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The most commonly reported symptom of posteEbola virus disease syndrome in survivors is arthralgia,
yet involvement of the joints in acute or convalescent Ebola virus infection is not well characterized in
human patients or animal models. Through immunohistochemistry, we found that the lining synovial
intima of the stifle (knee) is a target for acute infection by Ebola virus/Kikwit, Ebola virus/Makona-C05,
and Marburg virus/Angola in the rhesus macaque model. Furthermore, histologic analysis, immuno-
histochemistry, RNAscope in situ hybridization, and transmission electron microscopy showed that
synoviocytes of the stifle, shoulder, and hip are a target for mouse-adapted Ebola virus/Yambuku-
Mayinga infection during acute disease in rhesus macaques. A time course of infection study with
Ebola virus/Kikwit found that the large joint synovium became immunopositive beginning on post-
infection day 6. In total, the synovium of 28 of 30 rhesus macaques with terminal filovirus disease had
evidence of infection (64 of 96 joints examined). On the basis of immunofluorescence, infected cell
types included CD68þ type A (macrophage-like) synoviocytes and CD44þ type B (fibroblast-like) syn-
oviocytes. Cultured primary human fibroblastelike synoviocytes were permissive to infection with Ebola
and Marburg viruses in vitro. Because synovial joints include immune privileged sites, these findings are
significant for future investigations of filovirus pathogenesis and persistence as well as arthralgias in
acute and convalescent filovirus disease. (Am J Pathol 2020, 190: 1867e1880; https://doi.org/
10.1016/j.ajpath.2020.05.013)
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Filovirus disease (FVD) encompasses a clinical disease
syndrome caused by members of the Filoviridae family,
including Ebola virus (EBOV) and Marburg virus
(MARV).1 Initial FVD outbreaks were small and often had
high case fatality rates, resulting in only a small number of
survivors. After recovery from acute disease, arthralgia has
often been reported, but the significance of this sequela was
largely overlooked until the 2013e2016 Western African
Ebola virus disease (EVD) outbreak, which produced far
more survivors than all previous outbreaks combined.
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Joint pain is a common symptom during acute EVD, re-
ported in up to 74% of patients compared with only up to
4% in close household contacts.2e5 After recovery,
arthralgia is among the most commonly reported symptoms
in EVD survivors.5e11 In the largest controlled study to
date, joint pain was reported in 47.5% of Liberian EVD
survivors (versus only 17.5% of controls).12 Although not
characterized in fine detail, arthralgia in survivors is
generally reported to be polyarticular and symmetrical
without effusion, redness, or reduced range of motion (ie,
mechanical or noninflammatory in nature) and predomi-
nantly affects large joints.7,13 In the single published study
that identified specific affected joints, knees were most
commonly represented.11 Arthritis with inflammatory char-
acteristics, including joint effusion, early morning stiffness
improving with activity, and corticosteroid responsiveness,
has rarely been reported.12,14,15 Arthralgia may persist for
more than 2 years after infection,16 and impaired functional
recovery attributable to arthralgia may have significant
economic and quality-of-life effects.6 Arthralgia has simi-
larly been reported as a typical clinical sign of Marburg
virus disease, although in even less detail.17,18

In challenging care settings and in the context of severe
acute illness in which joint involvement does not appear to
contribute to severe morbidity or death, characterization of
the phenotype or mechanisms of joint pain in acute or
chronic disease has been limited or nonexistent: only a
single published prospective study specifically included
rheumatologic examinations of human EVD survivors.7 No
laboratory or imaging evaluations were included in that
study. In addition, because the articular cartilage is an im-
mune privileged site, the possibility of viral persistence in
synovial joints is a significant potential concern.19,20

Although a number of studies have looked for the persis-
tence of EBOV in various body fluids of survivors
(reviewed by Vetter et al21), only a single published case
report has examined joint fluid in an EVD survivor with
polyarthritis (from a single joint, negative by real-time RT-
PCR on day 34 of illness).15 To date, no studies have been
published on the pathology of joints in natural or experi-
mental acute or convalescent FVD, and the cause of
arthralgia, either virus induced or autoimmune, remains
unknown.

The synovium of diarthrotic joints is composed of two
layers, a lining intima and a deeper subjacent subintima,
with no intervening basement membrane.22e24 The synovial
intima consists of three distinct cell types. Type A syno-
viocytes are resident phagocytotic bone marrowederived
macrophages and are immunolabeled for a number of
markers, including CD68 (macrosialin), CD11b (integrin-
aM), CD163 (scavenger receptor cysteine-rich type 1 pro-
tein M130), immunoglobulin receptor FcgRIIIa, and major
histocompatibility complex class II.23,25 Type B synovio-
cytes are locally derived fibroblast-like cells with synthetic
activity (including hyaluronic acid) and can be identified by
positive staining for an enzyme necessary for hyaluronic
1868
acid synthesis, UDP-glucose 6-dehydrogenase, as well as
CD44, vimentin, CD55 (complement decay-accelerating
factor), CD90 (Thy-1 membrane glycoprotein), vascular
cell adhesion molecule 1, intercellular adhesion model 1,
and cadherin-11. Type B (fibroblast-like) synoviocytes play
a critical role in the pathogenesis of rheumatoid arthritis,
including antigen presentation and modulation of B- and
T-cell responses.26 These two cell types are present in
roughly equal numbers in healthy tissues. There is, addi-
tionally, a third, less common cell type, the mesenchymal
stem cell, which expresses CD105 (endoglin).22,27 Synovial
fluid is a dialysate of plasma from synovial capillaries
modified with hyaluronic acid, lubricin (proteoglycan 4),
and proteins produced by synoviocytes to provide support
(and lubrication) to the avascular articular hyaline cartilage.
Both macrophages and fibroblasts are well-described targets
of filovirus infection within other tissues.28e31

In this study, synovium from the stifle joints of rhesus
macaques acutely infected with wild-type EBOV Kikwit
(EBOV/Kik), EBOV Makona-C05 (EBOV/Mak), and
MARV Angola (MARV/Ang) was examined, and frequent
staining of intimal synoviocytes for viral antigens by
immunohistochemistry (IHC) was observed. Furthermore,
we recently repeated the experiment originally described by
Bray et al32 using mouse-adapted EBOV/Yambuku-
Mayinga (ma-EBOV/Yam) with rhesus macaques and
completed a more extensive survey of EBOV infection of
synovial tissues and fluids during acute disease to correlate
with and better characterize rheumatic sequelae in survivors.
Consistent with observations of other filoviruses, ma-
EBOV/Yam replicates in large joint synovium during
acute infection as demonstrated by IHC, in situ hybridiza-
tion (ISH), and transmission electron microscopy (TEM),
and high concentrations of EBOV genomic material are
present in the synovial fluids. We found that both type A
and type B synoviocytes are targets of filovirus infection
during acute disease in the rhesus macaque model and that
human primary synovial fibroblasts were also permissive to
filovirus infection in vitro. Infection of the synovium during
the acute disease may be a critical first step in the devel-
opment of FVD-associated arthralgia in humans.

