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ABSTRACT

This study addresses the role of Ebola virus (EBOV) specific infectivity in virulence. Filoviruses are highly lethal, enveloped, sin-
gle-stranded negative-sense RNA viruses that can cause hemorrhagic fever. No approved vaccines or therapies exist for filovirus
infections, and infectious virus must be handled in maximum containment. Efficacy testing of countermeasures, in addition to
investigations of pathogenicity and immune response, often requires a well-characterized animal model. For EBOV, an obstacle
in performing accurate disease modeling is a poor understanding of what constitutes an infectious dose in animal models. One
well-recognized consequence of viral passage in cell culture is a change in specific infectivity, often measured as a particle-to-
PFU ratio. Here, we report that serial passages of EBOV in cell culture resulted in a decrease in particle-to-PFU ratio. Notably,
this correlated with decreased potency in a lethal cynomolgus macaque (Macaca fascicularis) model of infection; animals were
infected with the same viral dose as determined by plaque assay, but animals that received more virus particles exhibited in-
creased disease. This suggests that some particles are unable to form a plaque in a cell culture assay but are able to result in lethal
disease in vivo. These results have a significant impact on how future studies are designed to model EBOV disease and test coun-
termeasures.

IMPORTANCE

Ebola virus (EBOV) can cause severe hemorrhagic disease with a high case-fatality rate, and there are no approved vaccines or
therapies. Specific infectivity can be considered the total number of viral particles per PFU, and its impact on disease is poorly
understood. In stocks of most mammalian viruses, there are particles that are unable to complete an infectious cycle or unable to
cause cell pathology in cultured cells. We asked if these particles cause disease in nonhuman primates by infecting monkeys with
equal infectious doses of genetically identical stocks possessing either high or low specific infectivities. Interestingly, some parti-
cles that did not yield plaques in cell culture assays were able to result in lethal disease in vivo. Furthermore, the number of PFU
needed to induce lethal disease in animals was very low. Our results have a significant impact on how future studies are designed
to model EBOV disease and test countermeasures.

Ebola virus (EBOV) is a filovirus that can cause hemorrhagic
fever with high case-fatality rates (1). Filoviruses can repli-

cate in many hosts, including humans, nonhuman primates
(NHPs), and pigs (2, 3). Filoviruses also show great potential
for emergence: in new geographic regions, in new hosts, and by
new modes of transmission (3–6). No approved vaccines or
therapies exist for filovirus infections, and the West African
outbreak that became the largest Ebola virus disease (EVD)
outbreak on record, in 2014, highlights the urgency for ad-
vancements in this area (7).

As efficacy testing of new countermeasures in humans is not
ethical, any studies aimed at developing countermeasures against
filovirus infections may be subject to the U.S. Food and Drug
Administration’s Animal Efficacy Rule (8, 9). This rule permits
the substitution of animals for humans in efficacy trials of coun-
termeasures against highly lethal pathogens (10, 11). Conse-
quently, the development and testing of effective countermea-
sures against EBOV require excellent animal models and a
thorough understanding of those models (11, 12). Furthermore,
the unprecedented West African outbreak has led public health
officials and scientists to recognize the critical importance of un-
derstanding more about EBOV. Further information about cer-

tain viral properties and how they relate to human infection can
help guide public health officials and medical interventions (13).

Specific infectivity can be described as the number of viral par-
ticles present for every one particle that is able to infect a cell in
culture. This is often represented as the ratio of particles per PFU;
a lower ratio means that more of the viral particles yield plaques in
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the cell culture system tested (14, 15). Viral particle/PFU ratios are
dependent on both the virus and assay system (16, 17). For exam-
ple, varicella-zoster virus commonly grows at very low titers but
has a very high particle-to-PFU ratio (15). Conversely, bacterio-
phages have a ratio that is much closer to 1, meaning that all or
almost all particles are infectious (18). For filoviruses, there are
inconsistencies in the literature; reports have suggested that filo-
viruses have particle/PFU ratios between 30 (19) and 10,000 (20).
Information about the particle/PFU ratio could be useful during
outbreak situations when accurate viral detection and quantifica-
tion are critical.

