
Members of the viral genera Orthoebolavirus and 
Orthomarburgvirus in the family Filoviridae cause 

severe viral hemorrhagic fevers in humans; case-
fatality rates are high. Ebola disease is caused by in-
fection with Bundibugyo virus, Ebola virus (EBOV), 
Sudan virus (SUDV), or Taï Forest virus, whereas 
Marburg disease is caused by infection with Marburg 
virus (MARV) or Ravn virus (1,2). Most Ebola disease 
outbreaks in humans to date have been caused by 
EBOV and SUDV. Before the 2013–2016 epidemic of 
Ebola virus disease (EVD, caused by EBOV only) in 
West Africa and the 2018–2020 EVD outbreak in the 
Democratic Republic of the Congo, the largest Ebola 
disease outbreak was in the Gulu District of Uganda, 
caused by SUDV; 425 persons were infected and 224 

deaths were recorded (3,4). SUDV has been respon-
sible for the second most cases of filovirus disease, 
after EBOV; 8 sporadic SUDV outbreaks have been 
reported in equatorial Africa since discovery of the vi-
rus in 1976 (5). The recent outbreak caused by SUDV 
in Uganda (September 2022–January 2023) resulted 
in 142 confirmed cases and 55 deaths (6). Although 
substantial progress has been made in preclinical 
studies of vaccines and therapeutics against SUDV, 
no approved vaccines or therapeutics against SUDV 
are available for patients. Although therapeutics and 
vaccines licensed for use against EBOV are available, 
EBOV is antigenically distinct, and current evidence 
suggests that those products would be ineffective 
against SUDV (7).

Persistent filovirus infection was originally iden-
tified in 1967, during the first Marburg disease out-
break in Marburg, Germany (8). In that case, MARV 
persisted in the seminal fluid of a convalescent pa-
tient, resulting in sexual transmission of MARV to 
his wife about 2 months after his recovery. Before the 
2013–2016 epidemic of EVD in western Africa, filovi-
rus persistence in the eyes and semen of convalescent 
survivors was sparsely reported (9,10). The studies 
performed among unprecedented numbers of EVD 
survivors of that epidemic demonstrated a previous-
ly underappreciated and unfortunate fact of EBOV 
infection: the persistence of EBOV in immune-privi-
leged organs, associated body fluids, or both, includ-
ing brain/cerebrospinal fluid, eyes/ocular fluid, and 
testes/seminal fluids. Among patients who survive 
acute EVD, the virus remains in those tissues despite 
virus clearance from blood, EBOV-specific immune 
responses, and apparent clinical recovery. Multiple 
disease flare-ups or re-emergence events associated 
with virus persistence were reported and attributed 
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After the 2022–2023 Sudan virus (SUDV) disease out-
break in Uganda, we studied SUDV persistence in non-
human primates that had survived acute infection without 
therapeutic intervention. We identified SUDV persis-
tence in the vitreous chamber and immediately adjacent 
tissue in the eyes as well as in the seminiferous tubules 
in the testes but not in common target organs typically 
infected during the acute phase of disease. Specifically, 
SUDV persists primarily in macrophages in the eyes and 
Sertoli cells in the testes. Ocular and testicular SUDV 
persistence in nonhuman primates is accompanied by 
tissue damage, including inflammatory cell invasion. Our 
study suggests that long-term follow-up efforts are need-
ed to reduce possible recrudescent disease and reigni-
tion of outbreaks caused by virus persistence in human 
survivors of SUDV infection.
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to sexual transmission or breastfeeding during the 
2013–2016 EVD epidemic (11). Persistent infectious 
virus has been isolated from ocular fluid of an EVD 
survivor with recrudescent uveitis and from the ce-
rebrospinal fluid of an EVD survivor with meningo-
encephalitis (12,13). At the end of the 2018–2020 EVD 
outbreak in the Democratic Republic of the Congo, a 
lethal relapse in a survivor 6 months after treatment 
with monoclonal antibody mAb114 led to multiple 
subsequent transmission events and extended the out-
break and response efforts another 6 months (14,15). 
More recently, genetic epidemiology suggested that 3 
separate EVD outbreaks (in the Democratic Republic 
of the Congo during February 2021 and October 2021 
and in Guinea during February 2021) were probably 
associated with virus persistence in a survivor of a 
prior local outbreak rather than with spillover from 
an unknown zoonotic source. In particular, the 2021 
Guinea EVD outbreak reemerged from a persistently 
infected survivor of the major 2013–2016 EVD epi-
demic (at least 5 years earlier) (16). Those events have 
resulted in a paradigm shift with regard to knowl-
edge of EBOV persistence and outbreak response  
and prevention.

