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The genus Marburgvirus, a member of the family Filoviridae, in-
cludes a single species, Marburg marburgvirus, with 2 virus mem-
bers, Marburg virus (MARV) and Ravn virus (RAVV).1,48,50 The 
family Filoviridae includes one other accepted genus, Ebolavirus. 
MARV and RAVV differ in nucleotide sequence by approximately 
20%,12,84,86 whereas MARV variants (that is, Musoke, Angola, and 
the still-unnamed variant that caused the outbreaks in 1967) and 
MARV isolates within a variant (that is, Pop and Ci67) differ by 
only 7% or less.80,84,85 As would be expected, the nucleotide se-
quences of the Marburgvirus and Ebolavirus genomes vary consid-
erably. For instance, the N-termini of the nucleoprotein gene, 1 of 
the 7 genes that that comprise the genomes of Marburgvirus and 
Ebolavirus, are 55% identical between the MARV Musoke variant 
and the Ebolavirus Mayinga variant, whereas the C-termini of 
these viruses are only 23% identical.45,68 The same is true for the 

glycoprotein genes for Marburgvirus and Ebolavirus, as these differ 
by at least 55% at the nucleotide level and 67% at the amino acid 
level when variants are compared across genera.45,69

A likely natural host for MARV and RAVV, and the probable 
source of the highly infectious viruses that cause Marburg virus 
disease (MVD) in humans, is the Egyptian fruit bat (Rousettus 
aegyptiacus). MARV and RAVV RNA transcripts were detected in 
samples from R. aegyptiacus, with 5 of 32 bats harboring the same 
variant of live virus (2 bat isolates grouped with the MARV lin-
eage, and the remaining 3 resided within the RAVV lineage).84,86 
Of these 5, 4 of the bat isolates were collected in 2007, and the 
fifth isolate was collected 9 mo later in 2008. This pattern sug-
gests that colonies of the R. aegyptiacus can harbor MARV for ex-
tended periods of time. The perpetuation of the virus in the R. 
aegyptiacus, along with the detection of MARV and RAVV RNA 
in isolates from these animals, implicates this species as a likely 
natural host.84

Infections with MARV were reported in hundreds of patients 
between 1967 and 2008, with mortality as high as 90% in one 
outbreak6,40,62,65,90 but lower in others.58,59,70,78,92 The origins of cases 
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in humans. Although mortality was variable across all patient 
groups, it was noticeably lower (mortality, 20% to 30%) in those 
receiving intensive care as compared with those restricted to rural 
African settings (mortality, 80% to 90%).

West Germany (Frankfurt am Main and Marburg) and Yugosla-
via, 1967.5,7,11,22,23,30,42,45,46,49,55,57-59,64,70-72,74,76,78,79,92,93 Three simultaneous 
outbreaks of MVD, one each in Marburg and Frankfurt am Main, 
West Germany, and the third in Yugoslavia, occurred in August 
and September 1967 and were traced to a single source, African 
green monkeys (Chlorocebus aethiops) imported from Uganda. The 
monkeys infected technicians and scientists by several possible 
routes as they obtained and processed tissues for use in the pro-
duction and testing of biologicals. A total of 31 patients were in-
fected, 7 of whom died within 16 d. Although information on the 
Yugoslavian patients was limited, detailed data were available 
on German patients who received prompt and intensive medical 
care and follow-up, which largely kept the overall lethality to 7 
deaths in 29 cases (24%).

Clinical symptoms appeared 3 to 9 d after exposure, were mild 
for 3 to 4 d, and included malaise, headache, and fever. Symp-
toms then worsened as patients suffered from diarrhea, nausea 
and vomiting, and high fever and then exanthema or enanthe-
ma, beginning on the trunk and buttocks and spreading to the 
limbs and the face within 1 wk of onset. Liver enzymes (ALT and 
AST) increased during this period and peaked at 7 to 8 d after 
presumed exposure. Lymphopenia and thrombocytopenia were 
typical findings in this phase. In week 2, the condition of many 
patients worsened, as hemorrhage, sometimes severe, occurred at 
various sites (for example, gastrointestinal and nasal). Five of the 
7 patients with hemorrhagic syndrome died. The fever subsided 
in others, and lymphocyte and platelet counts rebounded. Sec-
ondary infections occurred in 3 people: a physician after a needle 
stick, a spouse after sexual intercourse, and a nurse who was ex-
posed to the virus while caring for patients who had the disease.

Autopsies of 5 patients from Marburg, Germany, who died 
during the 1967 outbreak showed hyperemia of the meninges and 
edematous brain swelling. Subepicardial and endocardial hemor-
rhage was observed for all 5 patients, and the heart was dilated 
in some cases also. In 4 of the 5 patients, the stomach and large 
sections of the intestines were filled with blood. Hemorrhage of 
mucous membranes, soft tissues, and parenchymal organs was 
noted. The gallbladder was always dilated and full (the material 
that filled the gallbladder was not specified), and lymph nodes 
were swollen. The spleen was slightly enlarged in 2 patients, and 
the red pulp was hardened without any visible irregularities. In 
all 5 cases, kidneys were pale and swollen, and the external geni-
tals near the scrotum or vulva were darkly discolored. Except for 
the lungs, skeletal muscles, and skeleton, areas of focal necrosis 
were seen in almost every organ, with large necrotic areas present 
in the testicles and ovaries.

Microscopic evaluation of tissues from these patients revealed 
necrosis of the splenic red pulp and medulla of the lymph nodes, 
as well as monocyte or macrophage infiltration of lymphatic or-
gans and mucous membranes of the stomach and intestines. Pa-
renchymal damage (type of damage not specified) of the kidneys 
and interstitial edema in the heart were noted also. Panencepha-
litic glial nodule encephalitis, which expanded to the medulla 
oblongata and the exiting cranial nerves, and nodular accumula-
tions in the cerebellar and cerebral cortices, medulla, and pons 
cerebri were detected. Hemorrhage and necrosis surrounding the 

were largely African equatorial and subSaharan areas; and be-
cause of the remoteness of some of these regions and various 
cultural practices, clinical reports were often incomplete and in-
accurate.

When human efficacy studies are neither ethical nor feasible, 
the pathway to licensure of a drug or biologic product follows the 
US Food and Drug Administration’s ‘Animal Rule’ (see 21 CFR 
Part 314.600 for drugs; 21 CFR Part 601.90 for biologic products). 
The Animal Rule states that the effect (that is, efficacy) should 
be demonstrated in more than one animal species expected to 
react with a response predictive for humans. However, the rule 
includes a provision allowing the effect to be demonstrated in a 
single animal species when that species represents a sufficiently 
well-characterized animal model for predicting the response in 
humans (that is, one that has been evaluated sufficiently in regard 
to its responsiveness). A case can be made for conducting a single 
pivotal efficacy study in an NHP species to support licensure of a 
product for MARV under the Animal Rule. First, according to in-
formation available in primarily English-language, peer-reviewed 
publications, NHP (that is, including all NHP genera and spe-
cies tested to date) are the only known laboratory species that are 
susceptible to wild-type MARV. Although other filovirus mod-
els, including those in mice, hamsters, and guinea pigs,10,38,49,61,87,88 
have been developed and are useful for screening, they do not to 
meet the criteria to serve as a second model for licensure under 
the Animal Rule. For example, the wild-type virus has to be mu-
tated extensively to be lethal in these models,10,46,61,87,88 whereas the 
US Food and Drug Administration’s draft Guidance for Industry: 
Product Development Under the Animal Rule (May 2014)25 states that 
the “challenge agent used in animal studies generally should be 
the same as the etiologic agent that causes the human disease.”25 
Second, the pathophysiologic mechanism underlying the pro-
gression of the MVD in NHP is reasonably well understood, and 
the results of this mechanism have been published extensively. 
We discuss the results of this published work herein.

To date, no journal article has summarized the clinical manifes-
tations of MVD, detailed the results of studies in NHP showing 
the characteristics and progression of the disease, and presented 
a detailed comparison of the characteristics of the human disease 
relative to those for NHPs. This overview intends to fill that gap 
with a review of primarily English-language, peer-reviewed jour-
nal articles. The animal data focus on the 3 NHP species—cyno-
molgus macaques (Macaca fascicularis), rhesus macaques (Macaca 
mulatta), and African green monkeys (Chlorocebus aethiops)—that 
have been featured in these articles. The intent underlying this 
comparison is to demonstrate that 1) NHP are valuable animal 
models for demonstrating the efficacy of a product for MVD and 
2) the characteristics of MVD generally are similar across NHP 
species, such that no single NHP species stands out as being more 
similar to humans than the others. This information will be useful 
to researchers and product developers who conduct or sponsor 
animal studies to evaluate the efficacy of vaccines, therapeutic 
agents, and postexposure prophylaxis agents against MVD.

Marburg Virus Infection in Humans
Approximately 35 patients in Germany, Yugoslavia, and South 

Africa have been diagnosed with MARV infection and treated 
symptomatically at modern medical facilities. These cases pro-
vided most of the pathology and clinical laboratory data on MVD 
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3, both of whom survived. Tissue viral titers for patient 1 were 4.5 
and 5.8 log10 TCID50/g for the liver and spleen, respectively; titers 
in the kidney and brain were below the limit of detection for the 
endpoint dilution assay.

Democratic Republic of Congo, 1998 to 2000.4,8,9,15,22,64 Multiple 
seasonal outbreaks of MVD occurred in a gold-mining region of 
the Democratic Republic of the Congo (Durba and Watsa Dis-
tricts) beginning in October 1998 and continuing to September 
2000. Epidemiologic studies revealed 118 deaths among 154 
patients. The disease was caused by multiple introductions of 
infection into the population, because at least 9 genetically dis-
tinct lineages of the genus Marburgvirus (MARV and RAVV) were 
circulating during the outbreaks. One-half of the cases involved 
primary infection of miners, whereas most other patients were 
housewives, children, and healthcare workers, presumably repre-
senting secondary infections from contact with miners. Previous 
cases in this area reportedly had occurred in 1987, 1990, and 1992. 
The most frequent symptoms at admission (in descending order) 
were fever, malaise, headache, nausea or vomiting, anorexia, ab-
dominal pain, diarrhea, myalgia, arthralgia, difficulty breathing, 
difficulty swallowing or sore throat, hiccups, conjunctival symp-
toms, lumbar pain, chest pain, cough, and agitation. Hemorrhage 
was manifest in various ways in most patients (hematemesis, 
melena, gingival bleeding, and so forth). Petechiae or rashes were 
reported in a few cases. Pathology, viral culture, and immuno-
logic studies were not performed, except for isolated cases sent to 
reference laboratories and without published reports.