It has been long recognized that passage of virus results in
accumulation of genetic changes as the virus adapts to the cul-
tured cells (18, 21–23). Another well-recognized consequence of
passage of viruses is a change in the particle/PFU ratio (24). Here,
we tested the consequence of serial EBOV passages for particle/
PFU ratio and determined if particle/PFU ratio had an effect on
virulence in the cynomolgus macaque model of EBOV infection
(EVD).

MATERIALS AND METHODS
Ethics statement. Animal research was conducted under a Texas Biomed-
ical Research Institute (TBRI) Institutional Animal Care and Use Com-
mittee (IACUC)-approved protocol (protocol 1381) in compliance with
the Animal Welfare Act and other federal statutes and regulations relating
to animals and experiments involving animals. The facility where this
research was conducted is accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International and adheres
to principles stated in the Guide for the Care and Use of Laboratory Animals
(25). Animals were singly housed and fed monkey biscuits. Enrichment
included visual stimulation and commercial toys. Ebola virus exposure
occurred on study day 0. Test subjects were then observed at least twice
daily for up to 21 days postexposure, at which time the survivors
were euthanized for tissue collection. During blood collection, animals
were anesthetized using Telazol, and euthanasia criteria were developed to
minimize undue pain and distress. Animals were euthanized with an in-
travenous overdose of sodium pentobarbital. Clinical scores for the ani-
mals were reported to the responsible veterinarian, and euthanasia was
approved when scores indicated that an animal was terminally ill. Addi-
tional euthanasia criteria included a combination of severe petechia or
bleeding from any orifice, complete anorexia for 24 h, temperature change
of greater than 5°F from baseline, moderate to severe depression (deter-
mined by evaluating responsiveness), respiratory distress, thrombocyto-
penia, or severe elevation of gamma-glutamyltransferase, alanine
transaminase, alkaline phosphatase, or blood urea nitrogen.

Cells and virus. BEI-sourced Vero E6 cells (Vero C1008, catalog num-
ber NR-596; BEI Resources) were grown in minimum essential medium
(MEM; Gibco) containing 2 mM L-glutamine and 1 mM sodium pyruvate
(henceforth referred to as normal growth medium) with 10% heat-inac-
tivated fetal calf serum (FCS) (Gibco) at 37°C with 5% CO2. The starting
material for the in vitro Vero E6 cell culture passage experiments (results
shown in Fig. 1) consisted of: Ebola virus Homo sapiens-tc/COD/1995/
Kikwit-9510621 (species Zaire ebolavirus), passage 2 on Vero E6 cells,
acquired from T. Ksiazek, University of Texas Medical Branch. Virus was
amplified using the following methods. Vero E6 cells were infected at a
multiplicity of infection (MOI) of 0.001 in normal growth medium con-
taining 2% FCS in T75 flasks. Viral supernatant was harvested and clari-
fied by low-speed centrifugation when the cells exhibited 3� cytopathic
effects. Virus was aliquoted and stored in the vapor phase of liquid nitro-
gen in a cryotank for future use. For the nonhuman primate (NHP) in-
fection studies, the low-particle/PFU-ratio stock (passage 3) was obtained
from the U.S. Army Medical Research Institute of Infectious Diseases
(USAMRIID). The high-particle/PFU-ratio stock (passage 4) was gener-
ated following a single passage of the low-particle/PFU-ratio stock in Vero

FIG 1 Changes in titer, particle number, and particle/PFU ratio of EBOV
passaged in Vero E6 cells. Passage 2 EBOV was serially passaged 10 times in
Vero E6 cells at an MOI of 0.001. Lines represent nonlinear regression semilog
lines. (A) After each passage, the viral titer (PFU per milliliter) was determined
using a plaque assay. (B) After each passage, the number of virus particles per
milliliter was determined using electron microscopy. (C) After each passage,
the particle/PFU ratio was then determined based on the titer and number of
particles.

