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ABSTRACT

Ebola virus disease is a presumed zoonotic disease that often results in death; several
ebolaviruses can cause Ebola virus disease, but Ebola virus (EBOV, formerly Zaire ebolavirus)
is the most deadly. Multiple sporadic outbreaks of EBOV infection have occurred in sub-Saharan
Africa since scientists first observed the disease in 1976. Case fatality rates in large outbreaks of
EBOV infection have varied from about 50% to 90%. EBOV is transmitted by exposure to
infected persons or body fluids, by mechanical means (e.g., use of contaminated needles), or by
exposure to bush meat. In the laboratory, rodents and nonhuman primates are infected
successfully with EBOV by conjunctival, intramuscular, intraperitoneal, subcutaneous, oral, and
aerosol means. Rhesus monkeys are frequently used to study EBOV infection, and they respond
to EBOV infection much the same as humans. This review compares and contrasts the signs of
EBOV infection in rhesus monkeys with symptoms of EBOV infection in humans.

INTRODUCTION

Ebola virus (EBOV), formerly Zaire ebolavirus [1], causes Ebola virus disease (EVD). A
presumed zoonotic disease, EVD often presents with nonspecific signs and symptoms including
fever and headache; later clinical manifestations may include rash, hemorrhage, and shock [2, 3].
Like other filoviruses, EBOV is a single-stranded, negative-sense, monopartite RNA virus of the
Filoviridae and is related to Marburg virus, another hemorrhagic fever-causing virus. Multiple,
sporadic EVD disease epidemics have occurred in sub-Saharan Africa with lethality varying
from about 50% to 90% in large outbreaks [4-6]. Since its recognition by scientists in the late
1970s [6], EVD has generally been restricted to Africa [7]. EBOV is transmitted by exposure to
contaminated body fluid, secretions, infected tissues, or perhaps exposure to bush meat in natural
settings [8, 9]; laboratory accidents and use of contaminated needles have also caused infections
[6, 10-12]. During the 1976 outbreak of EVD in Zaire, 100% (85/85) infections were lethal when
caused by injection [13].
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Previous laboratory animal work has shown that EBOV infection results in altered expression of
disease- and immune-related proteins such as cytokines [14-16] and proteins involved in
coagulation [15]. In vitro infection of monocytes or macrophages by filoviruses induces tissue
factor expression and elicits induction of proinflammatory cytokines, which are likely
responsible, at least partially, for the apoptosis of lymphocytes observed in vivo [17].

Several types of nonhuman primates have been used to study EVD, including grivets
(Chlorocebus aethiops) [18-20], cynomolgus monkeys (Macaca fascicularis) [21, 22], rhesus
monkeys (Macaca mulatta) [18, 19, 23], common marmosets (Callithrix jacchus) [24], and
hamadryad baboons (Papio hamadryas) [20, 25]. Similar pathological features of EBOV
infection have been documented among these animals; however, a some features differ. Most
notably, grivets do not present with the maculopapular rash that is characteristic of disease in
macaques and baboons [18, 19] and is a prominent feature of human disease [10, 12, 26]. The
death rate for rhesus monkeys is high [23, 27-31] when challenged with a target dose of 1000
plaque-forming units (PFU).

Multiple epizootics among western gorillas (Gorilla gorilla) and common chimpanzees (Pan
troglodytes) in sub-Saharan Africa have been ascribed to EBOV [8, 9, 32-36]. Some researchers
suggest EBOV so endangers western gorillas that the combined pressures of hunting, loss of
habitat, and EBOV infections may push these apes to near extinction [33, 35-39]. EBOV
infection of great apes is particularly serious because multiple infections in humans have been
associated with their butchering or consumption, and great apes have been implicated as a
primary source of some human EVD epidemics [8, 36, 37, 40, 41].

We must deal with EBOV aggressively because it 1) has the potential to cause public panic [42,
43], 2) has a low infectious dose [44], 3) may be transmitted from person to person by close
contact [13], 4) may be delivered by aerosols [23, 45, 46], which are considered a likely means
of release in a biological terrorism or biowarfare event [47-49], 5) can infect domestic farm
animals [46] , 6) may possibly already be weaponized [50-52], and 7) has no licensed vaccines or
therapeutics available for prevention or treatment of humans or animals [53].