Studies of EBOV persistence in humans and ex-
perimentally infected nonhuman primates (NHPs) 
have revolutionized our knowledge of EBOV infec-
tion and changed the guidelines of clinical operation 
and the recommendations of the World Health Or-
ganization for EVD survivors. MARV persistence in 
NHP survivors has also been investigated (17). How-
ever, our knowledge of SUDV persistence has lagged 
substantially, although SUDV has been responsible 
for numerous filovirus outbreaks. With this study, 
we sought to fill the knowledge gap and identify and 
characterize ocular and testicular SUDV persistence 
in NHPs that naturally survived experimental SUDV 
exposure without therapeutic interventions. 

Materials and Methods

Study Design
We searched the internal pathology database at 
United States Army Medical Research Institute of 
Infectious Diseases (USAMRIID) for NHPs that had 
survived >28 days after exposure to SUDV without 
therapeutic interference (defined as administration of 
experimental therapeutics or vaccines). Meeting the 
inclusion criteria were 8 rhesus monkeys (Macaca mu-
latta, also known as rhesus macaques), 5 crab-eating 
macaques (Macaca fascicularis, also known as cynomo-
logus macaques), and 3 vervets (Chlorocebus aethiops 
sabaeus, also known as African green monkeys). We 

selected the immune-privileged organs (eye, brain, 
and testes) and common target organs (liver, spleen, 
lymph nodes) of those NHPs for analysis. From the 
USAMRIID Pathology Division tissue archives, we 
retrieved formalin-fixed paraffin-embedded (FFPE) 
tissue samples from those animals. We verified detec-
tion of SUDV infection by >2 different methods (in 
situ hybridization, immunohistochemistry, immuno-
fluorescence staining).

We conducted our research under an Institutional 
Animal Care and Use Committee–approved protocol 
in compliance with the Animal Welfare Act, Public 
Health Service policy, and other federal statutes and 
regulations relating to animals and experiments in-
volving animals. The facility where our research was 
conducted is accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care 
International and adheres to principles stated in the 
Guide for the Care and Use of Laboratory Animals, 
National Research Council, 2011.

Animals
We experimentally exposed the 16 NHPs to vari-
ous doses of the Boniface, Gulu, or Yambio vari-
ants of SUDV via aerosol or intramuscular route 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/31/2/24-0983-App1.pdf). For histologic eval-
uation, we processed tissue sections in accordance 
with routine hematoxylin and eosin staining proce-
dures and used sections of tissues from an uninfected 
rhesus macaque and an uninfected crab-eating ma-
caque as controls.

RNA In Situ Hybridization
To detect SUDV genomic RNA in FFPE tissues, we 
performed RNA in situ hybridization (ISH) by using 
an RNAscope 2.5 HD Detection (RED) kit (Advanced 
Cell Diagnostics, https://acdbio.com), according to 
the manufacturer’s instructions. In brief, Advanced 
Cell Diagnostics designed and synthesized an ISH 
probe targeting the genomic fragment of the SUDV 
nucleoprotein (NP) gene. We used uninfected NHP 
tissue sections as negative controls and SUDV-infect-
ed NHP tissue sections as positive controls. Tissue 
sections deparaffinized with Xyless II (Val Tech Di-
agnostics, https://valtechnologies.com) underwent 
a series of ethanol washes and peroxidase blocking, 
were heated in kit-provided decrosslinking buffer, 
and were then digested by kit-provided proteinase. 
We exposed sections to ISH target probe pairs and 
incubated them at 40°C in a hybridization oven for 
2 hours. After rinsing the sections, we amplified the 
ISH signal by using kit-provided preamplifier and 
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amplifier conjugated to alkaline phosphatase and in-
cubated them with a Fast Red substrate solution for 
10 minutes at room temperature. We then stained 
the sections with hematoxylin, air-dried them, and 
placed coverslips.

