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Enhanced virulence and/or transmission of West African Ebola virus (EBOV) variants, which are divergent from their Central Af-
rican counterparts, are suspected to have contributed to the sizable toll of the recent Ebola virus disease (EVD) outbreak. This study
evaluated the pathogenicity and shedding in rhesus macaques infected with 1 of 2 West African isolates (EBOV-C05 or EBOV-C07)
or a Central African isolate (EBOV-K). All animals infected with EBOV-C05 or EBOV-C07 died of EVD, whereas 2 of 3 EBOV-K–
infected animals died. The viremia level was elevated 10-fold in EBOV-C05–infected animals, compared with EBOV-C07– or EBOV-
K–infected animals. More-severe lung pathology was observed in 2 of 6 EBOV-C05/C07–infected macaques. This is the first detailed
analysis of the recently circulating EBOV-C05/C07 in direct comparison to EBOV-K with 6 animals per group, and it showed that
EBOV-C05 but not EBOV-C07 can replicate at higher levels and cause more tissue damage in some animals. Increased virus shed-
ding from individuals who are especially susceptible to EBOV replication is possibly one of the many challenges facing the commu-
nity of healthcare and policy-making responders since the beginning of the outbreak.
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The first documented outbreak of Ebola virus (EBOV) infection
occurred in Yambuku, Zaire (the present-day Democratic Repub-
lic of the Congo [DRC]), during 1976, killing 288 of 380 infected
individuals [1]. Since then, EBOV has sporadically reemerged in
Central Africa in the DRC, the Republic of the Congo, and
Gabon. Outbreaks lasted several months on average, were limited
geographically, and numbered no more than several hundred
cases. In addition to Yambuku, the only EBOV outbreaks to ex-
ceed 200 total cases occurred in 1995, in Kikwit, Zaire (254
deaths and 315 cases), and in 2007, in Kasai-Occidental Province,
DRC (187 deaths and 264 cases) [1].Owing to its limited impact
on public health in comparison with other infectious diseases
alone, Ebola virus disease (EVD) was regarded before 2014 as a
neglected tropical disease caused by a high-consequence patho-
gen of rare occurrence and limited reach [2].

This changed when EBOV unexpectedly emerged inWest Africa
after the suspected index case, a 2-year-old child from Meliandou,
Guinea, died in December 2013 [3]. EBOV transmission was wide-
spread and intense throughout Guinea, Liberia, and Sierra Leone,
with >11 000 deaths and 28 000 infections, but the implementation
of effective measures has led to substantial improvements, and all 3

countries have now been declared free of EBOV as of 9 June 2016
[4].This outbreak was unprecedented in that limited infection and/
or transmission was observed from imported/repatriated cases in
Nigeria, Mali, Senegal, Spain, the United States, and the United
Kingdom; and that a significant number of health workers, includ-
ing prominent local and international physicians, have contracted
and died of EBOV infection [5]. There are also concerns that sub-
optimal immunization rates against vaccine-preventable diseases,
directly resulting from the inability of overburdened health systems
to provide adequate preventive care, will lead to secondary and ter-
tiary outbreaks of infections involving other pathogens [6].As a re-
sult, the World Health Organization described the EBOV outbreak
in 2014–2016 as the “most severe acute health emergency of mod-
ern times” [7].

A number of reasons have been suggested to explain why the
outbreak of EBOV infection devastating western Africa is so differ-
ent from past outbreaks in Central Africa. According to the World
Health Organization [8], these include (1) damaged public health
infrastructures, (2) high population mobility across porous borders,
(3) severe shortage of health workers, (4) cultural beliefs and behav-
ioral practices, (5) reliance on traditional healers, (6) community
resistance and strikes by health workers, (7) public health messages
that fuelled hopelessness and despair, (8) spread by international air
travel, (9) background noise from endemic infectious diseases, and
(10) a virus with different clinical and epidemiological features.
However, with the exception of the last 2 reasons, the other factors
had also existed on a smaller scale in past outbreaks. A recent study
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has shown that the EBOV isolated from patients in West Africa is
divergent from the EBOV isolated from past outbreaks in the DRC
and Gabon, with 97% homology [3]. The possibility that the viru-
lence of West African EBOV variants may differ from that of their
Central African counterparts is therefore a plausible premise for
further investigation.

