Note 11)
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	 5.	Wash the membrane three times with TBST, for 5 min each 
time.

	 6.	Incubate the blots with human sera (1:100) dilution in TBST 
solution for 1 h at room temperature.

	 7.	Wash three times again with TBST/5 min each.
	 8.	Incubate the blots with the secondary antibody; in this case,  

it is horseradish peroxidase (HRPO)-conjugated goat anti-
human IgG antibody (1:2000) in TBST solution.

	 9.	Wash the membrane twice with (TBS)/5 min each.
	10.	The positive signal will be detected using the colorimetric kit 

(BCIP-NBT Solution Kit).

Denaturing polyacrylamide gels are useful for identifying proteins 
and evaluating their integrity. In epidemiological surveillance, the 
Western Blot is the most common application for this kind of gel. 
By heating the sample under denaturing and reducing conditions, 
proteins become unfolded and coated with SDS detergent mole-
cules, acquiring a high net negative charge that is proportional to 
the length of the polypeptide chain [30]. Use 15% acrylamide for 
proteins between 12 and 43 kDa, 10% for proteins between 16 and 
68 kDa, 7.5% for proteins between 36 and 94 kDa, and 5% for 
proteins between 57 and 212 kDa. Complete protocols to make 
these gels are available in [44].

	 1.	After preparing the polymerized polyacrylamide gel, protein 
samples are mixed in equal volume proportion with SDS sam-
ple buffer, and boiled for 10 min.

	 2.	After vortexing and heating the protein samples (for denatur-
ation), these are loaded onto a gel previously immersed in run-
ning buffer. The running conditions for proteins in a range of 
10–100 KDa are approximately 120 V for 2 h.

	 3.	For gel staining, immerse the gel in Coomassie stain for at least 
30 min and then immersed in destaining buffer to get rid of 
the excess dye until the proteins are clearly visible. A different 
method is used for silver staining to detect low abundance pro-
teins (see Note 12) [46].

4  Notes

	 1.	During virus isolation assays it is necessary to have a negative 
control (non-inoculated monolayer of cells), because you need 
to check the contamination of cultures and this allows the 
comparison between the inoculated and non-inoculated 
monolayers to detect CPE.

3.9  SDS-
Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE) for WB
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	 2.	Normally after a successful virus isolation, the concentration 
(or titer) of isolated virus is low, so to get a concentrated  
stock it is recommended to use Amicon filters or PEG 
precipitation.

	 3.	During virus amplification in culture, supernatants of each pas-
sage could also be processed for RNA isolation or for rt-PCR 
to detect viral nucleic acid. Additionally, cells fixed in the 
monolayer could be scraped to make slides for immunofluores-
cence for evaluating virus infection.

	 4.	If you have so little starting material that you do not expect to 
see RNA pellets, add 1 μg of glycogen to your aqueous phases. 
Glycogen is inert in subsequent polymerase reactions, but it 
helps to precipitate RNA and makes a visible pellet. Glycogen 
can be purchased as a powder (e.g., Oyster glycogen from 
Sigma), suspended in sterile water, phenol extracted, ethanol 
precipitated, and stored frozen at 1 mg/ml.

	 5.	PCR has many different purposes in surveillance studies. PCR 
is often used for the detection of an unknown virus because it 
is possible to use primers for a conserved sequence of a sus-
pected virus genus and get the first viral sequence. For example, 
“universal” primers were designed for the arenavirus genus [47]. 
Another strategy to get unknown viral sequence is what is 
called “primer walking.” For this technique, different oligo-
nucleotides are designed taking into account the alignment of 
related viruses, and after the first sequence is obtained, it is 
used to design oligonucleotides to get a new fragment and the 
procedure continues in this way [48].

	 6.	Real-time PCR (rt-PCR), also known as quantitative rt- 
PCR or qPCR, is a variation on the conventional Reverse 
Transcription-PCR (RT-PCR). Quantitative PCR has become 
widely used in epidemiological surveillance and clinical studies 
because its setup takes less time than the conventional PCR 
and it is more sensitive for deducing relative concentrations of 
viral RNA with respect to host mRNA [49]. It is more often 
used in research related with diagnostics of known viral infec-
tions, but is not a good choice to get viral sequences because 
the amplicon sizes are too short. There is a TaqMan format of 
qPCR that uses specific probes to identify different viral sero-
types, i.e., Alm et  al. tested human samples using a specific 
probe for each dengue serotype [50].

	 7.	IgG ELISA: To perform each ELISA assay it is necessary to 
use at least one positive and some negative controls to detect 
any variation in the reactivity. The concentration of the recom-
binant antigen and the dilution of the secondary antibody 
should be standardized to reduce the background in the nega-
tive controls and to optimize the signal in the positive controls. 
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The usual concentration of recombinant antigens is between 
(1–10 μg/ml) [24, 51], and the concentration of the second-
ary antibody is highly dependent on the commercial brand with 
normal values usually found between 1/1000 and 1/20,000.

There are different commercial reagents for development of 
color reaction, among them, TMB and ABTS (KPL), which 
could have different sensitivities, depending on the specific 
needs.

	 8.	ELISA for IgM detection: In epidemiology, surveillance with 
IgM tests is less commonly used than the IgG test. IgM is 
regularly known as a short-lived response and tests are more 
often employed for diagnosis of clinical cases, particularly to 
detect patients with a recent infection [52, 53]. Considerations 
are similar to those for the IgG ELISA protocol; however, the 
antibody-capture methodology is more commonly used for 
the IgM assay with some additional variations. It is also neces-
sary to adjust the concentration of the captured antibody.

	 9.	Indirect immunofluorescence assay (IIF): For the cell fixa-
tion, use ice-cold methanol or 3–4% paraformaldehyde in PBS 
pH 7.4 for 15 min and room temperature. The advantage of 
acetone fixation is that a permeabilization protocol is not 
required to detect intracellular antigens. If you do not use ace-
tone, the permeabilization protocol consists of incubating the 
samples for 10 min with PBS containing 0.25% Triton X-100 
(or 100 μM digitonin or 0.5% saponin). However, permeabili-
zation is not appropriate for the use of cell-surface antigens 
since it destroys membranes. As for other serological assays, 
the dilution of primary and secondary antibody should be 
standardized. In case the IF slides cannot be used immediately, 
they should be stored at −80 °C. For better distinction of the 
cell nucleus add Evans blue dye to the solution of the second-
ary antibody.

	10.	Neutralization (NT) tests: When the virus is added to dilute 
sera it is necessary to be very careful to avoid contamination. 
Add the virus first to the negative control dilution, and then to 
test sera, and finally to the positive controls; avoid contaminat-
ing the pipette with sera. Hot agarose in the first overlay 
medium kills the cells, so be sure that this solution cools before 
adding it to the cell monolayer.

	11.	Western Blots: The transfer of proteins, blocking and incuba-
tion with the primary antibody can be carried out at room 
temperature or 4 °C (avoiding protein degradation). To cor-
roborate successful protein transfer, the membrane can be 
temporally stained with Red Ponceau that can be washed off to 
allow reuse of the membrane for the WB.
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For verification, positive and negative control human sera 
should be tested under the same conditions in each WB. The 
time it takes to transfer proteins can be reduced by using low 
current, but this should be standardized for proteins with dif-
ferent sizes.

	12.	SDS-PAGE for Western Blots: It is recommended that two 
identical SDS-PAGE gels are prepared, one to transfer the 
proteins to the membrane for WB and another to stain with 
Coomassie for protein visualization. In the staining and 
destaining procedures, it is necessary to avoid evaporation; 
otherwise the gel could break. Silver staining is a long proce-
dure but is more sensitive than Coomassie blue.
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Chapter 5

Diagnostics for Lassa Fever: Detecting Host Antibody 
Responses

Maria S. Salvato, Igor S. Lukashevich, Sandra Medina-Moreno, 
and Juan Carlos Zapata

Abstract

There are two types of viral diagnostics: (1) those that detect components of the pathogen (like viral RNA 
or proteins) and (2) those that detect host molecules that rise or fall as a consequence of pathogen infec-
tion (like anti-viral antibodies or virus-induced inflammatory cytokines). Quantitative PCR to detect Lassa 
RNA, and clinical chemistry to detect high liver enzymes (AST/ALT) are commonly used to diagnose 
Lassa fever. Here, we discuss the various types of diagnostics for Lassa fever and the urgent need for early 
diagnosis. We also describe a protocol for using the attenuated Lassa vaccine candidate, ML29, as an anti-
gen for detecting Lassa-specific antibodies. Since antibodies are developed late in the progression of Lassa 
fever disease, this is not an early diagnostic, but is more useful in surveillance of the population to deter-
mine the sero-prevalence of antibodies to Lassa virus (LASV), and to define treatment options for people 
in close contact with a Lassa-infected person.

Key words Lassa diagnosis, Host-response diagnostics, ML29 antigen, Early diagnosis, Antibody 
response, Surveillance

1  �Introduction

Differential diagnosis for Lassa fever (LF) includes malaria, dengue 
fever, Ebola virus disease, typhoid fever, gastroenteritis, pneumo-
nia, influenza, and many other infections beginning with flu-like 
symptoms. In the endemic areas of Western Africa, it is hard to 
arrive at an etiologic diagnosis due to a lack of convenient diagnos-
tic laboratories. The early flu-like signs can rapidly progress to 
more specific manifestations like facial edema, petechial rash, and 
sore throat [1]. Table 1 describes the progression of Lassa fever 
(LF) obtained by blood exposure, for example by needle stick from 
a viremic patient, and the types of diagnostics that can be used at 
the different stages of disease.
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There are no commercially available diagnostic assays for 
detecting the pre-viremic or incubation phase of LASV infection. 
Early diagnosis of LF is crucial for initiating treatment, implement-
ing preventive measures, and contact-tracing possible disease carri-
ers [3]. Host responses to infection during the incubation phase 
could conceivably contribute to predicting clinical disease. Studies 

Table 1 
Diagnosis of Lassa fever: progression of host responses and virus replication

Disease  → 
Progression Day 1–4 Day 5–9 Day 7–15 Day 10–20

Detect host response

Mild 
infection

Early innate 
immune 
response

You might note 
mild signs: 
headache, 
weakness, 
myalgia. Strong 
CMIa.

CTL assay or T cell 
proliferation assay 
detects strong CMI

ELISA to detect 
Lassa virus-
specific IgM or 
IgG is clearly 
positive.

Severe 
infection

Trancriptomeb:
Drop in PTGS2, 

& NR4A2.
Kinomics shows 

low signaling.

Late innate 
response, weak 
CTL response. 
Disease 
signs = fever, high 
liver enzymes, 
low blood 
pressure.

Signs = pharyngitis, 
petechial rash, vascular 
leakage, facial edema.

High liver enzymes: 
ALT/AST >5X 
normal.

Signs = kidney 
failure. Deafness, 
possibly 
hemorrhage.

ELISA might detect 
antiviral 
antibodies, but 
they are weak.

Detect virus, virus protein, or virus RNA

No detectable 
virus until d3 
or d4.

– Virus plaque assay 
detects peak 
viremia.

– qRT-PCR detects 
viral RNA

– Immuno-
histochemistry 
detects viral 
antigens in tissues

– Antigen capture 
ELISA detects 
viral antigen

– Western blot or 
Rapid detects 
viral protein.

In a mild infection, 
viral components 
decrease due to good 
immune response.

In a severe infection, 
viral components 
remain high, virus 
>104 infectious 
units/ml.

In a mild infection, 
disease signs 
disappear and 
the patient 
becomes well.

In a severe 
infection, 16% of 
hospitalized 
cases succumb to 
death. For those 
who recover, 
virus RNA 
persists for 
months.

aCMI means cell-mediated immunity or immunity that does not involve antibodies. It is detectable by T cell prolifera-
tion to antigen (detecting CD4 responses), by cytotoxic T cell assays (Fluor- or chromium-release due to virus-specific 
lysis of infected cells; secretion of cytokines like IFN-γ in response to viral antigens; tetramer-binding assays), and by 
assays for activated phagocytes
bTranscriptome analysis of macaques with viral hemorrhagic fever showed dramatic drops in gene expression of PTGS2 
(encoding COX2) and Nuclear Receptor 4A2 (NR4A2; responsible for up-regulating retinoic acid receptors) [2]
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in rhesus monkeys infected with lymphocytic choriomeningitis 
virus (LCMV) [2] or people infected with influenza A virus [4, 5] 
established patterns of virus-specific host responses occurring 
before viremia. A goal for this work has been to develop diagnostic 
chips that will measure changes in host gene expression that are 
predictive of disease onset. Unfortunately, despite a great deal of 
research investment into predictive chips, no such diagnostics are 
currently available due to the great person-to-person variation in 
disease susceptibilities and immune responses.

The problem of human variation could be solved by an intense 
effort to classify people into transcriptome types. For example, 
after characterizing the blood transcriptome of 1000 healthy peo-
ple and hierarchical clustering of their profiles, it may be possible 
to determine whether the clustering follows any external character-
istics, such as age, gender, ethnicity, body mass index, etc. Should 
the clustering allow a classification of the 1000 subjects into a lim-
ited number of “groups,” then each individual could belong to a 
group and have a healthy comparator when they become ill. 
Biomarker chip analysis relies on comparison to an appropriate 
healthy control, so either a healthy person from your “group” can 
serve as your comparator when you get sick, or you can rely on 
your own “healthy profile” to compare to your “sick profile.” 
When we profiled macaques it was possible to use their pre-
infection bloods as the “healthy control” and our results were very 
consistent for each animal. Based on NHP studies, a severe drop in 
mRNA for COX2 or NR4A2 and a rise in mRNA for fibronectin1, 
CD14, or chemokine receptor CCR2 occurred before viremia rose 
enough to be detectable by conventional diagnostics [2]. In human 
beings we would expect this drop or rise to occur with respect to 
the expression of those genes in a healthy comparator. If the sick 
person fits this profile, they would be likely to be harboring a viru-
lent case of LFD.

LASV isolation is the “gold standard” for LF diagnosis, but it 
must be done in high containment Biosafety Level-4 (BSL-4) facil-
ities and requires several days for completion [3]. Most diagnostics 
for LF detect the proteins or nucleic acids of LASV. A new “lateral 
flow immunoassay” detects the LASV nucleocapsid protein (NP) 
in serum samples and was developed by the Hemorrhagic Fever 
Virus Consortium with Corgenix Medical Corporation, CO, USA 
[6]. This approach uses immobilized antibodies to capture virus 
antigens, and is probably the most rapid and cost-effective type of 
early diagnostic.

Reverse transcription-PCR (RT-PCR) proved useful for LASV 
detection with 100% sensitivity [7, 8]. By using specific primers for 
a conserved region in the S segment, up to 79% positive predictive 
value was achieved, compared with 21% for Indirect immunofluo-
rescence assay (IFA). Testing of three sequential samples after 
admission increased the positive predictive value to 100% 
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compared with 52% for IFA [9]. Later, these protocols were opti-
mized by including real-time PCR assays [10], second rounds of 
amplification (nested PCR) [11], targeting several sites on the L 
segment [12] or combining PCR with sequencing [13]. With PCR 
there are issues of strain variation (nucleotide mismatching), cross-
contamination, and high implementation costs in resource-limited 
settings [13].

Late-stage diagnostics are also available. Virus neutralization 
tests, reversed passive hemagglutination and inhibition, and com-
plement fixing antibody detections were some of the first LASV 
diagnostics, but detectable antibodies appear late after infection 
and are primarily useful for surveillance [14–17]. IFA can be used 
for LF antibody detection (an increase of more than four times in 
IgG-LASV titers, IgG of <1:256 on admission, or IgM-LASV titer 
of <1:4 is considered positive) however; specificity is low in popu-
lations with small apparent risk of infection and does not distin-
guish between LASV strains. IFA detects antibodies 7–10 days 
after the onset of illness, 3–4 days faster than the cytopathic effects 
(CPE) seen by virus isolation [1, 18, 19]. ELISA (Enzyme-Linked 
Immunosorbent Assay) was developed for detecting LASV-IgM 
and IgG and antigen. This test improved sensitivity and specificity, 
however, early detection was not improved unless antigen assays 
were used that were positive on the day of patient admission [6, 
20–26]. The antigen used in antibody-capture ELISA is impor-
tant: GP is “type specific” or more species-specific, and NP is 
“group specific” or more broadly cross-reactive; so antigen that 
consists of whole virions (like the ML29-attenuated reassortant 
virus [25]) should have the broadest capacity to detect antibodies 
from a wide variety of LASV isolates. Other studies showed 
increased sensitivity or specificity by combining IgM and antigen 
assays, but detection has rarely been fast enough for patients to 
initiate therapy and survive. Molecular methods such as Western 
Blot analysis have also been tried for detecting NP and envelope 
glycoprotein-2 (GP2) antibodies [20]. With the use of this tech-
nique, it was possible to detect both IgG and IgM against NP in 
acute samples with very low positive predictive value (53.6%) but 
high negative predictive value (93%) [27].

Here, we describe the use of an attenuated Lassa vaccine can-
didate as an inexpensive antigen for performing antibody-detecting 
ELISA. 96-well polystyrene plates are coated with viral antigen, 
and then the patient serum or plasma is added to each well. If the 
patient sample contains anti-Lassa antibodies, they will bind the 
antigen and be detected by an enzyme-linked secondary antibody. 
This antibody mediates a color change in the wells upon the addi-
tion of a substrate such as TMB. Such an inexpensive assay will 
establish the sero-prevalence of Lassa exposure in a given popula-
tion and help in assessing the need for developing clinical capacity 
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and outbreak preparedness, as well as to guide the treatment to 
people in close contact with a confirmed LF case.

Clinical and laboratory diagnosis of LASV has been improved 
during the last 20 years by the introduction of new antibody or 
nucleic acid detection assays. The new technologies shorten the 
time between infection and diagnosis but fail to detect infection 
during the incubation period. Thus, there are important opportu-
nities for more advanced LF diagnostics that incorporate early pat-
terns of host responses with pathogen detection.

2  �Materials

	 1.	ML29 antigen: ML29 virus is a reassortant between Lassa and 
Mopeia viruses containing the NP and GP from LASV, and the 
Z and L genes from Mopeia virus. Non-infectious antigen is 
derived from a stock of ML29 that is 107 plaque forming 
units/ml and, inactivated by sonication for five 3-second bursts 
at maximum intensity in a cup sonicator (see Note 1).

	 2.	ELISA plates: 96-well flat-bottomed plastic microtiter plates.
	 3.	Phosphate buffer saline (PBS) pH 7.4.
	 4.	Coating Buffer (100 mM Bicarbonate buffer, pH 9.6): 1.59 g 

Na2CO3, 2.93 g NaHCO3, add distilled water to 1 l; pH 9.6 by 
adding dilute NaOH or HCL as needed. Alternative: 
Carbonate-Bicarbonate Buffer Capsules (e.g., from Sigma).

	 5.	Blocking Buffer: 10% nonfat dry milk (NFDM) in PBS. Dry 
milk prevents nonspecific binding of detection antibodies to 
the multiwell plate surfaces (see Note 2).

	 6.	Wash Buffer: 0.05% Tween-20 (polysorbate 20) in PBS. Tween 
detergent will prevent nonspecific antibody binding.

	 7.	Distilled or deionized water. Poor quality water can cause high 
background or high optical density readings.

	 8.	Sample Dilution Buffer: 10% NFDM, 0.05% Tween-20, in 
PBS.

	 9.	Serum or plasma samples: unknown patient samples; patient 
samples known to be Lassa-infected (positive controls); unin-
fected patient samples (negative controls).

	10.	Secondary antibody conjugates: Goat, sheep, rat, or mouse 
anti-human IgG conjugated with peroxidase enzyme can be 
used. Each of them has to be optimized for this procedure.

	11.	3,3′,5,5′-Tetramethylbenzidine (TMB; substrate for the per-
oxidase enzyme that is linked to the secondary antibody).

	12.	TMB Stop Solution: Stops the enzyme-substrate reaction and 
color development.
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	13.	Single-channel and multi-channel pipets.
	14.	Barrier pipette tips 5–1000 μl to avoid cross-contaminations.
	15.	Serological plastic pipettes 5, 10, and 25 ml.
	16.	Reagent reservoirs.
	17.	Conical centrifuge tubes (15 ml and 50 ml).
	18.	14 ml polypropylene round-bottom tubes.
	19.	Assorted clean/sterile glassware (e.g., beakers, flasks).
	20.	Non-powdered gloves; nitrile recommended.
	21.	Aluminum foil.
	22.	Optical tape (plate covers).
	23.	Safety glasses.
	24.	Timer.
	25.	Vortex mixer.
	26.	Magnetic stirrer and stir bar.
	27.	37 °C incubator.
	28.	2–8 °C refrigerator.
	29.	−20 °C freezer.
	30.	−80 °C freezer (for long-term storage of patient samples).
	31.	Class II biological safety cabinet.

3  �Method

	 1.	To coat 96-well plates with antigen, first dilute ML29 antigen 
1:100 in Coating Buffer (10 ml/plate). Then vortex the solu-
tion 5 s, add 100 μl/well, incubate plates for 3 h 37 °C (or 
alternatively 4 °C overnight).

	 2.	To block the plates, prepare fresh Blocking Buffer (25  ml/
plate). Stir it for 30 min to make sure NFDM is all dissolved.

	 3.	After coating is completed, remove the plates from the incuba-
tor and aspirate the antigen from the wells. This can be done 
manually using a multichannel pipet or with automated or 
semi-automated washer such as the NUNC Immuno™ Wash 
12 aspirator. After aspiration, wells should not dry before the 
addition of the next reagent.

	 4.	Wash plates six times with Wash Buffer using the semi-
automated washer or multichannel pipet. Soak plates 2  min 
between washes.

	 5.	Remove residual wash fluid by tapping inverted plate on absor-
bent paper.

	 6.	Add 250 μl Blocking Buffer to all wells of the plate and incu-
bate overnight at 4 °C (or 3 h at 37 °C).
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	 7.	Dilute patient samples 1:100  in Sample Dilution Buffer in 
1.5 ml Eppendorf tubes. Make enough dilute sample to place 
100 μl per well. Your positive and negative controls should 
have been pretested. In our case, our positive control worked 
best at a dilution of 1:200 and the negative control at 1:100.

	 8.	Remove the blocked plates from 37  °C incubator or 4  °C 
refrigerator.

	 9.	Aspirate the Blocking Solution with a semi-automated washer 
or a multichannel pipet.

	10.	Wash plates six times with Wash Buffer, soaking 2 min between 
washes.

	11.	Remove residual wash fluid from wells by tapping inverted 
plate on absorbent paper.

	12.	Add 100 μl per well of diluted samples to the 96-well plate. 
Figure 1 shows an example of plate design.

	13.	Incubate plates in 37 °C incubator for 1 h. Plates can be stacked 
and covered with foil or optical tape plate-covers.

	14.	 Remove plates from incubator but do not dump their con-
tents, instead be careful to aspirate the samples from the wells 

Fig. 1 Sample layout for a 96-well plate ELISA to test 26 unknown sera in triplicate. The plate includes a nega-
tive control in triplicate, a positive control in triplicate and 12 blank wells (buffer instead of serum). Relevant 
information about the assay should be documented according to Good Lab Practices
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so as to prevent cross-contamination. Wash plates six times 
with Wash Buffer, soaking 2  min between washes. Remove 
residual fluid from wells by tapping inverted plate on absor-
bent paper.

	15.	Dilute anti-human IgG antibody conjugate in Sample Dilution 
Buffer (1:2500 dilution). Dilution should occur in two stages: 
1:100 dilution first, vortex, and then 1:25 dilution, vortex. 
You will need 10 ml per plate. Add 100 μl of secondary anti-
body conjugate to each well of the plate.

	16.	Incubate plates in 37 °C incubator for 1 h. Plates can be stacked 
and covered with foil or optical tape plate-covers.

	17.	Remove plates from incubator. Be careful to aspirate the sam-
ples from the wells so as to prevent cross-contamination (do 
not dump their contents). Wash plates six times with Wash 
Buffer, soaking 2 min between washes. Remove residual fluid 
from wells by tapping inverted plate on absorbent paper.

	18.	Bring the TMB to room temperature 15 min before using it. 
The TMB will usually not work well after its expiration date. 
Add 100 μl per well.

	19.	Cover plates with foil and incubate them in the dark for 15 min 
at room temperature.

	20.	Stop color development by adding 100 μl per well of TMB 
Stop Solution. Add this slowly and carefully so as to prevent 
making bubbles (that cause the plate-reader to make incorrect 
readings). Change tips between rows and use barrier tips to 
prevent cross-contaminating wells.

	21.	Turn on the microplate reader 20  min before use, so it is 
warmed up. Place each plate in the reader at 450 nm with zero 
reference filter (depending on the ELISA reader). Read plate 
within 15 min after final incubation.

4  �Notes

	 1.	If the starting titer of the virus to be used as antigen is less than 
107, use Amicon filters to concentrate the stock.

	 2.	The Carnation-Nestle brand is a soluble particulate-milk prep-
aration that causes no clumping. Some other milk brands pro-
duce fine powders that clump, are less soluble, and contribute 
to high backgrounds.
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Chapter 6

Sampling Design and Mosquito Trapping for Surveillance 
of Arboviral Activity

Luís E. Paternina and Juan David Rodas

Abstract

Mosquitoes are the most important vectors for arboviral human diseases across the world. Diseases such as 
Dengue Fever (DF), West Nile Virus (WNV), Yellow Fever (YF), Japanese Encephalitis (JE), Venezuelan 
Equine Encephalitis (VEE), and St. Louis Encephalitis (SLE), among others, have a deep impact in public 
health. Usually mosquitoes acquire the arboviral infection when they feed on viremic animals (birds or 
mammals), so their infection can be detected along the year or in short periods of time (seasons). All of 
this depends on the frequency and seasonality of the encounters between viremic animals and vectors.

With the convergence of several phenomena like the increasing traveling of human populations, glo-
balization of economy and more recently the global warming, the introduction of nonendemic arbovirus 
into new areas has become the current scenario. As examples of this new social and environmental frame 
we can mention the outbreak of West Nile Virus in North America in the late 1990s and more recently the 
outbreaks of chikungunya and Zika virus in the Americas. The present chapter deals with one of the first 
steps in the development of research studies and diagnosis programs, the surveillance of arboviruses in 
their vectors, the sampling design and mosquito trapping methods. The chapter also includes some impor-
tant considerations and tips to be taken into account during the mosquito fieldwork.

Key words GIS, Mosquitoes, Sampling, Trapping methods, Arbovirus, Surveillance

1  Introduction

Global warming is already extending the geographical range of mos-
quitoes and ticks that harbor and transmit arboviruses, resulting in 
outbreaks of dengue fever and yellow fever in new locations [1]. 
Here we describe the use of geographic information systems (GIS) 
in sampling design for vector surveillance, and we describe collec-
tion and processing of insect vectors in fieldwork conditions.

The search of arboviruses through mosquito sampling is usually 
performed as a result of the notification of viral infection in humans 
or animals in endemic or enzootic areas. However, in areas where 
arboviruses have not yet been detected in mosquitoes, a random 

1.1  Sampling Design 
for Vector Surveillance 
Using Geographic 
Information Systems 
(GIS)
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and uniform sampling design helps to systematize the study of 
arbovirus and vector distribution.

This methodology should reduce systematic errors in vector 
sampling and maximize the chances of finding arboviral agents in 
nature using a spatially variable approach. A wide variety of soft-
ware exists for GIS analyses to help with the spatial design of sam-
pling. The best known of these is ArcGis (property of ESRI 
Company); however, free software from the Open Source 
Geospatial Foundation (OSGeo) such as GRASS GIS and QGIS 
are also available.

Here, we focus on the software QGIS, which is now widely 
used among private and official institutions around the world as an 
alternative to ArcGis software. The increasing popularity of QGIS 
lies in its free distribution under a General Public License (GPL) 
and the availability of hundreds of plugins for geo-processing, geo-
spatial statistics, and handling and analysis of processed layers and 
remote sensor images.

The random or uniform sampling design is meant to make a 
relatively unbiased sampling of vector/reservoir populations in a 
defined zone. Both methodologies allow the creation of points 
over the area of interest where the trapping of vectors will be car-
ried out. It is important to emphasize that these methodologies are 
popular in ecological analyses in order to establish comparisons 
between areas or search for specific events in wildlife populations, 
but it is uncommon in investigations of zoonotic diseases.

The planning of trap distribution for collections of zoonotic 
vectors is an important element in the surveillance of hemorrhagic 
fevers caused by arboviruses and roboviruses [2, 3]. Unfortunately, 
examples of successful random or uniform sampling designs for the 
surveillance of arboviral diseases are not very common in the litera-
ture, because they require a large economic and logistic effort. 
However, there are several examples that show how a good sam-
pling design can provide answers to very important questions on 
the dynamics of hemorrhagic diseases. One very successful exam-
ple of the sampling design for arboviral surveillance is the work of 
a Brazilian team that studies the dengue fever vector [4]. They 
found strong spatial-temporal correlations between the abundance 
of Aedes aegypti females with cluster of cases in Belo Horizonte 
(Minas Gerais, Brazil) using a uniform sampling design based on 
city blocks [4]. Another example is the surveillance of arboviruses 
in well characterized areas or Australia using modern techniques of 
sampling with monitoring of frequent vector population [5–7].

It is important to mention that GIS is not only useful for sam-
pling design purposes or for the retrospective study of disease pat-
terns, it is also used for real time surveillance of arboviral diseases and 
for modeling of disease and forecasting [2, 8–10]. For example, the 
Georgia Department of Public Health sponsors the Arboviral Query 
and Mapping Tool website. This platform provides information 
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about arboviral activity by years in this part of the USA. In Australia 
for example, the New South Wales Arbovirus Surveillance Program 
provides weekly reports about arbovirus activity (http://medent.
usyd.edu.au/arbovirus/) with detailed environmental information 
and mosquitoes/arbovirus detection.

As the GIS technologies become more common because of the 
globalization of computational mobile systems (cell phones, tab-
lets, and personal computers), these tools can be a great source of 
data for monitoring mosquitoes for hemorrhagic fever surveillance 
programs across the world.

For purposes of arbovirus surveillance and detection in mosqui-
toes, scientists take advantage of the common knowledge about 
the positive phototaxis and CO2-tropism shown by insects, their 
ecology and habitat preferences [11]. Consequently, mosquito col-
lection is usually performed with light traps (such as the CDC 
Light Traps or Shannon Light traps) or the traditionally used “oral 
aspirators” for the search of insects in their resting places. However, 
using these two generic strategies only a small fraction of the fauna 
of insects that may be involved in transmission cycles of arboviral 
agents can be studied [12, 13].

Since many of the insect-borne viral agents that cause hemor-
rhagic diseases have genetic material based on RNA [13], insects 
must be kept alive until they arrive at the laboratory and are either 
processed immediately or preserved in the cold chain. In this way, 
we can guarantee the integrity of the genetic material for detection 
and further isolation and characterization of the arboviral agent [5, 
14, 15]. In the mosquito-trapping scheme, the collection method 
is particularly important, since this determines the amount and 
richness of the mosquito community that is being sampled [16]; 
this is why there are many different strategies for trapping insects.

Several factors influence mosquito trapping in terms of quan-
tity (number of mosquitos/night) or quality (richness or diversity 
of the caught fauna), the choice of the collection method is par-
ticularly important because is one of the determining factors of the 
diversity of samples for the future arboviral testing. Here we pres-
ent a synopsis of the main categories of trapping methods with 
some notes about their use in field-work (Table 1). In spite of the 
many methods available for mosquito trapping, the CDC Light 
Trap remains as the standard and is one of the most widely used 
methods because it allows the collection of a considerable amount 
of mosquitoes during the night by using the positive phototaxis 
exhibited by many groups of mosquitos. Nevertheless this positive 
phototaxis can be variable among different groups of mosquitoes. 
Here, we describe the standard collection of mosquitoes in field 
work, presenting CDC Light traps guidelines for surveillance of 
arboviruses with successful results in the Old World and in the 
Americas [5, 17–21].

1.2  Preferred 
Collection Methods

Vector Trapping for Arboviral Surveillance

http://medent.usyd.edu.au/arbovirus/
http://medent.usyd.edu.au/arbovirus/
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A typical arbovirus life cycle vectored by mosquitoes begins 
when the mosquito feeds on viremic mammals or birds. Because of 
this, blood-fed and nonnulliparous females are usually the pre-
ferred target of the sampling methods [13]. These guidelines are 
applicable to many arboviral agents transmitted by mosquitoes. 
Nevertheless, not all mosquitoes are equally attracted by the CDC 
Light Trap, and sometimes the use of a bait (CO2 and other attrac-
tants) and oral aspirator collection at resting places would be help-
ful in the trapping of mosquitoes of exotic species.

The systematic search for blood-fed and gravid females has facil-
itated the detection and discovery of multiple arboviral agents. New 
methods have been developed specifically for capture and surveil-
lance of other zoonotic agents [6, 22]. As an example, in recent 
years we have seen the monitoring of Japanese Encephalitis Virus 
using Passive Box Trapping (PBT) in Australia. This trapping system 
allows the evaluation of infection by arboviral agents in the captured 
mosquito population, and an estimation of vector abundance [23].

Later modifications of this methodology allowed the inclusion 
of FTA® cards (nucleic acid-binding paper) soaked with honey in 
the Passive Box Trap (Honey-FTA PBT) in order to get a very high 
performance passive trap for mosquitoes with a preservation system 
for arboviral RNA. In this particular case the FTA® is used to bind 
the nucleic acid (RNA or DNA) when the arbovirus-infected mos-
quito regurgitates the virus while it is consuming the honey [7, 24]. 
Then, the FTA cards are used for detection and characterization of 
the viral RNA obtained from mosquitoes. This FTA-PBT coupled 
technology must be evaluated in some others scenarios for the vali-
dation of the methodology; however, this trapping method repre-
sents a major breakthrough in arboviral surveillance for the 
identification of active risk transmission in endemic conditions, and 
for the research of arboviral agents in new areas. Further reading 
about other mosquito-sampling methods (past and current meth-
odologies) are available from the classical text in medical entomol-
ogy, Mosquito Ecology [11].

2  Materials

	 1.	Laptop or desktop computer: we do not need an expensive 
computer; just make sure that your equipment is good enough 
to work with videos or images.

	 2.	QGIS software: a copy of the software can be freely downloaded 
from http://qgis.org/es/site/forusers/download.html.

	 3.	Shapefile: a shapefile (.shp, is a vector file) of your study area 
that will be helpful in order to limit the number and the extent 
of the sampling design.

2.1  Use 
of Geographic 
Information Systems 
(GIS) in Surveillance 
Design
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	 4.	Point Sampling Tool plugin for QGIS: this tool will generate 
points in the shapefile space according to our needs, in random 
or uniform ways.

	 1.	CDC Light Traps: CDC Light Traps are commercially avail-
able in many entomological stores, as an example you can 
obtain traps at Bioquip (Cat. 2836BQ). Traps are commonly 
provided with one collection bag, you will need one bag per 
trapping night for each CDC Light Trap.

	 2.	Forceps: straight, curved, and featherweight forceps are com-
mercially available.

	 3.	Chill table: commercially available, it is better to have a porta-
ble unit in order to facilitate the transportation of the 
equipment.

	 4.	GPS: Precise equipment is required; the technical specifica-
tions of the equipment tell you the error in the estimation of 
the spatial position.

	 5.	Plastic microtubes: 1.5 or 2 mm polypropylene microtubes are 
commercial available and are used to store individual insects.

	 6.	RNALater (optional): Use this reagent only if you are not 
planning to use liquid nitrogen for preservation of mosquitoes. 
This is highly recommended when you are collecting mosqui-
toes in remote locations.

3  Methods

	 1.	Install the stand-alone version of the latest QGIS from their 
official website; this may take a few minutes after the download 
of the software (see Note 1).

	 2.	Once you have installed the software, in the “Complement” 
menu of the main panel of QGIS, select “Manage and install 
complements”. In the new panel, please look for the “Point 
Sampling Tool” and select it for installation (see Note 2).

	 3.	Import a shapefile of your study area into QGIS; we use the 
shapefile of US counties (scale 500k, 1:500.000) obtained 
from the Cartographic Boundary Shapefiles Database of the 
USA Census Bureau (https://www.census.gov/geo/maps-
data/data/cbf/cbf_counties.html). Once you have imported 
your shapefile into QGIS, the software will ask you about the 
Coordinate Reference System (CRS); we use for this example 
the WGS84 (also known as EPSG: 4326). After this you will 
see your data (in our case the US counties map) on the main 
screen of QGIS.

	 4.	To generate the points over the study area, go to “Vector” 
menu, then to “Research Tools” submenu and finally, to 

2.2  Trapping 
Mosquitoes 
in Fieldwork

3.1  Use of GIS 
to Design Surveillance 
Strategy
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“Random Points”. Using this procedure you can generate 
sampling points in two different ways: (1) random points over 
the area or (2) evenly distributed points over the study area. 
The selection of a random or uniform sampling algorithm 
depends on the purpose of the vector sampling (Fig. 1).

	 5.	For the random generation of points you will need to provide 
the number of points to be created, this number depends on 
the number of trapping stations that you can use, e.g., 100 
mosquito traps, 300 Sherman traps (for rodents), and 150 
tomahawks (for rodents). Then, once you have provided the 
number or points in the “Unstratified Sampling Design”, the 
software will make a new layer (vector layer) containing the 
points required.

	 6.	One can also “Stratify” the number of points that cover a 
shapefile, meaning that one can create a certain number of 
points according to each hierarchy of the shapefile (country, 
state, cities) using the first option under the “Stratified 
Sampling Design” submenu. In this particular case, we want 1 
point for each polygon inside our US shape file (Fig. 2).

	 7.	To create a uniform sampling design, one must select the 
“Regular Points” option in the “Research Tools” submenu. 
These settings will produce a desired number of points evenly 
distributed in your shape file. One can set the number of points 
for convenience or get an unknown number of points by 
choosing the “spacing point” option.

	 8.	You are now ready to distribute traps and plan your collections.

Fig. 1 Sampling points generated using an unstratified sampling design in QGIS 2

Vector Trapping for Arboviral Surveillance
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	 1.	Select the points for the installation of light traps using the 
criteria of your convenience (canopy density, distance to forest 
patch, and distance to rivers, among many other criteria) and 
taking into consideration the ecology of the mosquito com-
munity that you want to sample. The trapping grid must be 
defined before the fieldwork, the trapping points can be ran-
domly distributed over the study area or following a trapping 
grid defined by the scientist (lineal, radial, and small windows, 
among others) (see Note 3) (Fig. 3).

	 2.	Make sure that the installed traps are at least 1.5 m above the 
ground level. Take into consideration that mosquito commu-
nity may have a vertical stratification and at this ground level 
the canopy mosquitoes are not typically collected (see Note 4).

	 3.	Usually the sampling of mosquitoes takes from 18:00 to 6:00, 
after this time detach the collection bag and close the open 
side. The bags must be handled carefully to avoid any possible 
damage to mosquitoes. Once you have collected the bag, you 
must replace it the collection bag with a new one (see Note 5).

3.2  Field Trapping 
of Mosquitos

Fig. 2 Stratified sampling points design in QGIS 2.12
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Fig. 3 Examples of trapping sites using two light trap methodologies. (a) A CDC trap installed on a secondary 
tropical dry forest. (b) Shannon trap installed in a secondary tropical dry forest

	 4.	Carefully place the mosquitoes of a single collection bag in one 
(or several) Petri dish. Each petri dish will be placed on the 
chilling plate and checked under the stereomicroscope in order 
to sort the mosquitoes according to species (or genera if you 
have trouble in the species identification process) using the 
proper taxonomic keys. A very useful and interactive mosquito 
identification key is provided by the Walter Reed Biosystematic 
Unit (http://www.wrbu.org/VecID_MQ.html) (see Note 6).

	 5.	Each pool of sorted insects must be gently transferred to 
microtubes with RNALater (or empty cryovials if you are using 
a liquid nitrogen tank for mosquito preservation and trans-
port). The pool size may vary between 2 and 50 insects, it 
depends entirely of the mosquito abundance and general size 
of the insects, some insects can be small as Uranotaenia 
(Culicinae, Uranotaeniini) or as large as Mansonia (Culicinae, 
Mansoniini) (see Note 7).

	 6.	If you are not planning to do RNA extraction immediately, save 
your samples at −80 °C until the performance of the nucleic acid 
extraction protocol. The samples must be preserved in cold 
chain in order to guarantee the quality and integrity of viral 
RNA for detection and characterization purposes.

4  Notes

	 1.	This software is completely free (free software policy of the 
Open Source Initiative) and it is very intuitive. QGIS was cre-
ated by the Open Source Geospatial Foundation (OSGeo), 
there are documentation and support (commercial and com-
munity-based support) for its use in Linux, Windows, and 
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Mac. You can get further information about the software at 
http://www.qgis.org.

	 2.	There are thousands of additional plugins for every task in 
QGIS; so, feel free to navigate among the plugins if you have 
other needs to cover.

	 3.	The prior definition of trapping scheme (random trap distribu-
tion or in a predefined grid) is important for a good spatial 
representation of the studied area. Mark the spatial position of 
every CDC light trap with your GPS, this will allow you to 
locate quickly your traps in the field and allow you to deter-
mine if there are ecological patterns of mosquito and arboviral 
distribution in a posterior analysis. The accuracy of the GPS 
device normally range from ~10 ft to 3 in. Select GPS equip-
ment according to your needs and budget.

	 4.	Usually the batteries that power your trap must be protected 
from the rain and wild animals, use a blanket or a battery bag 
(or a plastic battery box) to protect it from any damage.

	 5.	Collection of mosquitoes must be done preferentially over at 
least 3 days, it is preferable longer sessions (more than 3 days) 
of trapping in order to get a better representation of the mos-
quito community. Make sure that you have enough batteries 
for the fieldwork, always test the battery power between trap-
ping nights.

	 6.	The sorting and proper identification of mosquitoes is critical 
for the understanding of transmission cycles of arboviral agents. 
The identification of mosquitoes is usually a challenging task, 
and it is more challenging in field conditions, currently the 
identification of mosquitoes related with the transmission of 
arboviral agents can be done also through the analysis of mito-
chondrial Cytochrome B (CytB) or Cytochrome c Oxidase I 
(COI) DNA sequences.

	 7.	If you are not planning to do RNA extraction immediately, save 
your samples at −80 °C until the performance of the nucleic 
acid extraction protocol. The samples must be preserved in cold 
chain in order to guarantee the quality and integrity of viral 
RNA for detection and characterization/isolation purposes.
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Chapter 7

Epidemiological Surveillance of Rodent-Borne Viruses 
(Roboviruses)

Juan David Rodas, Andrés F. Londoño, and Sergio Solari

Abstract

This article will outline surveillance approaches for rodent-borne viruses (roboviruses). We present a 
synopsis of the main categories of trapping methods with some notes about their use in fieldwork. We also 
describe the types of laboratory analysis commonly used in Robovirus surveillance.

Key words Zoonotic viruses, Roboviruses

1  Introduction

Here, we describe our methods for trapping and processing rodent 
samples in our surveillance for rodent-borne viruses (roboviruses), 
some of which cause viral hemorrhagic fever (VHF). Our methods 
have also been discussed in previous publications [1, 2]. Although 
lymphocytic choriomeningitis virus (LCMV), the prototype arena-
virus that infects Mus musculus was discovered in the 1930s [3], it 
was not until the 1960s that other important members of the same 
family that cause VHF were isolated in South America: Junín virus 
carried by Calomys musculinus was isolated in Argentina, and 
Machupo virus was isolated from Calomys callosus in Bolivia [4, 5]. 
Later on in the 1980s, Guanarito virus, the etiologic agent of 
Venezuelan hemorrhagic fever, was detected in Sigmodon alstoni 
[6], highlighting the importance of small mammals as viral reser-
voirs. Moreover, Hemorrhagic Fever with Renal Syndrome 
(HFRS), clinically described in the 1950s in South Korea, was also 
rodent-borne, although the Hantaan virus (Hantaviridae family) 
was not isolated until the 1970s from striped field mice, Apodemus 
agrarius [7]. Later, the Sin Nombre Virus (SNV), carried by the 
deer mouse Peromyscus maniculatus, caused the first outbreak of 
Hantavirus Pulmonary Syndrome (HPS) in North America (USA) 
in 1993 [8], and Choclo virus produced some fatal cases in 2000 in 
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Panama [9] increasing the interest in developing techniques for 
active surveillance and viral isolation from field rodents on the 
American continent.

2  Materials

Materials and tools required for trapping small vertebrate mam-
mals could be divided into different tasks: field trapping, safety 
utensils and reagents, manipulation devices for obtaining biologi-
cal samples and preserving museum specimens, and equipment for 
storage and transportation.

	 1.	The most common traps for hunting small mammals in virol-
ogy field studies are folding Sherman live traps (8 × 9 × 23 cm, 
H.B.  Sherman Trap Company, Tallahassee, FL, USA) and 
Tomahawk traps (14 × 14 × 40 cm, Tomahawk Trap Company, 
Tomahawk, WI, USA) (see Note 1).

	 2.	Trap bait is most frequently a mixture of peanut butter and oat 
flakes (see Note 2).

	 3.	Brilliant colored flag tape is useful for labeling the sites where 
traps are placed to ease the finding, checking, and recovery of 
all trap stations [10].

	 4.	A large sack (or shoulder bag) is an appropriate mean for trans-
porting the traps [11].

	 1.	Heavy rubber or leather gloves.
	 2.	Long-sleeved shirt, long pants, socks, and lace-up shoes with 

shoe covers.
	 3.	Disposable surgeon’s gown that ties in the back (or disposable 

overalls), a powder air-purifying respirator (PAPR), or half-
faced respirator/goggles with HEPA filter.

	 4.	Reagents required for sampling are 10% bleach, 70% ethanol, 
Lysol (or any other similar disinfectant), 10% formalin (for tis-
sue preservation), methoxyfluorane or its inexpensive substi-
tute isofluorane (gaseous anesthetics), ketamine:xylazine 
(10:1, parenteral anesthetics), sodium phenobarbital (0.1 ml 
of 350 mg/ml, for euthanasia), heparin, and filter paper (e.g., 
Nobuto strips used to adsorb and preserve blood at room tem-
perature for later antibody testing) [11] (see Notes 3 and 4).

	 1.	Plastic collection bags, zip-lock bags, indelible markers, soap for 
washing hands and wash water, clipboard, paper, pencils, gauze, 
cotton balls, surgical gloves, paper towels, bucket to clean the 
traps and the utensils, squeeze bottle, alcohol burner, matches 
or lighter, dissecting scissors and forceps, twist-ties, 1 cc syringes 

2.1  Field Trapping

2.2  Biosafety 
Equipment 
for Capturing 
and Handling Small 
Wild Mammals

2.3  Sample 
Collection
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with 22-G needles, 3  cc syringes, capillary tubes, and sharps-
disposal containers. Also for rodent identification: spring scales 
(100 and 1000 g) and a small ruler (30 cm) or tape-measure 
(100 cm or longer) for specimens measurements [11].

	 1.	Red-cap tubes (for collecting serum).
	 2.	Freezing-resistant screw tubes or cryovials, racks, and freezer 

boxes for samples.
	 3.	Polystyrene dry ice container (or a dry-ice cooler) or a small 

liquid nitrogen tank.
	 4.	Cleaning brushes, buckets, autoclave tape, and biohazard 

bags [11].

	 1.	A tent, folding table, chairs (or stools).
	 2.	Flashlights, magnifying lens, drinking water, maps.
	 3.	Insect repellent and a first aid kit (see Note 5).

A protocol for hantavirus isolation from frozen rodent tissues has 
been described [12].

	 1.	Frozen rodent tissues that have been cut into approximately 
1 g pieces.

	 2.	Histopaque-1083 density gradients for recovery of viable 
mononuclear cells from rats, mice, and other small mammals,

	 3.	Low-speed centrifuge capable of generating 400 × g.
	 4.	15 ml plastic centrifuge tubes.
	 5.	Vero E6 cells are used for hantavirus, arenavirus, flavivirus, and 

filovirus isolation because they have a defect in interferon 
production.

	 6.	Culture flasks.
	 7.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 

KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4.
	 8.	Maintenance medium for Vero cells: MEM with 2% fetal 

bovine serum, 1% penicillin, 1% streptomycin, 1% sodium 
pyruvate, and 7.5% bicarbonate.

	 9.	Incubator with 37 °C and 5% CO2.
	10.	Glass spheres are used to lyse the cells at the end of each pas-

sage in order to store supernatants with lysed cells.
	11.	Polyethylene glycol (PEG) 6000, 8000, or 40,000 Da powder 

for precipitating virus from solution.
	12.	Amicon Ultra-4 filter units (Millipore) for concentrating virus-

containing fluid.
	13.	Biosafety cabinet for tissue culture.

2.4  Storage 
and Transportation 
of Rodent Samples

2.5  Other 
Conveniences 
for a Field Trip

2.6  Hantavirus 
Isolation 
from Rodent Tissue
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3  Methods

	 1.	Select the points for the installation of traps with the aid of free 
or private mapping systems (Google Earth, Bing Maps, QGIS 
or ArcGis) (see Note 6).

	 2.	Before the trapping expedition check integrity and functional-
ity of equipment (respirators, filters, batteries, traps, etc.), label 
all traps, prepare enough bait for at least 2 days, and labels for 
cryovials.

	 3.	Once in the field, traps should be evenly distributed, preferably 
through a transect arrangement [13], placing all baited traps 
before dark in delineated areas out of sight of roads, sidewalks, 
paths, livestock, or human activity. Traps should be placed in 
the field for collection of wild rodents and, for synanthropic 
rodents, they should be placed close to houses, buildings, and 
shelters. Well-placed traps will enhance your chances of success 
[10]. Place traps near evidence of rodent activity, borrows, 
brush piles, fallen logs, or abandoned items that could provide 
shelter, and set each line in a different habitat type (house, 
fenceline, pasture etc.). Avoid locating traps in direct sunlight, 
particularly during summer, and, during winter, add cotton 
balls as nesting material. Some good outdoor places to install 
traps include: near bushes in the peri-domestic area, near barns, 
shelters and stables, within the crops and inside the storage 
places for cereal and grains (see Note 7) and Figs. 1 and 2.

	 4.	Mark the begining and the end of each trap line with a flagging 
tape (in bushy and weedy areas it may be necessary to mark the 
location of each trap), and place 10–20 traps on a line with 
5–10 m intervals [13]. Be careful to make traps as level as pos-
sible, and check the trigger mechanism for adjustment and sen-
sitivity; for a greater success, traps should be set to go off at the 
slightest touch [14].

	 5.	Make a local topographic map of the trap lines (number and 
type placed in each line) and make an habitat assessment for 
each trap line, recording the location with GPS coordinates 
(when possible).

	 6.	Check traps early the next morning wearing protective gear 
(long pants, long-sleeved shirt, heavy shoes, and heavy rubber 
gloves). If the trap was visited but empty, consider it dirty and 
place it in a double plastic bag for decontamination and valida-
tion of functionality, and replace it with a clean trap.

	 7.	If a trap is closed, lift it and check it carefully, with your arms 
extended and being aware of wind direction (away from you). 
If a nontarget animal has been captured (toad or a bird), release 
the animal, reset the trap, or collect it for decontamination. 
When the trap contains a target rodent, mark it with date, 

3.1  Trapping 
Animals

Juan David Rodas et al.



105

time, line number and habitat, place it in a bag, and tie it twice 
and leave it on the ground to be collected after you finish 
checking the line. Traps can only be reopened after wearing 
protective clothing (PAPR or half-faced respirator/goggles 
with HEPA filter).

	 8.	When trap success appears to be 10% or better, traps may be 
left in the same location for a second night.

	 9.	Place traps on plastic bags in the vehicle and transport them to 
the processing site, then wash rubber gloves with soap and 
water, remove gloves, and wash hands [11].

	 1.	The site for animal processing should be secluded (away from 
human or livestock activity), but preferably outdoors. If 
indoors, the floor should be easily desinfected and have win-
dows for ventilation.

	 2.	Everyone should wear surgeon’s gowns or disposable overalls, 
shoe covers, double latex gloves, safety goggles, and respirator 
with HEPA filter. Tasks such as anesthesizing, weighing, mea-
suring, doing necropsy, data recording, and decontamination 
should be performed by at least two technicians.

3.2  Processing 
Trapped Animals

Fig. 1 Trap Placement. (a) Outdoor sites to place Tomahawk and Sherman traps. Traps must be placed close to 
bushes and around the houses. (b) Indoor sites to place Tomahawk and Sherman traps. When indoor, traps 
should be placed in the proximity of crevices and holes in the wall and wherever there is evidence of rodent 
presence (bitten materials and remains of food or feces)

Surveillance of Roboviruses



106

	 3.	Set up the processing table with all the required materials 
before starting. After that, place a cotton soaked in anesthetic 
(methoxyfluorane or isofluorane) within a plastic anesthesia 
bag, fix the bag to the front of the trap, and release the mam-
mal from the first trap. When hard to perform, include the 
entire trap in a bigger anesthesia bag, or inject the rodent 
intradermally with ketamine: xylazine (10:1), 0.02–
0.05 cc/20–40 g mouse or 0.1–0.3 cc/200–400 g rat.

	 4.	When the animal becomes motionless, remove it from the bag, 
place it on a clean surface, and begin assessment and processing.

	 5.	The first step will be to weigh, measure, and assess the animal 
before bleeding it (Fig. 3). Take standard measurements (total 
length, tail length, right hind foot, ear); record presence of 
ectoparasites and reproductive data.

	 6.	Bleeding can be performed from the retroorbital plexus with a 
hepanirized capillary or by intracardiac puncture.

	 7.	Before performing necropsy, make sure the animal has died 
from exsanguination, anesthesic overdose, carbon dioxide 
asphyxiation, or cervical dislocation. Subsequently, an abdomi-

Fig. 2 Examples of trapped animals. (a) Specimens of field and synanthropic rodents collected with Tomahawk 
traps. Opossums (Didelphis), rats (Rattus) and spiny rats (Proechimys) fit well in this type of device. (b) 
Specimens of field mammals collected with Sherman traps (Marmosa isthmica). These traps are good for 
catching small mammals such as rodents, small marsupials, some wild rodents (Peromyscus, Zygodontomys, 
and others), and the domestic mouse (Mus musculus)

Juan David Rodas et al.
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nal incision is made to obtain lung, heart, liver, kidney, and 
spleen samples, which are immediately stored in liquid nitro-
gen. Samples are transported from the field to the laboratory 
in liquid nitrogen and are subsequently stored in −80 °C (or 
−130 °C) ultra-freezer.

	 8.	Finally, skin is prepared and carcasses and skulls are stored in 
70% alcohol for species identification at a mammal-collection 
laboratory [11, 15].

	 9.	Virus isolation from tissue has been well described elsewhere 
and is beyond the scope of the current chapter [16–18]. In 
general, frozen tissues are weighed, cut into 1 g pieces, and 
then processed for virus isolation or for RNA extraction. In 
this way, you can record the amount of virus or viral RNA per 
gram of tissue.

	10.	Isolate virus from tissue by dis-associating cells and co-
cultivating them with Vero cells for a plaque assay or for using 
immune-fluorescent antiviral antibodies to quantify the num-
ber of infected cells per gram of tissue.

Fig. 3 Morphometric measurements for rodent classification: body length, tail length, foot length, ear length

Surveillance of Roboviruses
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	11.	Isolate RNA from tissues using reagents that disrupt cells and 
RNA-protein complexes like phenol-quanidine isothiocyanate 
mixtures.

	12.	Subject the RNA to qPCR to amplify specific viral sequences 
using defined primers, or subject it to broader analyses like 
deep sequencing to reveal the spectrum of microbial genomes 
represented in your samples.

4  Notes

	 1.	Although small Sherman live traps are standard, longer models 
may be more effective [19].

	 2.	Other items (raisin, bacon, fruit essences, seeds) can be used 
depending on the ecology of the focal species [14].

	 3.	Some researchers use 90% ethanol for field storage of tissues 
and specimens, and then change specimens to 70% ethanol for 
definitive storage.

	 4.	People conducting fieldwork could be exposed not only to 
rodent-borne viruses (arena or hantavirus), through their 
excreta (urine, feces, and saliva), but also to many other zoo-
notic infections from the same secretions (such as leptospira) 
or through their ectoparasites (ticks, fleas, lice, or mites that 
carry agents such as Rickettsia, Borrelia, and Yersinia among 
others). Be careful at all times, wear protective clothing, and 
strive for BSL-3/4 practices.

	 5.	Scientists interested in this kind of work should get all the nec-
essary trapping/collecting permits and approved protocols for 
wild mammal collection and handling.

	 6.	Accessibility of the trap site will also determine the number of 
traps available [10].

	 7.	Presence and abundance of field mice, rats, and other small 
mammals near human settlements can be detected by recent evi-
dence of their activity such as chewed food, fecal deposits, bitten 
cables, gnawed wood, and holes in the walls among others.
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Chapter 8

Entry Studies of New World Arenaviruses

María Guadalupe Martínez, María Belén Forlenza, Nélida A. Candurra, 
and Sandra M. Cordo

Abstract

Identification of cell moieties involved in viral binding and internalization is essential since their expression 
would render a cell susceptible. Further steps that allow the uncoating of the viral particle at the right 
subcellular localization have been intensively studied. These “entry” steps could determine cell permissive-
ness and often define tissue and host tropism. Therefore applying the right and, when possible, straight-
forward experimental approaches would shorten avenues to the complete knowledge of this first and key 
step of any viral life cycle. Mammarenaviruses are enveloped viruses that enter the host cell via receptor-
mediated endocytosis. In this chapter we present a set of customized experimental approaches and tools 
that were used to describe the entry of Junín virus (JUNV), and other New World mammarenavirus mem-
bers, into mammalian cells.

Key words Virus, Receptor recognition, Endocytosis pathways

1  Introduction

Viral entry into the host cell is a key step in the infection cycle. The 
entry process involves an initial interaction between a virus and 
attachment factor(s) and/or receptors, leading to virus internaliza-
tion, release of the genome, and subsequent infection. Thus, 
addressing the mechanisms used for viruses during early steps of 
infection is fundamental to determining virus tropism and devel-
oping novel antiviral therapies.

The study and characterization of viral entry requires a combi-
nation of techniques that allow the specific measurement of viral 
binding to its receptor together with the involvement of different, 
and perhaps novel, internalization pathways. Measuring direct virus 
binding to cells requires the optimization of methods to label and 
purify viral particles (i.e., radioisotope or fluorescent conjugation). 
Indirect detection by fluorophore-conjugated antibodies is also pos-
sible with minor downstream steps. However, multiple approaches 
are necessary to cover uncertainties of a single virus-bound readout. 
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When the specific receptor used by the virus is known, a wider vari-
ety of tools become available, such as transient expression of the 
specific receptor in receptor-negative cell lines.

To determine the internalization pathway(s) and cellular struc-
tures involved in virus entry, different and complementary 
approaches are available. Drugs or small molecules specifically tar-
geting gene product functions are commonly used and rely on  
the previously proven specificity of each compound. Additionally, 
genetic tools such as dominant-negative protein expression have 
been widely used during the last decades.

Direct visualization of the viral entry process can be achieved 
by electron microscopy (EM). Some endocytic structures are easily 
identified by EM due to their distinct morphology (i.e., clathrin-
coated pits). For other not-so-morphologically-distinct structures, 
immuno-EM is necessary, labeling both the virus particle and the 
cell structure of interest with specific antibodies. However, label-
ing with gold-conjugated antibodies depends on the existence of a 
strong and specific antibody-antigen interaction.

JUNV is the causative agent of Argentinian hemorrhagic fever. 
For decades it has been locally studied, and in recent years it gained 
worldwide attention due to its relevance as a bioterrorism agent. 
Thus, according to the National Institute for Allergy and Infectious 
Diseases (NIAID, USA) and its Biodefense program, arenaviruses 
like Junín virus is a Category A Priority Pathogen.

Here we described our experience in establishing and optimiz-
ing methods to determine key features of JUNV entry into host 
cells. We have used JUNV or JUNV glycoprotein complex (GPC)-
pseudotyped particles to study their ability to be recognized by 
the human C-type lectins hDC- or hL-SIGN. These findings pro-
vided evidence that hDC- and hL-SIGN can mediate the entry of 
JUNV into cells, in the absence of its specific cellular receptor 
hTfR1, suggesting an important role in virus infection. Using 
radioactive virus-binding assays, we showed that JUNV infects 
polarized lines preferentially through the apical surface [1]. Also 
performing the above-described studies, we have successfully 
defined cytoskeleton components essential for virus entry [2]. 
Our studies demonstrated that early JUNV infection of Vero cells 
relies on both an intact actin network and a dynamic microtubule 
network.

Our findings have shown that clathrin-mediated endocytosis is 
the main JUNV internalization pathway into Vero cells [3] (Fig. 1). 
Virus entry was dependent on dynamin 2 GTPase and EPS15. In 
addition, we have shown that after virus internalization, JUNV 
traffics through Rab5 (early) and Rab7 (late) endosomes in its pH-
dependent entry [4]. Taken together, our experimental designs 
and protocols allowed us to explore a broad spectrum of JUNV 
entry features. From new putative attachment factors/receptor 
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molecules to cellular pathways used during internalization, all 
these features are essential to complete the gap in our knowledge 
about JUNV infection of specific cells.

2  Materials

	 1.	Naturally attenuated Junín virus strain: IV was propagated in 
Vero cells at BSL-2 containment [5]. JUNV stock titers 
between 2 × 106 and 1 × 107 PFU/mL were aliquoted and 
stored at −80 °C.

	 2.	Pseudotyped virion suspensions expressing the JUNV enve-
lope glycoprotein were produced in 293T cells as described in 
Subheading 3.6. [6]. Pseudotyped stock titers in Vero cells 
were between 1 × 107 and 5 × 107 RLU/mL.

	 3.	Vero cells (ATCC CCL81) were cultured at 37 °C in Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 5% fetal 
bovine serum (FBS), 100 U penicillin/mL, and 100 μg strep-
tomycin/mL.

2.1  Strains 
of Viruses, VLP, Cells, 
and Media Used 
in Entry Assays

Fig. 1 Ultrastructural analysis of JUNV entry into Vero cells via clathrin-coated vesicles. Vero cells were incu-
bated with concentrated JUNV for 60  min at 4  °C.  Infection was initiated by shifting the temperature to 
37 °C. After 15 min at 37 °C, cells were washed in PBS and fixed in 1.5% glutaraldehyde. Thin sections were 
made for ultrastructural analysis by transmission EM. (a) Population of JUNV outside Vero cells. (b) Binding of 
JUNV particles at the plasma membrane of Vero cells. (c) Uptake of JUNV by clathrin-coated pits. (d) JUNV is 
internalized within a clathrin-coated vesicle. Bar: 200 nm

New World Arenavirus Entry Studies



116

	 4.	293T (ATCC CRL-11268), BHK-21 (ATCC CCL10), and 
3T3 cells (ATCC CCL1658), and 3T3-derived hDC-SIGN 
and hL-SIGN cells (NIAID AIDS Research and Reference 
Reagent Program) were grown in DMEM containing 10% 
FBS.

	 5.	CHO-TRVb cell cultures (devoid of detectable cell-surface 
TfR) provided by Dr. Colin Parrish (James A. Baker Institute 
for Animal Health, Cornell University) were grown in Ham’s 
F12 containing 10% FBS. All cell cultures were grown under 
5% CO2 in humidified incubator.

	 1.	Purified, [35S]methionine-labeled JUNV stock: 5 × 107 PFU/
mL, 1 × 108 dpm/mL produced as described in [7].

	 2.	24-well plates.
	 3.	Phosphate-buffered saline (PBS).
	 4.	Blocking solution: PBS containing 1% FBS, 0.1% glucose, and 

0.5% BSA.
	 5.	Lysis buffer: 0.1 M NaOH containing 1% SDS.
	 6.	Scintillation fluid:dissolve 10g of PPO (2,5-diphenyloxazole) 

and 150 mg of POPOP 1,4-bis[-2(5-phenyloxazole)-benzene] 
in 237  mL of Triton X-100. Complete with toluene to 
1 L. Filter the scintillation fluid to remove any particles and 
store in a brown bottle to prevent deterioration by light.

	 7.	Liquid scintillation counter.

	 1.	Purified non-radiolabeled stock or JUNV pseudotyped particle 
suspensions.

	 2.	24-well plates.
	 3.	PBS.

	 1.	Purified non-radiolabeled JUNV stock.
	 2.	24-well plates.
	 3.	Blocking solution: 4% BSA in PBS.
	 4.	Anti-JUNV antibody GB03-BE08 (for antibody details, see 

Table 1).
	 5.	Rabbit anti-hDC-SIGN antibody.
	 6.	Anti-hTfR1 antibody.
	 7.	Reagents for IF listed in Subheading 2.5.
	 8.	Confocal microscope (Olympus FV 1000 or similar).

2.2  Viral Attachment 
and Adsorption 
Studies

2.2.1  Quantifying Virus 
Binding Using Radiolabeled 
Virions

2.2.2  Quantifying Virus 
Binding Using Non-
radiolabeled Virions

2.2.3  Imaging Virus 
Binding by Confocal 
Microscopy
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	 1.	Proteinase K solution: 1 mg/mL proteinase K in PBS.
	 2.	PMSF solution: 1 mM PMSF in PBS containing 3% BSA.
	 3.	Reagents listed in Subheading 2.2.1.

	 1.	TRIzol (Invitrogen).
	 2.	Isopropanol (analytic grade).
	 3.	Chloroform (analytic grade).
	 4.	75% ethanol solution.
	 5.	Bi-distilled nuclease-free water.
	 6.	Real mix (Biodynamics, Argentina).
	 7.	dNTPs 10 mM (Biodynamics, Argentina).
	 8.	Moloney murine leukemia virus reverse transcriptase (M-MLV 

RT; Promega).
	 9.	1 μg or 50 pmol random primers (Biodynamics, Argentina).
	10.	Primer ZF: 5′-ATGGGCAACTGCAACGGGGCATC-3′.
	11.	Primer ZR: 5′-GTTGCCATCAATGACCCCTTCA-3′.
	12.	Primer GAPDH-F151 (Invitrogen): 5′-GTTGCCATCAAT 

GACCCCTTCA-3′.
	13.	Primer GAPDH-R339 (Invitrogen): 5′-CAGCCTTCTCCAT 

GGTGGTG-3′
	14.	Thermocycler equipment (e.g., iCycler iQ Bio-Rad and its 

software iQ5 2.1.97.1001).
	15.	cDNA premix (per reaction): 3 μg RNA, 1 μg or 50 pmol ran-

dom primers, enough nuclease-free water to complete 10 μL 
per reaction.

	16.	cDNA Mix (per reaction): 1 μL 10 mM dNTPs, 1 μL M-MLV 
RT, 4 μL nuclease-free water.

	17.	Reagents listed in Subheading 2.3.1.

	 1.	24-well plates.
	 2.	Ice-cold 1.5% glutaraldehyde in 0.2  M phosphate buffer 

pH 7.2.
	 3.	0.2 M phosphate buffer.
	 4.	0.32 M sucrose solution.
	 5.	1.5% osmium tetroxide.
	 6.	Graded ethanol solution.
	 7.	Uranyl acetate.
	 8.	Epon 812 resin (TAAB).
	 9.	Diamond knife.

2.3  Viral 
Internalization Studies

2.3.1  Quantifying Virus 
Internalization Using 
Radiolabeled Virions

2.3.2  Quantifying Virus 
Internalization Using 
Non-radiolabeled Virions

2.3.3  Reagents 
and Materials Used 
for Electron Microscopy

New World Arenavirus Entry Studies



120

	10.	Reynold’s solution.
	11.	C10 Zeiss electron microscope.
	12.	Kodak 4489 film.

	 1.	5  mg/mL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide] stock solution dissolved in DMSO or 
PBS (Sigma-Aldrich). Store at −20 °C in the dark.

	 2.	96-well plates.
	 3.	Graded ethanol solution.
	 4.	Spectrophotometer: reading at 570  nm and background at 

630–690 nm.

	 1.	Mannan (Sigma-Aldrich) stock solution 50 mM in sterile water.
	 2.	24-well plates.
	 3.	Anti-JUNV SA02-BG12 antibody (for antibody details, see 

Table 1).
	 4.	Anti-hDC-SIGN 9E9A8 antibody.
	 5.	Anti-hDC-/L-SIGN 14EG7 antibody.
	 6.	Anti-hDC-SIGN 97526.
	 7.	Anti-VSV P5D4 antibody.
	 8.	Anti-mouse AF 488 antibody.
	 9.	cDNA3.1-hDC-SIGN and pcDNA3.1-hL-SIGN constructs 

(NIAID AIDS).
	10.	pcDNA3.1 plasmids expressing different transferrin receptors: 

pcDNA3.1-hTfR1 (Homo sapiens), pcDNA3.1-fTfR1 (Felis 
catus), pcDNA3.1-cTfR1 (Canis lupus familiaris), and 
pcDNA3.1-mTfR1 (Mus musculus). All are provided by  
Dr. Colin Parrish, James A. Baker Institute for Animal Health, 
Cornell University.

	 1.	Pharmacological compounds (see Table 2).
	 2.	24-well plates.
	 3.	Maintenance medium (MM): complete DMEM containing 

1.5% FBS.
	 4.	Serum-free DMEM.
	 5.	Anti-JUNV IC06-BE10 antibody.
	 6.	Anti-mouse AF 568 antibody.
	 7.	Transferrin-TRITC.
	 8.	β-Subunit cholera toxin-TRITC (see Note 1).
	 9.	Reagents for IF are listed in Subheading 2.5. Antibodies and 

fluorescent marker details are in Table 1.
	10.	Olympus BX51 microscope.

2.4  Viral Entry 
Inhibition Studies

2.4.1  Cell Viability Assay

2.4.2  Receptor-Specific 
Modulators

2.4.3  Endocytic 
Pathway-Affecting 
Compounds
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	 1.	Inhibitory compounds (see Table 2).
	 2.	24-well plates.
	 3.	Anti-tubulin T-5158 antibody.
	 4.	Anti-JUNV IC06-BE10 antibody.
	 5.	Anti-mouse AF 568 antibody.
	 6.	Phalloidin-FITC.

	 1.	Plasmids encoding wt or dominant-negative constructions of 
EPS15 (GFP-EΔ95-295) [11], dynamin 2 (GFP-K44A) [12], 
and Rab5 (GFP-S34 N) [13] fused to GFP.

	 2.	Lipofectamine 2000 (Invitrogen).
	 3.	OptiMEM media (Invitrogen).
	 4.	Anti-JUNV IC06-BE10 antibody.

2.4.4  Cytoskeleton-
Affecting Compounds

2.4.5  Dominant-Negative 
Constructions Inhibiting 
Virus Entry

Table 2 
Entry and cytoskeleton inhibitors and their specificities

Inhibitor compounda

Working 
concentration 
ranges

Time of 
incubation Refs.

Entry step affected

Acid pH-dependant  
entry

Ammonium chloride 5–10 mM 30 min + virus 
adsorption

[10]

Concanamicin A  
(ConcA)

5–10 nM 60 min + virus 
adsorption

b

Dinamin-dependant 
endocytosis

Dynasore (Dyn) 90–150 μM

Clathrin-mediated 
endocytosis

Clorpromazine (CPZ)  
(see Note 21)

20–50 μM 120 min + virus 
adsorption

[3, 4]

Cholesterol-dependant 
entry

Nistatin (NT) 70–120 μM 120 min [3, 4]

Methyl-β-cliclodextrin 
(MβCD)

5–10 μM 30 min b

Cytoskeleston component affected

Actin (polymerization) Citochalasin D (CitD) 1–2 μM 30 min + virus 
adsorption

[2]

Latruculin A (LatA) 1–5μM

Actin (depolymerization) Jasplakinolide (Jas) 0.5 μM

Microtubules 
(polymerization)

Nocodazole (Noc) 20–40 μM

Microtubules 
(depolymerization)

Paclitaxel (Pac) 40–100 μM

aAll compounds used in Table 2 were acquired from Sigma-Aldrich
bUnpublished data
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	 5.	Anti-mouse AF 568 antibody.
	 6.	Transferrin-TRITC.
	 7.	Reagents for IF listed in Subheading 2.5 and antibodies and 

fluorescent markers details in Table 1.
	 8.	Olympus BX51 microscope.

	 1.	PBS.
	 2.	0.2% Triton X-100 solution in PBS.
	 3.	16% paraformaldehyde (PFA) solution (Electron Microscopy 

Sciences). Prepare a 4% working solution by dilution 1:4  in 
PBS.

	 4.	Blocking solution: Prepare a 2% (g/v) stock solution of por-
cine skin gelatin in PBS (10× solution). Autoclave and keep 
sterile. Prepare a working blocking solution (1×) by making a 
1/10 dilution of the 10× stock.

	 5.	2 mg/mL poly-l-lysine (PLL, Sigma-Aldrich) stock solution 
in water is used to coat coverslips. Filter to sterilize. Put 1 mL 
aliquots into sterile microcentrifuge tubes and store at −20 °C. 
To make a working stock, thaw and dilute 1:100 to 20 μg/mL 
in sterile water (see Note 2).

	 6.	12 mm round glass coverslips (thickness #1.5).
	 7.	Mounting solution: Prolong diamond antifade medium 

(Molecular Probes).
	 8.	DAPI or Hoechst (see Note 3).
	 9.	Anti-JUNV IC06-BE10.
	10.	Anti-JUNV polyclonal serum.
	11.	Anti-tubulin T-5158 antibody.
	12.	Rabbit anti-hDC-SIGN antibody.
	13.	Phalloidin-FITC, transferrin-TRITC, cholera toxin-TRITC.
	14.	Anti-mouse AF 488, anti-mouse AF 568, and anti-rabbit AF 555.
	15.	Fluorescence microscope equipped with lamp and filters for 

excitation and detection of triple-stained samples (BFP/GFP/
RFP). High-sensitivity camera and objectives with magnifica-
tion of 20× or 10× and 60× or 100× (see Note 4).

	 1.	Vero cell cultures.
	 2.	24-well plates.
	 3.	1.4% methylcellulose solution (Sigma-Aldrich) (see Notes 5 

and 6).
	 4.	MM of 2× concentration.
	 5.	Plaque semisolid medium: composed of half parts of 1.4% 

methylcellulose and 2× MM.
	 6.	10% paraformaldehyde.

2.5  Immunofluo- 
rescence (IF) and Light 
Microscopy

2.6  Plaque-Forming 
Unit (PFU) Assay
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	 7.	Crystal violet solution: dissolve 1 g crystal violet in 10 mL of 
96% ethanol, and then complete up to 100 mL with distilled 
water.

	 8.	Bench transilluminator.

	 1.	293T cell cultures.
	 2.	24-well plate.
	 3.	MLV-based transfer vector encoding luciferase.
	 4.	MLV Gag-Pol packaging construct.
	 5.	pEGFPC1 (Clontech) or pcDNA3.1(−) plasmid (Invitrogen).
	 6.	Codon-optimized version of GPC of Junín virus strain IV 

GenBank: DQ272266.3 (GeneArt) subcloned into the 
pcDNA3.1 expression plasmid (Invitrogen).

	 7.	pcDNA3.1 expression plasmid encoding VSV-G as a control.
	 8.	TurboFect Transfection Reagent (Thermo Fisher).
	 9.	0.45-μm pore-sized membrane filter (Sarstedt).
	10.	Luciferase Assay Kit (Promega).
	11.	GloMax 20/20 Luminometer (Promega).