There are several ebolaviruses including Sudan virus, Tai Forest virus, Bundibugyo virus, and
Reston virus, but Ebola virus (EBOV) has killed the most people [54]. This review examines the
rhesus monkey as a model for EBOV infection, comparing and contrasting findings in that
nonhuman primate with those of humans with EVD.

EBOV INFECTION

Route of Infection

Rhesus monkeys have been infected in the laboratory with EBOV by various means: aerosol,
intramuscular, intraperitoneal, ocular, and oral (Table 1). However, in one reported case, two
control animals were infected even though exposure was unintended, and the route of exposure
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could not be documented [55]. Unlike laboratory animals, the route of infection for humans is
usually unknown but is thought to occur through: 1) exposure to infected persons or corpses [6,
40, 56], 2) use of unclean needles or needle sticks [6, 10, 11], or 3) exposure to bush meat or bats
[40, 57].

Incubation Period

The first indication of EBOV infection in rhesus monkeys is fever, which may occur as early as
days two or three post-exposure (PE) [58] but may occur as late as day six post-exposure [23,
31]. Many human cases of EVD are reported after the onset of symptoms following an unknown
incubation period. Moreover, the infectious dose and route of exposure are usually unknown for
human cases, with the exception of needle sticks or other nosocomial exposures, hindering the
estimation of a precise incubation period. Previous reports have indicated incubation times from
as short as two days to as long as 25 days [6, 57, 59-61]. In two reports of disease acquired via
needle stick events, symptoms appeared six days after exposure [10, 11].

Symptoms and Signs

Rhesus monkeys challenged with EBOV in the laboratory develop fever as the earliest clinical
manifestation of disease between days two and seven PE [18, 19, 58, 62], and body temperatures
may rise to 40.6°C [63]. In humans with EVD, fever is generally noted as one of the first
indications of disease, but other symptoms such as nausea, myalgia, gastrointestinal disorders, or
other influenza-like symptoms may occur with fever. Body temperature may rise to 41°C in
humans [12]. Body temperatures of both rhesus monkeys and humans may decrease to normal or
subnormal near death [26, 64].

Signs of EVD in rhesus monkeys include anorexia, bleeding, diarrhea, dehydration, epistaxis,
hunched posture, ruffled fur, listlessness, neurological abnormalities, rash, and weight loss [19,
23, 65]. Humans with EVD may experience many of the following: abdominal pain, anorexia,
bleeding, coagulation abnormalities, dehydration, diarrhea, hiccups, listlessness, myalgia,
nausea, rash, vomiting, or weight loss [6, 12, 26, 59, 66].

A maculopapular rash is a prominent feature of EBOV infection in rhesus monkeys and humans
alike [10-12, 18, 27, 28, 66] (Table 1); it is evident one to five days after onset of fever in both
rhesus monkeys and humans. The rash may occur on face, arms, legs, inguinal areas, or groin;
however, it does not occur in all monkeys or patients. The end-stage manifestations of disease
parallel the progression from a systemic inflammatory response syndrome state to a septic
shock-like state culminating in a multi-organ dysfunction syndrome typically associated with
bacterial sepsis [67-69].

Lethality

Rhesus monkeys infected with EBOV may die as early as days five to six after infection [70, 71].
Infection with EBOV is essentially 100% lethal for rhesus monkeys irrespective of route
(intramuscular, intraperitoneal, conjunctival, oral, or aerosol), but there are exceptions. In one
instance, ~14 PFU delivered by aerosol was lethal [72], but in another study, three of nine
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animals survived following intramuscular challenge with ~50 PFU [73]. In still another study,
one of six animals survived challenge with 200,000 guinea pig infectious units [28]. It is difficult
to retrospectively compare studies because the background of inocula has varied between them;
virus may have been mouse-adapted [74], passaged through guinea pigs [75] or through Vero E6
cells [64], and the number of passages may have varied.

