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The filoviruses, Ebola virus and Marburg virus, are zoonotic pathogens that cause severe hemorrhagic fever in
humans and nonhuman primates (NHPs), with case-fatality rates ranging from 23% to 90%. The current out-
break of Ebola virus infection in West Africa, with >26 000 cases, demonstrates the long-underestimated public
health danger that filoviruses pose as natural human pathogens. Currently, there are no vaccines or treatments
licensed for human use. Licensure of any medical countermeasure may require demonstration of efficacy in the
gold standard cynomolgus or rhesus macaque models of filovirus infection. Substantial progress has been made
over the last decade in characterizing the filovirus NHP models. However, there is considerable debate over a
variety of experimental conditions, including differences among filovirus isolates used, routes and doses of ex-
posure, and euthanasia criteria, all of which may contribute to variability of results among different laborato-
ries. As an example of the importance of understanding these differences, recent data with Ebola virus shows
that an addition of a single uridine residue in the glycoprotein gene at the editing site attenuates the virus. Here,
we draw on decades of experience working with filovirus-infected NHPs to provide a perspective on the impor-
tance of various experimental conditions.
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Mice, hamsters, and guinea pigs have all been developed
as animal models of infection for a number of species
and/or strains of Ebola virus (EBOV) and Marburg
virus (MARV) [1–6]. There are a number of features
of disease that rodents have in common with humans
and nonhuman primates (NHPs), and mice, hamsters,
and guinea pigs have all served well as early screens for
evaluating candidate vaccines and antiviral drugs. How-
ever, there are significant differences between these dis-
ease models. Most notably, filovirus isolates derived
from primates do not typically produce disease in

rodents upon initial exposure. Serial adaptation is needed
to produce a uniformly lethal infection in immunocom-
petent rodents. Also, blood coagulation abnormalities,
which are an important feature of filovirus hemorrhagic
fever in primates, are not as prominent in older rodent
models [7, 8]. There is relatively little evidence of dissem-
inated intravascular coagulation (DIC) in mouse or in-
bred strain 13 guinea pig models of EBOV or MARV
infection. The more recently developed hamster and out-
bred Hartley strain guinea pig models of filovirus infec-
tion do show coagulopathy that is more consistent with
disease in primates [5, 9, 10]. Given their better clinical
parallels to human disease, we suggest that these im-
proved rodent models should be used to assess the poten-
tial of any candidate countermeasure prior to evaluation
in NHPs.

Published studies have indicated that filovirus infec-
tion in NHPs faithfully reproduces what is known about
human disease [11, 12]. The incubation period appears
to be similar to human responses but largely depends
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on the route and dose (discussed below). Initial signs and symp-
toms are characterized by an abrupt onset with flu-like signs,
including fever, malaise, and myalgia, followed by anorexia,
lethargy, nausea, vomiting, and diarrhea. Hemorrhagic mani-
festations can develop, particularly in severe cases at the peak
of illness, and include petechiae, uncontrolled bleeding from ve-
nipuncture sites, epistaxis, and other mucosal hemorrhages.
Fatal cases manifest with hypovolemic shock and multiple
organ failure. Hematologic features include lymphopenia, neu-
trophilia, and thrombocytopenia. Liver and lymphoid tissues
(spleen and lymph nodes) are important organs in the disease
pathogenesis. Elevated levels of liver-associated enzymes, in-
cluding aspartate aminotransferase (AST) and alanine amino-
transferase (ALT), as well as blood coagulations biomarkers,
including D-dimers, are prominent in filovirus infection of pri-
mates. Monocytes, macrophages, and dendritic cells are prima-
ry sites of filovirus replication in primates, and it is thought that
high levels of tissue factor expression by filovirus-infected
monocytes and macrophages trigger DIC. A dysregulated
proinflammatory cytokine/chemokine response is also thought
to be an important feature of filovirus infection in humans and
NHPs. As nearly all aspects of filovirus infection in humans re-
capitulate in macaques and other species, NHPs are the most
valuable animal model of human disease. Here, we provide per-
spectives on a variety of topics related to filovirus NHP studies,
ranging from an overview on the use of NHPs for filovirus re-
search to our own perspectives on the use of different experi-
mental conditions.