3  Methods

In the following experimental approaches, use the JUNV-
susceptible cell line of your choice and change the culture media 
accordingly.

	 1.	Plate around 1 × 105 cells (i.e., Vero) per well in 24-well plates 
to a 90-100% confluency.

	 2.	Pretreat cells with blocking solution (see Subheading 2.2.1) at 
37 °C for 1 h to avoid nonspecific binding.

	 3.	Infect cells at MOI of 1 with 100  μL of radiolabeled virus 
(200,000 dpm) per well routinely; each condition is done in 
duplicate; take this into account when preparing radiolabeled 
stock (see Note 7).

	 4.	Incubate for 60 min at 4 °C.
	 5.	Wash cells extensively with cold PBS and lyse in 500  μL  

lysis buffer per well and dissolve in scintillator solution  
(see Subheading 2.3.1).

	 6.	Quantify cell-associated [35S]-radioactivity using a liquid scin-
tillation counter.

	 7.	Determine total amount of cell-associated dpm in control 
infected cells vs. treated-infected cells. Values may also be 
expressed as percentages.

2.7  Pseudotyped 
Virion Production

3.1  Viral Attachment 
Studies

3.1.1  Quantifying 
Radiolabeled JUNV Particle 
Binding
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	 1.	Proceed as in Subheading 3.1.1 from 1 to 4 but using non-
radiolabeled virus stock.

	 2.	Wash cells extensively with cold PBS and lyse in 500 μL of PBS 
per well by freezing and thawing twice.

	 3.	Quantify the amount of infectious bound virus by standard 
PFU assay (see Subheading 3.4).

	 1.	Plate around 1 × 105 cells (i.e., 3T3-DC-SIGN, Vero) per well 
in 24-well plates to a 90–100% confluency.

	 2.	If target cells express both TfR1 and DC-SIGN, preincubate 
cells with anti-hTfR1 antibody for 1 h at 4 °C (blocking one of 
the two molecules would allow detecting and binding to one 
another).

	 3.	Infect the cultures with 100 μL of JUNV (MOI of 5) diluted 
in MM and in the presence of blocking agent (see Note 8), 
during 1 h at 4 °C and continuously shaking.

	 4.	Wash gently the cultures three times with cold PBS and incu-
bate with primary antibodies dilutions (see Table 1 and Note 
9) for 1 h at 4 °C, continuously shaking.

	 5.	Wash gently three times with cold PBS and then incubate for 
20 min with PFA 4% at room temperature (RT) (see Note 10).

	 6.	Wash three times with PBS at RT.
	 7.	Process the cultures for IF assay to detect JUNV-GP1 and 

DC-SIGN (see Subheading 3.5). Use confocal microscopy to 
detect adsorbed particles and DC-SIGN in membrane (see 
Notes 11 and 12).

For the internalization assay, follow instructions as in Subheading 
3.1. After virus adsorption at 4 °C for 1 h, incubate cells at 37 °C 
for 1 h to allow virus penetration.

	 1.	Wash cultures with PBS and treat with proteinase K solution to 
remove external adsorbed virus.

	 2.	Stop protease treatment by adding PMSF solution for 3 min  
at RT.

	 3.	Follow steps 5 and 6 to quantify internalized radiolabeled 
virus.

Proceed as in Subheading 3.2.1 and alternatively wash and lyse 
infected cultures in TRIzol buffer (according to the manufactur-
er’s instructions) and continue as follows:

	 1.	Extract total RNA by adding 0.2 mL of chloroform per mL of 
TRIzol. Mix vigorously by hand for 15  s and centrifuge at 
12,000 × g in a bench centrifuge, 15 min at 4 °C.

3.1.2  Quantifying 
Non-radiolabeled JUNV 
Particle Binding

3.1.3  Determining Virus 
Binding by Confocal 
Microscopy

3.2  Viral 
Internalization Studies

3.2.1  Quantifying 
Radiolabeled JUNV Particle 
Internalization

3.2.2  Quantifying 
Non-radiolabeled JUNV 
Particle Internalization
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	 2.	Take upper phase containing total RNA and transfer to a sterile 
tube to precipitate RNA by adding 0.5 mL of isopropanol per 
mL of TRIzol. Incubate samples at RT for 10 min and centri-
fuge at 12,000 × g, 15 min at 4 °C.

	 3.	Remove and discard gently all supernatant and wash pellet 
once with 1 mL of 75% ethanol per mL of TRIzol. Mix by 
vortexing and centrifuge at not more than 7,500 × g for 5 min 
at 4 °C.

	 4.	Air-dry the RNA for 10–20 min and resuspend in 50 μL of 
RNase-free water (see Note 13). Incubate for 10  min at 
55–60 °C and store at −80 °C until use.

	 5.	Generate the cDNA using the following procedure: Prepare 
the cDNA premix and cDNA reaction mix from Subheading 
2.3.2. Mix together the cDNA premix with the cDNA reaction 
mix, vortex, and centrifuge for a spin and incubate for 2 h at 
42 °C. Store at −80 °C until use.

	 6.	Quantification of the amount of cell-bound viral RNA was per-
formed by qRT-PCR employing TaqMan technology as 
follows:

	 (a)	� Amplify the cDNA PCR using specific viral gene primers 
(see Subheading 2.3.2).

	 (b)	�Amplify housekeeping mRNA using gene-specific primers 
(see Subheading 2.3.2).

	 (c)	� Normalize average viral RNA Ct values to the average Ct 
values of GAPDH, and set ΔΔCt-based fold-change calcu-
lations relative to untreated virus infected, determining 
the Ct values using software indicated (see Note 14).

	 1.	Plate around 5 × 105 cells (i.e., 3T3-DC-SIGN, Vero) per well 
in a 6-well plate to a 90–100% confluency.

	 2.	Infect the cultures with 100 μL of JUNV (MOI of 50) for 1 h 
at 4 °C.

	 3.	Expose the cultures to 37 °C for 15 min.
	 4.	Wash the cells three times with cold PBS.
	 5.	Fix the cultures with 1.5% glutaraldehyde in 0.2 M phosphate 

buffer pH 7.2 during 4 h at RT.
	 6.	Wash the cultures overnight in a 0.32  M sucrose in 0.1  M 

phosphate buffer solution at 4 °C.
	 7.	Resuspend the cells and centrifuge at 500  ×  g for 10  min.  

Add 1.5% osmium tetroxide overnight at 4  °C for the 
post-fixation.

	 8.	Dehydrate the cultures in ethanol solutions followed with pro-
pylene oxide.

3.2.3  Electron 
Microscopy Readout
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	 9.	Embed the cells in Epon resin and let it polymerize for 2 days 
at 70 °C.

	10.	Take ultrathin sections with a diamond knife.
	11.	Stain with 2% uranyl acetate and then with Reynold’s 

solution.
	12.	Take micrographs with Zeiss electron microscope using Kodak 

4489 film.

The inhibitory effect of any experimental condition or compound 
on virus internalization can be measured by different experimental 
approaches. Initially it is important to establish the noncytotoxic 
range of a chosen compound for a particular cell line.

	 1.	Plate around 2 × 104 cells (i.e., Vero, 3T3) in a 96-well plate to 
a 90–100% confluency (see Note 15).

	 2.	Prepare a gradient of compound concentrations to a total of 
600 μL each (in the corresponding cell culture medium).

	 3.	Remove growth medium and add 100 μL per well of the com-
pound concentration to be tested. Add 100  μL per well of 
culture medium to control wells (see Note 16).

	 4.	Incubate the plate for the time chosen to be tested.
	 5.	Add 10 μL of MTT stock solution to each well and incubate 

2 h at 37 °C.
	 6.	Remove the supernatants and add 200 μL of ethanol to each 

well to solubilize the formazan crystals by vigorous shaking.
	 7.	Measure absorbance in a microplate reader at 595 nm.
	 8.	Calculate CC50 as the compound concentration necessary to 

reduce cell viability by 50%.

	 1.	Plate around 1  ×  105 cells (i.e., 3T3 or 3T3-derived hDC-
SIGN and hL-SIGN cells) per well in 24-well plates to a 
90–100% confluency (containing a coverslip for determination 
of viral infection by IF, see Subheading 3.5).

	 2.	Prepare dilutions of the blocking agent of interest in DMEM 
5% FBS in sterile plastic tubes. Use concentrations ranging 
from 50 to 100 μg/mL for mannan or 20 μg/mL of anti-DC-
/L-SIGN blocking antibodies.

	 3.	Gently remove the media from the cells in the 24-well plate 
and replace 300 μL of the media with the blocking agent or 
DMSO as a control.

	 4.	Incubate 60 min at 37 °C.
	 5.	Prepare virus dilutions in media for viral infection (MM 

warmed up at 37 °C) to a final MOI of 1 and add the appropri-
ate concentration of the blocking agent. Gently remove the 

3.3  Using Inhibitors 
to Determine Cellular 
Components Involved 
in Virus Entry

3.3.1  Measuring Cell 
Viability

3.3.2  Modulating Virus 
Receptor-Specific 
Recognition

Inhibition of Virus Infection 
by C-Type Lectin-Binding 
Compounds
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media from the cells and replace it with the media containing 
the compound and the virus (100 μL).

	 6.	Incubate for 60 min at 37 °C.
	 7.	Gently remove the infectious media from the cells; do two very 

gentle washes with warm PBS.
	 8.	Add 500 μL of warm DMEM 5% FBS media/well. Incubate 

for 24 h at 37 °C.
	 9.	At 24-h post-infection, collect the supernatants in sterile plas-

tic tubes.
	10.	Clarify supernatants by centrifugation at 10,000 × g, 10 min at 

4 °C. Transfer the supernatant to a new sterile tube (see Note 17).
	11.	Virus yields will be determined by plaque assays in Vero cells 

(see Subheading 3.4).
	12.	For virus infection determination by IF, after the two washes, 

add 500 μL of warm DMEM 5% FBS media/well.
	13.	At 24-h post-infection, wash cells on the coverslips two times 

with warm PBS and fix and permeabilize cells for IF.
	14.	Follow protocol for indirect IF in Subheading 3.5 for the 

detection of infected cells.
	15.	Calculate mean of positive cells in three independent experi-

ments as indicated in Subheading 3.5.

	 1.	Transfect 3T3 cells using Lipofectamine following manufac-
turers’ recommendation. Use 500  ng of plasmid coding for 
transferrin receptor (see Subheading 2.4.2) and pEGFP-C1 as 
a control.

	 2.	In parallel, transfect 3T3 cells control or stably 3T3DC-  
or L-SIGN with 500  ng of plasmid coding for transferrin 
receptors.

	 3.	At 24  h after transfection, plate transfected cells in 24-well 
plates.

	 4.	Transduce with 1 × 106 RLU of pseudotyped virion suspension 
(see Subheading 3.6) the next day at 37  °C for a minimum  
of 4 h.

	 5.	Remove the inoculum and measure luciferase activity at 48 h 
post-transduction using a Luciferase Assay Kit (according to 
manufacturer’s recommendation) and a GloMax 20/20 
Luminometer.

	 1.	Plate around 1 × 105 cells (i.e., Vero, 3T3, TRVb) in a 24-well 
plate to 90–100% confluency per well (containing a coverslip 
for determination of viral infection by IF, see Subheading 3.5).

	 2.	Treat with the corresponding concentration and time accord-
ing to the drug (see Table 2) at 37 °C.

Pseudotype Transduction 
of Cells Expressing 
Different TfR1

3.3.3  Endocytic 
Pathway-Affecting 
Compounds
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	 3.	Remove the medium and infect with 100 μL of JUNV (MOI 
of 0.1) for 1 h at 37 °C in the presence of the same concentra-
tion of drug diluted in MM (see Notes 18 and 19).

	 4.	After removing the inoculum, change the MM for fresh MM 
at 24 h at 37 °C.

	 5.	Collect the supernatant to determine virus yields by PFU assay 
as in Subheading 3.4.

	 6.	Wash the cells three times with PBS for 5 min, fix them with 
PFA 4% for 10 min at room temperature, and then permeabi-
lize with Triton X-100 0.2% for the same period of time. 
Process the cells for IF assay to detect NP (see Subheading 3.5 
and Table 1) and quantify the effect of compounds on virus 
entry (see Notes 20 and 21).

	 1.	Plate 1 × 105 Vero cells in a 24-well plate (containing PLL-
coated coverslips for determination of viral infection by IF;  
see Subheading 3.5).

	 2.	Prepare compound solutions in sterile plastic tubes in increas-
ing concentrations, diluted in DMEM 5% FBS (see Table 2).

	 3.	Gently remove the media from the cells in the 24-well plate 
and replace 300 μL of media with the compounds or DMSO 
as a control.

	 4.	Incubate 30 min at 37 °C.
	 5.	Prepare virus dilutions in media for viral infection (MM 

warmed up at 37 °C) to a final MOI of 1 and add the appropri-
ate concentration of the compound. Gently remove the media 
from the cells and replace with the media containing the com-
pound and the virus (100 μL).

	 6.	Incubate for 60 min at 37 °C.
	 7.	Gently remove the infectious media from the cells; do two very 

gentle washes with warm PBS.
	 8.	Add 500 μL of warm DMEM 5% FBS media/well. Incubate 

for 24 h at 37 °C.
	 9.	At 24-h post-infection, collect the supernatants in sterile plas-

tic tubes. Clarify supernatants by centrifugation at 500  ×  g, 
10 min at 4 °C. Transfer the supernatant to a new sterile tube 
(see Note 17).

	10.	Virus yields will be determined by plaque assays in Vero cells 
(see Subheading 3.4).

	11.	Wash the cells three times with PBS for 5 min, fix them with 
4% PFA for 10  min at room temperature, and permeabilize 
with Triton X-100 0.2% for the same period of time. Process 
the cells for IF assay to detect NP (see Subheading 3.5 and 
Table 1) and quantify the effect of compounds on virus entry 
(see Notes 22 and 23).

3.3.4  Inhibition of Virus 
Infection by Cytoskeleton-
Disrupting Compounds
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	 1.	Plate around 5 × 104 cells (i.e., Vero, 3T3) in a 24-well plate to 
50–70% confluency.

	 2.	Add 300 μL of OptiMEM solution and keep the cultures at 
37 °C (see Note 24).

	 3.	Mix 1 μg of plasmid DNA with 40 μL of OptiMEM for 10 min 
at room temperature (see Notes 25 and 26).

	 4.	Mix 1 μL of Lipofectamine with 50 μL of OptiMEM per tube 
and incubate for 10 min at room temperature.

	 5.	Add 50 μL of Lipofectamine mix prepared in step 4 to each 
tube containing the plasmid mix in step 3, and incubate for 
20 min at room temperature.

	 6.	Add 100 μL of the mix containing the DNA-Lipofectamine 
complexes to the cells and incubate to 37 °C during 6 h. Then, 
replace with maintenance medium and incubate for 18 h.

	 7.	Infect the cultures with 100 μL of JUNV (MOI of 1) for 1 h 
at 37 °C.

	 8.	Remove the inoculum and add fresh MM for 24 h more.
	 9.	Wash the cultures three times with PBS.
	10.	Fix the cultures with 4% PFA in PBS at room temperature for 

10 min and then permeabilize them using 0.2% Triton X-100 in 
PBS for 10 min.

	11.	Process the cultures for IF assays to detect NP (see Subheading 
3.5).

	 1.	Collect the supernatant (1 mL) of each sample that needs PFU 
determination.

	 2.	Incubate Vero cells until 80% confluency with 100 μL of serial 
dilutions (1/10–1/10,000) of the supernatants in MM at 
37 °C for 1 h. Make duplicates for each dilution (see Note 27).

	 3.	Remove the inoculum, wash, and add semisolid medium  
(see Subheading 2.6). Incubate for 7 days at 37 °C.

	 4.	Fix the monolayers by adding 10% PFA for 30  min, wash 
exhaustively with tap water, and stain for 30 min with crystal 
violet solution. Wash again as before and let the plate air-dry.

	 5.	Count the number of plaques in each well by using a bench 
transilluminator.

	 6.	Calculate the PFU/mL using the following formula:
PFU/mL = X/V × Dil
References: X, plaque number per well; V, volume of inocu-
lum; Dil, dilution used.

3.3.5  Dominant-Negative 
Mutations to Inhibit Virus 
Entry into Endosomes

3.4  Plaque-Forming 
Unit (PFU) Assay
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	 1.	To prepare PLL-coated coverslips: in the tissue culture hood, 
put sterile round coverslips into 24-well plates. Add 0.5 mL 
PLL working stock/well and swirl to cover. Leave at room tem-
perature for 20 min. Aspirate and let dry in hood with lid off.

	 2.	Grow the cells on the PLL-coated coverslips, treat or infect 
them, and after the indicated time, wash three times with PBS 
during 5 min.

	 3.	Fix the cultures using 4% PFA for 20  min at room 
temperature.

	 4.	Add 0.2% Triton X-100  in PBS when permeabilization is 
required (see Notes 28 and 29).

	 5.	Incubate the coverslips with the blocking solution (see 
Subheading 2.6) for 1 h at 37 °C (see Note 30).

	 6.	Wash the cultures three times (5 min each wash) with PBS.
	 7.	Incubate the cultures with the primary antibody (see Table 1), 

repeat the washing steps, and incubate with the second anti-
body 1 h at 37 °C (see Table 1).

	 8.	Wash the cultures as in step 7 and incubate with DAPI in PBS 
during 5 min.

	 9.	Wash the cultures three times with PBS and then once using 
ultrapure water (5 min each wash).

	10.	Mount the glass coverslips with the mounting solution.
	11.	Calculate the mean of positive cells in three independent exper-

iments. Quantify the number of JUNV positive cells over total 
cells in 20 randomly chosen optical fields for each experiment. 
Express values as a percentage of the corresponding control.

	 1.	Plate 5 × 105 293T cells/well in 0.5 mL of DMEM 10% FBS 
in a 6-well plate and culture overnight at 37 °C.

	 2.	Co-transfect 293T cells, at a ratio of 1:1:1, with an MLV-based 
transfer vector encoding luciferase [14], an MLV Gag-Pol 
packaging construct, and an envelope glycoprotein-expressing 
vector (pcDNA3.1-JUNVGPC) or VSV-G as a control by 
using TurboFect, as recommended by the manufacturer.

	 3.	Incubate cells at 37 °C for 48 h. Collect the supernatants, filter 
them through 0.45 μm pore-sized membranes, and store at 
−80 °C. Determine titers by luciferase assay in Vero cells.

4  Notes

	 1.	TRITC and FITC conjugates can be replaced by AF 568 or  
AF 488.

	 2.	Keep it on ice while you work with PLL working solution.

3.5  Immunofluo- 
rescence Microscopy 
Readout

3.6  Production 
of Pseudotyped Virions
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	 3.	Both DAPI and Hoescht are amenable for nuclear staining.
	 4.	Epifluorescence or confocal microscopes are both amenable 

for the readout in Subheading 3.5.
	 5.	All the solutions should be prepared in cell culture quality water.
	 6.	Prepare 1.4% methylcellulose solution in cell culture quality 

water. Agitate vigorously and autoclave.
	 7.	To test the effect of a compound on virus adsorption infect in 

the presence or absence of the compound.
	 8.	During infection and antibody incubations, always keep the 

anti-transferrin receptor antibody in the media to study 
DC-SIGN-associated binding.

	 9.	Prepare primary and secondary antibody dilutions in the block-
ing solution (see Subheading 2.2.3).

	10.	For IF assays, the 4% PFA must be prepared fresh.
	11.	For staining two components, incubate at the same time with 

both antibodies prepared in 4% BSA in PBS.
	12.	As a control for nonspecific secondary staining, perform the 

same protocol without adding the primary antibody. Instead, 
incubate cells with the blocking solution for the same period of 
time.

	13.	Alternatively use 0.5% SDS solution by pipetting the solution 
up and down.

	14.	∆Ct: calculate the difference between viral media values and 
cellular media values. ∆∆Ct: difference between the ∆Ct in the 
infected condition and the ∆Ct of the uninfected condition.

	15.	Each condition needs six replicates or more, so a standard test 
including ten different compound concentrations and proper 
controls will require a complete microplate.

	16.	Strong pipetting should be avoided to prevent cell detachment.
	17.	The samples can be stored at −80 °C for later determination of 

virus yield.
	18.	For NT and MβCD which present virucidal activity, wash the 

cells three times with PBS and infect without the compound.
	19.	Stock solution of compounds used in Subheading 3.3.3 should 

be prepared in DMSO solvent with the exception of MβCD 
which can be dissolved in water. Working solutions should be 
prepared in MM with the exception of MβCD and NT which 
may be prepared in a serum-free media.

	20.	As a control for compound activity, use the endocytic markers 
instead of the virus suspension. Incubate with transferrin-
TRITC (clathrin-dependent internalization) or cholera 
toxin-TRITC (cholesterol-dependent internalization) for 20 
or 30  min each after treatments with the compounds. 

New World Arenavirus Entry Studies



132

	 1.	Cordo SM, Cesio y AM, Candurra NA (2005) 
Polarized entry and release of Junín virus, a 
new world arenavirus. J  Gen Virol 86: 
1475–1479

	 2.	Martinez MG, Cordo SM, Candurra NA 
(2008) Involvement of cytoskeleton in Junín 
virus entry. Virus Res 138:17–25

	 3.	Martinez MG, Cordo SM, Candurra NA 
(2007) Characterization of Junín arenavirus 
cell entry. J Gen Virol 88:1776–1784

	 4.	Martinez MG, Forlenza MB, Candurra NA 
(2009) Involvement of cellular proteins in Junín 
arenavirus entry. Biotechnol J 4:866–870

	 5.	Contigiani MS, Sabattini MS (1977) Virulencia 
diferencial de cepas de virus Junín por marca-

dores biológicos en ratones y cobayos. 
Medicina (B Aires) 37:244–251

	 6.	Martinez MG, Bialecki MA, Belouzard S, 
Cordo SM, Candurra NA, Whittaker GR 
(2013) Utilization of human DC-SIGN and 
L-SIGN for entry and infection of host cells by 
the new world arenavirus, Junín virus. Biochem 
Biophys Res Commun 441:612–617

	 7.	Damonte EB, Mersich SE, Candurra NA 
(1994) Intracellular processing and transport 
of Junín virus glycoproteins influences virion 
infectivity. Virus Res 34:317–326

	 8.	Sanchez A, Pifat D, Kenyon RH, Peters CJ, 
McCormick JB, Kiley MP (1989) Junín virus 
monoclonal antibodies: characterization and 

Internalization of endocytic markers should be inhibited by 
the specific treatments and conditions.

	21.	Pitstops 1 and 2 are novel compounds designed to inhibit 
clathrin-mediated endocytosis. Pitstop 2 is used more fre-
quently owing to its cell permeability whereas Pitstop 1 retains 
value as an in vitro chemical probe, and it can be used for in-
cell experiments if it is introduced by microinjection [15].

	22.	To verify the effect of the compounds in the cell cytoskeleton, 
incubate the cells with phalloidin-FITC for actin filament detec-
tion or with anti-tubulin antibody for microtubule detection.

	23.	90 min after the treatments with the compounds, evaluate the 
recovery of the actin and microtubule distribution, by IF assay.

	24.	Transfection protocol in Subheading 3.3.5 was done following 
manufacturer’s recommendations.

	25.	For control assays, use a plasmid with the same backbone 
expressing GFP.

	26.	To control the effect of dominant-negative constructions, 
incubate the transfected cells with transferrin-TRITC for 
20 min. The transferrin internalization should be inhibited in 
cells expressing the dominant-negative proteins.

	27.	Do not allow the cells to dry out and agitate inoculum by 
swirling the plate every 15 min.

	28.	For membrane IF studies, do not use step 4 in Subheading 3.5.
	29.	By step 4 it is possible to save the plate containing the fixed 

cultures at −20 °C during 1 week. Make sure they were com-
pletely dried before freezing them.

	30.	During culture incubations with antibodies or blocking solu-
tions, use humid incubator chambers to prevent evaporation of 
the antibody solution.
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Chapter 9

Studies of Lassa Virus Cell Entry

Antonella Pasquato, Antonio Herrador Fernandez, and Stefan Kunz

Abstract

Host cell entry is the first and most fundamental step of every virus infection and represents a major barrier 
for zoonotic transmission and viral emergence. Targeting viral entry appears further as a promising strategy 
for therapeutic intervention. Several cellular receptors have been identified for Lassa virus, including dys-
troglycan, TAM receptor tyrosine kinases, and C-type lectins. Upon receptor binding, LASV enters the 
host cell via a largely unknown clathrin- and dynamin-independent endocytotic pathway that delivers the 
virus to late endosomes, where fusion occurs after engagement of a second, intracellular receptor, the late 
endosomal/lysosomal resident protein LAMP1. Here, we describe a series of experimental approaches to 
investigate LASV cell entry and to test candidate inhibitors for their action at this early and decisive step of 
infection.

Key words Lassa virus, Viral entry, Receptor, Endocytosis, Endosome, Inhibitor

1  Introduction

Host cell attachment and subsequent entry are the first steps of 
Lassa virus (LASV) infection and represent crucial determinants 
for zoonotic transmission, tissue tropism, and disease potential. 
Targeting viral entry is a promising strategy for therapeutic inter-
vention as it allows blocking the pathogen before it can take con-
trol over the host cell. The first receptor for LASV was identified 
as dystroglycan (DG), a ubiquitously expressed conserved cellu-
lar receptor for extracellular matrix (ECM) proteins [1]. Expressed 
in most developing and adult tissues, DG provides a molecular 
link between the ECM and the actin cytoskeleton and serves as a 
receptor for LASV, Mopeia, Mobala, some isolates of lympho-
cytic choriomeningitis virus (LCMV), and Clade C New World 
arenaviruses [1, 2]. Initially synthesized as a single precursor 
polypeptide, DG core protein is processed into the N-terminal 
α-DG and the transmembrane β-DG [3]. Binding of LASV and 
ECM proteins to DG critically depends on posttranslational 
modification by the glycosyltransferase LARGE gene product 

1.1  Lassa Virus 
Receptors and Cell 
Entry



136

that adds [-3-xylose-α1,3-glucuronic acid-β1-] copolymer poly-
saccharides to the α-DG moiety in a tissue-specific manner [4–9]. 
A recent genome-wide haploid screen revealed that LASV strik-
ingly mimics the molecular mechanisms of receptor recognition 
of host-derived ECM proteins [10].

More recently, the Tyro3/Axl/Mer (TAM) receptor tyrosine 
kinases Axl and Tyro3 and the C-type lectins DC-specific ICAM-3-
grabbing nonintegrin (DC-SIGN) and LSECtin have been identified 
as candidate LASV receptors [11, 12]. Based on their known expres-
sion patterns, DC-SIGN and LSECtin may contribute to LASV entry 
in some cell types [13], but their exact role is currently unclear [12]. 
The TAM kinases Tyro3 and Axl are broadly expressed conserved 
receptors for the phosphatidylserine (PS)-binding serum protein 
Gas6 that is involved in removal of apoptotic cells. Over the past 
years, TAM kinases have been implicated in viral entry via “apoptotic 
mimicry,” which is characterized by recognition of PS displayed on 
the viral lipid envelope by cellular PS receptors [14]. The co-expres-
sion of DG with TAM receptors on many human cell types impli-
cated in LASV infection [15] suggests complex receptor use.

Arenaviruses, including LASV, enter the host cell via receptor-
mediated endocytosis with subsequent transport to late endosomal 
compartments, where fusion occurs at low pH [16, 17]. Initial 
studies suggested that Old World arenaviruses enter via an 
unknown clathrin- and dynamin-independent pathway [18–20]. 
Recent genome-wide RNA interference (RNAi) silencing screens 
identified sodium-hydrogen exchanger (NHE, also known as the 
ATP6 family of ATPases) as host factors involved in the multiplica-
tion of the prototypic Old World arenavirus LCMV [21]. In a 
follow-up study, de la Torre and colleagues validated NHE as entry 
factors for arenaviruses and provided a first link between arenavirus 
entry and macropinocytosis [22].

Upon internalization, LASV is rapidly delivered to late endo-
somes, passing through the multivesicular body and hijacking the 
endosomal sorting complex required for transport (ESCRT) [19]. 
At the late endosome, LASV dissociates from DG under low pH and 
engages the late endosomal/lysosomal resident protein LAMP1, 
which serves as an intracellular secondary receptor required for sub-
sequent fusion [23]. Engagement of LAMP1 by LASV, combined 
with low pH (<5.0), triggers fusion of the viral membrane with the 
limiting membrane of the late endosome by the fusion-active viral 
glycoprotein (GP2), creating a “fusion pore” [24]. By an unknown 
mechanism of “uncoating”, the viral ribonucleoprotein (RNP) com-
prised of viral RNA, NP, and L is released from the capsid and enters 
the cytosol to initiate viral transcription and replication.

Since LASV is a BSL-4 pathogen, work with the live virus is restricted 
to high-containment facilities, which is a challenge. To study LASV 
host cell binding and entry in the context of productive arenavirus 
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infection, a recombinant LCMV expressing the complete envelope 
glycoprotein (GPC) of LASV (rLCMV-LASVGP) has been gener-
ated using LCMV reverse genetics [25]. As viral entry is exclusively 
mediated by the viral envelope, the rLCMV-LASVGP chimera rep-
resents a suitable model for LASV entry studies that has been widely 
used for the characterization of LASV cell tropism in vitro [18, 19, 
26, 27] and in vivo [28, 29]. The original version of rLCMV-LAS-
VGP contains the core of the LCMV isolate ARM53b [18], and 
newer variants contain the core of LCMV Clone 13 [28, 29]. Since 
the viral GPC represents only circa 15% of the viral genome and 
LASV virulence is largely determined by the L segment encoding 
the RNA-dependent RNA polymerase L, rLCMV-LASVGP are 
generally considered as BSL-2 pathogens for tissue culture work 
described in the following sections. Recent infection studies in mice 
revealed an attenuated phenotype of rLCMV-LASVGP when com-
pared to the parental LCMV isolates [29]. Recombinant LCMV 
expressing the G protein of vesicular stomatitis virus (rLCMV-
VSVG) that differs in receptor use and entry [30] represents a con-
trol virus for many applications also see Note 1.

Enveloped viruses can incorporate foreign glycoproteins in 
their envelope by the process of pseudotyping. Several pseudotype 
platforms have been established for LASV, including recombinant 
vesicular stomatitis virus (VSV) [31], murine retroviruses [32], 
and human immunodeficiency virus (HIV)-1 [33]. Recombinant 
VSV pseudotyped with LASVGP is generated by infection of cells 
with recombinant VSV whose G protein has been replaced by 
enhanced green fluorescent protein (EGFP) (rVSV-ΔG*) and pro-
viding recombinant LASVGP in trans [34]. The resulting rVSV-
ΔG*-LASVGP pseudotypes are capable of entering susceptible 
target cells and undergoing viral replication and transcription with-
out cell-to-cell propagation. Different formats of retroviral pseu-
dotypes exist for LASV. The most widely used are retroviral 
pseudotypes based on Moloney murine leukemia virus (MLV) [32, 
35] and HIV-1 [33]. In both systems, recombinant LASVGP is 
co-expressed with a replication-deficient retroviral genome bearing 
an EGFP or luciferase reporter in packaging cell lines providing the 
missing retroviral components. Upon cell entry these retroviral 
pseudotypes can integrate into the host cell genome and express 
the reporter gene in the absence of productive viral infection.

The kinetics of viral attachment and entry is crucial for the effi-
ciency of zoonotic transmission of the virus and spread within the 
host organism. To obtain an estimate of the on-rate of virus-
receptor attachment, the simple assay described in Subheading 3.3 
can be employed. Briefly, virus is added to confluent cells at low 
multiplicity in the cold, allowing receptor binding without inter-
nalization. At different time points, unbound virus is removed by 
washing and cells shifted to 37 °C to allow entry of attached virus. 

1.3  Studying 
Different Steps 
of LASV Entry
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After 1 h, cells are treated with the lysosomotropic agent ammo-
nium chloride to prevent further entry via pH-dependent fusion. 
When added to cells, ammonium chloride raises the endosomal pH 
within seconds and blocks further low pH-dependent cellular pro-
cesses without causing overall cytotoxicity [36, 37].

To monitor internalization of viruses, many sophisticated pro-
tocols have been developed. In the context of arenavirus entry, we 
recommend a modified version of a well-established assay origi-
nally developed by the Helenius laboratory to study cell entry of 
polyomaviruses [38, 39] described in Subheading 3.4. Briefly, 
purified virus is labeled with the reagent N-hydroxysulfosuccinimide 
(Sulfo-NHS-SS)-biotin, resulting in a biotin label that is cleavable 
by reducing agents. As long as the virus stays bound to the cell 
surface, the biotin label can be cleaved efficiently with the potent, 
membrane-impermeable reducing agent Tris(2-carboxyethyl)
phosphine (TCEP). Once internalized via endocytosis, the biotin-
labeled virus is protected from TCEP and retains its biotin moiety 
after exposure of cells to TCEP.  Internalized virus can then be 
detected specifically by immunoprecipitation of LASV GP2, fol-
lowed by detection of biotin label using streptavidin-HRP. This 
assay allows semiquantitative detection of arenavirus internaliza-
tion [26, 38].

To assess how fast the virus escapes from late endosomes, the 
time required to become resistant to ammonium chloride is deter-
mined (Subheading 3.5). Briefly, virus is added to cells in the cold 
to allow receptor binding without internalization. The tempera-
ture is then shifted to 37 °C and ammonium chloride added at the 
different time points and left throughout the experiment. Since 
ammonium chloride depletes the endosomal proton gradient 
within seconds, this method allows a fairly accurate determination 
of the kinetics of endosomal escape.

Unwanted off-target effects of candidate inhibitors are fre-
quently a significant concern in viral entry studies. To preferably 
target cell entry and to minimize the duration of drug exposure, 
we recommend the experimental setup schematically shown in 
Fig.  1a (Subheading 3.6.3). Briefly, cells are pretreated for 
30–60 min with candidate inhibitors, followed by virus infection at 
low multiplicity in the presence of drug. After 1 h, drug is washed 
out using medium containing ammonium chloride to block fur-
ther entry. Productive infection is then detected by immunofluo-
rescence or detection of reporter activity. The assay outlined in 
Fig.  1a gives the first hints about the mechanism of action of a 
candidate entry inhibitor. Classical time-of-addition experiments 
can discriminate between effects on entry and subsequent replica-
tion/transcription of the virus, but cannot discriminate inhibition 
of pre-fusion steps of entry from fusion and early post-fusion 
events, like viral uncoating. The “postentry” assay outlined in 
Fig. 1b (Subheading 3.6.4) addresses this issue by synchronizing 
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virus escape from late endosomes with the drug treatment and may 
represent an alternative to classical time-of-addition studies. 
Originally developed for influenza A virus, this assay format is suit-
able for LASV and other late-fusing viruses with low fusion pH 
[40]. Briefly, virus is attached in the cold, followed by entry for 
45 min in the presence of ammonium chloride. This allows the 
virus to proceed to late endosomes without undergoing fusion 
(Fig. 1b). Candidate inhibitors are added in the presence of ammo-
nium chloride for another 30 min, followed by washout of ammo-
nium chloride in the presence of drug. Due to the small volume of 
endosomes, removal of the lysosomotropic agent restores the 
endosomal proton gradient within a few minutes, allowing the 
virus to undergo fusion, uncoating, and early replication in the 
presence of drugs.

2  Materials

	 1.	A549 cells: The human epithelial cell line A549 (ATCC: 
CCL-185) is used to study LASV entry. It represents a good 
model for epithelial cells that are important targets of arenavi-
ruses in  vivo. A549 culture medium: Dulbecco’s Modified 
Eagle Medium (DMEM), 1× penicillin-streptomycin (Pen/
Strep), 1× l-glutamine (Gln), 10% (w/v) FBS.

	 2.	VeroE6 cells: The VeroE6 (ACTT: CRL-1586) cell line is a 
clone of Vero 76 and derives from kidney epithelial cell extracts 

2.1  Cell Lines 
and Culture Media

Fig. 1 Assays to study the effects of candidate inhibitors on LASV entry. (a) Schematic representation of the 
entry assay (Subheading 3.6.3). (b) The assay format to detect effects on fusion and “postentry” steps of infec-
tion (Subheading 3.6.4). For details, please see text
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of the African green monkey Chlorocebus aethiops. It is often 
used for detecting viral plaque-forming units (PFU) used in 
titration. Vero cell culture medium: DMEM, 1× Pen/Strep, 
1× L-Gln, 10% (w/v) FBS.

	 3.	BHK-21 cells: The baby hamster kidney (BHK)-21 cell 
line (ATCC: CCL-10) was created from a 1-day-old new-
born hamster. They are frequently used for the production 
of recombinant LCMV viruses. BHK cell culture medium: 
DMEM, 1× Pen/Strep, 1× L-Gln, 13 mL 20% glucose, 25 mL 
2× tryptone-peptone broth (TPB), 10% (v/v) FCS. To avoid 
acidification during long culture times, use 20  mM HEPES 
buffer in addition to the CO2.

	 4.	GP2-293® cells: HEK293-based retroviral packaging cell line 
from Clontech stably expressing the MLV-derived gag and pol 
gene. GP2-293 allows the packaging of any MLV-based vector 
containing the appropriate packaging signal. 293 cell culture 
medium: DMEM, 1× Pen/Strep, 1× L-Gln, 10% FCS.

	 1.	Monoclonal antibody 113 is anti-LCMV NP, purified IgG in 
PBS [41].

	 2.	Monoclonal antibody 83.6 is mouse anti-LCMV GP. It recog-
nizes a highly conserved epitope in GP2 of LASV and is used 
as purified IgG in PBS [42].

	 3.	Horseradish peroxidase (HRP) conjugated polyclonal goat 
anti-mouse IgG (Dako).

	 4.	Rhodamine Red-X-AffiniPure Goat Anti-Mouse IgG (H + L) 
(Jackson ImmunoResearch).

	 1.	Dulbecco’s Modified Eagle Medium (DMEM) (Gibco® Life 
Technologies).

	 2.	Hank’s Balanced Salt Solution (HBSS) (Gibco® Life 
Technologies).

	 3.	Penicillin/streptomycin stock solution (10,000 U/mL), 100× 
(Gibco® Life Technologies)

	 4.	CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega).
	 5.	Polyethylene glycol (PEG) 8000.
	 6.	Nuclear dye 4’,6-diamidino-2-phenylindole (DAPI) 

(Molecular Probes).
	 7.	N-hydroxysulfosuccinimide (Sulfo-NHS-SS)-biotin (Pierce).
	 8.	Tris(2-carboxyethyl)phosphine (TCEP) (Sigma).
	 9.	Protein G conjugated to Sepharose 4B (Sigma).
	10.	Lipofectamine 2000 (Invitrogen).
	11.	SuperSignal West Femto Maximum Sensitivity Substrate 

(Pierce).

2.2  Antibodies

2.3  Transfection 
and Virus Entry 
Analysis
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	12.	Slide-A-Lyzer Cassette with 100 kDa cutoff (Pierce).
	13.	TNE: 10  mM Tris–HCl, pH  7.5, 100  mM NaCl, 1  mM 

EDTA.
	14.	Renografin-60: 520 mg/mL diatrizoate meglumine (Sigma), 

80 mg/mL sodium diatrizoate (Sigma), 3.2 mg/mL sodium 
citrate, 0.4 mg/mL EDTA, in distilled water, pH 7.4.

	15.	IFA staining buffer: PBS, 1% (v/v) FCS, 0.1% (w/v) saponin.
	16.	PBS-CM: PBS supplemented with 0.5 mM CaCl2 and 1 mM 

MgCl2.
	17.	Quenching solution: 50 mM glycine, 150 mM NaCl, 1 mM 

MgCl2, 0.1 mM CaCl2, adjusted to pH 8.0.
	18.	TCEP reaction buffer: 15 mM TCEP, 50 mM HEPES, pH 7.5, 

150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2.
	19.	Lysis buffer: 1% (w/v) Triton X-100, 0.05% (w/v) SDS, 

50  mM Tris–HCl, pH  7.5, 150  mM NaCl, 1  mM EDTA, 
1 mM phenylmethylsulfonyl fluoride (PMSF), protease inhibi-
tor complex to be added immediately before use (cOmplete, 
Roche).

3  Methods

The following production protocol has been modified from the 
classical protocol established for LCMV [43] and is suitable for the 
production of rLCMV stocks with volumes of up to several liters.

	 1.	Seed 2 × 106 BHK-21 cells in a 75 cm2 flask the day before 
infection and culture them in BHK-21 medium (see below). 
Cells will double once and grow to 60–70% confluency.

	 2.	16–24 h post seeding, thaw aliquots of viruses at 37 °C in the 
water bath and keep them on ice during the experiment. After 
use, viruses can be refrozen, which results in reduction of titers 
by circa 50%.

	 3.	Use rLCMV-LASVGP and rLCMV-VSVG at multiplicity of 
infection (MOI) = 0.01. Mix the viral stock with fresh medium 
to a final 5 mL volume in a 15 mL Falcon® tube.

	 4.	Remove medium from the flask and add inocula. Incubate for 
1 h at 37 °C and 5% (v/v) CO2. Flasks are moved every 10 min 
to ensure optimal infection.

	 5.	Remove inocula and add 15  mL of pre-warmed BHK-21 
medium supplemented with 5% tryptone-peptone broth 
(Sigma) and 20  mM HEPES to increase viral production 
efficiency and avoid excessive acidification.

	 6.	Incubate 48–72 h at 37 °C and 5% (v/v) CO2.

3.1  Production 
of rLCMV-LASVGP: 
A BSL-2 Surrogate 
for LASV

3.1.1  Production 
of Recombinant LCMV 
Variants
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	 7.	Collect and pool supernatants in 15 mL Falcon tubes.
	 8.	Centrifuge aliquots at 3,100 × g Heraeus Labofuge 400 swing-

ing rotor 75008179 for 5 min at 4 °C to remove cells and cel-
lular debris.

	 9.	Collect clear supernatants into new 15 mL tubes.
	10.	Aliquot supernatants in 2 mL cryovials and keep 500 μL to 

perform virus titers. Do not overfill the tube that can explode 
when the volume increases during freezing.

	11.	Freeze aliquots of crude viral stocks at −80 °C. Warning: each 
thawing will reduce the viral titers of about 50%.

The following purification protocol has been modified from Dutko 
et al. [43]. We recommend at least 100 mL of crude virus stock 
(please see above) as starting material:

	 1.	Thaw crude virus stock rapidly in 37 °C water bath. Centrifuge 
at 3,100 × g for 5 min at 4 °C and add 6.5 g PEG/100 mL 
cleared supernatant.

	 2.	Stir solution overnight at 4 °C using a magnetic stirrer.
	 3.	Transfer solution to 50 mL sealable centrifuge buckets (Sorvall) 

and spin at 7,649 × g for 30  min (Sorvall centrifuge, SS34 
rotor).

	 4.	Discard supernatant and resuspend the pellet in 5–10 mL of 
TNE.

	 5.	Prepare a discontinuous Renografin-60 gradient: 1  mL 50% 
Renografin-60/TNE + 2 mL 40% Renografin-60/TNE and 
3  mL 10% Renografin-60/TNE in SW41 ultracentrifuge 
tubes.

	 6.	Carefully load resuspended virus in TNE on the gradient. 
Centrifuge at 217,000 × g for 90 min in a SW41 swing-out 
rotor. Purified virus appears as a whitish band at the interface 
of Renografin-60 40% and 10%.

	 7.	Collect the purified virus with a sterile Pasteur pipette. Warning: 
do not use a syringe to perforate the tube.

	 8.	Resuspend the collected virus in TNE.
	 9.	Dialyze overnight against 5 l PBS (two changes) using a Slide-

A-Lyzer Cassette (Pierce) with 100 kDa cutoff.
	10.	Aliquot the virus in cryovials and store at −80 °C.

Determination of infectious virus titers for LCMV is normally done 
via plaque assay. However, plaques formed by rLCMV-LASVGP 
and rLCMV-VSVG are difficult to reveal, and we recommend 
immunofocus assay (IFA) as an alternative.

3.1.2  Virus Purification

3.1.3  Determination 
of rLCMV Titers 
by Immunofocus Assay
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	 1.	Seed 2 × 104 VeroE6 cells per well in a 96-well tissue culture 
plate and grow into closed monolayers at 37 °C and 5% (v/v) 
CO2.

	 2.	The following day, prepare tenfold serial virus dilutions using 
complete medium as shown in Fig. 2.

	 3.	Infect VeroE6 cells with virus dilutions and incubate for 45 min 
at 37 °C and 5% (v/v) CO2.

	 4.	Remove inoculum and add fresh complete medium.
	 5.	Incubate for 16 h at 37 °C and 5% (v/v) CO2.
	 6.	Remove media and wash two times with 200 μL/well PBS.
	 7.	Fix cells with 100  μL/well 2% (v/v) formaldehyde in 

PBS.  Incubate for 15  min in the dark at room temperature 
(RT).

	 8.	Remove fixation solution and wash twice with 200 μL/well 
PBS.

	 9.	Remove PBS and permeabilize cells with 100  μL/well IFA 
staining buffer. Incubate 15 min at RT.

	10.	Remove permeabilization solution and add 100  μL/well of 
primary antibody: mAb 113 anti-LCMV NP [41] 1:200  in 
IFA staining buffer. Incubate 1 h at RT.

	11.	Remove primary antibody solution and wash cells twice with 
200 μL/well PBS.

	12.	Add 100 μL/well of secondary antibody, Rhodamine Red-X-
conjugated goat anti-mouse IgG, 1:100 in IFA staining buffer. 
Incubate 45 min at RT. Protect from light.

	13.	Remove secondary antibody and wash cells twice with 200 μL/
well PBS. Keep 100 μL/well PBS and store the plate at 4 °C in 
the dark (wrap in aluminum foil). Fluorescence can be exam-
ined over several weeks.

	14.	Count NP-positive cells under a fluorescence microscope.

Fig. 2 Schematic representation of serial dilution of the viral stock. For details, 
please see text
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	15.	Choose the dilution where you can count 50–200 cells/well. 
Score infected foci as one infectious event.

	16.	Calculate titers using the following formula: (Number of 
infected cells) × (fold dilution) PFU/100 μL.

	17.	Expected titers of crude stocks: rLCMV-LASVGP: 107–108 
PFU/mL, rLCMV-VSVG: 105–106 PFU/mL.

Recombinant vesicular stomatitis virus (VSV) strains pseudotyped 
with LASVGP or VSVGP are generated using a protocol modified 
from [44].

	 1.	Plate 4 × 105 HEK293T cells in M6 tissue culture plates coated 
with poly-l-lysine (2 μg/cm2) for 16–24 h reaching 60–70% 
confluency.

	 2.	Transfect expression plasmids pC-LASVGP, pC-VSVGP, or 
pC-EGFP using Lipofectamine 2000.

	 3.	For transfection, the following mixture is prepared (amounts 
per well):

–– 2  μg DNA dissolved in 100  μL Opti-MEM serum-free 
medium.

–– Mix well (10 s vortex).
–– Dissolve 10 μL Lipofectamine in 100 μL Opti-MEM.
–– Mix DNA/Opti-MEM with Lipofectamine/Opti-MEM 

(10 s vortex).
–– Incubate for 15–30 min at room temperature.
–– Add 800 μL of Opti-MEM.
–– Mix well (pipette up and down three times).
–– Remove medium from cells and wash cells twice in 

Opti-MEM
–– and add the DNA/Lipofectamine mixture.
–– Incubate for 4 h at 37 °C, 5% (v/v) CO2.
–– Remove DNA/Lipofectamine mixture and add 4  mL 

medium/well to cells.
	 4.	Incubate plates at 37 °C, 5% (v/v) CO2 for 24–32 h to allow 

recombinant glycoprotein expression.
	 5.	Infect the transfected cells with rVSV-ΔG*-VSVG at MOI of 

3–5 to assure that >98% of cells are infected.
	 6.	Wash cells extensively (>5 times) with pre-warmed medium 

without FBS. Note: this is essential to lower contamination with 
the input rVSV-ΔG*-VSVG virus.

	 7.	Incubate infected cells at 37  °C, 5% (v/v) CO2 for further 
24 h.

3.2  Production 
of Pseudotypes 
for LASV Entry Studies

3.2.1  Production of VSV 
Pseudotypes
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	 8.	Collect and pool supernatants.
	 9.	Clear supernatants by low-speed centrifugation (430 × g, 5 min, 

4 °C).
	10.	Aliquot the supernatants into 2 mL cryovials (1.2 mL/vial).
	11.	Freeze aliquots at −80 °C.
	12.	Expected titers: rVSV-ΔG*-VSVG: 107–108 PFU/mL, rVSV-

ΔG*-LASVGP: 105–106 PFU/mL.

Different formats of retroviral pseudotypes exist for LASV. Here, 
we describe the production of retroviral pseudotypes based on 
MLV [32, 35].

	 1.	For MLV pseudotype production, the packaging cell line GP2-
293® cells stably expressing MLV gag and pol is used.

	 2.	Seed 4 × 105 GP2-293® cells/well in M6 tissue culture plates 
coated with poly-l-lysine (2 μg/cm2) for 16–24 h, reaching 
60–70% confluency.

	 3.	Transfect expression plasmids for viral GPs (pC-LASVGP, pC-
VSVGP, or pC-EGFP control) together with the MLV genomic 
plasmid pLZRS-Luc-gfp using Lipofectamine 2000.

	 4.	2 μg of each plasmid DNA is dissolved in 100 μL Opti-MEM 
serum-free medium and transfection performed as described 
above (point 3).

	 5.	After incubation of the DNA/Lipofectamine mix with the cells 
at 37 °C, 5% (v/v) CO2 for 4 h, remove media, ash cells twice 
with serum-free medium, and add fresh complete medium 
(4 mL/well).

	 6.	Collect and pool supernatants.
	 7.	Clear supernatants by low-speed centrifugation (430 × g, 5 min, 

4 °C).
	 8.	Aliquot the supernatants into 2 mL cryovials (1.2 mL/vial).
	 9.	Freeze aliquots at −80 °C.
	10.	Expected titers: rMLV-LASVGP: 105–106 PFU/mL, rMLV-

LASVGP: 107 PFU/mL.

The method is adapted from [45] and allows recovery of infectivity 
close to 100%.

	 1.	Clarify supernatants by centrifugation (490 × g, 5 min, 4 °C).
	 2.	Transfer supernatants in new tubes and discard pellet. 

Supernatants can be kept on ice for up to 24 h.
	 3.	Ultracentrifuge supernatants (35–40 mL/tube) at 112,000 × g 

at 4 °C for 2 h using a SW28 rotor.
	 4.	Discard supernatants after centrifugation.

3.2.2  Production 
of Retroviral Pseudotypes

3.2.3  Concentration 
of MLV Pseudotypes

Lassa Virus Cell Entry



146

	 5.	Wash pellet twice with serum-free medium, followed by addi-
tional centrifugation 112,000 × g at 4 °C.

	 6.	Discard the washing medium and resuspend pellets overnight 
in 1× HBSS on ice in a closed vial on a shaker.

	 7.	Aliquot the purified virus (50 μL/cryovial) and store the ali-
quots at −80 °C.

Determination of infectious pseudotype titers makes use of the 
EGFP reporter gene present in the genome of recombinant VSV 
and MLV vectors.

	 1.	Seed 2 × 104 VeroE6 cells per well in a 96-well tissue culture 
plate and grow into closed monolayers.

	 2.	On the following day, prepare tenfold serial dilutions using 
complete medium (Fig. 2).

	 3.	Infect VeroE6 cells with pseudotype dilutions and incubate 
them for 1 h.

	 4.	Remove inoculum and add fresh complete medium.
	 5.	Incubate for 16–24 h.
	 6.	Remove media and wash two times with 200 μL/well PBS.
	 7.	Fix cells with 100  μL/well 2% (v/v) formaldehyde in 

PBS. Incubate for 15 min in the dark at RT.
	 8.	Remove fixation solution and wash twice with 200 μL/well PBS.
	 9.	Count EGFP-positive cells under a fluorescence microscope.
	10.	Choose the dilution where you can count 50–200 cells/well. 

Score infected foci as one infectious event.

The protocol described below is suitable for use with rLCMV-
LASVGP as well as VSV and MLV pseudotypes and provides a 
good estimate on the kinetics of virus-cell attachment with a reso-
lution in the range of minutes (see Note 2).

	 1.	Seed cells of interest, e.g., A549 cells, in a 96-well tissue cul-
ture plate (2 × 104 cells/well) to obtain confluent monolayers 
after 16–24 h.

	 2.	Remove medium and add fresh complete medium (100 μL/
well) supplemented with 20 mM HEPES, pH 7.5.

	 3.	Dilute virus in cold complete medium containing 20  mM 
HEPES at 2000 PFU/mL, corresponding to 200 PFU/100 μL 
added per well, resulting in an MOI of circa 0.01.

	 4.	Remove medium and add virus inocula to cells in the cold 
(4 °C) allowing receptor binding without internalization.

	 5.	At different time points (0, 2, 5, 10, 15, 20, 30, 45, and 
60  min), remove inocula and wash twice with 200 μL/well 
cold serum-free medium to remove unbound virus.

3.2.4  Determination 
of Pseudotype Titers

3.3  Assay to Assess 
Virus-Cell Attachment 
Kinetics
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	 6.	Add 200 μL/well fresh medium supplemented with 10% (w/v) 
FBS.

	 7.	Immediately shift cell to 37 °C to allow entry of attached virus 
particles.

	 8.	After 45 min, add 20 mM ammonium chloride to the culture 
medium to prevent further entry via low pH fusion.

	 9.	For rLCMV, productive entry is quantified after 16 h by detec-
tion of LCMV.  Nucleoprotein (NP) in IFA as described in 
Subheading 3.1.3. VSV and MLV pseudotypes expressing 
EGFP can be detected by direct fluorescence microscopy.

	10.	Plot infection versus time to obtain virus-binding curves. The 
time of half-maximal attachment of the virus correlates with 
the on-rate of virus-receptor binding.

This protocol is suitable for rLCMV and any other virus that can be 
purified and concentrated. However, in our experience, it is chal-
lenging in the context of VSV and MLV pseudotypes. The reasons 
are the markedly lower titers and impurities in the preparations (see 
Notes 3–5).

	 1.	Use a concentrated Renografin-purified stock of rLCMV-
LASVGP (see Subheading 3.1.1). Dilute virus to 5 × 108 PFU/
mL in PBS-CM and keep in the cold.

	 2.	Freshly prepare the stock solution by dissolving 5.56 mg of 
Sulfo-NHS-SS-biotin in 100 μL DMSO (final concentration 
100 mM) 15–20 min before use.

	 3.	Add Sulfo-NHS-SS-biotin to the virus in cold PBS-CM at a 
final concentration of 1 mM.

	 4.	Incubate for 1 h at RT by end-over-end rotation in a 15 mL 
Falcon® tube.

	 5.	Quench reaction by adding cold quenching solution for 10 min.
	 6.	Dialyze overnight against PBS using a Slide-A-Lyzer Cassette 

(100 kDa cutoff).
	 7.	Test the efficiency of labeling by incubating a sample of the 

biotinylated virus with 15 mM TCEP or reaction buffer for 
30  min. Treatment should result in a loss of >95% of the 
biotin label assessed by Western blot using streptavidin-HRP 
for detection.

	 8.	Determine the titer of the labeled virus using IFA (Subheading 
3.1.1). Loss of infectivity during the labeling procedure is min-
imal. When compared to the original virus stock, biotin label-
ing should not reduce infection by more than 50%, i.e., we 
expect titers of 2–3 × 108 PFU/mL.

	 9.	Aliquot biotinylated virus in cryovials and store them at 
−80 °C. The biotin label is stable over several years.

3.4  Assay to Monitor 
Virus Internalization

3.4.1  Preparation 
of Biotinylated 
rLCMV-LASVGP
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	 1.	Seed 4–6  ×  105 cells/well in M6 plates to obtain confluent 
monolayers after 16–24 h. Cells will double during this period 
resulting in a density of 106 cells/well.

	 2.	Remove culture medium.
	 3.	Wash twice with 2 mL of cold HBSS.
	 4.	Chill plate on ice for 5 min.
	 5.	Dilute NHS-SS-biotinylated virus to 108 PFU/mL in HBSS 

and chill on ice.
	 6.	Add cold solution containing the virus to cells (1 mL/well, 

MOI = 100).
	 7.	Incubate cells for 1 h on ice under gentle shaking.
	 8.	Wash cells with 2  ×  2  mL cold HBSS to remove unbound 

virus.
	 9.	Shift the cells to 37  °C by adding 4  mL/well pre-warmed 

complete medium to induce virus internalization.
	10.	Remove medium after the desired time points (e.g., 0, 2, 5, 

10, 15, 20, 30, and 60 min) and chill cells on ice.
	11.	Add 2 mL/well of TCEP (15 mM) in TCEP reaction buffer 

on ice for 30 min. Apply the solution twice. TCEP is highly 
reactive in the cold and does not penetrate the cell membrane 
under these conditions.

	12.	Discard TCEP solution.
	13.	Wash cells three times with 15 mL cold HBSS.
	14.	Quench the remaining TCEP with 100 mM aqueous solution 

of iodoacetamide (Sigma) for 10 min on ice.
	15.	Remove solution and lyse cells with 1 mL/well of lysis buffer 

for 30 min at 4 °C.
	16.	Clear lysates by centrifugation at 11,700 × g and 4  °C for 

10 min and add unlabeled purified LCMV (107 PFU/mL final 
concentration) as a carrier. At this point, lysates can be pro-
cessed further to immunoprecipitation (IP) of LASV GP2 
(please see below), or they can be frozen and stored at −20 °C 
for several months.

Detection of biotinylated LASV GP2 is performed by immunopre-
cipitation of total LASV GP2 with a specific mAb 83.8 recognizing 
a highly conserved epitope [42].

	 1.	Immobilization of the antibody prior to addition of the anti-
gen in question enhances the efficiency of the precipitation. 
For immobilization put 20 μL of a 1:1 suspension of protein G 
conjugated to Sepharose 4B (Sigma) in PBS at the bottom of 
a 1.5 mL Eppendorf tube. Add 10 μg of purified mAb 83.6 

3.4.2  Virus 
Internalization Assay

3.4.3  Detection 
of Biotinylated LASV GP2

Antonella Pasquato et al.



149

and incubate at room temperature for 30  min. Antibody is 
ready for use. If not used immediately, store on ice for up to 
several hours.

	 2.	Incubate lysates immobilized mAb 83.6 overnight at 4 °C.
	 3.	Wash Sepharose beads four times with lysis buffer.
	 4.	Elute bound LCMV GP2 by boiling the antibody matrix in 

SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer 
(nonreducing) for 5 min.

	 5.	Separate immunoprecipitated proteins by SDS-PAGE.
	 6.	Blot proteins to nitrocellulose, and detect biotinylated GP2 by 

streptavidin-HRP (1:5000) using SuperSignal West Femto 
Maximum Sensitivity Substrate and enhanced chemilumines-
cence (ECL).

The following protocol is suitable to assess endosomal escape 
kinetics for LASV, rLCMV-LASVGP, as well as VSV and MLV 
pseudotypes.

	 1.	Seed 2 × 104 cells/well in a 96-well plate to obtain confluent 
monolayers after 16–24 h.

	 2.	Chill cell monolayers on ice for 30 min.
	 3.	Dilute virus in cold complete medium containing 20  mM 

HEPES at 2000 PFU/mL.
	 4.	Add 200 PFU virus in100 μL per well, corresponding to an 

MOI of circa 0.01.
	 5.	Incubate plate on ice for 1 h.
	 6.	Wash cells twice with 200  μL/well of cold PBS to remove 

unbound virus.
	 7.	Shift cells quickly to 37 °C by adding 100 μL/well warm com-

plete medium.
	 8.	At different time points (0, 2, 5, 10, 15, 20, 30, 45, and 

60  min), add 20  mM ammonium chloride (final concentra-
tion) to prevent virus entry via low pH fusion.

	 9.	Incubate cells at 37 °C for 16–24 h in the presence of ammo-
nium chloride.

	10.	For rLCMV, productive entry is quantified after 16 h by detec-
tion of LCMV NP in IFA (Subheading 3.1.1), and VSV and 
MLV pseudotypes expressing EGFP can be detected by direct 
fluorescence.

	11.	Plot infection versus time to obtain the curves of ammonium 
chloride resistance. The time of half-maximal virus infection 
correlates to the half-time of endosomal escape. For late-
fusing viruses like LASV, this is typically in the range of 
20–40 min.

3.5  Determination 
of the Kinetics 
of Endosomal Escape 
of the Virus
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	 1.	Choose a suitable solvent to dissolve candidate inhibitors. A 
common solvent used for hydrophobic compounds is 
DMSO.  For hydrophilic compounds, PBS or saline can be 
used.

	 2.	Test solvent toxicity on your cells of choice. Typically, up to 2 
(v/v) % DMSO are well tolerated by most cell lines.

	 3.	Prepare dilutions using sterile solvents applying aseptic 
procedures.

	 4.	Store inhibitor stocks and dilutions preferentially in opaque 
vials to avoid drug degradation by light exposure and store at 
−20 °C unless specified otherwise.

Prior to testing the inhibitory potency on a specific virus/cell sys-
tem, compounds must be analyzed for their cytotoxicity that can 
greatly vary depending on the cell type and the assay format used. 
Compounds and concentrations that reduce cell viability by >20% 
are normally discarded.

	 1.	Seed 2 × 104 cells/well in a 96-well white plate with transpar-
ent bottom to obtain confluent monolayers after 16–24 h.

	 2.	On the day of toxicity testing, prepare inhibitor dilutions using 
the appropriate solvent. Make sure that each drug dilution has 
the same volume.

	 3.	Remove media and add 100 μL of fresh media supplemented 
with the indicated drug concentrations.

	 4.	Expose cells to inhibitors at 37  °C for the time you have 
planned for the experiments, e.g., 16–24 h for entry or posten-
try studies.

	 5.	Add 100 μL of reagent from the CellTiter-Glo® Luminescent 
Cell Viability Assay Kit.

	 6.	Incubate cells 10 min at room temperature.
	 7.	Read luminescence with a luminescence reader. Luminescence 

is proportional to the cellular ATP concentration.

This assay examines effects of candidate inhibitors on LASV entry 
and early postentry steps of infection and is schematically shown in 
Fig. 1a (see Note 6).

	 1.	Seed 2 × 104 cells/well in a 96-well plate to obtain confluent 
monolayers after 16–24  h. Perform triplicate experiments 
using at least three different drug concentrations to detect 
dose-response effects.

	 2.	On the day of the experiment, prepare inhibitor dilutions using 
the appropriate solvent. Make sure that each drug dilution has 
the same volume.

3.6  Assays to Study 
Inhibitors of LASV 
Cell Entry

3.6.1  Preparation 
of Inhibitors for Entry 
Studies

3.6.2  Evaluation 
of Inhibitor Cytotoxicity

3.6.3  Effects of Inhibitors 
on LASV Entry
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	 3.	Pretreat cells with inhibitors at the indicated concentrations 
for 30 min (fast-acting compounds) up to 60 min (slow-acting 
compounds) at 37 °C. Use the solvent vehicle alone as nega-
tive control.

	 4.	Remove media and add virus (200 PFU/well) in 100 μL in the 
presence of inhibitors.

	 5.	Incubate cells at 37 °C for 45 min–1 h.
	 6.	Remove inocula and wash cells three times with 200 μL/well 

pre-warmed serum-free medium containing 20  mM ammo-
nium chloride.

	 7.	Add 200  μL/well of pre-warmed complete media supple-
mented with 20 mM ammonium chloride.

	 8.	For rLCMV, productive entry is quantified after 16 h by detec-
tion of LCMV NP in IFA (Subheading 3.2.1), and VSV and 
MLV pseudotypes expressing EGFP can be detected by direct 
fluorescence.

	 9.	Plot infection versus drug concentrations to obtain information 
on the dose-response characteristic. If significant inhibition 
without dose dependence is observed, we recommend using 
inhibitors at higher dilution, to exclude saturation effects.

This assay allows excluding observed drug effects in Subheading 
3.6.4 on viral fusion and early post-fusion events of infection 
(Fig. 1b) (see Note 7).

	 1.	Seed 2 × 104 cells/well in a 96-well plate to obtain confluent 
monolayers after 16–24  h. Perform at least triplicate 
experiments.

	 2.	Chill cell monolayers on ice for 30 min.
	 3.	Dilute virus in cold complete medium containing 20  mM 

HEPES at 2000 PFU/mL.
	 4.	Add 200 PFU virus in 100 μL per well, corresponding to an 

MOI of circa 0.01.
	 5.	Incubate plate on ice for 1 h.
	 6.	Wash cells twice with 200  μL/well of cold PBS to remove 

unbound virus.
	 7.	Shift cells quickly to 37 °C by adding 100 μL/well warm com-

plete medium supplemented with 20  mM ammonium chlo-
ride. Incubate for 45 min. This allows the virus to enter cells 
and to progress to late endosomes, without undergoing fusion.

	 8.	In the meantime, prepare inhibitor dilutions using the appro-
priate solvent. Make sure that each drug dilution has the same 
volume. Dilute drugs at the required concentrations in com-
plete medium supplemented with 20 mM ammonium chloride. 
Include solvent vehicle controls.

3.6.4  Effects of Inhibitors 
on Fusion and Post-fusion 
Steps of Infection

Lassa Virus Cell Entry
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	 9.	Remove medium from cells and add medium containing drugs 
in the presence of 20 mM ammonium chloride. Incubate cells 
at 37 °C for 30 min. This allows the drug to exert its inhibitory 
function while the virus is blocked at the level of the late 
endosome.

	10.	Remove inocula and wash three times with pre-warmed serum-
free medium without ammonium chloride.

	11.	Add 100  μL/well of pre-warmed complete media supple-
mented with drugs.

	12.	Incubate cells at 37 °C for 16 h.
	13.	For rLCMV, productive entry is quantified after 16 h by detec-

tion of LCMV NP in IFA (Subheading 3.1.3), and VSV and 
MLV pseudotypes expressing EGFP can be detected by direct 
fluorescence.

4  Notes

	 1.	Several BSL-2 surrogates have been established for LASV entry 
studies, including recombinant LCMV (rLCMV-LASVGP) and 
pseudotype platforms, based on replication-deficient VSV and 
retroviral vectors. Depending on the planned applications, some 
restrictions do apply. Due to the high conservation of the replica-
tion/transcription machinery between LCMV and LASV, 
rLCMV-LASVGP allows one to study LASV entry in the context 
of productive arenavirus infection. Both LASV and LCMV form 
spherical enveloped particles with a median size of 100 nm that 
are decorated with densely packed GP spikes. The size, geometry, 
and arrangement of GP of rLCMV-LASVGP are therefore similar 
to authentic LASV. In contrast, VSV pseudotypes of arenaviruses 
adopt the characteristic bullet shape and size of VSV that varies 
considerably from arenaviruses. Lentiviral particles (MLV, HIV-
1) are more similar in size and shape to arenaviruses, but may vary 
in the density of arenavirus GP displayed at the surface.

	 2.	The assay to monitor virus-cell attachment (Subheading 3.3) is 
suitable to study the attachment of LASV to its receptor(s) in a 
semiquantitative manner. If present, functionally glycosylated DG 
mediates rapid virus attachment via a lectin-type binding that is of 
high affinity and shows little temperature dependence. However, 
it is currently unknown whether DG serves primarily as an attach-
ment factor, similar to glycosaminoglycans for other viruses, or if 
it functions as an authentic entry receptor. The kinetics of viral 
attachment does, therefore, not necessarily correlate with the 
kinetics of internalization assessed by Subheading 3.4.

	 3.	The assay to monitor virus internalization (Subheading 3.4) is 
suitable for LCMV, recombinant LCMV, and any other arena-
virus that can be purified and concentrated to the necessary 

Antonella Pasquato et al.



153

degree. However, in our experience, the adaptation of the 
assay to VSV and MLV pseudotypes has not been possible. The 
reasons are likely the markedly lower virus titers and impurities 
in the preparations.

	 4.	In the virus internalization assay (Subheading 3.4), biotinyl-
ation is used to selectively label internalized virus. This would 
in theory allow fractionation by precipitation of biotinylated 
proteins by streptavidin-conjugated agarose, followed by detec-
tion of LASV GP2 in a Western blot with mAb 83.6 to GP2. 
However, this alternative approach did not work in our hands. 
It is important to add unlabeled purified rLCMV-LASVGP as 
carrier for the IP with mAb 83.6 to achieve the necessary effi-
ciency of the IP approach. A high-sensitivity ECL kit is required 
to detect biotinylated GP2 derived from internalized virus.

	 5.	The assay to monitor virus internalization (Subheading 3.4) 
cannot discriminate between virus entering into “dead-end” 
pathways and virus particles that will exit from the late endo-
some and establish productive infection. This is a limitation 
that has to be kept in mind.

	 6.	In the LASV entry assay (Subheading 3.6.3, Fig. 1a), off-target 
effects of inhibitors or candidate drugs are a major concern. To 
circumvent this problem, drugs are washed out with medium 
containing ammonium chloride. Most experimental inhibitors 
show full reversibility and can be efficiently washed out. This 
markedly reduces overall toxicity and unwanted effects on 
postentry steps of viral infection. Even in case of irreversible 
inhibitors, washout allows one to replenish the drug target over 
time, which frequently alleviates toxicity problems.

	 7.	In the LASV “postentry” assay (Subheading 3.6.4, Fig.  1b), 
washout of ammonium chloride restores the low luminal pH of 
the late endosome within a few minutes. The wash steps have to 
be performed rapidly to prevent reversion of drug action. If 
drugs with known high off-rates are used, compounds should 
be added to the wash buffer to avoid false-negative results.
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Chapter 10

A Cell-Cell Fusion Assay to Assess Arenavirus Envelope 
Glycoprotein Membrane-Fusion Activity

Joanne York and Jack H. Nunberg

Abstract

For many viruses that enter their target cells through pH-dependent fusion of the viral and endosomal 
membranes, cell-cell fusion assays can provide an experimental platform for investigating the structure-
function relationships that promote envelope glycoprotein membrane-fusion activity. Typically, these 
assays employ effector cells expressing the recombinant envelope glycoprotein on the cell surface and tar-
get cells engineered to quantitatively report fusion with the effector cell. In the protocol described here, 
Vero cells are transfected with a plasmid encoding the arenavirus envelope glycoprotein complex GPC and 
infected with the vTF7-3 vaccinia virus expressing the bacteriophage T7 RNA polymerase. These effector 
cells are mixed with target cells infected with the vCB21R-lacZ vaccinia virus encoding a β-galactosidase 
reporter under the control of the T7 promoter. Cell-cell fusion is induced upon exposure to low-pH 
medium (pH 5.0), and the resultant expression of the β-galactosidase reporter is quantitated using a che-
miluminescent substrate. We have utilized this robust microplate cell-cell fusion assay extensively to study 
arenavirus entry and its inhibition by small-molecule fusion inhibitors.

Key words Arenavirus, Envelope glycoprotein, Membrane fusion, Syncytium formation, Cell-cell 
fusion, Endosome, Fusion inhibitor

1  Introduction

The defining function of the viral envelope glycoprotein is to 
orchestrate fusion of the viral and cellular membranes, thereby 
promoting release of the virion core into the cell to initiate viral 
replication. Classically, enveloped viruses have been subdivided 
into those that fuse at the plasma membrane in response to recep-
tor binding (such as HIV-1 and the paramyxoviruses) and those 
that undergo receptor-mediated endocytosis and fuse upon expo-
sure to acidic pH in the maturing endosome. Many of the hemor-
rhagic fever viruses surveyed in this volume belong to this latter 
group, with membrane fusion taking place in endosomal and lyso-
somal compartments, removed from facile experimental 
manipulation. For the majority of these viruses whose envelope 
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glycoproteins normally traffic to the cell surface for virion assem-
bly, this process of pH-induced endosomal fusion can be readily 
studied using the surrogate of cell-cell fusion. First noted as syncy-
tium formation among Sindbis virus-infected cells exposed to 
acidic pH (“fusion-from-within” [1]), these systems have evolved 
with emerging technology to serve as robust platforms for struc-
ture-function studies of membrane-fusion activity. Modern assays 
typically utilize effector cells expressing the envelope glycoprotein 
and target cells engineered to quantitatively report fusion of the 
two. It is important to bear in mind that these assays do not neces-
sarily recapitulate all aspects of virus entry within the endocytic 
pathway. Specifically, the possible role of secondary receptors and 
endolysosomal proteases needs to be considered. Nonetheless, 
these simple biosafe assays can provide a reliable quantitative read-
out of membrane-fusion activity.

We have utilized cell-cell fusion assays extensively to study are-
navirus entry and its inhibition by small-molecule fusion inhibi-
tors. Arenaviruses enter the host cell through pH-dependent fusion 
of the viral and endosomal membranes, a process mediated by the 
viral envelope glycoprotein complex GPC [2]. GPC is synthesized 
as a precursor that trimerizes and is cleaved by the cellular S1P/
SKI-1 protease [3–5] to generate the mature receptor-binding 
(GP1) [6, 7] and transmembrane fusion (GP2) [8–11] subunits. 
Unlike other class I fusion proteins, GPC retains a 58 amino-acid 
residue signal peptide as a third, noncovalently associated subunit 
in the mature complex [12–14]. This stable signal peptide (SSP) 
contains two hydrophobic regions that span the membrane to 
form a hairpin structure [15], with a central external loop that 
interacts with the membrane-proximal ectodomain of GP2 to sense 
acidic pH and trigger membrane fusion [16, 17]. SSP association 
is also required for transit of the GP1-GP2 precursor through the 
Golgi, and thus for proteolytic maturation and transport to the cell 
surface for virion assembly [18]. Several chemically distinct classes 
of small-molecule fusion inhibitors have been demonstrated to act 
through the pH-sensing SSP-GP2 interface to antagonize the 
effect of acidic pH in activating GPC membrane fusion [19].

The GPC-mediated cell-cell fusion assay used in our labora-
tory was developed through the modification of the recombinant 
vaccinia virus-based fusion reporter assay described by Nussbaum, 
Broder, and Berger in 1994 to study HIV-1 Env [20]. In brief, 
Vero cells are infected with a recombinant vaccinia virus expressing 
the bacteriophage T7 RNA polymerase and transfected with a 
pcDNA-based plasmid encoding GPC. These cells are mixed with 
target cells infected with another recombinant vaccinia virus encod-
ing a β-galactosidase reporter under the control of the T7 pro-
moter. Antiviral drugs are used to block production of progeny 
vaccinia viruses and thereby prevent cross-infection of effector and 
target cells. Cell-cell fusion is induced upon exposure of the 
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coculture to acidic medium (pH 5.0), and the resultant expression 
of the β-galactosidase reporter is quantitated using a chemilumi-
nescent substrate. A version of this assay that eliminates the use of 
BSL-2 recombinant vaccinia viruses has also been described [21].

2  Materials

	 1.	Vero-76 African green monkey (Chlorocebus aethiops) kidney 
cells (ATCC CRL-1587).

	 2.	Recombinant vaccinia virus vTF7-3 (NIH AIDS Reagent 
Program, Division of AIDS, NIAID, catalog #356, contrib-
uted to the AIDS Reagent Program by Dr. Thomas R. Fuerst 
and Dr. Bernard Moss; see Note 1).