Immunohistochemistry
We performed SUDV immunohistochemistry testing 
on FFPE tissue sections by using the EnVision De-
tection System (Dako Agilent Pathology Solutions, 
https://www.agilent.com). We used uninfected NHP 
tissue sections as negative controls and SUDV-infect-
ed NHP tissue sections as positive controls. After we 
deparaffinized, rehydrated, and blocked the sections 
with methanol/hydrogen peroxide, we stained the 
slides by using rabbit polyclonal anti-SUDV VP40 an-
tibody (IBT Bioservices, https://ibtbioservices.com) 
at a dilution of 1:4,000, followed by a horseradish per-
oxidase-conjugated secondary anti-mouse polymer 
(Dako Agilent Pathology Solutions). We exposed all 
slides to brown chromogenic substrate, 3,3′-diamino-
benzidine (Dako Agilent Pathology Solutions), coun-
terstained them with hematoxylin, dehydrated them, 
and placed coverslips.

Immunofluorescence Staining
We deparaffinized FFPE tissue sections by using Xy-
less II (Val Tech Diagnostics) and a series of ethanol 
washes. To reverse formaldehyde crosslinks, we heat-
ed the sections in Tris-EDTA buffer (10 mM Tris base, 
1 mM EDTA solution, 0.05% Tween 20, pH 9.0) for 20 
minutes. After rinses with phosphate-buffered saline 
(PBS), we blocked pH 7.4 sections with CAS-Block 
((Thermo Fisher Scientific, https://www.thermo-
fisher.com) containing 5% normal goat serum (Mil-
lipore Sigma, https://www.sigmaaldrich.com) for 
1 hour at room temperature or overnight at 4°C. We 
then incubated sections with the primary antibod-
ies overnight at 4°C or for 2 hours at room tempera-
ture as follows: a rabbit polyclonal antibody against 
SUDV VP40 antibody (IBT Bioservices) at a dilution 
of 1:500, a mouse monoclonal anti-human CD68 an-
tibody (Dako Agilent Pathology Solutions) at a dilu-
tion of 1:200, a rabbit polyclonal anti-CD3 antibody 
at a dilution of 1:200 (Dako Agilent Pathology Solu-
tions), a rabbit polyclonal anti-CD4 antibody (Abcam, 
https://www.abcam.com) or a mouse monoclonal 
anti-CD8α antibody at a dilution of 1:200 (Thermo 
Fisher Scientific). After rinsing sections in PBS + 0.1% 
Tween-20, we incubated them with secondary goat 
Alexa Fluor 488-conjugated anti-rabbit antibody and 
with goat Alexa Fluor 561 anti-mouse antibody (Ther-
mo Fisher Scientific) for 1 hour at room temperature.  

We counterstained sections with 4′,6-diamidino-
2-phenylindole and placed coverslips by using fluo-
rescent mounting media (Dako Agilent Pathology 
Solutions). Images were captured on an LSM 880 
confocal microscope (Zeiss, https://www.zeiss.com) 
and processed by using open-source ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Results

SUDV Virus Persistence 
Of the 16 survivors, 4 (25%) had detectable SUDV 
genomic RNA in eye or testis tissues. Specifically, 3 
(23.1%) of 13 NHPs (no eye and brain tissues were 
collected for 3 surviving NHPs; Appendix Table) 
had SUDV genomic RNA in eye tissues and 1 (9%) 
of 11 NHPs (the other 5 were female) had SUDV ge-
nomic RNA in testis tissues. In contrast, SUDV ge-
nomic RNA was undetectable in the brain tissues of 
all 13 NHPs for which brain tissues were collected, 
the ovary tissues of all 5 female survivors, and com-
mon acute SUDV infection target organ tissues (liver, 
lymph node, and spleen) of all 16 NHP survivors 
(Appendix Table).