NHP SPECIES FOR MODELING EBOLAVIRUS
AND MARBURG VIRUS HEMORRHAGIC FEVER

Several NHP species have been used as models of EBOV and/or
MARV infection, including African green monkeys (Chloroce-
bus aethiops), cynomolgus macaques (Macaca fascicularis),
rhesus macaques (Macaca mulatta), marmosets (Callithrix jac-
chus), and hamadryad baboons (Papio hamadryas) [11, 12].
African green monkeys [13, 14] and marmosets [15] do not pre-
sent with the maculopapular rash that is a feature of disease in
humans, macaques, and baboons, casting doubt on their accu-
racy as models of human filovirus infection. There have been
few studies using baboons to model filovirus infection. Baboons
also present logistical challenges in biosafety level 4 (BSL-4) fa-
cilities, given their large size, space constraints, and safety con-
cerns. Cynomolgus and rhesus macaques have been the most
widely usedNHP species for studying filovirus infections and for
testing candidate vaccines and treatments. Cynomolgus maca-
ques have been the species most often used for vaccine studies,
while rhesus macaques have been more frequently used for eval-
uating postexposure treatments. This is most likely because, all
conditions being equal, the disease course appears on average
slightly faster in cynomolgus macaques than rhesus macaques

[11]. Nonetheless, the features of disease in both cynomolgus
and rhesus macaques appears to best reproduce the human con-
dition among the NHP species.

SPECIES AND STRAINS OF FILOVIRUSES

The pathogenicity of filoviruses in humans is highly variable
and primarily depends on the species or strain. This phenome-
non is recapitulated in NHPs. Among the 5 species of EBOV,
Zaire ebolavirus (ZEBOV) causes the most-rapid and most-
severe disease in macaques. Experimental infection of macaques
with 1000 plaque-forming units (PFU) of ZEBOV by various
routes of exposure typically results in uniform lethality regard-
less of the strain of ZEBOV. The passage history of the seed
stocks in cell culture appears to influence the disease course,
with stocks that have been passaged fewer times producing a
more rapid disease course. This is most notable with the 1995
Kikwit strain where it has been shown that increased passaging
of the virus results in the incorporation of an additional uridine
(U) residue in the glycoprotein (GP) gene editing site [16, 17].
Normally, GP is expressed through a transcriptional editing
event that leads to the insertion of an extra U residue at the ed-
iting site. This mutation has biological consequences, as a virus
with an editing site of 7 U residues mainly produces a secreted,
nonstructural GP (sGP), whereas a virus with an 8-U residue
editing site mainly produces GP, which forms the virion surface
spike structures [18–20]. So seed stocks with a high proportion
of virus populations with 8 U residues at the GP editing site will
not produce as much sGP as wild-type seed stocks primarily
having a 7-U sequence. The function of sGP is not completely
known, but it is thought to be involved in antigenic subversion
to evade host immunity [21]. Importantly, stocks of ZEBOV
Kikwit strain that have higher proportions of 8 U residues at
the GP editing site while producing near uniform lethality in
NHPs have been associated with a slower disease course in ma-
caques than seed stocks with low proportions of 8 U residues at
the GP editing site [22] (T. W. Geisbert, unpublished observa-
tions). This is critical when assessing and triaging patients for
determining medical countermeasures, as even slight delays in
the course of disease can result in survival or nonsurvival. As an
example, an adenovirus serotype 5–based ZEBOV GP vaccine
that was previously shown to completely protect cynomolgus
monkeys against a ZEBOV Kikwit seed stock containing a low
proportion (approximately 34%) of 7 U residues at the GP ed-
iting site only partially protected cynomolgus monkeys under
near identical test conditions when challenged with a ZEBOV
Kiwkit seed stock in which the content of the 7-U phenotype
was >99% [23].

Fewer NHP studies have been done with non-ZEBOV species
of EBOV [11, 12]. The disease course for Sudan ebolavirus
(SEBOV) appears to be slower in cynomolgus and rhesus ma-
caques than ZEBOV with all other conditions being equal, and
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there have been more occurrences of surviving animals. Studies
in cynomolgus macaques exposed to 1000 PFU of virus also
show a slower disease course for Bundibugyo ebolavirus
(BEBOV) and Ivory Coast ebolavirus (ICEBOV), with mortality
rates of 60%–75%. While Reston ebolavirus (REBOV) does not
appear to be associated with lethal disease in humans, it causes
80%–100% mortality in cynomolgus monkeys, with a disease
course that appears to progress similar to or slightly slower
than disease due to BEBOV and ICEBOV.