The death rate for humans in EVD outbreaks has varied from about 50% to as high as 90% [54].
Laboratory accidents (needle sticks) may result in death [10], but in at least one needle-stick case
the patient developed symptoms but survived [11]. Importantly, in the 1976 EVD outbreak, the
case fatality was 100% (85 of 85) for documented exposures via needle sticks or injections,
compared to approximately 80% (119 of 149) for infection by other means [6] (Table 1).
Viremia

EBOV infection of rhesus monkeys generally results in high levels of circulating virions; peak
levels have been reported to range from 1E+05 PFU/mL to over 1E+07 PFU/mL [19, 28, 76].
Only one report describes similar levels of circulating virus in humans at 3E+06 PFU/mL [6].
Two other studies tried to determine viral load with the plaque assay, but they both had difficulty
isolating virus from serum [12, 77]. The samples from the Kikwit 1995 outbreak in particular
had levels of circulating antigen at dilutions of 1:500 making it difficult to believe a viral load of
only 31 PFU/mL that was obtained in the same study [77]. In addition, non-quantitative, reverse
transcriptase PCR assays easily detect virus in the blood or plasma of patients [10, 40, 41] (Table
1).

Hematology

An increase in absolute numbers of neutrophils has been reported in rhesus monkeys exposed to
EBOV, and relative neutrophil levels rose to more than 90% of the total leucocytes [28]. In
contrast, numbers of circulating lymphocytes and platelets decrease precipitously in rhesus
monkeys infected with EBOV [27, 74] with platelets falling to 24% of pre-infection levels by
day seven [74]. Lymphocyte levels fell as much as 22% by day seven with a larger drop seen in
CD4 " cells than in CD8 " cells, 22% versus 10% decreases respectively [27]. Similarly in
humans, there is one report of increased neutrophils in a patient with EVD, but there are
conflicting reports of leucocyte counts [10, 59] in patients with EVD. The total leucocyte count
fell to 1450 cells/mm™ in one surviving patient with EVD before he started to recover [12];
however, two patients who succumbed to EVD had normal, 7600-8900 cells/mL, or higher than
normal, 9400-12,300 cells/mm3, leukocyte counts [6]. Platelet counts in human cases also show
conflicting results with one patient showing severely decreased numbers at 30 x 10’ platelets/L

on day eight after first symptoms appeared [59] and other fatal cases maintained normal counts
at 150-253 x 10 platelets/L despite obvious hemorrhaging [6] (Table 2).

Liver Enzymes

The concentrations of multiple liver enzymes rise dramatically from baseline in the blood of
rhesus monkeys infected with EBOV. Alkaline phosphatase levels can be increased more than
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five-fold by day six PE [31]; in humans the alkaline phosphatase concentrations are less
consistently higher than normal with only about 60% of patients in one study showing higher
than normal values [40]. Alanine aminotransferase and aspartate aminotransferase concentrations
are typically greater than five-fold above baseline by day six PE in rhesus monkeys [27, 30]. In
humans, alanine aminotransferase and aspartate aminotransferase concentrations are all
consistently higher than normal [40]. Increases in y-glutamyltransferase concentration tend to be
more modest in rthesus monkeys so that they are only two to three times higher than normal
levels as early as day seven post-infection [27]; in humans, only 50% of patients were reported to
have increased y-glutamyltransferase concentration [40]. Despite the varying concentrations of
liver enzymes within the serum, nearly 100% of all rhesus monkeys and patients with EVD have
liver dysfunction (Table 3).

Kidney Function

Infected monkeys may have increased levels of circulating creatinine and serum/blood urea
nitrogen [30, 65]; however, not all monkeys have kidney impairment before succumbing to
EBOV infection. As in the animal studies, only a portion (23%) of infected humans has
decreased renal function [40]. Increased creatinine and serum/blood urea nitrogen concentrations
have also been reported in patients with EVD [10, 40] (Table 3).