A preliminary study evaluated the replication and clinical
evolution of a West African EBOV isolate (EBOV-C07) in par-
allel to the Mayinga isolate of EBOV (EBOV-May), which orig-
inated from the Yambuku outbreak in the DRC during 1976.
Infection of cynomolgus macaques (3 per group) suggested
that EBOV-C07 was less virulent than EBOV-May, mainly
based on a longer time to reach criteria for euthanasia and com-
parable viremia levels [9]. In contrast, other studies showed
higher viremia levels (approximately >108 plaque-forming
units) in some but not all control macaques infected with
EBOV-C07, when compared to historical data derived from in-
fection with EBOV-K [10–12], which was isolated from an in-
dividual during the 1995 outbreak in the DRC [13] and was
widely used in previous nonhuman primate (NHP) studies.
The current study evaluated the pathogenicity of 2 different iso-
lates of the EBOVMakona strain alongside the reference Kikwit
strain in rhesus macaques, using larger groups for the West
African EBOV isolates to obtain greater statistical power.

MATERIALS AND METHODS

Viruses
The challenge viruses used in these studies were passage 1 of
EBOV H.sapiens-tc/GIN/2014/Makona-Gueckedou-C05 (EBOV-
C05; order Mononegavirales, family Filoviridae, and species
Zaire ebolavirus; GenBank accession no. KJ660348.2) [3], passage
1 of EBOV H.sapiens-tc/GIN/2014/Gueckedou-C07 (EBOV-C07;
orderMononegavirales, family Filoviridae, and species Zaire ebola-
virus; GenBank accession no. KJ660347.2) [3], and passage 3 of
EBOV H.sapiens-tc/COD/1995/Kikwit-9510621 (EBOV-K and
HIST-K; order Mononegavirales, family Filoviridae, and species
Zaire ebolavirus; GenBank accession no. AY354458) [14].

NHP Studies
Animal experiments were performed at the National Microbiol-
ogy Laboratory and approved by the Animal Care Committee lo-
cated at the Canadian Science Center for Human and Animal
Health, in accordance with the guidelines provided by the Cana-
dian Council on Animal Care. Fifteen rhesus macaques (Macaca
mulatta) were separated into 3 groups (n = 6 for the EBOV-C05
and EBOV-C07 groups, and n = 3 for the EBOV-K group);
housed in stainless steel cages with a built-in perch; fed standard
monkey chow, fruits, vegetables, and treats ad libitum; and given
plastic balls/rubber chew toys as enrichment devices. Data from 4
rhesus macaques challenged with EBOV-K from past experi-
ments (HIST-K) are also provided, for statistical and comparison
purposes to the EBOV-K group. Clinical tests for complete blood

counts, serum biochemistry analyses of and measurement of the
viremia level in blood specimens, as well as tests for detection of
EBOV in oral/rectal/nasal swabs were performed on the NHPs
between 0 and 5 days before challenge, to establish a baseline.
NHPs were challenged intramuscularly with a back-titered dose
of 680 times the 50% tissue culture infective dose (TCID50) of
EBOV-C05, EBOV-C07, or EBOV-K or with 1000 times the
TCID50 of EBOV-K, for the HIST-K group. The animals were
then scored daily for observable signs of disease, in addition to
changes in food and water consumption. Animals were eutha-
nized with an intracardiac injection of pentobarbital sodium if
the clinical score reached ≥20, to ameliorate suffering. Animals
were sampled at the indicated days after infection, as well as on
dates of mandatory euthanasia. On these dates, a blood specimen
was collected for serum biochemistry analysis, cell count determi-
nation, and quantification of viremia. Oral, nasal, and rectal swab
specimens were collected to quantify levels of virus shedding. Or-
gans were harvested after death for histopathology and immunohis-
tochemistry studies. Lung scores were obtained by observing photos
of the dorsal surfaces of the lungs. Each of 4 lobes (left cranial, left
caudal, right cranial, and right caudal) was given a score from 1 to
4, based on the percentage of lung surface affected (<25%, 1; 25%–
50%, 2; 51%–75%, 3; and >75%, 4). The scores from each lobe were
totaled to obtain a score out of a total of 16. The experiment was
not blinded, and all animals were included in the analysis.