When comparing medical countermeasures, it is advisable to
use the most virulent species or strains of filoviruses because
successful interventions against a more aggressive strain can
likely be adapted easily to less virulent strains. In addition, con-
sideration should be given to historical data, particularly if his-
torical controls are being used for particular seed stocks. For
ZEBOV, the large majority of NHP studies have used the Kikwit
strain. It is an open question whether future studies should use
the West African outbreak strain (Makona) or whether studies
should continue to use Kikwit strain seed stocks that contain
high populations of 7 U. Arguments could be made for both
choices, but the scientific information gleaned from either
could and has been equally revealing. For other species of
EBOV, there is even less clarity. NHP studies with SEBOV
have used both the 1976 Boniface strain and the 2000 Gulu
strain. In most cases, the passage level of the Gulu strain is
lower, and many laboratories have opted to use this strain.
For BEBOV and ICEBOV, there are few strains available, and
all work in NHPs for either species has been done with single
strains. For MARV, there is a clear difference in virulence
among strains, with the Angola strain producing a much
more rapid and severe disease [10, 24, 25], and any assessment
of medical countermeasures against MARV will benefit from
using the more virulent Angola strain following the same ratio-
nal as mentioned above for EBOV.

CHALLENGE DOSE AND ROUTE

While the most accurate and consistent method for quantifying
filoviruses is debatable, PFU has been used to measure the level
of infectious filovirus particles in nearly all NHP studies. Exper-
imental studies in NHPs have shown that doses ranging as low
as 2–15 PFU, administered by a variety of challenge routes, can
produce a lethal filovirus infection [14, 26–28]. It is likely that
the dose of exposure causing infection during a natural out-
break or that would be encountered in the event of deliberate
misuse varies widely. The most important consideration in re-
gard to the route and dose of challenge virus used is how the
disease observed in NHPs compares human disease. Any com-
bination of route and dose should faithfully reproduce the
human condition as accurately as possible. For financial, logis-
tical, and ethical reasons, NHP studies are often conducted
using small numbers of animals, compared with studies using

rodents. To achieve statistical significance, challenge doses
high enough to produce uniform lethality are desirable. However,
for all filoviruses, infection is not uniformly lethal under natural
conditions.

The course of disease appears to be influenced by the dose of
filovirus used. As an example, cynomolgus macaques exposed
by intramuscular injection with a low challenge dose of ZEBOV
(approximately 10 PFU) died from infection 8–12 days after
challenge [27], but those exposed to a high dose (1000 PFU)
died 5–8 days after challenge [11, 12]. Likewise, a similar protrac-
tion of disease course in NHPs concurrent with serial dilution
was noted for MARV [11]. In human cases, route of infection os-
tensibly affects the disease course and the outcome. The mean
incubation period for cases of ZEBOV known to be due to injec-
tion was 6.3 days, compared with 9.5 days for contact exposures
[29].Moreover, the case-fatality rate in the original 1976 ZEBOV
outbreak was 100% (85 of 85) in cases associated with injection
compared with 80% (119 of 149) in cases of known contact ex-
posure [29]. Although the NHP models appear to be exquisitely
sensitive to the filoviruses, compared with humans, particularly
cynomolgus macaques for ZEBOV, this observation in part
could be attributed to the fact that most NHP studies involve in-
tramuscular injection with very high challenge doses.

While filoviruses have been shown to produce lethal disease
in NHPs when challenged by a variety of doses and routes, in-
cluding aerosol [14, 28], oral [30], and conjunctival [30], the
most frequently used challenge route and dose in filovirus
NHP studies has been 1000 PFU by intramuscular injection
[11, 12]. While the 1000 PFU dose for the intramuscular chal-
lenge may appear high to model contact exposures, it is not high
relative to exposures entering directly through a break of the
skin. Thus, it is likely that direct injection of the challenge
virus into the muscle of NHPs better mimics human cases of
infection through a needle stick or break in the skin. This test
condition was originally established and adopted by most
BSL-4 facilities because it represents a likely scenario of an ac-
cidental needle stick involving either medical staff performing
procedures on an infected patient or laboratory staff performing
procedures on an infected animal. Given that, at peak stages of
disease, infected humans and NHPs can have viremia levels on
the order of 106–108 PFU/mL, it is not hard to envision an ex-
posure from a needle stick being at least 1000 PFU. If an overall
goal of combating filovirus infection is to develop vaccines or
treatments to protect against all types of exposures, not just a
proportion of cases that may mostly result from contact expo-
sures to mucosal surfaces, then the conditions being used at
1000 PFU (more stringent) are best. This is also important in
terms of triaging medical countermeasures so that the limited
funds available for advanced development of vaccines and treat-
ments are allocated to the most promising candidates.