	 3.	Recombinant vaccinia virus vCB21R Lac-Z (NIH AIDS Reagent 
Program, Division of AIDS, NIAID, catalog # 3365, contributed 
to the AIDS Reagent Program by Dr. Christopher C. Broder, 
Paul E. Kennedy, and Dr. Edward A. Berger; see Note 1).

	 4.	Falcon™ 96-well clear flat-bottom cell-culture microplates 
(Corning).

	 5.	Dulbecco’s Modified Eagle Medium (DMEM), high glucose, 
pyruvate (Gibco) is used in a variety of formulations. Growth 
Medium for the Vero cells is DMEM with 10% heat-inactivated 
fetal bovine serum (FBS) and 1× L-glutamine. For routine cell 
passage, we also include 1× Pen Strep. Infection Medium is 
DMEM with 2% FBS and 1× L-glutamine. Serum-free medium 
(SFM) contains only the additional 1× L-glutamine. The Post-
Transfection Addition medium is prepared using Infection 
Medium made to 20% FBS and 10 μM araC. Low-pH Pulse 
Medium is adjusted to final pH just prior to use and consists of 
DMEM with 5% FBS, 1× L-glutamine, 10 μM araC, 100 μg/
ml rifampicin plus 10 mM PIPES, and 10 mM HEPES, pre-
warmed and titrated to pH 5.0 using concentrated HCl.

	 6.	10,000 U/ml (100× Pen-Strep) Penicillin-Streptomycin (Gibco).
	 7.	200 mM (100×) L-Glutamine (Gibco).
	 8.	0.05% trypsin-EDTA (Gibco).
	 9.	1 mg/ml poly-d-lysine in H2O (10× stock) (Sigma).
	10.	10× Dulbecco’s phosphate-buffered saline (DPBS), no cal-

cium or magnesium (Gibco). Dilute this to make a 1× 
solution.

	11.	10 mM (1000× stock) cytosine β-d-arabinofuranoside (araC) 
in H2O (Sigma).

	12.	100 mg/ml rifampicin in DMSO (1000× stock) (Sigma).
	13.	Opti-MEM Reduced Serum Medium (Gibco).

2.1  Cell Culture
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	14.	Lipofectamine 2000 Transfection Reagent (Invitrogen).
	15.	0.5  M PIPES (1,4-piperazinediethanesulfonic acid) brought 

to pH ~ 7 by titration with concentrated NaOH (Sigma).
	16.	1 M HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid] (Gibco).
	17.	Plasmid encoding expression of envelope glycoprotein: For 

expression of GPC, we typically utilize the minimal T7 promoter 
present in pcDNA3.1 vectors (Invitrogen) (see Notes 2 and 3).

	18.	Monoclonal antibodies to Junín GPC [22] are available 
through BEI Resources, an NIH/NIAID-funded repository 
of reagents for biodefense and emerging infectious disease 
research (www.beiresources.org). We typically use monoclonal 
antibody QC03-BF11 for immunohistochemical staining of 
GPC (catalogue # NR-43775).

	 1.	Galacto-Light Plus™ β-Galactosidase Reporter Gene Assay 
System (Applied Biosystems T1007). This kit contains Lysis 
Solution, Galacton-Plus substrate, Reaction Buffer Diluent, 
and light emission Accelerator-II.

	 2.	96-Well White Opaque Plates (Costar™, Corning).
	 3.	Protease inhibitors (Roche) for use with Galacto-Light Plus 

Lysis Solution:
1 mg/ml Leupeptin in H2O (1000× stock).
1 mg/ml Pepstatin in MeOH (1000× stock) .
1 mg/ml Aprotinin in H2O (1000× stock). These three pro-

tease inhibitors are added to Lysis Solution just before use to 
make 1× in each.

	 4.	SpectraMax L microplate Luminometer; 1 channel and at least 
one injector (Molecular Devices).

3  Methods

	 1.	Vero cells are typically split 1:4, and given fresh Growth 
Medium, one day prior to use in the assay.

	 2.	On Day 1, harvest cells with trypsin-EDTA. Centrifuge and 
resuspend in Growth Medium without Pen-Strep.

	 3.	Seed 1.5 × 106 cells in 5 ml to a 6 cm culture dish and incubate 
overnight at 37 °C in a CO2 incubator. With losses sustained in 
subsequent steps, one 6 cm dish provides enough effector cells 
for ~20 cocultures in the 96-well microplate used in the assay. 
Set up and combine multiple 6  cm dishes if more wells are 
required for any effector-cell population.

	 4.	Reseed extra cells to a flask for generating target cells on the 
following day (Subheading 3.2).

2.2  Quantitation 
of β-Galactosidase 
Fusion Reporter

3.1  Generation 
of GPC-Expressing 
Effector Cells

Joanne York and Jack H. Nunberg

http://www.beiresources.org


161

	 5.	On Day 2, pretreat effector cells with 10 μM araC for 2 h at 37 
°C to block DNA replication and late-gene expression of the 
vTF7-3 vaccinia virus (see Note 4). To each 6 cm dish contain-
ing 5 ml Growth Medium, add 5 μl of the 1000× araC stock 
and swirl.

	 6.	vTF7-3 is used at a multiplicity of infection (moi) of 2 to infect 
effector cells. Assuming that the cells have doubled overnight: 
3 × 106 cells × 2 = 6 × 106 pfu vTF7-3 per 6 cm dish. Quickly 
thaw pre-titered vTF7-3 stock in 37 °C water bath and vortex 
vigorously to disaggregate.

	 7.	From each 6  cm dish, remove Growth Medium and replace 
with 750 μl Infection Medium containing additional 10 μM 
araC and 6 × 106 pfu vTF7-3. Again, vortex vigorously to dis-
aggregate virus. Incubate for 30 min in a CO2 incubator at 37 
°C, swirling every 10 min.

	 8.	During incubation with vTF7-3, prepare for plasmid transfec-
tion. With our pcDNA3.1-based GPC expression plasmids, we 
use a total of 2 μg DNA per transfection (2 μg plasmid express-
ing full-length GPC or a 3:1 mixture of GP1-GP2 and SSP 
plasmids—see Note 3). Dilute 2 μg DNA in 500 μl Opti-
MEM. Separately, dilute 20 μl Lipofectamine 2000 in 500 μl 
Opti-MEM and let it sit for 5  min at room temperature. 
Combine DNA and Lipofectamine 2000 solutions and incu-
bate for 20 min at room temperature.

	 9.	Aspirate vaccinia virus-containing medium from cells and wash 
twice with serum-free medium. Refeed with 2 ml SFM con-
taining 10 μM araC. Add DNA-Lipofectamine 2000 complex 
dropwise to culture; rock dish to distribute evenly. Return to 
incubator for 3 h.

	10.	After 3 h, add 2 ml of Post-Transfection Addition medium to 
each dish to bring the final concentration of FBS to 8% and 
araC to 8 μM. Incubate overnight.

	 1.	During the 3 h incubation in transfection medium (Subheading 
3.1, step 9), prepare vCB21R Lac-Z-infected target cells using 
cells reserved the previous day (Subheading 3.1, step 4).

	 2.	Harvest cells with trypsin-EDTA, wash with DPBS, and resus-
pend in SFM to count. Add 5 × 106 cells for each full 96-well 
microplate to be seeded to a 50 ml conical tube and pellet.

	 3.	Infect cells with vCB21R Lac-Z using an moi of 2: 5 × 106 cells 
× 2 = 107 pfu. Quickly thaw pre-titered vCB21R Lac-Z stock 
in 37 °C water bath and vortex vigorously to disaggregate. 
Resuspend pelleted cells (Subheading 3.2, step 2) in 1 ml of 
Infection Medium containing 107 pfu vCB21R Lac-Z. Vortex 

3.2  Generation 
of Target Cells
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vigorously. Incubate for 90 min in CO2 incubator at 37 °C, 
swirling every 20 min.

	 4.	Fill conical tube with SFM and wash twice by centrifugation to 
remove free virus. Resuspend cell pellet and adjust to 0.4 × 106 
cells/ml in Growth Medium with 100 μg/ml Rifampicin. Seed 
100 μl (40,000 cells) per well in a 96-well flat-bottom micro-
plate and culture overnight. Optionally, use poly-d-lysine to 
precoat wells (see Note 5).

	 1.	On Day 3, harvest effector cells from 6 cm dish (Subheading 
3.1, step 10). Remove medium and wash once with 3–5 ml 
DPBS. Cells could exhibit significant cytopathic effect and may 
not adhere strongly to the dish (see Note 5). Use caution when 
washing; pipet using the walls of the dish. If some cells are 
inadvertently dislodged in the DPBS wash, save wash into 
15 ml conical collection tube.

	 2.	Remove cells from dish by incubating with 2 ml of pre-warmed 
0.5 mM EDTA in DPBS for ~5 min at 37 °C. Gently pipet up 
and down to disrupt cell clumps and save to collection tube. 
Rinse dish with DPBS and combine to fill collection tube.

	 3.	Pellet cells and wash in 10  ml SFM before resuspending in 
2 ml Growth Medium containing 10 μM araC and 100 μg/ml 
rifampicin. Adjust to 0.4 × 106 cells/ml.

	 4.	Carefully remove medium from 96-well microcultures con-
taining vCB21R Lac-Z-infected target cells, and add 100 μl of 
the resuspended effector cells per well (40,000 cells; 1:1 effec-
tor cells to target cells) (see Note 6).

	 5.	Reseed additional effector cells in a separate microplate to 
determine transfection efficiency by immunochemical staining. 
Monoclonal antibodies directed to JUNV GPC typically detect 
GPC expression in ≥70% of the cells. Poor or variable transfec-
tion efficiencies will reduce the reliability of the assay.

	 6.	Centrifuge microplate at ~16 × g for 3 min to facilitate cell set-
tling and cell-cell contact. Incubate for 3 h at 37 °C to allow 
cells to adhere.

	 1.	During the 3-h incubation (Subheading 3.3, step 6), prepare 
the Low-pH Pulse Medium (see Notes 7 and 8).

	 2.	Pipet all medium from cocultures and replace with 100 μl of 
Pulse Medium, pre-warmed to 37 °C. Tilt plate to ensure all of 
the neutral medium is removed prior to the addition of the 
Pulse Medium, and work carefully so that the cell monolayer is 
neither disturbed nor allowed to dry out.

	 3.	Incubate for 20 min at 37 °C in a CO2 incubator. In general, 
maximal cell-cell fusion can be induced using significantly 
shorter exposures (≥ 5 min).

3.3  Coculture of 
Effector and Target 
Cells

3.4  Exposure of 
Coculture to Acidic pH 
Medium to Induce 
Cell-Cell Fusion

Joanne York and Jack H. Nunberg



163

	 4.	Carefully remove Pulse Medium and replace with 100 μl of 
Growth Medium containing 10 μM araC and 100 μg/ml 
rifampicin.

	 5.	Incubate for 5 h to allow for mixing of cell contents and induc-
tion of the β-galactosidase fusion reporter. In some instances, 
syncytium formation can be detected microscopically within 
15 min (see Note 9).

	 1.	The Galacto-Light Plus™ β-Galactosidase Reporter Gene 
Assay System is used to detect β-galactosidase expression, as 
described by the manufacturer.

	 2.	Carefully remove medium from wells and add 60 μl of the kit 
Lysis Solution to which protease inhibitors have been added.

	 3.	Incubate at room temperature for 10 min, and pipet up and 
down to ensure complete solubilization.

	 4.	Remove 20 μl to wells in a Corning 3912 96-well white opaque 
microplate. The remaining lysates can be frozen for back-up 
analysis. To each well, add 70 μl of the Reaction Buffer Diluent 
with Galacton-Plus substrate. Incubate in the dark at room 
temperature for 1 h.

	 5.	Turn on SpectraMax L luminometer and program the follow-
ing parameters for injection of the kit Accelerator-II enhancer 
and luminescence detection: room temperature, no shaking, 
endpoint integration time 1.6 s; P-injector for Accelerator-II, 
volume 100 μl, delay 1.3 s, speed 270 μl/s.

	 6.	Place white opaque microplate into luminometer, run pre-
programmed protocol and record luminescence. Output rela-
tive light units (RLUs) can be exported to Excel or GraphPad 
Prism for subsequent analyses.

	 1.	A variety of negative controls can be used to establish a “no 
fusion” background: (1) mock transfection/no envelope 
glycoprotein, (2) envelope glycoprotein but mock-pulsed 
with neutral medium, (3) if SSP and the GP1-GP2 precursor 
are to be co-expressed to reconstitute GPC, SSP can be 
omitted to block maturation and transport to the cell sur-
face. As illustrated in the example below (Fig.  1), back-
ground is typically ~1 × 105 RLUs relative to the JUNV GPC 
signal of ~1 × 107 RLU. The absolute number of RLUs is 
dependent on the instrument and assay system used. In our 
hands, the signal from LASV GPC is generally lower (~2 × 
106 RLU; see Note 8).

	 2.	We typically prefer to run six to eight replicate wells, although 
reliable preliminary information can be obtained using as few 
as two to three replicates. The range of replicate RLUs should 
be within twofold (see Fig. 1).

3.5  Chemi- 
luminescence 
Detection of 
the β-Galactosidase 
Fusion Reporter

3.6  Considerations 
on Controls, 
Replicates, and 
Expected Results
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4  Notes

	 1.	The recombinant vaccinia viruses vTF7-3 and vCB21R Lac-Z 
are derived from the non-highly-attenuated WR strain of vac-
cinia virus. These viruses are handled using Biosafety Level 2 
facilities and practices, and prior vaccination is recommended 
for laboratory workers [23]. We have investigated a version of 
this assay that does not utilize recombinant vaccinia viruses, 
using instead T7 polymerase-expressing BHK-21 cells (BSR-
T7 [24]) and a T7 promoter-based β-galactosidase expression 
plasmid [21]. This assay is less robust than the vaccinia virus-
based assay and may benefit from further optimization.

	 2.	GPC is very poorly expressed using the human cytomegalovi-
rus immediate-early promoter and enhancer engineered into 
pcDNA plasmids. By using the vTF7-3 vaccinia virus-encoded 
T7 polymerase, we take advantage of the strong T7 promoter 
and the mRNA capping and polyadenylation activities of vac-
cinia virus for rapid and high-level production of GPC mRNA 
in the cytoplasm of transfected cells. Any promoter that results 
in adequate envelope glycoprotein expression should suffice 
for the assay, although timing may need to be modified to 
accommodate nuclear expression of the transfected plasmid.

	 3.	SSP can be co-expressed with the GP1-GP2 precursor (directed 
to the ER via a heterologous signal peptide) to reconstitute the 
tripartite GPC complex [13, 25]. We utilize the conventional 

Fig. 1 Representative results from cell-cell fusion assays of wild-type (wt) JUNV GPC and 10 SSP mutants (mut 
1–10). JUNV GPC was reconstituted by co-expression of SSP and the GP1-GP2 precursor (with CD4 signal 
peptide), and the assay background was determined by omitting SSP (no SSP, − control). Each column con-
tains eight replicates. Mean values and standard errors of the mean (SEM) are indicated below
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signal peptide of human CD4. This approach obviates con-
cerns regarding incomplete cleavage of SSP in wild-type and 
mutant GPCs [12, 14, 26] and generally results in slightly 
higher levels of membrane-fusion activity than the full-length 
GPC construct (unpublished).

	 4.	AraC is used with the effector cells to block replication of vac-
cinia virus DNA, thereby preventing the production of prog-
eny viruses. Similarly, rifampicin is used with target cells to 
inhibit formation of mature virion particles [27]. Together, 
these reagents prevent cross-infection between effector and 
target cells, and hence unwanted fusion-independent expres-
sion of the β-galactosidase reporter. Inadequate control of vac-
cinia virus production is manifest in an elevated background 
level of β-galactosidase expression. Histochemical staining of 
test cocultures using X-gal substrate [13] would reveal indi-
vidual cells with intense color.

	 5.	Vaccinia-infected effector and target cells typically display sig-
nificant cytopathic effect that can compromise adhesion to the 
culture substrate. In some cases, precoating the 96-well micro-
culture dish with poly-d-lysine can help. In general, extreme 
care must be taken in all medium changes of the 96-well 
microcultures to minimize cell loss. Uneven cell loss between 
wells will render quantitation of cell-cell fusion difficult.

	 6.	To assess inhibition of cell-cell fusion by small-molecule fusion 
inhibitors or monoclonal antibodies, serial dilutions of these 
reagents can be added to the coculture just prior to or with the 
effector cells. Appropriate dilutions are prepared in separate 
round-bottom microplates and transferred to the adhered tar-
get cells or mixed with effector cells. For tightly bound 
inhibitors and monoclonal antibodies that target the prefusion 
form of GPC, the reagent need not be present in the Pulse 
Medium or subsequently to achieve maximal effect [19]. By 
contrast, a monoclonal antibody directed to the fusion peptide 
of JUNV GPC, which is only exposed upon pH-induced fusion 
activation, needs to be present in the Pulse Medium to inhibit 
cell-cell fusion [28].

	 7.	The Low-pH Pulse Medium is not strongly buffered and 
should be prepared just prior to use. Care should be taken to 
remove all neutral medium from wells prior to the addition of 
the Pulse Medium to maintain the predetermined pH, while 
working quickly to prevent cells from drying out.

	 8.	In studies to determine the pH profile for optimal fusion acti-
vation, the Pulse Medium can be adjusted within the range of 
pH 4.0–7.0. We typically use increments of 0.5 pH units. The 
point of maximal cell-cell fusion by JUNV GPC varies from 
5.0 to 5.5  in independent assays. In contrast to published 
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reports [29], we find that LASV GPC displays the same opti-
mal pH as JUNV GPC [30]. However, cell-cell fusion by 
LASV GPC appears less robust than that by JUNV GPC, with 
a ~ 20-fold dynamic range in this assay relative to the ~100-
fold range typically seen with JUNV GPC. This may reflect a 
requirement by LASV GPC for the interaction with LAMP1 in 
the endolysosome [31].

	 9.	If the RLU signal is low when assayed after 5 h, extending the 
coculture overnight may increase β-galactosidase accumulation 
without an undue increase in background.
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Chapter 11

Assays to Assess Arenaviral Glycoprotein Function

Junjie Shao, Xiaoying Liu, Yuying Liang, and Hinh Ly

Abstract

Arenaviruses, such as Lassa virus (LASV) and Pichindé virus (PICV), are enveloped viruses with a 
bi-segmented ambisense RNA genome. The large (L) genomic segment encodes the Z matrix protein and 
the L RNA-dependent RNA polymerase, whereas the small (S) genomic segment encodes the nucleopro-
tein (NP) and the glycoprotein precursor complex (GPC). GPC is processed by signal peptidase in the 
endoplasmic reticulum into the stable signal peptide (SSP) and GP1/GP2, which is further cleaved by the 
Golgi-resident subtilisin kexin isozyme-1 (SKI-1)/site-1 protease (S1P) into the cellular receptor-
recognition subunit GP1 and the transmembrane subunit GP2, which helps promote the membrane fusion 
reaction to allow virus entry into the cell. This article describes assays to assess PICV GPC expression, 
proteolytic processing, fusion function, and GPC-mediated virus-like particle (VLP) entry into cells under 
tissue-culture conditions.

Key words Arenavirus, Lassa virus (LASV), Pichindé virus (PICV), Glycoprotein precursor complex, 
GPC, Cell entry, Receptor recognition, Cell membrane fusion

1  Introduction

The first step of arenavirus infection is mediated by cellular attach-
ment and internalization. Arenavirus utilizes its envelop glycopro-
tein as its receptor-binding protein [1]. During infection of the 
host cells, arenaviral glycoprotein is expressed as a single polypep-
tide called glycoprotein precursor complex (GPC), which under-
goes cellular proteolytic cleavages, myristoylation, and glycosylation 
to produce the individual GP1 (cellular receptor-binding subunit), 
GP2 (membrane fusion subunit), and SSP (stable signal peptide), 
which together assemble into the mature trimeric complex that is 
inserted into the membrane of the budding virions [2–7]. The 
envelope glycoprotein (GPC) mediates entry of the virus into host 
cell via specific recognition by the different cellular protein recep-
tors. Pathogenic New World arenaviruses (e.g., Junín virus) bind 
the host cell transferrin receptor 1 (TfR1) through the GP1 recep-
tor-binding subunit of GPC [8, 9], whereas Old World are
naviruses [e.g., LASV and lymphocytic choriomeningitis virus 
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(LCMV)], as well as several nonpathogenic New World viruses, 
use the cellular α-dystroglycan protein for uptake into the endo-
some [10, 11]. Fusion reaction of the viral and cellular membranes 
is activated by low pH in the endosome and is promoted by the 
GP2 subunit of GPC [12, 13]. Here, we described several meth-
ods to analyze GPC functions, including GPC expression and pro-
teolytic cleavage, pH-dependent membrane fusion, and virus-like 
particle (VLP) entry into cells under tissue-culture conditions. A 
comprehensive level of understanding of arenaviral glycoprotein 
functions will aid in the development of the much needed vaccine 
and antivirals against deadly human arenaviruses, such as LASV 
that is responsible for hundreds of thousands of annual human 
infections and thousands of deaths in several endemic countries in 
Western Africa [14].

2  Materials

	 1.	Plasmids: pCAGGS-GPC plasmid, which contains the PICV gly-
coprotein gene; pT7-Fluc contains the Firefly luciferase reporter 
gene under the T7 promoter (obtained from Jack H. Nunberg, 
University of Montana); pE-GFP, a lentivirus transfer plasmid 
containing e-GFP (pHR-CMV-eGFP), lentivirus packaging plas-
mid (pCMV-dR8.2), lentivirus VSV-G plasmid (pCMV-VSV-G). 
pCMV-EGFP, a plasmid expressing eGFP under CMV promoter. 
pβ-gal, a plasmid expressing β-gal under CMV promoter.

	 2.	BSRT7-5 cells, obtained from K.  Conzelmann at Ludwig-
Maximilians-Universität, Germany. These cells were originally 
derived from BHK-21 cells that were transformed to constitu-
tively express the T7 RNA polymerase [15]. BSRT7-5 cells 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 1 mg gene-
ticin per ml, and 50 mg penicillin and streptomycin per ml.

	 3.	293T cells, a highly transfectable cell line originally derived 
from human embryonic kidney, were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 50 mg penicillin and streptomycin 
per ml.

	 4.	DMEM (Sigma), MEM (Invitrogen), FBS (Sigma), Penicillin 
and Streptomycin (Invitrogen), Geneticin (Invitrogen), 
trypsin-EDTA (Invitrogen), PBS (Sigma).

	 5.	2× Laemmli Sample Buffer (Bio-Rad).
	 6.	Polyacrylamide gel solutions: Resolving gel: 3.3 ml Acrylamide/

Bis-acrylamide (30% solution, Sigma), 2.5 ml Resolving buffer 
(Bio-Rad), 4.1  ml water, 100  μl 10% SDS, 50  μl 10% APS 
(Sigma), 5  μl TEMED (Sigma). Stacking gel: 1.3  ml 
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Acrylamide/Bis-acrylamide (30% solution, Sigma), 2.5  ml 
Stacking buffer (Bio-Rad), 6.1  ml water, 100  μl 10% SDS, 
100 μl 10% APS (Sigma), 10 μl TEMED (Sigma).

	 7.	Mini-PROTEAN® Tetra Cell Systems.
	 8.	Molecular weight markers (Bio-Rad).
	 9.	PVDF or Nitrocellulose membranes (Millipore).
	10.	Tris-buffered saline (TBS) (pH = 7.4, Fisher Scientific).
	11.	5% nonfat milk (in TBS).
	12.	Guinea pig anti-PICV serum.
	13.	4% paraformaldehyde (PFA) (Fisher Scientific).
	14.	IFA blocking buffer: 200 mM glycine, 2% BSA, 2% goat serum 

in PBS.
	15.	IRDye-labeled anti-guinea pig antibody (Licor).
	16.	Firefly luciferase assay kit (Promega) and cell-culture lysis 

reagent (Promega).
	17.	Ultracentrifuge (Beckman Coulter).
	18.	2.5 M calcium chloride (CaCl2) (Fisher Scientific).
	19.	2× HBS: 50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, 

pH 7.10.
	20.	Acidic DMEM (pH 5.0 adjusted by adding HCl) (see Note 1).
	21.	Polybrene, a cationic polymer used to enhance lentiviral trans-

duction (Sigma).
	22.	Power supply: PowerEase 500 (Thermo Fisher).
	23.	Trans-blot Turbo Blotting system (Bio-Rad).
	24.	Odyssey imaging system (Licor).
	25.	Fluorescence-activated cell sorter (FACS) (BectonDickinson).
	26.	Synergy 2 plate reader (BioTeK).
	27.	Fluorescence microscope (Nikon).
	28.	Beta-Galactosidase Assay 2× Buffer: 200  mM sodium phos-

phate buffer (pH  7.3), 2  mM MgCl2, 100  mM beta-
mercaptoethanol, 1.33 mg/ml ONPG.

3  Methods

	 1.	Seed 293T cells into 6-well plates at 6 × 105 cells/well with 
complete DMEM.

	 2.	In the morning of the day of transfection, replace culture 
medium with an equal aliquot of fresh complete DMEM.

	 3.	Prepare DNA and calcium chloride mix fresh as follows:

3.1  Intracellular GPC 
Expression 
and Processing

Assays for Arenavirus GP Function
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2 μl pCAGGS-GPC (1 μg/μl).

10 μl 2.5 M CaCl2.

88 μl water.

1–2 h post-medium replacement, add 100 μl of 2× HBS into 
DNA mix above. Incubate the final DNA mix at ambient 
temperature for 4 min and then add it dropwise into wells. 
6 h post-transfection, replace the medium with fresh com-
plete DMEM and continue to culture in a CO2 incubator at 
37 °C.

	 4.	48 h post-transfection, aspirate the medium, and lyse cells by 
adding 200 μl of lysis buffer for 10 min on ice. Concentrate the 
cell lysates by centrifugation at 15,000 × g for 3 min, collect the 
supernatants, and mix them with 2× Laemmli Sample Buffer.

	 5.	20 μl samples were loaded into SDS-PAGE gel with molecular 
weight marker. The samples were separated at a constant 100 V 
for 1–1.5 h.

	 6.	Transfer the proteins from gel to either nitrocellulose or PVDF 
membrane by Trans-blot Turbo Blotting system (Bio-Rad) fol-
lowing the manufacturer’s instructions.

	 7.	Block the membrane with 5% nonfat milk-TBS for 1 h at ambi-
ent temperature and then incubate it with guinea pig anti-
PICV serum overnight at 4  °C.  The next day, wash the 
membrane in TBS three times and incubate with IRDye-
labeled anti-guinea pig antibody for 1 h at ambient tempera-
ture. Then wash the membrane with TBS three times at 
ambient temperature and then scan and analyze it with an 
Odyssey imaging system (see Note 2).

	 1.	Follow steps 1–3 of Subheading 3.1.
	 2.	48 h post transfection, the cell medium was aspirated off, and 

cells were washed once with PBS. Then, the cells were trypsin-
ized with trypsin-EDTA and concentrated by centrifugation at 
120 × g for 5 min. The cells were washed once with PBS.

	 3.	Fix the cells with 4% PFA for 5 min. Wash the cells once with 
PBS and block them with IFA-blocking buffer for 1  h at 
4 °C. Then incubate the cells with guinea pig anti-PICV serum 
overnight at 4 °C.

	 4.	The following day, wash cells with PBS three times and incu-
bate with Alexa Fluor® 488 dye-labeled goat anti-guinea pig 
antibody for 1 h at ambient temperature. Wash cells with PBS 
three times and analyze by FACS (see Note 3).

3.2  Cell-Surface GPC 
Expression
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	 1.	293T cells were seeded for 18–24 h before transfection in a 
12-well plate at a density of 3 × 105 cells/well. 1–2 h before 
transfection, the medium was replaced by fresh complete 
DMEM.

	 2.	Prepare DNA and calcium chloride mix as follows:

2 μl pCAGGS-GPC (1 μg/μl).

1 μl pCMV-EGFP (1 μg/μl).

5 μl 2.5 M CaCl2.

42 μl nuclease-free water.

1–2 h after medium replacement, 100 μl of 2× HBS was added 
into DNA mix above. The final mix was incubated at ambient 
temperature for 4 min and then dropwise added into wells. 6 h 
post transfection, the medium was replaced by a fresh aliquot 
of complete DMEM and continued to culture in CO2 incuba-
tor at 37 °C.

	 3.	36 h post transfection, replace the medium with acidic DMEM 
(pH = 5.0) (see Note 1), incubate cells for 5 min at 37 °C, in a 
CO2 incubator, and replace with an aliquot of complete 
DMEM for an additional 12 h of incubation at 37 °C.

	 4.	48 h post transfection, the supernatants were aspirated off, and 
cells were washed once with PBS. 4% PFA was used to fix the 
cells for 5 min. Cells were washed once with PBS.

	 5.	Cells were analyzed by fluorescence microscopy (see Note 4).

	 1.	293T cells were seeded into 12-well plates at 3 × 105 cells/well 
with complete DMEM.

	 2.	In the morning of the day of transfection, culture medium was 
replaced by an equal aliquot of fresh complete DMEM.

	 3.	Prepare DNA and calcium chloride mix as follows:

2 μl pCAGGS-GPC (1 μg/μl).

1 μl pT7-Fluc (100 ng/μl).

1 μl pβ-gal (50 ng/μl).

5 μl 2.5 M CaCl2.

41 μl nuclease-free water.

1–2 h after medium replacement, 100 μl of 2× HBS was added 
into DNA mix above. The final mix was incubated at ambient 
temperature for 4 min and then dropwise added into wells. 6 h 
post transfection, the medium was replaced by a fresh aliquot 
of complete DMEM and continued to culture in CO2 incuba-
tor at 37 °C for 18 h.

3.3  GPC 
Fusion Assays

3.3.1  eGFP-Based Assay

3.3.2  Luciferase-
Based Assay

Assays for Arenavirus GP Function
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	 4.	24 h post transfection, 293T cells were mixed with BSR-T7 
cells (at 1:1 ratio) in 12 wells and cultured for 12 h. 36 h post 
transfection, the medium of the mixed cells was replaced with 
acidic DMEM (pH  =  5.0) (see Note 1) and incubated for 
5 min and then replaced by fresh complete DMEM for addi-
tional 12 h of culturing.

	 5.	48 h post transfection, the supernatants were aspirated off, and 
cells were washed once with PBS. Cells were lysed with cell-
culture lysis reagent.

	 6.	The firefly luciferase was analyzed by firefly luciferase assay kit 
according to the manufacturer’s instructions. Briefly, 20 μl of 
cell lysis was mixed with 100 μl of firefly luciferase assay reagent 
in 96-well plates. The light production was measured by a 
plate reader (see Note 5). To measure the transfection effi-
ciency, 50  μl of cell lysis was mixed with 50  μl of Beta-
Galactosidase Assay 2× Buffer for 10 min and the reaction was 
stopped by adding 150 μl of 1 M Tris–HCl (pH = 8.0). Use 
the plate reader to analyze the samples at the absorbance of 
420 nm. The fusion activity was calculated by taking the ratio 
of firefly luciferase over beta-gal activities.

	 1.	293T cells were seeded into 10 cm dish at 3 × 106 cells/dish 
with complete DMEM.

	 2.	In the morning of the day of transfection, culture medium was 
replaced by an equal aliquot of fresh complete DMEM.

	 3.	Prepare DNA and calcium chloride mix as follows:

100 μl of DNA mix (for one 6-well plate transfection) contains:

5 μl pCAGGS-GPC (1 μg/μl).

10 μl lentivirus packaging plasmid (1 μg/μl).

15 μl pHR’-eGFP (1 μg/μl).

50 μl 2.5 M CaCl2.

420 μl nuclease-free water.

1–2 h after medium replacement, 500 μl of 2× HBS was added 
into the DNA mix above. The final mix was incubated at ambi-
ent temperature for 4 min and then dropwise added into dish. 
6 h post-transfection, the medium was replaced by fresh com-
plete DMEM and cultured in CO2 incubator at 37 °C for 48 h.

	 4.	48 and 72 h post-transfection, supernatants were collected and 
filtered through a 0.45  μm filter and then concentrated by 
ultracentrifuge at 140,000 × g for 2 h. The concentrated VLPs 
were resuspended in 300 μl PBS and stored at −80 °C.

3.4  GPC-Mediated 
Virus-Like Particle 
(VLP) Entry Assay

3.4.1  GPC VLP 
Production

Junjie Shao et al.
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	 1.	293T cells were seeded in a 12-well plate at 2 × 105 cells/well 
with complete DMEM.

	 2.	16–20 h after seeding, the cell medium was replaced with a 
fresh aliquot of complete DMEM. Concentrated VLP (100 μl) 
(see Subheading 3.4, step 1 above) was mixed with 8 μg poly-
brene and dropwise added into wells.

	 3.	6–8 h post transduction, the cell medium was replaced with a 
fresh aliquot of the complete DMEM.

	 4.	48 h post transduction, the cell medium was aspirated off, and 
cells were washed once with PBS. Then, the cells were trypsin-
ized with trypsin-EDTA and concentrated by centrifugation at 
120 × g for 5 min. The cells were washed with PBS once and 
fixed with 4% PFA for 5 min. The cells were washed once with 
PBS and then analyzed by microscopy (see Note 6) or by FACS 
(see Note 7).

4  Notes

	 1.	Arenavirus GPC-mediated membrane fusion is pH-dependent. 
It is critical to prepare acidic DMEM media with accurate pH 
by using a pH meter.

	 2.	Western blots were used to monitor PICV GPC expression 
and processing into GP1 and GP2 (Fig.  1). The full-length 
GPC precursor is approximately 70  kDa, whereas the pro-
cessed gene products are 37 kDa and 35 kDa, respectively. The 
higher than expected molecular weight of the proteins based 
on their amino acid compositions and the fuzziness of the 
bands are due to different amounts of N-linked glycosylation.

3.4.2  GPC-Mediated VLP 
Entry Assay

Fig. 1 Western blot showing PICV GPC expression and proteolytic processing. Left 
lane contains cell lysate of the mock transfection with an empty plasmid. Right lane 
shows the unprocessed GP1/2 (top band) and processed GP1/GP2 (bottom bands)

Assays for Arenavirus GP Function
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	 3.	Flow cytometry was used to detect PICV GP expression on the 
cell surface (Fig. 2). A typical transfection resulted in 44% of 
the cells expressing GP on their surfaces.

	 4.	GPC fusion function was assessed by the observation of syncy-
tia in cell culture. Fig. 3A shows eGFP-expressing cellular syn-
cytia formation in GPC-transfected cells (right panel) but not 
in mock-transfected cells (left panel).

	 5.	GPC fusion function was assessed by the detection of luciferase 
in cells. Fig. 3B shows T7 promoter-driven Fluc expression, 
which indicates the GP-mediated cell-cell fusion between 
293T cells and the BSR-T7 cells.

Fig. 2 GPC cell surface expression analysis. FACS analysis shows virtually no GPC expression on the surface 
of the mock-transfected 293T cells as a control (left panel ) and 44.1% of GPC expression on the surface of 
293T cells transfected with a plasmid expressing the GPC (right panel )

Fig. 3 (A) GPC fusion function. Right panel shows syncytia of cells expressing eGFP under the condition of GPC 
gene expression. Left panel is a negative control that shows no evidence of cell-to-cell membrane fusion

Junjie Shao et al.



Fig. 4 (A) GPC-mediated VLP entry. Fluorescence microscopy shows no eGFP expression in control 293T cells 
that have been mock-transduced (left ), and high eGFP expression in 293T cells that have been infected with 
VLPs carrying the GPC (right )

Fig. 4 (B) GPC-mediated VLP entry. FACS analysis shows no eGFP expression in control 293T cells that have 
been mock-transduced, and high eGFP expression in 293T cells that have been infected with VLPs carrying 
the GPC

Fig. 3 (B) GPC fusion function. Luciferase assays show no activity in the empty-plasmid-transfected (negative) 
control cells, whereas high luciferase activity in cells that have been fused as a result of GPC expression
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	 6.	GP-mediated VLP entry was monitored by microscopy of 
eGFP expression in infected cells (Fig. 4A).

	 7.	VLP entry could also be monitored by flow cytometry show-
ing the percentage of eGFP-positive cells (Fig. 4B).

Acknowledgments 

This work was supported in part by the NIAID/NIH through  
the new-direction awards mechanism of the SERCEB grant 
(U54-AI057157) to YL and HL, and by the NIAID/NIH R01 
grants AI083409 to YL and AI093580 to HL.

References

	 1.	Salvato MS, Clegg JCS, Buchmeier MJ, 
Charrel RN, Gonzalez JP, Lukashevich IS, 
Peters CJ, Romanowski V (2011) In: King 
AM, Lefkowitz E, Adams MJ, Carstens EB 
(eds) Ninth report of the international com-
mittee on taxonomy of viruses. Elsevier 
Academic Press, London

	 2.	Borrow P, Oldstone MB (1992) Characterization 
of lymphocytic choriomeningitis virus-binding 
protein(s): a candidate cellular receptor for the 
virus. J Virol 66:7270–7281

	 3.	Lenz O, ter Meulen J, Klenk HD, Seidah NG, 
Garten W (2001) The Lassa virus glycoprotein 
precursor GP-C is proteolytically processed by 
subtilase SKI-1/S1P. Proc Natl Acad Sci U S A 
98:12701–12705

	 4.	Beyer WR, Popplau D, Garten W, von Laer D, 
Lenz O (2003) Endoproteolytic processing of 
the lymphocytic choriomeningitis virus 
glycoprotein by the subtilase SKI-1/S1P.  J 
Virol 77:2866–2872

	 5.	Kunz S, Edelmann KH, de la Torre JC, Gorney 
R, Oldstone MB (2003) Mechanisms for lym-
phocytic choriomeningitis virus glycoprotein 
cleavage, transport, and incorporation into viri-
ons. Virology 314:168–178

	 6.	Eichler R, Lenz O, Strecker T, Eickmann M, 
Klenk HD, Garten W (2003) Identification of 
Lassa virus glycoprotein signal peptide as a 
trans-acting maturation factor. EMBO Rep 
4:1084–1088

	 7.	York J, Romanowski V, Lu M, Nunberg JH 
(2004) The signal peptide of the Junin arena-
virus envelope glycoprotein is myristoylated 
and forms an essential subunit of the mature 
G1-G2 complex. J Virol 78:10783–10792

	 8.	Abraham J, Kwong JA, Albarino CG, Lu JG, 
Radoshitzky SR, Salazar-Bravo J, Farzan M, 
Spiropoulou CF, Choe H (2009) Host-species 

transferrin receptor 1 orthologs are cellular 
receptors for nonpathogenic new world clade B 
arenaviruses. PLoS Pathog 5:e1000358

	 9.	Radoshitzky SR, Abraham J, Spiropoulou CF, 
Kuhn JH, Nguyen D, Li W, Nagel J, Schmidt 
PJ, Nunberg JH, Andrews NC, Farzan M, 
Choe H (2007) Transferrin receptor 1 is a cel-
lular receptor for New World haemorrhagic 
fever arenaviruses. Nature 446:92–96

	10.	Spiropoulou CF, Kunz S, Rollin PE, Campbell 
KP, Oldstone MB (2002) New World 
arenavirus clade C, but not clade A and B 
viruses, utilizes alpha-dystroglycan as its major 
receptor. J Virol 76:5140–5146

	11.	Cao W, Henry MD, Borrow P, Yamada H, 
Elder JH, Ravkov EV, Nichol ST, Compans 
RW, Campbell KP, Oldstone MB (1998) 
Identification of alpha-dystroglycan as a recep-
tor for lymphocytic choriomeningitis virus and 
Lassa fever virus. Science 282:2079–2081

	12.	Di Simone C, Zandonatti MA, Buchmeier MJ 
(1994) Acidic pH triggers LCMV membrane 
fusion activity and conformational change in 
the glycoprotein spike. Virology 198:455–465

	13.	York J, Agnihothram SS, Romanowski V, 
Nunberg JH (2005) Genetic analysis of 
heptad-repeat regions in the G2 fusion subunit 
of the Junin arenavirus envelope glycoprotein. 
Virology 343:267–274

	14.	McLay L, Ansari A, Liang Y, Ly H (2013) 
Targeting virulence mechanisms for the pre-
vention and therapy of arenaviral hemorrhagic 
fever. Antiviral Res 97:81–92

	15.	Buchholz UJ, Finke S, Conzelmann KK (1999) 
Generation of bovine respiratory syncytial virus 
(BRSV) from cDNA: BRSV NS2 is not essential 
for virus replication in tissue culture, and the 
human RSV leader region acts as a functional 
BRSV genome promoter. J Virol 73:251–259

Junjie Shao et al.



179

Maria S. Salvato (ed.), Hemorrhagic Fever Viruses: Methods and Protocols, Methods in Molecular Biology, vol. 1604,
DOI 10.1007/978-1-4939-6981-4_12, © Springer Science+Business Media LLC 2018

Chapter 12

Expression and X-Ray Structural Determination 
of the Nucleoprotein of Lassa Fever Virus

Xiaoxuan Qi, Wenjian Wang, Haohao Dong, Yuying Liang, 
Changjiang Dong, and Hinh Ly

Abstract

We describe methods to express the nucleoprotein (NP) of Lassa fever virus (LASV) in E. coli, to purify 
and crystallize it using the sitting-drop vapor diffusion method. The crystals were screened using Rigaku 
micro-007 X-ray generator and a dataset was collected at a resolution of 2.36 Å. The crystals belong to 
space group P3, with the unit cell parameters a = b = 176.35 Å, c = 56.40 Å, α = β = 90°, and γ = 120°. 
Using the X-ray diffraction method, we constructed a three-dimensional structure of the LASV NP that 
should aid in the development of novel therapeutic strategies against this virus, for which vaccine and 
effective treatment modalities are currently unavailable.

Key words Lassa virus, Nucleoprotein, X-ray structure, Large-scale expression, Arenavirus

1  Introduction

Arenaviruses are enveloped, single-stranded ambisense RNA 
viruses that are geographically, phylogenetically, and serologically 
divided into two subgroups, the New World and the Old World 
viruses [1]. Lassa virus (LASV) is an Old World member of the 
Arenaviridae family. It causes Lassa fever (LF), which is an 
endemic disease in Western African countries like Nigeria, Guinea, 
Liberia, and Sierra Leone. Lassa fever causes up to 500,000 infec-
tions per year and 5000 deaths annually in endemic areas [2]. 
With the ease of modern means of traveling, Lassa cases have also 
been reported in America, Europe, Canada, and Japan [3, 4]. Due 
to the high mortality rate, the ease of human-to-human transmis-
sion, and the lack of effective treatments, the Lassa fever virus is 
categorized by the US Centers for Disease Control and Prevention 
(CDC) as a Category A Agent, which requires its handling in 
proper biocontainment (BSL-4) facility and implicates it as a 
potential bioterror agent [5].
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The LASV genome comprises a small RNA segment of 3.4 kb 
(S-RNA) and a large RNA segment of 7.2 kb (L-RNA). Each seg-
ment is reported to encode two viral genes separated by an inter-
genic region. The S-RNA encodes the nucleoprotein (NP, 64 kDa) 
and a glycoprotein precursor complex GPC, which is cleaved into 
two viral glycoproteins GP1 (42 kDa) and GP2 (38 kDa) by the 
cellular SKI-1/S1P subtilase [6]. The L-RNA encodes the RNA-
dependent RNA polymerase (L, 200 kDa) and a small RING fin-
ger protein (Z, 11 kDa).

The NP protein interacts with the viral RNA forming a ribo-
nucleoprotein (RNP) complex, which is required for viral RNA 
transcription and replication. In addition, the NP protein from 
Lassa fever virus is reported to interact with the Z protein, and 
possibly also with host cell factors to regulate human immune 
responses to viral infection [7, 8]. Studies from our laboratory 
and others have recently shown that LASV NP contains 3′-5′ 
exoribonuclease function that degrades potential pathogen-asso-
ciated molecular pattern (PAMP) RNAs and results in the sup-
pression of the host’s innate immunity [9–11]. With NP playing 
many crucial roles in mediating virus and host cellular functions, 
understanding the structure and function of this protein will 
greatly facilitate the development of therapeutic strategies against 
this and other deadly viruses in this family. Here, we describe 
detailed methods of expression, purification, and structural deter-
mination of the LASV NP.

2  Materials

	 1.	pLOU3 vector, which is a derivative plasmid of the pMAL-
C4X vector (New England Biolab), contains the LASV NP 
gene. In this construct, the NP gene is cloned immediately 
downstream of the Tobacco Etch virus (TEV) proteinase cleav-
age site, which is preceded by a 6His-tag at the N-terminus of 
the maltose binding protein (MBP). This protein expression 
cassette is placed under the control of an isopropyl-β-d-
thiogalactopyranoside (IPTG)-inducible (lacIq) promoter.

	 2.	E. coli Rosetta strain, expressing codons abundant in humans, 
was transformed with recombinant plasmids.

	 3.	Bacterial growth medium is Luria Broth (LB) with antibiotics: 
LB liquid medium with 50 μg/ml Ampicillin and 34 μg/ml 
Chloramphenicol.

	 4.	IPTG is a structural mimic of galactose and binds to the Lac 
Repressor to induce Beta-galactosidase or the protein 
expression cassette, MBP—TEV cleavage—NPLASV, described 
in Subheading 2.1, item 1.

2.1  Plasmids 
and Bacterial Cells

Xiaoxuan Qi et al.
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	 5.	Amylose-binding buffer: 10% glycerol, 20 mM Tris pH 7.5, 
0.2 M NaCl, 1 mM EDTA is supplemented with 2 protease 
inhibitor tablets, 1 μM DNase, and 1 mM phenylmethylsulfo-
nyl fluoride (PMSF).

	 1.	Shaker-incubator (Multitron standard, INFORS HT) for 
growth of bacteria.

	 2.	Spectrophotometer (SmartSpec 3000).
	 3.	High-performance centrifuge (Beckman J-20 Avanti™).
	 4.	E. coli cell disruptor (Ts series 1.1 KW and Constant Systems 

LTD).
	 5.	Amylose resin for affinity isolation of proteins bound to 

Maltose Binding Protein.
	 6.	Amylose-binding buffer: 1/50 PBS, 50 mM Tris–HCl, 0.5 

mM EDTA, 1 mM DTT, 0.3 M NaCl, 10% glycerol.
	 7.	Amylose elution buffer: 10% glycerol, 20 mM Tris pH 7.5, 

0.2 M NaCl, 1 mM EDTA, and 10 mM Maltose.
	 8.	3 mg/ml TEV protease for cleaving the expressed protein.
	 9.	TEV cleavage buffer: 1/50 PBS, 50 mM Tris–HCl, 0.5 mM 

EDTA, 1 mM DTT, 0.3 M NaCl, and 10% glycerol. This is 
used with the Desalting column (Hiprep 26/10).

	10.	ÄKTA purifier 10, a rapid protein liquid chromatography 
system.

	11.	96-Deep-well block for fraction collection.
	12.	Gel filtration column (Hiload 16/600 Superdex 200).
	13.	Gel filtration buffer: 20 mM Tris pH 7.5, 0.3 M NaCl, 10% 

glycerol.
	14.	−80 °C freezer (U535 Innova).
	15.	Mass spectroscopy (Q-Star MS/MS micromass MALDI-TOF).
	16.	Precast electrophoresis gels (NuPAGE 4–12% Bis-Tris gels).
	17.	20× electrophoresis running buffer (NuPAGE®MES, 

NP0002).
	18.	Electrophoresis power supply (PowerEase 500).
	19.	SDS-PAGE unstained protein standards (Mark12).
	20.	Coomassie stain (SimplyBlue™ Safe stain).
	21.	Microwave oven.

	 1.	Crystallization conditions were screened on 2-well MRC plates 
(SW2T-PS/1-100) with the sitting drop vapor diffusion 
method.

	 2.	The crystallization drops were built using protein crystalliza-
tion robot Honeybee system (model 961, Isogen Life Sciences).

2.2  Protein 
Expression 
and Purification

2.3  Crystallization 
and Crystal Screening

Lassa NP Expression and Structure
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	 3.	Crystallization screen PEG/ION (# HR2-126, Hampton 
Research).

	 4.	Lithium-Polyethylene glycol (Li-PEG) solutions for protein 
crystallization were #1Li-PEG: 0.2 M LiCl, 20% PEG3350 at 
20 °C.  After optimization, hexagonal prism crystals were 
grown in #2Li-PEG: 0.2–0.3 M LiCl and 12–16% PEG3350 
at 20 °C.  For cryopreservation of crystals we used 
#3Li-PEG:15% glycerol, 0.2 M LiCl, 16% PEG3350.

	 1.	MicroMax-007 HFM fine focus X-ray generator and the CCD 
detector Saturn 944+ (Rigaku).

	 2.	ACTOR™ crystal sample changing robot (Rigaku).
	 3.	The data were indexed and scaled using HKL2000 package [12].

3  Methods

	 1.	The recombinant plasmid was transformed into E. coli Rosetta 
strain using the conventional heat-shock transformation 
method [13].

	 2.	A single bacterial colony was picked and inoculated into 500 ml 
LB  growth medium.

	 3.	Cells were incubated at 37 °C in a shaker-incubator with con-
stant agitation at 200 rpm overnight.

	 4.	The overnight culture was then transferred into 10 l of the LB 
bacterial growth medium.

	 5.	The culture was incubated at 37 °C with shaking at 200 rpm 
for about 2 h.

	 6.	The expression of the recombinant NP protein was induced by 
the addition of IPTG to a final concentration of 0.03 mM 
when the OD600 of the cell culture reached 0.6 (see Note 1).

	 7.	The cell culture was kept at 20 °C overnight with shaking at 
200 rpm (see Note 1).

	 8.	Cells were harvested by centrifugation at 8000 × g for 10 min 
at 4 °C in the J-20 centrifuge.

	 9.	The cell pellet collected from 10 l culture was resuspended in 
100 ml of Amylose-binding buffer.

	10.	Cells were lysed by a cell disruptor at 30 KPsi.
	11.	The sample was centrifuged in the J-20 centrifuge at maximum 

speed of 48,254 × g for 30 min to remove cellular debris.
	12.	The supernatant was applied onto the amylose resin column.
	13.	The column was washed using a 10-column volume of the 

Amylose-binding buffer (see Note 2).

2.4  X-Ray Diffraction

3.1  Protein 
Expression 
and Purification

Xiaoxuan Qi et al.
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	14.	The fusion protein was eluted from the column with the 
Amylose elution buffer.

	15.	The protein elution buffer was changed to TEV cleavage buf-
fer using the Hiprep desalting column.

	16.	Fractions containing HisMBP-NP were pooled and the fusion 
protein was cleaved by incubating with 1 ml His-tagged TEV 
protease at room temperature overnight (see Notes 2 and 3).

	17.	The sample was then applied onto the amylose resin again to 
remove the MBP.

	18.	Figure 1 shows the whole protein lysate that contains the Lassa 
NP-MBP fusion protein, MBP-NP fusion protein purified 
through the amylose column, and the NP protein after it has 
been cleaved off from the MBP-NP fusion protein by the Tev 
proteinase.

	19.	The flow-through sample was concentrated into 5  ml and 
applied onto a Hiload 16/600 Superdex 200 gel filtration col-
umn, which was equilibrated using the gel filtration buffer and 
the ÄKTA purifier 10 chromatography system.

Fig. 1 MBP-NP fusion was purified with an amylose column and the fusion pro-
tein was cleaved by Tev proteinase. Lane 1 is protein molecular weight standard; 
Lane 2 shows whole protein lysate of the supernatant; Lane 3 shows MBP-NP 
fusion purified by the amylose column; Lane 4 shows NP protein that is cleaved 
from the MBP-NP fusion protein by the Tev proteinase

Lassa NP Expression and Structure
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	20.	Figure 2 shows Lassa NP protein purified by gel filtration col-
umn to homogeneity.

	21.	The flow rate was 1 ml/min controlled by the ÄKTA purifier 
10, and protein peaks were monitored at optical density 
280 nm.

	22.	All elution solutions were collected by the fraction collection 
of the ÄKTA purifier 10 using the 96-deep-well block.

	23.	The fractions containing purified NP protein were pooled and 
concentrated to 7 mg/ml and stored in a −80 °C freezer.

	24.	The protein’s identity and integrity were checked by mass 
spectroscopy and separated by SDS-PAGE.

	25.	The SDS-PAGE were carried out using precast gels and the 
PowerEase 500 power supply according to the manufacturer’s 
instruction.

	26.	The protein molecular marker was used to size the recombi-
nant protein.

	27.	The SDS-PAGE gels were stained with Coomassie for 10 min.
	28.	The SDS-PAGE gels were destained by putting the gels in a 

beaker with water and by boiling for 5 min using a conven-
tional microwave oven.

	 1.	Crystallization conditions were screened on 2-well plates with 
the sitting drop vapor diffusion method.

	 2.	The drops were built with 0.15 μl of the protein and 0.15 μl of 
the mother liquid using two different protein concentrations 
(7 mg/ml and 3.5 mg/ml), with 100 μl of mother liquid in 
each reservoir.

3.2  Crystallization

Fig. 2 LASV NP protein was purified by the gel filtration column. (a) Photograph of the gel filtration profile. 
There are three major peaks: peak 1 shows aggregation of NP proteins, peak 2 shows the NP protein alone, 
and peak 3 shows NP fusion with MBP. (b) Protein purity was checked by SDS-PAGE electrophoresis. Lane 1, 
protein molecular weight standard; Lanes 2–6 are elution samples from peak 1; Lanes 7–11 are elution 
samples from peak 2; Lanes 12–16 are elution samples from peak 3

Xiaoxuan Qi et al.
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	 3.	The initial crystals were formed in #1Li-PEG solution at 20 °C 
after 7 days. After optimization, hexagonal prism crystals were 
grown in #2Li-PEG solution at 20 °C for 5 days.

	 4.	Figure 3 shows the purified NP forming crystals with a dimen-
sion of 0.2 × 0.2 × 0.6 mm, which are suitable for X-ray diffrac-
tion. In order to confirm that the crystals contain the full-length 
NP protein, a single crystal was picked up and washed three 
times in the cryoprotectant solution, and dissolved in SDS-
loading buffer for SDS-PAGE analysis. The result showed that 
there was a single band corresponding to the full-length NP 
protein, implicating its absolute purity and integrity.

	 1.	The crystals were cryoprotected with #3Li-PEG.
	 2.	The crystals were screened using the Rigaku X-ray generator, 

detector, and robot.
	 3.	One of the crystals was selected and the data generated from it 

were collected at oscillation angle 0.1° and 100 s exposure per 
frame with 60 mm of distance from crystal to detector, using 
the Cu radiation with the wavelength of 1.5418 Å.

	 4.	A total of 1000 frames were reordered. The data were indexed 
and scaled as described [12] and Table 1.

	 5.	Figure 4 shows the three-dimensional structure of the LASV 
NP that was built using ARP/wARP automatically and Coot 
by hands (see Note 4).

3.3  X-Ray Data 
Collection

Fig. 3 Photograph of crystals of Lassa NP protein and SDS-PAGE photograph of 
the NP from the crystals. (a) Crystals of the NP protein. (b) SDS-PAGE of the NP 
from the crystals. Lane 1 shows the protein molecular weight standard; Lane 2 
shows the NP from the crystals

Lassa NP Expression and Structure
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4  Notes

	 1.	It is important to express the MBP-NP fusion protein at 20 °C, 
and to use 0.03 mM IPTG concentration for the induction as this 
condition will produce more soluble MBP-NP fusion protein. 
Using higher IPTG or higher temperature for protein expression 
will produce more MBP-NP fusion into inclusion bodies.

	 2.	In all the sample buffer and purification buffers, 10% glycerol 
is required to stabilize the protein in the buffers.

	 3.	It is important to use TEV proteinase at 1:500 ratio of protein-
ase/protein to make sure the cleavage should be slow to pre-
vent protein precipitation. To reduce the protein precipitation, 
dilution of the protein sample to 2 mg/ml is required.

	 4.	The crystals were heavily twinned, and the structure as deter-
mined in the space group of P321, but the structure was refined 
in the space group of P3. During the structure refinement, 
both the Rfactor and Rfree could not be reduced once reached to 
0.3 and 0.35 in the space group of P321, respectively.
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Chapter 13

Assays to Demonstrate the Roles of Arenaviral 
Nucleoproteins (NPs) in Viral RNA Synthesis 
and in Suppressing Type I Interferon

Qinfeng Huang, Junjie Shao, Yuying Liang, and Hinh Ly

Abstract

Arenaviruses, such as Lassa virus (LASV) and Pichindé virus (PICV), are enveloped viruses with a bi-
segmented ambisense RNA genome. The large (L) genomic segment encodes the Z matrix protein and the 
L RNA-dependent RNA polymerase, whereas the small (S) genomic segment encodes the nucleoprotein 
(NP) and the glycoprotein (GPC). The NP encapsidates viral genome, is required for viral transcription 
and replication, and acts as a type I interferon (IFN) antagonist. This article describes assays to demon-
strate that NP contains 3′-5′ exoribonuclease (RNase) activity to degrade modeled RNA of the pathogen-
associated molecular pattern type and suppresses the IFNβ promoter-driven luciferase reporter gene. The 
minigenomic (MG) assay is used to assess the role of NP in replicating and transcribing a viral promoter-
driven luciferase reporter gene. These powerful assays demonstrate the versatility of NP in mediating viral 
replication as well as in modulating host innate immune responses.

Key words Lassa virus, Nucleoprotein, Arenavirus

1  Introduction

Lassa virus (LASV) is responsible for an estimated 300,000–
500,000 infections and ~5000 deaths annually in several countries 
in Western Africa [1, 2]. There are currently no FDA-licensed vac-
cines or therapeutics to treat or protect against Lassa and other 
arenavirus infections. A hallmark of Lassa infection is the general-
ized immune suppression that leads to high levels of viremia in 
severe and lethally infected patients. Two of the four arenavirus-
encoded proteins, namely, the nucleoprotein (NP) and the RING 
finger Z protein, have recently been described as type I interferon 
(IFN) antagonists that contribute to the general immunosuppres-
sion observed during the course of arenavirus infection [3–7]. A 
better understanding of how arenaviruses evade host immune sur-
veillance will offer important insights for the development of effec-
tive preventative and treatment options.



190

Toward this goal, we have developed several new research tools 
and methods, including the development of the in vitro NP ribo-
nuclease (NP RNase) assay to assess the NP 3′-5′ exoribonuclease 
function, the interferon-beta (IFNβ) promoter-driven luciferase 
reporter assay to assess the role of NP in suppressing the IFNβ 
promoter, and the LASV minigenome (MG) assay to evaluate 
LASV polymerase function in mediating transcription and replica-
tion of a model arenaviral genomic RNA template [8]. We describe 
herein detailed protocols for these assays. With NP playing many 
crucial roles in mediating virus and host immune functions, under-
standing the biological function of this protein will greatly facili-
tate the development of therapeutic strategies against LASV and 
other deadly viruses in the Arenaviridae.

2  Materials

	 1.	pLOU3 vector, which is a derivative plasmid of the pMAL-
C4X vector (New England Biolab), contains the LASV NP 
gene. In this construct, the NP gene is cloned immediately 
downstream of the tobacco etch virus (TEV) proteinase cleav-
age site, which is preceded by a 6His-tag at the N-terminus of 
the maltose-binding protein (MBP). This protein expression 
cassette is placed under the control of an isopropyl-beta-d-
thiogalactopyranoside (IPTG)-inducible (lacIq) promoter.

	 2.	E. coli Rosetta strain that expresses codons abundant in humans 
was transformed with recombinant plasmids.

	 3.	Bacterial growth medium is Luria broth (LB) with antibiotics: 
LB liquid medium with 50 μg/ml ampicillin and 34 μg/ml 
chloramphenicol.

	 4.	IPTG, a structural mimic of galactose, binds to the lac repres-
sor to induce beta-galactosidase (β-gal) or the protein expres-
sion cassette, MBP-TEV cleavage-NPVLASV.

	 5.	Shaker-incubator.
	 6.	Spectrophotometer.
	 7.	J-20 ultracentrifuge.
	 8.	E. coli cell disruptor.
	 9.	Amylose resin for affinity isolation of proteins bound to MBP.
	10.	Amylose binding buffer: 10% glycerol, 20 mM Tris pH 7.5, 

0.2 M NaCl, 1 mM EDTA. This buffer is supplemented with 
two protease inhibitor tablets, 1 μM DNase and 1 μM phenyl-
methylsulfonyl fluoride (PMSF).

	11.	Amylose elution buffer: 10% glycerol, 20  mM Tris pH  7.5, 
0.2 M NaCl, 1 mM EDTA, 10 mM maltose.

	12.	3 mg/ml TEV protease for cleaving the expressed protein.

2.1  Protein 
Expression 
and Purification

Qinfeng Huang et al.
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	13.	ÄKTA purifier 10 or similar instrument to control the flow rate 
of the columns.

	14.	Desalting column (e.g., HiPrep 26/10).
	15.	Gel filtration column (e.g., Sephacryl S-200).
	16.	Gel filtration buffer: 20 mM Tris pH 7.5, 0.3 M NaCl, 10% 

glycerol.
	17.	−80 °C freezer.
	18.	Mass spectroscopy (Q-Star MS/MS Micromass 

MALDI-TOF).
	19.	Precast 4–12% Bis-Tris polyacrylamide gels.
	20.	Power supply.
	21.	Unstained protein standards.
	22.	DNase.
	23.	Phenylmethylsulfonyl fluoride (PMSF) and other protease 

inhibitors.
	24.	Binding buffer: 1/50 PBS, 50 mM Tris–HCl, 0.5 mM EDTA, 

1 mM DTT, 0.3 M NaCl, 10% glycerol.
	25.	TEV cleavage buffer: 1/50 PBS, 50 mM Tris–HCl, 0.5 mM 

EDTA, 1 mM DTT, 0.3 M NaCl, 10% glycerol. This is used 
with the desalting column.

	 1.	Nucleoprotein (NP): see Subheading 3.1 for NP purification 
method.

	 2.	PCR thermal cycler.
	 3.	Microcentrifuge.
	 4.	T4 polynucleotide kinase.
	 5.	Radioisotope (γ-ATP) to radiolabel the RNA oligonucleotide 

substrate.
	 6.	RNA oligo (5′-AGUAGAAACAAGGCC-3′) to serve as RNase 

substrate.
	 7.	Illustra MicroSpin G25 desalting column.
	 8.	17% polyacrylamide gel solution containing urea (25  ml): 

2.5 ml of 10× TBE, 10.5 g urea, 10.6 ml of 40% acrylamide, 
and 11.9 ml ddH2O. Add 10 μl of TEMED and 80 μl of 30% 
APS just before pouring.

	 9.	Ambion T7 MEGAscript Kit for T7 polymerase-driven in vitro 
transcription.

	10.	Water bath.
	11.	Electrophoresis autoradiography cassette.
	12.	X-ray film.
	13.	Vertical gel electrophoresis apparatus.

2.2  NP Ribonuclease 
(RNase) Assay

Assays of Arenavirus NP Function
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	14.	Power supply.
	15.	X-ray film developer.
	16.	10× RNase buffer: 25 mM Tris–HCl, pH 7.5, 10 mM NaCl, 

15  mM KCl, 1  mM MnCl2, and 0.1  mg/ml bovine serum 
albumin (BSA).

	 1.	Plasmids: NP and L gene were cloned into pCAGGS mamma-
lian vector under CMV promoter [3]. IFNβ promoter-directed 
LUC plasmid was used for NP-induced interferon suppression 
assay. MGLF7-5Rluc3 plasmid was used for minigenome assay. 
β-Galactosidase (β-gal) plasmid was used for normalizing lucif-
erase activity.

	 2.	293T cell line was cultured in Dulbecco’s Modified Eagle 
Medium (DMEM), supplemented with 10% fetal bovine serum 
(FBS), 50 mg penicillin, and streptomycin per ml.

	 3.	Plate reader (e.g., Synergy 2 by BioTeK).
	 4.	Lipofectamine 2000 (or other transfection reagent).
	 5.	DEPC water.
	 6.	2× HEPES buffered saline (HBS): 50 mM HEPES, 280 mM 

NaCl, 1.5 mM Na2HPO4, pH = 7.10.
	 7.	Beta-galactosidase (β-gal), Firefly and Renilla luciferase assay 

kits.
	 8.	2.5 M calcium chloride stock solution.
	 9.	Sendai virus, Cantell strain (ATCC, VR907).

3  Methods

	 1.	The recombinant plasmid was transformed into E. coli Rosetta 
strain using the conventional heat-shock transformation 
method [9].

	 2.	A single colony was picked and inoculated into 500  ml LB 
bacterial growth medium.

	 3.	Cells were incubated at 37 °C in a shaker-incubator with con-
stant agitation at 200 rpm overnight.

	 4.	The overnight culture was then transferred into 10 l of the LB 
bacterial growth medium.

	 5.	The culture was incubated at 37 °C with shaking at 200 rpm 
for about 2 h.

	 6.	Expression of the recombinant NP protein was induced by the 
addition of IPTG to a final concentration of 0.03 mM when 
the OD600 of the cell culture reached 0.6 (see Note 1).

	 7.	The cell culture was kept at 20 °C overnight with shaking at 
200 rpm (see Note 1).

2.3  Minigenome 
(MG) Assay and IFNβ 
Promoter-Driven 
Luciferase Reporter 
Assay

3.1  Protein 
Expression 
and Purification

Qinfeng Huang et al.
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	 8.	Cells were harvested by centrifugation at 8000 × g for 10 min 
at 4 °C in the J-20 centrifuge.

	 9.	The cell pellet collected from 10 l culture was resuspended in 
100 ml of amylose binding buffer.

	10.	Cells were lysed by a cell disruptor at 30 KPsi.
	11.	The sample was centrifuged in the J-20 centrifuge at maximun 

speed of 48 × g for 30 min to remove cellular debris.
	12.	The supernatant was applied onto the amylose resin column.
	13.	The column was washed using a 10-column volume of the 

amylose binding buffer (see Note 2).
	14.	The fusion protein was eluted from the column with the amy-

lose elution buffer.
	15.	The protein elution buffer was changed to TEV cleavage buf-

fer using the HiPrep desalting column.
	16.	Fractions containing HisMBP-NP were pooled and the fusion 

protein was cleaved by incubating with 1 ml His-tagged TEV 
protease at room temperature overnight (see Notes 2 and 3).

	17.	The sample was then applied onto the amylose resin again in 
order to remove the MBP.

	18.	The flow-through sample was concentrated into 5  ml and 
applied onto a HiLoad 16/600 Superdex 200 gel filtration 
column, which was equilibrated using the gel filtration buffer 
and the ÄKTA purifier 10 chromatography system.

	19.	The flow rate was 1 ml/min controlled by the ÄKTA purifier 
10, and protein peaks were monitored at optical density of 
280 nm.

	20.	All elution solutions were collected by the fraction collection 
of the ÄKTA purifier 10 using the 96-deep-well block.

	21.	The fractions containing purified NP protein were pooled and 
concentrated to 7 mg/ml and stored in a −80 °C freezer.

	22.	The protein’s identity and integrity were checked by mass 
spectroscopy and proteins were separated by SDS-PAGE.

	23.	The SDS-PAGE was carried out using precast gels and the 
PowerEase 500 Power Supply according to the manufacturer’s 
instruction.

	24.	The protein molecular marker was used to size the recombi-
nant protein.

	25.	The SDS-PAGE gels were stained with Coomassie dye for 
10 min.

	26.	The SDS-PAGE gels were destained by putting the gels in a 
beaker with water and boiling for 5 min using a conventional 
microwave oven.

Assays of Arenavirus NP Function



194

	 1.	The 15-nt RNA oligo (see Subheading 2.2) was 5′ end labeled 
with γ-32P ATP in a polynucleotide kinase reaction as follows:

9.5 μl DEPC-treated water

2 μl RNA oligo (100 pmol)

5 μl γ-32P ATP (25 pmol, 
3uCi/pmol, 10uCi/
μl)

2 μl 10× kinase buffer

1.5 μl RNase-free T4 PNK

Sample was incubated at 37 °C for 1 h, then at 95 °C for 2 min.
�Sample was collected by centrifugation at 13.4 × g for 1 min.

20 μl DEPC-treated water was added.
	 2.	The unincorporated γ-32P ATP was eliminated by passing the 

radiolabeled RNA sample through the Illustra MicroSpin G25 
desalting spin column.

	 3.	The γ-32P-labeled RNA oligo was mixed with fivefold amount 
of unlabeled RNA oligos of either the same or the complemen-
tary sequence, heat denatured at 95 °C for 5 min, and slowly 
cooled to room temperature in order to form single-stranded 
RNA (ssRNA) or double-stranded RNA (dsRNA) substrates.

	 4.	The exoribonuclease reaction containing 1  pmol of radiola-
beled RNA substrates in either ss or ds form and various con-
centrations of NP protein in an RNase buffer was incubated at 
37 °C for 60 min as follows:

5 μl DEPC-treated water

1 μl γ-32P-labeled RNA oligos

1 μl 10× RNase buffer

1 μl Recombinant LASV NP 
protein at various 
concentrations

�Sample was incubated at 37 °C for 1 h, 1 μl 0.5 M EDTA was 
added, and 10 μl formamide loading buffer was also added.
�The reaction was terminated by heating the sample to 95 °C 
for 10 min and immediately chilled on ice.
�Sample was collected by microcentrifugation at 13.4 × g for 
1 min.

	 5.	Prepare denaturing polyacrylamide gel solution.
	 6.	Pre-electrophorese gel at 150 V for 30 min. Use 0.5 × TBE in 

upper and lower reservoirs of the gel box.
	 7.	Samples were loaded into wells and were separated at 150 V 

for 3 h.

3.2  NP Ribonuclease 
(RNase) Assay
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	 8.	The gel was placed onto a spent film backing and covered with 
plastic wrap and exposed to an X-ray film with an intensifying 
screen at −80 °C freezer.

	 9.	The film was developed in the film developer to visualize RNA 
cleavage activities (see Note 4).

	10.	As an example of results from this assay, purified LASV NP 
protein was able to cleave both ss and ds RNAs (Fig. 1). The 
laddering effects are due to the different efficiencies of RNA 
cleavage induced by different concentrations of the LASV NP.

This assay is meant to measure expression of viral genes from a 
“minigenome” construct, and it occurs in four stages: (1) the minig-
enome plasmid is RNA transcribed in vitro; (2) 293T cells are trans-
fected with plasmids expressing the viral NP and L genes; (3) 24 h 
later, these same 293T cells are transfected with the minigenome 
RNA; and (4) the cells are assessed for luciferase expression. The first 
stage is covered in steps 1–8, the second stage in steps 9–14, the 
third stage in steps 15–21, and the fourth stage in steps 22–24.

	 1.	Prior to RNA transcription, the plasmid MGLF7-5Rluc3 was 
linearized by digestion with Nhe I restriction enzyme.

	 2.	DNA was extracted by phenol/chloroform and isopropanol 
precipitated using the standard technique [9].

	 3.	Transcription reaction was assembled at room temperature 
according to Ambion MEGAscript® Kit manual. Calculate the 
volume of nuclease-free water necessary to bring the total volume 

3.3  Minigenome 
(MG) Assay
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Fig. 1 Cleavage of ssRNA and dsRNA by purified LASV NP. 5′-γ-32P-labeled 
ssRNA or dsRNA were used as substrates for cleavage by different concentra-
tions of the purified LASV NP
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to 20 μl, and to this amount add 2 μl ATP, 2 μl CTP, 2 μl GTP, 
2 μl UTP, 2 μl 10× reaction buffer, 1 μg linearized template DNA, 
and 2 μl enzyme mix.

	 4.	Sample was incubated at 37 °C for 4 h.
	 5.	115 μl nuclease-free water and 15 μl ammonium acetate stop 

solution were added.
	 6.	RNA was extracted by phenol/chloroform and isopropanol 

precipitated using the standard technique [9].
	 7.	Carefully discard the precipitating solution and the RNA was 

resuspended in 80 μl of DEPC-treated water.
	 8.	RNA was quantified and adjusted to a concentration of 1 μg/μl.
	 9.	Prior to plasmid transfection, 293T cells were seeded into 

24-well plates at 1  ×  105 cells/well that contains 0.5  ml of 
DMEM with 10% FBS and 50  μg/ml of penicillin and 
streptomycin.

	10.	In the morning of the day of transfection, a fresh aliquot of the 
cell media was added to the 293T cell culture.

	11.	DNA and calcium phosphate mixture was prepared at room 
temperature so that each of the 25 μl of DNA mix (for one 
24-well transfection) contains:

1 μl β-gal reporter plasmid (50 ng/μl)

1 μl pCAGGS-NP plasmid (250 ng/μl)

1 μl pCAGGS-L plasmid (500 ng/μl)

2.5 μl 2.5 M calcium chloride stock 
solution

19.5 μl Water

	12.	To prepare triplicates for each test condition, mix as follows:

3 μl β-gal reporter plasmid (50 ng/μl)

3 μl pCAGGS-NP plasmid (250 ng/μl)

3 μl pCAGGS-L plasmid (500 ng/μl)

7.5 μl 2.5 M calcium chloride stock 
solution

58.5 μl Water

	13.	Into each tube of DNA/calcium phosphate mixture 
(25 × 3 = 75 μl), add 75 μl of 2× HBS. Gently mix sample by 
vortexing using the lowest speed setting. Add the mixture 
dropwise using a pipetman into each well of cells (48 μl of 
sample into each well of the 24-well plate) (see Note 5).

	14.	Incubated cells in a 37 °C CO2 incubator for 24 h.
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	15.	4 h before RNA transfection, an aliquot of fresh antibiotics-
free DMEM medium was used to replace the overnight cell 
culture medium.

	16.	For each well, 1 μg of in vitro-transcribed RNA (see Note 6) 
was diluted into 25 μl OptiMEM® I Medium.

	17.	For each well, 1 μl of Lipofectamine™ 2000 was diluted into 
25 OptiMEM® I Medium and incubated for 5 min at room 
temperature.

	18.	The diluted RNA was added into diluted Lipofectamine™ and 
incubated at room temperature for no more than 10 min.

	19.	RNA-Lipofectamine™ 2000 complexes were directly added to 
each well containing cells and mixed gently by rocking the 
plate back and forth. The cells were incubated at 37 °C in a 
CO2 incubator.

	20.	The cell medium was replaced by fresh DMEM medium (10% 
FBS) at 6 h post transfection.

	21.	24 h post RNA transfection, cells were washed once by PBS. Then 
cells were lysed by lysis buffer for Renilla luciferase assay.

	22.	20 μl of cell lysate was used for Renilla luciferase assay and 
another 50 μl of cell lysate was used for β-gal assay according 
to manufacturer’s instructions.

	23.	Renilla luciferase activity is normalized by dividing the Renilla 
luciferase reading by the β-gal reading. The minigenome repli-
cation activity is represented by the folds of the normalized 
Renilla luciferase activity with respect to that of the control.

	24.	In MG assay (Fig. 2), cotransfection of PICV NP and L expres-
sion plasmids into 293T cells was able to replicate and tran-
scribe the transfected PICV minigenome (MG) expressing the 
Renilla luciferase reporter gene. P2 and P18 indicate that the 
NP and L genes are from different PICV strains.

	 1.	293T cells were seeded into 24-well plates at 1 × 105 cells/well 
with complete DMEM.