Processing of Blood, Sera, and Swab Samples
Complete blood counts and blood biochemistry analyses were
performed on whole-blood and sera specimens, respectively,
using the VetScan HM5 or the VetScan VS2 (Abaxis Veterinary
Diagnostics) according to the manufacturer’s instructions. EBOV
viremia and shedding in NHPs were determined by real-time
quantitative reverse transcription–polymerase chain reaction
(qRT-PCR) or live EBOV titration. Briefly, total RNA was ex-
tracted from whole-blood samples with the QIAamp viral RNA
mini kit (Qiagen). EBOV genomic material was detected using
the LightCycler 480 RNA Master Hydrolysis Probes (Roche)
kit, targeting the RNA polymerase gene (nucleotides 16472–
16538; AF086833). PCR conditions were as follows: 63°C for 3
minutes, 95°C for 30 seconds, and cycling of 95°C for 15 seconds
and 60°C for 30 seconds for 45 cycles on the ABI StepOnePlus
Thermocycler. The lower detection limit for this assay is 86 ge-
nome equivalents (GEQ)/mL. The sequences of primers used
were as follows: EBOVLF2 (CAGCCAGCAATTTCTTCCAT),
EBOVLR2 (TTTCGGTTGCTGTTTCTGTG), and EBOVLP2
FAM (FAM-ATCATTGGCGTACTGGAGGAGCAG-BHQ1).
Live EBOV titers were determined by adding whole blood (serially
diluted 10-fold in Dulbecco’s modified Eagle’s medium supple-
mented with 2% fetal bovine serum and 1% penicillin/streptomycin)
to Vero E6 cells, with 3 replicates per dilution. The cells were scored
for the presence of cytopathic effect 14 days after infection, and titers
were calculated with the Reed and Muench method [15].
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Statistics
Survival was compared using the Mantel-Cox log-rank test in
GraphPad PRISM 5, and results were considered significant if
the P value was < .05. Differences between average values were
compared using the unpaired, 2-tailed t test with the Welch cor-
rection, which assumes unequal variances. Results were consid-
ered significant if the P value was < .05.

Histopathology and Immunohistochemistry
For histopathology, lung tissue samples were collected and fixed
in 10% neutral buffered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. For immuno-
histochemistry, paraffin-embedded tissue sections were
quenched for 10 minutes in aqueous 3% H2O2 and then pre-
treated with proteinase K for 10 minutes. The primary antibody
was a rabbit polyclonal anti-EBOV VP40 antibody that was
used at a 1:2000 dilution for 1 hour. The tissue sections were
then visualized using a horseradish peroxidase–labeled polymer
Envision + system (anti-rabbit; Dako) and reacted with the
chromogen diaminobenzidine. The sections were then counter-
stained with Gill hematoxylin.

RESULTS

Rhesus Macaques Infected With EBOV-C05/C07 Sustained More-Severe
Organ Damage
Rhesus macaques were used as a surrogate for EBOV infection
in humans, and the animals (6 per group) were given, via intra-
muscular injection, 680 times the TCID50 of a West African
EBOV strain (EBOV-C05 or EBOV-C07). EBOV-C05 and
EBOV-C07 were isolated from a surviving patient and a non-
surviving patient, respectively, in Guinea [3]. For purposes of
comparison, a group of 3 animals was given the same dose by
intramuscular injection of EBOV-K. The moderate challenge
dose of <700 times the TCID50 was selected to amplify any pos-
sible differences between these related EBOV variants, and only
3 animals were used for EBOV-K challenge, owing to the large
amount of historical data already available. Clinical information
and virus shedding for a group of 4 rhesus macaques infected
with a slightly higher dose of EBOV-K (HIST-K, administered
at a dose of 1000 times the TCID50) were compiled from control
animals over past experiments, to address any potential con-
cerns over using only 3 animals for EBOV-K infection.

All 6 animals infected with EBOV-C05 (C05-1 to C05-6) or
EBOV-C07 (C07-1 to C07-6) died of disease 6–7 days after in-
fection (mean [±SD], 7.0 ± 0.6 days and 7.6 ± 0.5 days after in-
fection, respectively). Two of 3 animals challenged with EBOV-
K (K1-K3) died 6–8 days after infection (mean [±SD], 7.0 ± 1.4
days after infection), and animal K2, the lone survivor, and all 4
historical animals infected with EBOV-K (HIST-K1 to HIST-
K4) died 4–8 days after infection (mean [±SD], 6.8 ± 1.9 days
after infection; Figure 1A). Observed symptoms were typical
with that of EVD (Table 1), and clinical scores increased during
disease progression for all groups (Figure 1B). K2 also exhibited