To the best of our knowledge, the 1000 PFU challenge dose
and intramuscular route have produced 100% lethality in
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cynomolgus macaques challenged with either 7-U or 8-U virus
stocks of ZEBOV. The situation with rhesus macaques is slightly
different, such that these conditions have not produced 100%
lethality for ZEBOV, with each facility having rare surviving
control rhesus macaques (Table 1). However, it appears that
the surviving rhesus macaques were associated mainly with
challenge by the 8-U ZEBOV seeds stocks and not 7-U ZEBOV
seed stocks. In addition, a lower challenge dose of <700 PFU of
ZEBOV in the rhesus macaque model may result in more sur-
viving control animals [31] (Table 1).

Overall, in regard to challenge route, to achieve adequate stat-
istical power by using realistic numbers of NHPs it is essential
that models are uniformly or near uniformly lethal as possible.
In most cases, this means using challenge doses of at least 1000
PFU. This is achievable for MARV, ZEBOV, and, in most cases,
SEBOV, depending on the species of macaque used. For BEBOV
and ICEBOV, this will be more problematic because uniform
lethality or near uniform lethality has not been observed in
any species of NHP [11, 12].

EUTHANASIA CRITERIA

Perhaps the most controversial topic in the use of NHP models
for filovirus infection is how to define criteria for euthanasia.
For studies in which survival is the primary end point, variabil-
ity in results among different BSL-4 laboratories may be caused
by differences in determining when to euthanize an animal.
While consistency in criteria among laboratories is a worthy

goal, standardization of criteria among facilities is difficult for
a variety of reasons. From a regulatory perspective, animal
work at each institution is overseen by independent institutional
animal care and use committees (IACUCs). Each IACUC ulti-
mately approves criteria used for determining when euthanasia
is required. Because these committees are transient by nature,
criteria can change from time to time even within the same in-
stitution. Having IACUCs from multiple institutions all agree
on the same exact euthanasia criteria seems impossible. In ad-
dition, while IACUCs follow the same regulatory guidelines in
the United States, there is inherent subjectivity in some eutha-
nasia criteria.

There have been several attempts to identify biological pa-
rameters or biomarkers that indicate before death that an ani-
mal will or will not survive. However, this has proven to be quite
difficult, and no such biomarker or algorithm exists to date. In
particular, because there are pathological differences associated
with the various species and strains of filoviruses, conditions
would need to be established independently for each filovirus
seed stock and for each species of NHP. NHPs are outbred,
and animal-to-animal variability further complicates this goal,
particularly given the small numbers of NHPs used in most fi-
lovirus studies. Various parameters or combinations of param-
eters have been proposed, including temperature, macular rash,
and biomarkers such as circulating tissue-associated enzymes.
However, individually none of these metrics can accurately pre-
dict outcome. Fever has no association with survival, nor does
the presence of a macular rash or degree of the rash. Viral load

Table 1. Experimental Positive Control Nonhuman Primates (NHPs) Infected With Zaire ebolavirus (ZEBOV)

Laboratory NHP Species ZEBOV Strain 7 U or 8 U ZEBOV Stock Challenge Dose NHPs, No. Surviving NHPs, No.

NML Cynomolgus Kikwit 7 U 800–1200 27 0

NML Rhesus Kikwit 7 U 800–1200 11 0
NML Rhesus Kikwit 7 U 600–700 6 1

RML Cynomolgus Kikwit 8 U Approximately 1000 9 0

RML Cynomolgus Kikwit 7 U Approximately 1000 3 0
RML Rhesus Kikwit 8 U Approximately 1000 5 2

RML Cynomolgus Mayinga 7 U Approximately 1000 6 0

RML Rhesus Mayinga 7 U Approximately 1000 15 0
RML Cynomolgus Makona 7 U Approximately 1000 6 0

GNL Cynomolgus Kikwit 7 U 800–1200 11 0

GNL Cynomolgus Kikwit 8 U 800–1200 5 0
GNL Rhesus Kikwit 7 U 800–1200 6 0

GNL Cynomolgus Makona 7 U Approximately 1000 2 0

GNL Rhesus Makona 7 U Approximately 1000 5 0
USAMRIIDa Cynomolgus Kikwit 8 U 800–1200 37 0