Alfson et al.

6774 jvi.asm.org July 2015 Volume 89 Number 13Journal of Virology

http://jvi.asm.org


E6 cells at a low MOI. The two stocks had identical consensus sequences;
compared to GenBank accession number AY354458; the only difference
was a C (reference) to U (called) at reference position 7327. Both viruses
possessed the 8U genotype at the editing site locus (26); the low-particle/
PFU-ratio stock was 77% 8U, and the high-particle/PFU-ratio stock was
94% 8U.

Viral passage. Virus was serially passaged 10 times in Vero E6 cells.
The initial amplification was performed as described above. After each
round of amplification, the viral titer (PFU per milliliter) and viral particle
number (particles per milliliter) were determined. After titration, a por-
tion of the virus was used for a subsequent round of amplification.

Determination of viral titers. Viral titers were determined by plaque
assay using either a methylcellulose and crystal violet assay or an agarose
and neutral red assay (previously described in reference 27). The methyl-
cellulose and crystal violet assay was used to determine the titer of the
doses used to infect NHPs, while the agarose and neutral red assay was
used for all other viral titrations. Briefly, Vero E6 cells were seeded in
6-well tissue culture plates in either the previously described normal
growth medium (agarose assay) or high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) (Gibco) with 10% heat-inactivated FCS and 1%
penicillin–streptomycin–L-glutamine (Lonza) (methylcellulose assay).
Cells were seeded at a density of 9 � 105 cells per well for the agarose assay
and 3 � 105 cells per well for the methylcellulose assay. Inside the animal
biosafety level 4 (ABSL4) laboratory, serial 10-fold dilutions of virus were
prepared in either normal growth medium containing 2% FCS (agarose
assay) or 1� phosphate-buffered saline (PBS) (Gibco) (methylcellulose
assay). Medium was decanted from the plates, and 400 �l of each dilution
was added to the corresponding well. The plates were incubated for 1 h at
37°C with 5% CO2, with constant rocking. After incubation, medium was
removed from the wells and the primary overlays were added. For the
agarose assay, the primary overlay consisted of 1% SeaKem agarose
(Lonza) mixed 1:1 with 2� Eagle’s minimum essential medium (EMEM)
(Lonza) containing 4 mM L-glutamine, 2 mM sodium pyruvate, and 4%
FCS (final agarose concentration was 0.5%). A total of 2 ml was added to
each well. For the methylcellulose assay, the overlay consisted of high-
glucose DMEM (Invitrogen) with 2% heat-inactivated FCS, 1% penicil-
lin–streptomycin–L-glutamine (Lonza), and 16% methylcellulose (Sig-
ma-Aldrich). A total of 5 ml was added to each well. Cells were then
incubated at 37°C with 5% CO2 for the number of days required by each
assay. For the agarose assay, on day 7, 2 ml of secondary overlay was added
to each well. The secondary overlay consisted of 1% SeaKem agarose
(Lonza) mixed 1:1 with 2� EMEM (Lonza) containing 4 mM L-glu-
tamine, 2 mM sodium pyruvate, and 4% FCS (final agarose concentration
was 0.5%). Neutral red solution was also added to the secondary overlay at
a final concentration of 4%. After the overlay solidified, cells were again
incubated at 37°C with 5% CO2. The following day (8 days postinfection),
plates were inspected for plaques, which present as clearings that are vis-
ible to the naked eye. Plates were scanned, and plaques were counted to
determine a final titer. For the methylcellulose assay, the overlay was re-
moved after 10 days and 5 ml 10% neutral buffered formalin was added to
each well to fix the cells. After fixation, formalin was removed and the
plates were washed in 1� PBS (Gibco). To stain the plates, 1 ml of crystal
violet stain (Ricca Chemical Company) was added to each well and plates
were incubated at room temperature for 10 min. The plates were then
washed in fresh water and allowed to air dry before plaques were counted
with a microscope to determine a final titer.