Cytokines

Concentrations of inflammatory cytokines increase dramatically in rhesus monkeys infected with
EBOV including IL-6, IL-10, MCP-1, MIP1a, and MIP1B [31]. Increases are typically by 100-
fold or more and occur by days six to eight PE. Humans also have dramatic concentration
increases of cytokines including: IL-1 RA, IL-8, IL-15, MCP-1, MIP1a, and MIP1f [78]. The
increases in humans occurred one to five days after onset of symptoms. Increases were often
lower in patients surviving EVD than in terminal patients [78]. IL-6 serum concentrations in
human patients are inconsistent. Most tested samples from the 1996 Gabon EVD outbreaks (both
Mayibout II and Boou¢) and the 2003 Republic of the Congo EVD outbreak had increased serum
IL-6 concentrations [78]. However, samples from the 1995 Kikwit EVD outbreak were stratified
based on fatal cases and survivors [79]; fatal cases had lower concentrations of IL-6 (35 pg/mL)
when compared to uninfected control patients (109 pg/mL), and survivors of EBOV infection
had higher than normal concentrations of IL-6 (229 pg/mL). Another study using samples from
the two Gabon EVD outbreaks in 1996 found that both survivors and non-survivors had
increased concentrations of IL-6 compared to normal levels (< 10 pg/mL), but survivors had
higher concentrations of IL-6 when compared to the fatal cases, 490 pg/mL and 190 pg/mL
respectively [80]. All studies with rhesus monkeys have revealed increased concentrations of IL-
6 when compared to baseline [31, 70]. The Kikwit human serum samples showed stratification of
IL-10 concentrations as well. In case of fatalities, higher concentrations of serum IL-10 (195
pg/mL) were found when compared to uninfected control patient samples (50 pg/mL) and the
survivors of EBOV infection (45 pg/mL) [79]. Each rhesus monkey tested for IL-10
concentrations had higher than baseline concentrations [31]. It is important to note that all of the
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rhesus monkey studies involving cytokine research used a uniformly lethal dose of EBOV (1,000
PFU), so there are no surviving animals to compare with the fatalities [31, 70] (Table 4).

Coagulation

Decreased concentrations of circulating activated protein C have been reported for rhesus
monkeys infected with EBOV by as early as day two PE [81]; in contrast, concentrations of D-
dimers were reported to increase [31, 82]. Other reports describe increases in partial thrombin
and activated partial thromboplastin times in monkeys infected with EBOV, decreased
concentrations of Factor I, and lack of platelet aggregation over the course of the disease [65,
74]. Another report describes increased activity of tissue factor accompanied by lowered
concentration of tissue factor pathway inhibitors/Factor Xa complexes [82]. No similar changes
have been reported in humans with EVD but, elevated concentrations of D-dimers have been
reported in humans infected with another ebolavirus, Sudan virus [83]. Coagulation
abnormalities were observed in the 1976 outbreak of EVD in Zaire [2], and hemorrhage is often
a feature of EVD [6, 10, 26, 40, 59, 66, 84].

Pathology

Pathological findings in rhesus monkeys are extensive because many animals have been studied,
and they generally reproduce the damage observed in humans with EVD [85]. Splenomegaly is
noted in both rhesus monkeys and humans infected with EBOV [3, 18, 86], and the spleens
typically show extensive infection in infected animals (Figure 1A) [31, 58]. One of the earliest
reports of thesus monkey infection noted severe spleen destruction by EBOV with few spleen
cells remaining recognizable in necropsy samples (Figure 1B) [75]. Both infected humans and
rhesus monkey often have lymphadenopathy [87, 88]. Rhesus monkeys show marked signs of
infection of dendritic and other immune cells within lymph nodes (Figure 2) [89].

There is limited information available for humans with EVD because few patients have been
studied and the disease often occurs in remote locations. Humans with EVD have hepatic
abnormalities including hepatomegaly and fatty degeneration of the liver. Hepatocytes form
necrotic foci and Kupffer cells are present throughout the lobules. Liver cells display acidophilic
necrosis, and virions can be observed in the sinusoids [90] (Figure 3A). Rhesus monkeys
infected with EBOV show a similar liver involvement with specific EBOV staining evident in
hepatocytes [31] (Figure 3B). There is one report of viral antigen detected in a biopsy from the
eyelid of an EVD survivor [91].

Lung involvement is not always noted in human cases, however, rhesus monkey studies often
uncovered evidence of lung infection [23, 58, 75]. Rhesus monkeys infected by the aerosol route
do show extensive evidence of lung infection [23, 64] (Figure 4). Tachypnea is common in
terminally ill patients, but this can be attributed to the progressive illness and shock without
evidence of severe lung infection.

