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The pathogenesis of Ebola virus disease (EVD) is still incomplete, in spite of the availability of a
nonhuman primate modelfor more than 4 decades. To further investigate EVD pathogenesis, a natural
history study was conducted using 27 Chinese-origin rhesus macaques. Of these, 24 macaques were
exposed intramuscularly to Kikwit Ebola virus and euthanized at predetermined time points or when
end-stage clinical disease criteria were met, and 3 sham-exposed macaques were euthanized on study
day 0. This study showed for the first time that Ebola virus causes uterine cervicitis, vaginitis, posthitis,
and medullary adrenalitis. Not only was Ebola virus detected in the interstitial stromal cells of the
genital tract, but it was also present in the epididymal and seminal vesicular tubular epithelial cells,
ectocervical and vaginal squamous epithelial cells, and seminal fluid. Furthermore, as early as day 3
after exposure, Ebola virus replicative intermediate RNA was detected in Kupffer cells and hepatocytes.
These findings in the nonhuman model provide additional insight into potential sexual transmission,
possible disruption of sympathetic hormone production, and early virus replication sites in human EVD
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patients. (Am J Pathol 2022, 192: 121—129; https://doi.org/10.1016/j.ajpath.2021.09.009)

Ebola virus (EBOV) is a large (19-kb) negative-sense, single-
stranded RNA virus in the family Filoviridae." It causes a
severe disease in humans, with case fatality rates of 40% to
50%.” Although successful clinical trials have been con-
ducted during EBOV outbreaks, conducting trials is limited
by the frequency, size, and location of these outbreaks.
Outbreaks of sufficient size to power a clinical trial are
infrequent. As an alternative, countermeasures may still be
evaluated and advanced under the Animal Efficacy Rule,
codified 21 CFR 314.600 in 2002, which permits consider-
ation of data obtained from animal efficacy studies in lieu of
human clinical trials (US Food and Drug Administration,
hitps://www.ecfr.gov/current/title-2 1/chapter-l/subchapter-D/
part-314/subpart-I/section-314.600, last accessed November
11, 2021). This rule has facilitated the timely review of
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candidate Ebola virus disease (EVD) countermeasures to
ensure availability of efficacious interventions to treat
patients. Animal models are critical for furthering
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understanding of the pathogenic mechanisms of disease
progression and development of medical countermeasures.
Nonhuman primates (NHPs) have been used widely as
animal models of EVD.” > Rhesus (Macaca mulatta) and
cynomolgus macaques (Macaca fascicularis) have been
considered the gold standard animal models because they
closely recapitulate the most pathogenic features of human
EVD.*’

Sexual transmission of EBOV in men and women is
suspected.” ' Remarkably, more than 2 years after recov-
ery from EVD, EBOV RNA has been detected in seminal
fluid samples.'’ Sexual transmission is thought to be the
origin of a new Ebola outbreak in Guinea this year
(2021).'1-14 Although EBOV infection has been confirmed
in the interstitial mesenchymal tissues in the seminal vesi-
cles, epididymis, testes, uterus, and ovaries in the acute
NHP model,'”'® the origin of EBOV contamination of the
genital fluid(s) in human survivors is not known. Adrenal
cortical infection with degeneration and necrosis is observed
commonly in the acute EVD NHP model.'”'® Whether
EBOV can infect the chromaffin cells in adrenal medulla in
the NHP model is unknown, although EBOV has been
observed in some chromaffin cells in a guinea pig model.'’
The liver is an important early target organ in acute EVD
patients. Longitudinal studies in the NHP model have
shown that, although rare, EBOV antigens and/or RNA can
be detected in the liver as early as 3 days after exposure.'’*"
It is unclear whether this is owing to viral replication in the
liver or because of the presence of viremic blood within the
tissue samples.”'*

The current study highlighted several previously unre-
ported findings in reproductive organs, adrenal medulla, and
liver, that may inform the pathogenesis of human EVD.
Most other pathology and immunohistochemistry findings
were similar to those described in previous EBOV natural
history studies in the NHP model.*"'%?%**