USAMRIIDa Rhesus Kikwit 8 U 800–1200 25 1

Abbreviations: GNL, Galveston National Laboratory, University of Texas Medical Branch; NML, National Microbiology Laboratory, Public Health Agency of Canada;
RML, Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases, National Institutes of Health; USAMRIID, US Army Medical Research
Institute of Infectious Diseases.
a Data are from T. W. G.’s laboratory.
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in serum or plasma may be the best indicator of outcome but, in
the context of BSL-4 facilities, cannot always be performed im-
mediately and can only be assessed on days when animals are
anesthetized for sample collection. Furthermore, the act of se-
dating an already sick animal may hasten their demise, thereby
affecting results. Certain circulating tissue-associated biomark-
ers such as AST, ALT, γ-glutamyl transpeptidase, blood urea ni-
trogen, and creatinine, among others, which can also only be
assessed on days where animals are anesthetized for sample col-
lection, have been suggested as possible indicators. Combina-
tions of these markers have also been proposed as indicators,
again with limited usefulness. Furthermore, for each algorithm
proposed, there is nearly always an animal or animals that
would have met criteria for euthanasia yet ultimately survived.
Because NHP studies in BSL-4 facilities most always involve
small groups, a mistake in prematurely euthanizing even a sin-
gle animal can compromise the analysis of the entire study, in
which case a repeated experiment unnecessarily uses additional
NHPs. For these scenarios, a skilled pathologist is invaluable in
assessing each NHP to ensure to the best extent possible that no
NHP was prematurely euthanized.

The objectives of each NHP study should be well defined in
the experimental design and animal protocol. For some studies
survival may be the primary objective, while for other studies
the goal may be to prevent severe disease. In the latter case, it
may be desirable to implement an early study end point.

There is invariable subjectivity in evaluating animal behavior
and any other parameter that cannot be quantitatively mea-
sured as euthanasia criteria. Yet the human eye is often the
best indicator. There is no substitute for skilled investigators
and laboratory staff with extensive experience with filovirus-
infected NHPs who monitor the animals closely from times
well before exposure of the animals through the study end
point. This is particularly important if behavior or activity are
used as criteria for euthanasia, because each animal has unique
traits and may react differently to different stimuli. In our view,
the most important aspect in regard to comparing survival data
among different laboratories is the accurate recording of data
both in the form of quantitative data, as well as detailed descrip-
tive clinical observations.

REGULATED STUDIES

As a result of the US Food and Drug Administration (FDA) An-
imal Rule [32], there has been interest as well as confusion re-
garding the requirement for good laboratory practices (GLP) or
“GLP-like” NHP studies in BSL-4 facilities. It is important to
note that there are no regulations that specifically address data
quality and integrity issues for FDA Animal Rule–specific stud-
ies [32]. GLP nonclinical laboratory studies regulations were de-
veloped as a quality system for nonclinical safety studies. The
FDA does recommend the use of GLP for the few pivotal animal

studies supporting licensure of a vaccine or drug to the extent
practicable. However, it is also noted that there may be justifi-
able limitations in the ability to apply GLP when conducting
these studies, specifically for those using challenge agents that
require high-containment facilities. Indeed, for all practical pur-
poses, the performance of GLP or GLP-like studies is a near
impossibility for most existing BSL-4 facilities as currently con-
structed. True GLP or even GLP-like conditions require strict
separation of studies. Most if not all of the current BSL-4 facil-
ities are constructed as open-space laboratories, hindering sep-
aration of individual projects. Most equipment is shared among
staff, further complicating the performance of regulated studies.
In addition, most BSL-4 animal rooms are constructed to house
large numbers of NHPs, meaning that in many cases different
studies using the same virus are being conducted in the same
room at the same time. Given the very limited amount of
BSL-4 facility space for NHPs globally, it is not practical or eco-
nomically feasible to repeatedly dedicate a single animal room
to a single regulated NHP study. The most important aspect of
compliance in the spirit of using GLP to the greatest extent
practicable may be to ensure the quality and integrity of the
data collected. As NHP studies in BSL-4 facilities are inherently
time demanding and extremely costly, any attempt to add addi-
tional administrative burdens on research staff may only hinder
the development of promising countermeasures as a result.

Two of the most effective therapeutics in NHP models are
ZMapp and TKM-Ebola [33, 34]. These antivirals have been
used to treat repatriated patients in the current West African
ZEBOV outbreak [35, 36]. These products, as well as the leading
ZEBOV vaccine candidates currently in or soon entering phase
1 trials [37–41], exist because researchers at BSL-4 facilities had
the ability to screen and triage very large numbers of candidate
countermeasures, something that would not have been possible
to this extent if each study had necessitated GLP or GLP-like
conditions. Importantly, if ZEBOV continues to emerge in
human populations, promising countermeasures will better
reach final licensure through advanced clinical development
in humans and thus not require licensure under the FDA
Animal Rule.