CONCLUSIONS
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EBOV infection is often fatal and occurs sporadically in remote regions of sub-Saharan Africa.
Due to the irregular and reclusive nature of outbreaks, there is limited information characterizing
the disease course in humans, and a suitable animal model is needed for use in developing
prophylactics and therapeutics. The information herein demonstrates that the rhesus monkey
model of EBOV infection recapitulates what is known of the human disease irrespective of route
of infection: aerosol, conjunctival, oral, intramuscular, intraperitoneal, or even by unknown
means (Table 1, Table 2, Table 3, and Table 4).

Other animals including rodents have been used to model EVD. These models differ from the
rhesus model in certain ways. For instance, rodent models may require newborn animals [92],
immune compromised animals [93], or rodent-adapted viruses [74, 94-96]. EBOV-infected
grivets do not develop a rash [18, 19, 97], which is a prominent feature of disease in rhesus
monkey and humans (Table 1). EBOV infection has been studied in baboons [20], but such
studies are few [98] and do not offer the wealth of data that is available from studies of rhesus
monkeys.

Cynomolgus monkeys develop signs and symptoms in general agreement with those observed in
rhesus monkeys but maximum body temperature in rhesus monkeys is higher than in
cynomolgus macaques [21, 63, 72] and is closer to maximum body temperature observed in
humans with EVD [12]. Nevertheless, the rhesus model has been used for testing of antiviral PE
therapeutics and less frequently vaccines [27, 30, 31, 45, 82, 99, 100], whereas cynomolgus
monkeys have been used primarily for vaccine development and a few antibody therapeutic
studies [101-108].

Often the human data that has been collected or reported is anecdotal in nature and is not
stratified or linked to the stage of disease. Other potentially confounding factors include, but are
not limited to age, concomitant infections, health status, mode of infection, use of supportive
care measures, or disease outcome. These factors limit the observable features of the disease in
many cases, or limit observations to sometimes unknown,times after infection. In addition,
studies of humans with EVD typically occur in remote areas where laboratory equipment may be
in short supply and where many physiological parameters cannot easily be measured.

Nonetheless, the findings in rhesus monkeys, infected by any means, reflect what has been
reported for humans with EVD (even while there are differences among the human
manifestations) and suggest the rhesus monkey model of EVD mimics the human disease. Thus,
the rhesus monkey model is an appropriate model for studying disease pathogenesis as well as
testing of candidate medical countermeasures for EVD.
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Table 1: Lethality and General Disease State Comparison of Rhesus Monkeys and Humans Infected with EBOV

Rhesus Monkey Human
o 1 . . 2 3 . . .
Lethality | Viremia | Rash | Route | Study Type Ref Lethality | Viremia | Rash Route Event Ref
33%(13) | 4.00E+07 | vyes NHP modei® | [74]
100% (2/2) 6.00E+06 Yes Treatment (30]
100% (2/2 88% (280/318) | 3.00E+06 | Yes Zaire (Yambuku) 1976 6]
0 (2/2) | 1.00E+08 Yes Treatment (27]
100% (1/1) 5 75% (3/4) | 5.00E+01 | Yes Zaire (Tandala) 1977-78 [12]
° 1.00E+05 NR Treatment [109]
v a1y | 75%% (45/60) NR NR Gabon (Makokou) 1994 [40]
es
100% (3/3) | 1.00E+05 y Treatment ak 81% (255/315) | 3.1E+01 | Yes Zaire (Kikwit) 1995 [26, 56, 77]
5 es
100% (3/3) 63107 | NHP model o | 57 @1sD NR Yes Gabon (Mayibout Il) 1996 | [87, 116]
es
67% (6/9) | 1.00E+07 y " NHP model oy | 7% @0 NR NR| Gabon (Booué) 1996 [41, 87]
es utbrea
80% (4/5) | 1.00E+07 y Treatment ] 79% (97/123) NR NR Gabon/RC 2001 [84]
es
100% (2/2) | 3 1pE+07 = NHP model iy | 0% 2943 | R NR RC (K&lIé) 2003 87, 117]
100% (4/4) | 1.00E+04 R Tredment oy | 5% @9199) NR NR RC (Mbomo) 2003 87, 118]
100% (2/2) Yes y yHeine . 75% (9/12) NR NR RC (Etoumbi) 2005 [87]
es
100% (1/1) Yes = {eatment ”n 70% (186/264) NR NR DRC (Kasai Orientale) 2007 [57]
100% (1/1) | 1.00E+06 Troggriont 47% (15/32) NR NR DRC (Kasai Orientale) 2008 87]
100% (1/1) NR Yes NHP model (58]
100% (1/1) 3.2E+07 NR Treatment [100]
6
100% (5/5) | 3.00E+06 Yes NHP model [19] 5
100% (4/4) NR Yes NHP model [18] 0% (0/1) 3.2E+04 | Yes England 1976 [11]
100% (2/2) 1.00E+055 NR IP Vaccine [44] 100% (1/1) NR Yes Needle stick Russia 1994 [119]
100% (2/2) NR Yes NHP model [75] 100% (1/1) NR NR Russia 2004 [10]
50% (1/2) NR NR NHP model [65]
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Rhesus Monkey Human
o 1 . . 2 3 . . .
Lethality | Viremia | Rash | Route | Study Type Ref Lethality | Viremia | Rash Route Event Ref
100% (4/4) NR Yes NHP model [23]
100% (6/6) | 1.00E+07 Yes NHP model [72]
AER
100% (3/3) | 2.00E+06 Yes Vaccine [45]
100% (4/4) 6_30E+067 Yes NHP Model [64] 100% (1/1) v Zaire 1995 [66]
es
100% (4/4) NR Yes CONJ NHP Model [58] NR UNK
0% (0/11) a8
75% (3/4) NR Yes Oral NHP Model [58] serosurverys Gabon 1996 [120]
83% (5/6) 1.00E+07 Yes NR NHP model [28]
66% (2/3) NR NR UNK Accidental [55]
100% (2/2) | 3.16E+05 NR NR Treatment [76]