Angola, 2005.6,18-21,40,52-54,56,62,65-67,85 In 2005, an outbreak occurred 
in Uige, Angola, in a major hospital. Suspected cases (uncon-
firmed as MVD) were first reported in October 2004. Confirmed 
cases began in early 2005, with the death of a hospital worker in 
March, and the last case was identified in June 2005.

Investigation of the Angola disease outbreak was hampered 
by the negative perceptions of the Angolan population in the 
endemic area. Angolans often resisted medical assistance and 
epidemiologic studies due to rumors that the foreign teams were 
responsible for bringing or spreading the virus. Practices such as 
families hiding sick members, avoiding hospitals, immediately 
burying the deceased, using native healers, and bringing patients 
to hospitals soon before death suggest that the true scope of the 
outbreak and data on morbidity and lethality might never be 
known. Patient records were kept only at admission and not dur-
ing hospitalization. At admission, the most frequent complaints 
were: fever, asthenia, anorexia, myalgia, arthralgia, diarrhea, ab-
dominal pain, nausea, vomiting, headache, dysphagia, conjunc-
tivitis, and dyspnea. Hemorrhage was frequent in later stages of 
the disease. Lethality was especially high, reported to be 90% of 
MVD patients. Viral genomics from 15 patient specimens were 
analyzed, and results suggested that MVD in Angola was not 
substantially distinct from previous outbreaks in other regions of 
Africa and that virus was very similar within this outbreak.

Case reports. Colorado, 2008.13 A woman from Colorado, USA, 
visited Python Cave in Uganda on 25 December 2007; on return-
ing home, she experienced symptoms of severe headache, chills, 
nausea, vomiting, and diarrhea (4 January 2008). She self-treated 
for traveler’s diarrhea with ciprofloxacin, after which she devel-
oped a diffuse rash. Results of laboratory tests obtained on 6 and 
7 January 2008 while she was an outpatient showed evidence of 
leukopenia. On 8 January, the patient had persistent diarrhea, 
abdominal pain, fatigue, generalized weakness, and confusion. 

follicles of the ovaries and hyperemia of the endometrium were 
reported. An analysis of autopsy samples from 4 patients yielded 
tissue viral titers values, reported as the amount of virus required 
to produce a cytopathic effect in 50% of inoculated tissue culture 
cells per gram of tissue (TCID50/g) and ranged from 3.5 to 7.2 
log10 TCID50/g.

The variant that infected the monkeys in Uganda and that 
responsible for these outbreaks in Europe remain unnamed. 
However, the isolates Pop and Ci67, mentioned in the following 
section on MARV infection in NHP, were obtained from Frankfurt 
and Marburg, Germany, respectively, during those outbreaks.49 
The fate of the patients from whom the Pop and Ci67 isolates 
were collected is unknown currently.

South Africa, 1975.14,23,27-29,42,45,51,63,64,74,92 Three cases of MVD, each 
confirmed by virologic studies, occurred in Johannesburg in Feb-
ruary 1975. The first case involved a 20-y-old Australian man who 
apparently acquired the infection while traveling in Rhodesia. 
The second and third cases affected a 19-y-old woman who trav-
eled with the man and was close to him during his illness and a 
20-y-old nurse who cared for the man during his hospitalization, 
respectively. Patient 1 had myalgia, rash, and severe gastrointesti-
nal upset. Evidence of hepatic (increased liver enzymes) and kid-
ney involvement (increased serum creatinine) were noteworthy. 
Patient 1 died within 4 d of hospitalization, and the official cause 
of death was massive hemorrhage in the gastrointestinal tract, 
with blood reaching the lungs. Increased WBC and low platelet 
counts were noted on the day of death. Microscopic evaluations 
revealed hepatocyte necrosis, lymphoid depletion of the spleen 
and lymph nodes, and basophilic cytoplasmic and extracellular 
material, thought to be virus, in those tissues. In addition, kidney 
sections showed pronounced tubular necrosis and some fibrin 
deposition in the glomeruli.

Patient 2 had symptoms of malaise, headache, and fever, fol-
lowed by painful joints and muscles and a low WBC count. In 
addition, a transient rash (days 5 to 7) developed. In light of 
the disseminated intravascular coagulation that had developed 
for patient 1, heparin was given intravenously prophylactically 
starting on day 2 of hospitalization. Intravenous fluids were initi-
ated on day 3 of hospitalization and continued until the patient 
claimed to feel completely well. Temperature fluctuated between 
days 3 and 8 of hospitalization, after which it returned to normal.

Patient 3 had symptoms of malaise, backache, and fever on 
day 1 of hospitalization, followed shortly by muscle ache and 
tender and slightly enlarged lymph nodes. Abdominal pain and 
diarrhea were reported on day 3, with diarrhea persisting until 
day 10. Vomiting presented later (days 6 to 9). Laboratory results 
revealed leukopenia (days 3 through 8) and thrombocytopenia 
(days 3 through 10) with an associated increase in PTT (days 3 
through 8). Liver enzymes were elevated also (days 4 through 
11). She was treated with heparin, Lassa antiserum, plasma, plate-
lets, and intravenous fluids. She had a transient rash (days 5 to 7) 
but never experienced hemorrhagic events, although there was 
evidence of possible disseminated intravascular coagulation and 
some bleeding at needle puncture sites. At 3 mo after recovery, 
patient 3 presented with anterior uveitis that was culture-positive 
for MARV. The uveitis resolved, and a specimen collected 1 mo 
later was negative for the virus.

All 3 patients had antibodies to MARV. Blood viral load titers 
for these 3 patients were reported as 5.8 log10 TCID50/mL for pa-
tient 1 who died, and 4.2 to 4.5 log10 TCID50/mL for patients 2 and 
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became ill 11 d later with symptoms of fever, malaise, headache, 
and backache. She presented with a faint rash on the upper arms 
2 wk later and recovered after another 3 wk.

In 1987, a 15-y old boy and his family visited Kitum Cave in 
Mount Elgon National Park and then traveled to Mombasa. The 
boy became ill 9 d after exploring the cave and was taken to Aga 
Khan Hospital in Mombasa. He later was transferred to Nairobi 
Hospital, where he died. Electron microscopy of tissues revealed a 
similar pattern of destruction and similar types of lesions as those 
described for patients in the 1967 outbreak. Immunohistochemi-
cal analysis detected virus in circulating and tissue macrophages, 
fibroblast-like cells, hepatocytes, adrenal cells, neuroendocrine 
cells of the adrenal medulla, and the α and β cells of the pancre-
atic islets. In addition, the connective tissue and endothelial cells 
stained immunopositive multifocally. The virus that was isolated 
from the boy’s clinical sample (Marburg RAVV) was recognized 
as a new virus within the species Marburg marburgvirus, because 
it differed genomically from all other known MARV isolates by 
more than 20% yet maintained high amino-acid conservation, 
with the exception of the glycoprotein gene.12,49,84,85

Uganda, 2007.2 Marburg hemorrhagic fever was detected in 
4 miners near Kitaka Cave, Kamwenge, Uganda, in 2007. The 
first patient was admitted to the hospital with a 3-d history of 
fever, chills, headache, and arthralgia. Fever persisted and was 
accompanied by vomiting 3 d later, and confusion, seizures, he-
matemesis, and hematochezia were observed prior to death 7 
d after hospitalization. The second patient was admitted to the 
hospital with fever, arthralgia, vomiting, and headache. Seizure 
activity was reported on day 2 of hospitalization, and weakness 
and dizziness developed 7 d later. The second patient recovered 
and was discharged 18 d after initial hospitalization. The third 
patient was admitted with fever, arthralgia, and headache and 
subsequently recovered. The fourth patient was admitted with fe-
ver, headache, arthralgia, anorexia, and hematemesis (2 wk after 
entering the mine) but recovered. The second and third patients 
tested positive for antiMARV IgG by ELISA.

Marburg Virus Infection in Nonhuman Primates
Studies in cynomolgus macaques. The first study we summarize 

involved the exposure of cynomolgus macaques (country of ori-
gin unspecified) to aerosolized MARV–Angola variant (isolated 
from a patient during the 2005 outbreak) at challenge doses of 2 to 
14 pfu (low dose [LD], n = 3 animals] or 99 to 705 pfu (high dose 
[HD], n = 3 animals); the virus was lethal in 100% of the animals.3 
The macaque that received the highest dose (705 pfu) succumbed 
first. Having met the predefined criteria for moribundity for this 
study, this animal was euthanized at 7 d after infection. The other 
2 animals that received high challenge doses (99 and 339 pfu) 
met the criteria for moribundity on day 8 (for this and all stud-
ies, ‘day’ refers to the study day after infection), prompting their 
euthanasia. All 3 LD macaques met moribundity criteria on day 9 
after infection and were euthanized promptly.

Increases in body temperature typically started between days 
4 and 5 for macaques in the HD group and between days 5 and 
6 for those in the LD group. Anorexia and depression also pre-
sented on day 5 to 6, but the authors did not specify whether 
there was a dose-response relationship with the time-to-onset of 
anorexia or depression. These signs were followed 1 d later with 
the onset of a rash on the face, chest, axillary and inguinal regions 
and along medial aspects of the arms (all 6 macaques). Although 

Laboratory test results that day also showed evidence of liver (in-
creased AST and ALT) and kidney (increased creatinine) damage. 
She was admitted to a community hospital for additional man-
agement. While she was hospitalized, her symptoms included 
pancytopenia, coagulopathy, myositis, pancreatitis, and encepha-
lopathy. The patient was discharged on 19 January and experi-
enced a lengthy recovery. Although initial serologic analyses of 
her serum (sample taken on 10 January) were negative for MARV 
(antiMARV IgM and IgG ELISA), samples taken on 15 July 2008 
and 3 February 2009 tested positive for antiMARV IgG by ELISA. 
Traditional RT-PCR analysis was negative, and real-time (Taq-
Man) RT-PCR assay was equivocal; however, nested RT-PCR 
analysis (modified assay intended to reduce nonspecific binding 
in samples) confirmed the presence of MARV RNA fragments in 
the sample taken on 10 January 2008.