signs of disease, as evidenced by the rise in clinical scores, as
well as leukocytopenia and thrombocytopenia 6 and 9 days
after infection, but eventually recovered from the disease
(Table 1). Fever was detected in all animals except C05-2, K2,
C07-1 to C07-4, HIST-K2, and HIST-K3 (Figure 1C), whereas
weight loss was observed in all animals, including K2 (Fig-
ure 1D). Moderate-to-severe rash was observed in 5 of 6 animals
in the EBOV-C05 group, all 6 in the EBOV-C07 group, and 1 of
3 in the EBOV-K group at the time of euthanasia (Table 1); un-
fortunately, this information was not available for HIST-K an-
imals. Analysis of blood counts and serum biochemistry
findings after challenge revealed abnormal white blood cell
and lymphocyte counts, lymphocyte percentage, platelet and
neutrophil counts, and neutrophil percentage (Table 1 and Sup-
plementary Figure 1A–1F). The trends were similar, and values
did not considerably differ between all groups. Alkaline phos-
phatase levels were elevated in 2 of 6 in the EBOV-C05
group, all in the EBOV-C07 group, and 3 of 4 in the HIST-K
group (Supplementary Figure 1G), and alanine aminotransfer-
ase levels were on average higher in EBOV-C05/C07–infected
NHPs as compared to EBOV-K–infected NHPs, with levels in
3 of 6 in the EBOV-C05 group and 5 of 6 in the EBOV-C07
group >200 U/L, compared with 1 of 4 in the HIST-K group
(Supplementary Figure 1H). Total bilirubin levels were elevated
for all EBOV-C05/C07–infected NHPs, 1 of 3 EBOV-K–infected
NHPs, and 2 of 4 HIST-K–infected NHPs (Supplementary Fig-
ure 1I). Blood urea nitrogen levels were higher in the EBOV-
C05/C07 group, with levels in 3 of 6 EBOV-C05–infected
NHPs, all 6 EBOV-C07–infected NHPs, and 2 of 4 HIST-K–in-
fected NHPs >40 mg/dL (Supplementary Figure 1J). Creatinine
tests showed that animals from both the EBOV-C05 group and
the EBPV-C07 group exhibited higher levels than animals in the
EBOV-K group and that only 1 of 4 HIST-K–infected NHPs
showed elevated creatinine levels (Supplementary Figure 1K ).
Overall, the serum biochemistry profile showed that, compared
with EBOV-K–infected NHPs and HIST-K–infected NHPs, ani-
mals in the EBOV-C05 and EBOV-C07 groups sustainedmore-se-
vere organ damage (Table 1). HIST-K–infected NHPs on average
showed more abnormalities in blood counts and serum biochem-
istry findings, comparedwith EBOV-K–infected animals (Table 1),
which may be due to a slightly higher challenge dose.

Viremia Level Was Significantly Elevated in Rhesus Macaques Infected
With EBOV-C05
Peak viremia level in each group was detected 6–8 days after infec-
tion, with the exception for HIST-K2, which died of EVD 4 days
after infection. For EBOV-C05–infected animals, peak viremia
level ranged from 1.78 × 107 to 3.16 × 108 TCID50/mL. The average
peak viremia level in EBOV-C05–infected animals was 2.23 × 108

TCID50/mL, with 4 of 6 animals with a viremia level of >108

TCID50/mL (Figure 2). For EBOV-C07–infected animals, peak vire-
mia level ranged from 3.16 × 106 to 3.16 × 107 TCID50/mL. The
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average peak viremia level in EBOV-C07–infected animals was
1.53 × 107 TCID50/mL, and none had a viremia level >108

TCID50/mL (Figure 2). In contrast, peak viremia level for EBOV-
K–infected animals ranged from 5.62 × 106 to 5.62 × 107 TCID50/
mL. The average peak viremia level for this challenge group was
2.25 × 107 TCID50/mL (Figure 2A), which was approximately 10-
fold lower than that observed for EBOV-C05–infected animals
but consistent with previously reported findings [16]. Peak viremia
level for HIST-K–infected animals ranged from 6.81 × 105 to
3.16 × 106 TCID50/mL. The average peak viremia level for this chal-
lenge group was 2.54 × 106 TCID50/mL (Figure 2A). Statistical anal-
ysis showed that the difference in average peak viremia level was
significant between the EBOV-C05 and EBOV-K/HIST-K groups
(P= .0182/2.28 × 10−8, respectively), as well as the EBOV-C05 and
EBOV-C07 groups (P= .0167). The difference between the EBOV-
K and HIST-K groups was not significant (P= .3327). These find-
ings were also supported by findings from qRT-PCR, in which

average peak viremia level in the EBOV-C05, EBOV-C07, and
EBOV-K groups was 1.14 × 107, 1.24 × 106, and 1.39 × 106 GEQ/
mL, respectively (Supplementary Figure 2). Unfortunately, viremia
data determined by qRT-PCR was not available for HIST-K–infect-
ed animals.