EM. The electron microscopy (EM) studies were performed using a
JEOL 100CX transmission electron microscope. Transmission electron
microscopy (TEM) grid preparation was carried out in the ABSL4 labo-
ratory. Viral supernatant from the serially passaged viruses was combined
with an equal volume of polystyrene bead suspensions (Duke Standards
3K/4K series particle counter standards). The virus-bead mixtures were
then deposited directly onto carbon-Formvar-coated 300-mesh grids and
allowed to dry before fixation with 2% glutaraldehyde for 20 min. Next,
grids were rinsed with distilled water (dH2O) and sterilized via exposure

to 1% osmium tetroxide fumes for 1 h before being transferred to the
BSL2 laboratory. Under a chemical fume hood, grids were removed from
the osmium tetroxide and rinsed again with dH2O. Finally, grids were
negatively stained with 1% uranyl acetate. During examination, the edges
of 10 random grid squares were imaged, and all viral particles and beads
were counted. Since the viral supernatant was mixed 1:1 with polystyrene
beads of a known concentration, the following equation was used to de-
termine the particle count: (polystyrene beads counted)/(1 � 109 beads
per milliliter) � (viral particles counted)/(actual number of viral particles
present per milliliter). The number of viral particles present per milliliter
was divided by the number of PFU per milliliter to yield the particle/PFU
ratio.

Experimental inoculation of cynomolgus macaques with EBOV.
Twelve animals were intramuscularly (i.m.) injected in the deltoid muscle
with one of three different doses of EBOV stock that had a low particle/
PFU ratio: 0.01 PFU (n � 4), 1 PFU (n � 4), and 100 PFU (n � 4). Twenty
animals received three different doses of EBOV stock that had a high
particle/PFU ratio: 0.01 PFU (n � 8), 1 PFU (n � 4), and 100 PFU (n � 8).
Thirty-two male cynomolgus macaques (Macaca fascicularis), 2 to 4 years
of age, �4 kg in weight, were used. Animals were acquired from Covance
(Covance obtained the animals from an exporter in Vietnam) and serum
tested to ensure no reactivity to filovirus antigen prior to purchase. Ani-
mals were shipped directly to TBRI for a standard quarantine period. This
quarantine period allowed for the animals’ health status to be evaluated
and allowed time for the animals to acclimate to caging and diet. Ebola
virus exposure occurred on study day 0. Test subjects were then observed
at least twice daily for up to 21 days postexposure, at which time the
survivors were euthanized for tissue collection. Blood samples were col-
lected on days 0, 3, 5, 7, and 14 relative to inoculation for analysis of
serology, hematology, clinical chemistry, coagulation parameters, and vi-
ral load determination. During each scheduled blood collection, rectal
temperature was taken and weight was recorded. When moribund, or at
21 days postinoculation, animals were euthanized with an intravenous
overdose of sodium pentobarbital. Necropsy was performed, and gross
pathological findings were noted. Samples of liver, spleen, heart, kidney,
skin, intestine, lymph node, adrenal gland, lungs, and any gross lesions
were aseptically removed and divided (with the exception of lymph nodes,
which remained intact) for viral load determination or fixed in 10% neu-
tral phosphate-buffered (pH 7.2) formalin, processed routinely, embed-
ded in paraffin, sectioned at 5 �m, stained with hematoxylin and eosin,
and analyzed.

Determination of viral genome copies. Quantitative reverse tran-
scription-PCR (RT-PCR) was used to determine the number of viral ge-
nomes present in each of the doses administered to expose the NHPs in
this study. An aliquot of each dose was diluted in TRIzol LS reagent (Life
Technologies) immediately after inoculum preparation and transferred to
the BSL2 laboratory where RNA was harvested according to the manufac-
turer’s instructions. Quantitative RT-PCR was performed as previously
described (28) using primers and probe specifically designed to detect a
region of the glycoprotein gene. The assay was run on an Applied Biosys-
tems 7500 real-time PCR instrument using the following cycling condi-
tions: 50°C for 15 min (1 cycle), 95°C for 5 min (1 cycle), 95°C for 1 s and
60°C for 35 s (45 cycles), and 40°C for 60 s (1 cycle). A single fluorescence
read was taken at the end of each 60°C step.