	 2.	In the morning of the day of transfection, culture media was 
replaced by an equal aliquot of fresh media.

	 3.	Prepare 25 μl DNA and calcium phosphate mix for each well 
of a 24-well transfection plate as follows:

1 μl β-gal reporter plasmid (50 ng/μl)

1 μl IFNβ promoter-driven luc reporter plasmid (100 ng/μl)

1 μl pCAGGS-NP plasmid (10–1000 ng/μl)

2.5 μl 2.5 M calcium chloride stock solution

19.5 μl Water

3.4  IFNβ Promoter-
Driven Luciferase 
Reporter Assay
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Prepare triplicates for each test condition as follows:

3 μl β-gal reporter plasmid (50 ng/μl)

3 μl IFNβ promoter-driven luc reporter plasmid 
(100 ng/μl)

3 μl pCAGGS-NP plasmid (10–1000 ng/μl)

7.5 μl 2.5 M calcium chloride stock solution

58.5 μl Water

	 4.	Into each tube of DNA/calcium phosphate mixture 
(25 × 3 = 75 μl), add 75 μl 2× HBS, vortex using very low 
speed to mix, and add the mixture to three wells of cells (48 μl 
per well) as shown in Subheading 3.3.

	 5.	24 h post transfection, media was replaced by fresh complete 
DMEM and cells were infected with Sendai virus (SeV) at 
MOI of 1. Cells were continued in culture for 24 h at 37 °C in 
a CO2 incubator.

	 6.	Interferon promoter activity was assessed by performing the 
Firefly luciferase assay using a kit from Promega.

	 7.	An example of results from this assay can be seen in Fig. 3. 
Sendai virus (SeV) infection of 293T cells was able to stimulate 
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Fig. 2 NP and L protein can replicate and transcribe the viral minigenome (MG). 
Cotransfection of PICV NP and L expression plasmids into 293T cells was able to 
replicate and transcribe the transfected PICV minigenome (MG) expressing the 
Renilla luciferase reporter gene. P2 and P18 indicate that the NP and L genes are 
from different PICV strains
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the IFNβ promoter activity to express a high level of the Firefly 
luciferase reporter gene, whereas the LASV NP expression 
suppresses this promoter activity. Empty vector was used as a 
control.

4  Notes

	 1.	It is important to express the MBP-NP fusion protein at 20 °C 
and to use 0.03 mM IPTG concentration for the induction as 
this condition will produce more soluble MBP-NP fusion pro-
tein. Using higher IPTG or higher temperature for protein 
expression will produce more MBP-NP fusion into inclusion 
bodies. In all the sample buffer and purification buffers, 10% 
glycerol is required to stabilize the protein in the buffers.

	 2.	It is important to use TEV proteinase at 1:500 ratio of protein-
ase/protein to make sure the cleavage should be slow to pre-
vent protein precipitation.

	 3.	To reduce the protein precipitation, dilution of the protein 
sample to 2 mg/ml is required.
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Fig. 3 IFNβ promoter-driven luciferase reporter assay to demonstrate the role of 
LASV NP in suppressing this promoter activity. Sendai virus (SeV) infection of 
293T cells was able to stimulate the IFNβ promoter activity to express a high 
level of the Firefly luciferase reporter gene, whereas the LASV NP expression 
suppresses this promoter activity. Empty vector was used as a control
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	 4.	With new isotope, it usually took 3–6  h of exposure of the 
X-ray film at −80 °C.

	 5.	For calcium phosphate transfection, DNA/calcium phosphate 
mixture was directly added to the cells, dropwise, uniformly 
and gently over the surface of the monolayer of the cells. It is 
important to add the precipitate to the cells within 5 min of 
adding the 2× HBS. If waiting for more than 5 min, the pre-
cipitate will be too large and can be toxic to cells.

	 6.	Separate 1 μg of in vitro transcribed RNA in a 1% agarose gel 
to check for the integrity of the RNA prior to its use in 
transfection.
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Chapter 14

Intracellular Detection of Viral Transcription 
and Replication Using RNA FISH

Michael E. Lindquist and Connie S. Schmaljohn

Abstract

Many hemorrhagic fever viruses require BSL-3 or BSL-4 laboratory containment for study. The necessary 
safety precautions associated with this work often contribute to longer assay times and lengthy decontami-
nation procedures. Here we will discuss recent advances in RNA fluorescence in situ hybridization (FISH) 
that not only allow entirely new investigations into the replication of these viruses but also demonstrate 
how this method can be applied to any virus with a known sequence and how it can be rapidly performed 
to minimize time spent in high containment. We have adapted existing protocols for mRNA detection 
with appropriate changes for examining viruses in a variety of containment laboratories (Shaffer et  al., 
PLoS One 8:e75120, 2013; Raj et al., Nat Methods 5:877–879, 2008).

Key words Viral RNA detection, RNA FISH, RNA localization, TurboFISH, Hemorrhagic fever 
virus replication

1  Introduction

RNA FISH was developed as a method to visualize cellular RNA by 
binding a fluorescently labeled oligonucleotide probe to a comple-
mentary target sequence. Unfortunately, early methods for RNA 
FISH required long staining times, and the sensitivity was often not 
adequate to detect single molecules of RNA. A breakthrough in this 
technique was achieved when researchers showed that multiple 
probes could bind to a single RNA and the cumulative result of 
multiple binding events enabled the visualization of diffraction-lim-
ited, single-molecule RNA spots [1, 2]. In this system, each oligo-
nucleotide probe is tagged with a fluorophore and is complementary 
to a unique region of the target. Probe sets typically contain about 
50 probes, enabling a much greater signal-to-noise ratio than previ-
ous methods. Probe sets are designed using freely available software 
to minimize cross-reactivity to other targets, to prevent probe over-
lap, and to minimize binding to predicted secondary structures. 
Multi-target probe sets enable single-molecule resolution of host 
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mRNAs using a 63–100× oil objective lens to achieve such resolu-
tion. However, viral RNA tends to cluster in specific subcellular 
sites (e.g., viral replication factories). Thus, while true single-mole-
cule resolution may not be achievable due to the aggregation of 
multiple RNAs at one site, the combined signal intensity of these 
molecules is much greater than a single RNA and can be imaged 
using low-objective microscope lenses. Detection of viral RNA is 
therefore much more robust than host RNA and has resulted in the 
development of a variety of useful assays for virus detection. For 
hemorrhagic fever viruses with segmented genomes such as 
Crimean-Congo hemorrhagic fever virus and Lassa fever virus, 
multiplexed RNA detection can simultaneously detect multiple 
genomic segments. In addition, probe sets can be designed to 
detect positive and negative sense RNA, which in some instances 
can delineate between genomic RNA, viral mRNA, or viral 
cRNA. We and others have expanded this technique to use in virus-
infected tissue sections, high-throughput imaging, and flow cytom-
etry-based assays [3]. Detection of viral RNA allows for in-depth 
interrogation of the subcellular sites of viral replication, and such 
experiments will help further examine the mechanisms by which 
viruses replicate, assemble, and traffic through the cell. An addi-
tional benefit of this method is that the robust and quick staining 
methods described here enable rapid detection of virus infection 
that is useful for screening assays (Fig. 1).

2  Materials

	 1.	Probe sets composed of approximately 50 unique oligonucle-
otide probes, each 20–25 nucleotides in length, are typically 
delivered as dried stocks. Reconstitute the probes in TE buffer 
to a final concentration of 25 μM. Probe stocks should be ali-
quoted and frozen at −20 °C.

	 2.	Fixation buffers: 3.7% formalin solution (37% formalin diluted 
in PBS) or methanol. Make fresh for each experiment.

	 3.	Permeabilization buffer: 70% ethanol.
	 4.	Hybridization buffer: Add 1  mL deionized formamide (see 

Note 1) and 1 mL 20× saline-sodium citrate (SSC) to 8 mL of 
nuclease-free water. Add 1  g of dextran sulfate and mix for 
10 min at room temperature. Aliquot and store the hybridiza-
tion buffer at 4 °C.

	 5.	Wash buffer: Add 20 mL of formamide and 20 mL of 20× SSC 
to 260 mL of nuclease-free water. Wash buffer can be kept at 
room temperature.

	 6.	Surfaces for cell growth: Cells can be grown on glass coverslips 
(#1.0 thickness recommended) placed in 24-well plates, 
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chambered coverslips, or 96-well flat bottom plates suitable 
for microscopy (e.g., Greiner CELLSTAR 96-well plates).

	 7.	Microscope objectives: For screening purposes we recommend 
a 20× objective. For experiments designed to examine subcel-
lular RNA localization, we recommend a 63× oil objective.

	 8.	Immunostaining blocking buffer: 5% bovine serum albumin 
(nuclease-free) diluted in PBS.

	 9.	Antibodies for detecting protein targets.
	10.	DAPI staining solution: 4′,6-diamidino-2-phenylindole (DAPI) 

diluted to 5 ng/mL in wash buffer or PBS.

Fig. 1 Vero cells infected with Ebola virus were fixed in methanol. Viral RNA (red) was detected using a 5 min 
RNA FISH incubation with hybridization buffer containing RNA FISH probes and DAPI. Cells were imaged on a 
confocal microscope with a 10× air objective (top left), a 20× air objective (top right), a 63× oil objective 
(bottom left), or a 100× oil objective

Intracellular RNA Detection Using FISH
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3  Methods

Design probe sets appropriate for your target(s) of interest. 
Typically probe sets contain approximately 50 individual oligonu-
cleotide probes. Probe sets with fewer probes may still yield ade-
quate signal. Enter the target sequence in 5′-3′ orientation into a 
probe generator such as the Stellaris Probe Designer (see Note 2). 
For multiplexed probe detection, ensure that each probe set is 
tagged with a different fluorophore.

Cells must be plated on an appropriate substrate for subsequent 
microscopy. For the best resolution, we recommend plating the 
cells on glass coverslips (#1.0). For testing or processing large 
numbers of samples, we recommend microscopy-grade 96-well 
plates (see Note 3). Infect cells with chosen multiplicity of infec-
tion (MOI). We have found that depending on the virus, viral 
RNA is detectable within a few hours of infection.

The first method uses formaldehyde fixation followed by ethanol 
permeabilization. We find this method is preferable when the sam-
ples will also be immunostained. The second method, termed “tur-
boFISH,” uses methanol as a fixative and permeabilizing reagent 
[4]. This method significantly reduces the time required to com-
plete the assay but also requires larger concentration of probe.

	 1.	Rinse samples with PBS 1–2 times before fixing.
	 2.	Remove the PBS and add enough 3.7% formalin fixation buf-

fer to cover the cells.
	 3.	Incubate at room temperature for 10 min.
	 4.	Remove formalin and rinse the cells 1–2 times in PBS.
	 5.	Remove PBS and replace with ethanol. Incubate cells in etha-

nol for at least 1 h at 4 °C (see Note 4).
	 6.	Remove the probe sets from −20 °C and thaw at room tem-

perature. Once thawed, vortex the probes for a few seconds 
and briefly centrifuge.

	 7.	Remove hybridization buffer from 4  °C and equilibrate to 
room temperature.

	 8.	In a fume hood, aspirate ethanol from samples and replace 
with a generous amount of 10% formamide wash buffer 
(500 μL/well in 24-well plates).

	 9.	Prepare the hybridization buffer by adding probe stock solu-
tion to the buffer. Each probe set must be empirically tested 
for the optimal concentration, but we recommend starting 
with a 1:100 dilution of probe in hybridization buffer 
(0.25 μM).

3.1  Probe Sets

3.2  Cell Culture 
and Infection 
Conditions

3.3  Choices 
for Fixation 
and Staining

3.4  Formaldehyde 
Fixation
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	10.	Remove the wash buffer from the wells and add enough probe-
hybridization buffer to cover the sample. For samples grown 
on coverslips, we recommend 100 μL of buffer to be added to 
the sample. Then carefully cover the sample with a second cov-
erslip to evenly spread the hybridization buffer and to inhibit 
evaporation (see Note 5).

	11.	Wrap the sample in aluminum foil and place in a humidified 
37  °C incubator for at least 4  h or incubate overnight for 
convenience.

	12.	Remove the hybridization buffer from the samples and replace 
with 10% formamide wash buffer (see Note 6). If a secondary 
coverslip was used, carefully remove the top coverslip using 
tweezers.

	13.	Incubate the plate at 37  °C for 20–30  min (see Note 7). 
Preferably rock the plates at a low speed (50 RPM). After 
30 min, replace wash buffer with fresh wash buffer and incu-
bate an additional 20–30 min.

	14.	Remove the wash buffer and rinse the cells twice with 2× SSC 
buffer.

	15.	If co-immunostaining is desired, we recommend minimizing 
antibody staining times. We generally block and perform pri-
mary and secondary antibody incubations at 37 °C for 30 min 
each when possible. Use nuclease-free BSA or an alternative 
blocking buffer to minimize degradation of RNA targets.

	16.	Once the staining is completed, submerge the samples in 3.7% 
formalin for 24 h in order to ensure complete virus inactivation 
(see Note 8).

	17.	Once the samples have been removed from containment, care-
fully decant the formalin. Rinse the samples 2–3 times with 
PBS.

	18.	Remove the coverslips from the wells using tweezers. Place the 
coverslips on glass slides using an appropriate mounting media. 
We prefer VECTASHIELD HardSet mounting medium as it 
rapidly dries.

	19.	After 15–20 min, ensure the mounting media is dry and begin 
to image the samples (see Note 9).

	 1.	Prior to fixation: Place methanol at −20 °C for about 30 min 
(or until ice cold), place wash buffer at 37 °C, allow hybridiza-
tion buffer to equilibrate to room temperature, and thaw, vor-
tex, and centrifuge probes as discussed in Subheading 3.4.

	 2.	In a fume hood, set a hot plate to 37 °C. Alternatively, a 37 °C 
incubator can be used.

	 3.	Rinse samples with PBS 1–2 times.

3.5  Methanol 
Fixation
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	 4.	Remove PBS and add ice-cold methanol to the samples 
(enough to cover each sample).

	 5.	Place samples at −20 °C for 10 min (see Note 10).
	 6.	While samples are fixing, prepare the hybridization buffer by 

adding 2–5 μL of probes to 100 μL of hybridization buffer 
(0.5–2.5 μM) for each well.

	 7.	When fixation is complete, aspirate the methanol from the 
samples and add 100  μL of hybridization buffer to each 
sample.

	 8.	Wrap the sample in aluminum foil and place on the 37 °C hot 
plate. Allow hybridization to proceed for at least 5 min.

	 9.	Remove the hybridization buffer and replace with prewarmed 
wash buffer. Incubate at 37 °C for 1 min.

	10.	Remove the wash buffer and replace with fresh wash buffer. 
Repeat wash step twice.

	11.	Rinse cells 2–3 times with 2× SSC buffer.
	12.	Process samples for complete inactivation, removal from con-

tainment, mounting, and imaging as discussed in Subheading 
3.4.

4  Notes

	 1.	All work with formamide should be performed in a fume hood. 
Be sure to discard used formamide properly.

	 2.	We frequently use sequences obtained from GenBank. However, 
we have found that the orientation and proper RNA species 
(cRNA versus genomic RNA) is not always properly labeled. For 
each sequence, we advise you to verify the sequence is correct.

	 3.	When using 96-well plates, we recommend avoid using the 
edge wells as these wells tend to dry out more quickly than the 
interior wells.

	 4.	Cells can be stored in ethanol for several days. Since ethanol 
tends to evaporate quickly, we recommend adding an excess of 
ethanol and wrapping the samples in paraffin to slow evapora-
tion when permeabilizing the cells for longer times.

	 5.	For samples grown in 96-well plates, we recommend at least 
50 μL of probe-hybridization buffer to prevent a surface ten-
sion meniscus from forming and causing the middle of the well 
to dry out.

	 6.	DAPI can be added to the formamide wash buffer or hybrid-
ization buffer when nuclear staining is desired.

	 7.	Always ensure minimal light exposure to the samples once the 
RNA FISH staining has begun.
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	 8.	When using coverslips, be certain to keep the plates facing 
upward to prevent the coverslips from floating out of their 
appropriate well.

	 9.	We recommend imaging the samples immediately after the 
mounting medium has hardened. Samples may be stored at 
4 °C for prolonged use, but RNA FISH signal tends to fade 
more rapidly than immunostaining.

	10.	If a –20C freezer is not available when performing the metha-
nol fixation, we recommend placing the samples on ice. 
Alternatively, the fixation can be performed at room tempera-
ture if necessary.
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Chapter 15

Hemorrhagic Fever Virus Budding Studies

Ronald N. Harty

Abstract

Independent expression of the VP40 or Z matrix proteins of filoviruses (marburgviruses and ebolaviruses) 
and arenaviruses (Lassa fever and Junín), respectively, gives rise to the production and release of virus-like 
particles (VLPs) that are morphologically identical to infectious virions. We can detect and quantify VLP 
production and egress in mammalian cells by transient transfection, SDS-PAGE, Western blotting, and live 
cell imaging techniques such as total internal reflection fluorescence (TIRF) microscopy. Since the VLP 
budding assay accurately mimics budding of infectious virus, this BSL-2 assay is safe and useful for the 
interrogation of both viral and host determinants required for budding and can be used as an initial screen 
to identify and validate small molecule inhibitors of virus release and spread.

Key words Budding, Ebola virus, VLPs, VP40, Matrix protein, TIRF

1  Introduction

Members of the Filoviridae and Arenaviridae families are impor-
tant pathogens of humans and animals that can cause sporadic 
and deadly outbreaks of hemorrhagic fever in many countries 
[1–5]. Filoviruses and select arenaviruses have been classified by 
the CDC as category A bioterrorism agents and high priority 
pathogens, for which there are no FDA-approved vaccines [6–
10]. One roadblock to achieving a better understanding of the 
molecular aspects of filovirus and arenavirus pathogenesis has 
been the inherent difficulty in studying these pathogens under 
BSL-4 conditions. The virus-like particle (VLP) budding assay 
has helped to circumvent this roadblock. As VLP budding accu-
rately recapitulates critical steps of authentic live filovirus or are-
navirus budding, but can be carried out under BSL-2 conditions, 
it provides a safe, novel, and innovative system to interrogate 
host interactors that influence the budding process and to test/
validate new therapeutics that block virus egress. Indeed, our 
understanding of the budding process and identification of 
important virus–host interactions that contribute to efficient 
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virus egress has progressed rapidly over the last decade, in part, 
due to the use of VLP budding assays [11–36]. Our model Ebola 
VP40 VLP budding assay is described below.

2  Materials

	 1.	pCAGGS vector containing full-length Ebola virus VP40 gene 
(eVP40) or GFP fused to the N-terminus of EBOV VP40 
(GFP-eVP40).

	 2.	HEK293T cells.
	 3.	DMEM (Life Technologies), 10% fetal calf serum (HyClone), 

1× pen/strep.
	 4.	Rabbit polyclonal antiserum raised against Ebola virus VP40 

peptide (Cocalico Biologicals; PA).
	 5.	Lipofectamine reagent (Invitrogen) (see Note 1).
	 6.	Opti-MEM (Life Technologies) and fetal calf serum (HyClone).
	 7.	RIPA buffer: 50  mM Tris [pH  8.0], 150  mM NaCl, 1.0% 

NP-40, 0.5% deoxycholate, and 0.1% sodium dodecyl sulfate 
(SDS).

	 8.	STE buffer for VLPs: 0.01  M Tris–HCl [pH  7.5], 0.01  M 
NaCl, and 0.001 M EDTA [pH 8.0].

	 9.	For electrophoresis of proteins: 5X loading buffer: 1.5  M 
Tris–HCl, pH 6.8; 0.5 M DTT, 10% SDS, 0.5% bromophenol 
blue, and 50% glycerol.

	10.	Leica DMI6000 microscope with a 100× (1.46 NA) oil immer-
sion objective lens and a Photometrics Evolve 512 Camera 
(Tucson, AZ).

	11.	Mattek dishes were used in a heated, humidified environmen-
tal chamber (PECON Incubator PM 2000 RBT, PECON 
CO2-Controller 2000 with Humidifier, Heating Insert P 2000, 
Germany) (see Note 2).

	12.	Fluorescence observed by setting 488 nm total internal reflec-
tion fluorescence (TIRF) laser excitation to a maximum depth 
of 90 nm. Images were collected at 10 s intervals with Leica 
LASX software. TIRF microscopy was performed at the Penn 
Vet Imaging Core (PVIC) directed and managed by Drs. 
B. Freedman and G. Ruthel, respectively.

	13.	All small molecule compounds (e.g., compound 4) were >95% 
pure, were suspended in DMSO at appropriate concentrations, 
and were stored at −20 °C (see Note 3).

Ronald N. Harty
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3  Methods

Day 1—Seed HEK293T cells in collagen-coated 6-well plate 
(1 × 106/well) and incubate at 37 °C overnight.

Day 2—Mix 0.5 μg (see Note 4) of the eVP40 plasmid with 10 μl of 
the Lipofectamine reagent, and add the mixture to the cells for 6 h 
in Opti-MEM media. Replace media with new Opti-MEM with 
or without budding inhibitors and incubate at 37 °C for 24 h.

	 1.	VLPs—Remove culture media and centrifuge at 351 × g for 
10 min to remove cellular debris.

	 2.	Layer media onto a 20% sucrose cushion in STE buffer, and 
centrifuge at 220,000 × g for 2 h at 4  °C to harvest VLPs. 
Suspend the VLP pellet in 20–40 μl of STE buffer overnight at 
4 °C (see Fig. 1).

	 3.	Cells—Add 300 μl of RIPA buffer to the cells and centrifuge at 
9,500 × g at 4 °C for 5 min.

	 1.	Quantify protein using Bio-Rad Protein Assay kit, and use 10% 
polyacrylamide gel.

	 2.	Mix 10–50 μg of cell lysates with protein loading buffer and 
microfuge 10 s.

	 3.	Heat samples at 95 °C for 5 min, put quickly on ice for 3 min, 
microfuge for 10 s, and load samples on the gel.

	 4.	Transfer proteins to nitrocellulose membrane (80  V) for 
1.5–2 h.

	 5.	Rinse the membrane gently in PBS-T, and then block it with 
PBS-T plus 5% milk for 1–3  h at RT or overnight at 4  °C  
(see Note 5).

	 6.	Incubate filter with primary antibody (Ab), diluted appropriately 
in PBS-T plus 2% milk, for 1–2 h at RT with gentle shaking.

3.1  Transient 
Transfection

3.2  Harvest Cell 
Extracts and VLPs

3.3  SDS-PAGE, 
Western Blotting, 
and Protein 
Quantification

Fig. 1 Overview of VLP budding assay

Hemorrhagic Fever Viruses Budding
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	 7.	Wash the blot 3× for 10 min each in washing buffer (PBS-T) 
with shaking.

	 8.	Incubate filter with secondary Ab, diluted appropriately in 
PBS-T, for 1 h at RT.

	 9.	Wash the blot 3× for 10 min each in washing buffer (PBS-T) 
with shaking.

	10.	Drain washing buffer, add ECL solution (Amersham), and 
develop film for 30 s to 1 min.

	11.	Quantify protein bands using NIH ImageJ software.

	 1.	Seed HEK293T cells at 0.5 × 106 cells/ml on a #1.5 cover 
glass bottom culture dish (Mattek Corporation, Ashland MA, 
USA), and incubate at 37 °C, 5% CO2 overnight.

	 2.	The next morning, transfect cells as above with 0.5 μg of GFP-
eVP40 plasmid using Lipofectamine for 6 h, and then replace 
the media with fresh Opti-MEM (Thermo Fisher).

	 3.	Place the Mattek dish in a heated, humidified environmental 
chamber, and maintain the cells at 37 °C, 5% CO2 for the dura-
tion of imaging (6–24 h post transfection).

	 4.	Visualize the cells (see Fig. 2) using a Leica microscope with a 
100× oil immersion objective lens and a Photometrics Evolve 
512 Camera. The GFP-eVP40 fluorescence at the plasma 
membrane was observed by setting 488  nm total internal 
reflection fluorescence (TIRF) laser excitation to a maximum 
depth of 90 nm, and images were acquired at 10  s intervals 
with Leica LASX software.

Transfection and budding assays with inhibitors were performed as 
described above. Inhibitors were dissolved in DMSO to produce 
stock concentrations of 100 mM, and inhibitors were diluted in 
DMSO (0.03–1.0 μM) and added directly into the media for the 
duration of the experiment (see Note 6).

3.4  Live Cell Imaging 
Using TIRF Microscopy

3.5  Inhibition of VLP 
Budding Using Small 
Molecule Inhibitors

Fig. 2 TIRF microscopy image of HEK293T cells expressing VLP-like projections 
of GFP-eVP40 at the plasma membrane

Ronald N. Harty
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4  Notes

	 1.	This reagent routinely allowed for efficient transfection of 
HEK293T cells; however, other transfection reagents can be 
used as well.

	 2.	The heated stage and humidified environment is critical for 
long-term imaging (e.g., 24 h).

	 3.	It is important to check the compounds for purity (e.g., by 
HPLC), for solubility in DMSO, and for cytotoxicity using a 
standard MTT or XTT assay. Multiple freeze-thaw cycles of the 
compounds should be avoided.

	 4.	While we routinely use 0.5  μg of eVP40 plasmid DNA for 
transfection, the general rule of thumb is to use the least 
amount plasmid that allows detectable protein expression.

	 5.	In general, 30–60 min of incubation time for the nitrocellulose 
filter and washing buffer or antibody solution is sufficient; 
however, one can incubate overnight for these steps if it is 
more convenient.

	 6.	Always use DMSO alone as a negative control.
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Chapter 16

Roles of Arenavirus Z Protein in Mediating Virion Budding, 
Viral Transcription-Inhibition and Interferon-Beta 
Suppression

Junjie Shao, Yuying Liang, and Hinh Ly

Abstract

The smallest arenaviral protein is the zinc-finger protein (Z) that belongs to the RING finger protein 
family. Z serves as a main component required for virus budding from the membrane of the infected cells 
through self-oligomerization, a process that can be aided by the viral nucleoprotein (NP) to form the viral 
matrix of progeny virus particles. Z has also been shown to be essential for mediating viral transcriptional 
repression activity by locking the L polymerase onto the viral promoter in a catalytically inactive state, thus 
limiting viral replication. The Z protein has also recently been shown to inhibit the type I interferon-
induction pathway by directly binding to the intracellular pathogen-sensor proteins RIG-I and MDA5, 
and thus inhibiting their normal functions. This chapter describes several assays used to examine the 
important roles of the arenaviral Z protein in mediating virus budding (i.e., either Z self-budding or NP-Z 
budding activities), viral transcriptional inhibition in a viral minigenome (MG) assay, and type I IFN 
suppression in an IFN-β promoter-mediated luciferase reporter assay.

Key words Arenavirus, Lassa virus, Pichindé virus, Matrix protein, RING protein, Virus budding, 
Interferon suppression, Transcription inhibition

1  Introduction

The Arenaviridae consists of a large group of bisegmented single-
stranded ambisense RNA viruses that can cause significant morbid-
ity and mortality in humans. Lassa virus and Lujo virus (LUJV), 
found in Africa, and several other arenaviruses found in South 
America can cause severe hemorrhagic fever (HF). There are cur-
rently limited prevention and treatment modalities against these 
pathogenic arenaviruses. The only available vaccine (Candid #1) 
has been developed and used extensively to prevent Argentinian 
hemorrhagic fever (AHF) caused by Junín virus (JUNV) [1]. 
Ribavirin, a guanosine analog, has been used in treating arenaviral 
HF with mixed success and significant toxicity [2].
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The arenaviral genome is composed of two segments: the L 
(large) segment encodes the Z matrix protein and the L poly-
merase protein, while the S (small) segment encodes the glyco-
protein (GPC) and nucleoprotein (NP). The smallest arenaviral 
protein of 90–99 amino acids in size, depending on the virus, is 
the zinc-finger protein (Z) that belongs to the RING finger pro-
tein family [3]. Like other known RING finger proteins [4], the 
arenavirus Z protein has been shown to interact with many cellu-
lar proteins, including but not necessarily limited to the promy-
elocytic leukemia protein (PML), eukaryotic elongation factor 4E 
(eIF4E) or components of the endosomal sorting complexes 
required for transport (ESCRT) [4, 5]. In addition to interacting 
with cellular proteins, Z also interacts with the arenaviral L pro-
tein to latch the protein onto the genome in order to ensure that 
the L polymerase is incorporated into virion particles [6]. The 
interaction between Z and the L polymerase of the Tacaribe virus 
(TCRV) appears to be essential for mediating viral transcriptional 
repression activity [7]. Z appears to lock the L polymerase onto 
the viral promoter in a catalytically inactive state, thus limiting 
viral replication [6, 8, 9].

Z also serves as a main component required for viral budding 
by oligomerizing and forming the viral matrix of progeny virus 
particles [4]. The Z homo-oligomerization process is likely 
important for its function in virion budding [10]. A crystal 
structure of a dodecamer form of the LASV Z protein has 
recently been solved [11]. It shows a ring-like structure of Z 
with highly basic residues, including a Lys–Trp–Lys triad in the 
center, as important for Z oligomerization. It is important to 
note that arenaviral NP protein appears to be required for effi-
cient Z-mediated budding activity of the Tacaribe virus (TCRV) 
[12] and Pichindé virus (PICV) [13] possibly through specific 
NP–Z interactions [14, 15].

Arenaviral Z protein has also recently been shown to inhibit 
the type I interferon-induction pathway by directly binding to the 
N-terminal CARD domain of the intracellular pathogen-sensor 
proteins RIG-I and MDA5 [16]. Z proteins from all known patho-
genic arenaviruses [e.g., LASV, LUJV, JUNV, Machupo (MACV), 
Sabiá (SABV), Chapare (CHPV), Guanarito (GTOV), and 
Dandenong (DANV)] as well as the relatively low pathogenic lym-
phocytic choriomeningitis virus (LCMV) are able to bind to RIG-I 
as well as MDA5 and thus, suppress the production of interferon-
beta (IFN-β). In contrast, Z proteins of many known nonpatho-
genic arenaviruses do not bind to RIG-I or MDA5 and fail to 
inhibit the IFN induction pathway [16]. The fact that this small Z 
protein plays multiple roles in arenaviral replication and in modu-
lating host immune responses to viral infection highlights the 
importance of this viral protein as a potential target for antiviral 
drug development. This chapter describes several assays used to 

Junjie Shao et al.



219

examine the important roles of the arenaviral Z protein in mediating 
virus budding (i.e., either Z self-budding or NP-Z budding activi-
ties), viral transcriptional inhibition in a viral minigenome (MG) 
assay, and type I IFN suppression in an IFN-β promoter-mediated 
luciferase reporter assay.

2  Materials

	 1.	Cells: Human kidney epithelial 293T cells are grown in DMEM 
supplemented with 10% FBS and 50 μg of penicillin–strepto-
mycin/ml.

	 2.	Plasmids: For PICV Z protein and NP expression constructs, 
genes are amplified from the respective plasmid of the full-
length PICV L or S segment using primers containing hemag-
glutinin (HA) or Myc tag at the C terminus, and cloned into 
the pCAGGS expression vector. IFN-β promoter-directed 
LUC plasmid is used for a Z-induced interferon suppression 
assay. MGLF7-5Rluc3 plasmid is used for minigenome assay. 
pSV-β-Galactosidase Control Vector is purchased from 
Promega. Human RIG-I N terminal domain (RIG-iN) and 
LASV Z gene (with HA tag) are cloned into the pCAGGS vec-
tor as previously described [16].

	 3.	Assay kits for beta-galactosidase, firefly luciferase, and Renilla 
luciferase.

	 4.	Promega cell culture lysis 5× reagent.
	 5.	Lipofectamine 2000.
	 6.	PCR thermal cycler.
	 7.	Microcentrifuge.
	 8.	Ultracentrifuge.
	 9.	Water bath.
	10.	Enhanced chemiluminescence (ECL) kit to detect bands in 

Western blots.
	11.	ECL detection device (Thermo).
	12.	Polyethylene glycol (PEG).
	13.	Plate reader.
	14.	2× HBS: 50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, 

pH 7.10.
	15.	2.5 M calcium chloride stock solution.
	16.	RIPA buffer: 10  mM Tris–HCl (pH  8.0), 1  mM EDTA, 

0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 
0.1% SDS, 140 mM NaCl.

Assays of Arenavirus Z Protein Function
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3  Methods

	 1.	293T cells are seeded in 10 cm tissue culture dish at 3 × 106/
dish with complete DMEM.

	 2.	On the morning of the day of transfection, replace cell-culture 
media with an equal aliquot of fresh complete DMEM.

	 3.	Prepare plasmids and calcium chloride mix fresh as follows:

10 μl pCAGGS-PICV-Z-HA plasmid (1 μg/μl)

50 μl 2.5 M calcium chloride

440 μl Water

Add 500 μl 2× HBS to above mixture while vortexing at the 
lowest speed setting for 10 s. The mixture is added dropwise using 
a pipetman into dish. Media are replaced with same amount of 
complete DMEM 6 h post-transfection.

	 4.	Forty-eight hours post-transfection, supernatants are collected 
and centrifuged at 15,000 × g for 10 min at 4 °C. The budded 
VLP in the cleared supernatants are precipitated with 8% PEG 
8000, 0.5 M sodium chloride, collected after centrifugation at 
15,000 × g for 15 min, and lysed in RIPA buffer.

	 5.	Cell lysates and the budded VLP are analyzed on a 15% sodium 
dodecyl sulfate–polyacrylamide gel (SDS-PAGE) and Z proteins 
are detected by Western blotting with the anti-HA antibody.

	 6.	Figure 1 shows results of the wild-type PICV Z self-budding as 
VLP.

	 1.	293T cells are seeded in a 10 cm tissue culture dish at 3 × 106/
dish with complete DMEM.

	 2.	On the morning of the day of transfection, replace culture 
media with an equal aliquot of fresh complete DMEM.

	 3.	Prepare plasmids and calcium chloride mix fresh as follows:

10 μl pCAGGS-PICV-NP plasmid (1 μg/μl)

10 μl pCAGGS-PICV-Z-HA plasmid (1 μg/μl)

50 μl 2.5 M calcium chloride

440 μl Water

Add 500 μl 2× HBS into above mixture by vortexing using the 
lowest speed setting for 10 s. The mixture is added dropwise using 
a pipetman into dish. Media are replaced with same amount of 
complete DMEM 6 h post-transfection.

	 4.	Forty-eight hours post-transfection, supernatants are collected 
and centrifuged at 15,000 × g for 10 min at 4 °C. The budded 

3.1  Z Self-Budding 
Assay

3.2  NP-Z Budding 
Assay
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VLP in the cleared supernatants are precipitated with 8% PEG-
8000, 0.5 M sodium chloride, collected after centrifugation at 
15,000 × g for 15 min, and lysed by RIPA buffer. Cell lysates 
and the budded VLP are analyzed on a 15% sodium dodecyl 
sulfate (SDS)–polyacrylamide gel and detected for Z and NP 
proteins by Western blotting with the anti-HA antibody and 
rabbit anti-PICV NP sera, respectively (see Note 1).

	 5.	Figure 2 shows results of NP incorporation into the Z-mediated 
VLP.

	 1.	293T cells are seeded into 12 well-plate at 3 × 105/well with 
complete DMEM.

	 2.	In the morning of the day of transfection, culture media are 
replaced by an equal aliquot of fresh media.

	 3.	Prepare DNA and calcium phosphate mix as follows:

1 μl pSV-β-Galactosidase plasmid (50 ng/μl)

1 μl IFN-β promoter reporter plasmid (100 ng/μl)

1 μl pCAGGS-PICV-Z-HA or pCAGGS-LASV-
Z-HA plasmid (1 μg/μl)

1 μl pCAGGS-RIG-iN plasmid (50 ng/μl)

5 μl 2.5 M calcium chloride

47 μl Water

3.3  IFN-β Promoter-
Driven Luciferase 
Reporter Assay

Fig. 1 Analysis of the self-budding activity of the wild-type PICV Z protein. 293T 
cells were transfected with an empty vector (lane 1) or the WT PICV Z expres-
sion vector (lane 2). Expressions of HA-tagged Z proteins (Z-HA) along with 
GAPDH as loading control in the cell lysates were analyzed by Western blot. 
Virus supernatants (VLP) were collected, precipitated by PEG-8000, separated 
on 15% SDS-PAGE, and analyzed by Western blot

Assays of Arenavirus Z Protein Function
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To prepare triplicates for each test condition, mix as 
follows:

3 μl pSV-β-galactosidase plasmid (50 ng/μl)

3 μl IFN-β promoter reporter plasmid (100 ng/μl)

3 μl pCAGGS-PICV-Z-HA plasmid or pCAGGS-
LASV-Z-HA plasmid (1 μg/μl)

15 μl 2.5 M calcium chloride

141 μl Water

Into each tube of DNA–calcium phosphate mixture, add 75 μl 
2× HBS, vortex using very low speed to mix, and add the mixture 
to three wells of cells (98 μl per well).

	 4.	Twenty-four hours post-transfection, the supernatants are 
aspirated and cells are lysed by 100 μl of Luciferase Cell Culture 
Lysis 1× Reagent. 20 μl of cell lysate is used for firefly luciferase 
assay and another 50 μl of cell lysate is used for β-gal assay 
according to manufacturer’s instructions.

	 5.	The firefly luciferase activity is normalized by dividing the Firefly 
luciferase reading by the β-gal reading. The IFN-β promoter activ-
ity is represented by the folds of the normalized firefly luciferase 
activity of the test to that the control (see Note 2).

Fig. 2 NP incorporation into Z-mediated VLP formations. 293T cells were trans-
fected with WT PICV Z protein expression vector (lanes 1 and 3), empty vector (lane 
2), and with the NP expression vector (lanes 2 and 3). The amounts of VLP released 
into the supernatants were analyzed by Western blot against Z and NP proteins on 
15% SDS-PAGE along with GAPDH as loading control in the cell lysates

Junjie Shao et al.
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	 6.	Figure 3 shows results of the LASV Z-mediated suppression of 
the IFN-β promoter activity.

	 1.	The plasmid MGLF7-5Rluc3 is linearized by digestion with 
Nhe I restriction enzyme.

	 2.	DNA is extracted by standard phenol/chloroform and isopro-
panol precipitation.

	 3.	Transcription reaction is assembled at room temperature 
according to Ambion MEGAscript® Kit manual. Calculate the 
volume of nuclease-free water to bring the total volume to 
20 μl, and to this amount add 2 μl ATP, 2 μl CTP, 2 μl GTP, 
2 μl UTP, 2 μl 10× reaction buffer, 1 μg linearized template 
DNA, and 2 μl enzyme mix.

	 4.	Sample is incubated at 37 °C for 4 h.
	 5.	A hundred and fifteen microliters of nuclease-free water and 

15 μl ammonium acetate stop solution are added.
	 6.	RNA is extracted by phenol–chloroform and isopropanol-

precipitated using the standard technique.
	 7.	Carefully discard the precipitating solution and the RNA is 

resuspended in 80 μl of DEPC-treated water.
	 8.	RNA is quantified and adjusted to a concentration of 1 μg/μl 

(see Note 3).

3.4  Z-Mediated Viral 
Minigenome (MG) 
Replication 
and Transcription 
Assay

3.4.1  In Vitro RNA 
Transcription
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Fig. 3  Z-mediated suppression of the IFN-β promoter-driven luciferase reporter 
activity. LASV Z, but not PICV Z, inhibits RIG-iN-induced IFN-β activation in a luciferase 
(LUC)-based promoter assay. 293T cells were transfected with two different concen-
trations [100 ng (gray bars) and 1000 ng black bars)] of either an empty vector (V) or 
Z plasmids (LASV or PICV) together with IFN-β–LUC, β-Gal, and RIG-iN plasmids. Neg 
negative control (no RIG-iN transfection)
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	 1.	293T cells are seeded into 24-well plates at 1 × 105 cells/well 
that contains 0.5 ml of DMEM with 10% FBS and 50 μg/ml 
of penicillin and streptomycin.

	 2.	On the morning of the day of transfection, a fresh aliquot of 
the cell media is added to the 293T cell culture.

	 3.	DNA and calcium phosphate mixture is prepared at room tem-
perature as follows:
Each of the 25-μl of DNA mix (for one 24-well transfection) 
contains:

1 μl Beta-gal reporter plasmid (50 ng/μl)

1 μl pCAGGS-PICV-Z-HA plasmid (1 μg/μl)

1 μl pCAGGS-NP plasmid (250 ng/μl)

1 μl pCAGGS-L plasmid (500 ng/μl)

2.5 μl 2.5 M calcium chloride

18.5 μl Water

To prepare triplicates for each test condition, make a mixture 
as follows:

3 μl Beta-gal reporter plasmid (50 ng/μl)

3 μl pCAGGS-PICV-Z-HA plasmid (1 μg/μl)

3 μl pCAGGS-NP plasmid (250 ng/μl)

3 μl pCAGGS-L plasmid (500 ng/μl)

7.5 μl 2.5 M calcium chloride

55.5 μl Water

Into each tube of DNA–calcium phosphate mixture 
(25 × 3 = 75 μl), add 75 μl of 2xHBS. The sample is gently mixed 
by vortexing using the lowest speed setting. The mixture is added 
dropwise using a pipetman into each well of cells (48 μl of sample 
into each well of the 24-well plate).

	 4.	Cells are incubated in a 37 °C CO2 incubator for 24 h.

	 1.	Four hours before transfection, an aliquot of fresh antibiotics-
free DMEM is used to replace the overnight cell culture media.

	 2.	For each well, 1 μg of in vitro-transcribed RNA (see Note 3) is 
diluted into 25 μl Opti-MEM® I Medium.

	 3.	For each well, 1 μl of Lipofectamine™ 2000 is diluted into 
25 μl Opti-MEM® I Medium and incubated for 5 min at room 
temperature.

	 4.	The diluted RNA is added to diluted Lipofectamine™ and 
incubated at room temperature for no more than 10 min.

3.4.2  Plasmid 
Transfection

3.4.3  RNA Transfection 
at 24 h After Plasmids 
Transfection
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	 5.	RNA–Lipofectamine™ 2000 complexes are directly added to 
each well containing cells and mixed gently by rocking the 
plate back and forth. The cells are incubated at 37 °C in a CO2 
incubator.

	 6.	The cell medium is replaced by fresh DMEM medium (10% 
FBS) at 6 h post-transfection.

	 7.	Twenty-four hours post-RNA transfection, cells are washed 
once by PBS. Then cells are lysed by lysis buffer for Renilla 
luciferase assay.

	 1.	Twenty microliters of cell lysate is used for Renilla luciferase 
assay and another 50 μl of cell lysate is used for β-gal assay 
according to manufacturer’s instructions.

	 2.	Renilla luciferase activity is normalized by dividing the Renilla 
luciferase reading by the β-gal reading. The minigenome repli-
cation activity is represented by the folds of the normalized 
Renilla luciferase activity of the test to that of the control.

	 3.	Figure 4 shows results of Z-mediated viral minigenome 
inhibition.

3.4.4  Renilla Luciferase 
Assay

Fig. 4 Z-mediated inhibition of viral RNA synthesis. PICV Z protein was examined 
for its ability to inhibit viral RNA transcription in the minigenome assay. Control 
reaction contains the minigenomic RNA and the NP-expressing plasmid only, 
whereas other reactions also contain other protein-expressing plasmids (i.e., 
either L-expressing plasmid or L- and Z-expressing plasmids). Results shown 
are the average of at least three independent experiments with error bars repre-
senting standard deviations

Assays of Arenavirus Z Protein Function
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4  Notes

	 1.	Western blot analyses are conducted using rabbit sera raised 
against specific short peptides within the NP protein as 
previously described [17]. Peptide sequences and limited ali-
quots of the rabbit sera are available upon request.

	 2.	When performing the IFN-β promoter assay, the amount of 
RIG-iN and Z plasmid is critical. Low Z and RIG-iN protein 
expression will lead to unreliable IFN-β readings.

	 3.	The integrity of the RNA needs to be validated by agarose gel 
electrophoresis prior to use in the transfection reaction.
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Chapter 17

Structure–Function Assays for Crimean–Congo 
Hemorrhagic Fever Virus Polymerase

Marko Zivcec

Abstract

The recently developed Crimean–Congo hemorrhagic fever virus (CCHFV) reverse genetics systems have 
paved the way for experiments looking to identify and characterize the roles played by viral and cellular 
proteins in the CCHFV life cycle. In particular, the development of the noninfectious minigenome and 
virus-like particle (VLP) systems is a tremendous technological advance, as these systems allow for precisely 
targeting proteins or nucleic acids and measuring the effects these mutations or treatments have on viral 
life cycle stages. Importantly, these systems can be used at low-containment levels. Presented are the mate-
rials and methods currently available to study CCHFV transcription, replication, and translation in the 
context of a minigenome or VLP.

Keywords CCHFV, Minigenome, VLP, Reverse-genetics, Transcription, Replication, Polymerase

1  Introduction

Reverse genetics systems have been extensively used to elucidate 
mechanisms of transcription, replication, and particle assembly of 
clinically and agriculturally important viruses [1]. Recently, several 
reverse genetics platforms for studying Crimean–Congo hemor-
rhagic fever virus (CCHFV) have been developed [2–5]. While 
studying infectious, recombinant, and/or naturally occurring 
CCHFV isolates reflects the entire viral replication cycle in vitro, 
such studies are cumbersome and do not allow for the examination 
of individual steps in the viral life cycle. Conversely, life cycle mod-
eling systems, such as minigenome and virus-like particle (VLP) 
systems, may be used to dissect parts of the viral life cycle in bio-
safety level 2 (BSL-2) facilities. Here, we present the use of minig-
enomes and VLPs for studying the CCHFV transcription cycle.

The recently described minigenome and transcriptionally and 
entry-competent VLPs (tecVLPs) can be produced from highly 
transfectable cell lines, and can enter into and produce a luciferase 
signal in several cell lines [3, 5]. The generated tecVLPs can 
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subsequently enter into both efficiently and poorly transfectable 
cells. Using a combination of luciferase and quantitative RT-PCR 
(qRT-PCR) approaches, tecVLPs allow for the study of CCHFV 
transcription, replication, and translation in multiple cell types.

In practice the systems are complimentary to one another 
and can be used to dissect and study each of the steps in the com-
plete CCHFV replication cycle, without the burden of using 
infectious CCHFV. In studies in which cell-to-cell spread is not 
required the minigenome system can be used while the tecVLP 
system can be used for studies in which targeting cell-to-cell 
spread is essential. Furthermore the systems allow for the testing 
of inhibitors of CCHFV transcription, replication, translation, 
protein maturation, particle assembly, budding, and entry in a 
BSL-2 setting, thus accelerating the rate of discovery of novel 
CCHFV therapeutics.

2  Materials

	 1.	Maintenance media for BSR-T7 cells: DMEM supplemented 
with 1 mM sodium pyruvate, 1% penicillin–streptomycin), and 
5% fetal bovine serum (GE Life Sciences; see Note 1).

	 2.	Maintenance media for HuH7 cells: DMEM supplemented 
with 10% fetal bovine serum, 1  mM sodium pyruvate, 1% 
penicillin–streptomycin, and 1% nonessential amino acids (see 
Note 1).

	 3.	Transfection medium: OptiMEM (Thermo Fisher Scientific).
	 4.	Cell lysis buffer for RNA extraction is fully constituted Lysis 

Binding Solution mixed with 100% isopropanol at a volume 
ratio of 11:9, respectively (Thermo Fisher Scientific).

	 5.	Cell lysis buffer for luciferase assay: Nano-Glo® Luciferase 
Assay Buffer or 1× Passive Lysis Buffer (Promega).

	 1.	Prepare the following endotoxin-free and sequence-confirmed 
plasmids for transfection (see Note 2): pCAGGS-T7, encodes a 
bacteriophage T7 RNA polymerase; pCAGGS-NP, encodes 
CCHFV nucleocapsid protein; pCAGGS-GPC, encodes 
CCHFV glycoprotein precursor protein; pCAG-LCK-L, 
encodes CCHFV RNA-dependent RNA polymerase; pLCK-L-
NanoLuc, encodes the CCHFV L segment minigenome [5].

	 2.	LT1 transfection reagent (Mirus Bio).

	 1.	MagMax RNA extraction kit (Thermo Fisher Scientific; see 
Note 3).

	 2.	MagMax Express-96 Magnetic Particle Processor.
	 3.	Baseline-ZERO DNase (Epicentre Bio, Madison, WI) or 

equivalent dual action DNase.

2.0.1  Cells, Media, 
and Lysis Buffers

2.1  CCHFV 
Minigenome 
and tecVLP Generation

2.1.1  Transfection 
with CCHFV-Replication 
and -Helper Plasmids

2.2  CCHFV 
Minigenome RNA 
Extraction, qRT-PCR, 
and Luciferase Assay
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	 4.	SuperScript III Platinum One-Step qRT-PCR Kit (Thermo 
Fisher Scientific) Master mix (per reaction): 12.5  μL 2× 
Reaction Mix, 0.5  μL primer/probe master mix, 0.5  μL 
SuperScript III RT/Platinum Taq mix, and 6.5 μL nucle-
ase-free water.

	 5.	Assemble the following NanoLuc luciferase Taqman 
primers and probes (all from TIB Molbiol): NLucF, 
AGGTGGTGTACCCTGTGGAT; NLucR, ACGGCGAT
GCCTTCATAC; NLucPr, 6FAM-TGATCCTGCACTATG
GCACACTGG--BBQ (see Note 3).

	 6.	Appropriate cell type-specific qRT-PCR internal control prim-
ers (see Note 4).

	 7.	Nano-Glo Luciferase Assay System (Promega; see Note 5).

3  Methods

	 1.	Prepare BSRT7 or HuH7 cells in 6-well plates to reach 60–90% 
confluence on the day of transfection (see Note 6).

	 2.	Equilibrate plasmids to room temperature and mix thoroughly 
by shaking or pipetting. Briefly centrifuge the tubes to collect 
the plasmids.

	 3.	For minigenomes, in a small sterile vial, mix: 1000 μg pCAGGS-
NP, 500 μg pCAG-LCK-L, 1000 μg pCAGGS-T7, and 250 μg 
pLCK-L-NanoLuc per well of cells to be transfected. Record 
the total plasmid volume (see Note 7). Optionally, you could 
add 50  μg of firefly luciferase-expressing plasmid, e.g., 
pGL4.53[luc2/PGK] Vector (Promega).

	 4.	For tecVLPs, in a small sterile vial, mix: 1000 μg pCAGGS-NP, 
2500  μg pCAGGS-GPC, 500  μg pCAG-LCK-L, 1000  μg 
pCAGGS-T7, and 250 μg pLCK-L-NanoLuc per well of cells 
to be transfected. Record the total volume of plasmids (see 
Note 7).

	 5.	For control cells, in a small sterile vial, mix: 1000 μg pCAGGS-
T7, 250 μg pLCK-L-NanoLuc, and 1500–4000 μg pCAGGS 
per well of cells to be transfected (these serve as the back-
ground control or calibrator cells). Record the total plasmid 
volume (see Note 7).

	 6.	For transfecting plasmid mixtures into cells, in another tube, 
mix: 250 μL OptiMEM and 9 μL (for minigenomes) or 15 μL 
(for tecVLP) LT1 transfection reagent per well of cells to be 
transfected (see Note 7). Incubate at room temperature for 
1–5 min.

	 7.	Combine the plasmid mixtures from Subheading 3.1, step 3, 
or Subheading 3.1, step 4, and from Subheading 3.1, step 5 

3.1  CCHFV 
Minigenome Assay

Structure–Function Assays for Crimean–Congo Hemorrhagic Fever Virus Polymerase
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with the mixture from Subheading 3.1, step 6 and mix thor-
oughly. Incubate at room temperature for 20–30 min.

	 8.	While the transfection reagent and plasmids are incubating, 
label the plates to be transfected.

	 9.	For minigenomes, add (259 + volume of combined plasmids) 
μL of transfection mixture to cells in a circular motion, and 
incubate the cells overnight at 37  °C in a humidified 
incubator.

	10.	For tecVLPs, add (265 + volume of combined plasmids) μL of 
transfection mixture to cells in a circular motion, and incubate 
the cells overnight at 37 °C in a humidified incubator.

	11.	The following day, remove transfection reagent and replace 
with fresh media.

	12.	Incubate the transfected cells for 1 (minigenome) or 2 (tecVLP) 
more days.

	13.	For minigenomes, remove media and lyse the cells with lysis 
buffer appropriate for application, or freeze at ≤−20 °C.

	14.	For tecVLPs, collect media on day 3–4 post transfection. Filter 
the collected media through 0.22 μm pore-size filter, or centri-
fuge briefly (5–10 min at 1000–2000 × g) prior to freezing at 
≤−80 °C.

	15.	tecVLP concentration may be quantified using a modified tis-
sue culture infectious dose 50% (TCID50) assay [5] or qRT-
PCR (see Note 8).

	 1.	Prepare cell line of interest prior to thawing tecVLP stocks (see 
Note 9). If testing compounds or otherwise treating target 
cells, treat as necessary (e.g., transfect with siRNA or pretreat 
with inhibitor, if using).

	 2.	Thaw tecVLP stocks and dilute as necessary with DMEM or 
other media.

	 3.	Add 10–100 μL tecVLP stock per 0.3 cm2 of target cells and 
incubate at 37  °C in a humidified incubator for 1  h to 
overnight.

	 4.	Wash recipient cells 2–3 times with PBS or plain cell medium, 
and incubate overnight in fresh medium. Alternatively, wash 
recipient cells 2–3 times with PBS prior to harvesting cells with 
the desired lysis method (for RNA isolation or luciferase assay).

Follow manufacturer’s instructions (Nano-Glo Luciferase Assay 
System, Promega), or see below.

	 1.	Optional: partially remove supernatant from transfected or 
tecVLP-treated cells to use less lysis buffer per well.

	 2.	Add a volume of fully reconstituted Nano-Glo Luciferase Assay 
Substrate equal to the volume of supernatant in each well, and 

3.2  TecVLP Entry 
into Target Cells

3.3  Luciferase 
Assays

Marko Zivcec
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incubate at room temperature for ≥10  min but ≤2  h with 
shaking; shake occasionally by hand or constantly with a shaker 
(see Note 10).

	 3.	If using clear tissue culture plates, after the incubation step, 
mix thoroughly and pipette cells into opaque white or black 
plates. If using opaque tissue culture plates, simply proceed to 
plate reader.

	 4.	Set gain and read plate. Due to the strength of the NanoLuc 
signal, transfected cells may have to be diluted to prevent over-
loading the instrument sensors.

	 1.	Use MagMax RNA extraction kit and MagMAX™ Express-96 
Magnetic Particle Processor or equivalent according to manu-
facturer’s instructions.

	 2.	Treat purified RNA with a dual action DNase, for 30–120 min 
according to manufacturer’s instructions.

	 3.	Reextract RNA to remove DNase, as it would negatively affect 
PCR, by using MagMax RNA extraction kit and MagMAX™ 
Express-96 Magnetic Particle Processor or equivalent accord-
ing to manufacturer’s instructions.

	 1.	Dilute qRT-PCR primers and probe to create a primer/probe 
master mix with a final concentration of 20 μM for each primer 
and 10 μM for the probe.

	 2.	Set up qRT-PCR using SuperScript III Platinum One-Step 
qRT-PCR Kit reagents or equivalent (see Note 7).

	 3.	Add 20 μL of Superscript master mix to each well of qRT-PCR 
plate and 5 μL of DNase-treated purified RNA.

	 4.	Briefly, gently tap or centrifuge the qRT-PCR plate prior to 
placing the plate into Applied Biosystems 7300 Real-Time 
PCR System instrument.

	 5.	Cycle as follows: 15 min at 50 °C, 2 min at 95 °C, followed by 
40 cycles of 15 s at 95 °C and 30 s at 60 °C. Take readings at 
the 60 °C step.

	 6.	Analyze by appropriate software and standardize to calibra-
tor cells (cells transfected with only pCAGGS-T7 and 
pLCK-L-NanoLuc) using the ΔCT or ΔΔCT method, 
depending on whether internal gene primers and probe are 
used [6] (see Note 11).

ΔCT = (CTminigenome − CTcalibrator).
ΔΔCT = (CTminigenome − CTminigenome internal control 

gene)-(CTcalibrator- CTcalibrator internal control gene).
Fold change over calibrator cell lines is calculated as 2−ΔCT or 

2−ΔΔCT.

3.4  RNA Extraction 
for qRT-PCR

3.5  One-Step 
qRT-PCR

Structure–Function Assays for Crimean–Congo Hemorrhagic Fever Virus Polymerase
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4  Notes

	 1.	Make sure that cells are growing rapidly and are free of 
common laboratory contaminants, like mycoplasma or 
Sendai virus. Cell preparations that grow slowly will be 
difficult to transfect.

	 2.	Ensure that plasmids are prepared using high-quality, 
endotoxin-free preparations, or are treated with endotoxin 
removal reagents. We use NucleoBond Xtra EF kit from 
Macherey-Nagel (Bethlehem, PA, USA) to generate endotoxin-
free plasmids. In addition, confirm all plasmid sequences and 
determine the concentrations of all plasmids in solution.

	 3.	Any reliable commercial transfection, RNA extraction, DNase, 
and qRT-PCR reagents will probably be effective, but the pro-
tocol may need to be adapted for each substitution. For qRT-
PCR probes, dyes other than 6FAM may be used and quenchers 
other than BlackBerry Quencher (BBQ) may be used. However 
the use of other dark quenchers such as Black Hole Quencher 
is recommended.

	 4.	Ensure that the internal housekeeping gene control for qRT-
PCR, whether it is commercial or designed in-house, is a vali-
dated primer/probe combination targeting a gene that does 
not readily change due to transfection. Use a housekeeping 
gene such as β-actin, ribosomal protein(s), or cellular RNA 
polymerases. Validate internal control genes by transfecting 
with DNA plasmids and determining the CT of the housekeep-
ing gene. Select the gene that fluctuates the least. In hamster 
tissues, we found that the gene ribosomal protein L18 served 
as an effective internal control gene [7] however whether this 
gene can be used for other viruses is uncertain.

	 5.	Luciferase reagents other than Nano-Glo will likely yield 
poor results.

	 6.	When seeding cells for transfection, we typically seed 0.5 × 106 
to 1.0 × 106 cells/well (9.6 cm2) the day before transfection.

	 7.	Whenever preparing master mixes or stocks for multiple wells, 
always include enough components for an extra half reaction, 
or 5% more (whichever is larger), to ensure sufficient volume 
to transfect each well.

	 8.	If desired, tecVLP can be concentrated by centrifugation on a 
100 kDa cutoff Amicon column or equivalent, for 5–30 min at 
≤1500 × g. Concentration should be done after filtration or 
clarification but before freezing at ≤−80 °C.

	 9.	 tecVLPs may be used on several cell types without special pre-
treatment [5].

Marko Zivcec
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	10.	Plate rockers will not adequately mix the NanoLuc Assay 
reagents in 96-well plates, and therefore use of shakers, or 
shaking by hand, is advised.

	11.	Use ΔCT to measure the relative levels of NanoLuc RNA 
present in cell supernatants while using the ΔCT or ΔΔCT 
when investigating transfected cells.

Acknowledgements

The author would like to thank Tatyana Klimova and Cesar 
Albarino for critical editing of the manuscript. The findings and 
conclusions in this report are those of the authors and do not 
necessarily represent the official position of the Centers for Disease 
Control and Prevention.

References

	1.	 Hoenen T, Groseth A, de Kok-Mercado F et al 
(2011) Minigenomes, transcription and replica-
tion competent virus-like particles and beyond: 
reverse genetics systems for filoviruses and 
other negative stranded hemorrhagic fever 
viruses. Antivir Res 91:195–208. doi:10.1016/j.
antiviral.2011.06.003

	2.	 Devignot S, Bergeron E, Nichol S et al (2015) 
A virus-like particle system identifies the endo-
nuclease domain of Crimean-Congo hemor-
rhagic fever virus. J  Virol 89:5957–5967. 
doi:10.1128/JVI.03691-14

	3.	 Bergeron E, Albariño CG, Khristova ML, 
Nichol ST (2010) Crimean-Congo hemor-
rhagic fever virus-encoded ovarian tumor pro-
tease activity is dispensable for virus RNA 
polymerase function. J  Virol 84:216–226. 
doi:10.1128/JVI.01859-09

	4.	 Bergeron É, Zivcec M, Chakrabarti AK et  al 
(2015) Recovery of recombinant Crimean 

Congo hemorrhagic fever virus reveals a func-
tion for non-structural glycoproteins cleavage 
by Furin. PLoS Pathog 11:e1004879. 
doi:10.1371/journal.ppat.1004879

	5.	 Zivcec M, Metcalfe MG, Albariño CG et  al 
(2015) Assessment of inhibitors of pathogenic 
Crimean-Congo hemorrhagic fever virus strains 
using virus-like particles. PLoS Negl Trop Dis 
9:e0004259. doi:10.1371/journal.
pntd.0004259

	6.	 Livak KJ, Schmittgen TD (2001) Analysis of 
relative gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) 
method. Methods 25:402–408. doi:10.1006/
meth.2001.1262

	7.	 Zivcec M, Safronetz D, Haddock E et al (2011) 
Validation of assays to monitor immune 
responses in the Syrian golden hamster 
(Mesocricetus auratus). J  Immunol Methods 
368:24–35. doi:10.1016/j.jim.2011.02.004

Structure–Function Assays for Crimean–Congo Hemorrhagic Fever Virus Polymerase

https://doi.org/10.1016/j.antiviral.2011.06.003
https://doi.org/10.1016/j.antiviral.2011.06.003
https://doi.org/10.1128/JVI.03691-14
https://doi.org/10.1128/JVI.01859-09
https://doi.org/10.1371/journal.ppat.1004879
https://doi.org/10.1371/journal.pntd.0004259
https://doi.org/10.1371/journal.pntd.0004259
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.jim.2011.02.004


237

Maria S. Salvato (ed.), Hemorrhagic Fever Viruses: Methods and Protocols, Methods in Molecular Biology, vol. 1604,
DOI 10.1007/978-1-4939-6981-4_18, © Springer Science+Business Media LLC 2018

Chapter 18

Minigenome Systems for Filoviruses

Thomas Hoenen

Abstract

Filoviruses are among the most pathogenic viruses known to man, and work with live viruses is restricted 
to maximum containment laboratories. In order to study individual aspects of the virus life cycle outside 
of maximum containment laboratories, life cycle modeling systems have been established, which use 
reporter-encoding miniature versions of the viral genome called minigenomes. With basic minigenome 
systems viral genome replication and transcription can be studied, whereas more advanced systems also 
allow us to model other aspects of the virus life cycle outside of a maximum containment laboratory. These 
systems, therefore, represent powerful tools to study the biology of filoviruses, and for the screening and 
development of antivirals.

Key words Ebolaviruses, Marburgviruses, Filoviruses, Reverse genetics, Life cycle modeling system, 
Minigenome system

1  Introduction

Ebolaviruses and marburgviruses are the main members of the 
family Filoviridae. Most of these viruses, with the notable excep-
tion of the Reston virus, cause severe hemorrhagic fevers in humans 
with high case fatality rates. While the last few years have seen 
remarkable progress in the development of vaccines and antiviral 
treatments [1], at this time none of these countermeasures are 
approved for use in humans. Filoviruses are, therefore, generally 
considered to fall into the highest risk group of infectious disease 
agents, and work with live viruses is restricted to maximum con-
tainment biosafety level 4 (BSL-4) facilities. This constitutes a con-
siderable obstacle to research on these viruses, as there are only a 
handful of these facilities available worldwide, and work in them is 
rather cumbersome. However, the development of filovirus minig-
enome systems, which are an example of reverse-genetics based life 
cycle modeling systems, at the end of the last century by Becker 
and Mühlberger [2, 3] has made it possible to study aspects of the 
virus life cycle under BSL-1 or 2 conditions (depending on local 
regulations—see Note 1).
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Minigenomes are miniature versions of the viral genome in 
which the viral open reading frames and most noncoding regions 
have been removed and replaced with a reporter open reading 
frame (Fig. 1) [4]. However, the noncoding terminal leader and 
trailer regions, which carry all the signals necessary for the minig-
enome to be recognized as an authentic template for viral genome 
replication and transcription by the polymerase complex, are 
retained. The minigenome RNA is transcribed from an expression 
plasmid (initial transcription) either by exogenous T7-polymerase, 

Fig. 1 Schematic of replication-competent and replication-deficient minigenome systems. Cells are trans-
fected with a minigenome plasmid (mg) and the RNP plasmids encoding L, VP35, VP30, and NP. Initial tran-
scription (a) either by cellular PolI or by T7 RNA polymerase provided from a plasmid (not shown) results in a 
“naked” minigenome (vRNA), which is subsequently encapsidated (b) and can then serve as a template for 
genome replication (c) and transcription (d), in case of a replication-competent minigenome, or just transcrip-
tion (d) in case of a replication-deficient minigenome. This results in production of reporter protein 
(e). Reprinted from [4] with permission from Elsevier

Thomas Hoenen
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or by cellular RNA-polymerase I [5, 6] (see Note 2). Depending 
on the expression strategy, it can become necessary to include ribo-
zyme sequences at the ends of the transcripts to ensure authentic 
RNA termini (see Note 3). The “naked” initial minigenome tran-
script is then illegitimately encapsidated by the coexpressed filovi-
rus nucleoprotein NP, and these encapsidated vRNA minigenomes 
then serve as templates for genome replication and transcription by 
the ribonucleoprotein complex proteins NP, L (viral polymerase), 
VP35 (polymerase cofactor), and in the case of ebolaviruses also 
VP30. The role of VP30 in these processes has been the subject of 
extensive studies, and it has been shown that VP30 is required for 
ebolavirus minigenome transcription, but not for replication [3, 7]. 
Specifically, VP30 is required to overcome a secondary structure at 
the beginning of the first viral gene during transcription [8]; how-
ever, it also seems to play a role in the regulation of genome repli-
cation vs. genome transcription [9, 10].

Minigenome replication results in the accumulation of vRNA 
copies as well as cRNA antigenomes, while transcription leads to 
the generation of reporter mRNAs and ultimately reporter activity, 
which reflects both minigenome replication and transcription. In 
order to differentiate between these two processes, replication-
deficient minigenomes have been developed [7]. These constructs 
carry a deletion in the antigenomic replication promoter, so that 
vRNA minigenomes can still be transcribed into mRNAs and cop-
ied into cRNA antigenomes, but these cRNAs can no longer be 
copied into progeny vRNA minigenomes, thus abolishing minig-
enome replication.

In addition to classical monocistronic minigenomes polycis-
tronic minigenomes have also been developed. Bicistronic minig-
enomes, which carry two reporter open reading frames, have been 
used to study the role of noncoding and intergenic regions for the 
regulation of replication and transcription [11, 12], and also to 
study cotranscriptional mRNA-editing, during which the virus 
polymerase inserts nontemplated nucleotides at a specific editing 
site in the GP gene [13]. Further, tetracistronic minigenomes that 
encode a single reporter and the viral proteins VP40 (matrix pro-
tein, responsible for virion morphogenesis and budding), GP1,2 
(glycoprotein, responsible for virion attachment and entry), and 
VP24 (nucleocapsids-associated protein) have been developed 
[14], and can be used to model virtually the complete virus life 
cycle over multiple infectious cycles under BSL-1 or 2 conditions 
(see Note 1).

As reporter proteins a number of different proteins have been 
used. Initial work used chloramphenicol acetyltransferase (CAT); 
however, nowadays luciferases or in some cases fluorescent pro-
teins are used almost exclusively, since they are much easier to use 
and quantitate. This has made it possible to adapt minigenome 

Minigenome Systems for Filoviruses
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assays for high-throughput applications such as antiviral screening 
[6, 15].

Here, we will provide details on the use of an ebolavirus mon-
ocistronic minigenome with a Renilla luciferase reporter to model 
genome replication and transcription, and a Firefly luciferase as a 
control reporter to assess cell viability and effects on plasmid-driven 
gene expression. For further information on the use of the multi-
cistronic minigenomes the interested reader is referred elsewhere 
[11–13, 16].

2  Materials

	 1.	 HEK 293 cells (see Note 4).
	 2.	 Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 

(v/v) or 5% (v/v) fetal bovine serum (FBS, heat-inactivated 
30 min at 56 °C) and 1% l-glutamine (Q, 2 mM) and 1% peni-
cillin–streptomycin (PS, 100 U/mL). These two formulations 
will be referred to as DMEM10% and DMEM5%.

	 3.	 Opti-MEM (Thermo Fisher Scientific).
	 4.	 6-well or 96-well plates—if using 96-well plates multichannel 

pipettes and reagent troughs.
	 5.	 DNA plasmids pCAGGS-NP, pCAGGS-VP35, pCAGGS-

VP30, pCAGGS-L, pCAGGS-T7, pCAGGS-luc2 (Firefly 
luciferase), pCAGGS-GFP (or another fluorescent protein), 
p1cis-vRNA-Rluc.

	 6.	 Transit-LT1 transfection reagent (Mirus Bio).
	 7.	 GloLysis buffer, BrightGlo and RenillaGlo reagent (Promega).
	 8.	 Opaque white or black 96-well plates.
	 9.	 Luminometer capable of reading 96-well plates.

3  Methods

	 1.	 Split 293 cells (see Note 4) into 6-well plates in a volume of 
2 mL DMEM10% per well for a confluency of ~50% on the next 
day (see Note 5). Incubate cells at 37  °C and 5% CO2 in a 
humidified incubator.

	 2.	 Pipette DNA following the amounts in Table 1 into a 1.5 mL 
reaction tube (see Note 6). Prepare a negative control by 
replacing the pCAGGS-L plasmid with an expression plasmid 
for GFP or another fluorescent reporter, or with empty 
pCAGGS vector.

	 3.	 Add 100 μL/well Opti-MEM to the tube. Vortex, and briefly 
spin down. Add 2.8 μL/well Transit LT1 to the tube (vortex 
gently prior to use). Vortex gently, and incubate for 15–30 min.

3.1  Minigenome 
Assay in 6-Well 
Format

Thomas Hoenen
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	 4.	 In the meantime, change the medium on the cells to 2 mL 
DMEM5%.

	 5.	 After 15–30 min, mix the formed transfection complexes gen-
tly by pipetting, and add 100 μL/well dropwise to the cells. 
Try to cover the whole well with the droplets.

	 6.	 Rock the plates from side to side, and back and forth—do not 
rotate or swirl the plates, to avoid uneven distribution of the 
transfection complexes. Return cells to the incubator.

	 7.	 After 24 h, change the medium to 3 mL DMEM5%. If you 
have substituted L against a fluorescent reporter in the nega-
tive control, check for fluorescence to obtain an estimate for 
the efficiency of transfection (this should be >50%). Return 
cells to the incubator.

	 8.	 After an additional 24 h (48 h post transfection), take off the 
supernatant, and add 200 μL/well 1× GloLysis buffer to each 
well. Incubate for 10 min at room temperature.

	 9.	 Set pipette to 100 μL, and wash the cells into the GloLysis 
buffer (see Note 7). Then transfer the lysates into a 1.5 mL 
tube.

	10.	 Spin down the lysates for 3 min at 10,000 × g and 4 °C, and 
transfer the supernatants to a fresh tube, avoiding to disturb 
the pellet of cell debris. Continue in Subheading 3.3.

	 1.	Split 293 cells (see Note 4) into 96-well plates in a volume of 
100 μL DMEM10% for a confluency of ~50% on the next day 
(see Note 5). Incubate cells at 37 °C and 5% CO2 in a humidi-
fied incubator.

3.2  Minigenome 
Assay in 96-Well 
Format

Table 1 
DNA amounts for transfection

Plasmid
Amount per well  
(6-well format) (ng)

Amount per well 
(96-well format) (ng)

pCAGGS-NP 125 6.9

pCAGGS-L (or GFP) 1000 55.6

pCAGGS-VP35 125 6.9

pCAGGS-VP30 75 4.2

pCAGGS-T7 250 13.9

pCAGGS-luc2 25 1.4

p1cis-vRNA-RLuc 250 13.9

Minigenome Systems for Filoviruses
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	 2.	Pipette DNA following the amounts in Table 1 into a 1.5 mL 
reaction tube (see Notes 6 and 8). Prepare a negative control 
by replacing the pCAGGS-L plasmid with an expression plas-
mid for GFP or another fluorescent reporter, or with empty 
pCAGGS vector.

	 3.	In a biosafety cabinet, add 10 μL/well Opti-MEM to the tube. 
Vortex, and briefly spin down. Add 0.45 μL/well Transit LT1 
to the tube (vortex gently prior to use). Vortex gently, and 
incubate for 15–30 min.

	 4.	In the meantime, change the medium on the cells to 30 μL 
DMEM5%.

	 5.	After 15–30 min, add 60 μL/well DMEM5% to the transfec-
tion complexes, and mix by pipetting or inverting. Add 70 μL 
of the diluted transfection complexes to the cells.

	 6.	Rock the plates from side to side, and back and forth—do not 
rotate or swirl the plates, to ensure even distribution of the 
transfection complexes. Return cells to the incubator.

	 7.	After 24 h, change the medium to 200 μL DMEM5%. If you 
have substituted L for a fluorescent reporter in the negative 
control, check for fluorescence to obtain an estimate for the 
efficiency of transfection (this should be >50%). Return cells to 
the incubator.

	 8.	After an additional 24 h (48 h post transfection), take off the 
supernatant, and add 100 μL/well 1× GloLysis buffer to the 
well. Incubate for 10 min. Continue in Subheading 3.3.

	 1.	Thaw 40 μL/well BrightGlo reagent and prepare 40 μL/well 
RenillaGlo reagent (thaw RenillaGlo buffer, and add 1% of 
RenillaGlo substrate).

	 2.	For each sample, pipet 40 μL BrigthGlo reagent into an opaque 
white or black (see Note 9) 96-well plate, and pipet 40 μL 
RenillaGlo reagent into an opaque 96-well plate (see Note 10).

	 3.	Add 40 μL of sample to a well with BrightGlo reagent, and 
40 μL of sample to a well with RenillaGlo reagent. Be careful 
not to carry over anything between the two different wells 
(i.e., do not reuse the same tip for pipetting the same sample 
into different reagents).

	 4.	After 5–10 min, measure the reporter activity in a luminome-
ter. Generally, an integration time of 0.5–1 s should provide 
sufficiently strong signals (see Note 11). While the absolute 
values are dependent on the plate color and on the specific 
luminometer used, positive (+L) controls should be 100–1000 
fold stronger than the negative (−L) controls.

	 5.	Normalize Renilla values to Firefly values to compensate for 
slight differences in plasmid-driven gene expression, or report 
both values independently (see Note 12).

3.3  Measuring 
Reporter Activity

Thomas Hoenen
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4  Notes

	 1.	Regulations for the biosafety classification of minigenome 
systems vary from country to country. One factor contribut-
ing to these differences in assessment is the classification of 
the mammalian cells in which these systems are used. For 
example, in the USA, 293 cells, which are the most com-
monly used cell type in minigenome systems, are considered 
Risk Group 2, so that minigenome systems have to be used 
under BSL-2 conditions, whereas in Germany the same cells 
are considered Risk Group 1, and thus minigenome systems 
in Germany are considered safe for use under biosafety level 
1 conditions.

	 2.	Principally, it should also be possible to use cellular Pol II for 
initial transcription, as has been done for other negative sense 
RNA viruses [17, 18]. However, to the best of our knowledge, 
such a system has not yet been published for filoviruses.