Virus Shedding Level was Elevated in Rhesus Macaques Infected With
EBOV-C05/C07
Virus shedding from the oral, nasal, and rectal passages were also
quantified and compared. The average level of peak virus shed-
ding from the oral, nasal, and rectal cavities of EBOV-C05–in-
fected animals was 9.46 × 104, 1.12 × 105, and 9.38 × 104 GEQ/
mL, respectively (Figure 2B–2D). The average level of peak
virus shedding from the oral, nasal, and rectal cavities of
EBOV-C07–infected animals was 1.73 × 105, 7.85 × 104, and
1.27 × 105 GEQ/mL, respectively (Figure 2B–2D). Alternatively,
the average level of peak virus shedding from the oral, nasal, and
rectal cavities of EBOV-K animals was 4.78 × 104, 3.42 × 104 and

Figure 1. Survival (A), clinical scores (B), rectal temperature (C), and weight change (D) among animals challenged with Ebola virus isolate C05 (EBOV-C05; red), EBOV-C07
(blue), EBOV-K (black), or HIST-K (purple) .
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Table 1. Clinical Findings of Rhesus Macaques Inoculated With the Makona (C05 or C07) or the Kikwit Ebola Virus (EBOV) Variants, as Well as Historical Animals Challenged With Kikwit EBOV

Animal
ID

Age and Weight
at Time of
Challenge Challenge Groupa

Clinical Finding (Days After Infection) Outcome
(Days After
Infection)Feverb Rash Severityc WBC Countd Platelet Countd Biochemistry Parameter Level

C05-1 3 y, 4.80 kg Makona C05 Yes (5) Severe (7 ) Leukocytosis (3, 5 ) Thrombocytopenia (7 ) ALT↑↑↑, BUN↑ (7 ) Died (7)

C05-2 4 y, 6.00 kg Makona C05 . . . Severe (7 ) Leukocytopenia (7 ) Thrombocytopenia (7 ) ALT↑↑↑, TBIL↑, BUN↑, CRE↑ (7 ) Died (7)

C05-3 3 y, 4.70 kg Makona C05 Yes (5 ) Moderate (7 ) Leukocytopenia (3, 7 ) Thrombocytosis (3, 5 ) ALT↑↑↑, TBIL↑, BUN↑, CRE↑ (7 ) Died (7)

C05-4 2 y, 2.94 kg Makona C05 Yes (6 ) Severe (6 ) . . . Thrombocytopenia (6 ) . . . Died (6)

C05-5 3 y, 2.78 kg Makona C05 Yes (3, 6, 7 ) Moderate (7 ) Leukocytopenia (7 ) Thrombocytopenia (6, 7 ) ALP↑, ALT↑↑↑ (6, 7 ) Died (7)

C05-6 2 y, 2.86 kg Makona C05 Yes (3, 6, 8 ) . . . Leukocytopenia (8 ) Thrombocytopenia (3, 6, 8 ) CRE↑ (6 ), ALP↑, ALT↑, CRE↑ (8 ) Died (8)

K1 3 y, 3.32 kg Kikwit Yes (3 ) Moderate (6 ) Leukocytopenia (6 ) Thrombocytopenia (6 ) ALT↑ (6 ), TBIL↑ (6 ) Died (6)

K2 2 y, 2.44 kg Kikwit . . . . . . Leukocytopenia (6, 9 ) Thrombocytopenia (6, 9,
14 )

ALT↑ (9 ) Survived

K3 2 y, 2.76 kg Kikwit Yes (3, 6, 8 ) . . . Leukocytopenia (8 ) Thrombocytopenia (8 ) ALT↑ (8 ) Died (8)

C07-1 8 y, 6.20 kg Makona C07 . . . Severe (7 ) Leukocytopenia (3, 5, 7 ) Thrombocytopenia (5, 7 ) ALP↑↑↑, ALT↑↑↑, TBIL↑↑↑, BUN↑↑↑, CRE↑↑ (7 ) Died (7)

C07-2 8 y, 7.20 kg Makona C07 . . . Mild (7 ), severe (8 ) Leukocytopenia (5, 7, 8 ) Thrombocytopenia (7, 8 ) ALP↑, ALT↑↑↑, BUN↑, CRE↑ (7 ), ALP↑↑↑,
ALT↑↑↑, TBIL↑, BUN↑↑↑, CRE↑↑↑ (8 )

Died (8)

C07-3 9 y, 5.40 kg Makona C07 . . . Mild (5 ), Severe (7 ) Leukocytopenia (5 ) Thrombocytopenia (5, 7 ) ALP↑, ALT↑, TBIL↑↑, BUN↑ (7 ) Died (7)

C07-4 8 y, 7.90 kg Makona C07 . . . Moderate (7 ), severe (8 ) Leukocytopenia (3, 5, 7, 8 ) Thrombocytopenia (5, 7, 8 ) ALP↑, ALT↑↑↑, TBIL↑, BUN↑, CRE↑↑↑ (8 ) Died (8)