Materials and Methods

Animals and Viruses

Rhesus macaques (Macaca mulatta) were screened for
antifilovirus antibodies, cleared by staff veterinarians, and
acclimatized to the Maximum Containment (Biosafety
Level 4) Laboratory at the Division of Clinical Research,
Integrated Research Facility at Fort Detrick, National
Institute of Allergy and Infectious Diseases, NIH before
study assignment. Six Chinese-origin rhesus macaques
received a 1000eplaque forming unit (PFU) target dose of
EBOV/Kik by i.m. exposure for a model characterization
study. Five Indian-origin rhesus macaques received a
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1000-PFU target dose of MARV/Ang by i.m. exposure.
These five animals were controls for a vaccine study and
had been vaccinated with RabAvert rabies vaccine before
virus exposure. Five untreated Indian-origin rhesus ma-
caques received a target dose of 1000 PFU of EBOV/Mak
by i.m. exposure as a rechallenge dose. Twelve Chinese-
origin rhesus macaques received a 5000-PFU target dose
of ma-EBOV/Yam by i.m. exposure. An additional 18
Chinese-origin rhesus macaques received a 1000-PFU target
dose of EBOV/Kik by i.m. exposure for a disease time
course [natural history (nh)] study. All animals used in this
research project were cared for and used humanely ac-
cording to the following policies: the Public Health Service
Policy on Humane Care and Use of Animals,33 the Guide
for the Care and Use of Laboratory Animals,34 and the US
Government Principles for Utilization and Care of Verte-
brate Animals Used in Testing, Research, and Training.35

All NIAID-IRF animal facilities and the animal program
are accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.

All work with infectious virus was conducted in a
MaximumContainment (Biosafety Level 4) Laboratory at the
Division of Clinical Research, Integrated Research Facility at
Fort Detrick, National Institute of Allergy and Infectious
Diseases, NIH. EBOV/Kik (Ebola virus/Homo sapiens-tc-
COD/1995/Kikwit-9510621) was obtained from BEI Re-
sources (Manassas, VA) and diluted to a target dose of 1000
PFU/mL before inoculation; actual inoculum virus titer was
determined to be 8.67 � 102 for the model characterization
study and 1.80 � 103, 1.09 � 103, and 1.29 � 103 for the
natural history study (infected in three separate challenges).
MARV/Angola (Marburg virus/H. sapiens-tc/AGO/2005/
Ang-1379v, biosample SAMN05916381) inoculum was
diluted to a target dose of 1000 PFU/mL before inoculation;
actual inoculum virus titer was determined to be 1.67 � 103

PFU/mL. EBOV/Makona-C05 (Ebola virus/H. sapiens-tc/
GIN/2014/Makona-C05, biosample SAMN04490241) inoc-
ulum was diluted to a target dose of 1000 PFU/mL before
inoculation; actual inoculum virus titer was determined to be
3.99 � 103 PFU/mL. Mouse-adapted EBOV (Ebola virus/
USAMRIID/BALBc-lab/COD/1976/Yambuku-Mayinga-
MA, biosample SAMN05859944) was obtained from Dr.
Anthony Griffiths (Texas Biomedical Research Institute,
San Antonio, TX). Virus inoculum was diluted to a target
dose of 5000 PFU/mL before i.m. inoculation. The virus
inoculum titer was 2.48 � 103 PFU/mL and 1.81 � 103

PFU/mL by Vero E6 plaque assay for study cohort 1
(n Z 6) and study cohort 2 (n Z 6), respectively.

All macaques were humanely euthanatized in accor-
dance with predefined experimental end points, and gross
necropsy was performed. For macaques infected with
EBOV/Kik (model characterization) or EBOV/Mak,
bilateral samples of stifle synovium were collected for
histologic analysis. Macaques infected with MARV/Ang
had only the right stifle synovium collected for histologic
analysis. In the first cohort of macaques succumbing to
The American Journal of Pathology - ajp.amjpathol.org
ma-EBOV/Yam, samples of synovium and meniscus from
the right stifle only were collected for histologic analysis,
and the same joint was swabbed for virus titer. For all
animals in the second cohort as well as survivors from the
first cohort, samples for virus titer, histologic analysis, and
TEM were collected from both stifles. Additional synovial
membrane samples for histologic analysis were also
collected from hips and shoulders bilaterally. Macaques
receiving EBOV/Kik for the natural history study had
histologic samples collected bilaterally from the stifles,
hips, and shoulders. Methods for histologic analysis, TEM,
MARV ISH, and EBOV and MARV IHC have been
previously described.31,36

ISH

To detect EBOV RNA in formalin-fixed, paraffin-embedded
tissues, ISH was performed using the RNAscope 2.5 HD
RED kit (Advanced Cell Diagnostics, Newark, CA) ac-
cording to the manufacturer’s instructions. Briefly, 20 ZZ
probe pairs targeting the genomic EBOV VP40 gene were
designed and synthesized by Advanced Cell Diagnostics
(catalog number 507141). Replicative intermediate (anti-
genome) probes targeting the VP35 gene were used (catalog
number 527491). Staining was performed as previously
described.31