	 3.	In order to ensure an authentic 3′ transcript end, in case of 
T7- and Pol II-driven transcription the hepatitis delta virus 
(HDV) ribozyme should be used. Additionally, in order to 
ensure an authentic, uncapped 5′ end in case of Pol II-driven 
initial transcription, a hammerhead ribozyme sequence should 
be used. For Pol I-driven initial transcription no ribozyme 
sequences are required to ensure authentic genome ends.

	 4.	While 293 cells are most often used for minigenome assays 
due to their good transfectability, other mammalian cells (e.g., 
Huh7, A549, or Vero cells) can also be used for this assay. For 
Vero cells the ratio of transfection reagent to DNA should be 
doubled.

	 5.	Determine the optimal ratio for splitting cells empirically—a 
good starting point is usually about 1:3 for 6-well plates, and 
1:4 for 96-well plates.

	 6.	In our experience, this step can be done outside a biosafety 
cabinet without jeopardizing the experiment (particularly since 
the preparation of plasmid DNA is also performed outside a 
biosafety cabinet). However, it is a reasonable precaution to 
use filter tips, and to limit the time tubes are kept open to a 
minimum. All other steps (with the exception of cell harvest 
and measuring of luciferase activity) should be performed in a 
biosafety cabinet.

	 7.	Make sure that this is done as uniformly as possible for differ-
ent wells, in order to ensure an even degree of lysis among the 
wells.

	 8.	In 96-well format, volumes become so low that it becomes 
virtually impossible to transfect single wells. Therefore, work 
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with mastermixes for at least three identical wells. Always set 
up mastermixes for more wells than you eventually need 
(i.e., prepare a mastermix for at least four wells if you want to 
use it for three wells, or for larger numbers of wells prepare 
mastermix for 110% of wells).

	 9.	 While white plates can result in about 30 × stronger signals 
than black plates, they also tend to be more susceptible to 
problems with cross talk. For this reason, and because signals 
produced by this minigenome system tend to be rather high, 
in most cases the use of black plates is preferable.

	10.	 Cross talk between wells can be an issue, particularly since the 
Firefly luciferase values tend to be much higher than the 
Renilla luciferase values. Therefore, it makes sense to cluster 
all the Renilla wells and all the Firefly wells, but keep at least 
one empty row between them.

	11.	 Ensure that values are in the linear range of your luminometer; 
otherwise dilute the samples in PBS.

	12.	 Normalization to a control reporter can be somewhat prob-
lematic: If differences in the control reporter activity between 
wells are due to slight experimental variations during sample 
harvest, one can assume that the relationship between the 
effect on the control reporter activity and the minigenome 
reporter activity is linear, making normalization a valid pro-
cedure to compensate for this. Similarly, if differences in con-
trol reporter activity between wells are due to differences in 
cell number (e.g., because of slight experimental variations 
during cell seeding, or toxicity of tested compounds), nor-
malization is valid. However, if such differences are due to 
different efficacies of plasmid-driven gene expression between 
different wells, the effect on control reporter activity is not in 
a linear relationship to the effect on minigenome reporter 
activity [7], so that it is better to report both Firefly and 
Rernilla luciferase activity independently rather than to nor-
malize results.
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Chapter 19

Establishment of Bisegmented and Trisegmented Reverse 
Genetics Systems to Generate Recombinant Pichindé 
Viruses

Rekha Dhanwani, Qinfeng Huang, Shuiyun Lan, Yanqing Zhou, 
Junjie Shao, Yuying Liang, and Hinh Ly

Abstract

Pichindé virus (PICV), isolated from rice rats in Colombia, South America, is an enveloped arenavirus with 
a bisegmented RNA genome. The large (L) genomic segment encodes the Z matrix protein and the L 
RNA-dependent RNA polymerase, whereas the small (S) genomic segment encodes the nucleoprotein 
(NP) and the glycoprotein (GPC). This article describes the successful development of reverse genetics 
systems to generate recombinant PICV with either a bisegmented or trisegmented genome. We have suc-
cessfully demonstrated that these systems can generate high-titered and genetically stable replication-
competent viruses from plasmid transfection into appropriate cell lines. These systems demonstrate the 
power and versatility of reverse genetic technology to generate recombinant arenaviruses for use in patho-
genesis studies and as new viral vaccine vectors.

Key words Arenavirus, Reverse genetics, Pichindé virus

1  Introduction

Pichindé virus (PICV) is an enveloped RNA virus, belonging to 
the Arenaviridae. The genome of PICV, like those of other known 
arenaviruses, consists of two single-stranded ambisense RNAs: the 
large (L) segment of ∼7.2 kb and the small (S) segment of ∼3.4 kb 
[1]. The L RNA segment encodes the RNA-dependent RNA poly-
merase L protein in a negative orientation and a small multifunc-
tional Z protein in a positive sense. The S RNA segment encodes 
another multifunctional protein known as the nucleoprotein (NP) 
in a negative orientation and the envelope glyoprotein precursor 
GPC in a positive sense (Fig.  1a). At both ends of each of the 
genome segments, there are 19 nucleotides (nt) that are imper-
fectly complementary to each other and are predicted to form the 
panhandle structures that serve as the cis-acting elements required 
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for viral RNA transcription and replication. A unique feature of the 
arenavirus genomic RNA is the noncoding intergenic regions 
(IGR) located between the two open reading frames. The IGRs 
range from 59 to 217 nt in length and are predicted to form 1–3 
energetically stable stem-loop structures that are proposed to con-
tribute to the termination of transcription.

The first molecular clone of arenavirus was developed for the 
prototype lymphocytic choriomeningitis virus (LCMV) [2, 3]. 
This reverse genetics (RG) system has served as an invaluable tool 
to study the biological functions of arenavirus proteins and viral 
RNA elements (e.g., IGR). In this chapter, we describe two differ-
ent RG systems for PICV. The bisegmented RG system generates 
recombinant PICV with two genomic RNA segments (L and S), 
whereas the trisegmented RG system produces viruses with three 
segments (L and S1 and S2) (Fig. 1b). A similar strategy to gener-
ate the trisegmented genome of LCMV has also been recently 
developed by Emonet and colleagues [4]. In our studies, we have 
shown that recombinant PICV generated from the bisegmented 
RG system can recapitulate the parental (stock) viruses in terms of 
viral growth kinetics in vitro and virulence in vivo [5, 6]. On the 
other hand, recombinant PICV generated from the trisegmented 
RG systems are highly attenuated and therefore can be used as vac-
cine vectors to deliver foreign antigens [7].

2  Materials

	 1.	Plasmids: pUC19-HDVT7t vector are used for cloning PICV 
genome L segment and S segment, respectively [4]. NP and L 
gene are cloned into pCAGGS mammalian vector under CMV 
promoter.

2.1  Plasmids, Cell 
Lines, and Media

Fig. 1 Schematic diagram of the bisegmented and trisegmented PICV reverse genetics systems: (a) Wild-type 
(WT) bisegmented rP18 PICV genome composed of L and S segments. (b) Trisegmented rP18tri PICV genome 
composed of L, S1, and S2 segments encoding eGFP reporter gene. IGR intergenic region, NP nucleoprotein, 
GPC glycoprotein complex, eGFP green fluorescence protein, MCS multiple cloning site
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	 2.	Cell lines: BSRT7-5 cells, which constitutively express the T7 
RNA polymerase, have been obtained from K. Conzelmann at 
Ludwig-Maximilians-Universität, Germany. BHK21 cells are 
used for PICV amplification. Vero cells are used for PICV 
plaque assay.

	 3.	Culture media: BSRT7-5 cells are cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 1 mg geneticin per mL, and 50 mg 
penicillin and streptomycin per mL. BHK21 cells are cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), and 50 mg penicil-
lin and streptomycin per mL. Vero cells are cultured in minimal 
essential medium (MEM) supplemented with 10% fetal bovine 
serum (FBS), and 50 mg penicillin and streptomycin per mL

	 4.	Opti-MEM (Invitrogen) for use in transfections and for cul-
turing transfected cells.

	 1.	Lipofectamine 2000 (Invitrogen).
	 2.	Neutral red dye (Sigma).
	 3.	Phosphate Buffer Saline (PBS) (Sigma).
	 4.	Geneticin G418 (Gibco).
	 5.	2% agar solution: Dissolve 2 g of agar in 100 mL of distilled 

water. Autoclave it.
	 6.	First agar overlay: 0.6 mL of 2% agar and 2.4 mL of complete 

MEM.
	 7.	Second agar overlay: 0.4 mL of 2% agar, 1.6 mL of complete 

MEM, and 120 μL of 0.33% neutral red dye.
	 8.	0.45 μm filter (Millipore).
	 9.	Sharpie pen for demarcating plaques on bottom of plastic plates.

	 1.	Biosafety cabinet that is Class II, type A2 (air recirculates air 
after HEPA filtration; ThermoFisher).

	 2.	CO2 incubator MCO-18AC(UV) (Sanyo).
	 3.	Speed pipettor (Eppendorf).
	 4.	Water bath (ISOTEMP 210, Fisher).
	 5.	Microwave oven.

3  Methods

	 1.	Seed 4 × 105 BSRT7-5 cells/well in 6-well plates at 24 h prior 
to transfection. (see Note 1).

	 2.	Replace cell-culture supernatant with a fresh aliquot of the 
complete DMEM medium (without geneticin) prior to 
transfection (see Note 2).

2.2  Reagents 
and Buffers

2.3  Equipment

3.1  Generation 
of the Bisegmented 
and Trisegmented 
PICV RG Systems

Reverse-Genetic Systems of Pichindé Virus
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	 3.	(a) For bisegmented PICV system, mix 4 μg of the PICV L 
segment plasmid and 2 μg of the PICV S segment plasmid in 
100 μL Opti-MEM (see Note 3).

(b) For trisegmented PICV system, mix 2 μg of the PICV L 
segment plasmid and 1 μg of each of the PICV S1 and S2 seg-
ment plasmids in 100 μL Opti-MEM (see Note 4).

	 4.	Add 9 μL of Lipofectamine 2000  in 100 μL Opti-MEM in a 
separate tube (μg DNA × 1.5 = μL Lipofectamine 2000 needed).

	 5.	Incubate the above two mixtures separately for 5 min at ambi-
ent temperature.

	 6.	Mix the two mixtures (Opti-MEM–plasmid and Opti-MEM–
Lipofectamine 2000), vortex the sample well and incubate the 
sample for 5 min at ambient temperature.

	 7.	Dropwise add 200 μL of the sample onto the cells.
	 8.	At 4 h post-transfection, replace the cell medium with a fresh 

aliquot of the complete DMEM medium (without geneticin).
	 9.	Collect 1 mL of the cell-culture supernatant at 48 and 72 h 

post-transfection for plaque assay (below) and at each time add 
an equal fresh aliquot of DMEM medium (without any antibi-
otics) to the cells.

	 1.	Seed 300,000 Vero cells/well in 6-well plates (using the com-
plete MEM medium).

	 2.	Prepare 10× serially diluted virus samples (above) in MEM 
media (without FBS and antibiotics; see Note 5).

	 3.	Aspirate medium from cells and wash the cells once with PBS.
	 4.	Add 500 μL of the diluted virus samples to the cells and incu-

bate the cells at 37  °C for 60  min with intermittent gentle 
rocking of the plate to spread the virus uniformly.

	 5.	After 60 min of virus adsorption, aspirate the virus from the 
cells and wash cells with PBS.

	 6.	Slowly add the first agar overlay onto the cells (see Notes 
6–8). (Calculate the volume of overlay needed and mix the 
medium and 2% agar in appropriate ratios as described in 
Subheading 2.)

	 7.	Incubate the plates for 4 days at 37 °C with 5% CO2.
	 8.	After 4 days of incubation, add the second agar overlay onto 

the cells and let it solidify for 5–10 min (see Notes 6–8).
	 9.	Incubate the plates overnight at 37 °C and count the plaques 

the following day.
	10.	To pick a plaque for further virus amplification (below), choose 

a plaque that is not touching any others and mark it on the 
bottom of plate with a Sharpie pen.

3.2  Plaque Assay 
and Plaque 
Purification 
of Recombinant 
Viruses

Rekha Dhanwani et al.
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	11.	Puncture the agar using the P1000 pipetman and insert the tip 
straight down to the plaque to aspirate a small volume of the 
medium that contains the virus. Dispense the virus sample into 
1 mL of MEM, and pipet up and down to remove the agar 
from the pipet tip (see Note 9).

	 1.	Seed 8 × 105 BHK-21 cells in a 10 cm dish at 24 h prior to 
infection.

	 2.	Infect the cells by adding 1 mL of the plaque-purified virus to 
the cells for 60 min (see Note 10).

	 3.	Remove the virus by aspiration and add 10 mL of complete 
DMEM medium to the cells.

	 4.	After 48  h, collect the cell-culture supernatant, and filter it 
through a 0.45 μm filter.

	 5.	Prepare small aliquots of the virus (0.5–1  mL) and store at 
−80 °C (see Note 11).

	 6.	Determine the virus titer by plaque assay as described in 
Subheading 3.2 above.

4  Notes

	 1.	Use low passaged BSRT7-5 cells for optimal transfection 
efficiency.

	 2.	Maintain the BSRT7-5 cells in a medium free of any antibiotics 
for at least 24 h prior to transfection.

	 3.	Using the bisegmented PICV RG system, recombinant viruses 
of two different strains (P2 and P18) are generated. 
Recombinant P2 viruses (rP2) produce smaller plaque sizes 
than the rP18 viruses, and grow slower with less viral titers 
than rP18 viruses in cell cultures (Fig. 2).

	 4.	Using the trisegmented PICV RG system, recombinant viruses 
that carry three genomic segments are generated. Recombinant 
viruses with wild-type rP18 sequences replicated to a higher 
levels in cell cultures than rP18tri-GFP (Fig. 3).

	 5.	Change the pipet tips at each dilution or use the speed pipettor 
to prepare the serial dilutions. This helps eliminate any human 
errors in pipetting.

	 6.	Overlay media should be added immediately after the PBS 
wash in order to make sure that the cells do not get dried out.

	 7.	In order to maintain the flowing consistency of the overlay 
medium for prolonged duration, keep the medium in 37 °C 
water bath prior to mixing it with the 2% molten agar. Keep 
the molten agar in 65 °C water bath.

3.3  PICV 
Amplification

Reverse-Genetic Systems of Pichindé Virus
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	 8.	Do not immediately cover the plates after adding the overlay 
media in order to avoid accumulation of water condensations.

	 9.	In order to pick up a purified plaque, cut the mouth of a 
1000  μL tip with a sterile razor. Broadened mouth tip can 
more easily aspirate a chunk of semisolidified agar.

	10.	Swirl the plate every 10 min to ensure uniform distribution of 
virus over the surface of the cell monolayer.

	11.	Make smaller aliquots in order to avoid repeated freeze-
thawing of the virus stocks which may drastically impact the 
accuracy of the virus titers.

Fig. 2 Comparison of bisegmented PICV viruses: (a) Plaque sizes of the rP2 and 
rP18 wild-type viruses. (b) Growth kinetics of the rP2 and rP18 bisegmented 
Pichindé viruses
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Chapter 20

Murine Models for Viral Hemorrhagic Fever

Rosana Gonzalez-Quintial and Roberto Baccala

Abstract

Hemorrhagic fever (HF) viruses, such as Lassa, Ebola, and dengue viruses, represent major human health 
risks due to their highly contagious nature, the severity of the clinical manifestations induced, the lack of 
vaccines, and the very limited therapeutic options currently available. Appropriate animal models are obvi-
ously critical to study disease pathogenesis and develop efficient therapies. We recently reported that the 
clone 13 (Cl13) variant of the lymphocytic choriomeningitis virus (LCMV-Cl13), a prototype arenavirus 
closely related to Lassa virus, causes in some mouse strains endothelial damage, vascular leakage, platelet 
loss, and death, mimicking pathological aspects typically observed in Lassa and other HF syndromes. This 
model has the advantage that the mice used are fully immunocompetent, allowing studies on the contribu-
tion of the immune response to disease progression. Moreover, LCMV is very well characterized and 
exhibits limited pathogenicity in humans, allowing handling in convenient BSL-2 facilities. In this chapter 
we outline protocols for the induction and analysis of arenavirus-mediated pathogenesis in the NZB/
LCMV model, including mouse infection, virus titer determination, platelet counting, phenotypic analysis 
of virus-specific T cells, and assessment of vascular permeability.

Key words Hemorrhagic fever virus, Arenavirus, Lassa virus, LCMV, Mouse model, NZB mouse, 
Virus titer, MHC tetramer, Platelet counting, Vascular leakage, Bronchoalveolar lavage

1  Introduction

Hemorrhagic fevers (HF) are caused by enveloped RNA viruses 
from seven families, i.e., Arenaviridae (including Lassa and Junín 
viruses), Hantaviridae (hantaviruses) Nairoviridae (Crimean-
Congo hemorrhagic fever virus), Peribunyaviridae (orthobunyavi-
ruses) Phenuiviridae (Rift Valley fever virus), Filoviridae 
(ebolaviruses and marburgviruses), and Flaviviridae (dengue and 
yellow fever viruses). Transmitted by exposure to infected reservoir 
animals (rodents, fruit bats), arthropod vectors (ticks, mosqui-
toes), or body fluids from infected animals or patients, these viruses 
are highly contagious, cause severe clinical manifestations with 
high case fatality rates, and are serious bioterrorism threats [1–3]. 
The main characteristics of HF include endothelial damage, plate-
let loss, and vascular leakage, leading to tissue edema, organ fail-
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ure, and death in severe cases. How HF viruses cause life-threatening 
vascular disease in subsets of individuals remains unclear. These 
viruses efficiently infect endothelial cells but are generally consid-
ered non-cytopathic, suggesting that elevated vascular permeabil-
ity may be more a consequence of an exaggerated immune 
response, leading to endothelial cell death or dysfunctions, than a 
direct effect of the virus [1–4]. However, studies that compare 
immune responses in mild versus fatal cases have been limited.

Availability of appropriate animal models is obviously critical 
for investigations of HF pathogenesis, susceptibility to lethal dis-
ease, and potential therapeutic interventions [5, 6]. The most rel-
evant models use nonhuman primates including rhesus monkeys 
and cynomolgus macaques, African green monkeys, and marmo-
sets. These animals, however, are difficult to manipulate geneti-
cally, and their inclusion in experimental protocols presents 
significant ethical, economic, and technical problems. Guinea pigs 
and hamsters have been used in multiple studies addressing HF 
pathogenesis and antiviral interventions, but these models are also 
limited by the paucity of reagents and genetic information.

A mouse model would be particularly useful for several rea-
sons, including

	(a)	 Mice are cost-effective and reproduce quickly, and multiple 
inbred strains of genetically identical mice are available.

	(b)	 ~99% of human genes have a mouse homologue and ~80% a 
mouse orthologue [7, 8].

	(c)	 ~90% of the human and mouse genomes are constituted by 
segments that include sets of genes organized in the same 
order [7, 8].

	(d)	 The genome of the C57BL/6 mouse has been fully sequenced 
and annotated, and similar information for other strains is 
emerging from multiple studies, greatly facilitating forward 
genetic approaches [7–11].

	(e)	 Optimal reagents have been developed for in vivo and in vitro 
studies in mice, as well as to manipulate the mouse genome 
and generate transgenic, knock-out, knock-in, and condition-
ally mutant strains to interrogate gene function in physiologi-
cal and pathological settings.

However, with a few exceptions such as the bunyavirus Rift 
Valley fever virus (RVFV) in BALB/c and C57BL/6 mice [12, 
13], most HF viruses were found to be nonpathogenic in adult 
immunocompetent mice [6]. One approach to increase pathoge-
nicity in mice has been the use of virus variants adapted to mouse 
hosts through serial passaging, as reported for the filoviruses Ebola 
(EBOV) and Marburg (MARV) viruses [14]. Alternatively, experi-
ments have been performed using immunocompromised mice, 
including mice lacking the receptor for type I interferons 
(IFNAR−/−), the receptors for both type I and type II interferons 
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(AG129), the signal transducer and activator of transcription 1 
(STAT1−/−), or class I MHC molecules (MHC-I−/−) [6]. These 
models constitute important tools for studies evaluating aspects of 
HF pathogenesis and therapies. However, immunocompromised 
mice limit investigations of the contribution of the immune system 
to vascular and other pathologic alterations associated with severe 
HF virus infections.

We recently reported that the clone 13 (Cl13) variant of lympho-
cytic choriomeningitis virus (LCMV-Cl13), a prototype arenavirus 
closely related to Lassa virus, causes in NZB, PL/J, and SJL mice (but 
not in C57BL/6 and BALB/c mice), a lethal disease associated with 
endothelial damage, platelet loss, and vascular leakage, mimicking 
pathological aspects typically observed in Lassa and other HF syn-
dromes [15]. In contrast, the variant Armstrong of this virus (LCMV-
ARM) did not induce these symptoms in NZB mice [15]. Similar 
manifestations have been reported for FVB mice [16]. In addition to 
using immunocompetent mice, an important advantage of this model 
is that, compared to LASV and other HF viruses whose high virulence 
requires handling in highly restrictive BSL-4 facilities, LCMV is sig-
nificantly less pathogenic in humans (causing disease only in immuno-
compromised individuals), and therefore in  vivo and in  vitro 
experiments can be carried out in more convenient BSL-2 facilities.

In this chapter we outline protocols for the induction and anal-
ysis of arenavirus-mediated pathogenesis in the NZB/LCMV 
mouse model, including mouse infection, virus titer determina-
tion, platelet counting, phenotypic analysis of virus-specific T cells 
identified by MHC tetramer staining, assessment of vascular per-
meability, and analysis of cytokines, chemokines, and other indica-
tors of vascular dysfunctions in bronchoalveolar lavage fluid.

2  Materials

	 1.	Virus: LCMV-Cl13 stock prepared by serial passage in BHK-
21 cells is described [17, 18].

	 2.	Mice: NZB and BALB/c mice, approximately 8 weeks of age 
(Jackson Laboratories).

	 3.	Isoflurane anesthetic for murine inhalation.
	 4.	28-gauge (G) needles for inoculation of mice, and 18-G nee-

dles for bronchial lavage.
	 5.	Microhematocrit EDTA-coated tubes for mouse eye bleeds.

	 1.	Vero cells (ATCC #CRL-1587).
	 2.	Vero medium: Dulbecco’s modified eagle medium (DMEM) 

supplemented with 10% (v/v) heat-inactivated fetal bovine 
serum (FBS), 200 IU/ml penicillin, 200 mg/ml streptomycin.

2.1  Mouse Infection 
and Anesthetization

2.2  Virus Titer 
Determination 
by Plaque-
Forming Assay
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	 3.	1% agarose: Dissolve 1% (w/v) ultra-pure agarose in sterile 
water, then autoclave.

	 4.	199 medium (2×): 100 ml of medium 199 (2×) with Earle’s 
salts supplemented with 10 ml FBS, 2 ml 100× l-glutamine, 
2 ml 100× penicillin/streptomycin.

	 5.	Fixation solution: Dilute 37% formaldehyde stock with water 
to a final concentration of 25%.

	 6.	Cell staining solution (10×): 1% crystal violet (w/v) in 20% 
ethanol. Dilute 1 volume with 9 volumes water before use.

Hemavet 950FS hematology analyzer

	 1.	Flow cytometer.
	 2.	70 μm mesh cell strainers, 50 ml tubes, flow tubes.
	 3.	20× balanced salt solution (BSS).
	 4.	ACK lysis buffer: 155 mM NH4Cl, 10 mM KHCO3, Na2EDTA 

0.1 mM, pH 7.5.
	 5.	Flow buffer: BSS (1×) supplemented with 2% FBS and 

0.1% w/v sodium azide.
	 6.	Paraformaldehyde (PFA) 2% w/v in phosphate-buffered saline 

(PBS).
	 7.	MHC-I tetramers: Biotinylated H-2Ld MHC-I molecules 

complexed with the LCMV NP118–126 peptide (NIH MHC tet-
ramer core facility) and tetramerized with fluorescent streptavi-
din (see Note 1).

	 8.	Antibodies against mouse CD4 and CD8 and/or other T cell 
surface markers, coupled to compatible fluorochromes (mul-
tiple vendors).

	 1.	Evan’s Blue Dye Solution: 0.5% dye powder in PBS.
	 2.	PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4.
	 3.	Formamide.

	 1.	PBS (see above).
	 2.	PBS supplemented with Complete Mini, EDTA-free protease 

inhibitor cocktail.
	 3.	Protein content analysis: Pierce protein BCA assay kit.
	 4.	LDH enzymatic activity: Cytotox 96 nonradioactive cytotoxic-

ity assay.
	 5.	IgM levels: IgM quantitation kit.
	 6.	Cytokines and chemokines: Duoset ELISA kit for CCL2 (MCP-

1), CCL5 (RANTES), CXCL10 (IP-10), IL-6, TNF-α, and 

2.3  Platelet Count

2.4  T Cell Analysis

2.5  Vascular Leak 
Assessment

2.6  Bronchoalveolar 
Lavage Fluid (BALF) 
Analysis
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IL-10; Quantikine kits for CCL3 and CXCL2; VeriKine Mouse 
IFN-Alpha Kit and IFN-β ELISA kit for type I interferons (can 
be obtained from R&D Systems or PBL InterferonSource).

3  Methods

	 1.	Randomly assign individual mice of appropriate strain and 
genetic background to experimental groups. Based on previ-
ous experience, 6–8 mice per group are usually sufficient to 
ensure statistical significance. Use larger groups if necessary 
(see Note 2).

	 2.	Thaw an aliquot of the LCMV-Cl13 stock and place on ice. 
Dilute to 20 × 106 PFU/ml in cold PBS. Preload 28-G needle 
syringes with 100 μl, keep on ice until use (see Note 3).

	 3.	To infect the mice intravenously (i.v.), carefully warm the mice 
with a heat lamp to promote vasodilation. Place one mouse in 
an appropriate restraint device with the tail exposed to locate 
the lateral vein. Clean the tail with 70% ethanol, insert the nee-
dle of a virus-loaded syringe superficially under the skin and 
parallel to the lateral vein, and advance 2–3  mm into vein 
lumen. Inject slowly, ensuring that the solution is entering i.v. 
and not subcutaneously (s.c.). Remove the needle and apply 
gentle pressure to the puncture site with a clean gauze to assist 
with wound closure. Return the mouse to the housing cage 
and proceed with the next mouse (see Note 4).

	 4.	Observe the mice daily for disease symptoms, including 
reduced activity, ruffled fur, hunched posture, and labored 
breathing starting at day 4 post-infection (pi) and death 
between days 6 and 8 pi, as described [15] (see Note 5).

	 1.	At specific time-points post-infection, anesthetize mice by iso-
flurane inhalation and bleed by retro-orbital puncture using a 
microhematocrit EDTA-coated tube. Once sufficient blood 
has been obtained, remove the tube and apply pressure with a 
clean moist gauze until bleeding stops. Collect serum by cen-
trifugation and store at −70 °C until use.

	 2.	Plate Vero cells on 6-well plates (2  ×  105 cells/ml in Vero 
medium, 2 ml/well). Incubate overnight to 50–60% conflu-
ence (see Note 6).

	 3.	To prepare serial tenfold dilutions, add 60 μl LCMV-infected 
mouse serum (or LCMV stock to be assessed) to a tube con-
taining 540 μl Vero medium and mix thoroughly (10−1 dilu-
tion). Then use a fresh pipet to transfer 60 μl to the next tube, 
and repeat the procedure to generate a total of seven dilutions 
(10−1 to 10−7).

3.1  Mouse Infection

3.2  Virus Titer 
Determination 
(Plaque-
Forming Assay)
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	 4.	Remove the medium from the wells containing Vero cells, add 
500 μl of diluted mouse serum (or media alone), and incubate 
1 h at 37 °C. Rock every 10 min.

	 5.	Microwave 1% agarose and cool the solution to ~50 °C in a 
water bath. Warm the 199 medium (2×) to 37 °C. Mix the two 
solutions (1:1) immediately before applying to the cells (step 
6) (see Note 7).

	 6.	After 1 h at 37 °C (step 4), aspirate the inoculum, and add 
3 ml of the Agarose overlay mix (from step 5) to each well. 
Allow the Agarose to solidify (~10 min) before returning the 
plate into the incubator. Incubate 4 days.

	 7.	To each well, add 800 μl fixation solution and incubate for 2 h 
at room temperature. Aspirate the fixation solution with a 
pipette, then carefully remove the agarose plug using a spatula. 
Add 800 μl of staining solution (1×) per well, and incubate 1 
to 2 h at room temperature. Gently wash the plates with tap 
water, invert the plates on paper towels, and allow to dry.

	 8.	Count plaques (1–2 mm holes in the cell monolayer) and cal-
culate the original virus titers, correcting for the tenfold dilu-
tion and the twofold dilution resulting from transferring 0.5 ml 
of diluted virus to each well. Thus, if 12 plaques are counted in 
a well corresponding to a 10−6 dilution, the virus titer will be 
12 × 2 × 106 = 24 × 106 plaque-forming units (PFU)/ml.

	 1.	At specific time-points post-infection, bleed anesthetized mice 
by retro-orbital puncture using a microhematocrit EDTA-
coated tube. Remove the tube once sufficient blood has been 
obtained (ca. 100 μl) and apply pressure with a clean moist 
gauze until bleeding stops. Transfer the blood to a 0.5 ml tube, 
and gently flick the side of the capped tube to ensure that all 
blood mixes with the anticoagulant without formation of clots.

	 2.	Analyze 20 μl blood (for each replicate) using the Hemavet 
950FS system, and calculate platelet counts in platelet num-
ber/μl blood.

	 1.	At day 5 post-infection (before LCMV-Cl13-infected NZB 
mice die), sacrifice a group of infected and control mice, har-
vest the spleen, and crush each spleen through a 70 μm mesh 
cell strainer into a 50 ml tube to generate a single cell suspen-
sion. Add 35 ml of BSS through the strainer to allow passage 
of the cells into the tube. Centrifuge (300 × g, 5 min, 4 °C) 
and discard the supernatant.

	 2.	Lyse red blood cells by adding 1.5 ml of ACK lysis buffer and 
incubating for 3 min at 4 °C. To wash the cells, add 40 ml BSS, 
centrifuge (300 × g, 5 min, 4 °C), and discard the supernatant. 
Repeat this washing step as second time.

3.3  Platelet Counts

3.4  T Cell Analysis, 
especially 
for Cell-Mediated-
Immunity
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	 3.	Resuspend the cells in 10 ml of flow buffer, count the cells, and 
adjust concentration to 20 × 106 cells/ml.

	 4.	Transfer 2 × 106 cells to a FACS tube, add 3 ml flow buffer, 
centrifuge (300  ×  g, 5  min, 4  °C), and discard the 
supernatant.

	 5.	Add to the cells an appropriate amount of H-2Ld/NP118–126 
MHC-I/peptide tetramers and anti-CD16/anti-CD32 anti-
body in 70  μl of flow buffer, incubate 45  min at 4  °C (see 
Notes 8 and 9).

	 6.	Prepare antibody mixes against CD8 and other surface mole-
cules of interest (e.g., the negative regulatory molecules PD-1, 
LAG-3, TIM-3). Add 30 μl to the cells without washing away 
the tetramer stain, and incubate for an additional 30 min at 
4 °C.

	 7.	Add 3  ml of flow buffer/tube, centrifuge (300  × g, 5  min, 
4 °C), discard the supernatant. Repeat this washing step.

	 8.	Resuspend the cells in 200 μl of flow buffer/tube, add 50 μl of 
2% PFA to fix the cells, and vortex briefly. Keep the cells in the 
dark (covered by aluminum foil) at 4 °C until analysis. Analyze 
the cells on a flow cytometer.

	 1.	Preload 28-G needle syringes with 200 μl Evan’s Blue Dye 
Solution.

	 2.	Carefully warm the mice with a heat lamp to promote vasodila-
tion. Place the first mouse in a restraint device, clean the tail with 
70% ethanol, insert the needle superficially under the skin, paral-
lel to the lateral vein, and advance 2–3 mm into vein lumen. 
Inject slowly, ensuring that the solution is entering i.v., remove 
the needle, and apply gentle pressure to the puncture site with a 
clean gauze to assist with wound closure. Return the mouse to 
the housing cage. Wait for approximately 15–20 min (the time 
required for perfusion and lung harvest in one mouse, see step 
3), and then proceed with the next mouse (see Note 10).

	 3.	Exactly 20 min after Evan’s Blue injection (step 2), sacrifice 
one mouse by lethal anesthesia. Place the mouse on its back by 
pinning the feet on a dissection board, open the abdominal 
and thoracic cavity to expose the heart, and perfuse the mouse 
by intracardial injection of 10 ml PBS. Harvest and transfer the 
lungs to a pre-weighted 5  ml tube. If necessary, follow the 
same procedure for other organs of interest, and then proceed 
with the next mouse. Figure 1 illustrates the bright blue color 
of lungs that have taken up a great deal of Evan’s Blue dye due 
to virus-mediated vascular permeability.

	 4.	Place the tubes containing the organs (capped but not tightly 
closed to allow evaporation) in an oven at 56 °C to dry. After 

3.5  Vascular Leak 
Assessment
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48 h, weigh the tubes and calculate for each mouse the dry tis-
sue weight. Add 0.5  ml of formamide, cap tightly, vortex, 
return the tubes to the oven at 56 °C, and incubate 24 h.

	 5.	Prepare Evan’s Blue twofold dilutions to use as standard curve 
(400, 200, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0 μg/ml in 
PBS). Centrifuge the formamide/Evan’s Blue mixture to pel-
let any remaining tissue fragments. Use 200  μl to measure 
absorbance at 620 nm. Calculate the amount of extravasated 
Evan’s Blue in μg/g of dried tissue.

	 1.	At day 5 post-infection, euthanize a group of infected and con-
trol mice.

	 2.	Open the abdominal and thoracic cavity. Transect and intubate 
the exposed trachea with an 18-G needle. Infuse 1 ml of PBS 
supplemented with protease inhibitors (Complete Mini, 
EDTA-free Protease Inhibitor Cocktail), recover and transfer 

3.6  Bronchoalveolar 
Lavage Fluid (BALF) 
Analysis

Fig. 1 Assessment of vascular leakage by the Evan’s Blue Dye Method. NZB mice 
were either infected intravenously with LCMV-ARM or Cl13 (2 × 106 PFU/mouse) 
or left untreated (controls). At day 5.5 post-infection (d5.5 pi), the mice were 
injected intravenously with Evan’s Blue Dye Solution and, 20 min later, sacrificed 
by lethal anesthesia, perfused by intracardial PBS injection, and the lungs har-
vested. This analysis was performed as described [15], and this figure repro-
duces a portion of figure 4A in ref. [15]
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the solution (BALF) to a 15 ml tube, and repeat the lavage 
three additional times. Centrifuge the recovered BALF 
(3000 × g, 3 min, 4 °C) and freeze at −80 °C until use.

	 3.	Assess the BALF for total protein content (BCA kit), LDH 
enzymatic activity (Cytotox assay), and presence of IgM, cyto-
kines, and chemokines (ELISA) using the commercially avail-
able kits according to manufacturer instructions.

4  Notes

	 1.	MHC monomers can be flash-frozen in a dry ice/ethanol bath 
and stored at −80 °C, but after conjugation to fluorochromes, 
they should be kept at 4 °C in the dark like other fluorochrome-
conjugated antibodies.

	 2.	Mouse experimental protocols must be performed accord-
ing to official Guide for the Care and Use of Laboratory 
Animals and approved by Institutional Animal Care and 
Use Committees.

	 3.	Virus should be used as soon as possible. Unused stock virus 
should be discarded according to biosafety requirements, since 
secondary freezing and thawing would significantly reduce 
virus titer and infection characteristics.

	 4.	There will be much less resistance when injecting i.v. than s.c; 
lightening of the usually dark-colored lateral vein is an addi-
tional confirmation of a successful i.v. injection.

	 5.	Mice with severe symptoms should be sacrificed according to 
institutional guidelines.

	 6.	Excessive Vero cell confluence will prevent formation of 
defined plaques.

	 7.	The temperature of the melted agarose mix should be between 
40 and 44  °C; higher temperature would kill Vero cells, 
whereas lower temperature would allow agarose solidification 
before transfer into the wells.

	 8.	The appropriate amount of MHC tetramer to be used is deter-
mined in control experiments by staining spleen cells from 
infected and control mice with several dilutions of the specific 
tetramer and an irrelevant tetramer. The dilution resulting in 
maximal staining of infected cells and minimal staining of 
uninfected cells should be chosen.

	 9.	Anti-CD16/anti-CD32 antibodies (clone 2.4G2) are used to 
block Fc receptors and avoid non-specific staining.

	10.	This procedure is better performed by two researchers, one 
injecting the mice and the other completing anesthesia, 
perfusion, and organ harvest.

Mouse Model of Arenavirus Lethality
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Chapter 21

Testing Experimental Therapies in a Guinea Pig Model 
for Hemorrhagic Fever

Gary Wong, Yuhai Bi, Gary Kobinger, George F. Gao, and Xiangguo Qiu

Abstract

Hemorrhagic fever viruses are among the deadliest pathogens known to humans, and often, licensed medi-
cal countermeasures are unavailable to prevent or treat infections. Guinea pigs are a commonly used animal 
for the preclinical development of any experimental candidates, typically to confirm data generated in mice 
and as a way to validate and support further testing in nonhuman primates. In this chapter, we use Sudan 
virus (SUDV), a lethal filovirus closely related to Ebola virus, as an example of the steps required for gen-
erating a guinea pig-adapted isolate that is used to test a monoclonal antibody-based therapy against viral 
hemorrhagic fevers.

Key words Hemorrhagic fever, Sudan virus, Guinea pigs, Serial passaging, Monoclonal antibodies

1  Introduction

Viral hemorrhagic fevers (VHF) constitute a broad group of illnesses 
in which some infections cause mild disease in humans, but the 
majority can result in severe, life-threatening illness with high case 
fatality rates [1]. The initial onset of disease includes general symp-
toms such as fever, fatigue, dizziness, and muscle aches. As the dis-
ease progresses, due to damage to the vascular system, patients show 
signs of subcutaneous bleeding under the skin (rash), in internal 
organs, as well as various body orifices (hemorrhage) [2]. Death 
from VHF is typically a result of shock, seizure, and multiple organ 
failure [2]. VHF are known to be caused by member viruses from 
seven distinct families: Arenaviridae (Lassa virus, Lujo virus, Junín 
virus, Machupo virus, Sabiá virus, and Guanarito virus), Hantaviridae 
(hantaviruses) Nairoviridae (Crimean-Congo hemorrhagic fever 
virus), Peribunyaviridae (orthobunyaviruses) Phenuiviridae (Rift 
Valley fever virus), and Flaviviridae (dengue virus, yellow fever virus, 
Omsk hemorrhagic fever virus, and Kyasanur Forest disease virus) 
[3]. Many of these viruses need to be handled in biosafety level 4 
(BSL-4) facilities due to their virulence in humans and due to the 
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fact that no approved vaccines or treatments exist for the majority of 
these pathogens. Patients typically receive supportive therapy, and 
ribavirin, an approved antiviral drug, has shown some efficacy in 
humans infected with Lassa [4] or hantaviruses [5]. Therefore, there 
is an urgent need for the development of prophylactics and/or ther-
apeutics against VHF.

One considerable bottleneck for the development of medical 
countermeasures against VHF infections has been the lack of small 
animal models to screen potential experimental drugs for efficacy 
against a particular pathogen, before testing in nonhuman primates 
(NHP), which is a gold standard animal model for many VHF. With 
current technologies, it is simply not financially feasible in many 
instances to test candidate drugs directly in NHP without first con-
firming efficacy in vitro and in vivo in a smaller animal model. In 
the case of monoclonal antibodies (mAbs), production costs can 
rise in excess of US $1000/g of mAbs [6], which make it prohibi-
tively expensive to test mAbs in NHP without first acquiring sup-
porting efficacy data in smaller animals.

An example of a success story with this developing and testing 
process for new drugs is ZMapp. ZMapp is a cocktail of three human-
ized mAbs targeting different regions of the glycoprotein on Ebola 
virus (EBOV) [7]. During the 2013–16 EBOV disease outbreak in 
Western Africa, ZMapp was initially used to treat two American health 
workers who had unfortunately contracted EBOV in Liberia [8]. Both 
workers survived, and ZMapp was fast-tracked for clinical trials and 
given to 36 more patients during the outbreak, of which 28 survived. 
While this is a resounding success considering that it was thought at 
one point that EBOV disease was a death sentence, these achievements 
would not have been possible had it not been for the prior develop-
ment of small animal models for EBOV (mice [9] and guinea pigs 
[10]) that paved the way for the screening of experimental candidates, 
including the individual components of ZMapp [11, 12].

SUDV is a close relative of EBOV and is also deadly in humans 
(case fatality rate = 53%) [13]. SUDV is known to be endemic to 
eastern Africa, in the countries of South Sudan and the Republic of 
Uganda [13]. SUDV was the etiological agent behind the second 
largest filovirus outbreak in history, the 2000 outbreak in Gulu, 
Uganda [13]. The number of potential experimental candidates 
available for EBOV unfortunately does not exist for SUDV, in part 
due to the aforementioned lack of small animal models and in part 
due to the attention and resources spent on researching EBOV. A 
guinea pig animal model was recently developed by the Special 
Pathogens Program at the National Microbiology Laboratory in 
Winnipeg, Canada, in which serial passaging of SUDV in the livers 
and spleens of guinea pigs resulted in a virus variant that was uni-
formly lethal to these animals [14]. This animal model can now be 
used to test candidate vaccines and drugs against SUDV [15]. 
Experimental procedures involving the generation of the guinea 
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pig-adapted SUDV and the testing of a hypothetical mAb-based 
therapy in these animals will be presented in this chapter, to serve 
as a blueprint for the development of guinea pig models for other 
VHF and the testing of specific therapies.

2  Materials

In addition to the specific materials required for the procedures 
below, the following general laboratory supplies should also be 
available:

	 1.	Pipetman and Pipet-Aid.
	 2.	Consumables including pipet tips, pipets, Eppendorf tubes, 

cryovials, T-150 tissue culture flasks, 48-well tissue culture 
plate, 50 ml Falcon tubes, and 60 × 15 mm petri dishes.

	 3.	37 °C incubator for tissue culture.
	 4.	Tabletop centrifuge, benchtop centrifuge.
	 5.	Vortex.
	 6.	Optical (light) microscope.
	 7.	Biosafety cabinet.
	 8.	Weight scale.

	 1.	Guinea pigs (female, Hartley, 6–8 weeks old, two animals per 
passage).

	 2.	Equipment needed for animal husbandry (cages, food, 
water, etc.).

	 3.	Sudan virus progenitor (SUDV-p), isolate Boneface (GenBank 
accession no. FJ968794.1).

	 4.	27 gauge needles.
	 5.	Dulbecco’s Modified Eagle’s Medium (DMEM).
	 6.	Heat-inactivated fetal bovine serum (FBS).
	 7.	Inhalational anesthetic (isoflurane – AErrane).
	 8.	Small dissecting scissors.
	 9.	Tweezers.
	10.	40-mesh steel screen (40 mesh means 40 openings per square 

inch, allowing passage of a 350–400 μm particle).
	11.	Sterile plastic plunger.
	12.	Falcon nylon mesh cell strainers (accommodating a 40 μm par-

ticle size).
	13.	Phosphate buffered saline (PBS).
	14.	Tissue homogenizer.
	15.	2 ml cryovials.

2.1  General 
Laboratory Supplies

2.2  Serial Passaging 
in Guinea Pigs

Guinea Pig Model for Testing HFV Therapies
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	 1.	RNA extraction kit (viral RNA mini kit, Qiagen). This kit con-
tains a virus-lysing buffer called “Buffer AVL”, that is a mix-
ture of guanidinium chloride and carrier (polyA) RNA. The kit 
contains Buffer AW1 and AW2 that are column wash buffers 
containing denaturing guanidinium chloride that helps stick 
nucleic acids to silica beads. Buffer AVE:10  mM Tris-Cl 
pH 8.3, 0.1 mM EDTA and 0.04% NaN3 is used to remove 
nucleic acids from silica beads.

	 2.	96-well plates for qRT-PCR.
	 3.	Lightcycler 480 RNA master hydrolysis probe kit.
	 4.	ABI StepOnePlus real-time PCR instrument.
	 5.	Primers (20 μM stock) and probes (10 μM stock) designed 

against SUDV:
Forward: 5′-CAGAAGACAATGCAGCCAGA-3′
Reverse: 5′-TTGAGGAATATCCCACAGGC-3′
Probe: 5′-[FAM]-CTGCTAGCTTGGCCAAAGTCACAAG- 
[BHQ]-3′

	 1.	CV-1 cells: Cercopitheucus aethiops kidney cells (ATCC® 
CCL-70™).

	 2.	Dulbecco’s Modified Eagle’s Medium (DMEM).
	 3.	Heat-inactivated fetal bovine serum (FBS).
	 4.	0.05% Trypsin.

	 1.	Guinea pigs (Female, Hartley, 6–8 weeks old, 3 animals per 
dose to be tested).

	 2.	Equipment needed for animal husbandry (cages, food, water, 
etc.).

	 3.	Newly generated, guinea pig-adapted virus, known hereafter as 
SUDV-GA (GA for guinea pig-adapted).

	 4.	Needles (27 gauge, 0.40 mm outer diameter).
	 5.	Dulbecco’s Modified Eagle’s Medium (DMEM).
	 6.	Heat-inactivated fetal bovine serum.

	 1.	Guinea pigs (Female, Hartley, 6–8 weeks old, 6 animals per 
mAb to test).

	 2.	Equipment needed for animal husbandry (cages, food, water, 
etc.).

	 3.	Monoclonal antibodies, enough for up to 20 mg per guinea 
pig.

	 4.	27 gauge needles.
	 5.	SUDV-GA.

2.3  qRT-PCR Testing 
of Liver and Spleen 
Homogenates

2.4  Propagation 
and Titration 
of the Adapted Virus

2.5  Determining 
the LD50 
of the Adapted Virus

2.6  Testing 
of a Monoclonal 
Antibody 
Against SUDV 
in Guinea Pigs
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3  Methods

	 1.	Inject two guinea pigs each intraperitoneally (IP) with ∼105 
TCID50 of SUDV-p in 1 ml DMEM with 2% FBS.

	 2.	If animals remain healthy for 7 days post-infection (dpi), euth-
anize them with an overdose of inhaled isoflurane.

	 3.	Remove liver and spleen from euthanized animals using scis-
sors and tweezers.

	 4.	Pool and homogenize the organs by grinding them against a 
steel mesh (e.g., 40–60 mesh will suffice) with a sterile plastic 
plunger, until the majority of cells have been pushed through 
the mesh.

	 5.	Suspend cells in 10 ml of PBS and aliquot to 2 ml cryovials.
	 6.	Centrifuge cells on tabletop centrifuge at 400 × g for 5 min.
	 7.	Pass the supernatant through a 40 μm nylon mesh Falcon cell 

strainer, and then homogenize the remaining cell pellets with a 
tissue homogenizer.

	 8.	Centrifuge cells on tabletop centrifuge at 400 × g for 5 min.
	 9.	Pass the supernatant through the cell strainer.
	10.	Inject two new, naive guinea pigs IP with 1 ml of the filtered 

supernatant each. Also use some supernatant for viral RNA 
extractions such that it can be confirmed that SUDV is still 
present inside the guinea pig organs.

	11.	If still healthy for 7 dpi, repeat passaging process starting from 
step 2 of this section.

	12.	If animals start to look sick, the investigator needs to judge 
whether they will live for 7 dpi. If so, repeat passaging process 
starting from step 2 of this section.

	13.	If animals die before 7 dpi, harvest liver and spleen (i.e., repeat 
passaging process starting from step 3 of this section, up until 
step 10 and proceed to Subheadings 3.2 and 3.3).

	 1.	Take 140  μl of supernatant from Subheading 3.1 and add 
560 μl of Buffer AVL in a 2 ml cryovial.

	 2.	Mix well and incubate at room temperature for 10 min.
	 3.	Briefly centrifuge the tubes to remove liquid from the lid.
	 4.	Add 560 μl of 100% ethanol to the sample, and mix well.
	 5.	Briefly centrifuge the tubes to remove liquid from the lid.
	 6.	Apply 630 μl of the sample/AVL/ethanol mix to the column 

with a 2 ml collection tube.
	 7.	Centrifuge on tabletop centrifuge at 6000 × g for 1 min.
	 8.	Discard waste liquid and reuse collection tube. Apply 630 μl of 

the sample/AVL/ethanol mix to the column.

3.1  Serial Passaging 
in Guinea Pigs (See 
Note 1)

3.2  qRT-PCR Testing 
of Liver and Spleen 
Homogenates (See 
Note 2)

Guinea Pig Model for Testing HFV Therapies



274

	 9.	Centrifuge on tabletop centrifuge at 6000 × g for 1 min.
	10.	Discard waste liquid and reuse collection tube.
	11.	Add 500 μl of Buffer AW1 to the column.
	12.	Centrifuge on tabletop centrifuge at 6000 × g for 1 min.
	13.	Discard waste liquid and reuse collection tube.
	14.	Add 500 μl of Buffer AW2 to the column.
	15.	Centrifuge on tabletop centrifuge at 15,000 × g for 3 min.
	16.	Discard waste liquid and reuse collection tube.
	17.	Centrifuge on tabletop centrifuge at 15,000 × g for 1 min.
	18.	Discard waste liquid and use Eppendorf tube.
	19.	Add 50 μl of elution Buffer AVE to the column, let sit for 

1 min.
	20.	Centrifuge on tabletop centrifuge at 6000 × g for 1 min.
	21.	Set up qRT-PCR reaction as follows (using the Lightcycler 

480 RNA master hydrolysis probe kit from Roche):

For 1× reaction:

Water 7.55 μl

Buffer 9.25 μl

Activator 1.60 μl

Enhancer 1.00 μl

Primer forward/reverse mix 0.30 μl

Probe 0.30 μl

RNA 5.00 μl

Total 25.00 μl

	22.	qRT-PCR cycling conditions:

61 °C for 3 min (reverse transcription)
95 °C for 30 s (initial denaturation)
45 cycles (PCR): then, 95 °C for 15 s; then, 60 °C for 30 s

	23.	If results are positive for SUDV by qRT-PCR, there are two 
scenarios:
First, if this supernatant is from guinea pigs that succumbed to 
infection, proceed to Subheading 3.3. Second, if this superna-
tant is from healthy guinea pigs, use this supernatant to infect 
two more naïve guinea pigs (passaging).

	24.	If results are negative for SUDV by qRT-PCR, go back to the 
supernatant from the previous passage, inject guinea pigs IP 
with 1 ml of the supernatant, and repeat process starting from 
step 2 of Subheading 3.1.

Gary Wong et al.
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	 1.	Prepare T-150 flask(s) of CV-1 cells that are approximately 
95% confluent on the day of infection.

	 2.	Take 1 ml of supernatant, dilute in DMEM with 2% FBS to 
5 ml, and apply to cells.

	 3.	Incubate at 37  °C, 5% CO2 for 1  h, rocking flask(s) gently 
every 15 min to ensure even spread of the virus.

	 4.	Remove virus inoculum.
	 5.	Add 30 ml of DMEM with 2% FBS, and incubate at 37 °C, 5% 

CO2.
	 6.	Observe cells daily until cytopathic effects occur.
	 7.	When approximately 80% of cells show cytopathic effects, col-

lect supernatant in 50 ml Falcon tubes.
	 8.	Centrifuge on benchtop centrifuge at 400 × g for 5 min.
	 9.	Making sure not to touch the cell pellet, aliquot the harvested 

SUDV-GA into 2 ml cryovials and store at −150 °C for future use.
	10.	Seed 48-well tissue culture plate of CV-1 for titering SUDV-GA.
	11.	Take one aliquot of SUDV-GA and prepare the virus dilutions 

in plain DMEM by tenfold serial dilution from 10−2 to 10−8 
(i.e., 100 μl virus +900 μl DMEM).

	12.	Remove media from CV-1 cells.
	13.	Add 100 μl of plain DMEM to the mock row.
	14.	Add 100 μl of the virus dilutions starting with the highest dilu-

tion to each well (6 wells per dilution).
	15.	Incubate at 37  °C, 5% CO2 for 1  h, rocking flask(s) gently 

every 15 min to ensure even spread of the virus.
	16.	Remove virus inoculum.
	17.	Add 250 μl of DMEM with 2% FBS to cells, and incubate at 

37 °C, 5% CO2.
	18.	Observe cells daily until cytopathic effects occur.
	19.	Calculate titer in units of TCID50/ml by the Reed and Muench 

method.
	20.	Proceed to Subheading 3.4.

	 1.	Prepare the stock virus dilutions in plain DMEM by tenfold 
serial dilution, to get concentrations of ~103 to 10−2 TCID50/
ml (i.e., 500 μl virus +4500 μl DMEM)

	 2.	Challenge guinea pigs (n  =  3 per concentration) IP with 
SUDV-GA in a volume of 1 ml DMEM.

	 3.	Monitor daily for clinical signs, weight loss, and survival.
	 4.	Calculate LD50 values using the method of Miller and Tainter 

(http://ayubmed.edu.pk/JAMC/PAST/21-3/Randhawa.pdf).
	 5.	Proceed to Subheading 3.5.

3.3  Propagation 
and Titration 
of the Adapted Virus 
(See Note 3)

3.4  Determining 
the LD50 
of the Adapted Virus 
(See Note 4)

Guinea Pig Model for Testing HFV Therapies
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	 1.	Prepare two doses of mAbs (5 or 10 mg mAbs per guinea pig 
diluted in 1 ml PBS).

	 2.	Challenge guinea pigs (n  =  6 or more per group) IP with 
SUDV-GA in a volume of 1 ml DMEM with 2% FBS.

	 3.	One day later, treat guinea pigs IP with mAbs.
	 4.	Monitor daily for clinical signs, weight loss, and survival.
	 5.	Depending on survival results, adjust parameters of the experi-

ment and try again: If animals survive, try lowering the dose 
and initiating treatment at later timepoints after infection. If 
animals do not survive, try increasing the dose, initiating treat-
ment earlier, administering more injections, or combining with 
an adjuvant.

4  Notes

	 1.	Serial Passaging in Guinea Pigs
	 (a)	� Reagents must be sterile to avoid cross contamination.
	 (b)	�Guinea pigs may or may not get sick and die, and if so, the 

timing (in terms of passage number) is generally unpre-
dictable. It is up to the researcher to weigh and monitor 
these animals for signs of illness daily, and determine if the 
animal should be euthanized.

	 (c)	� This passaging process can be somewhat lengthy. For 
SUDV, it took 25 passages until the virus was able to cause 
death in guinea pigs.

	 2.	qRT-PCR Testing of Liver and Spleen Homogenates
	 (a)	� The RNA extraction process is performed mostly follow-

ing manufacturer instructions from the viral RNA mini kit 
(Qiagen).

	 (b)	�The qRT-PCR master mix was set up following manufac-
turer instructions from the Lightcycler 480 RNA master 
hydrolysis probe kit (Roche).

	 3.	Propagation and Titration of the Adapted Virus
	 (a)	� The choice of cell line in which to grow the virus should 

be made carefully and based on past publications. CV-1 
cells were used for SUDV but VeroE6 (VERO C1008; 
Vero 76, clone E6; ATCC® CRL-1586™) grows most filo-
viruses well.

	 (b)	�Under cell maintenance conditions, CV-1 cells should be 
grown in DMEM supplemented with 10% FBS.

	 (c)	� SUDV was not plaque purified (i.e., stock derived from a 
single clone) because the virus does not plaque well under 
normal plaque assay conditions.

3.5  Testing 
of a Monoclonal 
Antibody 
Against SUDV 
in Guinea Pigs (See 
Note 5)
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	 (d)	�Cytopathic effects from SUDV infection of CV-1 cells 
typically occur between 10 and 14 days after infection.

	 4.	Determining the LD50 of the Adapted Virus
	 (a)	� After infection, moribund animals tend to die quickly, typ-

ically within 7–10 dpi. However, the monitoring period 
should still be set for 28 days, as small numbers of animals 
do die later.

	 (b)	� Other experiments that can also be performed include inves-
tigating the mutations which allow SUDV-GA to kill its host, 
pathology studies, and clinical findings in animals infected 
with SUDV-GA and how the illness compares to that of 
human SUDV disease. This topic will not be covered here.

	 5.	Testing of a Monoclonal Antibody against SUDV in Guinea 
Pigs

	 (a)	� Parameters associated with this experiment, i.e., dosing, 
timing of treatment, are flexible. Typically most research-
ers start with a single IP dose of 5 or 10 mg mAbs per 
guinea pig, and administer mAb 1 day before challenge, at 
the time of challenge, and 1 day after challenge.
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Chapter 22

A Primate Model for Viral Hemorrhagic Fever
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Sandra Medina-Moreno, Mahmoud Djavani, Joseph Bryant,  
Juan David Rodas, and Juan Carlos Zapata

Abstract

Lymphocytic choriomeningitis virus strain WE (LCMV-WE), a Risk Group 3 virus, causes a disease in 
rhesus monkeys that closely resembles human infection with Lassa fever virus, a Risk Group 4 agent. Three 
stages of disease progression have been defined and profiled in this model: pre-viremic, viremic, and ter-
minal. The earliest or pre-viremic stage reveals changes in the blood profile predictive of the later stages of 
disease. In order to identify whether specific changes are pathognomonic, it was necessary to perform a 
parallel infection with an attenuated virus (LCMV-Armstrong). Here we review the use of nonhuman 
primates to model viral hemorrhagic fever and offer a step-by-step guide to using a rhesus macaque model 
for Lassa fever.

Key words Macaque model, LCMV-WE, Risk group 3, Lassa fever, Risk group 4, A-BSL-3

1  Introduction

Although rodents and other animal models are useful for prelimi-
nary studies, nonhuman primates (NHP) are needed to accurately 
model the systemic responses of infected human beings. Rodents 
account for 95% of the animal models for most in vivo research, 
and nonhuman primates account for only 0.5% of the models used 
[1]. NHP are generally more susceptible to viral hemorrhagic 
fevers (VHF) at lower inoculating doses than are rodents, and they 
develop signs and systemic responses similar to human beings, 
making them the best suited models to describe pathogenesis, test 
viral vaccines, and assess antiviral drugs.

Different kinds of NHP have been used as models for VHF, 
but the Indian rhesus macaque has been used most frequently, e.g., 
in studies of yellow fever [2], severe dengue [3], Lassa fever [4, 5], 
and filovirus disease [6]. Cynomolgus macaques have also been 
used for Lassa fever [5, 7] and Marburg and Ebola virus diseases 
[6]. Marmosets were found to accurately model Rift Valley fever 
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(RVF) [8], Argentinian hemorrhagic fever [9], and Lassa fever 
[10]; Crimean-Congo hemorrhagic fever virus (CCHFV) has been 
studied in livestock, but not yet in NHP [11].

A series of papers from the Salvato laboratory, based on obser-
vations from Czech scientists in the 1960s, describe a rhesus 
macaque model for Lassa fever using the Risk Group 3 agent, lym-
phocytic choriomeningitis virus WE (LCMV-WE) [12–17]. 
Rhesus monkeys inoculated with LCMV-WE follow a disease 
course of 10–14 days that resembles human infection with Lassa 
fever virus [13, 14, 17]. In these studies, viremia is detectable in 
plasma by day 4 and fever begins a day or two later. Viral loads are 
a prognostic disease marker and are directly proportional to viru-
lence; e.g., >104 plaque-forming units (pfu)/ml plasma or >103.6 
tissue culture infectious doses for 50% of the cultures (TCID50)/
ml are lethal in both human beings and in the monkey model [13, 
18, 19]. The most consistent pathologic finding in Lassa fever 
infection in man and in the monkey model is hepatocellular necro-
sis [18, 20, 21]. Findings in the monkey model were similar to 
those for human beings in which liver enzymes that are >fivefold 
over baseline levels (e.g., aspartate aminotransferase (AST) 
>150 IU/L) predict a lethal outcome. Levels of IL-6 in plasma 
were highly elevated as well, in conformation with results in NHP 
and human Lassa fever patients [14, 15]. The IL-6 titer was pro-
posed as an additional marker of Lassa fever progression [7]. 
Coagulation defects are also a disease marker, such that prothrom-
bin times (PT) greater than 13 s and activated partial thromboplas-
tin times (APTT) greater than 40 s are signs of disease [18, 19]. 
Other signs of hemorrhagic fever include myocarditis and pulmo-
nary edema, with late-stage hypovolemic shock due to vascular 
leakage [20, 21]. Transcriptome profiling of the LCMV-WE-
infected macaques [22] defined three distinct stages of disease pro-
gression (Fig.  1): a pre-viremic stage in which CD14+ cells 
increased in the circulation; a viremic stage marked by abrupt onset 
of fever, malaise, and high liver enzymes; and a terminal stage with 
signs of vascular leakage at mucosal surfaces, bleeding at venipunc-
ture sites, petechial rashes, listlessness, loss of appetite, dehydra-
tion, and respiratory distress.

The development of hemorrhagic fever depends on high viral 
titers that could best be achieved by intravenous delivery of a high-
dose inoculum. Investigators at BSL-4 facilities in the USA have 
settled on intramuscular (i.m.) delivery to model the most frequent 
type of accidental infection of human beings [6]. A French group 
used subcutaneous (s.c.) inoculation of cynomolgus macaques to 
study Lassa fever [7], and, remarkably, one of three given 103 pfu 
died of VHF, and none of the three animals given 107 pfu died of 
VHF. The authors discovered higher viral RNA/pfu in survivors 
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implying that there were more defective particles interfering with 
the replication of the virus and decreasing the severity of the dis-
ease. In our experience, i.m. and s.c. delivery are less reproducible 
than i.v. for achieving a rapid and systemic hemorrhagic fever. Oral 
delivery has not been very reproducible in our hands, but can 
result in severe disease and sometimes death [17]. The possibility 
that the gastrointestinal tract attenuates the viral infection con-
forms to observations in the field [26]. Aerosol Lassa infection 
using doses below 103 pfu per macaque resulted in four out of four 
animals acquiring disease [27]. A good example of i.v. infection is 
the study of dengue virus infection of rhesus monkeys: dengue 
fever was routinely observed at viral doses less than 106 pfu per ani-
mal; however, at an intravenous dose of 107 pfu, dengue hemor-
rhagic fever was observed in six out of six macaques [3] (Fig. 2).

In this chapter, we will describe the rhesus macaque model for 
Lassa fever: the Animal Biosafety Level 3 (ABSL-3) facilities, care, 
and sedation of NHP, the inoculation of macaques with infectious 
virus stocks, sampling macaques by blood draw and tissue biopsy, 
and the final harvesting of tissues during necropsy (see Note 1).

Progression of Arenavirus Hemorrhagic Fever

Lethal LCMV-WELow NR4A2+ 
Eicosanoids

High IL6+ISG
High AST/ALT

High IL6+ISG
morbidity

Mild
LCMV-Arm

Pre-viremic
(day 0-3)

Terminal or Convalescent
(day 9-onward)

Viremic
(day 4-8)

Higher IL8+IP10 than 
non-survivors

ISG expression

Lassa in humanAsymptomatic
stage Fever

Cardiac & 
kidney failure

Fig. 1 Three stages of hemorrhagic fever disease progression. The pre-viremic stage has been called the 
“asymptomatic” stage in human subjects. The viremic stage is characterized by the onset of flu-like signs like 
fever and muscle aches. The terminal stage displays severe signs of vascular leakage, tissue edema, high liver 
enzymes, and coagulopathy. For profiles of NHP at these stages, see these refs. 22–24. For description of a 
medical doctor who received a high-dose “needle stick” and died 18 days later, see ref. 25
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2  Materials

	 1.	A minimal ABSL-3 suite should have an anteroom for care 
staff to put on their personal protective equipment (PPE), a 
HEPA-filtered isolation room for housing animals in cages, 
and a HEPA-filtered room for examinations and necropsies.

	 2.	The Indian rhesus macaque, Macaca mulatta, 3–10 years of age 
and 4–7 kg weight, is a frequent model for hemorrhagic fever 
virus infection. NHP should be prescreened for such pathogens 
as herpes B virus (lethal for human beings) and simian foamy 
virus (that prevents the immortalization of macaque B cells).

	 3.	Personal protective equipment (PPE): lab coat, gloves, and 
safety glasses are minimal for BSL-2. Face shield, second pair 
of gloves, disposable shoe covers, disposable hair covers, dis-
posable sleeves, and body suit are additional for BSL-3. For 
virus preparation or when expecting more than usual aerosols 
(as in bone cutting during necropsy), investigators will wear 
portable respiratory packs.

	 4.	Anesthetic ketamine solution: 100  mg/ml in saline is fre-
quently used at 15 mg/kg intramuscularly (i.m.) when anes-
thetizing a macaque (see Note 2).

	 5.	Sterile gauze pads, used to apply pressure at sites of injection.
	 6.	Biohazard bags for waste disposal and a sharps container for 

needle disposal, both suitable for autoclaving.

2.1  Facilities 
and Animals

Fig. 2 Groin petechial rash of rhesus macaque with dengue hemorrhagic fever. 
Petechiae are due to blood leaking from capillaries under the skin. Macaques 
were infected intravenously with 107 pfu dengue 2 and experienced peak viremia 
by days 3–5. By day 7 investigators noted a slight drop in hematocrit, mild 
thrombocytopenia, neutropenia, and D-dimer elevation [3]. Photo by courtesy of 
Francois Villinger, Division of Microbiology and Immunology, Yerkes National 
Primate Research Center, Emory University, Atlanta, GA, USA; New Iberia 
Research Center, University of Louisiana at Lafayette, New Iberia, LA, USA
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	 7.	Measurement equipment: scale for weighing monkeys; calipers 
for measuring extremities, disease signs, organs, and tissues.

	 1.	Virus stocks: LCMV-WE, a virulent virus strain, and LCMV-
Armstrong 53B, a nonpathogenic virus strain in primates, are 
maintained at −80  °C as stocks at 106–108 plaque-forming 
units (pfu)/ml in MEM medium. LCMV stocks can be inocu-
lated at doses of 103–107  pfu by intravenous route or 105–
108 pfu by intragastric routes (see Note 3).

	 2.	Cannula (gastric tube) and syringe for intragastric (i.g.) gavage: 
virus in 1–4 ml of MEM is delivered by a 5 ml syringe attached 
to a flexible plastic cannula (no more than 4 mm diameter) 
with beveled leading edge. The length of the cannula is the 
distance from the animal’s mouth to the bottom of its rib cage.

	 3.	Alcohol wipes: gauze infused with 70% isopropanol to disinfect 
the skin and work surfaces.

	 4.	Needles for intravenous (i.v.), intramuscular (i.m.), subcutane-
ous (s.c.) inoculations. Virus in 0.1–0.2 ml MEM is delivered 
i.v. by a syringe with a 23–25G needle via the saphenous vein 
or femoral vein of a NHP. The saphenous vein drains into the 
larger femoral vein and is sufficiently large to insure rapid deliv-
ery and dissemination of an infectious dose.

	 5.	Sharps disposal bin (autoclavable). This is meant to accept 
used needles and to avoid having the investigator re-sheath the 
needle tips.

	 1.	Blood collection tubes for serum (~4  ml) or for un-clotted 
blood (~10 ml tubes containing anticoagulants EDTA, sodium 
citrate, or heparin) (see Note 4).

	 2.	Blood collection tube holder attached to a needle and plastic 
“butterfly wings” to steady the procedure (e.g., the BD 
Vacutainer blood collection kits).

	 3.	Biopsy needles to take liver or lymph node tissues before 
necropsy.

	 4.	Evans blue dye solution: 0.5% dye powder in PBS. This is used 
to locate lymph nodes or to detect organ hemorrhage.

	 5.	Saline: 9 g of NaCl per liter of water (0.9% NaCl). This is an 
isotonic solution for hydration of NHP. During sedation and 
during the course of an infection, macaques may need hydration 
by saline injection using 50 ml syringes with 20–25G needles.

	 1.	Sodium phenobarbital (0.25 ml/kg, by intracardiac injection) 
for euthanasia.

	 2.	Liquid nitrogen and dry ice for cryopreservation of tissue 
samples.

2.2  Inoculation 
and Infection of NHP

2.3  Tissue Sampling 
and NHP Hydration

2.4  Euthanasia 
and Necropsy
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	 3.	Paraformaldehyde for embedding and histology of tissue 
samples.

	 4.	Trizol for extraction of viral RNA from tissue samples.
	 5.	Wire mesh sieves for isolating splenocytes or other dissociated 

tissue cells.
	 6.	Enzyme cocktails for digesting lung or intestine or liver 

tissues.
	 7.	A Drexel motor device for grinding, homogenizing, and 

extracting virus from tissue samples.
	 8.	Bone saw for cutting through the cranium or other bone.
	 9.	Optimal cutting temperature (OCT) tissue-freezing medium is 

composed of water-soluble glycols and resins for cryostat sec-
tioning of tissues.

3  Methods

	 1.	Animals housed in BSL-2 facilities can be transferred to 
A-BSL-3. They should be allowed 2  weeks to acclimatize 
before infection.

	 2.	On the day of a procedure in A-BSL-3, animal care staff should 
enter the anteroom and put on PPE.

	 3.	Care staff should then enter the cage room, using squeeze-
back cages to safely immobilize and anesthetize macaques.

	 4.	Inoculate the anesthetic i.m. into the fleshy part of the 
macaque’s arm or leg.

	 5.	When the animal looks sleepy, weigh and examine him for dis-
ease signs, and after the procedure, return him safely to his 
cage and observe that he becomes fully awake.

	 6.	All PPE should be removed and put in biohazard waste bags 
(destined for autoclave decontamination) before leaving the 
HEPA-filtered rooms.

	 1.	To prepare an anesthetized macaque for i.v. inoculation with 
virus, first, place him faceup on an examination table within 
the ABSL-3 examination room.

	 2.	Disinfect the groin area using an alcohol wipe.
	 3.	Identify the femoral vein or the adjacent saphenous vein by 

placing a finger on the groin area to feel a pulse.
	 4.	Using a 1 ml syringe with a 25G needle, inoculate the vein 

with a dose of virus (usually 103–107 pfu per animal).

3.1  Facilities 
and NHP

3.2  Viral Infection

3.2.1  Intravenous 
Infection
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	 1.	To prepare an anesthetized macaque for i.g. inoculation 
(gavage) with virus, place him faceup on an examination table 
within the ABSL-3 examination room.

	 2.	Raise his head and torso with a pillow. Insert the gastric tube 
(attached to the syringe with virus) gently past the tongue and 
down the esophagus, never forcing it but withdrawing it and 
re-advancing when you come upon obstruction. The esopha-
gus is dorsal to the trachea, so direct the tube along the back 
of the animal.

	 3.	When the tube has gone as far as it will go this way, release the con-
tents, by pushing the syringe plunger. This allows delivery of liquids 
just above the stomach sphincter which will cause the involuntary 
valve opening and ingestion of the gavage fluid (see Note 5).

Samples are collected to study viral dissemination, gene expression 
and immune responses.

	 1.	To prepare an anesthetized macaque for blood sampling, first, 
place it faceup on an examination table within the ABSL-3 
examination room (Fig. 3).

3.2.2  Intragastric 
Infection

3.3  Blood, Tissue 
Sampling, and Hydration

3.3.1  Blood Collection

Fig. 3 Taking a blood sample from the saphenous vein. Palpating the vein (a). Injecting the Vacutainer holder 
(b). Inserting a (green cap in this case) blood collection tube into the holder (c). Applying pressure to the vein 
after removing the needle (d)
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	 2.	Disinfect the groin area using an alcohol wipe.
	 3.	Identify the femoral vein or the adjacent saphenous vein by 

placing a finger on the groin area to feel a pulse.
	 4.	Using a blood collection tube holder, fit it with a 21G needle 

plus stabilizing wings, threading the needle onto the holder 
before unsheathing it.

	 5.	Enter the skin at the distal point of the vein chosen for infu-
sion, with the needle directed proximally along the long axis of 
the vein.

	 6.	Slowly advance the needle to find and penetrate the vein.
	 7.	Apply vacuum or push the blood collection tube onto the nee-

dle of the holder.
	 8.	Withdraw the desired amount of blood (see Note 6).
	 9.	If multiple samples are to be collected, remove the tube and 

place a new tube into the holder.
	10.	If blood ceases to flow before collections are complete, remove 

the tube first and then the needle and repeat the procedure 
from step 4. Removing the tube first will avoid damaging the 
vein due to the vacuum in the tube.

	11.	Discard needle in a sharps device without re-sheafing it, and 
use a new tube and a new needle.

	12.	As each tube is filling, mix the previous tube gently by inver-
sion. Do not shake tubes because that can cause hemolysis.

	13.	As soon as the last tube is collected and mixed, remove the 
needle and immediately apply pressure to the puncture site 
with dry sterile gauze until bleeding stops. Apply pressure for 
at least 1 min or longer if blood is not coagulating.

	14.	Label tubes with the animal identification number.
	15.	After collection, store tubes upright at room temperature until 

centrifugation. Blood samples should be centrifuged within 
2 h of blood collection for best results.

	 1.	While the macaque is still under sedation, it can also be sub-
jected to tissue biopsy. As it lies faceup, palpate the tissue to be 
biopsied (liver is just under the sternum). In the absence of an 
expert liver doctor, one can be guided by sonogram. An expert 
can do this accurately and obtain a biopsy within a few seconds 
without accidentally damaging the gall bladder or surrounding 
structures (see Note 7).

	 2.	Lymph nodes (LN) can be located by injecting Evans blue dye 
solution near the node, waiting 20 min, and then visualizing 
an intense blue nodule through the skin, since monocytes take 
up the dye and congregate in the closest LN.

3.3.2  Collecting Tissue 
Biopsies
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	 3.	Insert the biopsy needle and pull back the plunger to get about 
30 mg (about 106 cells) of tissue.

	 4.	Eject tissue into paraformaldehyde or OCT if it is to be used 
for immunohistochemistry or into a chaotropic solution like 
guanidine isothiocyanate plus phenol if it is to be used for 
nucleic acid extraction.

	 5.	During the course of infection and during sedation, macaques 
are subject to dehydration that can be prevented by subcutane-
ous saline injections using a 50 ml syringe with a 25G needle. 
(Fig. 4).

Procedures should be consistent with the recommendations of the 
Panel on Euthanasia of a national Veterinary Medical Association 
and should be reviewed and approved by an institutional Office of 
Biological Safety.

4  Notes

	 1.	All procedures like inoculation, sampling, and hydration must 
be done while the NHP is sedated. All procedures must be 
approved by an Institutional Animal Care and Use Committee 
(IACUC), and all animal care individuals must be trained and 
certified yearly (e.g., by a national agency like the US 
Department of Agriculture).

	 2.	Anesthetic sedation of NHP must be performed by a licensed 
veterinarian and according to IACUC-recommended doses. 

3.4  Euthanasia 
and Necropsy

Fig. 4 Fluid replacement to hydrate a dehydrated macaque. The volume of fluid 
varies with the size of the animal. An anesthetized monkey can be given isotonic 
saline by subcutaneous injection. Inoculate 5–10 ml of fluid per kg body weight, 
but no more than 10 ml of fluid in any one injection. Pinch the skin and lift it, and 
then inject the solution between the skin and the muscle around the scruff of the 
neck and within folds of skin on the animal’s back. This animal is receiving four 
subcutaneous injections with saline using a 25G needle on a 50 ml syringe
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Ketamine alone can be used at doses of 5–15 mg/kg. A mix-
ture of ketamine to xylazine (4:1, w:w) delivered i.m. was 
found to optimize the duration of anesthesia and recovery time 
[28]. 15 mg/kg ketamine without xylazine may result in less 
stressful recoveries. Recommendations for anesthesia can be 
found online [29].