Materials and Methods

Virus and Animals

The details regarding the viral variant and animals used have
been published previously.”” Briefly, 27 (11 males and 16
females) 5- to 6-year-old Chinese-origin rhesus macaques (M.
mulatta) were obtained from the NIH Animal Center (Dick-
erson, MD). Fifteen rhesus macaques were assigned
randomly into five groups (three macaques/group) by day (D)
of necropsy after EBOV exposure: DO (uninfected control),
D3 [3 days after exposure (dpe)], and D4 (4 dpe) to D6 (6
dpe). The additional 12 macaques were split equally into two
terminal control (TC) groups: TC1 had no clinical manipu-
lations after EBOV exposure and were euthanized humanely
only after reaching experimental end points consistent with
terminal EVD; and TC2 underwent routine blood sampling
and other manipulations under anesthesia before being
euthanized with terminal EVD. Kikwit EBOV (Ebola virus/
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Homo sapiens-terminal control-COD/1995/Kikwit-9510621)
from BEI Resources, Manassas, VA was diluted to a target
dose of 1000 plaque-forming units/mL. before inoculation.
Twenty-four macaques were inoculated intramuscularly with
1 mL of 1000 plaque-forming units/mL. EBOV-Kikwit in the
left lateral triceps muscle at study DO. Three uninfected
control macaques in the DO group were sham-exposed with 1
mL phosphate-buffered saline at the same anatomic location.

All macaques used in this research project were cared for
and used humanely according to the following policies: the
U.S. Public Health Service Policy on Humane Care and Use
of Animals (2000); NIH’s Guide for the Care and Use of
Laboratory Animals®®; and the U.S. Government Principles
for Utilization and Care of Vertebrate Animals Used in
Testing, Research, and Training (1985). All National Insti-
tute of Allergy and Infectious Diseases Integrated Research
Facility animal facilities and programs are accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International. This study was performed in the
Biosafety Level 4 Laboratory at the NIH/National Institute
of Allergy and Infectious Diseases, Integrated Research
Facility at Fort Detrick (Fredrick, MD).

Macroscopic Examination

All monkeys in the TC1 and TC2 groups reached EVD
humane end point criteria and were euthanized and nec-
ropsied between 5 and 8 dpe, except for one rhesus in TC2
that succumbed shortly before euthanasia on 8 dpe. All
other macaques were euthanized and necropsied at their
predetermined time points. Complete postmortem exami-
nations were performed on all macaques and gross findings
were documented. Tissues were trimmed to less than 1-cm
thick, placed in cassettes, and fixed for more than 72 hours
in 10% neutral-buffered formalin for histopathology,
immunohistochemical (IHC) assays for EBOV glycoprotein
(GP) and viral protein 40 (VP40), and probed for EBOV
RNA using RNAscope in situ hybridization (ISH) (catalog
number 322360; Advanced Cell Diagnostics, Newark, CA).

Microscopic Examination

Microscopic examination was performed on routinely pro-
cessed, paraffin-embedded, hematoxylin and eosin—stained
tissue sections. The observations were scored by severity by
a single American College of Veterinary Pathologists
diplomate (DXL) using an ordinal category of severity of
normal, minimal, mild, moderate, and severe.’’

Immunohistochemistry

Immunohistochemical assays were performed on formalin-
fixed, paraffin-embedded tissues, sectioned to 4-pum thick, using
either primary mouse anti-EBOV matrix protein (VP40, catalog
number 0201-016, 0.24 ng/mL; IBT Bioservices, Rockville,
Maryland) or rabbit anti—surface GP (catalog number
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Figure 1

A—D: Histopathology (hematoxylin and eosin) (A and B), immunohistochemistry (C), and RNAscope in situ hybridization (D) of cervix associated

with EBOV infection. A: Acute ectocervicitis: the lamina propria is expanded and infiltrated by hemorrhage, edema, and numerous degenerate neutrophils with
increased squamous epithelial desquamation in a female macaque 6 days after exposure. Scale bar: 100 um. B: EBOV intracytoplasmic inclusion bodies
(arrows) are observed in the fibroblast cells in the lamina propria from a female macaque 7 days after exposure. Scale bar: 50 pm C: Immunohistochemistry
shows that many stromal cells and macrophages in the interstitium of an endocervical gland are strongly EBOV-VP40—antigen positive from a female macaque
6 days after exposure. Scale bar: 100 um. D: RNAscope in situ hybridization confirms that many stromal cells and macrophages (arrowheads) of lamina propria
and a few squamous epithelial cells (arrows) in an ectocervix are strongly EBOV—genomic RNA positive from a female macaque 6 days after exposure. Scale

bar: 50 pm.