Immunofluorescence

Formalin-fixed, paraffin-embedded tissue sections were
deparaffinized and rehydrated through a series of graded
ethanol. Antigen retrieval was performed using Diva
Decloaker citrate buffer (Biocare Medical, Pacheco, CA) for
30 minutes at 95�C. After rinses with Tris-buffered saline
with Tween (TBST), Background Sniper (Biocare Medical)
was applied for 30 minutes. For CD68/EBOV-GP double
stains, sections were then incubated with rabbit anti-EBOV-
GP (catalog number 0301-015; IBT Bioservices, Rockville,
MD) or rabbit polyclonal IgG isotype control (catalog
number ab27478; Abcam, Cambridge, MA) antibodies or
plain diluent for 20 hours at 4�C. After rinses with TBST,
the sections were incubated with secondary Alexa Fluor
488econjugated goat anti-rabbit antibody for 1 hour at
room temperature. The sections were rinsed with TBST, and
the Background Sniper was applied for 30 minutes. The
sections were then incubated with mouse anti-CD68 (cata-
log number NBP-74570; Novus Biologicals, Centennial,
CO), normal mouse IgG isotype control antibody (catalog
number ab18443; Abcam,), or plain diluent for 1 hour at
room temperature. After rinses with TBST, the sections
were incubated with secondary Alexa Fluor
594econjugated donkey anti-mouse antibody for 1 hour at
room temperature. For CD44/EBOV-GP double stains,
sections were then incubated with rabbit anti-EBOV-GP
(catalog number 0301-015; IBT Bioservices) or rabbit
polyclonal IgG isotype control (catalog number ab27478;
1869
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Figure 1 Immunohistochemistry shows viral targeting
of stifle joint synoviocytes in rhesus macaques infected
with filoviruses. Positive immunostaining results for Ebola
virus (EBOV) glycoprotein (GP) (A) and EBOV matrix pro-
tein VP40 (B) in intimal synoviocytes from the stifle of an
EBOV/Kikwiteinfected Chinese-origin rhesus macaque.
Synovial space is oriented at the top. Positive immuno-
staining results for Marburg virus (MARV) GP (C) and MARV
matrix protein VP40 (D) in intimal synoviocytes from the
stifle of a MARV/Angolaeinfected Indian-origin rhesus
macaque. 3,30-Diaminobenzidine chromogen with hema-
toxylin counterstain. Scale bars Z 50 mm.
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Abcam) antibodies or plain diluent for 20 hours at 4�C.
After rinses with TBST, the sections were incubated with
secondary Alexa Fluor 488econjugated donkey anti-rabbit
antibody for 1 hour at room temperature. The sections were
rinsed with TBST, and the Background Sniper was applied
for 30 minutes. The sections were then incubated with
mouse anti-CD44 (catalog number MA5-13890; clone 156-
3C11, Thermo Fisher, Waltham, MA), normal mouse IgG
isotype control antibody (catalog number ab18443; Abcam),
or plain diluent for 20 hours at 4�C. After rinses with TBST,
the sections were incubated with secondary Alexa Fluor
594econjugated donkey anti-mouse antibody for 1 hour at
room temperature. Autofluorescence was blocked using
TruView autofluorescence blocker (Vector Laboratories,
Burlingame, CA) for 5 minutes. Sections were cover slipped
using the Vectashield hard set mounting medium with DAPI
(Vector Laboratories). All fluorescent images were obtained
using a Leica SP5 TCS-2 confocal microscope and Leica
Application Suite Advance Fluorescence version 2.7.2.9586
(Leica Camera AG, Wetzlar, Germany).

Quantitative RT-PCR from Stifle Swabs

At necropsy, joint fluid was collected using a dry swab,
which was then placed in 1 mL of virus transport collection
buffer, inactivated by TRIzol LS (Ambion by Life Tech-
nologies, Austin, TX), and frozen at �80�C for no longer
that 90 days before RNA isolation and titering. Total RNA
was isolated as described previously.37 Briefly, 70 mL of
sample inactivated by Trizol LS was added to 280 mL of
buffer AVL (Qiagen, Germantown, MD) with carrier RNA.
Samples were then extracted using the QIAamp Viral RNA
Mini Kit (Qiagen) in accordance with the manufacturer’s
instructions, eluted in 70 mL of buffer AVE (Qiagen),
1870
aliquoted, and frozen. Viral RNA titer was determined using
an experimental Critical Reagents Program EZ1 RT-qPCR
kit assay (BEI Resources) in accordance with the manu-
facturer’s instructions. Sample titers were reported as viral
RNA copies per milliliter of sample.
Cell Culture

Primary human fibroblast-like synoviocytes (HFLS; Cell
Applications Inc., San Diego, CA) were cultured in growth
medium (catalog number 415-500). Human hepatocellular
carcinoma (Huh-7) cells obtained from Dr. Yoshimi Tsuda
(Research Institute for Microbial Diseases, Osaka Univer-
sity, Osaka, Japan) were cultured in Dulbecco’s modified
Eagle’s medium with L-glutamine (Lonza 12-604Q, Wil-
liamsport, PA) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco, Thermo Fisher Scientific, Wal-
tham, MA) and incubated at 37�C in 5% carbon dioxide as
previously described.38 HFLS and Huh-7 cells were grown
for 24 hours in T75 flasks, after which media was removed
and replaced with 3 mL of media that contained diluted
EBOV/Kik, EBOV/Mak, ma-EBOV/Yam, and MARV/Ang
stocks used in nonhuman primate (NHP) studies (multi-
plicity of infection, 0.01 PFU/cell). Infections were per-
formed in triplicate. Virus was incubated with the cells for 1
hour with rocking every 15 minutes to allow for viral
attachment. After the initial incubation, the media was
removed, cell monolayers were washed once with sterile
phosphate-buffered saline, and media were replaced with 30
mL of growth media. The development of a cytopathic ef-
fect (CPE) was monitored by light microscopy and photo-
graphs were taken. Samples of 1 mL were collected daily
from each flask starting after the addition of growth media
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Histologic analysis, immunohistochemistry,
and in situ hybridization show viral targeting of synovio-
cytes in rhesus macaques infected with mouse-adapted
Ebola virus (EBOV)/Yambuku-Mayinga (ma-EBOV/Yam).
A: Histologic analysis of the right stifle of nonhuman
primate (NHP) 6 shows occasional degeneration and
intracytoplasmic viral inclusion bodies (arrows) in intimal
synoviocytes. B: Histologic analysis of the left stifle of
NHP 5 shows mild acute inflammation, including viable
and degenerate macrophages and neutrophils in the in-
tima and synovial space. CeF: There is nearly diffuse
immunolabelling of intimal synoviocytes for EBOV glyco-
protein (C) and EBOV matrix protein VP40 (E) in the left
shoulder of NHP 7. Boxed areas in C and E are shown at
higher magnification in D and F, respectively. G and H:
There is nearly diffuse positive in situ hybridization of
intimal synoviocytes for EBOV genome in the left shoulder
of NHP 7 (G) and for EBOV replicative intermediate
(antigenome) in the left stifle of NHP 5 (H). Hematoxylin
and eosin (A and B), 3,30-diaminobenzidine chromogen
with hematoxylin counterstain (CeF), and red substrate
chromogen with hematoxylin counterstain (G and H).
Scale bars: 50 mm (A, B, D, and F); 200 mm (C, E,
G, and H).