In our view, standardization of conditions for research work
is not desirable because it goes against the basic principal of sci-
ence. Science is competitive, and important findings must be re-
producible. Each individual experiment must be properly
controlled. Thus, if a study is properly designed and controlled,
there is no need to standardize all test conditions. Standardiza-
tion would limit research in the field to what some researchers
decide are the desired conditions to move forward with. This
may not reflect real-world challenges, and we may lose the abil-
ity to react to naturally occurring problems. Science is based on
ethics, experience, and skills. Controlling and dictating to the
field on what conditions to use is dangerous and will not pay
dividends in the long run. Standardization should only be
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applied to a single final pivotal study in NHPs that uses prod-
ucts manufactured under current good manufacturing practices
that will be used to support licensure under the FDA Animals
Rule. Such conditions are unnecessary for all studies in BSL-4
facilities leading up to a final pivotal study and, as previously
mentioned, will only hinder the development of the most prom-
ising medical countermeasures.

BLINDED STUDIES

There is no question that blinding of a study eliminates any
human bias regarding interpretation or outcome. Blinding
may be beneficial or deemed as a requirement for final studies
used to support FDA licensure of a medical countermeasure.
However, these types of pivotal studies should represent a
small percentage of the total number of NHP studies performed
in BSL-4 facilities. Because of extensive training requirements to
master skills in BSL-4 facilities, most BSL-4 facilities have rela-
tively small teams of staff that perform duties associated with
NHP studies. In particular, complex requirements that need
to be met for postexposure treatment studies, such as the prep-
aration of clinical modalities, often during off duty hours, to
maintain the integrity of the blinding process, increase the bur-
den and therefore limit the number of evaluations that can be
performed. Importantly, having staff not associated with the
study that could immediately decode the animals in an emer-
gency, such as an occupational exposure, would be needed at
all times. While there may be a few cases where blinding of a
NHP study has merit, in most cases it has very limited value
when weighing costs to benefits in the context of a BSL-4
environment.

CONCLUSIONS

Cynomolgus and rhesus macaques are considered the gold stan-
dard animal models for filoviruses. With an increasing number
of BSL-4 laboratories working with NHPs, particularly in North
America, there is a desire to be able to compare results among
the different facilities. Historically, this has been difficult be-
cause of different experimental conditions used by each labora-
tory, including differences in the strains and passage histories of
filovirus challenge stocks, routes and doses used to challenge
animals, and assays used to measure biomarkers of disease
and viral load. Recent efforts by groups such as the Filovirus
Animal Nonclinical Group have focused on standardizing ex-
perimental conditions for NHP studies among the various
BSL-4 facilities. While attempts can be made to minimize dif-
ferences, such as using the same virus isolates, passage history,
challenge routes and doses, species and ages of animals, and
standard procedures for various bioassays, it remains difficult
and may not be desirable to implement a system whereby all
conditions are completely identical. One of the main advantages

of using outbred animals in research is their heterogeneity, a
characteristic of the human population. Ensuring that filovirus
challenge stocks are exactly the same across facilities is no small
task, even if a central facility were able to distribute standard
challenge stocks. Given the ever-increasing number of regula-
tions being implemented and required for shipping and storing
filoviruses, transportation of infectious material between BSL-4
facilities has become an important challenge. In addition, there
are other important conditions, such as plaque assays or scoring
criteria for euthanasia among others, that are not easily stan-
dardized for which there will always be at least some degree
of subjectivity. Genetic differences, even among the same spe-
cies of NHPs, is also no small condition to attempt to standard-
ize and may not be desirable, again in the interest of generating
observations that apply to the human population. The most im-
portant aspect of analyzing any medical countermeasure in the
NHPmodels is that survival results be overall reproducible from
one facility to another. There have been and will continue to be
difference in results among facilities. Identifying the causes and
minimizing these differences is a worthy objective. Clearly, in
the context of a natural outbreak or intentional release of a filo-
virus, all conditions are not controlled, and an ideal vaccine or
antiviral drug should be efficacious across a range of conditions,
and using stringent conditions is likely to relate to broader
protective efficacy.

Notes

Disclaimer. The opinions, interpretations, conclusions, and recom-
mendations contained herein are those of the authors and are not necessar-
ily endorsed by the University of Texas Medical Branch at Galveston, the
Public Health Agency of Canada, or the National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH).
Financial support. This work was supported by the Extramural

Research Program (to T. W. G.) and Intramural Research Program (to
H. F.), NIAID, NIH; the Department of Defense (to T.W. G.); the University
of Texas Medical Branch at Galveston (to T. W. G.); the Canadian Center for
Security Science (to J. E. S.).
Potential conflicts of interest. All authors: No reported conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential

Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References

1. Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J. A mouse model
for evaluation of prophylaxis and therapy of Ebola hemorrhagic fever. J
Infect Dis 1998; 178:651–61.