Statistics. The log-rank Mantel-Cox test was used to analyze the sur-
vival curves, and the P value is displayed on each graph.

RESULTS
Effects of cell culture passage on EBOV specific infectivity. To
determine if specific infectivity is affected by serial passage in cell
culture, we performed 10 serial passages of EBOV. The starting
material was passage 2 EBOV, and passages were performed at a
multiplicity of infection (MOI) of 0.001 (Fig. 1). After each pas-
sage, the viral titer (PFU per milliliter) was determined using a
plaque assay and the number of virus particles per milliliter was
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determined using transmission electron microscopy. These two
values were then used to calculate the particle/PFU ratio of each
passage. As shown in Fig. 1, low-passage-number EBOV stocks
cultured in Vero E6 cells yielded high concentrations of particles
(1 � 109 to 1 � 1010 particles/ml). The titers were about 104-fold
lower (1 � 105 or 1 � 106 PFU/ml) than the particle numbers,
resulting in a particle/PFU ratio of approximately 1 � 104 parti-
cles/PFU. As the virus was passaged, we observed an increase in
the concentration of Vero E6-cell-infectious virus particles while
the concentration of total particles in the supernatant remained
relatively constant. At the highest passage (passage 13), the parti-
cle/PFU ratio was approximately 100-fold lower than that for the
earliest passages (Fig. 1). Thus, serial passage in Vero E6 cells cor-
related with a decrease in particle/PFU ratio.

Effects of EBOV specific infectivity during in vivo infection.
To test the hypothesis that EBOV stocks with high particle/PFU
ratios have increased potency relative to stocks with lower parti-
cle/PFU ratios, the virulence of two virus stocks was determined
using the cynomolgus macaque model of EBOV infection (Table
1). Cynomolgus macaques were exposed intramuscularly to one
of three different doses of EBOV stock that had a low particle/PFU
ratio, 0.01 PFU (n � 4), 1 PFU (n � 4), and 100 PFU (n � 4), or
three different doses of EBOV stock that had a high particle/PFU
ratio, 0.01 PFU (n � 8), 1 PFU (n � 4), and 100 PFU (n � 8). The
low-particle/PFU-ratio stock had a titer of 4.00 � 106 PFU/ml and
contained 2.05 � 109 particles/ml for a final particle/PFU ratio of
5.11 � 102. The high-particle/PFU-ratio stock had a titer of 1.25 �
106 PFU/ml and contained 1.05 � 1010 particles/ml for a final
particle/PFU ratio of 8.40 � 103. Importantly, to minimize the
number of variables being tested, the two stocks did not differ at
the consensus sequence level based on ultradeep sequencing per-
formed using RNA samples from both stocks. After each dose was
prepared for the NHP exposure, the concentration of Vero E6-
cell-infectious particles present was determined using a plaque
assay. The low-particle/PFU dose was determined to contain 89
PFU (performed in duplicate), and the high-particle/PFU dose
was determined to contain 153 PFU (performed in quadrupli-
cate). The lowest dose (0.01 PFU) did not contain sufficient Vero
E6-cell-infectious particles to accurately quantify using a plaque
assay. Thus, quantitative PCR was used to determine the number
of viral genomes present in each of the doses. The assay had a limit
of detection of 240 genome equivalents. The high-particle/PFU
0.01-PFU dose, which was 100% lethal to the animals, was below
this limit of detection. For the low-particle/PFU exposure, the
100-PFU dose was determined to contain 2.7 � 104-fold more
genome equivalents than the 0.01-PFU dose.