Filoviruses Infect Synoviocytes
(day 0) through to day 7. The samples were stored at �80�C
until titered by plaque assay.

Additional flasks of HFLSs were infected with 1 PFU/cell
and harvested on day 7 for MARV/Ang and day 8 for
EBOV/Kik for TEM analysis. For conventional thin-section
microscopic evaluation, cells were collected from flasks and
preserved in 2.5% glutaraldehyde (E.M. Sciences, War-
rington, PA) in Millonig’s sodium phosphate buffer (Tou-
simis Research, Rockville, MD). After fixation was
complete, the cells were washed repeatedly in Millonig’s
buffer and incubated for 2 hours in 1.0% osmium tetroxide
in the same buffer. After rinsing steps in ultrapure water and
en bloc staining with 2.0% uranyl acetate, the samples were
dehydrated in a series of graded ethanols and infiltrated and
embedded in Spurr’s plastic resin (E.M. Sciences).
The American Journal of Pathology - ajp.amjpathol.org
Embedded blocks were sectioned using a Leica UC7 Ul-
tramicrotome (Leica Camera AG). Then 70- to 80-nm sec-
tions were collected on 200 mesh copper grids and
poststained with Reynold’s lead citrate. Samples were
examined in a FEI Tecnai Spirit Twin transmission electron
microscope, operating at 80 kV.

HFLS and Huh-7 cells were grown for 24 hours on
4-chambered slides (catalog number 30104; ABC Scientific,
Glendale, CA), after which media was removed and replaced
with 1 mL of media that contained diluted EBOV/Kik, ma-
EBOV/Yam, EBOV/Mak, or MARV/Ang at a multiplicity of
infection of 1 or with cell culture media (mock-infected
negative control) and incubated at 37�C at 5% carbon diox-
ide. After incubation, slides were fixed with 1 mL of 20%
neutral buffered formalin on day 4 for Huh-7 infections and
1871
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Table 1 Summary of Joint Findings in Rhesus Macaques Acutely Infected with Mouse-Adapted EBOV/Yambuku-Mayinga

Animal
no.

Stifle Shoulder Hip

Left Right Left Right Left Right

NHP 1 NE Synovial ICIB
IHCþ

NE

NHP 2 Synovial ICIB,
degeneration, and
inflammation

IHCþ, gISHþ, riISHþ

NHP 3 Synovial ICIB
IHCþ, gISHþ

NHP 4 Synovial ICIB,
degeneration, and
inflammation,
IHCþ, gISHþ,
riISHþ

Synovial ICIB,
degeneration, and
inflammation;
IHCþ

NSF; IHCþ NSF; IHC� NSF; IHC� Synovial ICIB,
degeneration, and
inflammation;
IHCþ

NHP 5 Synovial ICIB,
degeneration, and
inflammation,
IHCþ, gISHþ,
riISHþ

TEMþ, CD68þ/
EBOV-GPþ, CD44þ/
EBOV-GPþ

NSF, IHC�, TEM� Synovial ICIB,
degeneration, and
inflammation

IHCþ, gISHþ, riISHþ

Synovial ICIB,
degeneration, and
inflammation;
IHCþ

Synovial ICIB,
degeneration, and
inflammation;
IHCþ

NSF; IHC�

NHP 6 Synovial ICIB,
degeneration, and
inflammation;
intravascular
thrombi, IHCþ,
TEM�

Synovial ICIB,
degeneration, and
inflammation;
intravascular
thrombi

IHCþ, gISHþ,
riISHþ, TEMþ;
CD68þ/EBOV-GPþ,
CD44þ/EBOV-GPþ

NSF; IHCþ, gISHþ NSF
IHCþ

Synovial ICIB,
degeneration, and
inflammation;
intravascular
thrombi; IHCþ,
gISHþ, riISHþ

NSF; IHC�

NHP 7 Synovial ICIB, IHCþ,
gISHþ, riISHþ;
CD68þ/EBOV-GPþ,
CD44þ/EBOV-GPþ;
TEM�

NSF, IHC�, TEM� Synovial ICIB,
degeneration, and
inflammation;
IHCþ, gISHþ,
riISHþ

NSF; IHC� Synovial ICIB; IHC� NSF; IHC�

NHP 8 NSF, IHC�, TEM� Synovial ICIB; IHCþ,
gISHþ; CD68þ/
EBOV-GPþ,

CD44þ/EBOV�GPþ;
TEM�

NSF; IHCþ NSF
IHCþ

NSF; IHC� NSF; IHC�

Total 4/5 6/8 5/5 3/5 2/5 1/5

EBOV, Ebola virus; gISH, EBOV genome RNAscope in situ hybridization; GP, glycoprotein; ICIB, intracytoplasmic inclusion bodies; IHC, immunohisto-
chemistry; NE, not examined; NHP, nonhuman primate; NSF, no significant findings; riISH, EBOV replicative intermediate RNAscope in situ hybridization; TEM,
transmission electron microscopy.