Holland, 2008.83,91 A female Dutch patient visited Uganda, in-
cluding trips to 2 caves. The first cave she visited was Fort Por-
tal on 16 June 2008; she reported seeing no bats in this cave. She 
visited the second cave, Python Cave, on 19 June; this cave was 
known to harbor bat species that have been proven to carry filo-
viruses. In addition, she reported having had direct contact with 
one bat. The woman returned home on 28 June and experienced 
the first signs of illness (fever and chills) on 2 July. Her condition 
rapidly deteriorated, with liver failure and severe hemorrhaging 
reported on 7 July. Additional clinical signs of rash, conjunctivitis, 
and diarrhea, and evidence of kidney failure were reported, but 
the dates on which signs and symptoms presented were not spec-
ified. She died on 11 July of her disease, which was diagnosed by 
PCR analysis as MVD.

Sweden, 1990 to 1991.24,44 A male Swedish patient who had just 
returned from Kenya (and other East and Central African nations) 
developed fever, headache, and chills, followed a day later by 
diarrhea, variable high temperature, weakness, and nausea. His 
condition worsened, with disseminated intravascular coagulation 
and a macular rash on the face and neck. The patient remained 
critically ill for 4 wk. With intensive hospital care in Sweden, re-
covery began slowly in week 5. Filovirus was identified by elec-
tron microscopy and MARV by serology.

Kenya, 1980 and 1987.41,45,49,77 In 1980, 3 cases of Marburg hem-
orrhagic fever were reported in Kenya: the first patient was a 
French engineer working in West Kenya; the second was a physi-
cian who attended to the first patient; and the third was a nurse 
who assisted the physician. The engineer developed a sudden 
febrile illness with headache, myalgia, and malaise, followed 
by vomiting and diarrhea 3 d later. He experienced severe he-
matemesis during transport to Nairobi Hospital and on arrival 
collapsed from massive gastrointestinal hemorrhaging; he also 
was bleeding from the nose and mouth. The patient died 6 h after 
admission to the hospital. Autopsy revealed evidence of hepat-
ic necrosis. The presence of virus particles was later confirmed 
through electron microscopy of formalin-fixed renal (but not liv-
er) tissue. The treating physician became ill with fever, headache, 
backache, and sore throat 9 d after attempting resuscitation of the 
engineer. Diarrhea and bloody stool developed on day 4 of illness; 
liver and kidney functions were reported to be compromised. 
The physician recovered. In both cases, serology demonstrated 
increasing titers of antiMARV antibodies. The Musoke variant of 
MARV, which was used in several of the animal studies described 
in the following section, was isolated from the physician. In ad-
dition, a nurse assisting with the resuscitation of the engineer 
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Another 2 cynomolgus macaques (Mauritius origin) served 
as negative controls in a vaccine efficacy study;81 control animal 
1 was challenged with MARV–Musoke, and control animal 2 
was challenged with the MARV–Ci67 isolate (which was found 
to have the same glycoprotein amino-acid sequence as the Pop 
strain obtained during the same outbreak). The challenge route 
for both animals was subcutaneous. In both cases, the macaques 
were vaccinated with an irrelevant, nonspecific vaccine (CAdVax-
HC4, a hepatitis C vaccine) prior to viral challenge (1000 pfu). An 
increase in body temperature (<1 °C) was observed for control 
animal 1 on day 5 after challenge. An additional spike in body 
temperature (to approximately 1.5 °C above the baseline value) 
was present in this animal when body temperature was mea-
sured again on day 8 after challenge. A modest increase in tem-
perature (<1 °C change) was observed for control animal 2 on 
day 5 after challenge and was followed by a sharp increase in 
temperature on day 8. Sharp increases in ALP and AST, accompa-
nied by more modest increases in ALT and GGT, were present in 
both control animals 1 (day 8 after challenge) and 2 (day 5 after 
challenge). Control animal 1 died on day 8 after challenge, and 
control animal 2 died on day 7 after challenge. Hematology, viral 
titers, and macroscopic and microscopic pathology results were 
not reported.

Featured in 2 reports,26,37 18 cynomolgus macaques (country of 
origin unspecified) were injected intramuscularly on day 1 with 
1000 pfu of the MARV–Ci67 isolate and serially euthanized (3 per 
time point) on days 2, 3, 4, 6, 7, and 8. Cutaneous rashes (axilla 
or groin or both) and anorexia were observed first on day 5, and 
fever (>102 °F [>38.9 °C]) was observed starting on day 6. Rashes 
extended to the thorax, proximal limbs, and face of animals eu-
thanized after day 6. Persistent bleeding at the venipuncture site 
and bleeding of the gums were observed also on day 6. Severe 
depression, recumbency, and diarrhea were noted on day 7, and 
dehydration (according to skinfold retraction) was present on day 
8. Lymphopenia and neutrophilia started on day 4 and peaked 
on day 5. Platelets decreased slightly between days 2 and 5 but 
remained within the normal range for this species. This decrease 
was followed by a rebound effect starting on day 6. Increases in 
D-dimers, PT, and activated PTT time and decreases in activated 
protein C were noted starting on days 4, 5, 5, and 6, respectively.

Evidence of hepatic damage was observed on day 6, with in-
creases in ALT and AST and lesions in the liver (macroscopic 
findings: enlarged, congested, or pale yellow friable livers; mi-
croscopic findings: hepatocellular swelling and necrosis, hepa-
tocellular cytoplasmic vacuolization, and portal inflammation). 
Urinary system damage was noted beginning on day 6 to 7 with 
serum increases in urea nitrogen and creatinine, and lesions of the 
kidney or urinary bladder (urinary bladder mucosal reddening 
seen macroscopically and unspecified lesions were observed mi-
croscopically). Macroscopic pathologic changes of the lymphoid 
system included axillary and inguinal lymphadenopathy and 
congestion, enlarged mandibular lymph nodes, and enlarged and 
congested spleens. Microscopic changes of lymphoid tissues in-
cluded sinus histiocytosis, edema, follicular lymphocytolysis, and 
lymphocyte depletion in the lymph nodes, as well as lymphoid 
depletion, lymphocytolysis, and red-pulp necrosis of the spleen. 
Additional macroscopic findings included pyloric and ileocecal 
reddening (day 4) and pyloric and proximal duodenal mucosal 
congestion (day 6). Cutaneous petechial rash presented later, on 
day 7 to 8.

lymphopenia was detected only in HD animals (onset on day 3 
and persisting until day 5), total WBC counts rebounded for all 
animals, as exhibited by marked increases in total WBC counts 
due to increased lymphocytes late in infection (day 6 onward). 
Granulocyte counts remained at prechallenge levels for 2 HD 
animals but gradually increased for all other macaques starting 
on day 5. In addition, all animals exhibited signs of thrombocy-
topenia (more severe for HD macaques), which typically started 
by day 3 and was followed by sharp increases in platelet distribu-
tion width (day 7 onward). Clinical chemistry analyses were not 
performed. Increased plasma concentrations of the chemokines 
CCL2, CCL4, IL8, and IL6 and decreased IL33 levels in pulmo-
nary endothelial cells were noted as well. Viremia was first de-
tected on days 4 to 6, and the time-to-onset was independent of 
challenge dose. Similarly, peak blood viral load levels were inde-
pendent of the challenge dose and ranged from 7 to 8 log10 pfu/
mL between days 7 and 9.

Immunohistochemistry results showed that MARV was local-
ized in spleen (all 6 macaques), lymph nodes (all 6), esophagus 
(3), lung (6), and liver (6); however, localization was not noted in 
the kidney or adrenal gland. Virus did not localize within lym-
phocytes, dendritic cells, granulocytes, or macrophages in the 
lymph nodes.

Macroscopic findings were observed in the lung (enlarged 
lobes with variable congestion and edema, 4 macaques; serosan-
guinous pericardial fluid, 2 macaques); lymph nodes (enlarged, 
congested, or hemorrhagic); spleen (enlarged and congestion); 
liver (enlarged, friable tannish-yellow, all 6 macaques); and intes-
tine (pyloric and duodenal congestion).

Microscopic abnormalities were present in the lungs (alveolar 
hemorrhage, fibrin, and proteinaceous fluid accumulation, 5 of 
the 6 macaques); lymph nodes (particularly in the tracheobron-
chial and mediastinal lymph nodes: lymphoid depletion result-
ing in partial to complete loss of nodal architecture with cellular 
debris, hemorrhage, and neutrophils filling the remaining sub-
capsular and medullary sinuses, as well as fibrinoid vascular ne-
crosis of high endothelial venules, 6 macaques); spleen (red-pulp 
hemorrhage and congestion, loss of the extramedullary hemato-
poietic elements, as well as mild expansion of the red pulp by se-
roproteinaceous and fibrinous material). Additional lesions were 
noted in the liver (mild to moderate hepatocellular cytoplasmic 
vacuolation with sinusoidal congestion and increased circulating 
mononuclear and polymorphonuclear cells, 6 macaques); kidneys 
(renal tubular degeneration with fibrin deposition, 2 animal); ad-
renal glands (congestion and degenerate adrenocortical cells, 3 
animals); and tonsils (lymphoid depletion, 4 animals). Although 
amounts varied among animals, prominent fibrin deposition was 
present in the kidney, lung, spleen, and (rarely) liver.

In the next study we present,31 3 cynomolgus macaques (coun-
try of origin unspecified) were injected intramuscularly with 1000 
pfu of MARV–Angola variant as untreated controls for a vac-
cine efficacy study and succumbed to infection on days 8 and 
9 after infection. Clinical signs of rash and anorexia were noted 
for all 3 animals. Lymphopenia and elevated AST or ALT (or 
both) were present in all animals on day 6 but not at the previous 
measurement, on day 3. Similarly, viremia (6 to 8 log10 pfu/mL) 
was detected (by plaque assay) on day 6 but not at the previous 
measurement (day 3). Body temperature was not mentioned as 
having been measured. Macroscopic and microscopic pathology 
results were not reported.
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(liver function enzymes were not specified). Plasma viral load, 
detectable via the plaque assay on day 10 after challenge, was 
greater than 7 log10 pfu/mL. One animal succumbed to infection 
on day 10, whereas the other died on day 13. Among the tissues 
collected and evaluated for viral load, the highest level was in 
the liver at 9 log10 pfu/g. The lymphoid organs (spleen and axil-
lary, inguinal, and mesenteric lymph nodes), adrenal gland, and 
bone marrow had the next highest viral load at approximately 7 
log10 pfu/g, followed by the lung, kidney, testis, and pancreas at 
approximately 6 log10 pfu/g. The brain had the lowest viral load 
(5 log10 pfu/g). Macroscopic and microscopic pathology results 
were not reported.