C07-5 10 y, 8.70 kg Makona C07 Yes (5 ) Severe (7, 8 ) Leukocytopenia (5, 7, 8 ) Thrombocytopenia (7, 8 ) ALP↑↑, ALT↑↑↑, TBIL↑, CRE↑ (7 ), ALP↑↑↑,
ALT↑↑↑, TBIL↑↑↑, BUN↑↑, CRE↑↑↑ (8 )

Died (8)

C07-6 8 y, 6.40 kg Makona C07 Yes (5 ) Severe (7, 8 ) Leukocytopenia (3, 5, 7, 8 ) Thrombocytopenia (7, 8 ) ALP↑, ALT↑, TBIL↑, BUN↑, CRE↑ (7 ), ALP↑,
ALT↑, TBIL↑↑↑, BUN↑↑↑, CRE↑ (8 )

Died (8)

HIST-K1 3 y, 5.42 kg Kikwit; dose, 1000 × TCID50 Yes (3 ) NA Leukocytopenia (7 ) Thrombocytopenia (6, 7 ) ALT↑↑↑, TBIL↑, BUN↑, CRE↑ (6 ), ALP↑,
ALT↑↑↑, TBIL↑, BUN↑↑, CRE↑↑↑ (7 )

Died (7)

HIST-K2 2 y, 2.80 kg Kikwit; dose, 1000 × TCID50 . . . NA Leukocytopenia (3 ) Thrombocytopenia (3 ) ALT↑ (3 ) Died (4)

HIST-K3 2 y, 2.41 kg Kikwit; dose, 1000 × TCID50 . . . NA Leukocytopenia (7, 8 ) Thrombocytopenia (8 ) ALP↑, ALT↑↑ (7 ), ALT↑↑↑ (8 ) Died (8)

HIST-K4 2 y, 2.46 kg Kikwit; dose, 1000 × TCID50 Yes (4, 8 ) NA Leukocytopenia (7, 8 ) Thrombocytopenia (7, 8 ) ALP↑ (7 ), ALT↑, TBIL↑ (8 ) Died (8)

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; BUN, blood urea nitrogen; CRE, creatinine; GLOB, globulin; GLU, glucose; NA, not available; PHOS, phosphate; TBIL, total bilirubin; TCID50; 50% tissue culture infective
dose; WBC, white blood cell; ↑, 2–3-fold increase; ↑↑, 4–5-fold increase; ↑↑↑, >5-fold increase.
a Challenge doses were 680 times the TCID50, unless specified otherwise, and were administered intramuscularly.
b Fever was defined as a rectal temperature ≥1.0°C higher than the baseline value.
c Mild rash was defined as focal areas of petechiae covering <10% of the skin, moderate rash as areas of petechiae covering 10%–40% of the skin, and severe rash as areas of petechiae and/or ecchymosis covering >40% of the skin.
d Leukocytopenia and thrombocytopeniawere defined as a >30%decrease theWBC and platelet counts, respectively. Leukocytosis and thrombocytosis were defined as a≥2-fold increase inWBC and platelet counts over baseline counts, when theWBC count
was >11 × 103.
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7.76 × 103 GEQ/mL, respectively (Figure 2B–2D), which is similar
to results in a past report [17]. The average level of peak virus shed-
ding from the oral, nasal, and rectal cavities of HIST-K animals was
1.51 × 104, 7.38 × 104 and 6.13 × 103 GEQ/mL, respectively (Fig-
ure 2B–2D). On average, EBOV-C05–infected animals shed 2-, 3-,
and 12-fold higher amounts of virus than their EBOV-K–infected
counterparts through the oral, nasal, and rectal cavities, respectively
(Figure 2B–2D), but the differences were not statistically significant
(P= .472, .124, and .149, respectively). EBOV-C07–infected animals
had approximately 3-, 2-, and 16-fold higher shedding in the oral,
nasal, and rectal cavities, respectively, compared with animals infect-
ed with EBOV-K (Figure 2B–2D), but the differences were also not
statistically significant (P= .315, .500, and .140, respectively). HIST-
K–infected animals had approximately 2-fold higher shedding from
the nasal mucosa and a similar level of virus shedding from the rec-
tal cavity, compared with EBOV-K–infected animals, but 3-fold less
shedding from the oral cavity. HIST-K–infected animals also shed
less virus than animals in the EBOV-C05/C07 groups, despite being
challenged with a slightly higher dose of virus (Figure 2B–2D).

Enhanced Lung Pathology Was Observed in Some Rhesus Macaques
Infected With EBOV-C05/C07
Differences were noted in the lungs between EBOV-C05/C07–in-
fected and EBOV-K–infected animals at necropsy following eutha-
nasia (lungs were not available from HIST-K–infected animals).