Cooper et al
on day 7 for HFLS infections. After the 30-minute fixation,
the chambers were removed, and the slides were placed in
10% neutral buffered formalin and stored at 4�C until pro-
cessed. ISH was performed using the manual RNAscope 2.5
HD RED kit (catalog number 322360; Advanced Cell Di-
agnostics). Briefly, cultured cells adherent to chamber slides
were fixed in 10% neutral buffered formalin, rinsed in
phosphate-buffered saline, and washed with graded ethanol.
Next, the slides were treated with hydrogen peroxide for 10
minutes at room temperature to block potential endogenous
1872
peroxidase staining. The slides were then heated in 1X Target
Retrieval solution (catalog number 322000) in a thermo-
regulated decloaking chamber for 10 minutes at 95�C, fol-
lowed by enzymatic digestion by incubation in a 1:15
solution of Protease III (catalog number 322337) and
phosphate-buffered saline for 20 minutes at 40�C while
enclosed in a humidity-controlled hybridizer oven system.
After deionized water rinses, the nucleic acid replicative in-
termediate target probes, antigenomic EBOV (catalog num-
ber 527491) and antigenomic MARV (catalog number
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Timecourse of Joint Infection by Immunohistochemistry
in Rhesus Macaques Acutely Infected with Ebola Virus/Kikwit

Animal no.
Postinfection
day

Stifle Shoulder Hip

Left Right Left Right Left Right

NHPKik-nh 1 3 � � � � � �
NHPKik-nh 2 3 � � � � � �
NHPKik-nh 3 3 � � � � � �
NHPKik-nh 4 4 � � � � � �
NHPKik-nh 5 4 � � � � � �
NHPKik-nh 6 4 � � � � � �
NHPKik-nh 7 5 � � � � � �
NHPKik-nh 8 5 � � � � � �
NHPKik-nh 9 5 � � � � � �
NHPKik-nh 10 6 � þ þ � � �
NHPKik-nh 11 6 � � � � � �
NHPKik-nh 12 6 � � � � � �
NHPKik-nh 13 6* � þ � � � �
NHPKik-nh 14 6* þ þ � � � �
NHPKik-nh 15 7* þ þ þ þ þ þ
NHPKik-nh 16 7* � � � � þ þ
NHPKik-nh 17 8* þ þ þ þ þ þ
NHPKik-nh 18 8* þ þ þ þ þ �
*These animals reached end point criteria and were euthanatized.
NHPKik-nh, nonhuman primate with Kikwit natural history.

Filoviruses Infect Synoviocytes
527301), were applied to the slides and incubated for 2 hours.
After hybridization and rinsing the slides in 1X wash buffer
solution, the resulting signal was amplified then detected by
incubating the slides in a red substrateechromogen solution
for 10 minutes at room temperature, followed by hematoxylin
counterstain (catalog number 7211; Thermo Fisher).

For plaque assay, virus was serially diluted 1:10 for a
total of 7 dilutions in Dulbecco’s modified Eagle’s medium
with with 5% heat-inactivated fetal bovine serum. After
removal of media from the 6-well plates, 300 mL of the
appropriate dilutions were added to a 95% confluent
monolayer of Vero cells (ATCC, Manassas, VA) for ma-
EBOV/Yam or to a 90% confluent monolayer of Vero E6
cells (BEI Resources) for EBOV/Mak, EBOV/Kik, and
Figure 3 Transmission electron micrograph of the left stifle of nonhuman prim
with nucleocapsids are present within two intimal type A synoviocytes (macrophag
EBOV virions are present extracellularly in the interstitium (C). Joint space is ori

The American Journal of Pathology - ajp.amjpathol.org
MARV/Ang. Plates were incubated at 37�C in 5% carbon
dioxide for 1 hour with rocking every 10 � 5 minutes. After
incubation, a 1:1 ratio of 2.5% Avicel (FMC Biopolymer,
Philadelphia, PA) and 2� Dulbecco’s modified Eagle’s
medium with with 10% heat-inactivated fetal bovine serum,
antibiotic-antimycotic, and glutaMAX was added to each
well and incubated at 37�C for 6 days for MARV/Ang, 7
days for EBOV/Mak, or 8 days for EBOV/Kik and ma-
EBOV/Yam. Plates were fixed and stained using 0.2%
crystal violet stain (Ricca Chemical, Pocomoke City, MD)
in 10% neutral-buffered formalin (Thermo Fisher) and pla-
ques were manually counted.
Results

IHC Shows Frequent Filovirus Infection of the
Synovium

Six EBOV/Kikeinfected macaques died or were euthana-
tized on postinoculation day (PID) 5 (n Z 1), 6 (n Z 1), 7
(n Z 2), or 8 (n Z 2). Because study macaques were
confined within cages and often moved little after the onset of
FVD, it was not possible to rigorously assess for clinical
signs of arthralgia (eg, gait analysis). Stifles were grossly
normal, and samples from both stifles were collected. His-
tologic analysis findings were unremarkable except for
minimal focal acute hemorrhage and inflammation in a single
stifle. In all six macaques, there was positive immunostaining
of the stifle synovial intima for EBOV glycoprotein
(Figure 1A) and matrix protein (VP40) (Figure 1B); staining
was bilateral in four animals and unilateral in two
(Supplemental Table S1). Immunostaining was variable and
ranged from single small foci of positivity (Supplemental
Figure S1) to nearly diffuse positivity across the synovial
intima. EBOV/Makeinfected macaques succumbed to dis-
ease or were euthanatized on PID 7 (n Z 4) or 8 (n Z 1);
samples from both stifles were collected from each animal.
There were no gross abnormalities, and only a single ma-
caque had histologic abnormalities that consisted of bilateral
ate 5 showing Ebola virus (EBOV) infection of the synovium. Viral inclusions
es). Boxed areas in A are shown at higher magnification in B and C. Mature
ented at top right. Scale bars: 2 mm (A); 500 nm (B and C).
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Figure 4 Immunofluorescence shows filovirus targeting of type A and B
synoviocytes in vivo. Confocal imaging shows colocalization of Ebola virus
(EBOV) glycoprotein (Alexa Fluor 488, green) in CD44þ (Alexa Fluor 594, red)
type B synoviocytes (A) as well as CD68þ (Alexa Fluor 594, red) type A syn-
oviocytes (B) in mouse-adapted EBOV/Yambuku-Mayingaeinfected rhesus
stifle. Joint space is at the top. Original magnification, �400 (A and B).
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minimal synoviocyte degeneration and necrosis with rare
inclusions. Positive immunostaining was present bilaterally
in three of five rhesus macques infected with EBOV/Mak and
was unilateral in a fourth. In all four animals, positive
staining was only present in scattered clusters of cells. A
single animal was negative bilaterally. MARV/Angeinfected
rhesus macaques died or were euthanatized on PID 6 (n Z
2), 7 (n Z 1), or 8 (n Z 2); only samples of the right stifle
were collected. There were no gross or histologic findings.
Four of five animals had positive MARV immunostaining
results of the stifle synovium, ranging from diffuse (n Z 1)
(Figure 1, C and D) to focally extensive (n Z 1) to scattered
foci of few positive cells (n Z 2) (Supplemental Figure S2).