Ocular Sudan Virus Persistence 
We previously reported ocular EBOV persistence in 
NHPs that survived EBOV exposure with or without 
therapeutic interventions (18,19). Similarly, in this 
study, using ISH we detected SUDV genomic RNA 
in the vitreous chamber and the interface between the 
vitreous chamber and its adjacent structures within 
the eyes of 3 (23.1%) of 13 NHP survivors (Appendix 
Figure 1, panels A–N). In contrast, we did not detect 
genomic SUDV RNA in brain, liver, lymph node, 
spleen, or testicular tissues from the same 3 NHPs 
(Appendix Table). To identify the cellular targets of 
persistent SUDV infection, we stained survivor eye 
tissues by using immunofluorescence and an SUDV 
NP antibody and antibody against a macrophage 
marker, CD68. SUDV NPs were detected primarily 
in CD68+ macrophages (Appendix Figure 1, panels 
O–P), suggesting that SUDV primarily persists in oc-
ular macrophages.

Uveitis, Retinitis, and Vitritis 
A high prevalence of ophthalmic sequelae, including 
sight-threatening uveitis, in EVD survivors has been 
reported (20,21). To examine the ocular complications 
in SUDV NHP survivors, we performed histopatho-
logic evaluation of all eye tissues. Overall, 7 (53.8%) 
of 13 NHP survivors, including the 3 survivors with 
ocular SUDV persistence, displayed unilateral or  
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bilateral inflammation of mild to moderate severity 
in multiple locations. Uveitis, characterized by lym-
phoplasmacytic infiltration in ciliary body, choroid, 
and iris, was observed in 7 (100%) of 7 survivors 
with ocular lesions. Unilateral or bilateral retinitis, 
characterized by multifocal perivascular accumula-
tion of mononuclear cells and stromal infiltrates of 
plasma cells, was also observed in the same NHPs. 
Vitritis, unilateral or bilateral, characterized by in-
filtration of plasma cells, macrophages, and lym-
phocytes in the vitreous chamber adjacent to ciliary 
body, lens, and retina was observed in 6 (85.7%) of 
7 of NHP survivors with ocular lesions (Appendix 
Table, Figure 2, panels A–C, E–G). Optic neuritis 
was observed in 5 (71.4%) of 7 survivors with ocu-
lar lesions, and optic perineuritis was observed in 4 
(57.1%) of 7 survivors with ocular lesions (Appen-
dix Table, Figure 2, panels D, H). Less commonly, 
we detected conjunctivitis, keratitis, and scleritis. 
Immunofluorescence staining further characterized 
the infiltrating cells as predominantly CD3+ T cells 
and CD68+ macrophages in the uvea, retina, vitre-
ous chamber, and optic nerve (Appendix Figure 2, 
panels I–P). Of note, most T cells in those sites are 
CD8+ cytotoxic cells rather than CD4+ helper T cells 
(Appendix Figure 2, panels Q–T). Our data suggest 
that ocular lesions persist in a subset of NHPs that 
survive acute SUDV infection.

Testicular SUDV Persistence 
One (9%) of 11 NHP survivors had detectable SUDV 
genomic RNA (Appendix Figure 3, panels A–B) in tes-
ticular tissue. SUDV antigen was also detected at the 
same location via immunohistochemistry (Appendix 
Figure 3, panel C). Of note, both SUDV genomic RNA 
and SUDV antigen were specifically detected in the 
seminiferous tubules, sites of immune privilege and 
sperm production (Appendix Figure 3, panels B–C). 
Immunofluorescence staining confirmed SUDV anti-
gen presence in the seminiferous tubules, specifically 
within testicular Sertoli cells. The presence of virus 
antigen and genomic RNA after resolution of the clin-
ical course of disease suggests a persistent state of in-
fection at that location. We performed histologic anal-
yses of testicular tissues from 11 NHP survivors with 
available tissues. The NHP with detectable SUDV 
genomic RNA and antigen demonstrated multifocal 
interstitial orchitis characterized by expansion of the 
interstitium by a lymphoplasmacytic infiltrate (Ap-
pendix Figure 3, panels F–G). Seminiferous tubules 
in those areas demonstrated degeneration, character-
ized by vacuolation, loss of Sertoli cells, and a lack of 
organized spermatogenesis.