Blood samples were collected on days 0, 3, 5, 7, and 14. In the
low-particle/PFU-ratio infection, the lowest dose (0.01 PFU) did

not result in detectable serum titers (Fig. 2). In contrast, animals
receiving 1 and 100 PFU of low-particle/PFU virus, or any dose of
the high-particle/PFU virus, had high viral titers (measured by
plaque assay) in the serum. In general, the higher the dose that an
animal received, the earlier that virus was detected in the serum.
While a few of the animals receiving 1 PFU of the low-particle/
PFU-ratio virus had lower titers than the high-particle/PFU
group, the animals receiving the 100-PFU dose all showed similar
viral titers in the serum.

Rectal temperature and weight were recorded on days 0, 3, 5, 7,
and 14 postexposure (Fig. 3). Animals receiving only 0.01 PFU of
both viruses initially exhibited similar weight changes. In the pe-
riod following expiration of the high-particle/PFU-ratio group,
the low-particle/PFU-ratio virus group exhibited minor weight
gain. The animals exposed to the high-particle/PFU-ratio virus
developed increased temperatures as the study progressed, with
many experiencing decreases or return to baseline concurrently
with the need for euthanasia. In animals that received 1 PFU of
low-particle/PFU-ratio virus, weight remained steady or in-
creased slightly, while this dose of high-particle/PFU-ratio virus
correlated with a decrease in weight. Exposure to both viruses
resulted in similar increases in temperature for the 1- and 100-
PFU groups.

When moribund, or at 21 days postexposure, animals were
euthanized and necropsied, and tissues were collected for histol-
ogy. In animals receiving any dose of the high-particle/PFU virus,
the majority exhibited petechial cutaneous rash (18 out of 20) and
half exhibited pale liver and/or spleen (10 out of 20). Animals
receiving 1 or 100 PFU of low-particle/PFU virus also exhibited
petechial cutaneous rash (7 out of 8), though pale liver and/or
spleen was less common (1 out of 8). However, animals that re-
ceived 0.01 PFU of low-particle/PFU virus did not exhibit any
petechial cutaneous rash or pale liver and/or spleen. Animals re-
ceiving any dose of the high-particle/PFU virus and those receiv-
ing 1 or 100 PFU of low-particle/PFU virus also had lesions con-
sistent with Ebola virus-induced hemorrhagic fever (29–31).
Histologically significant lesions present in animals that suc-
cumbed to acute EBOV infection included lymphoid depletion
and necrosis within spleen and lymph nodes, splenic fibrin depo-
sition, and piecemeal hepatocellular necrosis. However, in ani-
mals that received the lowest dose of the low-particle/PFU-ratio
virus, there was no noticeable pathology in the liver, lymph node,
and spleen.

Animals were observed at least twice daily, and clinical scores
were recorded (Fig. 4). Of the animals exposed to the low-particle/
PFU-ratio virus, those infected with 0.01 PFU exhibited negligible
signs of infection, contrasting with animals that received 1 and 100
PFU, which all exhibited severe signs of infection. For the animals
exposed to 1 PFU of low-particle/PFU-ratio virus, there was a
slight delay in onset of symptoms compared with animals receiv-
ing 1 PFU of high-particle/PFU-ratio virus. The particle/PFU ratio
did not seem to affect the course of infection in animals receiving
100 PFU of either virus.

Of most relevance, the combination of dose and particle/PFU
ratio affected lethality (Fig. 4; Table 1). There was no significant
difference in the mean survival times for animals exposed to 100
PFU of either high- or low-particle/PFU virus. However, animals
exposed to 1 PFU of the low-particle/PFU virus had a statistically
significant longer mean survival time (9 days) than those exposed
to 1 PFU of high-particle/PFU virus (7 days). The most dramatic

TABLE 1 Summary of EBOV low- and high-particle/PFU-ratio
infection

No. of
animals

Dose administered
(PFU)

Particle/
PFU ratio

Survival
%

Median survival
(no. of days)

4 0.01 Low 100 Undefined
4 1.0 Low 0 9
4 100 Low 0 7
8 0.01 High 0 9
4 1.0 High 0 7
8 100 High 0 6
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differences in lethality were observed in the group receiving only
0.01 PFU. All animals exposed to 0.01 PFU of the high-particle/
PFU virus succumbed to viral infection (mean times of survival
were 10 days). In contrast, all animals exposed to 0.01 PFU of the
low-particle/PFU virus survived the duration of the study. More-
over, these animals appeared to lack signs of EBOV infection.