0301-015, 0.36 png/mL; IBT Bioservices) primary antibodies as
previously described.”® For EBOV-VP40, the biotinylated
target was detected by the VECTASTAIN ABC-AP kit (catalog
number AK-5000; Vector Labs, Burlingame, California), and
positive staining was visualized with InmPACT Vector Red
AP Substrate Kit chromogen (SK-5105; Vector Labs), while
EBOV-GP—positive staining was visualized with 3,3'-dia-
minobenzidine (brown) chromogen, 3, 3’ diaminobenzidine
(DAB) (catalog number BDB2004L; Biocare Medical,
Pacheco, California). Slides were counterstained with
hematoxylin.

RNAScope In Situ Hybridization

Detection of EBOV genomic or antigenomic (replicative in-
termediate) RNA was performed on 4-um sections of
formalin-fixed, paraffin-embedded tissue collected at nec-
ropsy, using the manual ISH RNAscope 2.5 HD RED kit
(Advanced Cell Diagnostics) according to the manufacturer’s
instructions and including modifications for protocol opti-
mization validated by appropriate controls. Briefly, 20 ZZ
probe pairs targeting the EBOV VP40 and VP35 genes were
designed and synthesized (catalog numbers 507141 and
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527491; ACD) for application to the ISH protocol. After
deparaffinization with xylene, graded ethanol dehydration,
and peroxidase blocking, the tissue sections were heated in
Target Retrieval Solution (catalog number 322000; ACD)
and enzymatically digested by Protease Plus (catalog number
323330; ACD, Newark, California). The sections then were
exposed to the target probes and incubated in a humidified
40°C hybridization oven for 2 hours. After appropriate
rinsing, the hybridized target signals were amplified with
conjugated preamplifier and amplifier reagents, and a red
substrate—chromogen solution was applied for 10 minutes at
room temperature. The sections then were counterstained
with hematoxylin (catalog number 7211; Richard-Allan Sci-
entific, ThermoFisher, Waltham, MA), followed by graded
ethanol dehydration, xylene clearing, and non—alcohol-based
mounting medium coverslipping, as previously described."”

Results

EBOV Causes Cervicitis and Vaginitis in Females

One of two D6 and three of six TC females showed
multifocal acute cervicitis characterized by stromal
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Figure 2

A—D: Histopathology (hematoxylin and eosin) (A), immunohistochemistry (B and C), and RNAscope in situ hybridization (D) of vagina associated

with EBOV infection. A: Acute hemorrhagic vaginitis and microthrombosis (arrows) are present in a female macaque 7 days after exposure. Scale
bar: 100 pm. B and C: Immunohistochemistry shows that many submucosal macrophages and stromal cells (arrowheads) and squamous epithelial cells
(arrows) are strongly EBOV-VP40—antigen (B) and EBOV-GP—antigen (C) positive from two female macaques, 6 and 8 days, respectively, after exposure. Scale
bars: 100 um and 50 pm, respectively. D: RNAscope in situ hybridization shows that many submucosal macrophages and stromal cells (arrowheads) and
squamous epithelial cells (arrows) are strongly EBOV—genomic RNA positive from a female macaque 8 days after exposure. Scale bar: 50 um.

hemorrhage, edema, and numerous degenerate neutrophils
that expanded and infiltrated the lamina propria of both the
ectocervix and endocervix with increased desquamation of
epithelium (Figure 1A). Occasional EBOV inclusions were
present in the cytoplasm of fibroblasts (Figure 1B). Many
macrophages and fibroblasts in the lamina propria of both
the ectocervix and endocervix (Figure 1C), as well as a few
squamous epithelial cells in the ectocervix, were EBOV-
VP40 and EBOV-GP antigen-positive in all D6 and TC
females, as indicated by immunohistochemistry. To confirm
the IHC results, EBOV genomic RNA was detected in these
cell types, including squamous epithelial cells, in the
cervices of three selected TC females by ISH (Figure 1D).