Consistent with histologic analysis, immunofluo-
rescence staining demonstrated that CD68+ macro-
phages, CD3+ T cells, and CD20+ B cells infiltrated 
interstitial tissues and seminiferous tubules of testicu-
lar sites with SUDV persistence (Appendix Figure 3, 
panels H–K). We detected abundant IgG in the inter-
stitial tissues and seminiferous tubules but not in un-
infected control testicular tissues (Appendix Figure 
3, panels J–K). However, whether the IgG responses 
are SUDV antigen–specific remains to be investigat-
ed. Our data suggest that persistent testicular SUDV 
infection results in orchitis and loss or partial loss of 
immune privilege.

Discussion
Asymptomatic persistent infection in clinically recov-
ered Ebola patients may cause recrudescent disease 
and may spark new outbreaks months, or even years, 
later. The 2022–2023 outbreak of Ebola disease caused 
by SUDV in Uganda reminded the field of the need 
for more information about the pathogenesis and 
transmission of SUDV. Our data demonstrate that 
SUDV persists beyond the conclusion of acute clinical 
disease, specifically in the vitreous chamber and its 
adjacent structures of the eyes and in the seminifer-
ous tubules of the testes in some NHPs that naturally 
survived experimental exposure of SUDV without 
therapeutic treatment. Our data suggest that persis-
tence is linked to the presence of ongoing inflamma-
tory infiltrates. The primary targets of SUDV persis-
tence are macrophages in the eyes and Sertoli cells in 
the testes.

Consistent with our finding of ocular SUDV 
persistence and inflammation, a previous animal 
efficacy study briefly mentioned inflammatory ocu-
lar lesions, including uveitis, and detectable viral 
RNA in the eye tissues of NHPs that survived ex-
perimental SUDV exposure after combination ther-
apy with remdesivir and monoclonal antibodies or 
after monotherapy with remdesivir or monoclonal 
antibodies (22). Natural history studies demon-
strate that SUDV infection in NHPs, including rhe-
sus monkeys and crab-eating macaques, results in 
systemic viremia and characteristic clinical signs, 
recapitulating many manifestations of human 
SUDV disease (23–27). Although SUDV persistence 
and related sequelae have not been reported for 
human survivors, given our NHP data and similar 
pathogenesis between SUDV and EBOV, we posit 
that SUDV can most likely persist in immune-priv-
ileged organs in patients. The clinical observations 
and data of the Survivor Care Program, established 
by public health authorities during the 2022–2023 
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SUDV disease outbreak in Uganda but not yet pub-
lished, may help prove such deduction (28).

SUDV persistence was detected only in the eye 
and testicular tissues but not in the brain tissues we 
analyzed. We suspect that SUDV could persist in the 
brain of NHP survivors because we previously report-
ed virus persistence in the brain of NHPs exposed to 
EBOV (19). However, in that study we identified that 
NHP survivors experiencing EBOV persistence in the 
brain had higher viral loads in the blood than NHP 
survivors without EBOV persistence in the brain. 
The lack of brain persistence in those NHP survivors 
might result from lower viral load, and NHPs with 
the high viral load needed to result in brain SUDV 
persistence might have succumbed during the acute 
phase of disease.

Among its limitations, the retrospective nature of 
our study means that no virologic data are available 
to determine infectious virus in the eye and testicu-
lar tissues. Second, our observations of SUDV per-
sistence were based on NHP survivors at ≈30 days 
after exposure. Analysis of NHPs at different stages 
of the convalescent disease course could provide in-
formation about the dynamics of virus persistence. 
Last, all NHP survivors that we report are natural 
survivors without therapeutic interference. SUDV 
persistence should be further investigated in future 
NHP studies evaluating efficacy of medical counter-
measures candidates, including monoclonal antibod-
ies, small molecules, and vaccines. Of note, a recent 
study demonstrated that infectious SUDV was unde-
tectable in the immune-privileged tissues of NHPs 
that survived SUDV exposure after treatment with 
obeldesivir, an oral alternative to parenterally ad-
ministered remdesivir (29).

Persistent SUDV infection in even a very small 
subset of individual human survivors has conse-
quences for the individuals and for public health, par-
ticularly with respect to the potential for reignition of 
human-to-human transmission chains leading to a 
new outbreak. Our study suggests the need for long-
term follow-up (clinical and potentially virologic sur-
veillance) of convalescent SUDV patients to prevent 
disease recrudescence and reignition of outbreaks.
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