Eight of 12 rhesus macaques experimentally inoculated in
two cohorts with ma-EBOV/Yam died or reached end point
criteria and were euthanatized during acute infection
(n Z 3/6 and n Z 5/6) on PIDs 9 and 10. Joints were not
grossly swollen or erythematous. In the first cohort, samples
of synovium, joint capsule, and meniscus were collected for
1874
histologic analysis from the right stifle only. In the second
cohort, synovial membrane samples for histologic analysis
were collected from stifles, hips, and shoulders bilaterally.
By routine histologic analysis, rare to occasional eosino-
philic to amphophilic intracytoplasmic viral inclusions were
visible in intimal synovial cells in four stifle joints and a
single hip joint from five different animals (Figure 2A and
Table 1). In six stifles from four animals (bilateral in two),
there was also infiltration of low numbers of macrophages
and neutrophils (inflammation) (Figure 2B), with intravas-
cular thrombi in a single macaque in which there was also
widespread systemic and pulmonary thrombosis (dissemi-
nated intravascular coagulation). Similar mild inflammation
was present in three shoulder joints in two animals and three
coxofemoral joints in three animals. Inflammation was
present within multiple joints in 3 of 5 animals, including
stifle, hip, and both shoulders in a single animal (NHP5).
Gross and histologic examination findings of stifles, hips,
and shoulders from the four survivors of ma-EBOV/Yam
infection at PID 185-364 were unremarkable.
Immunostaining results of intimal synovial cells from ma-

EBOV/Yameinfected rhesus for EBOV GP and VP40 anti-
gens was variable and ranged from single small foci of
positivity to nearly diffuse positivity across the membrane
(Figure 2, CeF). Ten of 13 stifles evaluated had positive
immunostaining results of the synovial intima, affecting all
eight ma-EBOV/Yameinfected animals that died of acute
disease. Eight of 10 shoulder joints evaluated had positive
immunostaining of the intima, which was unilateral in two
animals and bilateral in three. Only three hip joints from three
different subjects were immunoreactive for EBOV. Positive
immunostaining results were always present in joints with
histologically identifiable inflammation and degeneration and
were nearly always present in joints with histologically
identifiable viral inclusion bodies. Viral antigen was variably
present in histologically normal joints. There was no
consistent association between histologic abnormalities in the
synovium and the extent and distribution of positive immu-
nostaining results, with diffuse positive staining results in
some histologically normal synovium. No correlation was
found between the presence or extent of positive immuno-
staining results and time to death for any of the viruses.
An additional 18 rhesus macques infected with EBOV/

Kik were enrolled in a natural history time course study.
Three animals were euthanatized per timepoint on PIDs 3, 4,
5, and 6; an additional six animals reached end point criteria
because of clinical EVD and were euthanatized on days 6
(n Z 2), 7 (n Z 2), and 8 (n Z 2). All joints were grossly
and histologically normal. None of the animals euthanatized
on PID 3, 4, or 5 had detectable virus by IHC in any joint. A
single animal electively euthanatized on PID 6 had positive
intimal staining results in the right stifle and left shoulder
(Table 2). The two animals that reached end point criteria
and were euthanatized on PID 6 had positive results for one
or both stifles. All animals that reached end point criteria on
PIDs 7 and 8 had multiple positive joints. No correlation
ajp.amjpathol.org - The American Journal of Pathology
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Table 3 RT-PCR Results from Rhesus Macaques Acutely Infected with Mouse-Adapted EBOV/Yambuku-Mayinga

Animal no.
Necropsy
day

Plasma genome
equivalents per mL
(EBOV glycoprotein)

Collection
location

Genome equivalents
per mL (EBOV
glycoprotein)

Genome equivalents
per mL (EBOV
nucleoprotein)

NHP1 9 5.95 � 109 Right stifle 4.78 � 105 1.96 � 106

NHP2 10 8.20 � 105 Right stifle 3.31 � 108 1.80 � 109

NHP3 10 1.53 � 107 Right stifle 1.87 � 107 5.49 � 107

NHP4 09 3.92 � 109 Right stifle 2.91 � 107 8.33 � 106

NHP5 10 5.23 � 109 Left stifle 1.60 � 107 3.87 � 106

Right stifle 6.52 � 107 8.05 � 106

NHP6 10 9.45 � 107 Left stifle 5.40 � 107 8.41 � 106

Right stifle 3.20 � 107 5.63 � 106

NHP7 9 5.09 � 108 Left stifle 2.15 � 108 9.42 � 107

Right stifle 3.85 � 106 8.64 � 105

NHP8 9 2.49 � 108 Left stifle 1.59 � 104 2.66 � 103

Right stifle 7.80 � 106 1.74 � 106

EBOV, Ebola virus; NHP, nonhuman primate.
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was found between peripheral blood viremia and the pres-
ence or extent of joint infection in these animals.

ISH Confirms IHC Findings

A subset of IHC-positive joints (7 stifles, 3 shoulders, and 1
hip) from ma-EBOV/Yameinfected macaques were stained
for viral genome by RNAscope. All tested positive with an
ISH staining pattern of the synovial intima similar to the
respective IHC pattern (Figure 2G). A subset of these,
including 5 stifles, 2 shoulders, and 1 hip, was also stained
using probes for replicative intermediate (antigenome)
RNA, and all tested positive, indicating active viral repli-
cation within the synovial intima (Figure 2H). ISH using
probes against EBOV genome tested negative in three stifles
examined from two ma-EBOV/Yameinfected macaques
that survived after severe clinical EVD. Stifle joints from an
uninfected Chinese rhesus macaque tested negative for
EBOV and MARV viral proteins and RNA (Supplemental
Figure S3).