Acute hemorrhagic vaginitis was present in all D6 and TC
females. Multifocally, the lamina propria was mildly to
moderately expanded by perivascular edema, hemorrhage,
and infiltrates of lymphocytes, plasma cells, and macro-
phages. Frequently, small veins were congested and/or
contained many microthrombi (Figure 2A). Many macro-
phages and fibroblasts in the lamina propria were EBOV-
VP-40- (Figure 2B) and EBOV-GP—antigen-positive
(Figure 2C). In addition, vaginal squamous epithelial cells
were EBOV-VP40- and EBOV-GP—antigen-positive
(Figure 2C) in one of two D6 and four of six TC females.
EBOV genomic RNA was detected in all of these cell types,
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including squamous cells, in the vaginas of three selected
TC females by ISH, thereby confirming the THC results
(Figure 2D).

All other findings in female reproductive organs were
consistent with previous studies.'>'® Although significant
histopathologic lesions associated with EBOV infection
were not observed in the ovary, oviduct, and uterus, EBOV-
VP40 and EBOV-GP antigens were detected in many
macrophages and stromal cells in ovaries (one of one D4,
and all D5, D6, and TC females), uteri (two of three D5, one
of two D6, and all six TC females), and oviducts (four of six
TC females). In addition, EBOV-VP40 and EBOV-GP an-
tigens also were detected in many thecal cells and fewer
granulosa cells in the ovaries (one of three D5 and all D6
and TC females) and oviductal endosalpingeal epithelial
cells (two of six TC females).

EBOV Causes Posthitis, Infects Epididymal and Seminal
Vesicular Tubular Epithelial Cells, and Contaminates
Seminal Fluid in Males

Acute, perivascular posthitis was observed in four of six TC
males. Multifocally, the penile hypodermis and submucosa
of the urethra were mildly to moderately expanded by per-
ivascular edema, infiltrates of lymphocytes, plasma cells,
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Figure 3

A—D: Histopathology (hematoxylin and eosin) (A), immunohistochemistry (B and C), and RNAscope in situ hybridization (D) of male repro-

ductive organs associated with EBOV infection. A: Acute perivascular posthitis with microthrombus (arrow) is observed in a male macaque 8 days after
exposure. Scale bar: 100 um. B: Immunohistochemistry shows that many macrophages, stromal cells, and/or circulating monocytes in the lamina propria of a
penis (serial section from panel A) are strongly EBOV-VP40 positive. Scale bar: 100 pm. C: Immunohistochemistry shows that a few number (cell accounts)/
amount (quanity of mixture) of epididymal tubular epithelial cells (arrows) and intraluminal mixture of secretory material and sperm (arrowheads) are EBOV-
VP40—antigen positive from a male macaque 6 days after exposure. Scale bar: 100 um. D: RNAscope in situ hybridization shows that a few number/amount of
tubular epithelial cells (arrows) and intraluminal mixture of secretory material and cell debris (arrowheads) in a seminal versicle are EBOV—genomic RNA

positive from a male macaque 6 days after exposure. Scale bar: 50 um.

and macrophages, with rare hemorrhages. Microthrombi
were seen commonly in the lumina of the corpus
cavernosum (Figure 3A). EBOV-VP40 (Figure 3B) and
EBOV-GP antigen and genomic RNA were detected in the
interstitial macrophages and fibroblasts in the penises in all
D6 and TC males.

Acute hemorrhagic interstitial epididymitis was present in
all D6 and TC males, and EBOV antigens were detected in
the interstitial stromal cells and macrophages that were
consistent with the previous findings.'””’ In addition,
EBOV-VP40 (Figure 3C) and EBOV-GP antigen and
genomic RNA (Figure 3D) were detected in some epidid-
ymal and seminal vesicular tubular epithelial cells, as well
as intraluminal mixtures of sloughed cell debris and sperm
or secreted material in the epididymis in two of six TC
males and in the seminal vesicles in three of six TC males
by IHC or ISH.