DISCUSSION

Ebola virus causes highly lethal hemorrhagic fever, and there are
no approved vaccines or therapies to combat the disease. As test-
ing the efficacy of new countermeasures using humans is not eth-
ical, this development requires excellent and well-understood an-
imal models. This includes having a thorough understanding of
the properties of the virus used during animal studies. Obvious
properties to consider include genome sequence and cell culture
titer. However, in most mammalian virus cell culture systems,
there are virus particles that are incapable of completing a full
infectious cycle or are unable to cause cell pathology in cultured
cells. These particles—sometimes referred to as defective parti-
cles—are typically ignored. We hypothesized that there are filovi-
rus particles that are incapable of yielding a plaque in cultured
Vero E6 cells that can still cause disease in cynomolgus macaques.
First, we investigated if passages of EBOV in cell culture influ-
enced specific infectivity. Second, we investigated if specific infec-
tivity influenced EBOV potency and thus virulence in a cynomol-
gus macaque model of EBOV infection.

The results of the present study suggest that amplification and
determination of virus infectivity in the most commonly used
EBOV cell culture system (Vero E6 cells, isolated from kidney
epithelia of the African green monkey) (27) have undesirable ef-
fects that manifest during in vivo experiments. Results of the in
vitro experiments showed that as EBOV was serially passaged, it
appeared to be adapting to Vero E6 cell culture. Specifically, there
was an increase in the concentration of Vero E6-cell-infectious
virus particles following passage despite no great change in the
overall concentration of particles. Thus, EBOV passage in Vero E6
cells was associated with a decrease in the particle/PFU ratio. Fur-
ther work is required to determine if the changes are a conse-
quence of passages of a human virus in a nonhuman cell line.

Having established that different stocks of EBOV may have
highly variable specific infectivities, we sought to determine if this
was an important consideration in an animal model of EBOV
infection. For studies in small-animal models (e.g., mouse or
guinea pig), EBOV must be animal adapted in order to cause lethal
disease, thus making these animals inappropriate for use in this
study (32). Furthermore, this work aimed to ascertain the effect of
Vero E6 cell adaptation and specific infectivity during the nonhu-
man primate studies that are crucial for disease modeling and
countermeasure development. Consequently, cynomolgus ma-
caques—the gold standard model for vaccine efficacy studies—
were chosen for the animal studies. Animals were exposed to one
of two stocks: one stock had a particle/PFU ratio of 8,400, and the
other stock had a particle/PFU ratio of 511. All animals exposed to
1 and 100 PFU succumbed to infection. However, at the 0.01-PFU
dose, all eight animals exposed to the high-particle-count virus
succumbed to infection, while none of the four animals exposed to
the low-particle-count virus succumbed to infection. This implies
that the high-particle-count virus stock contained virus particles
that were able to cause lethal disease in NHPs but were not able to
generate plaques in Vero E6 cells (Fig. 5). Conversely, the low-