TEM Shows Virus in Synovium

Samples of stifle synovium for TEM were collected from
four euthanatized animals in the second ma-EBOV/Yam
cohort only. Mature virus particles, inclusions that contained
nucleocapsids, and budding viral particles were observed
within and adjacent to synovial intimal and subintimal
macrophages from two animals (Figure 3). Virus was not
observed in samples from the other two animals (half of
which were also IHC negative).

Filoviruses Infect Type A and Type B Synoviocytes

Stifles from four ma-EBOV/Yameinfected rhesus were
stained by immunofluorescence to identify infected synovial
cell types. In all four animals, intimal synovial cells
immunolabeling for EBOV glycoprotein included both
The American Journal of Pathology - ajp.amjpathol.org
CD44þ type B (fibroblast-like) (Figure 4A) and CD68þ type
A (macrophage-like) (Figure 4B) synoviocytes.

EBOV Genomes Are Frequently Present in Synovial Fluid

Using primer sets that detect both glycoprotein and nucle-
oprotein, viral RNA was detected in all swabs of synovial
fluid from stifle joints of ma-EBOV/Yam macaques that
died of acute disease (n Z 12) (Table 3). Although care was
taken during collection, contamination of swabs by pe-
ripheral blood cannot be excluded for all samples. Because
synovial fluid was collected via dry swab and placed into 1
mL of media (resulting in a large unquantified dilution
factor), a true viral titer per milliliter of synovial fluid cannot
be calculated. Even without correcting for the dilution, 4 of
12 synovial fluid swab titers are within one log of the
genome equivalents per milliliter when compared with the
corresponding plasma samples, suggesting accumulation of
virus in this fluid rather than just a small contribution from
blood contamination. Bilateral stifle synovial fluid swabs
from all four ma-EBOV/Yam survivors had negative
quantitative RT-PCR results.

Human Synoviocytes Are Permissive to Filovirus
Infection in Vitro

Cultured primary HFLS cells were permissive to EBOV/Kik
and MARV/Ang infection in vitro as demonstrated by viral
replication (including intracellular nucleocapsids, budding,
and extracellular mature viral particles) observed by ultra-
structural examination (Figure 5). In addition, HFLS cells
stained positively by RNAscope ISH using probes against
replicative intermediate (antigenome) targets after in vitro
infection with EBOV/Mak, ma-EBOV/Yam, EBOV/Kik, or
MARV/Ang (Figure 6, AeE), consistent with active virus
replication. Mock-infected cells tested negative for viral
probe hybridization (Figure 6F). Interestingly, infected
1875
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Figure 5 Transmission electron micrographs showing
Ebola and Marburg virus infection of human fibroblast-like
synoviocytes. A: Ebola viral inclusions with nucleocapsids,
budding particles, and extracellular mature virions are
present within and surrounding an infected spindled cell.
B: Ebola viral inclusions and nucleocapsids. C: Marburg
viral inclusion with nucleocapsids. D: Budding and extra-
cellular mature Marburg virus particles attached to and
surrounding an infected cell. Scale bars: 1 mm (A and B);
400 nm (C and D).
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HFLS cells had no significant cytopathic effect after 8 days
of incubation, in contrast to infected Huh-7 cells
(Supplemental Figure S4). Daily supernatant samples from
HFLS and Huh7 cells infected with EBOV/Mak, ma-
EBOV/Yam, EBOV/Kik, or MARV/Ang were titered by
plaque assay using an avicel overlay. All viruses grew well
in the control cell line, Huh7, reaching peak titer typically at
approximately day 4 or 5. HFLS cells were permissive to
infection by all four filoviruses tested, with MARV/Angola
exhibiting the most viral growth at 2.73 � 104 PFU/mL,
followed by EBOV/Mak at 1.0 � 104 PFU/mL, ma-EBOV/
Yam at 2.1 � 103 PFU/mL, and EBOV/Kik, reaching a titer
no higher than 3.0 � 102 PFU/mL. Although viral titers in
infected Huh7 cell supernatants had plateaued or started to
decrease by day 7, all infections in HFLS cells appeared to
still be increasing in titer at the end of the growth curve on
day 7 (Supplemental Figure S5).
Discussion

The finding of frequent and often widespread infection of
the synovial intima by EBOV and MARV is novel and
could potentially contribute to the high incidence of joint
pain during acute FVD.2e5,17 Filovirus persistence in im-
mune privileged sites, including testes, brain, and eye, in
survivors of acute FVD may cause recrudescence of clinical
disease and further spread of infection to new
hosts.14,15,39e43 Within synovial joints, the articular carti-
lage is considered an immune privileged site,19,20 and
pathogen persistence in joints has been demonstrated for
other viruses as well as for bacteria.44e47 During acute
filoviral infection, the finding of productive infection of the
1876
synovial intima with viral genomes present in the synovial
fluid bathing the articular cartilage satisfies the necessary
conditions for potential filovirus infection of this avascular
immune privileged site. Although there was no positive
quantitative RT-PCR or ISH signal in the stifles of four ma-
EBOV/Yameinfected survivors at PID 185 or 364, the
possibility of viral persistence in the synovial joints
(including articular cartilage) at earlier convalescent time-
points will be addressed in future studies. Despite the
widespread filovirus infection of the synovium as demon-
strated by IHC and ISH, there was little tissue or leukocytic
response and no fibrin exudation present in any of the ani-
mals. Although widespread necrosis with minimal inflam-
mation is a typical feature of acute FVD in many organs
(classically the liver) in humans and NHP models, wide-
spread infection without evident gross or histologic lesions
has been reported in certain tissues (eg, reproductive
tract).29,36 The in vivo findings of widespread infection with
minimal cell death in the synoviocytes are also consistent
with the lack of viral cytopathic effect in synoviocytes
in vitro. In addition, there was variability in the extent of
synoviocyte infection in different animals and by different
filoviruses, both in vitro and in vivo, for reasons that are not
currently understood. However, the repeatability of the sy-
novial infections across different hosts and viruses is a
testament to the robustness of the results.
The underlying pathophysiologic mechanisms of arthralgia