Two cynomolgus macaques (country of origin unspecified) 
served as negative controls for a vaccine efficacy study.43 These 
animals were infected by intramuscular exposure with 1000 pfu 
of MARV–Musoke. Prior to viral challenge, these animals were 
vaccinated with a vaccine vector containing the glycoprotein for 
Zaire ebolavirus (VSVΔG/ZEBOVGP). The first clinical signs of 
disease presented on day 4, and both animals died on day 9. No 
additional information on clinical signs was presented. Plasma 
viral load was detectable via the plaque assay on day 6 after ex-
posure but not at the previous measurement (on day 3). Peak vire-
mia level was 8 log10 pfu/mL on day 9 for one animal and 6 log10 
pfu/mL on day 6 for the other. Organ titers reportedly ranged 
from 3 to 9 log10 pfu/g, but the organs measured were not speci-
fied. Clinical pathology and macroscopic and microscopic pathol-
ogy results were not reported.

A single cynomolgus macaque (country of origin unspecified) 
served as a negative control for a vaccine efficacy study.35 The 
animal was infected intramuscularly with 1000 pfu of MARV–
Musoke and had been vaccinated with an irrelevant, nonspecific 
vaccine (VSVΔG/LASVGPC, a Lassa vaccine) prior to viral chal-
lenge. Lymphopenia and thrombocytopenia were reported on 
day 6 after challenge but not when hematology was evaluated 
previously on day 3. Clinical signs of anorexia and depression 
were reported later, presenting on days 8 through 10. In addi-
tion, this macaque had a mild rash on day 8 (focal areas of pe-
techiae covering less than 10% of the skin), which progressively 
worsened (moderate rash, defined as areas of petechiae covering 
between 10% and 40% of skin) on day 9 to 10. Evidence of hepa-
tobiliary (elevated ALT, AST, GGT, and total bilirubin) and kidney 
(elevated BUN, creatinine, and uric acid) impairment was seen 
on day 10 after challenge but not when measured previously on 
day 6. Plasma viral load levels approximated 6 log10 pfu/mL on 
days 6 and 10 after challenge. The animal succumbed to MVD on 
day 10 after challenge. Macroscopic and microscopic pathology 
results were not reported.

Three cynomolgus macaques (country of origin unspecified) 
served as negative controls in a vaccine efficacy study.38 All 3 re-
ceived Venezuelan Equine Encephalitis replicon particles con-
taining an irrelevant antigen (influenza hemagglutinin A) prior 
to subcutaneous viral challenge with 8000 pfu of MARV–Mu-
soke. Clinical signs were reported on days 7 and 8 after challenge. 
However, although petechiae, weight loss, reduced activity, and 
fever were specifically mentioned for the experimental animals, 
the clinical signs seen in the control animals were not specified. 
Elevated AST was reported as early as day 5, with an addition-
al increase on day 7. Other clinical chemistry parameters mea-
sured (ALT, ALP, and total bilirubin) were not reported as being 
changed relative to prechallenge levels. Hematology analysis was 

Viremia was first seen on day 3 and peaked on day 8 with a 
mean titer of 8.2 log10 pfu/mL. Virus was also detected in the 
liver, lymphoid tissues (spleen and axillary, inguinal and mesen-
teric lymph nodes), kidney, adrenal gland, lung, pancreas, heart, 
testis, and bone marrow starting on either day 3 or 4, with mean 
peak titers ranging from 5.5 to 9.2 log10 pfu/g on day 8. MARV 
glycoprotein was detected in the circulation (peripheral blood 
mononuclear cells, day 5 after inoculation) and spleen (day 6 after 
inoculation, but not on day 4 [previous measurement time point]) 
with flow cytometry.

Another report82 involved 3 cynomolgus macaques (country of 
origin unspecified), each of which served as a negative control for 
MARV–Musoke (control 1), MARV–Ci67 (control 2), and MARV–
RAVV (control 3) challenges in a vaccine efficacy study. All 3 were 
experimentally naïve prior to subcutaneous inoculation with 1000 
pfu of the respective virus. Clinical signs (unspecified) were ob-
served on days 8 through 10 after challenge, and controls 1 and 3 
were terminally bled and euthanized on days 10 and 8 after chal-
lenge, respectively. Control 2 was found dead on day 10; as such, 
a terminal bleed was not performed to measure clinical pathology 
endpoints. Evidence of liver damage was seen in all 3 monkeys, 
with maximal ALT levels approximately 20-fold over the baseline 
activity levels for controls 1 and 3. Serum from control 2 that was 
collected at the last measured time point (day 7) showed an ALT 
increase of 1.3-fold over baseline activity level. As measured by 
plaque assay, the peak viremia level was approximately 9 log10 
pfu/mL for controls 1 and 3 and was greater than 10 log10 pfu/mL 
for control 2. The day on which peak viremia occurred relative to 
exposure was not stated. Hematology analysis was performed, 
but no results were reported. Macroscopic and microscopic pa-
thology evaluations were not performed.

Two cynomolgus macaques (country of origin unspecified) 
were included as controls in a vaccine efficacy study;16 one was in-
oculated with MARV–RAVV and the other with MARV–Angola. 
The challenge dose was 1000 pfu for each animal, but the chal-
lenge route of exposure was not stated. Note that these animals 
were vaccinated with an irrelevant, nonspecific vaccine (VSVΔG/
ZEBOVGP) prior to challenge. Clinical signs of fever, macular 
rash, and depression developed by day 6 for both controls, and 
both succumbed to infection on day 8. Evidence of liver impair-
ment (elevated ALT and AST) was seen for both on day 6 but not 
when measured previously (day 3). In addition, lymphopenia 
and thrombocytopenia after viral challenge were noted for both 
animals, but the actual day on which these observations occurred 
was not mentioned. Viremia was first detected for the control 
animal challenged with MARV–RAVV on day 3 and for that chal-
lenged with MARV–Angola on day 6. Peak viremia (>7 log10 pfu/
mL) was attained on day 6 for both macaques. Macroscopic and 
microscopic pathology results were not reported.

Two cynomolgus macaques (country of origin unspecified) 
served as negative controls for a vaccine efficacy study.33 These 
animals were infected by aerosol exposure with 1000 pfu of 
MARV–Musoke. Both of these macaques were vaccinated with 
a vaccine vector containing the glycoprotein for Zaire ebolavirus 
(VSVΔG/ZEBOVGP) prior to viral challenge. One animal pre-
sented with a small macular rash on one arm on day 6 after chal-
lenge, and both showed reduced activity and signs of anorexia 
and depression on day 9. On day 10, both macaques had macular 
rashes, lymphopenia, thrombocytopenia, and elevated levels of 
serum enzyme activities associated with decreased liver function 
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tral buffered formalin, histopathology findings were not reported. 
Phosphotungstic acid–hematoxylin staining revealed sporadic 
polymerized fibrin in medullary vessels of the kidneys of placebo 
controls.

Three rhesus macaques (country of origin unspecified) were 
injected intramuscularly with 1000 pfu of MARV–Musoke as 
controls for a vaccine efficacy study.17 These animals were vac-
cinated with a nonspecific vaccine (VSVΔG/ZEBOVGP) prior to 
challenge. One monkey became febrile on day 6 after challenge, 
whereas the other 2 were febrile when temperature was mea-
sured next (day 10). All 3 macaques developed macular rashes 
on day 10. Viremia was first detected on day 6, with peak levels 
(6.9 to 7.5 log10 pfu/mL) on day 10 to 11. Leukocytosis with neu-
trophilia developed in late stages of the disease, and evidence of 
hepatobiliary (increased ALT, AST, GGT, and total bilirubin) and 
renal (elevated BUN) damage was reported on day10. Possible 
pancreatic damage (decreases in amylase) was evident on day 
10 for 2 of the 3 controls. Two macaques died on day 11, and the 
remaining animal died on day 12. Macroscopic and microscopic 
pathology results were not reported.

Three rhesus macaques (country of origin unspecified) were 
injected intramuscularly with 1000 pfu of MARV–Musoke as con-
trols for a vaccine efficacy study.32 Two (control animals 1 and 2) 
were vaccinated with an irrelevant, nonspecific vaccine (VSVΔG/
LassaGPC), and the third animal (control animal 3) was not vacci-
nated. All 3 monkeys developed rashes (moderate to severe) and 
exhibited signs of anorexia and depression on day 10. In addition, 
fever was reported for control macaque 1 on day 10. Lympho-
penia was noted for control animal 1 on day 10 and for control 
macaque 2 on day 6, and thrombocytopenia was reported for con-
trol animal 3 on day 10. Hepatobiliary (elevated AST, ALT, GGT, 
and total bilirubin) and renal damage (increased uric acid) was 
reported on day 10 but not when clinical pathology parameters 
were previously measured on day 6. Viremia was first detected in 
plasma on day 6, with a robust increase in viremia levels on day 
10 (>7 log10 pfu/mL). Control macaques 1, 2, and 3 died on day 
12, 12, and 11, respectively. Macroscopic and microscopic pathol-
ogy results were not reported.

Two rhesus macaques (country of origin unspecified) were 
injected intraperitoneally with 200 LD50 of MARV–Pop as con-
trols for a vaccine efficacy study.39 Macaques received PBS as 
placebo prior to challenge. Daily health-status assessments 
revealed a rash on arms, chest, and abdomen and around the 
eyes on day 5 to 6. Decreased body weight and increased ALT 
developed in both animals, but the days during which these 
changes were seen were not reported. Viremia was first detect-
ed on day 4 and reportedly increased throughout the course 
of the disease (data not shown). Increases in both IFN (type 
not specified) and TNFα were noted in the serum of control 
macaques as compared with surviving vaccinated animals. 
Cytokine production started as early as day 3 (INF) or day 5 
(TNF) and continued to increase until the macaques’ death. 
Note that this publication predates FACS analysis and the 
availability of key reagents used in subsequent experiments to 
evaluate changes in cytokine production. A lymphocyte prolif-
eration assay demonstrated a significant difference in the abil-
ity of MARV to induce proliferation in the control macaques as 
compared with surviving vaccinated animals (approximately 
2-fold increase in proliferation in survivors). One animal died 
on day 10 and the other on day 11. Results of hematology,  

performed, but no results were reported. Viremia was seen as 
early as day 3, with peak viremia (7.5 to 8 log10 pfu/mL) on day 
7. All 3 macaques died of disease between days 9 and 10 after 
challenge. Macroscopic and microscopic pathology results were 
not reported.