FIG 2 Serum titers from NHPs exposed to low- and high-particle/PFU-ratio
EBOV. Animals were observed at least twice daily for up to 21 days postexpo-
sure, and blood samples were collected on days 0, 3, 5, 7, and 14 for viral load
determination. Red lines and symbols represent animals that received low-
particle/PFU-ratio virus. The limit of detection for this assay was 25 PFU/ml.
Blood serum titers for animals receiving 0.01 (A), 1 (B), and 100 (C) PFU.
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FIG 3 Weight and temperature measurements from NHPs exposed to low- and high-particle/PFU-ratio EBOV. At each scheduled blood collection in the
morning, rectal temperature was taken and weight was recorded. Red lines and symbols represent animals that received low-particle/PFU-ratio virus. (A to C)
Weight for animals receiving 0.01 (A), 1 (B), or 100 (C) PFU. (D to F) Temperature for animals receiving 0.01 (D), 1 (E), or 100 (F) PFU.
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FIG 4 Clinical scores and survival of NHPs exposed to either low- or high-particle/PFU-ratio EBOV. Animals were observed at least twice daily until euthanasia
or for up to 21 days, and clinical scores were recorded. Red lines and symbols represent animals that received low-particle/PFU-ratio virus. (A to C) Clinical scores
for animals receiving 0.01 (A), 1 (B), or 100 (C) PFU. (D to F) Survival of animals receiving 0.01 (D), 1 (E), or 100 (F) PFU.
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particle-count stock did not contain a sufficiently high number of
these particles to cause disease in NHPs. The factors responsible
for the different phenotypes are likely complex, especially consid-
ering that these viruses have identical consensus genome se-
quences.

It is possible that the particles capable of causing lethal disease
in cynomolgus macaques despite not being quantifiable in a Vero
E6 cell plaque assay are defective interfering particles (DIs). De-
fective interfering particles have incomplete coding capacity be-
cause of deletions in their genomes. These particles thus rely on
other particles containing full-length “helper” genomes to com-
plete a full infectious cycle. The smaller genome size can confer a
replicative advantage over full-length helper virions. While defec-
tive interfering filovirus particles have been observed in vitro (33),
without further analysis it is not possible to determine if that clas-
sification is appropriate for the particles described in this study.

It is also possible that in vitro and in vivo infections favor dif-
ferent morphological forms of the virus. Filoviruses are pleomor-
phic and occur as a mixture that includes filaments of various
sizes, tori, commas, and shepherd’s crooks, and it is thought that
morphology plays a role in virus pathogenicity (34). For example,
long filaments may be unable to infect Vero E6 cells in vitro but
can infect cells important for in vivo infection, like macrophages
(35). Alternatively, it is possible that in vitro the particles clump
together, leading several particles to generate only 1 PFU in a
plaque assay, while the same clump of particles could separate
during in vivo infection to yield multiple infectious particles.
However, only minimal clumping was observed following EM
analyses in both stocks used during the NHP studies. Clearly, fur-
ther work is required to understand how and why the different
preparations of virus have different outcomes in vivo.

That 0.01 PFU of Vero E6 cell quantified virus can yield a 100%
lethal infection of cynomolgus macaques demonstrates discor-
dance between the plaque assay and infectious dose. Accurate de-
termination of the lethal dose for EBOV appears to be complicated
by the effect of the different particle/PFU ratios of various stocks
used during in vivo studies. Furthermore, our results demonstrate
that the amount of high-particle/PFU virus needed to induce dis-
ease and mortality in animals may be very small. Consequently,
there is a need for an in vitro method to quantify EBOV that
correlates with in vivo potency. Quantitative PCR can be used to
measure the number of genomes that are present in a sample.
However, its value for filoviruses is limited as filoviruses are poly-
ploid; this means that a single virus particle may contain multiple
genomes (36). Further, it is possible to inactivate enveloped viri-
ons while maintaining some degree of genome integrity (e.g., with
protease). Measurements of numbers of particles are also possible,
but this has limitations, which are described elsewhere in this
work. These issues are particularly relevant during an outbreak
situation where virus detection generally relies on PCR, but there
has been a push for the use of methods that can accurately quantify
levels of infectious virus (13). Ultimately, the titration of each
virus stock in the relevant animal model will yield the most accu-
rate and precise in vivo infectivity data, but this has important
ethical and financial limitations. Thus, an in vitro method that
more faithfully recapitulates viral potency in an animal model is
required. To this end, we are actively investigating alternative cell
culture systems, which are anticipated to be a crucial component
of a well-characterized animal model system appropriate for sub-
mission to the FDA under the “Animal Rule.”
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