Large diffuse lesions could be observed all over the lungs from 2
of 6 EBOV-C05–infected animals (Figure 3A), as well as from 2 of
6 EBOV-C07–infected animals, indicating considerable lung dam-
age. In the rest of the animals (including those in the EBOV-K
group), there were only focal-to-multifocal hemorrhages (Fig-
ure 3B). Blind scoring of the gross pathology of all harvested
lungs revealed that animals in both the EBOV-C05 and EBOV-
C07 groups had higher scores on average than those in the
EBOV-K group (Supplementary Figure 3), but the difference just
failed to reach statistical significance for EBOV-C05–infected ani-
mals (EBOV-C05 vs EBOV-K, P = .0519; and EBOV-C07 vs
EBOV-K, P = .3467), likely due in part to the limited number of
EBOV-K–infected lungs available for analysis. Further investiga-
tion into the pathology shows that the observed lung lesions
were consistent with systemic viral infection as characterized by
the thrombosis of vessels and a mild increase in inflammatory
cells within alveolar walls (neutrophils and macrophages). Al-
though focal-to-multifocal hemorrhages were observed in all
NHPs, widespread hemorrhage was only observed in C05-3 and
C05-4 (Figure 3C and 3D) and in 2 of 6 EBOV-C07–infected an-
imals. In most animals, viral antigen was detected in cells morpho-
logically consistent with macrophages scattered throughout
alveolar septae (Figure 4A) and within bronchiolar-associated lym-
phoid tissues (Figure 4B). In C05-2 and C05-3, there were 1–2

Figure 2. Peak levels of viremia and virus shedding among infected rhesus macaques. A, Peak viremia level of each animal. Blood from each animal was sampled from Ebola
virus isolate C05 (EBOV-C05), EBOV-K, EBOV-C07, or HIST-K groups. Values are expressed on a logarithmic scale. B–D, Peak EBOV shedding levels from the oral (B), nasal (C),
and rectal (D) routes of challenged animals. The EBOV-C05, EBOV-K, EBOV-C07, and HIST-K challenge groups are in red, black, blue, and purple, respectively. Values are
expressed on a logarithmic scale. The P values between different groups are presented in the adjacent table and, if statistically significant, are denoted on the graphs.
*P<.05 and ***P<.001. GEQ, genome equivalent; NS, not significant; TCID50; 50% tissue culture infective dose.
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small focal areas of intense immunoreactivity (Figure 4C) that
corresponded to perivascular cuffing with inflammatory cells
(Figure 4D).

DISCUSSION

The findings from this study suggest that EBOV-C05 replicates
at higher levels than EBOV-C07 and EBOV-K on average in
rhesus macaques and that some animals infected with EBOV-
C05/C07 can occasionally shed more viruses from the oral,
nasal, and rectal routes, compared with EBOV-K–infected ani-
mals, although this difference was not statistically significant.
Therefore, the concept of super spreader could be associated
with any and all of these viruses. Future studies focusing on vi-
remia in relation to shedding and transmission will be useful to
learn more about molecular determinants of virus propagation
and spread in animals and humans. Our results show that the
Makona EBOV isolates tested in the current conditions are of at
least similar if not higher virulence than the reference EBOV-K
variant. An interesting observation is that the lungs of animals
infected with EBOV-C05/C07 appear to have enhanced pathol-
ogy on average as compared to their EBOV-K–infected counter-
parts. Respiratory distress was noted to be associated with a
higher risk of death in patients during the EBOV outbreak in
West Africa [18, 19], but it is not known whether the frequency

of respiratory disease observed among patients in West Africa
was higher than that of previous outbreaks. More parameters
of EBOV disease, including coagulation abnormalities and cy-
tokine/chemokine responses, will be important to fully charac-
terize and compare the severity of clinical disease caused by
EBOV infection with the different isolates.

The results of this study are different from the results of a pre-
vious study [9], in which groups of 3 NHPs were challenged
with either 1000 times the TCID50 of EBOV-C07 or EBOV-
May, and it was concluded that EBOV-C07 is less virulent
than EBOV-May, based primarily on delayed disease progres-
sion, resulting in a longer time to death. Unfortunately, because
of the different NHP species and Central African EBOV variant
used between the study by Marzi et al [9] and the current study,
it is difficult to interpret and compare the results, and a study
directly contrasting the pathogenic potential of EBOV-C05,
EBOV-C07, EBOV-May, and EBOV-K will be needed.