Five cynomolgus macaques (country of origin unspecified) 
served as negative controls for a postexposure therapeutic study 
with MARV-Musoke challenge.89 Four received a nonspecific ther-
apeutic agent (designed to be effective against Ebola virus chal-
lenge) and one was given PBS. All 5 macaques were challenged 
subcutaneously with 1000 pfu MARV–Musoke. Petechiae, weight 
loss, fever, and lethargy were reported, but the days of their pre-
sentation were not indicated. Decreases in lymphocytes were seen 
for control groups as early as day 5 after challenge, with nadirs 
occurring on day 8. Macaques that received the nonspecific treat-
ment showed decreases in platelets on day 8, but platelet counts 
had recovered for these animals by day 10. Increases in AST (but 
not ALT), ALP, bilirubin, and GGT were reported for both control 
groups on day 8, with additional increases on day 10. The PBS 
control macaque died on day 11, and the 4 other macaques died 
between days 9 and 12. Peak plasma viremia for all 5 controls 
was greater than 8 log10 pfu/mL on either day 8 or 10 after chal-
lenge. Macroscopic and microscopic pathology results were not 
reported.

Studies in rhesus macaques. An initial virulence study was 
performed with 3 rhesus macaques, and 3 additional rhesus 
served as controls for a vaccine efficacy study (country of ori-
gin unspecified).34 The controls received PBS as a placebo prior 
to intramuscular injection of 1000 pfu of MARV–Angola. All 6 
macaques had a fever (defined as greater than 1.3 °C higher than 
baseline or at least 0.8 °C higher than baseline and greater than 
or equal to 39.7 °C) on day 6 after challenge, with 1 of the 6 be-
ing febrile when temperature was measured previously (day 3). 
Five of 6 macaques were anorexic, and all 6 had rashes, mild to 
severe, between days 6 and 8. Lymphopenia was observed for all 
6 macaques on day 3 or 6, followed by a rebound effect on WBC 
(leukocytosis) for some animals on day 7 or 8. Thrombocytope-
nia was reported for only 1 of the 6 animals (day 7). Evidence 
of hepatobiliary damage (elevated ALT, AST, total bilirubin, and 
GGT) was noted for all macaques as early as day 6. Evidence of 
coagulopathy (increased D-dimer concentration and decreased 
protein C activity) was present on day 6 or 7 for all 6 animals, and 
kidney damage (elevated BUN and creatinine) was seen on day 8 
in 50% of the animals. Four macaques died from the infection on 
day 7, and the remaining 2 died on day 8.

Viremia in plasma (the 3 placebo controls only) was first detect-
ed on day 3, with peak viremia levels (>8 log10 pfu/mL) for these 
animals on day 6; viremia data for virulence study macaques 
were not provided. Viral titers in the liver and spleen were 9.1 and 
8.8 log10 pfu/g, respectively. Viral antigen staining was prominent 
in liver and splenic red pulp; the adrenal medulla and pancreas 
also stained positive for antigen. Mean viral load in these and 
other tissues ranged from 5.3 to 8.4 log10 pfu/g. Immunopositive 
staining was prominent in hepatocytes and Kupffer cells in liver 
as well as in monocytes, macrophages, and fibroblasts in most 
tissues examined. Macroscopic observation showed reticulation 
and discoloration (pale tan) of the liver. Microscopic evaluation 
showed hepatocellular degeneration and necrosis with occasion-
al neutrophils and monocytes. Although other tissues (adrenal 
gland, pancreas, and spleen) were collected and fixed in 10% neu-
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lar debris on day 3. In addition, extracellular viral particles were 
noted on day 3. On day 4, foci of infection in liver were more 
prevalent than on day 3, distention of endoplasmic reticulum 
was more marked, and mitochondrial breakdown was evident. 
At the same time, cellular debris and viral particles were pres-
ent in sinusoids and pericapillary spaces, and some Kupffer cells 
contained phagocytosed debris; some of these cells showed nor-
mal architecture, whereas others exhibited degenerative changes. 
At day 5, there was progressive enlargement of individual ne-
crotic foci, and their coalescence involved large areas of the liver 
and intercellular spaces, including bile canaliculi that contained 
many viral particles. Massive liver necrosis with the reduction 
of whole lobules to debris was evident between days 7 and 9. 
The late events of destruction of hepatic parenchymal cells also 
included fragmentation of the endoplasmic reticulum in infected 
cells, rupture of the plasma membrane, and increased lamella-
tion, loss of cristae, and finally, disruption and dissolution of the 
mitochondria. In the remaining relatively intact areas of the liver, 
large numbers of viral particles were present between parenchy-
mal cells in sinusoids, bile canaliculi, and pericapillary spaces. In 
spleen, phagocytosis of cellular debris was seen, starting on day 
4 onward. In addition, phagocytosis of cellular debris by alveolar 
macrophages was present in lung tissue.

In another study involving African green monkeys,47 6 ani-
mals (country of origin unspecified) were injected subcutane-
ously with MARV–Pop as controls for a treatment efficacy study. 
These animals received human serum albumin as placebo for 
5 d after challenge with a liver homogenate suspension from 
guinea pigs injected with a lethal dose of MARV. Targeted 
MARV challenge doses of 10, 100, or 1000 guinea pig LD50 were 
to be administered, according to viral titers of 8.1 log10 LD50/mL 
measured in guinea pigs by using the end-point dilution assay. 
Two animals were tested per challenge dose; however, 1 of the 2 
animals in the group designated to receive 100 guinea pig LD50 
was misdosed and was believed to have received 6 LD50 instead 
of 100.

Excluding the animal that was likely misdosed, fever (defined 
as greater than 1.5 °C increase in temperature) was seen in all 
control animals on day 4 or 6 after challenge. Anorexia was seen 
on day 4 or 5 as well. Some monkeys in the study also showed 
apathy or aggressiveness and occasional hemorrhage and bloody 
diarrhea; however, the group designation(s) for the affected ani-
mals were not mentioned. Blood viral titers were measured in 
guinea pigs by using the end-point dilution assay. Viral titers, 
first detected on day 4, peaked between days 8 and 10 with levels 
ranging from 4.75 to 6.00 guinea pig LD50/mL.

Of the 5 remaining control monkeys, 2 died on day 9, 2 died 
on day 12, and 1 died on day 13; time to death was not indicated 
for the control animal that was misdosed. Macroscopic findings 
of enlarged, clay- to sandy-colored liver with necrotic foci at the 
surface; enlarged dark-red spleen; and ulcers and necrotic foci in 
the large intestine were reported. However, no distinction was 
made whether these observations were seen in all groups, or just 
in some, and if so, which ones. Clinical pathology and micro-
scopic pathology results were not reported.

Studies that included multiple NHP species. In one study,36 Af-
rican green monkeys and rhesus macaques (countries of origin 
unspecified) were infected with blood from either of 2 human 
patients or with blood from an infected guinea pig. The blood 
samples from the human patients were reported to have been 

coagulation assays, macroscopic pathology, and microscopic 
pathology were not reported.

Studies in African green monkeys. Nine African green monkeys 
(country of origin unspecified) were injected intraperitoneally 
with an unspecified variant or isolate of MARV to evaluate dis-
ease pathology.60 In light of the publication date, the variant likely 
is from one of the 3 outbreaks in 1967 that occurred in West Ger-
many and Yugoslavia. The challenge inoculum was a 10−5 dilution 
of an infected rhesus macaque liver suspension; the virus used 
had been isolated from human blood and then passaged 9 times 
in guinea pigs and 3 times in rhesus macaques. The inoculum vol-
ume of 0.2 mL was determined to contain 200 to 260 LD50 accord-
ing to titration by intraperitoneal inoculation of guinea pigs. As 
scheduled, one monkey was euthanized daily on days 1 through 
9 after challenge, and sections of the lung, liver, and spleen were 
collected for viral load determination and for microscopic (light 
and electron) evaluation. Viral titers (expressed as the reciprocal 
of guinea pig LD50/0.2 mL) ranged from 6.5 to 8.5 for the liver and 
spleen and 4.5 to 7.5 for the lung; no virus was detected on days 1 
and 2 after challenge. Because of the lack of viral titers in the lung, 
liver, and spleen tissues of the monkey euthanized on day 6, this 
monkey was thought to not have been infected, and no additional 
information was reported for this animal. Clinical signs and clini-
cal pathology results were not reported.

Evaluation by light microscopy revealed lesions in the 3 tis-
sues examined. Splenic lesions first appeared on day 1 after chal-
lenge, when proliferation of macrophages in the red pulp was 
observed. These lesions persisted and became more pronounced 
and widespread as the disease progressed, as demonstrated by 
the microscopic evaluation of tissues from animals euthanized 
closer to the usual time of death for this disease. Cellular ne-
crosis in red pulp, necrosis of lymphocytes in white pulp, and 
accumulation of a large amount of cellular debris were observed 
in the spleen on day 9. Liver lesions first appeared on day 2 
and consisted of swelling of Kupffer cells, necrotic hepatocytes, 
and increased numbers of macrophages in sinusoids. By day 3, 
the swollen Kupffer cells were filled with debris, and monocyte 
infiltration and parenchymatous degeneration were evident. 
On day 9, the severity of the liver lesions increased to include 
degeneration and necrosis of hepatocytes and the appearance of 
small centers of liquefaction of hepatocytes. Lung lesions were 
apparent on day 3 and were characterized initially by foci of 
interstitial cellular proliferations. This pattern progressed rap-
idly to foci of interstitial pneumonitis between days 4 and 5. By 
days 7 to 9, the lungs were only slightly affected by small foci of 
interstitial pneumonitis.

With the exception of the spleen on day 1, the presentation of 
viral antigen in the 3 tissues correlated with the timing that the 
lesions were first observed in the tissues. By days 7 to 9, viral 
particles had completely filled necrotic hepatocytes and were 
present in smaller numbers in the cells lining liver sinusoids. Con-
siderable quantities of viral particles also were present within 
sinusoids of the spleen, mainly in macrophages, and scattered 
in moderate amounts in degenerating lymphocytes and in reticu-
loendothelial cells of the spleen. Furthermore, viral particles were 
detected in the lung, either inside the endothelial cells within 
the air sac capillaries or packed within the cytoplasm of macro-
phages.