	 3.	Do not confuse infectious doses with drug doses. In dose-
escalation studies, responses to drugs are linear over large 
ranges, whereas responses to infectious agents are modulated 
by infectious route, tissue tropism, replication rates in different 
tissues, the presence of other infectious agents, and the immune 
response. An inoculum (e.g., dose of 103 pfu delivered intrave-
nously in 0.1  ml MEM) must have no more than 300–600 
noninfectious virus particles per infectious particle, or it will 
induce inflammatory responses that will mute or prevent the 
infection (see references on high-dose immune suppression 
from the Zinkernagel laboratory [30]).

	 4.	In blood sampling tubes, the type of anticoagulant is deter-
mined by the analyses to be performed with each blood sam-
ple. The EDTA tube (lavender top) is most frequently used for 
complete blood counts (CBC) and preferred for performing 
assays for cell-mediated immunity, to obtain peripheral blood 
mononuclear cells (PBMC) for culture or to extract nucleic 
acids. A citrate tube (pale blue top) is used if blood is to be 
subjected to coagulation studies like determining prothrombin 
times. Heparin (green top) tubes are used for plasma analyses.

	 5.	Volumes of virus inoculum up to 10–20 ml/kg NHP can be 
administered by oral gavage.

	 6.	Volumes of blood allowed for withdrawal are on the order of 
1% body weight at a time, allowing at least 2 days for recovery 
(3 days for obviously sick animals). Blood collection can be as 
much as 10% body weight in a month. The minimum volume 
of blood that can be processed without significantly affecting 
the yield of PBMC is approximately 6 ml.

	 7.	The animal care staff must be skilled in palpating the underlying 
organs in an NHP to do liver biopsy as described [14]. A good 
source for biopsy needles is Microvasive, Boston Scientific Co. 
One can use Evans dye to identify lymph nodes to be biopsied.
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Chapter 23

A Primary Human Liver Cell Culture Model for Hemorrhagic 
Fever Viruses

Mahmoud Djavani

Abstract

Viral hemorrhagic fevers affect liver functions such as important metabolic processes and the replacement 
of new blood cells, coagulation factors, and growth factors. Typically, multi-organ diseases such as viral 
hemorrhagic fevers are studied in an organism, but it is also possible to derive information about the 
molecular events involved in disease processes by focusing on liver cell culture. Here we describe a multi-
cell culture system that is capable of replicating the arenavirus LCMV-WE, a virus that can cause hemor-
rhagic fever in primates, as a model for liver infection by a hemorrhagic fever virus.

Key words Human liver, Stem cells, Culture, LCMV-WE, Lassa model

1  Introduction

Arenaviruses such as Lassa fever virus (LASV) and virulent lympho-
cytic choriomeningitis virus WE strain (LCMV-WE) can cause 
severe viral hemorrhagic fever (VHF) in nonhuman primates and in 
human beings. Arenaviral hemorrhagic fever viruses cause multiple 
organ failure and have a major effect on the liver. Like LASV, viru-
lent LCMV-WE targets the liver in experimental animals and repli-
cates efficiently both in vivo and in vitro cell culture systems [1–4].

The human liver is composed of mainly parenchymal cells 
(hepatocytes), which constitute 80% of the cell population of the 
liver. Sinusoidal endothelial cells, perisinusoidal macrophages 
(Kupffer cells), liver-specific natural killer cells (pit cells), and stel-
late (Ito) cells represent the non-parenchymal cells [5]. Near the 
hepatic portal space, bile canaliculi transform into the canal of 
Hering, which is lined by both hepatocytes and cholangiocytes. 
The canal of Hering is thought to serve as a reservoir of liver pro-
genitor cells [5, 6]. The epithelial cells of the canal are oval in 
shape, called “oval cells,” and can differentiate into both hepato-
cytes and cholangiocytes [6]. Several studies described the role of 
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cultured oval/epithelial cells as progenitors of hepatocytes and/or 
bile duct cells [7–11].

Liver stem/progenitor cells or hepatic progenitor cells in 
humans emerge when hepatocyte proliferation is overwhelmed by 
severe liver injury [12]. These cells can be activated to proliferate 
after viral infection or hepatic injury. Hepatic stem/progenitor 
cells can be isolated from fetal, neonatal, pediatric, and adult 
human livers with identical characteristics as described [13, 14]. 
An overview about human hepatic progenitors that have been iso-
lated and characterized is given in Table 1.

The use of a purified population of freshly isolated liver precur-
sor cells may be preferable for cell maturation studies. The whole 
liver cell population can be prepared by mechanical or enzymatic 
methods. To date, a two-step collagenase perfusion protocol is the 
most robust procedure that can be used for isolation of hepato-
cytes with high viability [19–21]. The donated human liver pieces 
used in this study were from federally (USA) designated organ pro-
curement organizations. Liver cells were isolated from intact donor 
livers by using the two-step collagenase perfusion protocol. 
Subsequently, the liver cells were further separated into mature 
human hepatocytes and immunoselected into small immature 
hepatocytes, non-parenchymal cells, and human hepatic stem/
progenitor cells (hHSPCs) [21].

In our studies, we investigated the effect of virus infection on 
maturation of liver stem/progenitor cells in order to identify an 

Table 1 
An overview of isolated and characterized adult human hepatic progenitors cells

Term used by authors Phenotype
Isolation 
method References

Human liver stem cells 
(HLSCs)

Positive
Albumin, AFP, CD29, 

CD44, CD73, 
CD90, vimentin, 
nestin

Negative
CD34, CD45, 

CD117, CD133, 
CK19

Culture Herrera et al. 
2006 [15]

Human liver stem/
progenitor cells 
(HLSCs)

Positive
CD13, CD29, CD44, 

CD90, CD73, 
HLA-class I

Negative
CD34, CD45, 

CD105, CD117, 
CD133, 
HLA-DR

Culture Najimi et al. 
2007 [16]

Khuu et al. 
2011 [17]

Human hepatic stem/
progenitor cells 
(hHpSCs)

Positive
EpCAM, NCAM, 

CK19

Negative
AFP

Culture
Livers of all 

donor 
ages

Zhang et al. 
2008 [18]

Abbreviations: AFP a-fetoprotein, CD cluster of differentiation, CK cytokeratin, HLSC human liver stem cell, NCAM 
neural cell adhesion molecule, EpCAM epithelial cell adhesion molecule
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effective method to induce maturation of hHSPCs in culture. 
A hormonally defined medium (HDM) was used to differentiate 
hHSPCs to hepatocytes at different times of LCMV infection 
(Fig. 1). Freshly isolated human cell populations and hepatic cell 
lines, HepG2 cells (Fig.  2), were cultured and infected with 
LCMV-WE for the times indicated. The highest virus yield in 
hHSPCs was obtained at 72 h after infection, whereas the highest 
virus yield in HepG2 cells was obtained at 48 h after infection (data 
not shown). At 72 h after infection, the hHSPCs had a differenti-
ated morphology similar to that of uninfected hepatocytes (Fig. 1i). 
Cell growth rates (not shown) and hHSPCs maturations slowed 

Fig. 1 Isolation and maturation of human hepatic stem/progenitor cells (hHSPCs) into hepatocytes. (a) Whole 
liver cell population [LV-1], (b) mature human hepatocytes [LV2], and (c) hHSPCs [LV-3] were cultured in a 
hormonally defined medium containing 0.2% AlbuMax (representative images (a–c) and (d–f) are shown at 
×200 and ×400 magnification, respectively). For assessment of hHSPC maturation to hepatocytes, cells were 
grown on coverslips and infected with LCMV-WE at an MOI of 1 PFU per cell for various time points, stained 
with anti-LCMV antibody and examined by immunofluorescence microscopy. Representative images at 72 h 
after infection are displayed. Immunofluorescence images of LCMV-WE-infected (g) whole human liver cells, 
magnification ×200 with an inset shown at 1000 magnification, and (h) mature hepatocytes and (i) human 
liver stem/progenitor cells are shown at 1000 magnification. Cell growth rates (not shown) slowed down upon 
infection by LCMV-WE, and yet their cultures were morphologically indistinguishable when compared to unin-
fected control cells (a–f)

Human Liver Culture Model for HFV
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down upon infection by LCMV-WE, and yet their cultures were 
morphologically indistinguishable when compared to uninfected 
control cells (Fig.  1a–f). We report here the LCMV infected 
hHSPCs were able to differentiate into hepatocytes in vitro at a 
significantly slower rate than uninfected cells. The study of virus 
infection on hHSPCs maturation will open new perspective on dis-
ease mechanisms in VHF-infected livers.

We describe here the isolation, maturation, and infection of 
human liver stem/progenitor cells from liver tissue. Some of these 
are able to differentiate into hepatocytes after virus infection, but 
in general, arenavirus infection slows down the process of normal 
maturation.

2  Materials

	 1.	Fresh human livers were obtained from federally designated 
organ procurement organizations.

	 2.	Perfusion buffers Solution 1: 154 mM sodium chloride, 20 mM 
HEPES, 5.6 mM potassium chloride, 5 mM glucose, 25 mM 
sodium hydrogen carbonate. Solution 2: 10 mL of 100 mM 
EGTA to 990 mL of Solution 1. Solution 3: Add 10 mL of 
0.5 M calcium chloride dihydrate to 990 mL of Solution 1.

	 3.	Liberase TL Research Grade (Roche) contains highly purified 
collagenase I and collagenase II.

	 4.	Collagenase buffer: Add 10 U/mL collagenase (Liberase) per 
gram of the liver to Solution 3.

	 5.	Isolation buffer: 120 mM sodium chloride, 10 mM HEPES, 
0.9 mM calcium chloride dihydrate, 6.2 mM potassium chlo-
ride, 0.1% (w/v) albumin.

2.1  Isolating Liver 
Stem Cells

Fig. 2 Immunofluorescence images of HepG2 cells infected with LCMV-WE. HepG2 cells were grown on cov-
erslips and infected with LCMV as described in Subheadings 2 and 3. Infected HepG2 cells served as positive 
control (a and b are representative images at ×200 and ×400 magnification, respectively)

Mahmoud Djavani
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	 6.	Hanks’ calcium- and magnesium-free buffer: 53  mM potas-
sium chloride, 4.4  mM potassium phosphate monobasic, 
1379 mM sodium chloride, 3.4 mM sodium phosphate diba-
sic, 56 mM d-glucose or dextrose.

	 7.	Phosphate-buffered saline stock (10× PBS): 10.6 mM potas-
sium phosphate, 1551.7  mM sodium chloride, 29.7  mM 
sodium phosphate, pH 7.4.

	 8.	Antihuman red blood cell antibodies (1:5000 dilution).
	 9.	Peristaltic pump and tubing, forceps, scalpel, conical flasks, Buchner 

funnel, crystallizing dish, nylon meshes 70 μm and 210 μm, micro-
vascular clamps, refrigerated centrifuges, water baths.

	10.	Tools to tease tissues to free the cells and 1000, 500, and 
150 μm pore filters to filter whole cells from debris.

	11.	Stock isotonic Percoll solution: Percoll density gradients are 
used to isolate healthy or infected liver cells. Percoll® is colloi-
dal silica coated with polyvinylpyrrolidone (PVP). Isotonic 
Percoll is made by mixing nine volumes of Percoll® with one 
volume 10× phosphate-buffered saline, resulting in a final 
Percoll concentration of 90% at pH 7.4. Keep the Percoll solu-
tion at 4 °C.

	12.	Magnetic cell selection can be carried out using the CliniMACS 
apparatus (Miltenyi Biotec). For example, magnetic beads 
selecting EpCAM (Miltenyi), a cell-surface marker for imma-
ture epithelial cells, are employed.

	13.	Several types of centrifuge tubes, storage tubes, or culture 
dishes: 2 mL sterile cryogenic storage vials; 1.5 mL tubes; 10 
and 50 mL conical tubes; 500 mL bottles; 1 L bottles; sterile 
Pasteur pipettes.

	 1.	6-well plates with covers.
	 2.	100× SPITE medium hormonal supplement (Gibco): 2.5 g/

mL bovine insulin, 2.5 g/mL human transferrin, 2.5 ng/mL 
sodium selenite, 55 mM 2-mercaptoethanol, 10,000 U/mL 
penicillin, 10,000 g/mL streptomycin, 50 g/mL gentamycin, 
600 mg/L niacinamide as described [21].

	 3.	Liver Cell Culture Medium (a hormonally defined medium, 
HDM): RPMI 1640 plus 2 mM glutamate, 0.2% AlbuMax-I (a 
replacement for serum supplementation, Gibco), and the 
medium is made 1× in SPITE medium.

	 4.	Minimal essential medium (MEM) was supplemented with 
100 U/mL penicillin/streptomycin (pen/strep), 2 mM gluta-
mine, and 10% heat-inactivated fetal bovine serum (FBS).

	 5.	Liver suspension wash buffer (PBS-EDTA buffer): Phosphate-
buffered saline (PBS) containing 5  mM EDTA and 0.5% 
bovine serum albumin. Make it fresh.

2.2  Liver Cell Culture

Human Liver Culture Model for HFV
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	 6.	Coverslips coated with collagen type I.
	 7.	Cold storage medium: Minimum essential medium (MEM) con-

taining 10 μg/mL bovine insulin, 0.1% bovine serum albumin 
(BSA), 10% fetal calf serum (FCS), 10 IU penicillin/mL, and 
50 μg streptomycin/mL. pH is adjusted to 7.4. Isolated hepato-
cytes are stored at 4 °C in this prior to immunoselection.

	 8.	Cryopreservation medium: Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 70% FCS and 10% 
dimethyl sulfoxide (DMSO). Cold DMSO should be added 
when cells are at 4 °C.

	 1.	LCMV-ARM (Armstrong 53b strain) and LCMV-WE were 
plaque purified and stored at 1 × 108 and 2 × 107 plaque-forming 
units (PFU)/mL, respectively.

	 2.	T25 and T75 tissue culture flasks.
	 3.	Dulbecco’s modified Eagle’s medium (DMEM) is supple-

mented with 10% FBS, 100  U/mL penicillin/streptomycin 
(pen/strep), and 2 mM l-glutamine.

	 4.	Baby hamster kidney (BHK) cells can be propagated in DMEM 
supplemented with FBS, pen/strep, and glutamine.

	 5.	Virus plaque assays use serum-free Eagle’s minimal essential 
medium (EMEM).

	 6.	Vero E6 cells are cultivated in supplemented DMEM.
	 7.	Normal human primary hepatocytes (hNHep cells, Clonetics) 

can be maintained in Hepatocyte Maintenance Medium 
(HMM™).

	 8.	The HepG2 liver cell line (ATCC) is best maintained in EMEM 
supplemented with 10% FCS, 100 U/mL pen/strep, 0.45% 
glucose, and 2 mM l-glutamine.

	 1.	Microscopy reagents. Sterilized coverslips, fine tweezers. 1× 
PBS buffer, Wash buffer: 0.1% BSA in 1× PBS, primary anti-
bodies, fluorochrome-labeled secondary antibody, antibody 
controls. Blocking buffer: 10% normal donkey serum, 0.3% 
Triton® X-100. DAPI (4′,6-diamidino-2-phenylindole) solu-
tion (see Note 1).

Dilution buffer: 1× PBS, 1% bovine serum albumin (BSA), 
1% normal donkey serum, 0.3% Triton X-100, and 0.01% 
sodium azide. Anti-fade mounting medium. Paraformaldehyde-
methanol fixation solution. 95% and 100% ethanol.

	 2.	Flow cytometry. FACS tubes (5  mL round-bottom polysty-
rene tubes), pipette tips and pipettes, centrifuge, vortexer. 
Monoclonal antibody directly conjugated with fluorescein 
(FITC) or phycoerythrin (PE). Fixative solution: 2% parafor-
maldehyde in PBS for 10  min at room temperature. 

2.3  Cell Lines 
and Virus Stocks

2.4  Supplies 
for Analyzing Results
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Permeabilization/blocking buffer (2% Triton X-100, 10% goat 
serum, and 2% teleostean fish gel in PBS), fluorescent-labeled 
secondary antibody. Isotype control antibodies.

3  Methods

Human hepatocyte isolation was performed using a two-step col-
lagenase perfusion procedure as previously described [20].

	 1.	A 15 g piece of the liver, which has intact Glisson’s capsule on 
all surfaces except for one cut surface, was used for perfusion.

	 2.	All buffers were warmed up to 37  °C during perfusion in a 
water bath.

	 3.	Perfusion was set up with a peristaltic pump at flow rate 
between 110 and 460 mL/min. The perfusion system should 
be primed with Solution 1.

	 4.	The organ was placed on a Buchner funnel, and the portal vein 
and/or the hepatic artery were cannulated and washed with 
Hanks’ calcium- and magnesium-free buffer for 5 min to flush 
out blood in the liver piece.

	 5.	After the liver was free of blood, the liver was perfused twice 
with glucose and EGTA-containing solution buffer 2 for 
10 min.

	 6.	Switch the perfusion fluid to Solution 3 and perfuse with 
0.5 L.

	 7.	Change the perfusion fluid to collagenase buffer.
	 8.	Allow collagenase digestion for 15  min. A perfusion rate of 

40 mL/min per cannula and temperature at 37 °C were main-
tained during the entire procedure. After the perfusion was 
terminated, the liver tissue appeared to break apart and soften.

	 9.	Turn off the peristaltic pump and place the liver piece in a crys-
tallizing dish containing 100–200 mL of isolation buffer.

	10.	Serrate the Glisson’s capsule and separate the cells mechani-
cally from the vascular tree, and add more isolation buffer as 
needed during process.

	11.	Add more isolation buffer up to a final volume of 500 mL.
	12.	Eliminate red blood cells from pellets of parenchymal cells by 

low-speed centrifugation or by treating suspensions with anti-
human red blood cell antibodies (1:5000 dilution; Rockland) 
for 15 min.

	13.	 Pass the resulting cell suspension through filters of pore size 
1000 μm, 500 μm, and 150 μm and collect cells. Pour the cell 
suspension into 200 mL centrifuge tubes.

3.1  Isolation of Total 
Cell Population 
from Fresh Human 
Liver

Human Liver Culture Model for HFV
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	14.	Centrifuge the cell suspension at 50  ×  g for 5  min at 
4 °C. Aspirate supernatant and gently resuspend cell pellet in 
200 mL of the isolation buffer.

	15.	Repeat the washing steps 13 and 14 three times. Resuspend 
cells in cold storage medium.

	16.	Fractionate live cells from dead cells and debris using density 
gradient centrifugation at 500 × g for 15 min at room tempera-
ture. Collect the resulting hepatic cell band at the interface.

	17.	Estimate cell viability by trypan blue exclusion assay.
	18.	Alternatively to step 16, cells could be isolated on Percoll den-

sity gradients as follows: Three volumes of hepatic cell suspen-
sion (cell concentration not to exceed 5  ×  106  cell/mL) is 
mixed with one volume cold isotonic Percoll, resulting in a 
final Percoll concentration of 40% [4 part 100% percoll  + 6 
parts cell suspension].

	19.	This mixture is then placed into a conical centrifuge bottle and 
centrifuged at 50 × g for 5 min at 4 °C. [After this step, viable 
hepatocytes are at the bottom of the tubes.]

	20.	Wash cells two times with wash solution and centrifuge at 
50 × g for 5 min at 4 °C.

	21.	The supernatant and pellet are collected separately. The pel-
leted cells are typically used for subsequent studies. The hepatic 
stem/progenitor cells are isolated far more efficiently by 
immunoselection technologies.

	22.	Cells which do not pellet from the Percoll gradient, in the col-
lected supernatant, are diluted fivefold with ice-cold RPMI 
1640 without phenol red, placed into conical centrifuge bot-
tles, and centrifuged at 300 × g for 5 min at 4 °C. These are 
small, low-density cells.

	23.	Assess cell viability by trypan blue exclusion. The purity of iso-
lated liver cells was consistently >90% as determined by posi-
tively staining for albumin content and morphology. The yield 
of isolated hepatocytes could be around 12  ×  106 cells per 
gram of the liver.

Liver cell suspensions are prepared as in Subheading 3.1 and fur-
ther immunoselected into small immature hepatocytes, non-
parenchymal cells, and human hepatic stem/progenitor cells 
(hHSPCs) using magnetic beads conjugated with antibodies to 
cell-surface antigens. Cells obtained in this way are highly viable 
and expand well in culture.

	 1.	Size- and density-selected cells are washed once with cold PBS-
EDTA buffer at 4 °C.

3.2  Isolation 
of Human Hepatic 
Stem/Progenitor Cells 
(hHSPCs)
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	 2.	Resuspend 2 × 107 cells in 200 μL cold RPMI medium with-
out phenol red containing 2% FBS, and add sample into 5 mL 
polystyrene round-bottom tube (see Note 2).

	 3.	Add 100 μL of monoclonal antibody in PBS, mix, and incu-
bate on ice for 20 min (see Table 2).

	 4.	Mix magnetic microbeads and add 50 μL microbeads/mL of 
sample, pipette up and down five times, and incubate on ice for 
15 min.

	 5.	Add cold medium to bring the sample up to 2.5 mL, and mix 
it twice.

	 6.	Incubate the bead and cell suspension at room temperature for 
15 min (see Note 3).

	 7.	Wash cells with PBS-EDTA buffer and then attach to the 
CliniMACS Tubing Set for magnetic cell selection.

	 8.	Invert the magnet and tube, and pour off the supernatant. The 
tube contains the isolated cells. Resuspend cells in cold storage 
medium.

	 9.	All manipulations should be performed in a laminar flow hood 
under sterile conditions.

	10.	Liver cells are now separated into three different cell popula-
tions and labeled as follows: [LV1] is the whole liver cell popu-
lation as prepared above, [LV2] is mature human hepatocytes, 
and [LV3] is a mixture of small immature hepatocytes, non-
parenchymal cells, and hepatic stem/progenitor cells (HSPCs).

	11.	Cryopreservation procedure: Resuspend each of the isolated 
cell populations in cryopreservation medium in cryovials and 
quickly place them into a −80 °C freezer. After 1 day, the fro-

Table 2 
Cell-surface receptor and cell markers for human liver cells

Cell type Antigen Antibody

Hepatocellular progenitor/
stem cells

Epithelial cell adhesion molecule 
(EpCAM)

Antihuman CD326 [Biocompare]

Differentiated cells Albumin Antihuman albumin 
[Dakoppats, DK]

CK19 Antihuman CK19 [Bio-Rad, 
USA]

Liver Kupffer cells CD68 Antihuman CD68 [Dako, USA]

Parenchymal cell markers Albumin, AFP, EpCAM, CK19, 
CK8, CK18

Abbreviations: AFP a-fetoprotein, CD cluster of differentiation, CK cytokeratin, EpCAM epithelial cell adhesion 
molecule

Human Liver Culture Model for HFV
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zen tubes should be transferred to a liquid nitrogen tank for 
storage.

	 1.	Suspend each isolated cell population in Liver Cell Culture 
Medium, and plate them out at 3 × 105 cells per well on colla-
gen-coated 6-well plates (or on collagen-coated glass cover-
slips) for 2–3 h at 37 °C in a humidified atmosphere of 5% CO2 
to ensure hepatocyte adherence to plates.

	 2.	Wash once to remove dead cells and add fresh Liver Cell 
Culture Medium.

	 3.	Maintain hepatocytes in this medium for 24 h prior to virus 
infection.

	 4.	As controls, plate hNHep cells in HMM, and HepG2 cells in 
MEM on glass coverslips and at 37 °C in a humidified atmo-
sphere of 5% CO2.

	 5.	Once cells have adhered, initiate virus infection of cultures.

	 1.	Isolates of the arenaviruses LCMV-ARM and LCMV-WE are 
titrated by plaque assays on Vero E6 cells as described previ-
ously [22].

	 2.	To assess virus production in hepatic cells, and effect of virus 
on hHSPCs maturation, cells are plated at 2  ×  105/well in 
6-well plates, with coverslips on the bottom, for 24 h at 37 °C, 
and then are infected with virus at a multiplicity of infection 
(MOI) of 1 PFU per cell.

	 3.	At various times, collect the culture medium and spin at low 
speed to remove cell debris. The supernatants are serially 
diluted, and virus titers are determined by a plaque assay on 
Vero E6 cells and are expressed as PFU/mL of supernatant.

	 1.	For microscopy, fix cells on coverslips in 4% paraformaldehyde for 
10–20  min at room temperature. Rinse briefly with 
PBS. Permeabilize with cooled methanol for 5–10 min at −20 °C.

	 2.	Incubate cells with antibody to cell-surface marker for 30 min 
at room temperature, and then rinse twice in Tris buffer. Then 
incubate with secondary antibody for fluorescence. As controls 
use antibody of the same isotype as the first but not expecting 
to bind to the target cells.

	 3.	Examine samples by a light microscope.
	 4.	For flow cytometry, wash the cells twice in PBS buffer without 

calcium and magnesium, and then stain cells with FITC alone 
or with fluorescein-conjugated monoclonal antibodies.

3.3  Liver Cell Culture

3.4  Virus Titration

3.5  Analyzing 
Results by Microscopy 
and Flow Cytometry
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4  Notes

	 1.	For microscopy it is useful to identify nuclei using 4′,6-diamidino-
2-phenylindole (DAPI) solution: Add 1 μL of 14.3 mM DAPI 
stock for every 5 mL of PBS. Store any unused DAPI at 2–8 °C, 
wrapped in aluminum foil.

	 2.	To minimize cell clumping, use cold buffers and keep cells on 
ice as much as possible. If sample begins to clump, add DNase 
1 solution at 1 mg/mL.

	 3.	Cells expressing EpCAM (CD326) from human liver cell sus-
pensions are pulled out of suspension using the monoclonal 
antibody HEA-125 coupled to magnetic microbeads and are 
separated using a miniMACS, a MidiMACS, an AutoMACS, 
or a CliniMACS magnetic column separation system from 
Miltenyi Biotec, following the manufacturer’s recommended 
procedures.
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Abstract

Argentinian hemorrhagic Fever (AHF) is a febrile, acute disease caused by Junín virus (JUNV), a member 
of the Arenaviridae. Different approaches to obtain an effective antigen to prevent AHF using complete 
live or inactivated virus, as well as molecular constructs, have reached diverse development stages. This 
chapter refers to JUNV live attenuated vaccine strain Candid #1, currently used in Argentina to prevent 
AHF.  A general standardized protocol used at Instituto Nacional de Enfermedades Virales Humanas 
(Pergamino, Pcia. Buenos Aires, Argentina) to manufacture the tissue culture derived Candid #1 vaccine 
is described. Intermediate stages like viral seeds and cell culture bank management, bulk vaccine manufac-
ture, and finished product processing are also separately presented in terms of Production and Quality 
Control/Quality Assurance requirements, under the Adminitracion Nacional de Medicamentos, Alimentos 
y Tecnología Medica (ANMAT), the Argentine national regulatory authority.

Key words Argentinian hemorrhagic fever, Junin virus, Arenaviridae, Attenuated viral vaccines, 
Arenavirus vaccines

1  Introduction

Argentinian hemorrhagic fever (AHF) is a febrile, acute disease 
caused by Junín virus (JUNV), a member of the Arenaviridae. First 
described by Arribalzaga in 1955 [1], this disease has been the focus 
of extensive research, the results of which greatly contributed to our 
actual knowledge of arenaviruses and the diseases they cause [2–7]. 
The historic progressive expansion of the AHF endemic area and 
the growing number of people exposed to this severe disease, led to 
the consensus that immunization of the at-risk population would be 
a feasible way to control the epidemics [8].

Different approaches to obtain an effective antigen to prevent 
AHF using live or inactivated virus, as well as molecular constructs, 
have reached diverse stages of development [9, 10]. This chapter 
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will refer to JUNV live-attenuated vaccine strain Candid #1, cur-
rently used in Argentina to prevent AHF. This vaccine was devel-
oped through a joint international effort that envisioned it as an 
orphan drug [11, 12]. With transferred technology, the Argentine 
government committed itself to be the Candid #1 (C#1) manufac-
turer and to register this vaccine as a novel medical product under 
the Argentine Regulatory Authority [13–15]. For this purpose, 
Master and Working Viral Seeds of C#1 (received in Argentina as 
originally established by international cooperation) were used to set 
up the manufacturing process in Argentina. This chapter describes 
the standardized protocol, used since 2003, at Instituto Nacional 
de Enfermedades Virales Humanas (Pergamino, Pcia. Buenos Aires, 
Argentina) to manufacture Candid #1 vaccine to prevent 
AHF. Before starting the manufacturing process it was mandatory 
to establish facilities, installations, and materials under a Good 
Manufacturing Practice (GMP) system [16–18] (see Note 1).

2  Materials

	 1.	 Physical plant: Four independent biosafety level 2–3 units (a 
specific pathogen-free breeding mouse colony, tissue culture 
banking area, vaccine production, and vaccine quality con-
trol/quality assurance areas) are contained in a 3267 square 
meter plant. The four units have independent ventilation sys-
tems and restricted unidirectional circulation for operators, 
materials, and waste. Figure 1 shows an external view of the 
facility inspected and approved by ANMAT, the Argentine 

Fig. 1 Front view of the plant dedicated to manufacture of Candid #1 vaccine

Ana María Ambrosio et al.
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regulatory authority, as a plant to manufacture live-attenuated 
vaccines for human use (ANMAT Disposition N° 3775/01).

	 2.	 Installations: Systems for air treatment, water treatment, water 
and steam for heaters, autoclaves and other connections, 
freeze dryer installation and qualification, and Class 100 clean 
room areas for sterile processing were put in place previous to 
starting production activities. In Figs. 2, 3, and 4 are shown 
the stages of deionization, reverse osmosis treatment, and 
four-effect (or four-stage) distillation to obtain water of injec-
tion quality [19], which is a central ingredient in making 
Candid #1 vaccine.

Fig. 2 Photograph of the skid holding the water deionization equipment

Fig. 3 View of the reverse osmosis device to treat deionized water to obtain 
purified water

Anti-AHF Candid #1 Vaccine Manufacture
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Water for Injection is also the diluent to reconstitute the 
vaccine, and in Fig. 5, views of the Water for Injection filling 
of ampoules are presented. These diluent ampoules, registered 
under ANMAT as a pharmaceutical product, are distributed 
with Candid #1 vials.

	 3.	 Specific pathogen-free (SPF) breeding mouse colony. In 1994, 
from an imported nucleus from Charles Rivers Laboratories 
(Wilmington, MA, USA) an outbreed CD-1 strain of Swiss 
mice was started in our facility. Animals are bred under barrier 
conditions, with continuous quality monitoring of air, water, 

Fig. 4 Multiple effect distillation equipment to process pure water to collect 
water “for injection” quality

Fig. 5 View of the filling process of water for injection: (a) charge of glass ampoules to feed the filling machine; 
(b) filling and sealing of 5.5 mL ampoules to be used as Candid #1 vaccine diluent

Ana María Ambrosio et al.
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food, and environmental conditions. Figures 6, 7, and 8 show 
activities performed in ancillary and sterile areas of the breeding 
colony. Tests performed on samples from this colony certify its 
SPF condition [20].

	 4.	 A colony of Hartley guinea pigs is also maintained outside this 
central building. Both mice and guinea pigs are used in quality 
control in vivo tests for Candid #1 vaccine.

	 5.	 Certified cell bank laboratory. Candid #1 vaccine is a cell 
culture-derived product, and in vitro quality control tests are 
done on different diploid, heteroploid, and primary tissue cul-

Fig. 6 Automatic washing of cages in the ancillary area of the SPF mouse breed-
ing colony

Fig. 7 View of the foremost autoclave to treat food, beverage, and bedding before 
entering the SPF area of the mouse-breeding colony

Anti-AHF Candid #1 Vaccine Manufacture
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tures. All cell lines are obtained from ATCC, Rockville, MD 
and are maintained as Master Cell Seeds (MCS) or Working 
Cell Seeds (WCS). MRC-5 (ATCC CCL 171) RK-13 (ATCC 
CCL 37), Vero C76 (ATCC CCL 81) are commonly used. 
Cell Washing Media is Hanks BSS (Sigma). Growth media, 
Freezing, and Thawing media are described in Table 1.

A macaque lung cell line (certified and diploid) DBS-FRhL2 
(ATCC CL-160) is used to replicate Candid #1. Figures 9, 10, 
and 11 show cell harvest, freezing, and thawing procedures in 
the cell bank premises [21–26].

	 6.	 JUNV Candid #1 strain was derived from JUNV XJ #44 
parental strain, so designated to define the XJ prototype strain 

Fig. 8 Activities at the sterile SPF area of breeding premises: (a) selection for mating in out breading Poiley 
system; (b) sex segregation of SPF mice

Table 1 
Composition of cell culture media used in Candid #1 manufacturing process

Medium

Components

MEM-NEAA 
(Gibco) Protein source Antibiotic DMSO

l-Glutamine 
(2 mM)

Growth medium ✓ FBS 10% Neomycine 
1 mg/L

✓

Cell freezing 
medium

✓ FBS 25% Neomycine 
1 mg/L

7.5% ✓

Thawing cell 
medium

✓ FBS 25% Neomycine 
1 mg/L

✓

Candid #1 growth 
medium

✓ HSA 0.25 gr% Neomycine 
1 mg/L

✓

DMSO dimethylsulphoxide, FBS fetal bovine serum, HSA human serum albumin final concentration in 
the medium

Ana María Ambrosio et al.
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of JUNV after two passages in guinea pig and 44 passages in 
mouse brain. Viral Master Seed (VMS) is the starting stock, 
and Viral Working Seed (VWS) is the working stock.

	 7.	 Unformulated Candid #1 Bulk Vaccine is viral fluid containing 
7% (v/v) human serum albumin (HSA). It is homogenized 
and dispensed to 500 mL bottles and stored at −70 °C.

	 8.	 Components of final vaccine formulation: human serum albu-
min, hydrolyzed gelatin, sorbitol, monosodium glutamic acid, 
and 0.5% phenol red solution.

	 9.	 The AuthentiKit™ System from Innovative Chemistry, Inc., 
Marshfield, MA, USA.

Fig. 9 Harvest of cells for a new lot of frozen FRhL-2 cells

Fig. 10 Freezing of cell ampoules using a progressive cooling rate equipment to 
end in storage at −196 °C

Anti-AHF Candid #1 Vaccine Manufacture
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	10.	 Bacterial reference strains for contamination tests: Escherichia 
coli (ATCC 4157), Pseudomonas aeruginosa (ATCC 14502), 
Micrococcus salivarius (ATCC 14344), Bacteroides distasonis 
(ATCC8503), Penicilium notatum (ATCC 9478), 
Aspergillus niger (ATCC34467), Candida albicans (ATCC 
10231).

	11.	 Mycoplasma reference strains: Acholeplasma laidlawii 
(ATCC23206), Mycoplasma pneumoniae (ATCC 15535), and 
Mycoplasma arginini (ATCC 23838).

	12.	 The BCG strain of Mycobacterium (from BCG vaccine) is used 
as positive control for a contamination test.

	13.	 Chick primary embryonic fibroblasts and Chick red blood 
cells are used in the QC/QA tests for adventitious agents and 
in testing for heme-adsorbing viruses, respectively.

	14.	 Endotoxin test uses the blood of the Blue Horseshoe Crab, 
Limulus polyphemus, which forms a gel-like clot when incu-
bated in the presence of endotoxins. Sample vials of Candid 
#1 vaccine are endotoxin-tested alongside vials of Control 
Standard Endotoxin (CSE) standards.

Fig. 11 Extraction of frozen cell ampoules from liquid nitrogen for thawing and 
establishing new cultures

Ana María Ambrosio et al.
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3  Methods

The manufacture of Candid #1 vaccine is a complex, multistep 
procedure, in which quality of raw materials, laboratory practice, 
and environmental conditions must be certified before, during, 
and after lab procedures according to Good Manufacturing 
Practices (GMP) [16–18]. Steps to obtain Candid #1 vaccine are 
schematized in Fig. 12.

	 1.	The general procedure consists of the inoculation of FRhL2 
diploid cells with Candid #1 VWS.

	 2.	After 4 days incubation at 35–36 °C in a 5% CO2 atmosphere, 
supernatants of infected cell cultures are collected, pooled, and 
frozen at −70 °C as Unformulated Candid #1 Bulk Vaccine.

	 3.	To obtain final vaccine fluid, several bottles of “Unformulated 
Candid #1 Bulk Vaccine” from different lots are thawed, 
pooled, formulated, sampled, and dispensed in ten-dose vials 
to be freeze-dried through a cycle that can take 3–3.5 days.

	 4.	After Quality Control testing, vials containing final product are 
labeled and kept at −20 °C. Stability studies demonstrated that 
dried vaccine vials can be kept in this condition up to 9 years to 
be reconstituted to immunize people.

3.1  Preparation 
for Vaccine Production

Viral 
Work 
Seed

Cell Culture
(1)

Bulk Vaccine
(3)

(2)

Final product
(4)

QUALITY CONTROL/QUALITY ASSURANCE

Fig. 12 Schematic procedures to manufacture Candid #1 vaccine

Anti-AHF Candid #1 Vaccine Manufacture
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Tissue culture cells are used in production and/or quality control 
procedures. As depicted in Fig. 13, cells are cultivated with Growth 
Medium, frozen in Cell Freezing Medium (Table 1) and cryopre-
served in liquid nitrogen as Master Cell Seed (MCS). Cell ampoules 
are thawed, using Thawing Cell Medium, and stored as Working 
Cell Seed (WCS). From WCS, cells are sampled and submitted to 
certification tests to ensure their quality. Following release by Q.C., 
the cell lines go through different rates of subculture and retesting 
depending on the cell line karyotype (diploid or heteroploid) and 
their use in the manufacturing protocol:

	 1.	Cells are grown in T150 flasks as monolayers fed with Growth 
Medium.

	 2.	After 4 days incubation at 37  °C cells should be about 98% 
confluent and be sub-passaged at a 1:5 ratio.

	 3.	Resuspend cells in Cell Freezing Medium and cryopreserve 
them in vials immersed in liquid nitrogen. FRhL2 cells are 
inoculated at passage 26 with C#1, therefore called End of 
Production Passage (EOPP). Certification tests are performed 
on passages 25 (WCS) and 27.

	 4.	Cell lines used in quality control at different stages of vaccine 
production (MRC-5, FRhL-2, RK-14, Vero C76) are culti-
vated as shown in Fig. 13, except that they are used up to ten 
passages after WCS certification.

3.2  Quality Control 
of Cell Lines Used 
in Quality Control 
Testing

Notice: Certification tests are repeated one passage after that of the viral inoculation

FRhL-2 passage 26
Substrate to inoculate 
Working Seed of C#1 

DBS-FRhL-2 cells (ATCC CL-160)

Master Cell Seed

Working Cell Seed

Subcultures and freezing

Subcultures and freezing

………………………

Certification tests

Thawing

Fig. 13 Schematic representation of steps to obtain FRhL-2 cell cultures to inoculate the viral strain C#1 (step 
1 in Fig. 12)

Ana María Ambrosio et al.
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	 5.	Cell lines are subjected to several certification tests [25, 26]. 
We perform these at the WCS level to insure that cells resem-
ble the certified MCS through to their End of Production 
Passage (EOPP). Tests to characterize and qualify cells assure 
the identity and absence of contaminants in the cell line. These 
assays test cell properties like morphology and growth kinetics, 
modal number of chromosomes, cell species identity, and 
tumorigenicity. They also test for bacteria, fungi, mycoplasma, 
and mycobacterium contaminations, as well as for viral con-
taminants [26–30]. At our facility, certification for viral con-
tamination at WCB level is accomplished by means of in vivo 
and in vitro assays as described in Subheading 3.6 QC/QA and 
summarized as follows: In vivo tests in suckling and adult mice, 
in guinea pigs, in rabbits, and in embryonated chicken eggs; 
in  vitro safety tests by inoculation of different certified cell 
cultures.

An aliquot of C#1 MVS, received in Argentina at the end of an 
international cooperative project [10, 11], is used, and the proto-
col presented herein describes the expansion of this MVS in FRhL2 
cells to obtain C #1 WVS.

	 1.	The necessary number of FRhL-2 frozen cell ampoules are 
thawed, suspended in Cell Thawing Medium, and pooled to 
seed approximately 2.6 × 106 cells/T150 flask.

	 2.	Cultures are incubated at 37 °C in 5% CO2 atmosphere for 3–4 
days.

	 3.	Following the first day of incubation, a sample of cultures ran-
domly selected is microscopically observed for growth kinetics, 
and the medium is replaced by growth medium in all 
cultures.

	 4.	On the third or fourth day of incubation 100% of the cultures 
are examined under the microscope. They are acceptable for 
use if at least 95% of the flasks show an expected morphology 
and growth pattern, as well as 85–95% confluence.

	 5.	Flasks are numbered and distributed as follows: five flasks are 
taken at random and kept at 35 °C as control cultures for 14 
days, at the end of which monolayers will be used in a heme-
adsorption test as part of the safety testing; 20 flasks are devoted 
to medium (diluents) inoculation and the remaining flasks are 
inoculated with MVS.

	 6.	The inocula, working dilutions (virus and diluents), are pre-
pared and kept on ice until needed.

	 7.	Media are decanted from tissue culture flasks and every culture 
is washed three times with Hanks BSS, starting the process 
with medium control flasks.

3.3  Manufacture 
of Candid #1 Working 
Viral Seed (WVS) 
from Master Viral Seed 
(MVS)

Anti-AHF Candid #1 Vaccine Manufacture
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	 8.	Hanks solution from the third wash is decanted and control 
cultures are inoculated with 2 mL/flask of diluents.

	 9.	The same is done with the remaining cultures that are inocu-
lated with 2 mL/flask of the dilution of MVS as to arrive to an 
approximate MOI of 0.0002.

	10.	To allow adsorption, control and virus-inoculated cultures are 
incubated at 35 °C for 90 min with agitation every 15 min.

	11.	At the end of the adsorption step all cultures are fed Growth 
Medium and incubated at 35 °C in 5% CO2 for 4 days.

	12.	At the end of this incubation and after every culture is observed 
under the microscope to check for morphology of monolayers, 
supernatants of cultures are decanted, pooled, and conditioned 
by the addition of 7% (v/v) of Human Serum Albumin (HSA). 
From this pool, that constitutes the Working Viral Seed (WVS) 
samples are separated to be used in quality control tests.

	13.	The remaining volume is aliquoted to labeled vials that are 
stored at −70 °C until the lot passes quality requirements, see 
Subheading 3.6 QC/QA, and is used in vaccine elaboration. 
The same is done with control cultures except that this lot is 
aliquoted to a small number of bottles (see Note 2).

	14.	Tests that apply to quality control for WVS are described in 
Subheading 3.6 QC/QA and are summarized in Table 2.

	 1.	To obtain Candid #1 bulk vaccine (step 3 in Fig. 12), the nec-
essary number of frozen FRhL-2 cell ampoules is thawed by 
immersion in a water bath at 37 °C.

	 2.	Ampoules are cleaned with alcohol and opened to collect the 
cell suspensions and pool them into an adequate glass bottle by 
adding Cell Thawing Medium (Table 1).

	 3.	In a sample from the cell suspension, viable cells are counted 
by Trypan Blue dye exclusion and cell concentration is adjusted 
to seed 2.6 × 106 cells/T150 flask containing 45 mL of thaw-
ing growth medium.

	 4.	Cells are incubated at 37 °C with 5% CO2 for 24 h.
	 5.	At 24 h, media is decanted from all cultures and replaced by 

growth medium. Incubation is continued under the described 
conditions for 72 h.

	 6.	On the fourth day of incubation 100% of the cultures are 
microscopically inspected and cells are expected to be 85–90% 
confluent, with good morphology and clean supernatants to 
be incorporated into the process of obtaining Candid #1 Bulk 
Vaccine.

	 7.	Numbers of accepted and rejected cultures are to be recorded.
	 8.	 Preapproved 4 days old FRhL-2 cells are sent from “Tissue 

Culture” facility to “Vaccine” facility. There, cultures are 

3.4  Manufacture 
of CANDID #1 Bulk 
Vaccine

Ana María Ambrosio et al.
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numbered and labeled as “Unopened” (ten T150), and the 
remaining T150 as “JUNV.”

	 9.	 From this point, the procedure to obtain Candid #1 Bulk 
Vaccine is identical to that described in Subheading 3.3 above, 
except that the viral inoculum is WVS. Procedures of cell culture 
washing and posterior viral inoculation are shown in Fig. 14.

	10.	 Tests that apply to quality control for C#1 Bulk Vaccine are 
described in Subheading 3.6 QC/QA and summarized in 
Table 2.

Table 2 
Summary of testing scheme for manufacturing of Candid #1 vaccine

Cell substrate testing
Testing of intermediates and final 
product

N° Test WCB
EOP (ONLY for 
FRhL-2)

Work virus 
seed

Bulk 
vaccine

Final 
filled

1 Morphology and growth kinetic ✓ ✓

2 Modal number of chromosome ✓ ✓

3 Identity ✓ ✓

4 Tumorigenicity ✓ ✓

5 Bacterial and fungal sterility ✓ ✓ ✓ ✓ ✓

6 Mycoplasma ✓ ✓ ✓ ✓

7 Mycobacterium ✓ ✓ ✓ ✓

8 Safety in suckling mice ✓ ✓ ✓ ✓ ✓

9 Safety in adult mice ✓ ✓ ✓ ✓ ✓

10 Safety in embryonated eggs ✓ ✓ ✓ ✓

11 Safety in guinea pig ✓ ✓ ✓ ✓ ✓

12 Safety in rabbits ✓ ✓

13 Safety in tissue culture ✓ ✓ ✓ ✓

14 Hemadsorbing virus ✓ ✓ ✓ ✓

15 General safety ✓

16 Potency (viral titer) ✓ ✓ ✓

17 Viral identity ✓ ✓ ✓

18 Osmolality ✓

19 Residual moisture ✓

20 Endotoxin ✓

21 PH ✓

Anti-AHF Candid #1 Vaccine Manufacture
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	 1.	Candid #1 as final or filled product is a vial containing ten 
doses of lyophilized Candid #1 vaccine. One week before the 
vaccine filling is started an integrity test is performed to certify 
that the freeze dryer is ready to be vapor sterilized and to per-
form the operations involved in the freeze drying of the final 
product. Cleaning and disinfection, as well as air quality and 
sterility procedures before and during filling process, are certi-
fied by Quality Control/Quality Assurance, as briefly described 
in Subheading 3.6 QC/QA.

	 2.	Filling starts by selecting the necessary number of Candid #1 
Bulk Vaccine bottles and by placing them in a 37  °C water 
bath, with agitation to speed thawing. Bottles of Bulk Vaccine 
proceed from different approved lots. The volume of thawed 
bulk is determined and pooled in a sterile stainless-steel tank. 
From this pool, samples are taken for “pre-filtration viral titra-
tion” and stored at −70 °C.

	 3.	By applying nitrogen gas, the content of this tank is forced 
through 0.45 μm filters and collected in 2 L apyrogenic glass 
cylinders to record exact volumes for latter formulation 
(Fig. 15a).

	 4.	The filtered pool is transferred into a stainless-steel refrigerated 
(4 °C) tank with constant agitation (Fig. 15b).

	 5.	New samples are taken for “post-filtration viral titration” and 
stored at −70 °C.

3.5  Manufacture 
of CANDID #1 Filled 
Product

Fig. 14 Cell culture washing and viral inoculation during the manufacture of Candid #1 bulk vaccine

Ana María Ambrosio et al.
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	 6.	Components of final vaccine formulation (human serum albu-
min, hydrolyzed gelatin, sorbitol, monosodium glutamic acid, 
and 0.5% phenol red solution) are added to the measured vol-
ume of bulk and completed to final volume of formulated 
product by adding necessary quantities of sterile water for 
injection.

	 7.	Samples are taken from this mix for pH determination, and the 
final value is adjusted to 6.8 with sterile hydrochloric acid.

	 8.	New samples are taken for “pre-filling viral titration” and 
stored at −70 °C.

	 9.	The agitated content of this mixing tank is connected to the 
filling machine pre-calibrated to dispense a volume equivalent 
to ten doses of rehydrated vaccine (Fig. 16).

	10.	Pre-stoppered vials are collected in annealed pans that allow 
the direct deposit of vials on the freeze-dryer cold (−40 °C) 
shelves (Fig. 17).

	11.	Calibration of the filling pumps is verified several times during 
the filling procedures, and corrected when necessary.

	12.	After completing the freeze-dryer charge and the product has 
remained 4 h at −40 °C, primary drying is started at 100 μ 
vacuum.

	13.	Secondary drying is accomplished at 20 °C shelf temperature 
and 50 μm vacuum. Depending on the amount of in-process 
vials, the whole freeze-drying takes 48–72 h. When the opera-
tion is finished, commands are activated in the machine to 
allow stoppers to be placed on each freeze dried vial and the 
freeze-dryer door is opened.

	14.	Aluminum seals are applied on those vials selected after visual 
inspection of 100% of the lot.

Fig. 15 Formulation of Candid #1 pre-filling: (a) filtration of thawed and pooled bulk lots; (b) volume-
determination for components mixture in the filling tank

Anti-AHF Candid #1 Vaccine Manufacture
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	15.	 Pans containing closed vials of vaccine are transferred to the 
labeling room, where labels and expiration date are applied to 
each vial (Fig. 18).

	16.	 Sample vials are separated for sterility, residual moisture, 
osmolality, pH, potency, identity, general safety, and endo-
toxin testing (Subheading 3.6 QC/QA and Table 2).

Fig. 16 Filling and stopping of Candid #1 vaccine in ten-dose vials

Fig. 17 Translation of pre-stoppered vials into the freeze dryer chamber before 
the freeze dry process

Ana María Ambrosio et al.
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	17.	 The remaining vials of the lot are placed on boxes, labeled 
with all data required for “on hold product,” and kept at 
−20  °C in a dedicated freezer until the lot approval by  
QC/QA.

	18.	 The moment in which the lot is transferred to another −20 °C 
freezer, it is designated as “released product.” From there the 
vaccine leaves the production plant for distribution to another 
area at INEVH.

QC/QA procedures ensure that Candid #1 vaccine meets the 
quality level established by the developers. They are also applied to 
initial raw materials (water, fetal bovine serum, trypsin, cell growth 
media, antibiotics, human serum albumin, and the remaining vac-
cine formulation components), and packaging materials (vials, 
stoppers, aluminum seals). Every method involved in the produc-
tion of C#1 is performed following written procedures (as part of 
a whole documentation system), in a controlled environment, 
using validated procedures, and calibrated instruments [31, 32]. 
For example, Fig. 19 shows the verification of gowning and labora-
tory disinfection procedure.

	 1.	Morphology and growth kinetics of the cells. We determine 
whether the basic morphology of the cultured cells (fibroblas-
tic, epithelial, muscle, lymphocytic, etc.) remains as described 
by the developer, and that growth rate is that expected from 
previous subcultures.

	 2.	Modal number of chromosome. On selected cultures in Log 
phase (full active growth), metaphases are synchronized by 
using colchicine. Cells are then detached and seeded on glass 
for fixation and Giemsa stain. One hundred selected meta-
phases are chromosome-counted. The calculated modal 

3.6  Quality Control/
Quality Assurance 
(QC/QA) Tests

Fig. 18 Labeling of finished product: (a) view of labels and expiration date application to Candid #1 vials; (b) 
Candid #1 vaccine finished product
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number should be coincident with that reported by the 
developer in the original presentation document of the cell line 
under study.

	 3.	Identity. Cell line species of origin is determined by using The 
AuthentiKit™ System. In this test, the migration distances of 
several enzymes obtained from a cell concentrate under identi-
fication are measured and compared to migration distances in 
tables of Standardized Migration Distances for a variety of spe-
cies. Species of origin described in the original publication for 
a cell line has to be corroborated by results from the corre-
sponding isoenzymes.

	 4.	Tumorigenicity. This test is done to determine whether a cell 
substrate is capable of forming tumors after inoculation into 
animals. For this assay, detailed elsewhere [26] 24 adult nude 
(Nu/Nu) mice are used, distributed as follows: ten mice are 
inoculated for the cell line under test; ten for HeLa cells as 
positive control; and four for negative control (serum-free 
growth medium). Animals are observed for tumor develop-
ment for 21 days. At the end of the test all animals are sacri-
ficed and submitted to histopathological examination. The test 
is considered valid if at least 90% of positive control animals 
develop tumors.

	 5.	Bacteria and fungi. Procedures for detection of bacterial and 
fungal contaminants have been extensively described elsewhere 
[25–27]. Media used in these tests must have undergone a 
growth promotion proof, which demonstrates the capacity of 
each to grow less than 100 CFU inocula of the following refer-

Fig. 19 Verifications of (a) sterile gowning; (b) efficacy of laboratory-surface disinfection by Quality Assurance
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ence strains: Escherichia coli, Pseudomonas aeruginosa, 
Micrococcus salivarius, Bacteroides distasonis, Penicilium nota-
tum, Aspergillus niger, Candida albicans.

	 6.	Mycoplasma. Testing for Mycoplasma contamination is done 
using two approaches: (a) the broth and agar cultivation pro-
cedure; (b) the indicator cell culture method staining cells with 
a DNA-specific flurochrome such as bisbenzimide (or Hoechst 
33258) plus DAPI [28, 29].

The culture test system should be carried out using solid 
and liquid media that are known to promote the growth of 
low inocula of the following reference strains: Acholeplasma 
laidlawii (ATCC23206), Mycoplasma pneumoniae (ATCC 
15535), and Mycoplasma arginini (ATCC 23838).

	 7.	 Mycobacterium. Supernatants of the tissue culture under test 
are inoculated on specific solid media Lowenstein-Jensen and 
Middlebrook 7H10. The strain BCG of Mycobacterium is 
inoculated as a positive control.

	 8.	In vivo tests using suckling mice.
Testing cell culture supernatants for adventitious agents: 20 

suckling mice less than 24 h old are inoculated intraperitone-
ally with 0.1  mL and intracerebrally with 0.01  mL of the 
supernatant of the cell line under test [26, 30]. Ten additional 
uninoculated mice are kept as normal controls. The cell line 
passes this test if at least 80% of the inoculated mice remain 
healthy and survive the entire observation period and if none 
of the mice show evidence of disease.

Testing viral fluids (WVS and Bulk Vaccine) for adventitious 
agents: 20 suckling mice less than 24  h old are inoculated 
intraperitoneally with 0.2 mL and intracerebrally with 0.02 mL 
of viral fluid in which JUNV has been neutralized with a specific 
anti-JUNV rabbit serum.

Twenty suckling mice less than 24  h old are inoculated 
intraperitoneally with 0.2 mL and intracerebrally with 0.02 mL 
of non-neutralized viral fluid.

Ten extra suckling mice are inoculated intraperitoneally 
with 0.1 mL and intracerebrally with 0.01 mL of rabbit anti-
JUNV serum used in the viral neutralization of inocula (anti-
serum control).

Ten extra non-inoculated suckling mice are kept as animal 
controls.

The mice are observed daily for at least 14 days. Each mouse 
that dies after the first 24 h of the test, or is sacrificed because 
of illness, is necropsied (or frozen at −70 °C) and examined 
for evidence of viral infection by gross observation and intra-
peritoneal and intracerebral inoculation of appropriate tissue 
into at least five additional mice, which are observed daily for 
14 days. In addition, a blind passage (via intraperitoneal and 
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intracerebral inoculation into at least five additional mice) is 
made of a single pool of the emulsified tissue (minus skin and 
viscera) of all mice surviving the original 14-day test. The viral 
fluids under study pass the test only if at least 80% of the origi-
nally inoculated mice and at least 80% of each group of subse-
quently inoculated mice remain healthy and survive the entire 
observation period and if none of the mice show evidence of a 
transmissible agent or other viral infection, other than agents 
known to be a component of the tested material (i.e., vaccine 
strains of virus, when relevant) [30]. This test detects adventi-
tious agents including many human viruses, such as coxsacki-
evirus types A and B and other picornaviruses, alphaviruses, 
bunyaviruses, arenaviruses, flaviviruses, rabies, and herpesvi-
ruses. This test can also detect many murine agents.

	 9.	In vivo tests using adult mice.
Testing cell culture supernatants for adventitious agents: 20 

adult mice weighing 15–20 g are inoculated intraperitoneally 
with 0.5 mL and intracerebrally with 0.03 mL of supernatants 
of the cell line under test. The mice should be observed daily 
for 21  days. Four additional uninoculated mice are kept as 
normal controls. The cell line will pass this test if at least 80% 
of the originally inoculated mice remain healthy and survive 
the observation period, and if none of the mice show evidence 
of any disease.

Testing viral fluids (WVS and Bulk Vaccine) for adventious 
agents: The same number of animals and inoculation sites 
apply to this test for viral fluids. This test detects adventitious 
viruses including lymphocytic choriomeningitis virus (LCMV), 
coxsackieviruses, flaviviruses, and rabies virus.

	10.	In vivo tests using guinea pigs.
Testing cell culture supernatants for adventitious agents: five 

guinea pigs each weighing 350–450 g are inoculated intraperi-
toneally with 5 mL and intracerebrally with 0.1 mL of super-
natants of the cell line under test. The animals are observed 
daily for at least 42  days. Two additional non-inoculated 
guinea pigs are kept as normal controls.

Testing viral fluids (WVS and Bulk Vaccine) for adventitious 
agents: the same protocol as above is followed with inocula-
tion of viral fluid. This test detects Mycobacterium tuberculosis 
and adventitious viruses like paramyxoviruses (including 
Sendai virus), reoviruses, and filoviruses.

	11.	In vivo tests of culture supernatants using rabbits. Ten healthy 
rabbits each weighing 1500–2500 g are inoculated intrader-
mally in multiple sites with a total of 1.0 mL, and subcutane-
ously with 2.0 mL of the material to be tested. The animals 
should be observed daily for at least 30 days. Two additional 
non-inoculated rabbits are kept as normal controls. This test 
detects simian herpes B virus.

Ana María Ambrosio et al.
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	12.	 In vivo tests using embryonated chicken egg to detect adventi-
tious agents. A sample volume, equivalent to at least 106 cells 
suspended in 0.5  mL, is used in egg testing. At least ten 
embryonated eggs, 10–11 days old, should be inoculated by 
the allantoic route using 0.5 mL per egg. At least ten addi-
tional embryonated eggs, 6–7 days old, should be inoculated 
by the yolk sac route using 0.5 mL per egg. Following incuba-
tion at 37.5 ± 0.5 °C with 60/70% humidity for 5 days, the 
allantoic fluids are harvested, pooled, and tested for the pres-
ence of hemagglutinating agents with chicken red cells. A cell 
culture sample passes the test if at least 80% of the embryos 
appear normal and there is no evidence of viral or hemaggluti-
nating agents. By the allantoic route, this test detects adventi-
tious viruses like orthomyxoviruses (influenza virus) and 
paramyxoviruses (mumps, measles, parainfluenza viruses), 
alphaviruses, and vesiculoviruses; and by the yolk sac route it 
screens for herpesviruses, poxviruses, rhabdoviruses, as well as 
rickettsiae, mycoplasmas, and bacteria.

	13.	 Testing general safety of final vaccine product in guinea pigs 
and mice. Two guinea pigs weighing less than 400 g and two 
adult mice are intraperitoneally inoculated (in multiple sites) 
with 5 and 0.5 mL respectively of reconstituted vaccine from 
the lot in test [33]. Animals are observed for health parame-
ters for 7 days. This test, performed only with filled product, 
is to determine any level of toxicity in the final vaccine 
product.

	14.	 In vitro safety tests. In vitro tests are carried out by the inocula-
tion of cells and/or supernatants into various susceptible 
indicator cell cultures capable of detecting a wide range of 
possible contaminating viruses. The choice of cells used in the 
test is related to the species of origin of the cell bank to be 
tested, but should include a human and/or a nonhuman pri-
mate cell line susceptible to human viruses [26, 30]. In the 
present protocol, the in vitro tests to search for viral contami-
nants are as follows: 12 T75 flasks are seeded with: MRC-5, 
DBS FRhL-2, RK-13, Vero C76 (the ATCC numbers were 
placed in Subheading 2), and primary chick embryo cells. For 
each type of culture, two flasks are kept unopened as cell con-
trol; five flasks are used as growth medium control, and in the 
remaining five flasks, growth medium is replaced by superna-
tant of the cell line under test, diluted 1:3 (v/v) with the 
growth medium. All the cultures are kept at 37 °C, in a 5% 
CO2 incubator. At day 7 cultures are observed for the presence 
of cytopathic effects (CPE), recorded and refed with fresh 
medium. Incubation is continued until day 14, when micro-
scopic observation is repeated and recorded. The inoculated 
cultures of each type plus two growth medium controls are 
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subjected to a heme-adsorption test using chick red blood 
cells to detect the presence of heme-adsorbing viruses. This 
whole procedure is repeated on Vero cells in which media col-
lected from initially inoculated Vero cells is sub-passaged into 
fresh Vero cultures, ending with a heme-adsorption test. This 
test is considered satisfactory only if there is no evidence of 
adventitious agents and at least 80% of the cultures are avail-
able for observation at the end of the observation period.

	15.	 Testing viral infectivity (vaccine potency). Viral titration to 
determine infectivity or potency in WVS or Bulk Vaccine, 
respectively, is done on Vero C76 cell monolayers that are 
80–90% confluent, by counting of plaque-forming units 
(PFU) under agarose [34]. A Candid #1 internal viral stan-
dard and cell culture controls are incorporated into every test. 
End points are calculated by Reed and Muench method [35] 
and expressed as the number of PFU/mL. Requirements for 
the different stages are:

WVS and Bulk Vaccine: ≥1 × 105 PFU/mL.
Filled Vaccine: ≥1 × 104 PFU/mL.

	16.	Testing vaccine viral identity. JUNV Candid #1 identity is 
assessed by confronting Candid #1 internal viral standard and 
the material under test (WVS, Bulk vaccine, or filled product) 
with an anti-JUNV rabbit serum [34, 36]. The virus-serum 
mixtures are incubated 1 h at 37 °C and then inoculated into 
Vero C76 cells seeded in 6-well plates. Standard non-
neutralized Candid #1 virus and rabbit antiserum controls are 
incorporated in each test. Viral adsorption is allowed for 
90 min at 36 °C, and cell monolayers are coated with 3 mL/
well of agarose medium [36]. Incubation is done for 5 days at 
37  °C in 5% CO2 atmosphere, at this time a second overlay 
containing 2.3% Neutral Red is added to each monolayer. 
Incubation is continued for an extra day and the PFU are 
counted. The acceptable result of this test is as follows: No 
PFU are to be observed in the cells inoculated with neutralized 
virus and in serum and cell controls, while viral titer of stan-
dard and non-neutralized viral fluid under test should render 
the known expected titers.

	17.	 Osmolality. The determination of osmolality (concentration 
of a solution expressed in osmoles of solute particles per kilo-
gram of solvent) is done on a sample of four reconstituted 
freeze-dried vaccine vials by means of a freezing point osmom-
eter, with valid calibration certificate. The accepted osmolal-
ity value for Candid #1 filled product is between 260 and 
330 mOsm/kg.
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	18.	 Residual Moisture. This parameter is determined on a sample 
of three vials of Candid #1 filled product by using a device that 
titrates moisture through a coulombimetric measurement (Karl 
Fisher) using Karl Fisher Reagent TU (with methoxyethanol, 
without pyridine), Solvent S, and dihydrated sodium tartrate 
(5 ± 0.5 mg water/mL) as solid water standard. Residual mois-
ture in the Candid #1 filled product should be <3%.

	19.	 Endotoxin. Presence of bacterial endotoxin is tested in filled 
product as well as in diverse intermediate and/or raw materials 
by the Horseshoe Crab (Limulus) gel clot method. Sample vials 
of reconstituted lyophilized Candid #1 vaccine are incubated 
along with CSE standards as positive controls and the unexposed 
extract fluid as a negative control. After the incubation period, 
the tubes containing the controls and the extract are observed 
for the presence of the gel clot. If it clots, endotoxin is present. 
If no clot is observed, product is free of endotoxin. The endo-
toxin limit value for Candid #1 vaccine is <0.3 EU/mL [31, 37].

	20.	 pH determination. These data ore obtained by a potentiometric 
determination using a pH meter with valid calibration. The pH 
value required for Candid #1 filled product is from 6.5 to 7.5.

4  Notes

	 1.	GMP procedures from one facility cannot be easily trans-
planted to another facility because the instructions are so spe-
cific that they account for the distances between one operation 
and another. For example, when clarifying a viral supernatant, 
the instructions may say: “Collect viral supernatants into an 
even number of 50 mL conical tubes in Biosafety Cabinet #3 
and walk three steps to low speed centrifuge #6 to clarify the 
supernatant at 400 × g for 5 min at 4 °C.”

	 2.	Control cultures are handled in a separate room from those 
cultures inoculated with the MVS.  Air quality and other 
requirements for safe performance of these procedures are 
mentioned in Subheading 3.6 QC/QA.
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Chapter 25

Detection of Virus-Antibody Immune Complexes 
in Secondary Dengue Virus Infection

Meng Ling Moi, Tomohiko Takasaki, and Ichiro Kurane

Abstract

It has been reported that virus-antibody immune complexes formed during secondary dengue virus infection 
are associated with increased disease severity. Here, we describe the details of a plaque titration method 
that uses FcγR-expressing BHK cells to detect and quantify infectious virus-immune complexes and a 
quantitative real-time PCR method for the quantification of virus genome in patients with secondary 
dengue infection. These methods detect both viruses in free-form and in immune complexes in patients 
with dengue infection, and are useful for determining viremia levels and patterns that better reflect in vivo 
conditions.

Key words Dengue, Secondary infection, Plaque assay, Antibody, Immune complex

1  Introduction

Dengue is a major public health threat in the tropics and temperate 
regions. It is estimated that approximately half of the global popu-
lation is at risk of dengue infection and 400 million cases occur 
annually worldwide [1]. Common symptoms of dengue include 
fever, headache, myalgia, and thrombocytopenia. Infection with 
any of the four dengue virus (DENV1–4) serotypes confers life-
long immunity to infection with the same serotype but protective 
immunity to other serotypes is short-lived [2]. During primary 
infection, cross-reactive antibodies to other serotypes are induced, 
and these antibodies, when present at non-neutralizing levels, are 
hypothesized to play a major role in the development of severe 
dengue [2]. In severe dengue, life-threatening symptoms include 
severe bleeding and multiple organ failures. It is speculated that 
those with secondary dengue virus infection are at higher risk of 
developing severe dengue [3]. During secondary infection, these 
non-neutralizing cross-reactive antibodies form virus-antibody 
immune complexes with the infecting virus and circulate as virus-
immune complexes during the acute phase [4]. These infectious 
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virus-antibody immune complexes in turn facilitate infection of 
FcγR-bearing monocyte lineage cells, leading to the production of 
higher titers of virus progeny and an aberrant immune response 
that ultimately results in severe dengue [5, 6].

Understanding the relationship between viremia and these 
virus-antibody immune complexes during infection would contrib-
ute to a better understanding of the pathogenesis of dengue. 
Currently, the gold-standard for the detection of infectious DENV 
particles is by the plaque titration method [7]. Other virus detec-
tion tools include reverse-transcriptase PCR (RT-PCR) for the 
detection of virus genome and detection of viral antigen by immu-
nofluorescence and flow cytometry. The RT-PCR and antigen 
detection methods are rapid, sensitive, and relatively simple to per-
form. However, the plaque titration method is the most specific 
method for providing information on virus infectivity.

In this chapter, we will describe the detection and quantifica-
tion of virus-antibody immune complex in patients with secondary 
dengue virus infection using FcγR-expressing BHK cells. Infectious 
virus particles are quantitated using a conventional plaque titration 
method [7] and virus genomes are quantitated using a fluorogenic 
real-time RT-PCR method [8]. The FcγR-expressing BHK cells 
have been proved useful in the titration of DENV in both free virus 
and immune complex forms in both dengue patients and an animal 
model [9–11]. Thus, the described method could give a better 
approximation of dengue viremia under in vivo conditions.

2  Materials

All materials and reagents are prepared on a clean bench, sterilized 
and stored at 4  °C until use. Procedures are done according to 
institutional biosafety regulations. Fetal bovine serum (FBS) used 
in these procedures are heat-inactivated at 56 °C for 30 min prior 
to use.

	 1.	DENV stock: virus collected from cell culture supernatants are 
stored at −80 °C prior to use. All virus stocks are aliquoted to 
avoid freeze-thawing of samples.

	 2.	Cell lines: Baby hamster kidney-derived cell lines (BHK cells) 
and FcγR-expressing BHK cells are used.

	 3.	Growth and maintenance medium: Eagle’s Minimum Essential 
Medium (EMEM) is supplemented with 10% FBS. For FcγR-
expressing BHK cells, 0.5 mg/ml neomycin (G418, Roche) is 
added to the growth and maintenance medium to maintain 
plasmid expression.

	 4.	1× Trypsin-EDTA solution: 0.05% Trypsin-EDTA solution 
(v/v).

2.1  Plaque Titration 
Assay

Meng Ling Moi et al.
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	 5.	1× Dulbecco’s Phosphate Buffered Saline (DPBS), calcium 
and magnesium-free.

	 6.	Maintenance medium for plaque assay: 1% Methylcellulose-4000 
(Wako) supplemented with 0.94% EMEM containing kanamy-
cin (Nissui), with 2% FBS, 2 mM l-Glutamine, and 7.5% (w/v) 
sodium bicarbonate solution. For 1 L of maintenance medium, 
prepare two solutions, “Solution A” and “Solution B” sepa-
rately. In “Solution A,” add 9.4 g of EMEM containing kana-
mycin and top-up with 1 L of ultrapure water (MilliQ water). 
Allow the EMEM powder to dissolve thoroughly in the solu-
tion. In “Solution B,” add 10 g of methylcellulose and a stir-
bar. Autoclave both reagents. Cool both reagents to 60 °C and 
add “Solution A” to “Solution B.” Mix the solution with the 
magnetic stirrer and allow the solution to cool to room tem-
perature. Next, place the solution on ice, and mix the solution 
with the magnetic stirrer until the solution turns clear yellow. 
Add 31.5 ml 7.5% (w/v) sodium bicarbonate, 20 ml of FBS, 
and 10 ml of 200 mM l-Glutamine and mix until all compo-
nents are dissolved in the reagent. Store the methyl-cellulose 
solution at 4 °C until use.

	 7.	Fixation solution: 10% (v/v) formaldehyde. Dilute formalde-
hyde solution (Wako) with tap-water. Store reagent at room 
temperature.

	 8.	Staining solution: Methylene blue dye, 30× solution. Add 
11.25 g of methylene blue tetrahydrate (Wako) to 500 ml of 
distilled water. To dissolve the methylene blue, add 1.9 ml of 
1 N sodium hydroxide solution (see Note 1). Store the reagent 
at room temperature.

	 9.	Maintenance medium for RT-PCR: EMEM supplemented 
with 2% FBS.

	10.	Patient serum samples: Samples collected from patients are 
stored at −80 °C prior to use. Avoid freeze-thaw cycles. All 
samples should be treated as biohazard materials according to 
institutional regulations.

	11.	Class II Biosafety Cabinet.
	12.	For plaque enumeration: Light-box and colony counter.

	 1.	RNA isolation: High Pure RNA Isolation kit (Roche).
	 2.	Real-time PCR uses Fast virus 1-step master mix (Applied 

Biosystems), DENV primers and probe sets (TaqMan), RNAse, 
DNAse-free water [8]. The PCR Reaction Mix is typically 
15  μl: 5  μl of TaqMan Master Mix, 9  μl water, 0.25  μl of 
100 μM forward primer, 0.25 μl of 100 μM reverse primer, 
0.5 μl of fluorogenic probe (final 250 nM). To this Reaction 
Mix, 5 μl of RNA (approximately 0.1 μg) will be added before 
the thermocycling.

2.2  Quantitative 
Real-Time PCR

Virus-immune Complexes in Secondary Dengue Infection
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	 3.	Optical tube and cap strips, 96-well plate, and adhesive cover.
	 4.	Real-time PCR system.

3  Methods

	 1.	Prepare a monolayer of BHK and FcγR-expressing BHK cells 
at a confluency of 70–80% using 12-well plates. Seed cells at 
the concentration of 1 × 105 to 5 × 105 cells per well (see Note 2). 
Incubate the plates overnight in a CO2 incubator at 37  °C 
overnight.

	 2.	Discard the old cell culture supernatant and infect the cells at a 
1:10 serial dilution of the serum samples (101–106 dilution).

	 3.	Prepare 50  μl of the immune-complex virus mixture and 
incubate the mixture at 37 °C for 30 min to allow formation 
(re-formation) of virus-antibody immune complexes.

	 4.	Add 50 μl of virus-immune complex mixture to the cells. After 
inoculation, tilt the plates gently every 10 min for a total of six 
times (total of 60 min) (see Notes 3 and 4).

	 5.	Add 1.5 ml of growth and maintenance medium for plaque 
assay. Incubate the cells in a humidified incubator (5% CO2) at 
37 °C for 5–7 days (see Note 5).

	 6.	At 3–4 days after incubation, examine for the presence of cyto-
pathic effect (CPE) under the microscope. Also examine for the 
appearance of plaques under fluorescent light by naked eye. 
DENV plaque typically appears 5–7 days after incubation; how-
ever, some virus strains isolated directly from clinical samples do 
not form clear plaques (see Note 6). Incubation periods are also 
dependent on cell culture conditions (see Note 7).

	 7.	Upon confirmation of plaques by naked eye, fix the cells with 
fixation solution for 60 min (see Note 8). Rinse the plates with 
tap water and stain the cells with staining solution for 60 min. 
Rinse the plate to remove the staining solution.

	 8.	Dry the plates and count the number of plaques.
	 9.	Stained plates can be stored long-term at room temperature.
	10.	Virus titers are expressed as plaque forming units per milliliter 

(PFU/ml). The calculations are performed using the formula: 
(average number of plaques) × (dilution rate)/(volume added).

	 1.	Prepare cells and perform the infection assay as in Subheading 
3.1, steps 1–4.

	 2.	Add 1.0 ml of maintenance medium for RT-PCR. Incubate the 
cells in a humidified incubator (5% CO2) at 37 °C for 5 days 
(see Note 9).

3.1  Plaque 
Titration Assay

3.2  Quantitative 
RT-PCR
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	 3.	Remove 200 μl of cell culture supernatant fluids.
	 4.	Mix the supernatant (200 μl) with 400 μl of viral-binding buffer 

(Roche) and incubate at room temperature for 10 min.
	 5.	Further steps of removal of binding buffer, washing, and 

elution of RNA are performed according to manufacturer’s 
protocol (https://lifescience.roche.com/wcsstore/
RASCatalogAssetStore/Articles/05204909001_03.08.pdf). 
The volume of RNA elution is 50 μl.

	 6.	Prepare and mix the PCR Reaction Mix of 15 μl.
	 7.	Add in 5 μl of isolated virus RNA to make up a volume of 

20 μl. Perform the assay in duplicates or triplicates.
	 8.	Perform the RT-PCR reaction with the following cycle 

conditions:
(a)	 RT step (1 cycle).

50 °C for 5 min.
95 °C for 20 s.

(b)	Amplification step (40 cycles data collection at the end of 
each cycle).
95 °C for 3 s.
60 °C for 30 s.