in patients with acute or convalescent FVD are not known.13

Potential mechanisms of viral arthritis or arthralgia include
direct viral infection of synovial cells with loss of non-
adherence properties, leading to adhesions, or release of cy-
tokines and metalloproteinases with possible altered synovial
fluid composition, leading to a loss of lubricity and/or
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Cultured primary human fibroblast-like syn-
oviocytes were infected with Ebola virus (EBOV) or Mar-
burg virus (MARV), fixed, and stained by in situ
hybridization using probes against the respective viral
replicative intermediate (antigenome) RNA. All viruses
were infected at the same multiplicity of infection, with
minimal cytopathic effect. AeE: Human fibroblast-like
synoviocytes (HFLS) infected with EBOV/Makona-C05 (A
and B), mouse-adapted EBOV/ Yambuku-Mayinga (C),
EBOV/Kikwit (D), or MARV/Angola (E). F: Mock-infected
HFLS cells probed for EBOV antigenome have no positive
staining results. Red substrate chromogen with hematox-
ylin counterstain. Scale bars: 200 mm (A and CeF);
50 mm (B).
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metabolic damage to avascular chondrocytes, generation of
antigen-antibody complexes, or the development of autoanti-
bodies by molecular mimicry and cryptic antigens.48e50 One
report described significantly higher serum IgG titers in EVD
survivors with arthralgia than those without, suggesting a role
for antibodies (eg, type II hypersensitivity) in the pathogenesis
of joint symptoms.11 More recently, no association between
antibody titers and joint pain was found in a large cohort of
Liberian EVD survivors.12 The occurrence of effusive poly-
arthritis in two patients coincident with delayed active central
nervous system viral infection (an immune privileged site)
suggests a possible autoimmune or immune-mediated process
related to viral recrudescence.14,15 Autoantibodies (including
antiedouble-stranded DNA) have been elicited in mouse and
NHP experimental models and identified in a small sample of
EVD survivors.51 The same study found accumulation of an-
tibodies in the joints of EVD survivor mice compared with
uninfected controls but did not report any radiographic or
histologic assessment of the joints. However, a rheumatologic
assessment of arthralgias in one study of humanEVDsurvivors
has not been thought to be consistent with an autoimmune
process, although no serology was reported.7 Furthermore, a
longitudinal study of Liberian EVD survivors found no asso-
ciation between joint pain (or any other sequela) andmarkers of
inflammation or immune activation.52
The American Journal of Pathology - ajp.amjpathol.org
Infection of type B (fibroblast-like) synoviocytes, which
have an important immunomodulatory role in the pathogenesis
of rheumatoid arthritis,26 could have significant deleterious
downstream effects. Expansion of the subintimal interstitium
as a sequela to acute inflammation (scarring) with reduced
capillary density may impair the ability of synovial fluid to
metabolically support articular cartilage.48 However, consis-
tent with the symptoms and physical examination findings of
human survivors, no histologic evidence of arthritis was pre-
sent in the synovium of four ma-EBOV/Yameinfected sur-
vivor animals in the present study. Only two of the four
developed severe clinical EVD, with mild clinical signs in the
other two, and the animals were euthanatized at 6 or 12months
after infection (R.S.B., unpublished data). Interestingly,
arthritis or arthralgia has been reported as a common adverse
effect with EBOV vaccines that express the EBOV glyco-
protein in a replication competent rhabdovirus vector, although
the mechanism(s) remain unexplored.53e55 Both arthralgias
(17.1% incidence) and arthritis (5.1% incidence) have been
reported in humans up to 25 days after receiving the rVSVDG-
ZEBOV glycoprotein vaccine, with rVSV RNA identified
within the synovial fluid, implicating viral replication in the
pathogenesis.56 Vaccine-associated arthritis as an adverse ef-
fect has been correlated with higher anti-EBOV glycoprotein
IgG titers in a small number of patients57; however, more
1877
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recent close follow-up of a group of reactively vaccinated close
contacts found an association of arthralgia with T-cell immune
responses (CD8þ interferon-g and CD4þ IL-2 secreting cells)
but not IgM, IgG, or neutralizing antibodies.58

This study provides preliminary data on the frequent
infection of synovial intimal cells of both macrophage and
fibroblast lineage during acute FVD in NHPs; notably, syno-
vial tissues of 28 of 30 NHPs (93%; 64 of 96 joints examined)
with terminal FVD were infected. Primary human fibroblasts
are also permissive to filovirus infection in vitrowith the same
virus stocks used to infect NHPs in vivo, resulting in amplifi-
cation of infectious virus. Although viral infection was
apparent through plaque assay, infection of the human syno-
viocyte cells did not result in visible morphologic changes
during the growth curve. Future work will focus on the dura-
tion of infection and whether a persistent infection can be
established in this cell type. The infection of human synovio-
cytes thus may be at least one potential source of the arthralgia
that has been commonly reported in EVD survivors.

When the time course of infection with EBOV/Kik was
evaluated, joints became involved relatively late in the
disease course, beginning only on PID 6. This finding has
significance for treated human patients because controlling
virus replication early after exposure may reduce the chance
of infection in these immune privileged sites. Further
development of the NHP filovirus infection models
described here provide an opportunity to study viral dy-
namics and host responses in these tissues in the presence or
absence of antifilovirus therapeutics. In addition, an in vitro
method is described here for studying filovirus replication in
primary human cells, which may provide insights into
mechanisms of persistent infection as well as studying
medical countermeasures to clear infection in these cells.

Limitations of this study include lack of functional or
imaging evaluation of joints during acute disease, direct
evaluation of articular hyaline cartilage, or evaluation of sy-
novial fluid quality and for the presence of inflammatory
mediators or cytokines. Future experiments will focus on
bridging the gap left by these limitations. Mechanistic studies
of survivors of experimental (and natural) FVD, including
imaging and pathology, are greatly needed for rheumatologic
and other disease sequelae. Given the widespread synovial
infection described herein with acute FVD, convalescent
inflammation as a consequence of viral control in survivors
that results in long term joint damage and scarring is possible.
Additional studies on the distribution, kinetics, and clearance
of joint infection in acute illness and convalescence would
lend insight into pathogenesis in human FVD survivors as
well as identify timeframes for preventive interventions.
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