Evaluation of the liver by electron microscopy revealed widely 
scattered foci involving 3 to 4 parenchymal cells and some cellu-
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at various challenge doses and through various routes (intraperi-
toneal, intracerebral, and subcutaneous). Given the timing of the 
publication, the variant is believed to be from 1 of the 3 outbreaks 
in 1967 that occurred in West Germany and Yugoslavia. The in-
ocula consisted of brain or liver suspensions from previously in-
fected animals; the species from which the brain and liver tissues 
were obtained was not specified. These findings were limited to 
macroscopic and microscopic changes only. The authors noted 
that similar findings were seen in all monkey species.

Macroscopic findings included enlarged, dark, and friable liver 
that poured blood freely when cut, enlarged and dark bluish-
purple to black spleen with soft and mushy pulp, enlarged and 
congested lymph nodes, presence of nodules and zones of con-
solidation in the lung, and congestion in the brain with frequent 
small hemorrhages.

Microscopic lesions affected the liver, spleen, lymph node, 
lung, brain, and kidneys. Liver lesions consisted of widespread 
degeneration and necrosis with significant debris and hemosider-
in deposits in sinusoids and necrotic areas, swollen Kupffer cells 
containing cellular debris, and monocyte infiltration in periportal 
spaces. In the early stages, the spleen was severely congested, 
with clotting and fibrinous deposits in some sinuses; the red pulp 
showed proliferation of reticuloendothelial cells, many contain-
ing cellular debris; and the white pulp demonstrated lymphocyte 
depletion with necrosis at the periphery. In late stages, severe 
necrosis of red pulp, with complete destruction of all lymphoid 
elements, was seen. Lymph node lesions included coagulative ne-
crosis affecting lymphocytes and reticuloendothelial cells. Lung 
lesions consisted of foci of interstitial pneumonitis, debris-filled 
macrophages in air sacs, clotting and endarteritis in the small 
arterioles, and fibrinous masses that occluded the lumina, with 
hypertrophied muscular walls in larger vessels. Brain lesions af-
ter intraperitoneal and subcutaneous viral inoculation included 
swollen endothelial cells and the occlusion of some capillaries 
with coagulated material. When present, kidney lesions included 
degeneration of the tubular epithelium and capillary swelling in 
glomeruli. Clinical signs, clinical pathology, and viral titers were 
not reported.

A third study involved a total of 8 African green monkeys, 22 
rhesus macaques, and 2 squirrel monkeys (countries of origin 
unspecified) that received MARV at various doses and by various 
routes (intraperitoneal, intracerebral, subcutaneous, and intrana-
sal).73 Various types of inocula were used, including whole blood 
from human patients, guinea pig blood (passage 3 or 9), blood 
from infected African green monkeys, or liver suspensions from 
infected rhesus monkeys (passage 3). The inoculated doses were 
calculated through intraperitoneal titration in guinea pigs and 
were expressed as ipLD50 per 0.1 mL. According to the study’s 
publication date, the variant used likely is from one of the 3 out-
breaks that occurred in West Germany and Yugoslavia in 1967.

The author noted that similar clinical signs occurred in all 
monkey species. Elevated temperatures were seen for all ani-
mals inoculated intraperitoneally, intranasally, or intracerebrally 
with primate blood or tissue or human blood, regardless of the 
primate species or challenge dose. The increase in temperatures 
for these animals generally started between days 4 and 6. In ad-
dition, elevated temperatures were present in rhesus macaques 
that received rhesus liver suspensions subcutaneously, with the 
onset generally occurring by day 6 or 7. The onset of temperature 
increase was delayed, however, occurring between days 8 and 

collected during the acute phase of the disease; however, the fates 
of the patients were not disclosed. In addition, although not dis-
closed, the MARV variant(s) used likely originated from 1 or 2 of 
the 3 outbreaks in West Germany and Yugoslavia, in light of the 
publication date of the report.

Each NHP was housed in a separate cage, and the isolating par-
tition separating pairs of cages was removed to allow for contact 
between pairs. Only one monkey of each pair was experimentally 
infected; the other served as a control. An additional 4 control 
animals (rhesus macaques) were placed 1 to 2 m from the infected 
animals but were not inoculated. These served to establish wheth-
er the agent could be transmitted over the 1- to 2-m distance via 
droplet transmission.

Two African green monkeys received human blood from pa-
tient 1 (1 mL subcutaneously) and 2 served as their paired con-
trols. Two green monkeys more received human blood from 
patient 2 (0.5 mL subcutaneously), and another 2 served as their 
paired controls. An additional 2 monkeys received blood from a 
MARV-infected guinea pig (1 mL of guinea pig passage 4), and 
these were paired with their respective noninoculated controls. 
In addition, rhesus macaques were challenged with either hu-
man blood from patient 1 or guinea pig blood. The numbers per 
group, inoculation route, inoculation volumes, and passage in-
formation (guinea pig blood only) were the same as used for the 
African green monkeys.

Regardless of the inoculation volume or patient of origin, Af-
rican green monkeys died on day 8 or 9 after experimental ex-
posure to human blood, as did the 2 rhesus monkeys exposed to 
human blood. All animals experimentally infected with guinea 
pig blood died on day 7 or 8 after challenge. Paired rhesus con-
trols, which had direct contact with the experimentally infected 
rhesus monkeys, died 16 d (paired with monkeys injected with 
guinea pig blood) and 18 d (paired with monkeys injected with 
blood from patient 1) after pairing. Paired African green monkey 
controls died 19 to 26 d, 18 to 20 d, and 15 to 36 d after being 
paired with African green monkeys experimentally challenged 
with blood from human patient 1, human patient 2, or guinea pig 
blood, respectively. All 4 rhesus monkeys with no direct contact 
with experimentally infected animals survived until day 76 of the 
study, when the experiment ended. These animals exhibited no 
signs of disease during the study.

Clinical signs for animals that succumbed to the disease includ-
ed anorexia and lethargy, with only slight responsiveness to their 
environment. Rashes were not seen. Temperature increases for ex-
perimentally infected animals peaked on days 3 and 7 after inocu-
lation, regardless of primate species. Paired rhesus controls had 
temperature spikes 3, 7, and 13 d after pairing, whereas paired 
African green controls had temperature spikes at 3, 7, and 15 d.

Viremia was determined as 8 log10 TCID50/mL (median tissue 
culture infective dose) in primary African green kidney cell cul-
ture by using blood collected on day 10 after inoculation from one 
of the 2 African green monkeys infected with blood from human 
patient 2. When the same blood (from the African green monkey) 
was used to infect additional African green monkeys, microscopic 
lesions developed in the liver, spleen, and lymphoid organs. The 
types of lesions were not specified. Clinical pathology and mac-
roscopic pathology results were not reported.

In another multispecies study,93 20 rhesus macaques, 12 Afri-
can green monkeys, and 2 squirrel monkeys (countries of origin 
unspecified) received an unspecified variant or isolate of MARV 
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when first measured (day 3). For the animal inoculated intrana-
sally, viremia was not detected on day 2 but was present when 
next assessed (day 5).

As part of the same study,73 3 rhesus macaques were inoculated 
intraperitoneally with blood from human patients: 2 received 
blood from patient 1, and the remaining animal received blood 
from patient 2. One of the 2 macaques that received blood from 
patient 1 presented with a petechial rash. Both animals that re-
ceived blood from patient 1 died from disease on day 6, whereas 
the macaque that received blood from patient 2 succumbed on 
day 8.

Two NHP, one African green monkey and one rhesus macaque, 
that were held in the same room as were the experimentally 
infected animals became infected and died 7 to 9 d after post-
mortem examinations of the experimentally infected animals. 
Clinical chemistry, macroscopic, and microscopic results were 
not reported.

The final multispecies study we review involved 4 rhesus ma-
caques and 9 African green monkeys (countries of origin un-
specified), which all received an unspecified variant or isolate 
of MARV intraperitoneally to evaluate the pathology of MVD.75 
Given the timing of the report’s publication, the variant used 
likely is from one of the 3 outbreaks in 1967 that occurred in 
West Germany and Yugoslavia. Various types of inoculum (at 
0.5 mL/animal) were injected, including human patient whole 
blood and postmortem brain and kidney tissue suspensions, 
blood from infected guinea pigs, blood from an infected African 
green monkey, and liver suspensions from an infected rhesus 
monkey. Clinical observations were made daily. Hematologic 
and histologic evaluations were performed. No other assess-
ments were included.

The authors noted that similar findings occurred in all species 
evaluated. Animals presented with fever (defined as a tempera-
ture of at least 40.0 to 40.5 °C) after a 2- to 5-d incubation period, 
and fever persisted until immediately before death, which oc-
curred on day 6 to 9 after challenge. Weight loss was noted as 
early as day 4. Lethargy or depression and failure to eat or drink 
were observed starting the day before death. Petechial rash oc-
casionally developed during the terminal stages of the illness. 
One animal had diarrhea just before death, and another had rectal 
bleeding on day 5. On a few occasions, blood taken during the 
later stages of disease failed to clot.

Similar hematologic changes were seen in rhesus macaques 
and African green monkeys. Lymphocyte counts increased 1.6-
fold by day 3 after challenge and then declined rapidly. Final 
lymphocyte counts in some animals were 10% of the prechal-
lenge counts. Thrombocytopenia and leukocytosis (due to neu-
trophilia) were present during the late stages of the disease 
(approximately day 7). Clinical chemistry and viral titer results 
were not reported.

Macroscopic findings included enlarged, congested, and friable 
livers that poured blood freely when cut; moderately enlarged 
and dark bluish-purple spleen; enlarged mesenteric lymph nodes; 
and the presence of zones of consolidation in the lung. Macro-
scopic changes in the brain (blood vessels), gastrointestinal tract, 
pancreas, adrenals, kidneys, bladder, and testes were limited to 
congestion. The heart was normal in appearance, except for a 
small amount of clear pericardial fluid.

Microscopic findings in the liver included widespread degen-
eration and necrosis of hepatocytes with marked cellular debris, 

10 for 3 of these animals, which were inoculated subcutaneously 
with low challenge doses (≤20 guinea pig ipLD50). Additional ear-
ly clinical signs reported included occasional anorexia and con-
sequent weight loss. Clinical signs reported during late stages of 
illness (1 or 2 d prior to death) included anorexia, marked weight 
loss, lethargy or depression, failure to respond to provocation, 
difficulty breathing, diarrhea, bleeding from rectum or vagina, 
and enlarged liver that could be palpated. Several animals, es-
pecially rhesus macaques, also had a petechial skin rash on arms 
and thighs, and, to a lesser extent, on the thorax, face, and neck. 
Blood drawn by venipuncture during terminal disease stages 
often failed to clot.