	 9.	Analyze the real-time PCR results. Confirm the amplification 
plots and exclude data with abnormal amplification plots. 
Adjust threshold and baseline accordingly (see Note 10).

4  Notes

	 1.	The staining solution is typically made as a 30× concentrated 
solution. However, higher concentration of staining solution 
(5×–10×) could be used for rapid staining of cells or with cells 
that do not stain well at lower concentration. As these reagents 
stain live cells, use appropriate gloves and other personal 
protective equipment.

	 2.	Confluency depends on the ability of cells to attach within the 
wells and multiply. Thus, depending on the cell condition, the 
cells may not reach 70% confluency after an overnight 
incubation. In the event that the cells do not reach the optimal 
confluency, incubate the plates for another 24 h.

	 3.	Ensure that the medium covers the cells during tilting to avoid 
cell death by drying.

	 4.	Alternatively, to avoid drying, switch off the clean-bench fan 
during the infection step. After the infection step, immediately 
replace the plate cover and tilt the plates to avoid drying.

Virus-immune Complexes in Secondary Dengue Infection
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	 5.	DENV plaques typically form at days 5–7 after infection. In the 
event of no plaque formation, the plates can be further incubated 
up to 8 days, with the addition of 1 ml of fresh maintenance 
medium to the old medium.

	 6.	As some clinical DENV strains do not form well-defined 
plaques, DENV-immune complex could be detected and 
titered by staining the plaques using antibodies (focus forming 
assay and immunofluorescence assay).

	 7.	Note the number of cell passages, incubation periods, and 
other incubation conditions. Some laboratory-established 
BHK and Vero cell lines lose the ability to form plaques after 
repeated passages.

	 8.	Directly add the fixation solution to the cells in maintenance 
medium. The cells could be left in fixation solution up to 24 h. 
Longer incubation will result in drying of fixation solution.

	 9.	To perform growth curve analyses, cell culture supernatant 
could be removed daily or other fixed periods for RT-PCR 
analysis. Day 5 is chosen in this example because DENV 
growth generally reaches a plateau at this stage.

	10.	A Ct value of 35 and above the presence of DENV nucleic acid 
is considered equivocal and values above 40 are considered 
negative.
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Chapter 26

Future Approaches to DNA Vaccination Against 
Hemorrhagic Fever Viruses

John J. Suschak and Connie S. Schmaljohn

Abstract

To date, there is no protective vaccine for Ebola virus infection. Safety concerns have prevented the use of 
live-attenuated vaccines, and forced researchers to examine new vaccine formulations. DNA vaccination is 
an attractive method for inducing protective immunity to a variety of pathogens, but the low immunoge-
nicity seen in larger animals and humans has hindered its usage. Various approaches have been used to 
improve the immunogenicity of DNA vaccines, but the most successful, and widespread, is electropora-
tion. Of increasing interest is the use of molecular adjuvants to produce immunomodulatory signals that 
can both amplify and direct the immune response. When combined, these approaches have the possibility 
to push DNA vaccination into the forefront of medicine.

Key words DNA vaccination, Delivery methods, Electroporation, Molecular adjuvants, Intramuscular, 
Intradermal

1  Introduction

The Filoviridae family of viruses is composed of enveloped RNA 
viruses with non-segmented, negative-sense genomes. Filoviruses 
are divided into three genera: Ebolavirus, Marburgvirus, and 
Cuevavirus [1]. The Ebolavirus genus includes five species includ-
ing Zaire ebolavirus (Ebola virus, EBOV), Sudan ebolavirus (Sudan 
virus, SUDV), Taï Forest ebolavirus (Taï Forest virus, TAFV), 
Reston ebolavirus (Reston virus, RESTV), and Bundibugyo ebolavi-
rus (Bundibugyo virus, BDBV), all of which cause disease except 
RESTV. EBOV is considered the most lethal species with a case-
fatality or lethality range of 40–90% in human outbreaks [2]. The 
Marburgvirus genus currently includes a single viral species, 
Marburg marburgvirus, the members of which are lethal in 70–85% 
of cases. These two members are Marburg virus (MARV) and Ravn 
virus (RAVV). Cuevavirus genus includes a single viral species, 
Lloviu cuevavirus, for one virus, Lloviu virus (LLOV). Due to the 
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high case-fatality rate, person-to-person transmissibility, and poten-
tial to instill panic within the public, a concerted effort has been 
made to develop an effective filovirus vaccine.

Early efforts to design a protective EBOV vaccine were not 
completely successful due to a lack of knowledge surrounding the 
correlates of protective immunity, but progress has recently been 
made. The viral envelope glycoprotein, GP, is the main target of 
antibody responses [1]. Numerous studies have demonstrated that 
humoral immunity confers protection against filovirus challenge in 
both rodent and nonhuman primate (NHP) models [3–8]. 
Conversely, recent studies utilizing knockout murine models have 
suggested that cell-mediated immune responses are critical in con-
trolling filovirus infections [9, 10]. Therefore, it is believed that 
truly protective filovirus vaccines must elicit both arms of the adap-
tive immune response. The ability of plasmid DNA vaccination to 
induce both humoral and cell-mediated immune responses has 
made DNA vaccines an attractive platform for generating protec-
tive immunity against filovirus infection [11].

The demonstration of effective DNA vaccination in small ani-
mal models changed the paradigm for vaccine technology. For the 
first time, genes encoding antigens, instead of antigens themselves, 
were shown to elicit broad immunity against a variety of patho-
gens. DNA vaccination has many advantages over other established 
vaccination platforms. Foremost is the endogenous production 
and presentation of antigen without danger of toxicity or infection, 
a common concern with live-attenuated and, sometimes, with 
inactivated viral vaccines. As antigen is produced in vivo, antigen 
presentation occurs on both Class I and Class II major histocom-
patibility complex (MHC) molecules, yielding both CD4+ and 
CD8+ T cell responses. Therefore, DNA vaccination may yield a 
balanced, protective immune response that is similar to that of 
authentic viral infection.

Whereas small animal studies have proven the utility of DNA 
vaccines delivered by intramuscular injection, similar studies in 
larger animals and humans have been less successful. This has led 
to the investigation of alternative approaches capable of increasing 
both the strength and duration of vaccine-induced immune 
responses (see Note 1). The most promising methods of DNA vac-
cination are intramuscular (IM) injection or intradermal (ID) 
injection of DNA, diluted in saline buffer, followed by electropora-
tion, the brief delivery of an electrical pulse to cells. Electroporation 
transiently opens pores in the lipid bilayer, allowing DNA to travel 
down the concentration gradient and cross the cellular membrane. 
Electroporation increases gene expression up to 1000-fold when 
compared to animals receiving only intramuscular injections of 
DNA.  Furthermore, electroporation has the added benefit of 
increasing DNA distribution throughout the tissue and initiating a 
pro-inflammatory reaction at the site of injection, thereby propa-
gating the immune response [12–15].

John J. Suschak and Connie S. Schmaljohn
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Another approach that has been effective in increasing DNA 
vaccine immunogenicity is the use of “vaccine cocktails” contain-
ing the DNA vaccine as well as plasmids encoding immunomodu-
latory proteins. Molecular adjuvant plasmids expressing cytokines, 
chemokines, or co-stimulatory molecules may be co-administered 
with the antigenic DNA vaccine plasmid (see Note 2). Cells trans-
fected by molecular adjuvant plasmids secrete the adjuvant into the 
surrounding region, stimulating both local antigen presenting cells 
and cells in the draining lymph node. This results in sustained, low-
level production of immune modulating cytokines that can tailor 
the immune response toward a more desirable outcome. A wide 
range of inflammatory and helper T cell cytokines have been stud-
ied in small animal models in conjunction with DNA vaccination 
[16, 17], however, a few in particular stand out for their potential 
in human vaccination [18]. In addition to electroporation, there 
are several other DNA vaccine delivery methods that have been 
experimented with to varying degrees of success. Needle-free injec-
tion systems such as bio-injectors deliver vaccine plasmid by forc-
ing a liquid stream through the skin, resulting in either intradermal 
or intramuscular delivery. These systems yield wider distribution of 
the vaccine, and increased antigen production than does straight 
IM or ID injection [19, 20]. Delivery systems such as nanoparti-
cles and liposomes have shown promise, but have certain draw-
backs related to difficulty of formulation and delivery, particularly 
when it comes to vaccination in the field [21–30]. Another method 
that is gaining interest is the formulation of DNA-launched virus-
like particles (VLP). In this case, the antigen is encoded in one 
DNA plasmid, while structural proteins are encoded in a second 
plasmid. Transfection of a cell by both plasmids allows for expres-
sion of endogenously produced VLPs. This allows for increased 
extracellular bioavailability of the antigen and therefore increased 
immunogenicity [31].

Here, we present a detailed method for delivering an 
antigen/adjuvant DNA vaccine cocktail in conjunction with electro-
poration. Importantly, this protocol may be used with a wide range 
of antigens, providing a strong foundation for future vaccine research.

2  Materials

	 1.	Endotoxin free, calcium and magnesium free phosphate-
buffered saline.

	 2.	DNA plasmid coding for the antigenic transgene dissolved in 
endotoxin-free phosphate-buffered saline to appropriate con-
centration (see Note 3).

	 3.	DNA plasmid coding for the molecular adjuvant transgene dis-
solved in endotoxin-free phosphate-buffered saline to appro-
priate concentration (see Note 3).

2.1  DNA Vaccine

DNA Vaccines for Hemorrhagic Fever Viruses
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	 1.	Appropriate anesthesia or tranquilizer for animal (e.g., ket-
amine or isoflurane gas).

	 2.	Electric razor to shave skin at the site of injection (see Note 4).
	 3.	U-100 insulin syringe with 29G1/2 needle or tuberculin 

syringe with 28G needle.
	 4.	Electropulse generator.
	 5.	Electrode needle array (different arrays for intramuscular and 

intradermal injection).

3  Methods for DNA Vaccine Delivery

	 1.	Mix the appropriate amount of antigen encoding DNA plasmid 
and molecular adjuvant encoding plasmid to obtain the desired 
ratio of antigen to adjuvant. For bilateral vaccination, you will 
need a maximum of 100 μL for each mouse (see Note 5).

	 2.	 Adjust the electroporation parameters according to the manu-
facturer’s suggested values (see Note 6).

	 3.	 Draw DNA solution into syringe (see Note 7).
	 4.	 Anesthetize the animal with the appropriate anesthesia or 

tranquilizer (see Note 8).
	 5.	 Shave the fur over the anterior, lateral, and medial surfaces of 

the leg.
	 6.	 Position the animal on its back or side. Extend the leg to pro-

vide increased access to the tibialis muscle. A bent or crooked 
leg will limit the success of the injection and subsequent 
electroporation.

	 7.	 Insert the needle and syringe into the center of the electrode 
array (integrated array). Alternatively, some electroporation 
systems may lack space for the needle and syringe in between 
the microarray. In this case, the injection must be delivered 
first, and then the electrode microarray is positioned around 
the site of injection and the electropulse is delivered. It is use-
ful to mark the site with a dark-colored marker.

	 8.	 Align the needle/electrode array along the middle of the tibi-
alis muscle. Insert both the needle and electrodes into the 
muscle. Needle should be inserted between 2 and 3 mm into 
the muscle.

	 9.	 Slowly inject the DNA solution (i.e., between 5 and 10  s) 
without changing the pressure exerted on the syringe plunger.

	10.	 Administer the electrical pulse. The number of pulses, pulse 
length, magnitude, and interval are dependent on both the 
animal and the manufacturer of the electroporation device (see 
Note 9).

2.2  Electroporation

3.1  Intramuscular 
Electroporation 
of Mice
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	11.	Retain the needle and electrode array in place for a few addi-
tional seconds upon completion of injection/pulse delivery to 
prevent the seepage of vaccine from the site of injection.

	 1.	Mix the appropriate amount of antigen encoding DNA plas-
mid and molecular adjuvant encoding plasmid to obtain the 
desired ratio of antigen to adjuvant. Usually, between 200 μL 
and 1 mL is delivered.

	 2.	Adjust the electroporation parameters according to the manu-
facturer’s suggested values (see Note 6).

	 3.	 Draw DNA solution into syringe (see Note 7).
	 4.	 Anesthetize the animal with the appropriate anesthesia or 

tranquilizer (see Note 8).
	 5.	 Shave the area over the injection site. The deltoid, biceps, and 

quadriceps are the most common regions and have been 
shown to successfully result in immune responses.

	 6.	 Position the animal on its back or side. Extend the limb to 
provide increased access to the muscle. A bent or crooked 
limb will limit the success of the injection and subsequent 
electroporation.

	 7.	 Insert the needle and syringe into the center of the electrode 
array (integrated array). Alternatively, some electroporation 
systems may lack space for the needle and syringe in between 
the microarray. In this case, the injection must be delivered 
first, and then the electrode microarray is positioned around 
the site of injection and the electropulse is delivered. It is use-
ful to mark the site with a dark-colored marker.

	 8.	 Align the needle/electrode array along the middle of the mus-
cle. Insert both the needle and electrodes into the muscle.

	 9.	 Slowly inject the DNA solution (i.e., between 5 and 10  s) 
without changing the pressure exerted on the syringe plunger.

	10.	 Administer the electrical pulse. The number of pulses, pulse 
length, magnitude, and interval are dependent on both the 
animal and the manufacturer of the electroporation device (see 
Note 9).

	11.	Retain the needle and electrode array in place for a few addi-
tional seconds upon completion of injection/pulse delivery to 
prevent the seepage of vaccine from the site of injection.

	 1.	Mix the appropriate amount of antigen encoding DNA plas-
mid and molecular adjuvant encoding plasmid to obtain the 
desired ratio of antigen to adjuvant. The maximum volume 
recommended for intradermal vaccination of mice is 20–25 μL 
per mouse (see Note 5).

3.2  Intramuscular 
Electroporation 
of Nonhuman Primates

3.3  Intradermal 
Electroporation 
of Mice
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	 2.	 Adjust the electroporation parameters according to the manu-
facturer’s suggested values (see Note 6).

	 3.	 Draw DNA solution into syringe (see Note 7).
	 4.	 Anesthetize the mouse with the appropriate anesthesia or 

tranquilizer (see Note 8).
	 5.	 Position the mouse on its stomach and shave the fur over the 

lower back (see Note 10).
	 6.	 Insert the needle and syringe into the center of the electrode 

array (integrated array). Alternatively, some electroporation 
systems may lack space for the needle and syringe in between 
the microarray. In this case, the injection must be delivered 
first, and then the electrode microarray is positioned around 
the bleb and the electropulse is delivered.

	 7.	 Stretch the skin taut between the thumb and index finger.
	 8.	 Align the needle/electrode array along the middle of the shaved 

patch. Insert both the needle and electrodes into the epidermal 
region of the skin. Needle should be inserted between 2 and 
3 mm into the skin. The needle should be inserted bevel up, 
parallel to the skin, and then rotated 90°. This results in a shal-
low delivery of drug to the epidermal layer of the skin. To assist 
in positioning, a pair of forceps may be used to pinch the skin.

	 9.	 Slowly inject the DNA solution (i.e., between 5 and 10  s) 
without changing the pressure exerted on the syringe plunger 
(see Note 11).

	10.	 Administer the electrical pulse. The number of pulses, pulse 
length, magnitude, and interval are dependent on both the 
animal and the manufacturer of the electroporation device (see 
Note 9).

	11.	Retain the needle and electrode array in place for a few addi-
tional seconds upon completion of injection/pulse delivery to 
prevent the seepage of vaccine from the site of injection.

	 1.	Mix the appropriate amount of antigen encoding DNA plas-
mid and molecular adjuvant encoding plasmid to obtain the 
desired ratio of antigen to adjuvant. The maximum volume for 
intradermal injection of nonhuman primates is 100 μL.

	 2.	 Adjust the electroporation parameters according to the manu-
facturer’s suggested values (see Note 6).

	 3.	 Draw DNA solution into syringe (see Note 7).
	 4.	 Anesthetize the animal with the appropriate anesthesia or 

tranquilizer (see Note 8).
	 5.	 Shave the area over the injection site. For nonhuman primates, 

the skin covering the back and limbs is considered the optimal 
site of injection.

3.4  Intradermal 
Injection of Nonhuman 
Primates
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	 6.	 Insert the needle and syringe into the center of the electrode 
array (integrated array). Alternatively, some electroporation 
systems may lack space for the needle and syringe in between 
the microarray. In this case, the injection must be delivered 
first, and then the electrode microarray is positioned around 
the bleb and the electropulse is delivered.

	 7.	 Stretch the skin taut between the thumb and the index 
finger.

	 8.	 Align the needle/electrode array along the middle of the 
shaved patch. Insert both the needle and electrodes into the 
epidermal region of the skin. The needle should be inserted 
between 2 and 3  mm into the skin. The needle should be 
inserted bevel up, parallel to the skin, and then rotated 90°. 
This results in a shallow delivery of drug to the epidermal layer 
of the skin. To assist in positioning, a pair of forceps may be 
used to pinch the skin.

	 9.	 Slowly inject the DNA solution (i.e., between 5 and 10  s) 
without changing the pressure exerted on the syringe plunger 
(see Note 11).

	10.	 Administer the electrical pulse. The number of pulses, pulse 
length, magnitude, and interval are dependent on both the 
animal and the manufacturer of the electroporation device (see 
Note 9).

	11.	 Retain the needle and electrode array in place for a few addi-
tional seconds upon completion of injection/pulse delivery to 
prevent the seepage of vaccine from the site of injection.

4  Notes

	 1.	 There are several methods for increasing DNA plasmid pro-
tein production. Inclusion of Kozak sequences upstream of 
the start site, or removal of any ATG codon sites in the 5′ 
untranslated region may increase the rate of transcription. 
Likewise, codon optimization has proven extremely successful 
in increasing the rate of protein synthesis. Conversely, com-
mercial expression vectors are available. These do not gener-
ally require much optimization, although depending on the 
antigen and model used, they may not be the ideal choice. 
Careful thought should be given to developing the vaccine 
plasmid, and it may be necessary to perform preliminary stud-
ies to confirm the overall expression and immunogenicity of 
the DNA vaccine.

	 2.	 Incorporation of molecular adjuvants (i.e., cytokines) is not 
always straightforward. It is important to remember that cyto-
kines are species specific and must often times be designed to 
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account for this. For cloning purposes, PCR primers should be 
designed to recognize the most conserved sequences across 
multiple species.

	 3.	 Phosphate-buffered saline is preferable to water, as water can 
relax the super-coiled state of the DNA plasmid.

	 4.	 Shaving of the fur is essential for proper visualization of the 
injection site. The best electric razors for mice are those with 
closely spaced teeth. Regular veterinary or dog grooming 
razors are suitable for larger animals as they do not get tangled 
in long hair as easily.

	 5.	 Allow for dead space within the syringe by preparing enough 
DNA for n + 3 doses. Insulin syringes are preferable because 
they have little dead space. Tuberculin syringes have about 
100 μL of dead space and often develop air bubbles, making it 
difficult to accurately deliver the appropriate amount of 
DNA.  A volume of 50 μL/site is the most optimal, as this 
allows for proper distribution of the vaccine plasmid within 
the muscle without causing damage to the tissue itself. 
Additionally, larger volumes may cause the DNA vaccine to 
leak out of the muscle, limiting the immune response.

	 6.	 It may be necessary to perform preliminary studies to deter-
mine the optimal electroporation settings, depending on the 
type of machine and antigen used.

	 7.	 Ensure there are no air bubbles present by tapping on the side 
of the syringe with thumb and expelling air bubble by slowly 
depressing plunger until only DNA/saline solution is present 
in syringe.

	 8.	 Animals should be anesthetized prior to vaccination, as when 
awake, they may contract their muscles, thereby squeezing the 
DNA vaccine out. This also limits the possibility of animals 
struggling or biting during injection.

	 9.	 Good contact is required for the electroporation procedure to 
work properly. Ensure that electrodes are properly inserted 
and that a consistent current/resistance is being registered 
before delivering the pulse. It may be necessary to recruit a 
helper to work the electropulse generator depending on the 
model used. Some generators have an available foot pedal that 
allows a single operator to both align the electrode array and 
trigger the machine. However, many generators lack this 
accessory. In this case, it may be too cumbersome for a single 
person to hold the electrode array in place and work the 
controls.

	10.	 The thickness of the skin can directly impact the level of plas-
mid gene expression. Ensure that vaccination sites are of con-
sistent thickness by using a central location and keeping away 
from the belly of the animal.

John J. Suschak and Connie S. Schmaljohn
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	11.	 Intradermal injection should result in a bleb in the skin that 
persists for several minutes. If this does not appear, or quickly 
dissipates, the injection has most likely been given subcutane-
ously. This will result in poor immune responses.

Disclaimer

Opinions, interpretations, conclusions, and recommendations are 
those of the author and are not necessarily endorsed by the U.S. Army.
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Chapter 27

Identifying Restriction Factors for Hemorrhagic Fever 
Viruses: Dengue and Junín

Federico Giovannoni, Jose Rafael Peña Cárcamo, María Laura Morell, 
Sandra Myriam Cordo, and Cybele C. García

Abstract

Host restriction factors are cellular components that interfere with viral multiplication. They are up-
regulated and expressed upon viral infection and in consequence their activity is specific. So far several 
important restriction factors have been described against diverse viruses. The cellular antiviral mechanisms 
defined include proteins with the ability to interfere with early steps of viral replication and others that have 
been shown to block viral morphogenesis. However, other strategies by which the antiviral action is exerted 
still remain elusive. An additional interesting matter is how viruses also developed ways to by-pass these 
host-specific obstacles. Thus, unusual cell localization or re-localization represents a frequent virus choice 
to evade the cellular surveillance. In the present chapter, we summarize methods to identify cell restriction 
factors, their antiviral activity, and possible subcellular locations where their activity can take place.

Key words Viral restriction, Dengue, Junín, siRNA, Lipid droplets, Antiviral proteins, Microscopy

1  Introduction

The identification and characterization of antiviral genes with the 
ability to interfere with virus replication has established innate immu-
nity as the first line of antiviral defense. Innate immunity includes 
host molecules that directly bind viral molecules, such as the cell-
intrinsic restriction factors, and host molecules that indirectly induce 
antiviral responses [1]. This latter “classical” innate immunity includes 
the induction of cytokines, interferon-stimulated genes (ISG; some 
of which are also restriction factors), and inflammatory responses that 
result in virus-specific acquired immune responses [1].

In the beginning, comparative transcriptomics were used to 
identify genes that were preferentially expressed in restrictive cells 
relative to susceptible cells [2–4]. Currently, the experimental 
approach to elucidate the function of a gene in vivo is the selective 
blockage of its expression or activity. This can be achieved by 
several loss-of-function approaches. Due to their high efficiency 
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and efficacy and low cost compared with other techniques, high-
throughput genome-wide RNAi screening approaches are the 
most powerful tools for the identification of host factors and path-
ways involved in any step of a viral replication cycle [5–7]. Upon 
depletion of a particular host cell factor, virus multiplication can be 
either reduced or increased. Thus, according to the loss-of-function 
phenotype, host factors are classified as host dependency factors or 
host restriction factors. Well-established host restriction factors 
have been shown to interfere with viral entry, early post-entry 
steps, viral budding and even to reduce the infectious quality of 
extracellular released particles [8–9]. On the other hand, viruses 
have evolved in extraordinary ways to counteract these cell antiviral 
responses through host-viral interactions and mechanisms involv-
ing cellular components such as lipid droplets to evade intrinsic 
innate immune pathways [10–11]. In immunity, new roles for lipid 
droplets, not directly linked to lipid metabolism, have been uncov-
ered, showing they act as assembly platforms for specific viruses 
and as reservoirs for host restriction factors [12–13]. A better 
understanding of these cellular antiviral mechanisms may open 
new avenues toward the design of antiviral drugs.

Here, we summarize the methods to identify cell restriction 
factors for dengue and Junín viruses (DENV and JUNV), evaluat-
ing their impact on viral gene expression, virus production, and 
viral infectivity. Experimental approaches that reveal their subcel-
lular localization and possible interaction with lipid droplets and 
viral proteins are also included. By means of these approaches it has 
been possible to characterize cellular proteins with significant anti-
viral activity against dissimilar viruses. Most of the characterized 
restriction factors have been first identified in the context of the 
HIV-1 life cycle [14–16]. However, in the last years, these studies 
have been expanded to other viruses that have a meaningful impact 
on human health such as influenza, human cytomegalovirus, West 
Nile virus, and hepatitis C virus [17–20], and also many studies 
include hemorrhagic fever viruses [21–24]. From these valuable 
results the scientific community learned how viral genome replica-
tion and expression, together with particle release, could be endog-
enously restricted by the host cell. Thus, restriction factors have 
emerged as important topics to address. This productive field of 
research will help to better understand how these cellular factors 
may facilitate the design of new drugs and strategies to repress 
virus infection and spread.

2  Materials

	 1.	Vero cells (ATCC CCL81) cultured at 37  °C in Modified 
Eagle’s Medium (MEM) containing 5% fetal bovine serum 
(FBS), 100 U penicillin/ml, and 100 μg streptomycin/ml.

2.1  Cell Cultures 
and Media
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	 2.	A549 cells (ATCC CCL-185) cultured at 37 °C in MEM con-
taining 10% fetal bovine serum (FBS), 100 U penicillin/ml, 
and 100 μg streptomycin/ml.

	 1.	Lipofectamine 2000 Transfection Reagent (Thermo Scientific).
	 2.	Opti-MEM I Reduced Serum Media (Thermo Scientific).
	 3.	Host-factor-specific siRNA.
	 4.	Scrambled-siRNA.
	 5.	Host-factor cDNA cloned into expression vector.

	 1.	Vero cell cultures.
	 2.	24-well microplate.
	 3.	10× Phosphate-buffered saline (PBS): 80 g NaCl; 2 g KCl; 2 g 

KH2PO4; 29 g Na2HPO4-12H2O; bring to 1000 ml with room 
temperature, deionized water. Working solution: 1:10 dilution 
in deionized water.

	 4.	MEM is supplemented with 1.5% inactivated calf serum and 
50 μg/ml gentamycin.

	 5.	Plaqueing medium (PM): MEM with 2% inactivated calf serum 
containing 50 μg/ml gentamycin, 0.7% methylcellulose.

	 6.	10% formaldehyde.
	 7.	Crystal violet stain for viral plaques: 0.05% crystal violet in 10% 

ethanol in water.

	 1.	12 mm diameter cover slips (0.17 mm thickness).
	 2.	Cold methanol (−20 °C), 4% paraformaldehyde (PFA) or 2% 

PFA and 0.1% Triton X-100 (depending on fixation method).
	 3.	PBS and 5% serum-PBS.
	 4.	Primary antibodies.
	 5.	Fluorescently labeled secondary antibodies.
	 6.	Serum from animals of the same species as the secondary 

antibody.
	 7.	4′,6-diamidino-2-phenylindole (DAPI) stain that binds DNA 

in microscopy.
	 8.	Mounting medium: 90% glycerin, 10% 10× PBS pH 9. Add 

2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO).
	 9.	Microscope slides.
	10.	Nail polish.

	 1.	TRIzol Reagent (Thermo Scientific).
	 2.	Chloroform.
	 3.	Isopropyl alcohol.

2.2  Host Factor 
siRNA-Mediated 
Knockdown 
and Plasmid-Mediated 
Overexpression

2.3  Plaque Assay

2.4  Indirect 
Immunofluorescence 
Assays

2.5  Real-Time PCR 
(RT-PCR)

2.5.1  RNA Extraction

Hemorrhagic Fever Virus Restriction Factors
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	 4.	75% ethanol.
	 5.	RNase-free water.
	 6.	Microcentrifuge.
	 7.	UV-Vis spectrophotometer (e.g., NanoDrop, Thermo 

Scientific) for nucleic acid quantification.
	 8.	1.5 ml tubes and Ultra-Clear tubes.

	 1.	Random primers (Promega).
	 2.	Nuclease-free water.
	 3.	M-MLV Reverse Transcriptase (Promega).
	 4.	10 mM dNTP Mix (Promega).

	 1.	qPCR mix: 12.5 μl SYBR Green qPCR master mix (e.g., Roche 
SYBR Green Master), 0.4 μl Forward primer (stock solution 
50 μM), 0.4 μl Reverse primer (stock solution 50 μM), 9.7 μl 
nuclease-free water, 2 μl cDNA.

	 2.	Primers for amplifying host-factors, viral and housekeeping 
genes (50 μM).

	 3.	PCR tubes, plates, and caps or strips depending on the qPCR 
instrument.

	 1.	T75 cm2 flasks.
	 2.	15 ml Falcon tubes.
	 3.	20 μM cytochalasin B.
	 4.	Protease inhibitor mix (100×): 2 μg/ml leupeptin, 2 μg/ml 

pepstatin A, 0.5% aprotinin.
	 5.	Buffer A: 110  mM potassium acetate, 2  mM magnesium, 

2 mM dithiothreitol (DTT), 10 mM HEPES pH 7.3.
	 6.	Buffer B: 10 mM potassium acetate, 2 mM magnesium ace-

tate, 2 mM DTT, 5 mM HEPES pH 7.3.
	 7.	1 M KCl stock solution.
	 8.	18-, 21-, and 23-G needles.

	 1.	Laemmli Sample Buffer (Bio-Rad).
	 2.	Bis-Tris Pre-Cast gels (Thermo).
	 3.	Molecular weight markers.
	 4.	Polyvinylidene difluoride (PVDF) membrane (Thermo).
	 5.	Semi-Dry Transfer Cell (Bio-Rad).
	 6.	Blotting filter paper (Bio-Rad).
	 7.	Blocking buffer: 5% skimmed milk in Western Blot Wash Buffer.
	 8.	Western blot Wash Buffer: 0.05% Tween-100 in PBS.

2.5.2  cDNA Synthesis

2.5.3  Quantitative 
Polymerase Chain Reaction 
(qPCR)

2.6  Cellular 
Fractionation

2.7  Western Blot
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	 9.	Peroxidase-conjugated secondary antibodies.
	10.	Signal development kit (ECL, Bio-Rad).

	 1.	Distilled water.
	 2.	4% paraformaldehyde (PFA).
	 3.	0.1% Triton X-100.
	 4.	Bodipy 493/503 (Thermo).
	 5.	0.1 M cacodylate buffer.
	 6.	1.5% OsO4.
	 7.	1% thiocarbohydrazide.
	 8.	1,4-diazabicyclo [2] octane (DABCO).

	 1.	T150 cm2 flasks.
	 2.	20 mM Tris.
	 3.	1 mM EDTA.
	 4.	1 mM EGTA.
	 5.	100 mM KCl buffer.
	 6.	Protease inhibitors: 10 μg/ml leupeptin, 10 μg/ml benza-

midin, 0.7  μg/ml pepstatin, and 0.1  mmol/l 
phenylmethylsulfonylfluoride.

	 7.	Sucrose isotonic buffer.
	 8.	Isotonic buffer containing either 1.08 M, 0.27 M, or 0.13 M 

sucrose.
	 9.	Top buffer: 25 mM Tris HCl, 1 mM EDTA, and 1 mM EGTA.
	10.	Trichloroacetic acid (TCA).

	 1.	Co-immunoprecipitation buffer: 100 mM KCl, 5 mM EDTA, 
1 mM DTT, 10 mM HEPES (pH 7.3), 2 μg/ml leupeptin, 
2 μg/ml pepstatin A, 0.5% aprotinin.

	 2.	Primary antibody.
	 3.	Protein A or G agarose beads (Sigma-Aldrich).
	 4.	0.5% Triton X-100.
	 5.	SDS sample buffer.

3  Methods

This protocol should be used to transfect host factor-siRNA into 
A549 cells using Lipofectamine 2000 in a single well of a 24-well 
microplate. Add replicates and appropriate controls, including a 
siRNA-negative control (using siRNA with a scrambled sequence).

2.8  Lipid Droplet 
Staining

2.9  Lipid Droplet 
Isolation

2.10  Immuno-
precipitation Assay

3.1  Detecting Host 
Restriction Factors 
by siRNA-Mediated 
Knockdown

Hemorrhagic Fever Virus Restriction Factors
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	 1.	Plate 4–5  ×  104 A549 cells per well in 400  μl of complete 
growth medium. Cell density should be 60% at the time of 
transfection.

	 2.	Dilute 50 pmol of siRNA in 50 μl of Opti-MEM Medium. Mix 
gently and incubate for 5 min.

	 3.	Mix Lipofectamine 2000 before use and then dilute 1 μl in 
50 μl of Opti-MEM.  Mix gently and incubate for 5  min at 
room temperature.

	 4.	Combine the diluted siRNA and the diluted Lipofectamine 
2000 (the total volume should be 100 μl). Mix and incubate 
for 15–20 min at room temperature.

	 5.	Add the siRNA-Lipofectamine 2000 complexes (100 μl) to the 
400 μl of growth medium of the well containing the cells to be 
transfected.

	 6.	Incubate the cells at 37 °C in a humidified CO2 incubator for 
48 h.

	 7.	Infect cells with DENV or JUNV at a MOI of 0.1.
	 8.	Harvest supernatants or cell monolayers and perform viral 

quantification assays (see Subheadings 3.3–3.5).
	 9.	Compare viral quantification results obtained from host factor-

silenced cells and scrambled siRNA-transfected cells.

This protocol requires having the gene for the protein-of-interest 
cloned into a mammalian expression vector, such as pcDNA3.1. It 
should be used to transfect the expression vector into A549 cells 
using Lipofectamine 2000 in a single well of a 24-well microplate. 
Add replicates and appropriate controls, including an empty-vector 
negative control.

	 1.	Plate 6–8  ×  104 A549 cells per well in 400  μl of complete 
growth medium. Cell density should be at least 70–80% at the 
time of transfection.

	 2.	Dilute 0.5 μg of DNA into 50 μl of Opti-MEM. Mix gently 
and incubate for 5 min.

	 3.	Mix Lipofectamine 2000 before use and then dilute 2 μl in 
50 μl of Opti-MEM.  Mix gently and incubate for 5  min at 
room temperature.

	 4.	Combine the diluted DNA and the diluted Lipofectamine 
2000 (total volume should be 100 μl). Mix gently and incu-
bate for 15–20 min at room temperature.

	 5.	Add the DNA-Lipofectamine 2000 complexes (100 μl) to the 
400 μl of growth medium of the well containing the cells to be 
transfected.

	 6.	Incubate cells at 37 °C in a humidified CO2 incubator for 48 h.

3.2  Detecting Host 
Restriction Factors 
by Plasmid-Mediated 
Overexpression
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	 7.	Infect cells with DENV or JUNV at a MOI of 0.1.
	 8.	Harvest supernatants or cell monolayers and perform viral 

quantification assays (see Subheadings 3.3–3.5).
	 9.	Compare viral quantification results obtained from host factor-

overexpressing cells and empty vector-transfected cells.

	 1.	Harvest supernatants from infected cells at 24, 48, and 72 h 
post infection (p.i.) and freeze them at −80 °C until ready to 
perform plaque assay.

	 2.	Plate 5–8 × 104 Vero cells per well in a 24-well microplate. Cell 
density should be 70–80% on the day of infection.

	 3.	Perform serial tenfold dilutions (10−1–10−4) of the superna-
tants in MEM (with 1.5% serum).

	 4.	Infect Vero cells with 100 μl of each dilution. Incubate for 1 h 
at 37 °C.

	 5.	Remove the inoculum and wash three times with PBS.
	 6.	Add 1 ml of PM to each well.
	 7.	Incubate cells at 37  °C for 6–7  days, until PFU are clearly 

visible.
	 8.	Fix cells by adding 1 ml of 10% formaldehyde per well.
	 9.	Stain the microplate with crystal violet solution.
	10.	Count plaque-forming units (PFU) and determine the virus 

titer (PFU/ml) as PFU/(inoculum volume × dilution).

	 1.	Grow cells on coverslips in a 24-well microplate. Proceed with 
Subheading 3.1 or 3.2, steps 1–7.

	 2.	At 24, 48, and 72 h p.i., remove growth medium and wash 
cells three times with PBS.

	 3.	Fix cells with methanol for 10 min at −20 °C. Wash three times 
with PBS and dry for 10 min.

	 4.	Block with 5% serum-PBS from animals of the same species the 
secondary antibody was raised and incubate for 30 min.

	 5.	Incubate with the primary antibody against a major viral pro-
tein. Refer to the antibody datasheet for details about incuba-
tion time and concentration.

	 6.	Wash three times with PBS.
	 7.	Incubate with secondary antibody. Refer to the antibody data-

sheet for details about incubation time and concentration.
	 8.	Wash three times with PBS.
	 9.	Stain cell nuclei with DAPI for 5 min at room temperature.
	10.	Wash three times with PBS.
	11.	Wash with water to remove residual salts of PBS.

3.3  Assessing Viral 
Restriction by Plaque 
Assay

3.4  Assessing Viral 
Restriction by Indirect 
Immunofluorescent 
Staining of Virus
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	12.	Mount coverslips with a drop of mounting medium on a 
microscope slide.

	13.	Seal coverslips with nail polish.
	14.	Acquire images following microscope manufacturer’s 

recommendations.
	15.	Count fluorescent cells using FIJI.
	16.	Download FIJI software from http://FIJI.sc/; FIJI is a soft-

ware based on Image J plus different plugins. FIJI was devel-
oped and it is supported by the US NIH.

	17.	Download and install Cell Counter Plugin for FIJI (http://
rsbweb.nih.gov/ij/plugins/cell-counter.html).

	18.	Open the image to be analyzed in FIJI.
	19.	If the images acquired using the microscope are 8-bit gray-

scale, then an overlay should be created. If the images acquired 
are colored, proceed to step 21.

	20.	Select Image    Color    Merge Channels. In the Merge 
Channels box, select the appropriate fluorescent images in the 
Blue channel (DAPI) and the Red or Green channels (viral 
antigen). Select “Create Composite” and click “OK.”

	21.	Select Image  Type  RGB Color.
	22.	Run the Cell Counter Plugin. Go to Plugins  Cell counter.
	23.	In the cell counter window, click Initialize and select “Type 1.”
	24.	Count every single DAPI-stained nucleus in the image by 

clicking over it.
	25.	Select “Type 2,” and count every single antigen-expressing cell 

by clicking over it.
	26.	The total number of cells counted for “Type-1” (DAPI) and 

“Type-2” (viral antigen) will be shown in the cell counter 
Window. With this information, calculate the percentage of 
viral antigen-expressing cells.

	 1.	Proceed with Subheading 3.1 or 3.2, steps 1–7.
	 2.	At 24, 48, and 72 h p.i., remove growth medium and wash the 

cells three times with PBS.
	 3.	Lyse cell monolayers directly in the culture dish by adding of 

TRIzol Reagent. 1 ml of TRIzol should be used per 10 cm2 of 
culture dish area. Tissues or suspension cells may require addi-
tional steps.

	 4.	Pipette up and down several times and transfer samples to 
1.5 ml tubes.

	 5.	Incubate the samples for 5 min at room temperature.

3.5  Assessing Viral 
Restriction by Real-
Time PCR of Viral RNA

3.5.1  RNA Extraction
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	 6.	Add 0.2 ml of chloroform per 1 ml of TRIzol, cap tubes, and 
shake by hand for 15 s.

	 7.	Incubate at room temperature for 3 min.
	 8.	Centrifuge at 14,000 × g for 2 min at 2–8 °C.
	 9.	Transfer the aqueous phase to new 1.5 ml tubes. Ultra-Clear 

1.5 ml tubes are best. Avoid transferring the interphase or the 
phenol-chloroform (red) phase.

	10.	Add 0.5 ml of 100% isopropyl alcohol per 1 ml of TRIzol.
	11.	Incubate samples at room temperature for 10 min.
	12.	Centrifuge at 14,000 × g for 15 min at 2–8 °C.
	13.	A gel-like pellet should be visible. Remove the supernatant and 

wash the RNA with 1 ml of 75% ethanol per 1 ml of TRIzol.
	14.	Vortex for 3 s.
	15.	Centrifuge at 10,000 × g for 5 min at 2–8 °C.
	16.	Air-dry the pellet for 10 min.
	17.	Dissolve RNA in 50 μl of RNase-free water.
	18.	Determine RNA yield by using spectrophotometer readings at 

260/280 nm.
	19.	Store at −70 °C.

	 1.	In a sterile RNase-free 1.5 ml tube add: 1 μg RNA, 1 μg of 
random primers and nuclease-free water to the final volume of 
10 μl.

	 2.	Incubate for 5 min at 70 °C.
	 3.	Cool on ice for 5 min.
	 4.	Add the following components: 5  μl RT-Buffer 5×, 2.5  μl 

dNTPs 10 mM, 1 μl M-MLV Reverse Transcriptase (200 units), 
6.5 μl nuclease-free water.

	 5.	Mix by pipetting up and down a few times.
	 6.	Incubate for 1–2 h at 42 °C.

	 1.	In addition to assessing viral restriction by noting changes in 
amounts of viral RNA, this protocol can also be used to quan-
tify the expression of a host factor by using specific primers. It 
could be useful for studying host factor expression in virus-
infected cells or to validate gene silencing and overexpression 
experiments (see Subheadings 3.1 and 3.2). Whether designing 
a new pair of primers or obtaining their sequence from the 
literature, always check specificity using Primer-Blast (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/)

	 2.	For each sample to be analyzed, two reactions should be pre-
pared: one of them including the gene-of-interest-specific 

3.5.2  cDNA Synthesis

3.5.3  Quantitative 
Real-Time PCR (qRT-PCR)
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primers and the other one including housekeeping-gene-
specific primers.

	 3.	Run the qPCR according to the instrument’s manufacturer’s 
instructions.

	 4.	Determine the PCR cycle at which double-stranded nucleic 
acids begin to increase in fluorescence above baseline; this is 
called the Threshold Cycle or CT. ΔCT  = CT of host-factor 
gene  −  CT housekeeping gene. To determine the relative 
expression of a restriction factor in infected cells versus its 
expression in uninfected cells: ΔΔCT  =  ΔCT of infected 
cells − ΔCT of uninfected cells. The relative change in expres-
sion or Fold Change of Expression = 2ΔΔCT.

	 1.	Plate 5–8 × 104 cells on coverslips per well in a 24-well micro-
plate. Cell density should be 70–80% on the day of infection.

	 2.	Infect cells with DENV or JUNV at a MOI of 0.1. Include 
noninfected controls.

	 3.	At 24 or 48 h p.i, remove growth medium and wash cells with 
PBS.

	 4.	Fix cells with 4% PFA for 10 min and wash three times with 
PBS. Cell confluence should not be higher than 80–90% on 
the day of fixation.

	 5.	Permeabilize cells with 0.1% TX-100/PBS for 15 min.
	 6.	Wash three times with PBS.
	 7.	Block with 5% serum-PBS from animals of the same species 

used to raise the secondary antibody and incubate for 30 min.
	 8.	Incubate with the primary antibody against the host-factor. 

Refer to the antibody datasheet for details about incubation 
time and concentration.

	 9.	Wash three times with PBS.
	10.	Incubate with the secondary antibody. Refer to the antibody 

datasheet for details about incubation time and concentration.
	11.	Repeat steps 8–10 with the primary antibody against a viral 

component and the appropriate secondary antibody.
	12.	Wash three times with PBS.
	13.	Stain cell nuclei with DAPI for 5 min at room temperature.
	14.	Wash three times with PBS.
	15.	Wash with water to remove residual salts of PBS.
	16.	Mount coverslips with a drop of mounting medium on a 

microscope slide.
	17.	Seal coverslips with nail polish.
	18.	Acquire images following microscope manufacturer’s 

recommendations.

3.6  Subcellular 
Localization of Viral 
Restriction Factor 
by Indirect 
Immunofluorescence 
of Nuclei and Cytoplasm
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	19.	Compare expression pattern of host factor between noninfected 
and virus-infected cells. Host factor expression pattern may be 
affected immediately after infection. Therefore, a time-course 
study is usually needed that covers different time-points p.i.

	 1.	Plate 5–8 × 104 cells on coverslips per well in a 24-well micro-
plate. Cell density should be 70–80% on the day of infection.

	 2.	Infect cells with DENV or JUNV at a MOI of 0.1.
	 3.	At 24 or 48 h p.i., remove growth medium and wash cells with 

PBS.
	 4.	Block with 5% serum-PBS from animals of the same species 

used to raise the secondary antibody, and incubate for 30 min.
	 5.	Incubate with the primary antibody against the host-factor. 

Refer to the antibody datasheet for details about incubation 
times and concentration.

	 6.	Wash three times with PBS.
	 7.	Fix cells with 2% formaldehyde for 5–10 min and wash three 

times with PBS.
	 8.	Continue with protocol in Subheading 3.6, steps 10–19.

	 1.	Trypsinize cells (1 × 107 cells grown in a T75 flask).
	 2.	Wash cells with cold PBS and transfer them to 15 ml Falcon 

tubes.
	 3.	Centrifuge for 5 min at 1500 × g.
	 4.	Resuspend cells in 5 ml of buffer A.
	 5.	Centrifuge for 5  min at 1500  ×  g and resuspend cells with 

20 μM cytochalasin B in 5 ml of buffer B. Add protease inhibi-
tor mix so that it is 1% of the suspended volume.

	 6.	Incubate cells on ice for 10 min.
	 7.	Passage cells through 18-, 21-, and 23-G needles. Add KCl to 

a final concentration of 100 mM.
	 8.	Centrifuge the lysate at 1500  ×  g for 15  min at 4  °C.  The 

resulting supernatant and pellet are the cytoplasmic and nuclear 
fractions, respectively.

	 9.	Further fraction analysis can be performed through Western 
Blot (Subheading 3.9).

	 1.	Prepare cytoplasmic fraction samples for Western blot by mix-
ing 3 volumes of supernatant obtained in Subheading 3.8, step 
8 and 1 volume of 4× Laemmli sample buffer. Boil for 5 min.

	 2.	Prepare nuclear fraction samples for Western Blot by resus-
pending the pellet from Subheading 3.8, step 8 in 50 μl 1× 
Laemmli sample buffer. Boil for 5 min.

3.7  Localization 
of Virus Restriction 
Factor by Indirect 
Immunofluorescent 
Surface Staining

3.8  Obtaining 
Cytoplasmic 
and Nuclear Cell 
Fractions

3.9  Western Blot 
Identification 
of Restriction Factors

Hemorrhagic Fever Virus Restriction Factors



362

	 3.	Prepare an acrylamide gel for electrophoresis, transfer, and 
antibody staining. Select the gel percentage according to the 
size of the protein of interest. SDS-Page precast gels can be 
used.

	 4.	Load equal amounts of protein into the wells of an SDS-PAGE 
gel along with a molecular weight marker.

	 5.	Run the gel for 1–2 h at 100 V.
	 6.	Cut a PVDF membrane to the appropriate size of the gel.
	 7.	Activate PVDF membrane with methanol for 1 min and rinse 

with transfer buffer.
	 8.	Transfer proteins from the gel to a PVDF membrane using 

available equipment and the manufacturer’s instructions.
	 9.	Place a pre-wetted sheet of thick filter paper onto the anode of 

a semi-dry electrophoretic transfer cell. Remove all air 
bubbles.

	10.	Place the pre-wetted PVDF membrane on the top of the filter 
paper and remove bubbles.

	11.	Place the gel on the top of the PVDF membrane and remove 
any bubbles.

	12.	Place a pre-wetted sheet of thick filter paper on the top of the 
gel and remove any bubbles.

	13.	Place the cathode onto the stack and plug the unit to a power 
supply.

	14.	Turn on the power supply. Transfer is usually performed for 
30–60 min at 15–25 V.

	15.	Block the membranes with blocking buffer for 1 h at 37 °C.
	16.	Incubate overnight at 4 °C with appropriate dilutions of pri-

mary antibody in blocking buffer. Check the antibody data-
sheet for detailed information.

	17.	Wash three times, 5 min each time, with Western Blot Wash 
Buffer.

	18.	Incubate for 1 h at 37 °C with the appropriate dilution of per-
oxidase-conjugated secondary antibody.

	19.	For signal development, follow the kit manufacturer’s recom-
mendations (ECL, Bio-Rad).

	 1.	Grow cells on coverslips in a 24-well microplate.
	 2.	Infect cells with DENV or JUNV at a multiplicity of infection 

(MOI) of 0.1.
	 3.	At 24 and 48 h p.i., remove growth medium.
	 4.	Wash the cells three times with PBS.
	 5.	For cell fixing, 4% PFA is recommended instead of methanol 

because the latter disrupts LDs.

3.10  Lipid Droplets 
(LDs) Staining

Federico Giovannoni et al.



363

	 6.	Wash three times with PBS.
	 7.	Permeabilize cells with 0.1% Triton X-100 for 10 min at room 

temperature.
	 8.	Wash three times with PBS and proceed to stain (Subheading 

3.10.1 or 3.10.2).

Bodipy consists of a fluorescent probe that is observed by exciting 
it with a red laser, so LDs are seen like green particles (Fig. 1).

	 1.	Stain samples with 1 μM Bodipy 493/503 for 15 min.
	 2.	Wash three times for 5 min with PBS.
	 3.	Mount samples in a glycerol solution containing DABCO for 

further analyses (Subheading 3.10.3).

OsO4 is a crystal oxide that reacts with lipids; LDs are seen like 
dark dots, darker than cells (Fig. 1).

	 1.	Rinse in 0.1 M cacodylate buffer.
	 2.	Incubate with 1.5% OsO4 for 40 min.
	 3.	Rinse in water and immerse in 1% thiocarbohydrazide for 

5 min.
	 4.	Rinse in 0.1 M cacodylate buffer.
	 5.	Incubate in 1.5% OsO4 for 5 min.
	 6.	Rinse in distilled water, allow drying and mount samples for 

further analyses (Subheadings 3.10.3 and 3.10.4).

3.10.1  Bodipy Staining

3.10.2  OsO4 Staining

Fig. 1 Lipid Droplets staining with OsO4 (left) and Bodipy (right) seen with bright-field and confocal microscopy, 
respectively. Magnification: 1000× and 600× respectively
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	 1.	Load sample slide onto the stage of the microscope.
	 2.	Place highest power objective and observe sample slide.
	 3.	Select red laser from confocal microscope for Bodipy staining 

or use bright-field for OsO4 staining.
	 4.	Acquire images of 20 different fields selected randomly.
	 5.	Set the scale. Go to Image  Show Info. Search for inches-

pixels (value between parentheses) equivalency under “Width” 
or “Height.”

	 6.	Transform inches value to a more suitable unit of length (μm, 
nm, pm, etc.).

	 7.	Go to Analyze  Set scale. Complete “Distance in pixels” with 
the number of pixels equivalent to the reference unit of length 
chosen.

	 8.	Complete “Known Distance” with 1.00, so the number of pix-
els set on step 7 equals 1.00 of the reference unit length and 
be coherent when completing other fields. Click Ok.

	 9.	Set the scale bar. Go to Analyze  Tools  Scale Bar.
	10.	Complete “Width” with the length you want the scale bar to 

show. Complete remaining fields as preferable (see Note 1). 
Click Ok.

	11.	Go to Image  Overlay  Flatten. It will open another win-
dow with the same picture (see Note 2).

	12.	Go to File  Save as  Tiff.

A binary image, meaning a black and white one, is required to do 
an automatic particle analysis. A threshold is set to differentiate the 
background from the objects suitable for analysis, then create a 
mask and subtract it from the original image (Fig. 2).

	 1.	Go to File   Open. Open the image to be quantified. For 
grayscale images go to Image  Type  RGB to 8-bit.

	 2.	Duplicate the image to keep the original. Go to 
Image  Duplicate.

	 3.	Select the duplicated image by clicking on it. Go to 
Image  Color  Split Channels for color images and select 
the one correspondent to the fluorophore used.

	 4.	Go to Image  Adjust  Threshold.
	 5.	Select on “Method”: Default.
	 6.	Select red as the color LDs will be marked.
	 7.	Adjust minimum and maximum values with top and down slid-

ers respectively, to select or deselect LDs based on their size. 
Uncheck “Dark background” box for grayscale images. Apply 
(see Note 3).

	 8.	Improve the quality of the mask. Go to 
Process  Binary  Dilate.

3.10.3  Image Acquisition 
and Calibration for LDs 
Quantification

3.10.4  Image Analysis: 
LDs Quantification by Use 
of FIJI Software
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	 9.	Go to Process  Smooth.
	10.	Go to Process  Image Calculator.
	11.	Select on “Image 1,” original image from step 1.
	12.	Select on “Operation,” subtract.
	13.	Select on “Image 2,” binary mask (black and white image you 

obtained from step 9). Images from steps 1 and 9 must be 
opened simultaneously, otherwise subtraction cannot be done. 
Invert order for grayscale images (see Note 4).

	14.	Go to Image  Color  Split Channels for color images and 
select the one correspondent to the fluorophore used.

	15.	Set a new threshold. Go to Image  Adjust  Threshold.
	16.	Repeat steps 5 and 6.
	17.	Repeat adjustment made on step 7 (see Note 5).
	18.	Check “Dark background” box for color images.
	19.	Go to Process  Binary  Fill holes. It stains big particles 

completely red when they were only marked with a dot.
	20.	Go to Process  Binary  Watershed. Make a physical divi-

sion between two particles that are too close together and sep-
arate them to be counted as two independent LDs.

	21.	Set the measurements to analyze. Go to Analyze    Set 
measurements.

	22.	Check the following boxes: Area, Min & Max gray value, 
Integrated density, Area fraction, Mean gray value, Perimeter, 
Limit to threshold.

	23.	Do the automatic analysis. Go to Analyze  Analyze Particles.
	24.	Complete on “Size,” range of sizes of LDs you want to count. 

Notice that the image is calibrated, so it measures area in the 
unit length you set in Subheadings 3.10.3 and 3.10.4.

Fig. 2 Background subtraction between Bodipy staining (left) and a Mask (center) through use of FIJI software. 
Image of Lipid Droplets without background (right) allows an accurate quantification

Hemorrhagic Fever Virus Restriction Factors



366

	25.	Set in “Circularity” values from 0.50 to 1.00. Choose values 
closer to 1.00 to be stricter and consider particles that are a 
perfect circle (see Note 6).

	26.	Check the following boxes: Display Results, Exclude on edges, 
and Summarize.

	27.	Extract the total number of LDs. Look in Summary for the 
“Count” column.

	28.	Obtain the average area of LDs. Look in Summary for the 
“Average size” column.

Lipid droplets can be isolated by subcellular fractionation based on 
the buoyancy property of these lipid-rich organelles in sucrose gra-
dients. Isolation and purification of LDs is a useful method to mea-
sure the association of viral and cellular factors with LDs.

	 1.	Grow cells at 90% confluence in a T150 cm2 flask.
	 2.	Infect cells with DENV or JUNV at a MOI of 0.1.
	 3.	At 24 and 48 h p.i. scrape cell monolayers in 3 ml of disruption 

buffer containing a protease inhibitor mix.
	 4.	Disrupt cell suspension by nitrogen cavitation at 700 ψ for 

5 min at 4 °C.
	 5.	Collect in an equal volume of buffer containing 1.08 M sucrose.
	 6.	Centrifuge the homogenates at 1500 × g for 10 min to remove 

nuclei.
	 7.	Transfer the supernatant to a 12 ml ultracentrifugation tube.
	 8.	Overlay sequentially 2  ml each of 0.27  M sucrose buffer, 

0.13  M sucrose buffer, and top buffer (25  mM Tris–HCl, 
1 mM EDTA, and 1 mM EGTA).

	 9.	Centrifuge gradient at 250,000 × g for 1 h at 4 °C.
	10.	Collect fractions from the top containing: LD, cytosol, micro-

somal fraction, and pellet.
	11.	Precipitate proteins from these fractions overnight with TCA.
	12.	Wash with cold acetone, and analyze precipitated proteins by 

Western blot (Subheading 3.9) to detect LD-associated pro-
teins (e.g., adipose differentiation-related protein) or cytosolic-
associated proteins (e.g., transferrin).

Two antigens should be stained: the host restriction factor and a 
virus component whose colocalization you would like to analyze. 
Therefore, two primary antibodies from animals of different host 
species are required (e.g., mouse and rabbit). Fluorescently labeled 
secondary antibodies should be chosen taking into account avail-
able microscope filter sets. Alexa Fluor 488 and Alexa Fluor 568 
labeled antibodies are commonly used in imaging applications.

3.11  LDs Isolation

3.12  Host Factor-Viral 
Protein Interactions

3.12.1  Assessing Host 
Factor-Viral Protein 
Interactions by Confocal 
Imaging
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	 1.	Grow cells on coverslips in a 24-well microplate. Cell conflu-
ence should not be higher than 80–90% on the day of fixation, 
so the number of cells to be seeded will have to be adjusted 
depending on the different time points post infection to be 
analyzed.

	 2.	The next day, infect cells with DENV or JUNV at a MOI of 1.
	 3.	At different time points (12, 24, 48, and 72 h p.i.), remove 

growth medium and wash cells with PBS.
	 4.	Fix cells with 4% PFA for 10 min and wash three times with 

PBS.
	 5.	Permeabilize with 0.1% TX-100/PBS for 15 min.
	 6.	Wash three times with PBS.
	 7.	Block with 5% serum-PBS from animals of the same species the 

secondary antibody was raised and incubate for 30 min.
	 8.	Incubate with a mix of the primary antibody against the host 

factor and primary antibody against a viral component. Refer 
to the antibodies datasheets for details about incubation time 
and concentration.

	 9.	Wash three times with PBS.
	10.	Incubate with the appropriate mix of secondary antibodies. 

Refer to the antibodies datasheets for details about incubation 
time and concentration.

	11.	Wash three times with PBS.
	12.	Stain cell nuclei with DAPI for 5 min at room temperature.
	13.	Wash three times with PBS.
	14.	Wash with water to remove residual salts of PBS.
	15.	Mount coverslips with a drop of mounting medium on a 

microscope slide.
	16.	Seal coverslips with nail polish.
	17.	Collecting images will largely depend on available instrument 

and software. For basic and general details regarding image 
acquisition, see [25].

	 1.	Open the images to be analyzed in FIJI.
	 2.	If the image has more than two channels, split them into sepa-

rate images. Go to Image  Color  Split Channels. Keep 
open only the two windows corresponding to the channels on 
which the analysis will be performed (e.g., red and green).

	 3.	Select the region of interest (ROI) in one of the images with 
any of the FIJI selection tools (rectangular, oval, freehand, 
etc.).

3.12.2  Analysis 
of Confocal Images
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	 4.	Run the Coloc 2 plugin. Go to Analyze  Colocalization  
Coloc 2.

	 5.	In the plugin’s menu, assign one of the images to be analyzed 
to the channel 1 and the other one to the channel 2 using the 
first two drop down lists.

	 6.	In the third drop down list (“ROI or Mask”), choose the 
image in which the ROI was selected on step 3.

	 7.	Choose the algorithms to be run and the statistics to be calcu-
lated. For beginners, we suggest running default options.

	 8.	Click OK and wait for the analysis to be completed. The results 
window will open showing statistics and images.

	 9.	Look for Pearson’s R value. This value describes correlation 
between the pattern overlap in the two channels. Pearson’s R 
values range from −1 (two images whose overlap is perfectly 
inversed) to 1 (two images whose overlap is perfectly corre-
lated). Values near zero correspond to an uncorrelated overlap 
pattern.

	 1.	Proceed with cell fractionation as described in Subheading 3.8 
to obtain cell lysates.

	 2.	Resuspend the nuclear pellet in 1 ml of coimmunoprecipita-
tion buffer.

	 3.	Add primary antibody to 200 μl of the cell lysates. Refer to the 
antibody datasheet to find out the recommended concentration.

	 4.	Incubate overnight with gentle agitation at 4 °C.
	 5.	Add protein A or G agarose beads (20 μl of 50% bead slurry).
	 6.	Incubate with rotary agitation for 2 h at 4 °C.
	 7.	Centrifuge for 30 s at 4 °C.
	 8.	Wash pellet three times with 500 μl of coimmunoprecipitation 

buffer and 0.5% Triton X-100.
	 9.	Resuspend pellet with 20 μl 3× SDS sample buffer.
	10.	Centrifuge for 30 s.
	11.	Boil samples for 5 min and centrifuge for 1 min at 14,000 × g.
	12.	Load samples (20  μl) on a SDS-PAGE gel and analyze by 

Western blotting (Subheading 3.9).

4  Notes

	 1.	Check the Overlay box. It adds the scale bar to the image with-
out altering the quality of the pixels around it.

	 2.	Flatten, incorporates the scale bar into the image in one single 
file so that when you save it, you save the picture along with it. 

3.12.3  Assessing Host 
Factor-Viral Protein 
Interaction 
by Immunoprecipitation 
Assay
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Also, if you are doing the quantification on various images 
taken under the same magnification you can set the same scale 
for all by checking the “Global” box.

	 3.	Selecting LDs for OsO4 staining is more complicated than for 
Bodipy but it is preferable to choose bigger particles and not 
lose the smallest ones in this step and be more selective on 
particle analysis and restrict size after the second setting of 
thresholding.

	 4.	When doing the subtraction operation follow the steps in order 
and choose the original image first and the binary mask second 
for color images. Follow inverse order for grayscale images. 
This way the background is removed and the chosen particles 
remained in the new image.

	 5.	Setting of the second threshold is critical because these values 
determine which particles are marked in red and hence consid-
ered LDs. This step is crucial since it differentiates very small 
particles (dots almost) that could be considered background 
from real LDs. Make sure to set the right values since the par-
ticle analysis will be based on this.

	 6.	Circularity is a parameter that measures ratio between area and 
perimeter of the particle. So, the closer the value to 1.00, the 
rounder the particle is. Considering that LDs are round, a minimal 
value between 0.50 and 0.80 shall work fine. Circularity = 4π × Area/
Perimeter2.
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Chapter 28

Determining the Virus Life-Cycle Stage Blocked 
by an Antiviral

Claudia S. Sepúlveda, Cybele C. García, and Elsa B. Damonte

Abstract

Among the members of the Arenaviridae family, Junín virus and Lassa virus represent important human 
health threats generating annual outbreaks of severe human hemorrhagic fever (HF) in endemic areas of 
Argentina and Western Africa, respectively. Given the lack of a specific and safe chemotherapy, the search 
for effective antiviral compounds is a continuous demanding effort. During the last two decades, academic 
research studies originated important results identifying novel molecules to be considered for further 
in vivo characterization. This chapter summarizes experimental in vitro approaches used to determine the 
possible mechanism of action of these antiviral agents.

Key words Arenaviruses, Antiviral compound, Antiviral mechanism

1  Introduction

Current anti-arenaviral therapies are limited to the use of immune 
convalescent plasma with defined doses of JUNV-neutralizing 
antibodies for Argentinian hemorrhagic fever patients [1], or the 
guanosine analog ribavirin (1-β-d-ribofuranosyl-1,2,4-triazole-3-
carboxamide) (RIB), effective by intravenous administration 
against Lassa fever in Western Africa [2]. However, several draw-
backs are associated with both treatments: plasma transfusion is 
not effective in advanced cases and 10% of JUNV infected treated 
patients develop late neurological complications [1]. Furthermore, 
RIB is not efficient in advanced LASV infections and it can also 
induce adverse side effects such as thrombocytopenia, anemia, and 
birth defects [2–4].

Arenaviral therapies have been historically ignored by pharma-
ceutical companies due to their limited profitability; thus, mainly 
academic research efforts have progressed in this area (Table 1). 
Several groups have been focused on arenaviral antivirals during 
the last few years, targeting the viral entry or a specific viral protein 
[5–8]. Antivirals against specific viral proteins have limited utility 
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for specific viral infections and are subject to viral escape. More 
recently, efforts have been concentrated on characterizing broad-
spectrum antivirals, most of them targeting cellular proteins. Our 
finding and characterization of molecules with broad-spectrum 
inhibitory action and minor cellular toxicity, such as mycophenolic 
acid and acridones, represent novel and promising alternatives for 
chemotherapy [9–11], although further in vivo evaluation is neces-
sary to renew the consideration of this class of metabolic inhibitors 
against arenaviruses. Another approach to be considered is the 

Table 1 
Main anti-arenaviral agents assessed in the last two decades

Agent Virus References

ST-193, ST-194 GTOV, JUNV, LASV, MACV, 
TCRV

[5, 20–23]

Iminodiacetic acid- and pyrrolidine-based 
peptidomimetics

GTOV, JUNV, LASV, MACV [6, 24]

Amphipathic DNA polymers (APs) LCMV [25]

Aryl methyldiene rhodanine derivative JUNV [26]

mAb JUNV [27]

Azoic compounds, hydrazide derivatives JUNV, LCMV, TCRV [28, 29]

Thiuram and aromatic disulfides JUNV, LCMV, TCRV [28, 30–34]

Acridones JUNV, LCMV, TCRV [9, 10]

Mycophenolic acid (MPA) JUNV [10]

A3 JUNV, LCMV [35]

Brassinosteroids JUNV [36, 37]

Dehydroepiandrosterone, epiandrosterone JUNV [38]

Azoles JUNV, TCRV [39, 40]

Favipiravir JUNV, PICV, TCRV [41, 42]

siRNA JUNV, LASV [43, 44]

PTAP Inhibitors JUNV [45]

Peptide-conjugated morpholino oligomers JUNV, LCMV, PICV, TCRV [46]

Oxime, piperazyl and quinoline derivatives, 
tetrandrine,

Broad-spectrum [47]

Valproic acid LCMV [48]

SKI-1/S1P protease inhibitor LCMV, JUNV [49]

Our lab findings are highlighted in bold
GTOV Guanarito virus, JUNV Junín virus, LASV Lassa virus, LCMV lymphocytic Chorionmeningitis virus, MACV 
Machupo virus, PICV Pichindé virus, TCRV Tacaribe virus

Claudia S. Sepúlveda et al.
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modulation of survival signaling pathways as a critical event in the 
viral replication cycle [12]. Given that these pathways are highly 
involved in the cellular deregulation that occurs during cancer, 
much progress has been obtained in re-purposing such drugs as 
antivirals. Hopefully, advances in understanding the detailed 
molecular biology of hemorrhagic fever virus replication, coupled 
with determination of three-dimensional structures of viral mole-
cules, could lead to the development of highly effective antiviral 
drugs against arenaviruses in a near future.

In the beginning, antivirals were found using a “trial-and-
error” drug discovery strategy, which is a time and resource-
consuming task. Then, the era of large-scale screening made 
possible the random exploration of a broader number of com-
pounds which brought the discovery of some interesting active 
molecules (e.g., antiretroviral inhibitors). A further step was taken 
with the involvement of computer-aided structure activity relation-
ship (SAR) studies that, in conjunction with available high-
throughput screening (HTS) techniques, allow a targeted analysis 
of millions of compounds. Once an active antiviral compound is 
identified, the next step is to characterize its mechanism of action 
by determining the virus cycle stage that is being altered. The pro-
cess is not very complex, and relies on the availability of a cell cul-
ture system able to support the specific virus growth. In particular, 
for some hemorrhagic fever viruses, there is also a requirement for 
BSL-4 facilities, which has been an important limitation for the 
evaluation of antiviral agents. This biosafety restriction can be 
overcome by the use of attenuated strains [13–15] or viral subunits 
like virus-like-particles (VLP) generated by reverse genetic systems 
that are in place for JUNV [16, 17] and LASV [18]. These strate-
gies are currently used in our lab for the characterization of JUNV 
antiviral molecules and have enabled the identification of several 
interesting candidates. Here, we describe assays to determine the 
cytotoxic and cytostatic effects of antivirals as well as their specific 
stage of action: virus attachment to the cell surface, virus entry, 
virus uncoating, virus transcription/replication, expression of viral 
proteins, virus assembly, virus budding, as well as direct antiviral 
effects on virus particles.

2  Materials

	 1.	Opti-MEM I Reduced Serum Media (Thermo Scientific).
	 2.	10× Phosphate-buffered saline (PBS): 80 g NaCl, 2 g KCl, 2 g 

KH2PO4, 29 g Na2HPO4-12H2O; add deionized water to a 
final volume of 1000 ml at room temperature. Working solu-
tion: 1:10 dilution in deionized water.

2.1  Virus and Cell 
Propagation

Antiviral Mechanism of Action
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	 3.	Maintenance medium (MM): Minimum essential medium 
(MEM) supplemented with 1.5% inactivated calf serum and 
50 μg/ml gentamicyn.

	 4.	Plaquing medium (PM): MM containing 0.7% 
methylcellulose.

	 5.	10% formaldehyde to fix the plaques before staining.

	 1.	MTT: (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) 0.5 mg/ml in water (see Note 1).

	 2.	MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H–tetrazolium) stock solution: 2  mg/ml 
DPBS and 0.92  mg/ml PMS (phenazine methosulfate) in 
DPBS. Filter-sterilize through a 0.2 μm filter into a sterile, light-
protected container. Store at −20 °C. For working solution, mix 
20 ml of MTS stock solution and 1 ml of PMS (see Note 1).

	 3.	DPBS (Dulbecco’s phosphate-buffered saline) 0.2  g KCl; 
8.0 g NaCl; 0.2 g KH2PO4; 1.15 g Na2HPO4; 100 mg MgCl2-
6H2O; 133 mg CaCl2-2H2O. At room temperature add deion-
ized water to the KCl, NaCl, KH2PO4, and Na2HPO4 to a 1 l 
final volume. Adjust pH to 7.35 using 1  N HCl or 1  N 
NaOH. Add the MgCl2-6H2O; mix thoroughly; then add the 
CaCl2-2H2O and mix thoroughly.

	 4.	Crystal violet: 0.05% crystal violet in 10% ethanol in water. 
The dye, crystal violet, helps detect plaques and accentuates 
cytopathicity.

	 5.	Crystal violet bleaching solution: 50% ethanol, 0.1% acetic acid 
in water.

	 1.	50 μCi/ml of 35S–methionine.
	 2.	Citrate buffer: 40 mM citric acid, 10 mM KCl, 135 mM NaCl, 

pH 3.
	 3.	Scintillation liquid: dissolve 10  g of PPO (2,5-diphenyloxa-

zole) and 150  mg of POPOP 1,4-bis[−2(5-phenyloxazole)-
benzene] in 237 ml of Triton X-100. Bring to 1 l with toluene. 
Filter the scintillation solution to remove any particles and 
store in a brown bottle to prevent deterioration by light.

	 1.	Fixatives: 1.5% (for cells) or 2.5% (for virus) glutaraldehyde in 
PBS.

	 2.	Formvar- and carbon-coated nickel grids.
	 3.	5% uranyl acetate.
	 4.	0.32 M sucrose in PBS.
	 5.	1.5% OsO4.
	 6.	Graded ethanol.
	 7.	Epon 812 resin (TAAB) for embedding cell samples).

2.2  Cytotoxicity and 
Cytostatic Assays

2.3  Virus 
Entry Assays

2.4  Electron 
Microscopy

Claudia S. Sepúlveda et al.
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	 1.	TRIzol® Reagent (Invitrogen-Thermo Fisher Scientific Inc.).
	 2.	RIPA buffer: 10 mM Tris/ClH (pH 7.4), 0.15 M NaCl, 0.1% 

SDS, 1% Triton X-100, 1% sodium deoxycholate, and 0.4 mM 
PMSF (phenylmethylsulfonyl fluoride). Two milliliter 0.5 M 
Tris/ClH (pH 7.4), 5 ml 3 M NaCl, 1 ml 10% SDS, 1 ml 
Tritón X-100, 10 ml sodium deoxycholate 10%, 1 ml 40 mM 
PMSF in ethanol, deionized 80 ml water.

	 3.	Laemmli sample buffer: (4×) 5% SDS, 10% glycerol, 0.0625 M 
Tris/ClH (pH 6.8), 2% β-mercaptoethanol, 2% bromophenol 
blue. 2 g SDS, 4.6 ml 87% glycerol, 1.7 ml Tris/ClH 1.5 M 
(pH 8.8), 0.8 ml β-mercaptoethanol, 2 ml 0.1% bromophenol 
blue, deioinized water to 10 ml.

	 4.	Transfer buffer: 39  mM glycine, 48  mM Tris, 0.0375  w/v 
SDS, 20% methanol. 2.930 g glycine, 5.810 g Tris, 0.375 g 
SDS, 200 ml methanol; add deionized water to 1000 ml.

	 5.	Blocking buffer: 5% skimmed milk in 0.05% Tween 20-PBS 
buffer.

	 6.	Buffered glycerin: 90% glycerine, 10% PBS 10× pH  9. Add 
2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO).

	 1.	Phosphate buffer 0.2 M: 77 ml of Na2HPO4-2H2O 0.5 M in 
water plus 33 ml of 0.5 M NaH2PO4-H2O in water.

	 2.	Lipofectamine 2000 Transfection Reagent (Thermo Scientific).

3  Methods

	 1.	Grow virus-susceptible infected cells in a 96-well microplate 
(90% confluence).

	 2.	Make serial twofold dilutions of the antiviral compound to test 
in MM. Make a nontreated cell control with MM and the com-
pound dissolvent.

	 3.	Wash the cells three times with PBS.
	 4.	Cover cells with 200 μl of each antiviral dilution in triplicate.
	 5.	Incubate cells at 37 °C during the same time required to obtain 

infectious virus in the supernatant.
	 6.	After this time, replace the supernatant per 100 μl of MEM 

and add 10 μl of fresh MTT stock solution or 20 μl of MTS 
stock solution to each well. (see Note 1). Incubate the MTT 
solution with cells for 2 h, discard the supernatant, and dis-
solve the formazan crystals in 200 μl of ethanol 96°. If you are 
using the MTS method, incubate the MTS solution with cells 
at 37° for 1–4 h until color development.

2.5  Assessing Virus 
Protein and RNA 
Production

2.6  Assessing Virus 
Budding

3.1  Cytotoxicity 
Assays

3.1.1  MTT/MTS-Based 
Cytotoxicity Assay

Antiviral Mechanism of Action
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	 7.	Read the absorbance at 490 nm on a microplate reader.
	 8.	Calculate the cytotoxic concentration required to reduce cell 

viability by 50% (CC50) (Subheading 3.7.1).

	 1.	Do the same protocol as detailed in Subheading 3.1.1, steps 
1–5.

	 2.	After this time, fix the cells to the microplate with formalde-
hyde 10%.

	 3.	Wash the cells with tap water.
	 4.	Dry the monolayers.
	 5.	Stain with crystal violet solution for 30 min.
	 6.	Remove the excess and wash three times with tap water and dry.
	 7.	Redissolve the violet dye with 200 μl bleaching solution per well.
	 8.	Read the absorbance at 590 nm on a microplate reader.
	 9.	Calculate the CC50 (Subheading 3.7.1).

	 1.	Grow susceptible cells in a 96-well microplate (90% 
confluence).

	 2.	Incubate for 2.5  h at 37  °C to allow cell adhesion to the 
surface.

	 3.	Make serial twofold dilutions of the compound to test in MM.
	 4.	Wash the cells three times with PBS.
	 5.	Cover cells with 200 μl of each dilution in triplicate.
	 6.	Continue with protocols detailed in Subheading 3.1.1, steps 

5–7 or Subheading 3.1.2, steps 2–8.
	 7.	Calculate the anti-proliferative concentration 50% (AC50), con-

centration required to inhibit cell proliferation by 50% 
(Subheading 3.7.1).

	 1.	Infect cells in a T150 flask at a MOI (multiplicity of infection: 
rate between infective viral particles in the inocula and total 
number of cells to be infected) of 0.1 for 1 h at 37 °C.