EBOV Infects Chromaffin Cells and Causes Medullary
Adrenalitis

Acute medullary adrenalitis was present in two of three D5,
two of three D6, and all TC macaques. Histopathologically,

The American Journal of Pathology m ajp.amjpathol.org

the adrenal medullae were infiltrated multifocally by variable
numbers of lymphocytes, plasma cells, and macrophages
admixed with congestion and hemorrhage. Chromaffin cells
showed mild to moderate degeneration and necrosis charac-
terized by cytoplasmic swelling with loss of granules and/or
eosinophilic cytoplasm with pyknotic nuclei (Figure 4A).
EBOV-VP40 (Figure 4B) and EBOV-GP (Figure 4C) anti-
gens were detected in many chromaffin cells in the medulla in
all D5, D6, and TC macaques, as well as interstitial stromal
cells and macrophages. To confirm IHC results, adrenal
glands from four TC monkeys were examined by ISH.
EBOV genomic RNA was detected in the same types of cells,
including chromaffin cells, in all examined adrenal glands
(Figure 4D).

Other findings in adrenal glands were consistent with
previous reports.'®' "3 Adrenal cortices showed multi-
focal, mild to moderate cortical cell degeneration, and ne-
crosis admixed with hemorrhage and lymphoplasmacytic
and histiocytic infiltration, especially in the zona fasciculata
and reticularis, in all D5, D6, and two TC macaques. Oc-
casionally, viral intracytoplasmic inclusions were observed
in cortical cells. Immunohistochemistry and/or ISH showed
that cortical endocrine cells and interstitial macrophages
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Figure 4  A—D: Histopathology (hematoxylin and eosin) (A), immunohistochemistry (B and C), and RNAscope in situ hybridization (D) of the adrenal
medulla from EBOV-infected macaques. A: A macaque 7 days after exposure shows acute medullary adrenalitis characterized by hemorrhage and many
lymphoplasmacytic and histiocytic infiltrates in the adrenal medulla. Scale bar: 50 um. B and C: Immunohistochemistry shows that many chromaffin cells
(arrows) in the medulla are EBOV-VP40—antigen (B) and EBOV-GP—antigen (C) positive from two macaques, 6 and 7 days, respectively, after exposure. Scale
bars: 50 um. D: RNAscope in situ hybridization confirms that many chromaffin cells (arrows) in the adrenal medulla are EBOV—genomic RNA positive. Scale

bar = 50 pum.

were EBOV antigens and genomic RNA-positive as early as
4 dpe (one of three D4 monkeys).

EBOV Infects and Replicates in Kupffer Cells and
Hepatocytes in the Liver as Early as dpe 3

Hepatomegaly with rounded edges and friable texture was
first noticed at necropsy in one of three D3 monkeys
(Figure 5A). Histologically, minimal to mild Kupffer cell
and hepatocyte degeneration and necrosis with intra-
cytoplasmic inclusion bodies were present in all D3 mon-
keys (Figure 5B). Immunohistochemistry showed that many
Kupffer cells and rare hepatocytes were EBOV-VP40—
(Figure 5C) and EBOV-GP—antigen positive. Both genomic
and antigenomic RNAs (Figure 5D) detected in both
Kupffer cells and hepatocytes at all D3 monkeys by ISH
confirmed the time of EBOV replication in the liver. Other
findings in the liver at 4 dpe and thereafter were consistent
with previous studies.”'***

Discussion

Nonhuman primates have proven to be excellent models for
EBOV infection, closely mimicking the clinical
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manifestations of filovirus infections in humans.®'®!'%23

Generally, the pathology and immunohistochemistry find-
ings in the current study were similar to those described in
previous EBOV natural history studies in the rhesus monkey
model.**'%?*** However, not only did this study reconfirm
the most common pathology findings by time course and
order of progression, herein, it also presented significant
new pathology findings and virus tropism, as well as the
earliest reported time of viral replication in the liver.
Sexual transmission from human EVD male survivors
was reported recently, and is thought to be the initiating
cause of the 2021 EBOV outbreak in Guinea and in the
Democratic Republic of the Congo.'"'**** EBOV
genomic RNA has been detected in seminal fluid for more
than 2 years after recovery from acute EVD in human pa-
tients,” and in the testes at 43 dpe in the rhesus.” Although
seminal contamination by shedding of EBOV is hypothe-
sized’® based on RT-PCR—positive seminal fluid, the
mechanism of virus entry into seminal fluid is unknown.
The detection of EBOV in submucosal macrophages; stro-
mal cells; and epididymal, prostate glandular, and seminal
vesicular epithelial cells in male reproductive organs has
been reported in previous studies'”” and in the current
study. In addition, for the first time, this study provides
direct evidence that EBOV can directly contaminate male
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Figure 5