It is also important to note that the EBOV-C05/C07 isolates
used in these studies were collected early in the outbreak. The
outbreak virus has since undergone extensive cycles of replication
and passage in humans over a wide geographical area, and it can-
not be ruled out that past or currently circulating isolates are of
different virulence in vivo, similar or dissimilar to our observa-
tions with EBOV-C05 and EBOV-C07. The EBOV mutation

Figure 3. Gross pathology and initial histopathology findings in the lungs of Ebola virus (EBOV)–infected rhesus macaques. A and B, Representative picture of lungs from
nonsurviving animals infected with (A) EBOV isolate C05 (EBOV-C05; A) and EBOV-K (B). An image from the EBOV-C07 group was not included since findings were similar to
those for the EBOV-C05 group, and lungs from HIST-K–infected animals were not available. C and D, Histopathology findings of widespread hemorrhage in the lung of an EBOV-
C05–infected nonhuman primate (C) focal or multifocal hemorrhage in the lung of an EBOV-K–infected animal (D). Bars denote 20 μm for panels A–C and 200 μm for panel D.
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rate in the beginning stages of the outbreak was initially thought
to be twice the rate observed between outbreaks [20], but later
studies, including a reanalysis of the data collected in the study
by Gire et al [20], demonstrated that the overall mutation rate
of EBOV had not increased [21, 22] despite the appearance of
multiple novel lineages [21]. Statistically powered studies com-
paring representative EBOV sequences isolated from the 3 coun-
tries in relation to induced pathology in vivo, at different time
points of the outbreak, will be necessary to answer many remain-
ing questions.

Interestingly, in 28% of EBOV cases from Kailahun, Sierra
Leone, sampled during June 2014, the viral loads were higher
than those measured later at the same location and during a si-
multaneous outbreak in the DRC [23, 24]. In the current study,
a subset of EBOV-C05–infected NHPs also amplified the virus
to levels not previously described in macaques with any strains
predating the Makona EBOV isolates. Increased viremia level in
control NHPs infected with EBOV-C07 was observed in some
but not all previous studies of vaccination against and treatment
for infection with Makona EBOV [10–12]. This apparent dis-
crepancy may be attributed to the group size selected for each
study. While groups of 6 animals were studied here for the 2 less
well-characterized Makona isolates, other studies used groups of
3 animals, making phenomena that occur in only a subset of in-
dividuals more difficult to detect. The number of times the virus

was passaged in cell culture can introduce mutations into the
viral genome [25], which may also result in different in vivo
phenotypes. The current study used a virus stock produced by
a single amplification of the clinical sample on cultured cells for
the Makona EBOV isolates, as opposed to at least 2 amplifica-
tion rounds on cultured cells for the other studies [9–12].A past
study showed that multiple rounds of EBOV amplification on
cultured cells was associated with decreased virus potency in
a lethal cynomolgus macaque model of infection [26].

An interesting concept emerging from these observations is
that a subgroup of individuals with higher virus loads may
have been playing a role in driving the 2014–2016 EBOV out-
break through potentially increased virus shedding. Indeed,
bodily fluids containing virus loads higher than the ones from
other individuals, even from a minority of cases, would repre-
sent a more dangerous and potent source of infection. In addi-
tion, similar to minority clusters transmitting strain of higher
virulence, increased viral loads in a minority subset of infected
individuals would not necessarily result in an observable change
in overall case-fatality rates. The concept of disease super
spreaders had been hypothesized during past outbreaks with
EBOV and with other pathogens [27–30] and is consistent
with observations during the current outbreak, in which a tra-
ditional healer was shown to have directly infected 13 others
after dying of EVD [20] and was eventually linked to >300

Figure 4. Histopathology and immunohistochemistry findings of interest in the lungs of Ebola virus (EBOV)–infected rhesus macaques. A and B, Cells morphologically con-
sistent with macrophages are scattered throughout the alveolar septae (A) and the bronchiolar-associated lymphoid tissues (B) for animals infected with EBOV isolate C05
(EBOV-C05)/EBOV-C07 and EBOV-K. C and D, Areas of intense immunoreactivity (C) in an EBOV-C05–infected animal, corresponding to perivascular cuffing with inflammatory
cells (D). Bars denote 20 μm.
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EBOV cases [31]. A recent study also reported several chains of
EBOV transmissions in Guinea, showing how a small number
of infected individuals can transmit the virus to a larger number
of people and drive the overall spread of EBOV in the commu-
nity, as opposed to the majority of patients, who infect few oth-
ers [32]. The combination of societal, organizational, and viral
factors is likely to have contributed to the prolonged presence of
EBOV in West Africa. The current findings contribute to a bet-
ter understanding of the differences between this novel, diver-
gent EBOV and its phylogenetic cousins and may be considered
in the effective management and termination of this outbreak.
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