Hematologic analysis of blood from rhesus macaques infected 
with MARV revealed an initial increase in lymphocytes during 
the first few days after challenge, followed by a decrease between 
days 4 and 7. Thrombocytopenia, leukocytosis (due to neutro-
philia), and an increase in clotting time were observed on day 7. 
The route of infection and inocula were not specified.

Reported in the same publication,73 African green monkeys 
were inoculated intraperitoneally with either blood from an in-
fected guinea pig (n = 2) or blood from another infected African 
green monkey (n = 3). The monkeys inoculated with primate 
blood succumbed to the disease on day 6 (n = 1) and day 7 (n = 2) 
after challenge, whereas the 2 that were inoculated with guinea 
pig blood died on days 7 and 8. In addition, a rhesus macaque 
infected intraperitoneally with blood from an African green mon-
key died due to the disease on day 7. Viremia, as determined by 
titration in guinea pigs, was observed as early as days 1 and 2 
after challenge for all animals, regardless of the inoculum or pri-
mate species.

Three African green monkeys, 4 rhesus macaques, and 2 
squirrel monkeys were inoculated intraperitoneally with vari-
ous dilutions of rhesus liver suspensions.73 The 3 African green 
monkeys died between days 7 and 8, the 4 rhesus monkeys died 
between days 7 and 10, and the 2 squirrel monkeys died on day 
6. Although viremia was detected as early as day 1 after chal-
lenge for all 3 African green monkeys, it was delayed for rhesus 
monkeys (detected starting on day 4). Viremia was detected in 
squirrel monkey blood when first measured on day 4. In addi-
tion, virus was detected in the throat and rectal swabs of 3 of 
the rhesus monkeys on day 6 but from only 1 of the 3 on day 
4. MARV was detected postmortem in brain, liver, lung, and 
spleen.

Eleven rhesus monkeys were inoculated subcutaneously with 
various dilutions of rhesus liver suspensions.73 The challenge 
doses were determined to range from 0.02 to 20,000 guinea pig 
ipLD50. Time to death generally appeared to be related to the chal-
lenge dose administered, ranging from day 7 after challenge (for 
the animal inoculated with the highest dose) to day 13 (for the 
animal inoculated with the lowest dose). With the exception of 
the monkey that received the lowest dose, which was viremic on 
day 9, all animals were viremic by day 6 or 7.

Two rhesus monkeys were inoculated intracerebrally. One re-
ceived a challenge dose of 15,000 guinea pig ipLD50, and the other 
received a challenge dose of 1500 guinea pig ipLD50. A third rhe-
sus monkey was inoculated intranasally with a challenge dose of 
20,000 guinea pig ipLD50. The inoculum was a diluted suspension 
of liver tissue harvested from an infected rhesus macaque. All 3 
macaques succumbed to the disease on day 7 after challenge. In 
the 2 animals inoculated intracerebrally, viremia was detected 
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included hyperplastic endothelial cells of small venules and cap-
illaries, with the lumen packed with RBC and occasional macro-
phages or filled with coagulated material.

Comparison of Marburg Virus Infection in  
Humans and Nonhuman Primates

The first objective of this review was to describe the charac-
teristics of MVD in humans, cynomolgus and rhesus macaques, 
and African green monkeys according to information available 
primarily in English-language, peer-reviewed journals. For each 
species, clinical signs, changes in hematology, coagulation, and 
clinical chemistry parameters, viremia, and macroscopic and mi-
croscopic pathology data, whenever available, were presented. 
In addition and again as available, time-to-onset of clinical signs, 
changes in clinical pathology parameters, and changes in pathol-
ogy observations, as well as time-to-death, were reported. Our 
second objective was to compare (insofar as possible) the char-
acteristics of MVD for humans and the 3 NHP species (Figures 1 
through 7). For each NHP study, the anesthesia provided when 
painful procedures were performed, the analgesics given as sup-
portive care, and any humane endpoints included are provided 
(data permitting) in Figure 8, which also indicates IACUC com-
pliance and AAALAC accreditation.

When comparing the characteristics of MVD in humans with 
those in NHP, the limitations of the data sets should be consid-
ered. First, in the human cases, the time to the onset of clinical 
signs and symptoms and the time to death were estimated rela-
tive to presumptive exposure, the first sign or symptom, or even 

Figure 2. Time to death from MARV infection. The time to death for 
the human cases was based on the estimated date of exposure in cases 
from South Africa or Germany. The time to death for NHP was always 
calculated based on the date of challenge with MARV or RAVV. Times to 
death are similar for MARV or RAVV infections in humans and in each 
of the 3 NHP species.

Figure 1. Symptoms and clinical manifestations associated with MARV. Time to onset of symptoms (human) reported are based on the estimated date 
of infection and symptomatology in cases from South Africa or Germany. Clinical manifestations in NHP are reported as having occurred x number of 
days after the animal was challenged with MARV. The range for time to onset of symptoms/clinical manifestations of MVD is similar by comparison 
between each species of NHP—cynomolgus, rhesus, or African green monkey—and humans. In addition, even though some human symptoms (for 
example, headache, sore throat) cannot be easily discerned in NHP and although some clinical signs (for example, fever) were not always measured in 
animal studies, common clinical signs of fever, anorexia or weight loss, lethargy or depression or decreased responsiveness, and rash or petechiae were 
observed consistently in humans and cynomolgus and rhesus macaques.

swollen Kupffer cells containing cellular debris, and phagocytic 
infiltration into sinusoids around the periportal spaces. Lesions 
of the spleen (examined only in animals with advanced-stage 
disease) included severe congestion and necrosis in red pulp with 
prominent cellular debris; lymphocyte depletion or complete de-
struction of lymphoid elements in white pulp, with evidence of 
necrosis in the central part of germinal centers; and destroyed or 
hypertrophied phagocytic cells throughout the tissue. All animals 
had interstitial pneumonitis, but the degree of lung involvement 
varied. Lung lesions also included debris- and macrophage-filled 
air sacs for some animals, hyperplastic arterioles in the muscular 
layer, and, in some cases, complete obliteration of the lumen as 
a result of hyperplasia in the small arteries. Lesions of the brain 
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Figure 3. Hematology and coagulation parameters affected by MARV.

Figure 4. Clinical chemistry parameters affected by MARV. Clinical chemistry data revealed evidence of hepatobiliary and renal damage for humans 
and cynomolgus and rhesus macaques infected with MARV or RAVV. In addition, an effect on the pancreas was noted for humans and rhesus monkeys; 
an increase in amylase is presumed, based on the diagnosis of pancreatitis.

Figure 5. MARV virus detection and measurement. For cynomolgus and rhesus macaques, MARV and RAVV titers were quantitatively measured in 
blood and tissues by using plaque assays. For African green monkeys, only the viral titers determined by using the TCID50 assay are reported; titers 
determined in guinea pigs by using the end-point dilution method are not. Viral load data in humans were available only for 4 patients from the 1967 
and 1975 outbreaks.91 To confirm active viral infection, human specimens have been tested by using animal inoculation or immunocytochemistry his-
torically or PCR, immunohistochemistry, or ELISA more recently.

hospital admission. As a result, the time course of the presenta-
tion of signs and symptoms, the onset of laboratory and pathol-
ogy changes, and the time to death for the course of the human 
disease all show considerable variability. In contrast, timing in 
the animal studies was always described relative to the time of 
exposure. In addition, records for some patients were kept only 
at admission and others at various hospitals in remote areas were 
incomplete. These factors contributed to an incomplete or inac-
curate characterization of the disease for patients admitted to 
those hospitals. Moreover, the exposure doses and the route(s) 

of exposure were not known for the human cases. For NHP, the 
routes of exposure were always known but not always reported, 
and in most cases, either the theoretical or actual exposure doses 
were known as well.

For the NHP studies, clinical symptomatology, such as pain 
(headache, general, back, muscle, joint, abdominal, and so forth), 
could not be obtained, thus precluding comparison with the hu-
man disease. In addition, many variables emerged across the NHP 
studies, including differences in inoculation route; inoculum dose; 
and virus injected, such as viruses within the species Marburg mar 

cm14000096.indd   252 6/18/2015   1:42:06 PM



Pathogenesis of MVD in humans and NHP

253

not specify the variant or isolate used; the inoculum was pas-
saged in guinea pigs prior to infecting monkeys, thereby chang-
ing the challenge material; or authors combined the results from 
multiple primate species, multiple infection routes, or multiple 
inocula when reporting the results.

Despite the limitations, several consistent patterns emerged 
regarding the clinical signs; changes in hematology, clinical 
chemistry, and coagulation parameters; and macroscopic and mi-
croscopic lesions associated with MVD. First, the disease charac-
teristics in NHP (clinical signs, changes in hematology and clinical 
chemistry parameters, or lesions seen grossly or microscopically) 
did not differ between variants of MARV (Angola, Musoke, and 
the unnamed variant of which isolates Pop or Ci67 are members) 
or even between the 2 viral members of the species Marburg mar-
burgvirus (MARV and RAVV). The review also revealed no differ-
ences in the clinical signs and symptoms of patients infected with 
RAVV compared with those infected with MARV. Similarly, the 
characteristics of the disease in humans did not differ between 
variants of MARV, even though the outbreaks occurred over sev-
eral decades. Therefore, the characteristics of MVD caused by the 
variants of MARV and RAVV are discussed together for humans 
and for each NHP species. Finally, the review revealed no differ-
ences in the disease characteristics in NHP (in terms of the clinical 
signs, changes in hematology and clinical chemistry parameters, 
or gross or microscopic lesions reported) according to a particular 
inoculum route or dose. 