1
percentage (number of deaths/total cases)

2 . g
maximum PFU/mL observed unless noted otherwise

3 . . .
NHP model development or study designed to evaluate a candidate treatment/vaccine

4
mouse-adapted EBOV
maximum tissue culture 50% infectious dose in blood (TCIDs)

Souinea pig infective units (GPIU)
7 .
qRT-PCR PFU/mL equivalents

8 e e . |
asymptomatic individuals, diagnosis based on serology or PCR

Abbreviations: AER = aerosol, CONJ = conjunctival, DRC = Democratic Republic of the Congo, IM = intramuscular, IP = intraperitoneal,
NA = not applicable, NR = not reported, RC = Republic of the Congo, Ref = references, UNK = unknown
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Table 2: Hematology Comparison of Rhesus Monkeys and Humans Infected with EBOV

Rhesus Model of Ebola Virus Disease

Rhesus Monkey Human

Lym | Total Leu | Neu | PIt | Route | Ref | Lym | Total Leu | Neu Pit Route Ref
} T T 1 [74]
1 NR NR l [27]
! NR NR | | [31]
NR NR NR | | [30]

l T 1 ! [70] | NR 1 NR | | (modest) [6]

3 NR NR 59

! T 1 ! M [73] ! | Outbreak [59]

NR NR NR | | [110] | NR NC NR NR [91]

l NR NR | | [111] ! NR NR NR [78]
NR NR NR | | [112]
! NR NR | | [114]
NR NR NR | | [109]
! NR NR | | [100]
1 T i 1 IP [65]
! T T l [23]

l 1 1 4 . [10]

1 1 NR ! RER [72] NR ! NR NG Needle stick (1]
NR NR NR | | [45]
Tl I 1 ! [64]

! NR 1 I | UNK | [28] ! 1 NR NR UNK [66]

Abbreviations: AER = aerosol, IM = intramuscular, [P = intraperitoneal, Leu = leukocytes, Lym = lymphocytes, NC = no change from normal,
Neu = neutrophils, NR = not reported, Plt = platelets, Ref = references, UNK = unknown

Symbols: | = less than normal, 1 = higher than normal, 1 | = higher than normal followed by lower than normal,
| 1 = lower than normal followed by higher than normal
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Table 3: Liver and Kidney Panel Comparison of Rhesus Monkeys and Humans Infected with EBOV