2. Connolly BM, Steele KE, Davis KJ, et al. Pathogenesis of experimental
Ebola virus infection in guinea pigs. J Infect Dis 1999; 179(suppl 1):
S203–17.

3. Warfield KL, Bradfute SB, Wells J, et al. Development and characteriza-
tion of a mouse model for Marburg hemorrhagic fever. J Virol 2009;
83:6404–15.

4. Lofts LL, Ibrahim MS, Negley DL, Hevey MC, Schmaljohn AL. Geno-
mic differences between guinea pig lethal and nonlethal Marburg virus
variants. J Infect Dis 2007; 196(suppl 2):S305–12.

5. Ebihara H, Zivcec M, Gardner D, et al. A Syrian golden hamster model
recapitulating Ebola hemorrhagic fever. J Infect Dis 2013; 207:306–18.

S96 • JID 2015:212 (Suppl 2) • Geisbert et al



6. Rasmussen AL, Okumura A, Ferris MT, et al. Host genetic diversity en-
ables Ebola hemorrhagic fever pathogenesis and resistance. Science
2014; 346:987–91.

7. Bray M, Hatfill S, Hensley L, Huggins JW. Haematological, biochemical
and coagulation changes in mice, guinea-pigs and monkeys infected
with a mouse-adapted variant of Ebola Zaire virus. J Comp Pathol
2001; 125:243–53.

8. Geisbert TW, Pushko P, Anderson K, Smith J, Davis KJ, Jahrling PB.
Evaluation in nonhuman primates of vaccines against Ebola virus.
Emerg Infect Dis 2002; 8:503–7.

9. Cross RW, Fenton KA, Geisbert JB, Mire CE, Geisbert TW. Modeling
the disease course of Zaire ebolavirus infection in the outbred guinea
pig. J Infect Dis 2015; 212(suppl 2):S305–15.

10. Cross RW, Fenton KA, Geisbert JB, Ebihara H, Mire CE, Geisbert TW.
Comparison of the pathogenesis of the Angola and Ravn strains of
Marburg virus in the outbred guinea pig model. J Infect Dis 2015;
212(suppl 2):S258–70.

11. Feldmann H, Sanchez A, Geisbert TW. Filoviridae: Marburg and Ebola
viruses. In: Knipe DM, Howley PM, eds. Fields virology. 6th ed. Phila-
delphia: Lippincott Williams and Wilkins, 2013:923–56.

12. Geisbert TW, Jahrling PB, Larsen T, Davis KJ, Hensley LE. Filovirus
pathogenesis in nonhuman primates. In: Klenk H-D, Feldmann H,
eds. Ebola and Marburg viruses: molecular and cellular biology. Nor-
folk, UK: Horizon Bioscience, 2004:203–38.

13. Davis KJ, Anderson AO, Geisbert TW, et al. Pathology of experimental
Ebola virus infection in African green monkeys. Involvement of fibro-
blastic reticular cells. Arch Pathol Lab Med 1997; 121:805–19.

14. Reed DS, Lackemeyer MG, Garza NL, Sullivan LJ, Nichols DK. Aerosol
exposure to Zaire ebolavirus in three nonhuman primate species: differ-
ences in disease course and clinical pathology. Microbes Infect 2011;
13:930–6.

15. Carrion R Jr, Ro Y, Hoosien K, et al. A small nonhuman primate model
for filovirus-induced disease. Virology 2011; 420:117–24.

16. Volchkova VA, Dolnik O, Martinez MJ, Reynard O, Volchkov VE. Ge-
nomic RNA editing and its impact on Ebola virus adaptation during se-
rial passages in cell culture and infection of guinea pigs. J Infect Dis
2011; 204(suppl 3):S941–6.

17. Kugelman JR, Lee MS, Rossi CA, et al. Ebola virus genome plasticity as a
marker of its passaging history: a comparison of in vitro passaging to
non-human primate infection. PLoS One 2012; 7:e50316.

18. Sanchez A, Yang ZY, Xu L, Nabel GJ, Crews T, Peters CJ. Biochemical
analysis of the secreted and virion glycoproteins of Ebola virus. J Virol
1998; 72:6442–7.

19. Volchkov VE, Becker S, Volchkova VA, et al. GPmRNA of Ebola virus is
edited by the Ebola virus polymerase and by T7 and vaccinia virus po-
lymerases. Virology 1995; 214:421–30.

20. Mehedi M, Hoenen T, Robertson S, et al. Ebola virus RNA editing de-
pends on the primary editing site sequence and an upstream secondary
structure. PLoS Pathog 2013; 9:e1003677.