	 2.	Remove the inoculum and wash three times with PBS.
	 3.	Refeed the cells with MM.
	 4.	Harvest the supernatant at the time where the viral peak pro-

duction occurs (see Note 2).
	 5.	Clarify the stock by low-speed centrifugation and concentrate 

by ultracentrifugation at 100,000 × g for 2 h.
	 6.	Titer the stock (Subheadings 3.4.1 or 3.4.2).

	 1.	Infect the cells at a MOI of 1 during 1 h at 37 °C in a T150 
flask.

3.1.2  Crystal Violet-
Based Cytotoxicity Assay

3.2  Cytostatic Assay

3.3  Viral Stock 
Production

3.3.1  Viral Stock 
Production 
(Non-radiolabeled)

3.3.2  Radiolabeled Viral 
Stock Production

Claudia S. Sepúlveda et al.
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	 2.	Remove the inoculum and wash three times with PBS.
	 3.	Refeed the cells with methionine-free MM containing 50 μCi/

ml of 35S-methionine.
	 7.	Harvest the supernatant at the time where the viral peak pro-

duction occurs (see Note 2).
	 4.	Clarify the stock by low-speed centrifugation and concentrate 

by ultracentrifugation at 100,000 × g for 2 h.
	 5.	Titer the stock (Subheading 3.4.2 or 3.4.3).
	 6.	Quantify the radioactivity using a liquid scintillation counter.

	 1.	Grow susceptible cells in a 96-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Make serial tenfold dilutions of the virus to titer in 1 ml of 

PBS.
	 4.	Infect the cells with 10 μl of each dilution per quintupled dur-

ing 1 h at 37 °C.
	 5.	Remove the inoculum and wash three times with PBS.
	 6.	Cover cells with 200 μl of MM.
	 7.	Incubate cells at 37 °C until time to observe under an inverted 

microscope the virus cytopathic effect (rounding, detachment, 
monolayer destruction, syncytia formation, development of 
inclusion bodies, etc.). Evaluation of cytopathic effects can be 
also performed by viability assays (protocols in Subheadings 
3.1.1 and 3.1.2).

	 8.	Calculate the tissue culture infectious dose 50% (TCID50) as 
the dilution that produces 50% positive responses and repre-
sents the viral amount necessary to infect 50% of cell culture 
(Subheading 3.7.2).

	 1.	Grow susceptible cells in a 24-well microplate (80% 
confluence).

	 2.	Make serial tenfold dilutions of the virus to titer in 1 ml of 
PBS.

	 3.	Infect the cells with 100 μl of each dilution per triplicate dur-
ing 1 h at 37 °C.

	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Cover cells with 1 ml of PM.
	 6.	Incubate the cells at 37 °C for the necessary days to obtain lysis 

plaques (~5–7 days).
	 7.	Fix the cells to the microplate with 1 ml of formaldehyde 10% 

per well for 10 min.

3.4  Viral 
Quantification

3.4.1  Cytopathic 
Effect Assay

3.4.2  Plaque Assay

Antiviral Mechanism of Action
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	 8.	Wash three times with tap water.
	 9.	Stain fixed cells with crystal violet for 10 min.
	10.	Wash three times with tap water.
	11.	Count the lysis plaques in the dilution with about 50–100 

plaques and calculate the viral titer as plaque forming units 
(PFU)/ml (Subheading 3.7.3).

	 1.	Grow susceptible cells in a 24-well microplate on coverslips 
(60% confluence).

	 2.	Make serial tenfold dilutions of the virus to titer in 1 ml of 
PBS.

	 3.	Infect the cells with 100 μl of each dilution per triplicate dur-
ing 1 h at 37 °C.

	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Cover cells with 1 ml of MM.
	 6.	Incubate the cells at 37 °C for 24–48 h.
	 7.	Fix the cells with 4% paraformaldehyde for 10 min at 37 °C.
	 8.	Wash three times with PBS.
	 9.	Incubate with 20 mM NH4Cl for 10 min at 37 °C.
	10.	Wash three times with PBS.
	11.	For total immunofluorescence permeabilize cells with PBS-

0.3% Triton X-100 for 10 min at 37 °C, for surface immuno-
fluorescence omit this step.

	12.	Incubate with the first antibody. Recommended antibodies for 
JUNV are reported by Sanchez et al. [19].

	13.	Wash three times with PBS.
	14.	Incubate with the second labeled antibody according to the 

manufacturer’s instructions.
	15.	Wash three times with PBS.
	16.	Stain the cell nuclei with DAPI for 10  min at room 

temperature.
	17.	Wash with water and mount in buffered glycerine 2.5% 

DABCO.
	18.	Calculate the percentage of fluorescent cells in each prepara-

tion from 20 randomly selected microscope fields (Subheading 
3.7.4).

Antiviral assays can be quantified by qRT-PCR. It should be con-
sidered that the values obtained correspond to relative fold-change 
between treated and untreated samples.

	 1.	Lyse cells directly in a culture dish by adding TRIzol® and 
passing the cell lysate several times through a 1 ml pipette.

3.4.3  Indirect 
Immunofluorescence 
Staining (IF)

3.4.4  Quantitative 
Real-Time PCR (qRT-PCR)

RNA Extraction
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	 2.	Incubate the homogenized samples for 5 min at 15–30 °C.
	 3.	Add 0.2 ml of chloroform per 1 ml of TRIzol®, cap samples 

tubes and shake vigorously by hand for 15 s.
	 4.	Centrifuge at not more than 12,000 × g for 2 min at 2–8 °C.
	 5.	Transfer the aqueous phase to a fresh tube.
	 6.	Add 0.5 ml of isopropyl alcohol per 1 ml of TRIzol®.
	 7.	Incubate samples at 15–30 °C for 10 min.
	 8.	Centrifuge at not more than 12,000 × g for 15 min at 2–8 °C.
	 9.	Remove the supernatant and wash the RNA precipitate with 

1 ml of 75% ethanol.
	10.	Mix by vortexing.
	11.	Centrifuge at not more than 7500 × g for 5 min at 2–8 °C.
	12.	Briefly dry the RNA pellet, air-dry or vacuum-dry for 5–10 min.
	13.	Dissolve RNA in RNase-free water or 0.5% sodium dodecyl 

sulfate (SDS) solution by passing the solution a few times 
through a pipette tip.

	14.	Incubate for 10 min at 55–60 °C.
	15.	Store at −70 °C.

	 1.	Combine the Premix for each reaction: 3 μg RNA, 1 μg of 
random primers, and nuclease-free water necessary volume to 
complete 10 μl per reaction.

	 2.	Incubate the Premix for 5 min at 65 °C, and then for 5 min at 
room temperature.

	 3.	Combine cDNA synthesis reagents for each reaction: 1 μl RT 
(200  units reverse transcriptase per reaction), 4  μl 5× RT-
Buffer, 1 μl 10 mM dNTPs, 4 μl nuclease-free water.

	 4.	Bind the premix with the cDNA synthesis mix, vortex, centri-
fuge for a spin, and incubate for 2 h at 42 °C.

	 5.	Quantify the cDNA (μg/μl) in each sample with UV/VIS 
nanospectrophotometer (Thermo Scientific NanoDrop™).

	 6.	Determinate the cDNA quality by the rate A260/A280, it must 
be 1.8–2.0 to be accepted as “pure.”

	 1.	Amplify the viral cDNA using specific viral gene primers.
	 2.	Amplify housekeeping cDNA using gene-specific primers.
	 3.	Combine these components for each qRT-PCR reaction: 

12.5 μl of 2× Master mix (containing 5× Taq-Buffer, 25 mM 
MgCl, 25 mM dNTPs, SybrGreen dye and Taq polymerase), 
0.25 μl 50 μM Forward primer, 0.25 μl 50 μM Reverse primer, 
10 μl nuclease-free water, 2 μl cDNA sample.

cDNA Synthesis

qRT-PCR

Antiviral Mechanism of Action
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	 4.	Run settings: 5 min at 95 °C; 45 cycles of 30 s at 95 °C, 45 s 
at 60 °C, and 30 s at 72 °C; finally 5 min at 72 °C.

	 5.	Normalize average viral RNA Ct values to the average Ct val-
ues of housekeeping gene amplification and set ΔΔCt-based 
fold-change calculations relative to untreated virus-infected 
cells using some specific software (Subheading 3.7.5).

	 1.	Lyse the radiolabeled virus-infected cells with 0.1 M NaOH 
solution containing 1% SDS.

	 2.	Complete the sample vial volume with scintillator liquid 
according to the scintillation counter specifications.

	 3.	Quantify the radioactivity using a liquid scintillation counter.

	 1.	Grow susceptible cells in a 96-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the adequate dose of virus during 1 h at 37 °C in 

quintuplet.
	 4.	Make serial twofold dilutions of the compound to test in MM.
	 5.	Include cell controls and virus controls (non-infected and non-

compound-treated infected cells).
	 6.	Remove the inoculum and wash three times with PBS.
	 7.	Cover cells with 200 μl of each compound dilution or with 

MM for controls.
	 8.	Incubate cells at 37 °C by the necessary time to observe under 

an inverted microscope the virus cytopathic effect. Evaluation 
can be also made by viability assays (Subheadings 3.1.1 and 
3.1.2).

	 9.	Calculate the effective concentration 50% (EC50), concentra-
tion required to reduce cytopathic effect by 50% (Subheading 
3.7.6).

	 1.	Grow susceptible cells in a 24-well microplate (80% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with about 50 PFU of virus per well during 1 h at 37 °C 

in absence or presence of serial twofold concentrations of the 
compound in triplicate.

	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Cover cells with 1 ml of each compound dilution in triplicate 

in PM or PM without compound for a viral control.
	 6.	Follow steps 6–10 of protocol in Subheading 3.4.2.

3.4.5  Radiolabeled Virus 
Quantification

3.5  Antiviral Assays

3.5.1  Cytopathic Effect 
Reduction Assay

3.5.2  Virus Plaque-
Reduction Assay
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	 7.	Count the lysis plaques and calculate the effective concentra-
tion 50% (EC50), or the concentration required to reduce 
plaque number by 50% (Subheading 3.7.6).

	 1.	Grow susceptible cells in a 24-well microplate (90% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with virus at a MOI of 0.1 during 1 h at 37 °C.
	 4.	Make serial twofold dilutions of the compound to test in MM.
	 5.	Remove the inoculum and wash three times with PBS.
	 6.	Cover cells with 500 μl of each dilution in triplicate or with 

MM without compound for a control.
	 7.	Incubate cells at 37 °C for the necessary time to obtain infec-

tious virus in the supernatant.
	 8.	Harvest supernatant cell cultures or process cell culture mono-

layers for viral quantification (see Subheading 3.4).
	 9.	Calculate the effective concentration 50% (EC50), concentra-

tion required to reduce virus yield by 50% (Subheading 3.7.6).

	 1.	Grow susceptible cells in a 24-well microplate (80% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Treat triplicate wells with the compound dilutions at different 

times before infection; simultaneously, perform a control cul-
ture without drug treatment at each time point.

	 4.	Then, discard cell supernatants, wash the cell monolayers.
	 5.	Evaluate the antiviral effect by a virus plaque reduction assay: 

Infect with about 50 PFU of virus per well during 1  h at 
37 °C. Follow steps 4–10 of protocol in Subheading 3.4.2 and 
then count lysis plaques.

	 6.	Alternatively, evaluate the antiviral effect by a virus yield inhibi-
tion assay: Infect with the virus at a MOI of 0.1 during 1 h at 
37  °C in PBS.  After adsorption, remove the inoculum and 
wash three times with PBS. Add compound-free MM. Incubate 
cells at 37 °C by the necessary time to perform viral quantifica-
tion of cell supernatants (see Subheading 3.4).

	 1.	Grow susceptible cells in a 24-well microplate.
	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a MOI of 0.1 during 1 h at 4 °C.
	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Refeed with MM and incubate at 37 °C.

3.5.3  Virus Yield 
Inhibition Assay

3.6  Determining 
Mechanism 
of Antiviral Action

3.6.1  Cellular 
Pretreatment with Antiviral 
Compounds

3.6.2  Time of Addition 
Assay to Determine How 
late in the Virus Life Cycle 
Antivirals Can Be Added
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	 6.	Treat duplicate wells with the adequate compound concentra-
tion at various times after infection, simultaneously perform a 
control-infected culture without drug treatment at each time 
point.

	 7.	Incubate for 24 h at 37 °C and perform viral quantification (see 
Subheading 3.4).

	 1.	Do the same protocol as detailed in Subheading 3.6.2, steps 
1–4.

	 2.	Refeed with MM containing the indicated compound concen-
tration and incubate at 37  °C per duplicate, simultaneously 
perform a control-infected culture without drug treatment at 
each time point.

	 3.	At different time points, remove the MM with compound and 
refeed with MM.

	 4.	Incubate for 24 h at 37 °C and perform viral quantification (see 
Subheading 3.4).

	 1.	Grow susceptible cells in a 24-well microplate (90% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with about 500 PFU of virus per well (see Note 3) dur-

ing 1 h at 4 °C in MM containing the indicated compound 
concentration or serial twofold compound concentrations. 
Simultaneously perform a control-infected culture without 
drug treatment.

	 4.	Follow steps 4–10 of protocol in Subheading 3.4.2 and then 
count lysis plaques.

	 1.	Grow susceptible cells in a 24-well microplate (90% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a MOI of 1–2 during 1 h at 4 °C in 

MM containing the indicated compound concentration or 
twofold serial concentrations of the compound to test. 
Simultaneously perform a control-infected culture without 
drug treatment.

	 4.	After adsorption, remove the inoculum with the compound 
and wash three times with cold PBS at 4 °C.

	 5.	Add compound-free MM.
	 6.	Incubate cells at 37 °C by the necessary time to obtain infec-

tious virus production and perform viral quantification assay of 
cell supernatants (see Subheading 3.4).

3.6.3  Time of Removal 
Assay to Determine 
whether Antiviral 
Compound must 
Be Sustained

3.6.4  Prevention of Viral 
Attachment by an Antiviral

Assessing Prevention of 
Viral Attachment by Virus 
Plaque-Reduction Assay

Assessing Prevention 
of Attachment by Virus 
Yield-Inhibition Assay
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	 1.	Grow susceptible cells in a 24-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the virus or radiolabeled virus at a MOI of 1–2 dur-

ing 1 h at 4 °C in MM containing the indicated compound 
concentration, or twofold concentrations of the compound to 
test. Simultaneously, perform a control-infected culture with-
out drug treatment.

	 4.	After adsorption, remove the inoculum and wash three times 
with cold PBS at 4 °C.

	 5.	Disrupt cells by three cycles of freezing and thawing.
	 6.	Centrifuge at low velocity for 2 min.
	 7.	Determine infectious virus bound by viral quantification assay 

(see Subheadings 3.4.1 and 3.4.2).

●● �If you used radiolabeled virus, after step 4, continue with 
Subheading 3.4.5.

●● �If you quantify by qRT-PCR after step 4, continue with 
Subheading 3.4.4.

	 1.	Grow susceptible cells in a 24-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with about 500 PFU or radiolabeled PFU per well dur-

ing 1 h at 4 °C in MM.
	 4.	After adsorption, remove the inoculum and wash three times 

with cold PBS at 4 °C.
	 5.	Treat the cells with MM containing the indicated compound 

concentration, or twofold dilutions of the compound to test; 
simultaneously, perform a control-infected culture without 
drug treatment.

	 6.	Incubate 1 h at 37 °C to permit the viral entry.
	 7.	Remove the medium and wash the cells three times with PBS.
	 8.	Treat with 0.1  ml of citrate buffer for 1  min to inactivate 

adsorbed but not internalized virus (see Note 4).
	 9.	Wash the cells with PBS and treat with trypsin for 5 min at 37 °C.
	10.	Inactivate trypsin with MEM 5% inactivated fetal bovine serum.
	11.	Wash the cells with PBS by low-speed centrifugation.
	12.	Resuspend the cellular pellet in MM.
	13.	Make serial tenfold dilutions of the cellular suspension in MM 

and plaque onto a new 24-well microplate with susceptible cel-
lular monolayer (80% confluence).

Assessing Prevention 
of Attachment by 
Determining Infectious 
Virus Binding

3.6.5  Antiviral Prevention 
of Viral Internalization
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	14.	Incubate for 2 h at 37 °C.
	15.	Cover cells with 1 ml of PM and incubate the cells at 37 °C for 

the necessary days to obtain lysis plaques.
	16.	If you used radiolabeled virus after step 11, continue with 

Subheading 3.4.5. If you quantify by qRT-PCR after step 11, 
continue with Subheading 3.4.4.

	 1.	Grow susceptible cells in a 24-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a MOI of 1–2 during 1 h at 4 °C.
	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Refeed with MM containing the indicated compound concen-

tration and incubate at 37 °C per duplicate for different post-
adsorption times; simultaneously perform control-infected 
cultures without drug treatment and include concanamycin A 
5  nM-treated cultures in the same conditions as uncoating 
blockade positive control.

	 6.	Continue as detailed in Subheading 3.6.5, steps 8–12.
	 7.	Disrupt the cells by three cycles of freezing and thawing.
	 8.	Clarify the supernatant by low-speed centrifugation or 2 min.
	 9.	Determinate the intracellular infectivity by viral quantification 

assays (Subheadings 3.4.1 and 3.4.2).

	 1.	Grow susceptible cells in a 24-well microplate (100% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a MOI of 1–2 during 1 h at 37 °C.
	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Refeed with MM containing the indicated compound concen-

tration and incubate at 37 °C for different times (1, 3, 5, 7, 9, 
and 12 h), simultaneously perform the corresponding control-
infected cultures.

	 6.	At each time point, discard the supernatant, wash the mono-
layer, and extract the total RNA to measure the RNA synthesis 
by qRT-PCR (see Subheading 3.4.4).

	 1.	Grow susceptible cells in a 24-well microplate (90% 
confluence).

	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a MOI of 0.1 during 1 h at 37 °C.
	 4.	Remove the inoculum and wash three times with PBS.

3.6.6  Prevention of Viral 
Uncoating

3.6.7  Antiviral Prevention 
of Transcription/Replication

3.6.8  Antiviral Prevention 
of Synthesis of Specific 
Viral Protein(S)

Western Blot to Assess 
Antiviral Effects on 
Expression of Viral Proteins
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	 5.	Refeed with MM containing the indicated compound concen-
tration and incubate at 37  °C per duplicate, simultaneously 
perform a control-infected culture without drug treatment. 
Include a noninfected cellular control.

	 6.	At 48 h p.i. lyse the cells in RIPA buffer.
	 7.	Clarify cell lysates by low-speed centrifugation for 2 min.
	 8.	Separate the polypeptides by electrophoresis on SDS-PAGE 

gels.
	 9.	Mix 3 volumes of sample and 1 volume of 4× Laemmli sample 

buffer.
	10.	Boil for 5 min.
	11.	Select the percentage acrylamide gel according to the size of 

the protein of interest.
	12.	Load equal amounts of protein into the wells of an SDS-PAGE 

gel. Include a MW marker.
	13.	Run the gel for 1–2 h at 100 V.
	14.	Cut a polyvinylidene difluoride (PVDF) membrane to the 

appropriate size of the gel.
	15.	Activate PVDF membrane with methanol for 1 min and rinse 

with transfer buffer (see Note 5).
	16.	Transfer proteins from the gel to a PVDF membrane using 

available equipment and the manufacturer’s instructions.
	17.	Place a pre-wetted sheet of thick filter paper onto the anode of a 

semidry electrophoretic transfer cell. Remove all air bubbles.
	18.	Place the pre-wetted PVDF membrane on the top of the filter 

paper and remove bubbles.
	19.	Place the gel on the top of the PVDF membrane and remove 

any bubbles.
	20.	Place a pre-wetted sheet of thick filter paper on the top of the 

gel and remove any bubbles.
	21.	Place the cathode onto the stack and plug the unit to a power 

supply.
	22.	Turn on the power supply. Transfer is usually performed for 

30–60 min at 15–25 V.
	23.	Block the membranes with blocking buffer for 1 h at 37 °C.
	24.	Incubate overnight at 4 °C with appropriate dilutions of pri-

mary antibody in blocking buffer. Check the antibody data-
sheet for detailed information.

	25.	Wash three times with 0.05% PBS-Tween 20 for 5 min.
	26.	Incubate for 1 h at 37 °C with the appropriate dilution of per-

oxidase-conjugated secondary antibody.
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	27.	For signal development, follow the kit manufacturer’s recom-
mendations (ECL, Bio-Rad).

	28.	Quantify the protein bands by densitometry using some spe-
cific software.

	29.	To normalize the amount of interest protein to the amount of 
a constitutive cellular protein, like actin, in cellular extracts, 
strip the blots and then reprove with an anti-actin primary 
antibody followed by chemiluminiscence and quantification by 
densitometry, as above.

	 1.	Grow susceptible cells in a 24-well microplate on coverslips 
(60% confluence).

	 2.	Continue as detailed in Subheading 3.6.1, steps 2–5.
	 3.	At convenient time p.i., follow steps 7–18 of protocol in 

Subheading 3.4.3.

	 1.	Grow susceptible cells in a 6-well microplate (100% confluence).
	 2.	Wash three times with PBS.
	 3.	Infect with the virus at a high MOI during 1 h at 37 °C.
	 4.	Remove the inoculum and wash three times with PBS.
	 5.	Refeed with MM and incubate at 37 °C.
	 6.	Treat duplicate wells with the presumptive-antiviral-compound 

for 16 h p.i., and simultaneously perform a control-infected 
culture without drug treatment.

	 7.	Harvest the supernatant (viral suspension) and fix it overnight 
in 2.5% glutaraldehyde.

	 8.	Fix the cells with 1.5% glutaraldehyde for 4 h at 4 °C.
	 9.	For viral suspensions: deposit a 10 μl drop of the suspension on 

Formvar-carbon-coated nickel grids for 1 min, blot away the 
excess fluid with Whatman filter paper, and stain the samples 
negatively for 1 min in 0.5% uranyl acetate before observing 
with transmission electron microscopy.

	10.	For cellular monolayers: harvest the fixed cells mechanically 
with scrapers and incubate in 0.32 M sucrose for 12 h at 4 °C, 
spin the cells 10 min at 2000 × g, resuspend the pellet in 1.5% 
OsO4 in 0.32 M sucrose, and then incubate 2 h at 4 °C.

	11.	Centrifuge the cells and wash with bidistilled water.
	12.	Incubate for 12 h in 2% uranyl acetate in water.
	13.	Subject the cells to dehydration through an ethanol gradient 

followed by propylene oxide.
	14.	Embed in Epon 812 resin mixture (TAAB), and polymerize at 

70 °C for 2 days.

Immunofluorescence 
to Assess Antiviral 
Blockage of Specific Viral 
Protein Expression

3.6.9  Prevention 
of Assembly or Release 
of New Infectious Virions

By Electron Microscopy
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	15.	Restain the ultrathin sections with 2% uranyl acetate in water.
	16.	Observe the specimens with a transmission electron microscope.

This protocol requires the previous cloning of the arenavirus matrix 
Z protein or the corresponding viral protein responsible for viral 
budding into a mammalian expression vector, such as pcDNA3.1. 
It should be used for cell transfection with appropriate controls, 
including an empty-vector negative control.

	 1.	Grow susceptible cells in a 24-well microplate (70–80% 
confluence).

	 2.	Dilute 0.5 μg of DNA into 50 μl of Opti-MEM. Mix gently 
and incubate for 5 min.

	 3.	Mix Lipofectamine 2000 before use and then dilute 2 μl in 
50 μl of Opti-MEM.  Mix gently and incubate for 5  min at 
room temperature.

	 4.	Combine the diluted DNA and the diluted Lipofectamine 
2000 (total volume should be 100 μl). Mix gently and incu-
bate for 15–20 min at room temperature.

	 5.	Add the DNA-Lipofectamine 2000 complexes (100 μl) to the 
400 μl of growth medium of the well containing the cells to be 
transfected.

	 6.	Incubate cells at 37 °C for 4 h.
	 7.	Discard the transfection mix and wash three times with PBS.
	 8.	Treat the cells with MM containing the indicated compound 

concentration, or twofold dilutions of the compound to test; 
simultaneously, perform a control-infected culture without 
drug treatment.

	 9.	Incubate for 48 h at 37 °C.
	10.	Harvest the culture supernatants and lyse the cell monolayers 

in 2× Laemmli sample buffer.
	11.	Purify the VLPs from the culture supernatants by ultracentri-

fugation through 20% (w/v) sucrose cushions at 34,000 rpm 
for 2 h at 4 °C in a Beckman SW 50.1 rotor.

	12.	Resuspend the purified VLPs in 2× Laemmli sample buffer.
	13.	Boil for VLPs and cell lysates aliquots.
	14.	Separate the polypeptides by electrophoresis on SDS-PAGE 

gels. (Subheading 3.6.8, steps 11–29).

	 1.	Make serial twofold dilutions of the compound to test in MM.
	 2.	Mix an aliquot of a viral suspension containing approxi-

mately 1  ×  106 PFU with the same volume of the com-
pound dilutions.

Virus-Like Particles (VLP) 
Budding Assay

3.6.10  Inactivation 
of Extracellular Virus 
Particles (Virucidal Assay)
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	 3.	Incubate the mixtures at the temperature and times indicated.
	 4.	As control, incubate an equivalent aliquot of the virus suspen-

sion in parallel with MM under the same conditions.
	 5.	Dilute the chilled samples at least 100-fold in PBS (see 

Subheading Note 6) and determine the remaining viral titer 
(see Subheadings 3.4.1 and 3.4.2).

	 6.	Calculate the inactivating concentration required to inactivate 
50% of infective viral particles (IC50).

	 1.	Calculate the mean of absorbance of each treatment and deter-
minate the percentage of viability with respect to the non-
treated cells.

	 2.	Graph viability vs. compound concentration and make a linear 
regression.

	 3.	Determine the compound concentration for 50% viability by 
extrapolation (see Note 7).

Use the statistical method of Reed and Müench to determine the 
50% end point.

	 1.	Calculate the percentage of positive responses for each virus 
dilution.

	 2.	Calculate the Reed and Müench index:

	

Index
infected at dilution immediately above
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-% % %
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  50 50

dd at dilution immediately above
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50
50

%
%

-
eediately below 50% 	

	 3.	Apply the index to the dilution with an infection rate immedi-
ately above 50%

	 X X index( ) = - +( )10 	

	 4.	This dilution of the virus suspension contains a TCID50 unit of 
virus in 0.1 ml.

	 5.	Titer (TCID50/ml) = 10 × 1/(×)

	 1.	Calculate the mean of lysis plaques among the replicates 
(PFU).

	 2.	Titer (PFU/ml) = PFU/(inoculum volume × dilution)

	 1.	Select 20 random microscope fields.
	 2.	Count all the cells present in the fields and discriminate the 

positive fluorescent cells (positive for the viral epitope).

3.7  Calculations

3.7.1  CC50/AC50

3.7.2  Viral Titer 
by Quantal or End Point 
Method

3.7.3  Viral Titer 
by PFU/ ml

3.7.4  Fluorescent Cell 
Percentage
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	 3.	Calculate the fluorescent cell percentage as:

	 Number of fluorescent positive cells Number of total cells       / .. 	

	 1.	ΔCt = Ct gene of interest – Ct gene housekeeping.
	 2.	ΔΔCt = ΔCt treated – ΔCt untreated.
	 3.	Fold Change of Expression =2 ΔΔCt.

	 1.	Calculate the viral inhibition percentage for each compound 
concentration as percentage of positive responses (cytopathic 
effect assay) or percentage of PFU (plaque assay) in treated 
samples in comparison to control virus.

	 2.	Graphic % inhibition vs. compound concentration and make a 
lineal regression.

	 3.	Determinate the compound concentration for the 50% of virus 
inhibition (see Note 7).

4  Notes

	 1.	MTT stock solution should be prepared 5 mg/ml in culture 
medium or in sterile double distilled water. Please note that the 
solution must be fresh and protected from light, it can be 
stored at 4 °C until use. MTS stock solution can be stored at 
−20 °C protected from light for 18 months.

	 2.	Usually, the supernatants for the day of peak viral production 
and the two subsequent days are harvested. The culture should 
be observed under the microscope and ensure that the cell 
monolayer remains in good condition.

	 3.	In virus attachment assays adsorption is performed for 1 h at 
4 °C. Consequently, virus inoculum must be increased in com-
parison with a standard plaque assay with 1 h adsorption at 
37 °C (500 PFU vs 50 PFU) to assess binding of a significant 
amount of virions at low temperature.

	 4.	Instead of citrate, treat the cells with a solution of 1 mg/ml 
proteinase K for 45 min at 4 °C. Inactivate the proteinase K with 
0.2% bovine serum albumin (BSA) in PBS, containing 2 mM 
PMSF. Then follow with steps 11–16 of Subheading 3.6.5.

	 5.	Take special care that membrane never dries, for optimum 
transfer.

	 6.	Samples must be adequately diluted before titration of virus 
infectivity to assess that, when the compound-virus mixtures 
are incubated on the cell monolayers, the compound concen-
tration is below the antiviral EC50 value and infectivity reduc-
tion is only due to virion inactivation.

3.7.5  Fold Change 
of Expression Method

3.7.6  EC50

Antiviral Mechanism of Action



390

	 7.	The effectiveness of an antiviral compound is evaluated by the 
selectivity index (SI): ratio CC50/EC50. A good antiviral should 
have at least a SI > 10, and hopefully be in the hundreds to be 
safe and effective.
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Retrovirus-Based Surrogate Systems for BSL-2  
High-Throughput Screening of Antivirals Targeting  
BSL-3/4 Hemorrhagic Fever-Causing Viruses
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Abstract

The majority of viruses causing hemorrhagic fever in humans are Risk Group 3 or 4 pathogens and, there-
fore, can only be handled in biosafety level 3 or 4 (BSL-3/4) containment laboratories. The restricted 
number of such laboratories, the substantial financial requirements to maintain them, and safety concerns 
for the laboratory workers pose formidable challenges for rapid medical countermeasure discovery and 
evaluation. BSL-2 surrogate systems are a less challenging, cheap, and fast alternative to the use of live 
high-consequence viruses for dissecting and targeting individual steps of viral lifecycles with a diminished 
threat to the laboratory worker. Typical surrogate systems are virion-like particles (VLPs), transcriptionally 
active (“infectious”) VLPs, minigenome systems, recombinant heterotypic viruses encoding proteins of 
target viruses, and vesiculoviral or retroviral pseudotype systems. Here, we outline the use of retroviral 
pseudotypes for identification of antivirals against BSL-4 pathogens.

Key words Antiviral, Biosafety level 4, BSL-4, High-throughput screening, Pseudotypes, Viral hem-
orrhagic fever, Virus entry

1  Introduction

Single-stranded RNA viruses from at least seven different families 
(Arenaviridae, Hantaviridae, Nairoviridae, Peribunyaviridae, 
Phenuiviridae, Filoviridae, Flaviviridae) can cause severe clinical 
syndromes termed “viral hemorrhagic fevers” (VHFs) in humans 
[1]. Because of their high virulence, experimental work with most of 
these viruses is restricted to BSL-3 or maximum containment (BSL-
4) laboratories. To screen for or study antivirals that inhibit specific 
lifecycle stages of these viruses under standard BSL-2 conditions, 
several virus surrogate systems have been developed. These systems 
include virion-like particles (VLPs), transcriptionally active 
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(“infectious”) VLPs, minigenome systems, recombinant heterotypic 
viruses encoding proteins of target viruses, and vesiculoviral or ret-
roviral pseudotype systems [2–16].

This chapter will focus on a surrogate system to screen and 
investigate potential cell-entry inhibitors of human hemorrhagic 
fever-causing viruses. This system makes use of capsid-encoding 
vectors derived from retroviruses (most commonly Moloney 
murine leukemia virus [MoMLV], human immunodeficiency virus 
1, or simian immunodeficiency virus) or vesiculoviruses (most 
commonly vesicular stomatitis Indiana virus, sometimes rabies 
virus). Typically, two additional vectors are transfected into cells to 
create retrovirion-like particles. The first vector encodes the enve-
lope spike glycoprotein of the hemorrhagic fever-causing virus of 
interest; the second vector encodes a reporter gene, such as 
enhanced green fluorescent protein (eGFP) or luciferase, flanked 
by packaging signals. Upon co-transfection, retrovirion-like cap-
sids are produced that package the reporter gene-encoding nucleic 
acid, and the resulting ribonucleocapsid particles bud from host 
cell membranes, thereby incorporating the glycoprotein of inter-
est. Traditionally, such particles are called pseudotypes because 
they acquire the serological and receptor specificities from their 
origin, i.e., those of the hemorrhagic fever-causing virion from 
which the heterotypic spike protein is derived. Such pseudotypes 
can then be used to transduce cells expressing the target virus 
receptor with the reporter gene-encoding nucleic acid: expression 
of the reporter signifies successful cell entry of the pseudotypes. To 
date, such pseudotypes have been described for mammarenavi-
ruses, bunyaviruses, filoviruses, and flaviviruses [17–27], allowing 
rapid and reliable screening of small-molecule libraries targeting 
virus entry in a high-throughput format.

Below, we outline the experimental setup for creating and 
using retroviral pseudotypes using MoMLV capsids.

2  Materials

	 1.	1–10 ml plastic disposable pipettes and electronic tissue-culture 
pipettors.

	 2.	Dulbecco’s modified Eagle medium (DMEM)/High Glucose 
without sodium pyruvate (HyClone).

	 3.	Fetal bovine serum (FBS) (HyClone). FBS is heat-inactivated 
for 1 h in a 56 °C water bath, and then stored at 4 °C.

	 4.	100× Penicillin–streptomycin solution (PenStrep).
	 5.	Trypsin- EDTA: 0.25% trypsin in 0.53 mM EDTA.
	 6.	Dulbecco’s phosphate-buffered saline (DPBS) containing cal-

cium and magnesium.

2.1  Reagents 
and Plastic Ware
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	 7.	2.5 M CaCl2 solution (50 ml): bring 27.38 g calcium chloride 
(CaCl2) to 50 ml with H2O, filter through a 0.22-μm filter, 
and store at 4 °C.

	 8.	0.15  M Na2HPO4 solution (50  ml): dissolve 2.01  g of 
Na2HPO4 in 50 ml of H2O.

	 9.	2× Hepes-buffered saline (HBS) solution (100 ml): mix 5.6 ml 
of 5 M NaCl, 5 ml of 1 M 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid (HEPES), 1 ml of 0.15 M Na2HPO4, and 
88.4 ml of H2O. Adjust solution to pH 7.1 with a few drops of 
1 N NaOH, filter through a 0.22-μm filter, aliquot, and freeze 
at -20 °C.

	10.	50-ml conical styrene centrifuge tubes.
	11.	20% sucrose solution (100  ml): dissolve 20  g of UltraPure 

sucrose, 100 mM NaCl, 20 mM HEPES (pH 7.4), and 1 mM 
EDTA. Adjust the volume to 100 ml by adding H2O, filter, 
and then sterilize. This solution can be stored at 4 °C for at 
least 6 months.

	12.	1× PBS, without calcium chloride and magnesium.
	13.	0.45 or 0.22 μm, 250-ml Stericup filter units, polyvinylidene 

flouride membrane (Durapore).
	14.	38.5 ml, Ultra-Clear SW 32 Ti Beckman ultracentrifuge tubes.
	15.	10% buffered formalin.
	16.	Hoechst nucleic acid stain 33342.
	17.	175 cm2 vented tissue-culture flasks (T175).
	18.	DRAQ5 fluorescent probe solution (a far-red fluorescent 

DNA stain).

	 1.	Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-
11268) or HeLa cells (ATCC, #CCL-2).

	 2.	Growth media: DMEM/High Glucose for HEK-293T cells 
contains 1% penicillin–streptomycin and 10% FBS. Minimum 
essential medium (MEM) for HeLa cells contains 1% penicil-
lin–streptomycin, 10% FBS, 1% l-glutamine, 10 mM HEPES, 
1% nonessential amino acids.

	 1.	Maxi-prep- or midi-prep-quality plasmid DNA encoding 
MoMLV LTR-eGFP-LTR (see Note 1) and MoMLV gag/pol 
(retroviral capsid/polymerase proteins).

	 2.	Maxi-prep- or midi-prep-quality plasmid DNA encoding viral 
spike glycoprotein of choice.

	 1.	Antiviral library of choice.
	 2.	Opera screening system (Perkin Elmer) for high-throughput 

screening of confocal images.

2.2  Cells 
and Medium

2.3  Plasmids

2.4  High-Throughput 
Screening

Antiviral Screening Using Retroviral Pseudotypes 
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	 3.	VIAFILL reagent dispenser with a touch-screen graphic inter-
face to program repeat dispenses.

	 4.	Multidrop Combi reagent dispenser for dispensing liquid to 
96-well plates.

	 5.	Greiner black 96-well microplates for fluorescence assays.

3  Methods

	 1.	Use healthy cells that have not been passaged more than 20 
times. This is critical for pseudotype quality and titer.

	 2.	Start with two T175 flasks of confluent HEK 293T cells in 
DMEM growth medium.

	 3.	Detach cells using trypsin 1 day (18–24 h) before transfection. 
Split cells at 1:6 dilution into 12 new T175 flasks in 25 ml of 
growth medium per flask. Empirically, best results are achieved 
using this ratio.

	 1.	Inspect the cells under a microscope for attachment to flask 
(no clumping) and even distribution at around 30–40% 
confluence.

	 2.	Mix 228 μg of MoMLV LTR-eGFP-LTR plasmid, 228 μg of 
MoMLV gag-pol plasmid, and 228  μg of spike protein-
encoding plasmid in a sterile 50 ml polystyrene tube (labeled 
1) (19 μg of each plasmid at 1:1:1 ratio per flask; see Note 2). 
Fill tube up to 10.8 ml (900 μl per flask) with sterile H2O and 
mix. Then add 1200 μl (100 μl per flask) of 2.5 M CaCl2 to 
tube and vortex briefly.

	 3.	Add 12 ml (1000 μl per flask) of 2× HBS to a sterile 50-ml 
polystyrene tube (labeled 2).

	 4.	Slowly add contents of tube 1 one drop at a time to tube 2 
while vortexing lightly.

	 5.	Incubate tube at room temperature for 10–20 min. The solu-
tion should turn slightly milky.

	 6.	Place T175 flasks in upright position and evenly distribute 2 ml 
of mixed content of tube 2 one drop at a time to the medium of 
each flask. The medium should turn slightly yellow when the 
drops hit. Be sure to work swiftly so that cells do not dry out.

	 7.	Gently turn the flask into the horizontal position and incubate 
at 37 °C in a 5% CO2 atmosphere for 6 h.

	 1.	Carefully examine flasks under a light microscope to detect 
numerous visible calcium phosphate crystals (reminiscent of 
small debris among the cells).

3.1  Seeding of Cells

3.2  Transfection 
of HEK 293T Cells

3.3  Changing 
the Media
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	 2.	Remove medium by aspiration and wash cells with 10 ml of 
warm DPBS via gentle immersion. Some cells will detach dur-
ing this process.

	 3.	Add 17 ml of warm DMEM growth medium.
	 4.	Monitor the transfected cells under a microscope for the devel-

opment of fluorescent signal. If the eGFP reporter gene is 
used, more than 95% of the cells should fluoresce green.

	 1.	Transfer media into 50-ml conical tubes. Some cells will  
detach, which is normal.

	 2.	Spin the tubes in a tabletop centrifuge at 4 °C for 10 min. at 
2000 rpm (631 × g) to pellet cells and large cell debris.

	 3.	Pour supernatant through a 0.45-μm filter unit. Replace the 
filter unit if the filter starts to clog.

	 4.	Aliquot and store at 4  °C if use is planned within the next 
3–4  days or freeze at −80  °C for long-term storage. 
Alternatively, cleared supernatant can be concentrated as out-
lined below (see Note 3).

	 1.	Sterilize six SW 32 Ti centrifuge tubes by placing the tubes 
into a laminar flow hood under UV light for 30 min.

	 2.	Transfer 25-ml aliquots of filtered cell-culture supernatant into 
each of the six UV-sterilized SW 32 Ti tubes.

	 3.	Fill a 10-ml pipette to the 12-ml mark with a 20% sucrose solu-
tion. Insert the pipette all the way to the bottom of a SW 32 Ti 
tube filled with the filtered supernatant and gently underlay it 
by slowly expelling 4 ml of the sucrose solution. Repeat this 
step for two more of the SW 32 Ti tubes using the remaining 
8 ml (4 ml/tube) of the 20% sucrose solution from the same 
10-ml pipette. Use a new 10-ml pipette filled with 12 ml of a 
20% sucrose solution and expel 4 ml of the sucrose solution at 
the bottom of the remaining three tubes.

	 4.	Gently add additional 9 ml of filtered cell-culture supernatant 
into each of the six SW 32 Ti tubes.

	 5.	Adjust the weight of each tube by adding DMEM until they 
are within 0.1 g of each other.

	 6.	Place all the six tubes into a Beckman SW 32 Ti ultracentrifuge 
rotor and spin for 2 h at 28,000 rpm (133,907 x g) at 4 °C.

	 7.	Carefully remove tubes from the rotor, pour off supernatant, 
and leave tubes on a paper towel in an inverted position for 
10 min to allow residual liquid to drip away from the pellet.

	 8.	Add 0.5  ml of PBS (without calcium/magnesium) to each 
pellet.

	 9.	Place the ultracentrifuge tubes into 50-ml conical tubes and 
cap tubes with their lids.

3.4  Harvesting 
Pseudotype-
Containing Cell 
Supernatant

3.5  Concentrating 
Pseudotypes

Antiviral Screening Using Retroviral Pseudotypes 
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	10.	Incubate the tubes at 4 °C for 2 h. Vortex very gently every 
20 min.

	11.	Spin the tubes at 500 × g for 1 min at room temperature to 
collect the pseudotype-containing liquid.

	12.	Resuspend the pellet by gently pipetting the liquid up and 
down with a 1-ml pipette. Avoid forming bubbles. Combine 
liquid from all resuspended pellets in a single ultracentrifuge 
tube.

	13.	Aliquot in screw-cap microcentrifuge tubes in 100–500 μl por-
tions, and store at -80 °C.

	 1.	Plate HeLa cells (or other cell type of choice) using a Multidrop 
Combi reagent dispenser at a density of 7000 cells per well in 
100  μl of culture media in a 96-well plate 1  day before 
transduction.

	 2.	Add twofold serial dilutions of pseudotypes 24 h after seeding 
in a total volume of 100 μl per well using 3–6 wells per each 
dilution. Use 5–50 μl of unconcentrated stocks and 1–50 μl of 
concentrated stocks of pseudotypes for dilutions.

	 3.	Add media only to at least 6–8 wells for use as non-transduced 
controls.

	 4.	Incubate the cells at 37 °C for 2 h (for arenavirus pseudotypes) 
to 6 h (for filovirus pseudotypes) (see Note 4).

	 5.	Remove media with unattached pseudotypes and replace with 
100 of μl fresh growth medium per well.

	 6.	Incubate the cells at 37 °C for an additional 48 h (see Note 5).
	 7.	Observe/analyze the transduced cells (e.g., eGFP-positive 

cells under a fluorescent microscope) to determine the assay 
end point.

	 8.	Remove media from cells and fix with 10% buffered formalin 
for 15 min at room temperature.

	 9.	Wash cells three times with PBS (100 μl per well).
	10.	Dilute Draq5 fluorescent probe solution (made fresh on 

demand) 1:2500 in PBS. Stain cell nuclei with Draq5 fluores-
cent probe solution by adding 100 μl of solution per well.

	11.	If an eGFP reporter is used: image cells using fluorescence 
microscopy and determine the percentage of positive fluores-
cent cells (% transduced cells).

	12.	Acquire images of the cells in 96-well plates with an Opera 
Confocal plate reader using a 10× air objective.

	13.	Specify acquisition channels for measuring signal from eGFP 
reporter and from stained cell nuclei. Detect the signal from 
the eGFP reporter from the 488-nm channel. Detect the signal 

3.6  Titration 
of Pseudotypes 
in 96-well Plates

Sheli R. Radoshitzky et al.
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from the stained cell nuclei (using Draq5) from the 640-nm 
channel.

	14.	Perform image analysis using Acapella algorithms 
(PerkinElmer). Generate a cellular mask showing cell boundar-
ies using Acapella algorithm.

	15.	Measure output parameter, Number of Objects, based on the 
nuclei count in the 640-nm channel.

	16.	Measure Positive Pseudotyped Number of Objects using number 
of objects (nuclei) with cellular mask containing pseudotype 
specific signal/reporter at 488-nm channel. Use threshold 
value at the beginning of the dynamic range for the eGFP sig-
nal to differentiate positive eGFP-containing cells.

	17.	Calculate, using Acapella, the percentage of transduced cells 
directly for each image by the equation:

	

%transduced cells
Positive Pseudotyped Number of Objects

 
    s

=
( ))

( )
*

Number of objects  s
100

	

Use 3–6 wells for collecting statistically significant results.
	18.	Calculate titer (transducing units [TU] ml−1) according to the 

following formula: TU ml−1 = (P × N × D × 1000)/V, with 
P  =  percentage of transduced cells, N  =  number of cells 
(objects), D =  fold dilution of sample used for transduction, 
and V = volume (μl) of diluted sample added into each well for 
transduction.

	19.	Calculate an average titer from cells transduced with different 
amounts of pseudotypes (see Note 6).

	20.	Select the amount of pseudotypes to be used for the screen 
(optimal transduction rates are in a range in which a linear 
relationship is observed between the percentage of fluorescence-
positive cells and the amount of pseudotypes added).

	 1.	Plate HeLa cells (or other cell type of choice) using the 
Multidrop Combi reagent dispenser at a density of 7000 cells 
per well in 100 μl of culture media in a 96-well plate 1 day 
before transduction.

	 2.	Treat wells containing cells with test and control compounds 
of choice (50 μl per well) at least 2 h prior to addition of pseu-
dotypes (see Note 7). Treat at least 6–8 wells with DMSO only 
as a control for transduction (high-signal control, HC). Leave 
6–8 wells uninfected for the low-signal control (LC). Use 
three replicates (n = 3) of each compound.

	 3.	Add pseudotypes using VIAFILL touch screen rapid reagent 
dispenser, in a volume of 50 μl per well. Make sure to include 
non-transduced control wells (see Note 8).

3.7  Screening

Antiviral Screening Using Retroviral Pseudotypes 
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	 4.	Incubate the plates at 37 °C for 2–6 h (see Note 4).
	 5.	Replace the media with 100 of μl fresh growth medium per 

well.
	 6.	Incubate the cells at 37 °C for 48 h (see Note 5).
	 7.	Remove media and submerge plates in 10% buffered formalin 

for 15 min.
	 8.	Wash cells three times with PBS (100 μl per well) and stain 

with Draq5 for nuclei and cytoplasm detection (dilute Draq5 
1:2500 in PBS, add 100 μl per well).

	 9.	Determine the rate of positive fluorescent cells (% transduced 
cells) as well as cell number as described above.

	10.	Use clear criteria for quality of transduction. Use the Z′ 
(Z-prime, do not confuse with Z-score) factor (see Note 9) to 
assess quality of the assay performed using multi-well plates 
and multiple plates:

	
Z

SD LC SD HC

Mean HC Mean LC
¢ = -

( ) + ( )( )
( ) - ( )

1
3

	

	11.	Normalize the change in transduction rates for each plate by 
using control wells on the same plate: HC, transduced but 
treated with DMSO only, used as 0% inhibition of transduc-
tion; and LC, non-transduced control, used as 100% inhibition 
of transduction (see Note 10).

4  Notes

	 1.	Retroviral packaging signals, i.e., long-terminal repeats (LTRs), 
flanking eGFP, or any other reporter gene of choice.

	 2.	Depending on spike protein, further optimization of the ratio 
between spike and MoMLV plasmids may be needed if results 
are unsatisfactory.

	 3.	Concentration is typically recommended if the rate of trans-
duction is less than 10% (depending on statistical 
significance).

	 4.	Optimal incubation time with each pseudotype depends on 
viral glycoprotein-mediated entry kinetics. For best results, 
determine the optimal incubation time with the pseudotypes 
of choice.

	 5.	Incubation time following pseudotype transduction will 
depend on chosen cell type. If using a cell line other than 
HeLa, optimization is recommended.

	 6.	For accurate titer determination, the amount of pseudotypes 
used should fall in a range in which linear relationship is 

Sheli R. Radoshitzky et al.
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observed between the percentage of fluorescence-positive cells 
and the amount of pseudotypes added.

	 7.	If the compounds in the library are dissolved in DMSO, dilute 
the compounds to achieve a final DMSO concentration of not 
more than 1%.

	 8.	Compounds are diluted two-fold after addition of pseudotypes.
	 9.	The acceptable range for Z′ is 0.5–1 [28].
	10.	Plate-based normalization is necessary for data comparison 

between different plates. Normalization should be used with 
caution if the transduction rate is too variable between plates.
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Chapter 30

Protocols to Assess Coagulation Following In Vitro 
Infection with Hemorrhagic Fever Viruses

Melissa L. Tursiella, Shannon L. Taylor, and Connie S. Schmaljohn

Abstract

During the course of infection with a hemorrhagic fever virus (HFV), the checks and balances associated 
with normal coagulation are perturbed resulting in hemorrhage in severe cases and, in some patients, dis-
seminated intravascular coagulopathy (DIC). While many HFVs have animal models that permit the analy-
ses of systemic coagulopathy, animal infection models do not exist for all HFVs and moreover do not 
always recapitulate the pathology observed in human tissues. Furthermore, molecular analyses of how 
coagulation is affected are not always straightforward or practical when using ex-vivo animal-derived sam-
ples, thus reinforcing the importance of cell culture studies. This chapter highlights procedures utilizing 
human umbilical vein endothelial cells (HUVECs) as a model system to evaluate components of the intrin-
sic (prekallikrein (PK), factor XII (FXII), kininogen, and bradykinin (BK)) and extrinsic (Tissue Factor 
(TF)) systems. Specifically, protocols are included for the generation of a coculture blood vessel model, 
plating and infection of HUVEC monolayers and assays designed to measure activation of PK and FXII, 
cleavage of kininogen, and to measure the expression of TF mRNA and protein.

Key words Coagulation, Tissue factor, Factor XII, FXIIa, HUVEC, Bradykinin, Kininogen, 
Prekallikrein

1  Introduction

Viral hemorrhagic fever (VHF) results from infection with RNA 
viruses of the Arenaviridae, Bunyavirales, Filoviridae, and 
Flaviviridae, and is characterized by coagulation abnormalities, 
including hemorrhage (reviewed in [1, 2]). Hemostasis, or the bal-
ance between coagulation and fibrinolysis, is critical for maintain-
ing the equilibrium between blood clot formation and wound 
healing and the inhibition of continued clot growth and dissolu-
tion of fibrin clots (reviewed in [3]). Coagulation is divided into 
two pathways, the intrinsic and extrinsic pathways that converge at 
the common pathway, encompassing fibrin generation, crosslink-
ing, and fibrinolysis (reviewed in [3]).
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There have been numerous studies evaluating the effects of 
HFVs on components of coagulation and it has become increas-
ingly clear that expression and/or activity of coagulation proteins 
are influenced by infection. For example, tissue factor (TF), the 
initiator of the extrinsic coagulation cascade, is upregulated in 
macrophages following infection of nonhuman primates with the 
filovirus Ebola virus. Likewise, patients infected with the flavivirus 
dengue virus who develop severe dengue have increased levels of 
TF in their sera/plasma [4–6]. DHF patients also exhibit upregu-
lated, von Willebrand factor antigen (vW: Ag), which facilitates 
platelet attachment and transports factor VIII [7], and plasmino-
gen-activating factor (PAI-1), an inhibitor of fibrinolysis [4]. 
Following infection with the arenavirus Junín virus, Argentine 
hemorrhagic fever patients display increased PAI-1, and tissue plas-
minogen activator (tPA), a serine protease involved in the dissolu-
tion of clots (reviewed [8, 10]). Furthermore, research from our 
laboratory demonstrates that infection with either Hantaan or 
Andes viruses results in the liberation of bradykinin and increased 
FXII activity and binding [9], all of which are involved in the 
intrinsic pathway.

Numerous studies have evaluated coagulation in the course of 
in vivo experiments, or through analysis of clinical samples. While 
these studies are extremely valuable, they can also be expensive, 
and are limited by sample availability and existing reagents for 
assessing various coagulation markers in nonhuman samples. 
Therefore, we have studied the effects of HFV infection on coagu-
lation following endothelial cell infection. This chapter will high-
light methods to assess select components of the intrinsic and 
extrinsic pathways and some of the challenges associated with inac-
tivating samples following HFV infection.

2  Materials

	 1.	Pooled human umbilical vein endothelial cells (HUVECs); no 
greater than passage 7 and cultured with manufacturer’s re-
commendation (Lonza).

	 2.	HEPES-buffered saline (HBSS) (Lonza).
	 3.	Phosphate-buffered saline (PBS).
	 4.	TrypLE Express, a mix of enzymes meant to replace trypsin 

(Life Technologies).
	 5.	0.1% gelatin (Millipore).
	 6.	Endothelial growth medium (EGM-2) bullet kit (Lonza).
	 7.	Phorbol 12-myristate 13-acetate (PMA) (Sigma). PMA is a 

strong inducer of tissue factor. Since it is a plant-derived com-
pound sold as a crude powder, the optimal inducing concen-

2.1  Cells for Infection 
and Viral Stocks

Melissa L. Tursiella et al.
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tration must be determined for each batch. It is generally used 
at 25–50 nM PMA in culture media.

	 8.	Viral stocks: HFVs and respective media for mock samples.

	 1.	RNA isolation and purification: TRizol-LS and Purelink RNA 
Mini Kit (Thermo Fischer/Life Technologies).

	 2.	1.5 mL microfuge tubes with O-ring to prevent spills and gen-
eration of aerosol (Sarstedt).

	 3.	NanoDrop spectrophotometer (Thermo/Fisher).
	 4.	MicroChem, a detergent disinfectant (National Chemical 

Laboratories Inc.).
	 5.	qRT-PCR 1-Step Master Mix (Brilliant II, Agilent).
	 6.	qRT-PCR assays for tissue factor (TF) and TATA-box binding 

protein (TBP, a housekeeping gene) (Life Technologies assays 
Hs01076032_m1 and Hs00427621_m1, respectively). In the 
described assays, the TF probe is labeled with a FAM ™ dye 
while the TBP probe is labeled with a HEX™ dye for detection 
by the PCR machine.

	 7.	0.2 mL PCR strip cap tubes (Bio-Rad).
	 8.	CFX96 qRT-PCR machine and CFX Manager software 

(Bio-Rad).

	 1.	Infected and/or PMA-treated HUVECs.
	 2.	MicroChem, a detergent disinfectant (National Chemical 

Laboratories Inc.).
	 3.	PBS (Hyclone; Thermo Fischer Scientific).
	 4.	10% neutral buffered formalin (PROTOCOL™).
	 5.	Permeabilization buffer: 0.1% Triton X-100 in PBS.
	 6.	Blocking buffer: PBS with 5.0% fetal bovine serum.
	 7.	Tissue factor antibody (Abcam ab48647).
	 8.	Isotype control antibody (KPL affinity purified goat x rabbit 

IgG heavy and light).

	 1.	Infected and/or PMA-treated HUVECs.
	 2.	MicroChem, a detergent disinfectant (National Chemical 

Laboratories Inc.).
	 3.	HEPES-buffered saline (HBSS) (Lonza).
	 4.	10% neutral buffered formalin (PROTOCOL™).
	 5.	PBS (Hyclone).
	 6.	5% and 1% final concentrations (in PBS) Carnation powdered 

skim milk.
	 7.	Tissue Factor antibody (Abcam ab48647).

2.2  mRNA Isolation 
and Quantitative 
Real-Time Polymerase 
Chain Reaction 
(qRT-PCR)

2.3  Flow Cytometry

2.4  On-Cell ELISA, 
for Analysis 
of Antigens 
on the Surface of Cells

Protocols for Coagulation and HFV Infection
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	 8.	Secondary antibody GtxRb Poly-HRP (Pierce).
	 9.	SureBlue TMB Solution and TMB Stop Solution (KPL).
	10.	Crystal Violet (CV) solution, 1:10 dilution (Sigma): 0.2% CV 

and 2% ethanol (final concentration).
	11.	Cell culture grade water (Hyclone).
	12.	1% Sodium dodecyl sulfate (SDS).

	 1.	Pooled HUVECs.
	 2.	Human pulmonary artery smooth muscle cells (PaSMCs).
	 3.	EGM-2 bullet kit (Lonza).
	 4.	Smooth muscle growth medium (SmGM-2) bullet kit (Lonza).
	 5.	Trypsin and Trypsin neutralizing solution (TNS) (Lonza).
	 6.	HEPES buffer (Lonza).
	 7.	0.1% gelatin (Millipore).
	 8.	Cell culture plates.

	 1.	Pooled HUVECs.
	 2.	EGM-2 Bullet Kit (Lonza).
	 3.	Trypsin and Trypsin neutralizing solution (TNS) (Lonza).
	 4.	HEPES buffer (Lonza).
	 5.	Purified prekallikrein (PK), single chain high molecular weight 

kininogen (HK), and FXII (Enzyme Research Labs).
	 6.	HEPES-Tyrode’s Buffer without and with zinc: 0, 1 or 8 μM 

Zinc-HEPES Tyrode’s buffers.
	 7.	10 mM stock zinc chloride solution in water (Sigma).
	 8.	Lysis buffer: 150  mM NaCl, 50  mM Tris-HCl pH  8.0, 1% 

NP-40, and protease inhibitors.
	 9.	Rabbit anti-HK (Abnova Catalog # H00003827).

	 1.	Pooled HUVECs.
	 2.	EGM-2 Bullet Kit (Lonza).
	 3.	Trypsin and Trypsin neutralizing solution (TNS) (Lonza).
	 4.	HEPES buffer (Lonza).
	 5.	Purified prekallikrein (PK), kininogen (HK), and FXII 

(Enzyme Research Labs).
	 6.	HEPES-Tyrode’s Buffer without and with zinc: 0, 1, or 8 μM 

Zinc-HEPES Tyrode’s Buffer.
	 7.	10 mM stock zinc chloride solution in water (Sigma).
	 8.	Chromozym PK (Sigma Aldrich).

2.5  Vascular 
Coculture Model

2.6  Analysis 
of Kininogen Cleavage

2.7  Measurement 
of Plasma 
Prekallikrein and FXII 
Activation

Melissa L. Tursiella et al.
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	 1.	Pooled HUVECs.
	 2.	Trypsin and Trypsin neutralizing solution (TNS) (Lonza).
	 3.	HEPES buffer (Lonza).
	 4.	Bradykinin (BK) EIA kit (Enzo Life Sciences).
	 5.	Purified prekallikrein (PK), kininogen (HK), and FXII 

(Enzyme Research Labs).
	 6.	HEPES-Tyrode’s Buffer without and with zinc: 0, 1, or 8 μM 

Zinc-HEPES Tyrode’s Buffer.
	 7.	10 mM stock zinc chloride solution in water (Sigma).
	 8.	HOE 140, a bradykinin antagonist, and Trandolapril, an ACE-

inhibitor used to treat high blood pressure (both from Sigma 
Aldrich), are used to prevent BK degradation and receptor 
binding.

3  Methods

	 1.	Coat T25 tissue culture-treated flasks with 0.1% gelatin for at 
least 30 min and then rinse with water.

	 2.	The number of cells plated is dependent on the length of the 
infection. For a 5 day infection, plate 5 × 104 HUVEC cells per 
T25 in 5 mL EGM-2, 24 h prior to infection.

	 3.	On the day of infection, remove media and add 1.5 mL EGM-2 
to each T25 flask so that infections are allowed to proceed in 
low volume.

	 4.	Infect cells at an appropriate MOI for 1 h with rocking every 
15 min to allow for adsorption. After 1 h, the viral inoculum 
can be removed and cells can be rinsed with 2  mL of 
HBSS. Then, 5 mL of new EGM-2 can be added. Alternatively, 
viral inoculum can be left on the cells and the total volume of 
media can be brought to 5 mL (see Note 4.1.1).

	 5.	After the desired length of infection, remove supernatant (see 
Note 4.1.2) and rinse cells once gently with 2–3 mL of PBS.

	 6.	For Trizol-LS, 0.4 mL is required for inactivation of a 10 cm2 
cell culture plate (see Note 4.1.3). However, to effectively 
cover the T25 surface, 1.0 mL of Trizol-LS is added to the 
flask and rocked periodically. Following a 10 min inactivation, 
the Trizol-LS sample is transferred to a microfuge tube con-
taining an O-ring. Additionally, pipette a small amount of 
Trizol-LS around the O-ring gasket before closing tubes.

	 1.	Following the manufacturer’s instructions for compatibility with 
Trizol, isolate the RNA using the Pure Link RNA Mini Kit.

	 2.	Elute RNA in 30 μL of the RNAse-free water provided with kit 
and analyze concentration and purity using the NanoDrop 
spectrophotometer.

2.8  Quantitative 
Analysis of Bradykinin 
Formation

3.1  Tissue Factor 
(TF) mRNA Analyses

3.1.1  Infection 
and Trizol-LS Inactivation

3.1.2  RNA Isolation
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	 1.	For analysis by qRT-PCR, multiplexing the TF and TBP mas-
ter mixes may result in a reduction in signal. Therefore, sepa-
rate reactions may need to be run with each master mix. To set 
up individual reactions, see Table 1 (see 4.1.4 and 4.1.5).

	 2.	qRT-PCR reaction conditions are as follows: 50 °C—30 min, 
95 °C—10 min, 95 °C—15 s, 60 °C—1 min, repeat steps 3 
and 4 for 39 cycles.

	 3.	Adjust threshold cutoff values where appropriate and ensure 
appropriate parameters for HEX and FAM dye signal standard 
curves (Fig. 1).

	 4.	Analyze qRT-PCR by normalizing TF Ct values to those of 
TBP, a housekeeping gene (see Note 4.1.6).

	 1.	Coat T75 flasks with 0.1% gelatin as described above.
	 2.	For a 5 day infection, plate 2 × 105 HUVEC cells per T75 in 

10 mL EGM-2, 24 h prior to infection.
	 3.	On the day of infection, remove media and add 5 mL of media 

to each T75.
	 4.	Infect cells as described previously in step 4 of Subheading 

3.1.1.
	 5.	Cells can be treated with PMA as a positive control for TF 

induction. 2–4 h prior to harvest, add 25–50 nM PMA to the 
culture media (Fig. 2).

3.1.3  qRT-PCR

3.2  Analysis 
of Tissue Factor (TF) 
Protein Expression

3.2.1  Infection and Cell 
Staining for Flow 
Cytometric Analysis 
of Tissue Factor

Table 1 
Reaction volumes for TBP and TF qRT-PCR

Volume in μL

TBP reaction

    H2O 6.25

    2× Brilliant II qRT-PCR 1-step Master Mix 12.5

    20× TBP primer/probe set (final of 0.2×) 0.25

    RNA (50 ng/μL) 5.00

    Reverse transcriptase/RNAse 1.00

TF reaction

    H2O 5.25

    2× Brilliant II qRT-PCR 1-step Master Mix 12.5

    20× TBP primer/probe set (final of 1×) 1.25

    RNA (50 ng/μL) 5.00

    Reverse transcriptase/RNAse 1.00
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	 6.	Remove media and inactivate in Microchem. Put PMA-
containing media in appropriate waste container with 
Microchem.

	 7.	Rinse cells 1× with 10 mL HBSS and add 2 mL of trypsin to 
each flask. Allow cells to detach at 37 °C for 3–5 min.

	 8.	Neutralize trypsin with 8  mL of EGM-2 and centrifuge at 
150 × g for 5 min (see Note 4.2.1).

	 9.	Remove supernatant and discard. Add 3–5 mL of PBS to each 
cell pellet and centrifuge as described above.

	10.	Remove supernatant and resuspend cell pellet in 1.0  mL of 
10% neutral buffered formalin. Incubate for 10 min at room 
temperature (see 4.2.2–4.2.3).

	11.	Centrifuge cells and discard formalin in appropriate waste con-
tainer. Wash cells 1× with 1-2 mL of PBS.

	12.	Remove PBS wash and add 100 μL of permeabilization buffer 
to each pellet and pipette up and down with p1000 tip. Allow 
cells to permeabilize for 10 min (see Note 4.2.4).

	13.	Add 1 mL of PBS to wash and centrifuge.
	14.	Remove supernatant and add 200 μL of blocking buffer. Allow 

cells to block for 10  min (can incubate longer if desired)  
(see Note 4.2.5).

	15.	Separate cells in blocking buffer into two Sarstedt tubes con-
taining 100 μL each. One tube will be for the isotype control 
while the other is for TF antibody.

32
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E=97.2% R^2=0.996 Slope=-3.390 y-int=37.756

Log Starting Quantity

Standard Curve

C
q

E=100.9% R^2=0.993 Slope=-3.301 y-int=35.402

Fig. 1 Standard curves for HEX (the dye labeling TBP) and FAM (the dye labeling TF) signals using HUVEC 
RNA. Data analyzed using Bio-Rad CFX Manager
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	16.	 Add 100 μL of primary antibody (diluted at 1:50 in blocking 
buffer for a final concentration of 1:100) or isotype control 
(containing the same concentration of antibody as the TF pri-
mary) to the respective tubes. Allow staining to proceed for 1 h.

	17.	 Wash cells with 1  mL of PBS, centrifuge and remove 
supernatant.

	18.	 Resuspend pellet in 100 μL of secondary antibody (1:1000) 
diluted in blocking buffer and incubate for 1 h.

	19.	 Wash with 1  mL of PBS, centrifuge and remove the 
supernatant.

	20.	Resuspend pellet in 1 mL of 10% formalin and inactivate for 
24 h at room temperature (see 4.2.6–4.2.7).
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Fig. 2 Analysis of TF expression in PMA-treated and untreated HUVECs. HUVECs were treated (a and c) with 
25 nM PMA for 4 h or left untreated (b and c). Cells were harvested, fixed (for 10 min), permeabilized, and 
stained as described in methods with the exception of the 24 h fixation that was not necessary in this experi-
ment since no infectious agents were present. 10,000 cells were collected on BD FACS Canto II using FACSDIVA 
software and then analyzed in FlowJo
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	 1.	Plate 2.0 × 104 cells per well (for 3 day infection) in a 0.1% 
gelatin-coated 96-well plate in 100 μL final volume EGM-2.

	 2.	Remove media and replace with 80  μL EGM-2 24  h after 
plating.

	 3.	Infect wells with HFV of choice.
	 4.	On the day of harvest, add 25 nM PMA for 2–4 h.
	 5.	Remove media from wells with PMA and place in an appropri-

ate waste container with 5% Microchem if infectious agent is 
used on the same plate. Then remove media from infected 
wells and inactivate in 5% Microchem.

	 6.	Rinse wells 1× with 100 μL of PBS (see Note 4.3.1).
	 7.	Fill all wells with 200 μL of 10% formalin and submerge plate 

and lid in seal bags containing formalin. Then seal in a second-
ary bag to prevent leaks. Inactivate for 24 h.

	 8.	Remove formalin from bags and plate and discard in a waste 
container.

	 9.	Rinse wells 1× with 100 μL HBSS or PBS.
	10.	Add 50 μL of anti-TF antibody (1:100 made in 1% milk) and 

incubate for 1 h.
	11.	Gently wash cells 5–7× with 200 μL HBSS or PBS.
	12.	Add secondary antibody (GtxRb 1:500 in 1% milk) and incu-

bate for 1 h.
	13.	Repeat wash as described in step 11.
	14.	Add 100 μL of room temperature SureBlue TMB solution and 

incubate for 30 min (see Note 4.3.2).
	15.	Add 100 μL of TMB Stop Solution and read at 405 nm.
	16.	After reading remove substrate and stop solution and rinse 2× 

with 100 μL PBS.
	17.	Add 100  μL of CV solution and allow cells to stain for 

10–20 min at room temperature.
	18.	Remove CV solution and gently wash several times with water. 

Continue washing until water removed is clear.
	19.	Add 100 μL 1% SDS to each well and rock/swirl plate at room 

temperature to solubilize CV.
	20.	Read at 590 nm.
	21.	Normalize each well using the following formula: OD405/

OD590. The values of blank wells can then be subtracted from 
experimental well values (see Note 4.3.3).

	 1.	Wash cells grown in flasks three times with HBSS, add trypsin 
for 5 min and then inactivate the trypsin by adding TNS.

	 2.	Place HUVEC and PaSMC in separate conical tubes and cen-
trifuge at 200 × g for 5 min.

3.2.2  Tissue Factor 
On-Cell ELISA

3.3  Vascular 
Coculture Model
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	 3.	Remove supernatant, resuspend cell pellets in their respective 
media, and count the number of cells.

	 4.	To form capillary blood vessels in a 0.5 cm2 well, mix 5 × 104 
PaSMC cells with 1  ×  104 HUVEC cells (see Notes 
4.4.1–4.4.2).

	 5.	Add 200 μL of combined cells to gelatin-coated wells.
	 6.	After 24 h, replace the media with 200 μL of EGM-2 and cul-

ture for an additional 48 h.
	 7.	For longer culturing conditions, change the media every 48 h.
	 8.	Infect cells with the appropriate multiplicity of infection.

	 1.	Plate HUVEC on gelatin-coated plates and infect at the desired 
MOI and length of infection.

	 2.	Remove media and wash cells with HEPES-Tyrode’s buffer.
	 3.	Dilute HK to 50 nM in the presence of 1 μM Zn2+ HEPES-

Tyrode’s buffer, add to cells, and incubate at 37 °C for 1 h.
	 4.	Wash cells and incubate with 50 nM of PK and FXII diluted in 

8 μM Zn2+ HEPES-Tyrode’s buffer (see Note 4.5).
	 5.	After the 1 h incubation at 37 °C, wash cells and lyse in NP-40 

lysis buffer. Examine HK cleavage by western blotting.

	 1.	Plate HUVEC on gelatin-coated plates and infect at the desired 
MOI and length of infection.

	2.	 Remove media and wash cells with HEPES-Tyrode’s buffer.
	3.	 Dilute HK to 20 nM in the presence of 1 μM Zn2+ HEPES-

Tyrode’s buffer, add to cells, and incubate for 1 h at 37 °C.
	4.	 Wash cells and incubate with 20  nM of PK and FXII and 

0.6 mM of Chromozym PK in the presence of 8 μM Zn2+HEPES-
Tyrode’s buffer for 1 h at 37 °C (see Note 4.6).

	5.	 Determine the hydrolysis of the chromogenic substrate 
Chromozyme PK by taking absorbance readings at 405 nm.

	 1.	Plate HUVEC on gelatin-coated plates and infect at the desired 
MOI and length of infection.

	 2.	Pretreat cells with 1 μM HOE 140 and 5 μM Trandolapril for 
30 min and throughout the experiment (see Note 4.7.1).

	 3.	Dilute PK, HK, and FXII to 50 nM in HEPES-Tyrode’s buffer 
containing 8 μM Zn2+ for 1 h at 37 °C (see Note 4.7.2).

	 4.	Remove supernatants and perform BK EIA according to the 
manufacturer’s instructions.

3.4  Analysis 
of Kininogen Cleavage

3.5  Measurement 
of Plasma 
Prekallikrein and FXII 
Activation

3.6  Quantitative 
Analysis of Bradykinin 
Formation
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4  Notes

	 1.	If a T0 time point is desired, one may choose to harvest a T25 
flask immediately following the addition of input virus or after 
the 1 h incubation.

	 2.	Ensure that all inocula and supernatants generated post infec-
tion are inactivated with 5.0% Microchem or approved disin-
fectant to inactivate all infectious agents.

	 3.	For HFVs, check with institutional policies on inactivation of 
Flaviviridae, since they are positive-sense RNA and pose addi-
tional risks. Therefore, RNA isolation and qRT-PCR may have 
to be performed in containment. However, for negative-sense 
viruses this method of inactivation is likely acceptable.

	 4.	All samples, including standard curve samples, should be run 
in at least duplicate.

	 5.	To avoid cross contamination between PCR strip tubes, use 
filter tips, clean all surfaces and pipettes, and cap each row 
before moving to next.

	 6.	TF mRNA expression is highly induced following PMA treat-
ment (as described in Subheading 2.3 section). Therefore, the 
addition of PMA can be used to ensure induction within the 
given pool of cells and as a positive control.

	 1.	Use rotors with sealed gaskets and only open rotors post cen-
trifugation in a biosafety cabinet to avoid potentially aerosol-
izing virus.

	 2.	For this step, it is critical to use a wide pipette tip (such as 
p1000) to avoid shearing cells. Formalin should also be added 
to each pellet individually and resuspend immediately to avoid 
clumping.

	 3.	If using infected cells, or performing the assay in a contain-
ment laboratory, cells can be inactivated for 24 h in formalin 
and then stained following removal from containment. With 
this option, prolonged fixation may affect signal. Alternatively, 
cells can be stained in the containment laboratory and then 
fixed as described in the current protocol.

	 4.	This protocol will measure total TF expression. If cell-surface-
only expression is desired, one can omit the permeabilization 
step; however, this may require re-optimization of the anti-
body conditions.

	 5.	Standard blocking/FACs buffer can be replaced with a species-
specific serum, which should be from animals of the same spe-
cies as the primary antibody.

4.1  qRT-PCR

4.2  Flow Cytometry
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	 6.	The 24 h fixation protocol has been performed on cells prior 
to staining, with some reduction of signal in the basal popula-
tion. While fixation after TF staining has not yet been per-
formed, it is likely to result in better staining. However, if this 
approach is desired, it should be optimized with this antigen-
antibody prior to infection.

	 7.	As described in the legend of Fig. 2, the 24 h formalin inactiva-
tion can be omitted if no infectious agents are involved (and 
experiment is not conducted in containment). However, the 
10 min fixation should be maintained.

	 1.	When washing, buffer must be added slowly down the side of 
the well rather than applied directly to cells as cells can be easily 
sloughed off. Removing reagents from wells must also be done 
by pipetting to remove and not by tapping/flicking plate or 
using a plate washer.

	 2.	Incubation time may vary depending on level of induction in 
positive control (PMA-treated) samples. However, the 30 min 
suggested in the protocol is recommended for the detection of 
basal HUVEC TF levels.

	 3.	The purpose of the CV stain is to account for the number of 
cells in each well so that the OD405 (TF values) are normal-
ized between wells.

	 1.	To form capillary blood vessels in larger wells, scale up the cell 
number according to well size while maintaining the ratio of 
PaSMC to HUVEC.

	 2.	Human mesenchymal stem cells can also be cocultured with 
HUVEC to form in vitro capillary blood vessels.

To examine HK cleavage independently of activated FXII, incu-
bate cells with only PK and HK.

To examine activation of PK independently of activated FXII, 
incubate cells with only PK and HK.

	 1.	Inhibitor treatment is required to prevent degradation of BK 
and prevent binding of BK to its respective receptor. Failure to 
treat cells will result in inaccurate measurements of BK levels.

	 2.	To measure BK formation independently of FXIIa, incubate 
cells with only PK and HK.

4.3  On-Cell ELISA

4.4  Vascular 
Coculture Model

4.5  Analysis 
of Kininogen Cleavage

4.6  Measurement 
of Plasma Prekallikrein 
and FXII Activation

4.7  Quantitative 
Analysis of Bradykinin 
Formation
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Disclaimer

Opinions, interpretations, conclusions, and recommendations are 
those of the author and are not necessarily endorsed by the U.S. 
Army.
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