Rhesus Monkey Human
ALP | AST | GGT | CRE | S/BUN | Route | Ref | ALP | AST | GGT | CRE | S/IBUN Route Ref
T 1 1 1 1 [27]
1 1 1 NC NC [31]
NC 1 NC 1 ) [30]
NR 1 NR 1 ) [73]
NR 1 NC | NC NC [y | 4 1 1 NC NC [40]
NR 1 NR | NR NR M| [111] | 1 1 1 1 NC Outbreak | [59]
1 NR | NR | NR NR 121 | NR 1 NR 1 1 [91]
NR 1 NR NR NR [114]
1 NR | NR 0 ) [58]
1 1 1 1 T [29]
NR 1 NR | NR NR [100]
NR |1 NR 1 P [44]
NR 1 NR 1 [65]
1 NR | NR 1 1 [23]
NR NR | NR NR AER | [45]
NR 1 1 1 [64] ) i i) 1 NC Needle stick | [10]
1 NR | NR 1 1 CONJ | [58]
1 NR | NR 1 1 ORAL | [58]
NR 1 NR ) 1 UNK | [28]

Abbreviations: AER = aerosol, ALP = alkaline phosphatase serum levels, AST = aspartate aminotransferase serum levels, S/BUN = serum or blood urea
nitrogen; CONJ = conjunctival, CRE = creatinine serum levels, GGT = y-glutamyltransferase serum concentrations, IM = intramuscular,
NC = no change from normal, NR = not reported, Ref = references;

Symbol: 1 = higher than normal
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Table 4: Cytokine Comparison of Rhesus Monkeys and Humans Infected with EBOV

Rhesus Monkey Human

IL-1RA | IL-1B | IL-6 | IL-10 | MCP-1 | MIP1a | MIP18 | TNFa | Route | Ref | IL-1RA | IL-18 | IL-6 | IL-10 | MCP-1 | MIP1a | MIP1B | TNFa Route Ref

NR NC 1 1 T T 1 ) M [31]
1 tolr |t Ne |1 | NR| oy | 1 PRt ! ro|Ne (78l
i T 1 0 NR T 1 1 Outbreak | [80]
NR NR 1 NR NR 1 1 NR NR | [121]| NR ! 1 1 NR NR NR 1 [79]

1 .. . .
asymptomatic individuals, diagnosis based on serology or PCR
Abbreviations: IM = intramuscular, NC = no change from normal, NR = not reported, Ref = references, UNK = unknown

Cytokine abbreviations: IL = interleukin, MCP-1 = monocyte chemoattractant protein-1, MIP1a = macrophage inflammatory protein la, MIP1p =
macrophage inflammatory protein 13

Symbols: 1 = higher than normal
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N

Figure 1: Spleen

A) Scattered foci of immunopositive cells (brown) in the spleen of an EBOV-infected rhesus monkey on
day eight PE. Horseradish peroxidase antigen labeling with a hematoxylin counterstain at 20x
magnification (adapted from [31]).

B) Large number of EBOV particles with aggregation of ribonucleocapsids (arrow) in the center within the

spleen of a rhesus monkey. Lead stain with electron microscopy of necropsy sample from animal
euthanized on day six PE at 17,700% magnification (adapted from [75]).
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Figure 2: Lymph Node
Transmission electron micrograph from the axillary lymph node of an EBOV-infected rhesus monkey.

EBOV inclusion material is marked with a * in the cytoplasm of a degenerative dendritic cell in the T cell
area, and an apoptotic lymphocyte is marked with arrows (adapted from [89]).
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eight PE. Horseradish peroxidase antigen labeling with a hematoxylin counterstain at 20x magnification
(adapted from [31]).

B) 250x magnification showing immunostaining of viral inclusions within hepatocytes as well as abundant
antigens in sinusoids and sinusoidal lining cells in an EBOV-infected patient. Immunoalkaline phosphatase
staining, naphthol fast-red substrate with light hematoxylin counterstain (adapted from [90]).
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Figure 4 Lung

Extracellular mature virions (V) are evident in the alveolar sac (AS) of a rhesus monkey infected with
EBOV. The double arrow shows a large cytoplasmic inclusion containing EBOV ribonucleocapsids within
an epithelial cell (Ep). Nucleocapsid filaments, marked by the single arrow, are seen in the cytoplasm of an
epithelial cell (on top of a type II pneumocyte). 30,000X magnification (adapted from [23]).

Page 23 of 23