A—D: Gross pathology (A), histopathology (hematoxylin and eosin) (B), immunohistochemistry (C), and RNAscope in situ hybridization (D) in

the liver of rhesus macaques 3 days after exposure to EBOV-Kikwit. A: Grossly, a liver from a macaque shows diffuse, moderate hepatomegaly with rounded
edges and friable texture. B: Histopathologically, the liver from a macaque presents with early signs of hepatocellular degeneration (arrowheads). Many
degenerate Kupffer cells contain intracytoplasmic, eosinophilic inclusion bodies (hematoxylin and eosin) (arrows). Scale bar: 50 pm. C: Immunohisto-
chemistry shows that many Kupffer cells (arrows) and rare hepatocytes (arrowheads) are EBOV-VP40—antigen positive. Scale bar: 50 pm. D: RNAscope in situ
hybridization shows that many Kupffer cells (arrows) and rare hepatocytes (arrowheads) are EBOV—anti—genomic RNA (replicative intermediate) positive.

Scale bar = 50 pm.

genital fluid in acute EVD monkeys. These data support the
shedding of infected epithelial cells being a potential source
of EBOV contamination in male genital fluid in a NHP
model. However, whether this is also the case in EVD
human patients is unknown, owing to the scarcity of tissue
samples from EVD patients/decedents.

EBOV can also be detected by PCR in vaginal fluid upto
3 weeks after the end of Viremia,37’38 although sexual
transmission from EVD female survivors has not been
confirmed.'” Similar to the male reproductive organs of
infected macaques, EBOV has been identified in the stromal
cells and macrophages in female reproductive organs, such
as the ovary and uterus, in NHPs.'>1° However, this study
shows, for the first time, direct evidence that EBOV may
contaminate female genital fluid through the shedding of
infected cervical and vaginal squamous cells in the NHP
model. Recently, EBOV was also detected in the vaginal
stratified squamous epithelial cells in infected guinea pigs.'”
Zika virus (a single strand RNA virus in the family Flavi-
viridae) was localized in the cervical epithelium in a Zika
patient 11 days after the onset of symptoms, and in the
vaginal epithelium in mice 18 days after Zika virus
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infection.””"” These data suggest that EBOV potentially can
be sexually transmitted through female EVD survivors.

It is well known that EBOV can infect adrenal cortical
cells in NHPs.™'**! Recently, EBOV antigen was detected
in the adrenal medulla of three cynomolgus monkeys, but
the cell types were not specified."’ Herein, this study
specified that EBOV can infect not only chromaffin cells,
but it also can cause medullary adrenalitis. Although pa-
tients with acute EVD can develop neurologic symptoms,
there is little information on endocrine disorders in EVD
patients.*”** Medullary adrenalitis associated with Marburg
virus infection has been reported in rhesus monkeys and
human patients.‘m’45 Recently, EBOV infection was
observed in some chromaffin cells in a guinea pig model."’
These data suggest direct infection of chromaffin cells may
cause neuroendocrine dysfunction in EVD patients.

The liver is one of the major and early target organs for
EBOV and has been well studied.™'****"*® Previous NHP
models with time point sacrifice studies show that there are
no significant hepatic lesions upto 4 dpe and after,”"'*'
although rare viral antigen and genomic RNA are detect-
able in liver at 3 dpe.™”’ However, the presence of viral

127


http://ajp.amjpathol.org

Liu et al

genomic RNA is not sufficient to show viral replication in
the tissues because viruses may be present as a result of
contamination from plasma and/or infected circulating
monocytes.”*** Herein, not only did this study present gross
and histopathology lesions with typical intracytoplasmic
EBOV inclusion bodies in liver as early as dpe 3, it also
detected EBOV antigens, genomic RNA, and, most impor-
tantly, replicative intermediate (antigenome) RNA in both
hepatocytes and Kupffer cells. These results strongly
suggest that liver is one of earliest virus-replicating sites in
EVD patients.

In summary, the pathology findings in the current study
may shed light on the pathogenesis of sexual transmission in
EVD survivors and warrants further study of the patho-
genesis EVD. These data suggest that EBOV can cause
neuroendocrine dysfunction and liver damage in acute EVD
patients.
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