In humans, common clinical signs reported for MVD (greater 
than 50% incidence) included fever, chills, malaise or fatigue or 
lethargy, anorexia or loss of appetite, pain (headache, general, 
back, muscle, joint, abdominal), gastrointestinal distress (nausea, 
vomiting, diarrhea), hemorrhagic symptoms, and rash or pete-

burgvirus (MARV and RAVV), different variants (that is, Musoke 
and Angola), different isolates within a variant (for example, 
blood samples from different patients during an outbreak, that 
is, Pop and Ci67); and even whether animals were truly naïve 
prior to either challenge, PBS administration, vaccination with 
an irrelevant vaccine, or administration of a nonspecific thera-
peutic. Furthermore, the parameters measured varied across the 
NHP studies (that is, hematology parameters were measured for 
some, but not all, studies, and the tissues collected and evalu-
ated for viral load or histology differed). In some cases, the same 
parameters were evaluated but were not measured at the same 
time after exposure. The considerable number of variables and 
the small number of animals per variable likely contributed to 
the variability in time to onset of clinical signs, changes in clinical 
pathology parameters, and time to death. In addition, the numer-
ous variables and few animals per variable precluded drawing 
any conclusions regarding certain correlations. For example, no 
conclusions could be made regarding a dose–response associa-
tion between the inoculum dose and time to death and whether 
animals that were naïve prior to challenge died sooner than those 
given an irrelevant vaccine. This difficulty remained even when 
there were small perceived differences in the time to onset of dis-
ease parameters or time to death between studies. There were 
simply too few animals per group to support definitive conclu-
sions regarding these correlations.

Finally, although the clinical signs, laboratory results, and 
pathology for African green monkeys with MVD appeared to 
be similar to those for humans and rhesus and cynomolgus ma-
caques, additional limitations affect the data set for green mon-
keys. Articles featuring MVD with this primate species either did 

Figure 6. Macroscopic findings associated with MARV.
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Figure 7. Microscopic findings associated with MARV. Microscopic lesions of the liver, lymphoid organs, and kidney were common among humans 
and all 3 NHP species. Adrenal gland involvement was similar between humans and cynomolgus macaques.

chiae. It is noteworthy that rash or petechiae was documented in 
all MARV cases from the outbreaks in Marburg, Germany, and 
Johannesburg, South Africa, as well as from the imported cases 
in Holland and the United States (Colorado); however, it was 
uncommon or difficult to detect rash or petechiae on the dark skin 
of patients in the more recent African outbreaks. Less common 
signs and symptoms in human cases of MVD included difficulty 
breathing, pharyngitis or dysphagia, conjunctivitis, enlarged or 
swollen lymph nodes, and orchitis. Fever, lethargy or depression 
or decreased responsiveness, weight loss or anorexia, and hemor-
rhage were common for cynomolgus and rhesus macaques and 
African green monkeys. In addition, rash or petechiae was com-
mon in cynomolgus and rhesus macaques, whereas diarrhea and 

difficulty breathing were prevalent in some studies that included 
rhesus macaques and African green monkeys.

The time to onset of disease symptoms or signs was variable, 
ranging from 3 to 9 d in humans, 3 to 10 d in cynomolgus and 
rhesus macaques, and 2 to 9 d in African green monkeys. Time 
to death was estimated to be 7 to 22 d, with a mean of 9 d (on 
the basis of the presumed time of exposure, when known), in 
humans. The time to death in MARV- and RAVV-infected NHP 
was reported as 7 to 13 d (mean, 9 d) for cynomolgus macaques, 
6 to 12 d (mean, 9 d) for rhesus macaques, and 6 to 13 d (mean, 
9 d) for African green monkeys. As previously mentioned, the 
variability in time to disease onset and time to death is likely 
due to the overwhelming interstudy inconsistency in the time 
points and parameters measured and the few patients or animals 
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Figure 8. Documentation regarding humane treatment of animals used in studies of MARV.

for each variable. Notwithstanding, no differences were found 
among the NHP species or between humans and NHP regard-
ing time to onset of disease and the ranges and means for time 
to death.

Hematologic changes for humans with MVD include leuko-
penia early in the disease, which likely was associated with the 
lymphopenia reported in some clinical cases, and thrombocyto-
penia. Leukocytosis and platelet recovery occurred late in infec-
tion for surviving patients. Lymphopenia and thrombocytopenia 
followed by leukocytosis and platelet recovery were reported 
for all 3 NHP species. Prior to lymphopenia, lymphocyte num-
bers reportedly increased occasionally in some of the studies that 
included rhesus macaques and African green monkeys. Clini-
cal chemistry evaluations indicated that the liver–biliary system 
and kidney were targets in humans and cynomolgus and rhesus 
macaques, given the observed increases in ALT, AST, bilirubin, 
BUN, and creatinine. Pancreatitis was reported in a single human 

patient, suggesting an increase in amylase in this patient, whereas 
decreases in amylase were reported for rhesus macaques in one 
study. These results showed that clinical chemistry changes were 
generally similar between humans and rhesus and cynomolgus 
macaques. Clinical chemistry data were not reported for African 
green monkeys.

Viral load data for humans were limited to the 1967 and 1975 
outbreaks and included only a few patients. Viral titers of 4 
to 6 log10 TCID50/mL (n = 2 patients) were reported for blood, 
whereas titers of 4 to 7 log10 TCID50/g were reported for tissues 
(n = 4 patients). Blood viral load titers in African green monkeys 
were reported as 8 log10 TCID50/mL (single time point; day 10 
after infection) in one study, and 5 to 6 guinea pig LD50/mL in 
another study. For cynomolgus and rhesus macaques, blood 
viral load titers ranged from 6 to 10 log10 pfu/mL and 7 to 8 log10 
pfu/mL, respectively, whereas titers in tissues ranged from 5 
to 9 log10 pfu/g for both species. The highest tissue titers were 
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liver or gallbladder, lymphoid system and lung were common 
gross findings among humans and all 3 NHP species, whereas 
humans and cynomolgus and African green monkeys had the 
gastrointestinal tract as a common target. Humans and rhesus 
and African green monkeys shared the brain as a common target.

Microscopic pathology data in the literature were limited for 
humans and the 3 NHP species. Furthermore, in many cases, 
whether all tissues were evaluated but lesions occurred only in 
the tissues presented or whether just the few tissues that were 
presented were evaluated was unclear. Evaluation of human 
tissues showed hepatocyte necrosis, lymphoid depletion of the 
spleen and lymph nodes, and the presence of extracellular mate-
rial in these tissues (thought to be virus or fibrin deposition). In 

consistently found in liver and the lymphoid organs for both 
macaque species.

Macroscopic lesions developed in the gallbladder, lymphoid 
system (spleen and lymph nodes), gastrointestinal tract (stomach 
and sections of the intestines), lung, kidney, heart, brain or spinal 
cord, and genitals in humans. The liver, lymphoid system (spleen 
and lymph nodes), gastrointestinal tract (pyloric, ileocecum, and 
duodenum), lung, urinary bladder, and heart contained macro-
scopic lesions in cynomolgus macaques. In rhesus and African 
green monkeys, macroscopic lesions in the liver, lymphoid sys-
tem (spleen and lymph nodes), lung, and brain were noteworthy. 
In addition, African green monkeys had additional lesions in the 
gastrointestinal tract (large intestine). Macroscopic lesions in the 

Figure 8. Continued.
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addition, tubular necrosis with fibrin deposition in the glomeruli 
of the kidney was noted, as was hemorrhage in the gastrointesti-
nal tract. Cynomolgus macaques demonstrated depletion, hemor-
rhage, or congestion of lymphoid tissues (lymph nodes, spleen, 
and tonsils); necrosis, vacuolation, and congestion in the liver; 
tubular degeneration of the kidneys; and hemorrhage and con-
gestion of the lungs; lesions of the adrenal gland (congestion and 
degenerate adrenocortical cells) were observed also. Furthermore, 
significant fibrin deposition was present in the kidney, lung, 
spleen, and, occasionally, the liver of cynomolgus macaques. 
Degeneration or necrosis of the liver and kidney, depletion and 
necrosis of the lymphoid tissues (lymph nodes and spleen), and 
pneumonitis occurred in rhesus and African green monkeys. Ac-
cording to the microscopic evaluations, the liver, lymphoid tis-
sues, and kidney were common target organs among humans, 
cynomolgus and rhesus macaques, and African green monkeys; 
and humans and cynomolgus monkeys had microscopic lesions 
of the adrenal gland in common.

Discussion
According to available published data, a primate MVD mod-

el—either cynomolgus or rhesus macaques—likely is appropriate 
for demonstrating a response to an antiviral product, vaccine, or 
postexposure prophylactic agent that would be predictive of the 
human response. Both of these NHP species are sensitive to wild-
type virus; and, as with humans, both species develop lethal dis-
ease when untreated. The time-to-death ranges for both animal 
species were within that for humans. Clinical signs of fever, leth-
argy or depression, anorexia or weight loss, and rash or petechiae 
were common between humans and both cynomolgus and rhesus 
macaques, and these signs are easily measurable in a laboratory 
setting. Lymphopenia and thrombocytopenia, followed by leuko-
cytosis and thrombocytosis, were common between humans and 
both of these NHP species, and the liver, spleen, lymph nodes, 
kidney, and lung were common target organs. As mentioned 
previously, the many gaps in the African green monkey data set 
precluded obtaining a complete and accurate description of MVD 
in this primate species. Furthermore, this data set was devoid of 
clinical chemistry evaluations to assist in fully characterizing this 
disease.

Supportive care will likely be a key component of patient care 
for MVD in developed countries. However in many remote re-
gions, like those in which most MVD outbreaks have occurred 
and likely will occur in the future, effective supportive care was 
and likely will continue to be limited at best. Furthermore, the use 
of analgesics or other types of supportive care was mentioned for 
only one of the NHP studies reviewed (Figure 8). Depending on 
the intended use of a potential treatment or prophylaxis agent for 
which an animal model for MVD may be required, studies that 
include supportive care might be warranted.

Conclusion
The primate MVD model should be appropriate to demon-

strate a response to test articles under development that would 
be predictive of the human response to MARV infection. As we 
have shown, the disease characteristics are generally similar 
for humans and the 3 NHP species that we reviewed. Further-
more, no single NHP species stood out as being more similar to  
humans than the others, and conducting complete natural his-

tory or pathogenesis studies on all 3 species is highly unlikely to 
result in such a distinction. Therefore, to optimize use of available 
resources, limit NHP use, and build on available data, either the 
cynomolgus or rhesus macaque model appears suitable for natu-
ral history studies and pivotal challenge or efficacy NHP studies 
to test MARV vaccine and treatment candidates. In addition, we 
suggest that because NHP are the only species other than humans 
that are sensitive to wild-type virus, a single NHP species for piv-
otal efficacy studies should be sufficient to support licensure un-
der the US Food and Drug Administration’s Animal Rule.
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