21. Mohan GS, Li W, Ye L, Compans RW, Yang C. Antigenic subversion: a
novel mechanism of host immune evasion by Ebola virus. PLoS Pathog
2012; 8:e1003065.

22. Trefry JC, Wollen SE, Kugelman JR, Palacios GF, Honko AN, Pitt LM.
In vivo pathological consequences of Ebola virus genome plasticity: is a
7U virus more lethal? Presented at: 2015 ASMBiodefense and Emerging
Diseases Research Meeting, Washington, D. C., 2015.

23. Hirschberg R, Ward LA, Kilgore N, et al. Challenges, progress, and op-
portunities: proceedings of the filovirus medical countermeasures work-
shop. Viruses 2014; 6:2673–97.

24. Geisbert TW, Daddario-DiCaprio KM, Geisbert JB, et al. Marburg virus
Angola infection of rhesus macaques: pathogenesis and treatment with
recombinant nematode anticoagulant protein c2. J Infect Dis 2007;
196(suppl 2):S372–81.

25. Fernando L, Qiu X, Melito PL, et al. Immune response to Marburg virus
Angola infection in nonhuman primates. J Infect Dis 2015212(suppl 2):
S234–41.

26. Sullivan NJ, Sanchez A, Rollin PE, Yang ZY, Nabel GJ. Development of
a preventive vaccine for Ebola virus infection in primates. Nature 2000;
408:605–9.

27. Sullivan NJ, Geisbert TW, Geisbert JB, et al. Accelerated vaccination for
Ebola virus haemorrhagic fever in non-human primates. Nature 2003;
424:681–4.

28. Alves DA, Glynn AR, Steele KE, et al. Aerosol exposure to the Angola
strain of Marburg virus causes lethal viral hemorrhagic fever in cyno-
molgus macaques. Vet Pathol 2010; 47:831–51.

29. World Health Organization. Ebola haemorrhagic fever in Zaire, 1976.
Bull World Health Organ 1978; 56:271–93.

30. Jaax NK, Davis KJ, Geisbert TJ, et al. Lethal experimental infection of
rhesus monkeys with Ebola-Zaire (Mayinga) virus by the oral and con-
junctival route of exposure. Arch Pathol Lab Med 1996; 120:140–55.

31. Kortepeter MG, Bausch DG, Bray M. Basic clinical and laboratory fea-
tures of filoviral hemorrhagic fever. J Infect Dis 2011; 204(suppl 3):
S810–6.

32. US Department of Health and Human Services (DHHS). Guidance for
industry: product development under the animal rule. Silver Spring,
MD: DHHS, 2014.

33. Qiu X, Wong G, Audet J, et al. Reversion of advanced Ebola virus dis-
ease in nonhuman primates with ZMapp. Nature 2014; 514:47–53.

34. Thi EP, Mire CE, Lee ACH, et al. Lipid nanoparticle siRNA treatment of
Ebola-virus-Makona-infected nonhuman primates. Nature 2015;
521:362–5.

35. Lyon GM, Mehta AK, Varkey JP, et al. Clinical care of two patients with
Ebola virus disease in the United States. N Engl J Med 2014; 371:
2402–9.

36. Kraft CS, Hewlett AL, Koepsell S, et al. The use of TKM-100802 and
convalascent plasma in 2 patients with Ebola virus disease in the United
States. Clin Infect Dis 2015; 61:496–502.

37. Ledgerwood JE, DeZure AD, Stanley DA, et al. Chimpanzee adenovirus
vector Ebola vaccine - preliminary report. N Engl J Med 2014;
doi:10.1056/NEJMoa1410863.

38. Rampling T, Ewer K, Bowyer G, et al. A monovalent chimpanzee ade-
novirus Ebola vaccine - preliminary report. N Engl J Med 2015;
doi:10.1056/NEJMoa1411627.

39. Regules JA, Beigel JH, Paolino KM, et al. A recombinant vesicular sto-
matitis virus Ebola vaccine - preliliminary report. N Engl J Med 2015;
doi:10.1056/NEJMoa1414216.

40. Agnandji ST, Huttner A, Zinser ME, et al. Phase 1 trials of rVSV Ebola
vaccine in Africa and Europe - preliminary report. N Engl J Med 2015;
doi:10.1056/NEJMoa1502924.

41. Mire CE, Mattassov D, Geisbert JB, et al. Single-dose attenuated Vesi-
culovax vaccines protect primates against Ebola Makona virus. Nature
2015; 520:688–91.

Nonhuman Primate Models for Filoviruses • JID 2015:212 (Suppl 2) • S97



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


