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Abstract

The male genital tract (MGT) is the target of a number of viral infections that can have
deleterious consequences #ie individual, offspring and population levels. These
consequences include infertility, cancers of male organs, transmission to the /éstddryo
development abnormalities asdxualdissemination of major virglathogensuch ashuman
immunodeficiency virusHV) andhepatitis B virusgiBV). Lately, two emerging viruses, Zika

and Ebola, have additionally revealed that the human MGT cantatmstreservoir for viruses
cleared from peripheral circulation by the immune system, leading to thaaldeansmission

by cured menThis represents a concern for future epidemics and funttderlineshe need

for a better understanding of the imtlry between viruses and the MGT.

We review here how viruses, from ancient viruses that integrated the germ line during evolution
through old viruses (e.g. papillomaviruses originating from Neanderthals) and more modern
sexuallytransmitted infections (g. simian zoonotic HIV) to emerging virus@sg.Ebola and

Zika) take advantage of genital tract colonization for horizontal dissemination, viral persistence,
vertical transmission and endogenization. The MGT immune responses to viruses and the
impact ofthese infections are discussed. We summarize the latest data regarding the sources of
viruses in semen and the complex role of this body fluid in sexual transmission. Finally, we
introduce key animal findings that are relevant for our understandingafinfection and
persistence in the human MGT and suggest future research directions.



Graphical abstract: Potential consequences of viral infections in the male genital tract
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Intro duction

The male genital tract (MGT) is composed of a series of organs and ducts that ensure male
gametes production, storage atrdnsport. It is alscendowed with endocrine functions
necessary for the maintenance of the male body phenotype. Alteration of male organ integrity
and functiondollowing viral attack can therefore affect bothngeal and reproductive health.

The searchdr a viral etiology to male infertility has expanded over the last 2 decades with the
increase of medically assisted reproduction procedures. In addition to deleterious effects at the
individual level, viral infections of th&®IGT can impact sexual partneasd offspring. While

the firstidentificationof viruses in human semen and male organs date from the late 1960s
early 19704138), concern about the sexual transmission of virugesemen peaked with the
Acquired Immune Deficiency SyndromAIDS) pandemic that began in the 1980s and is still
ongoing.Lately, emerging viral diseases have renewed the concern about MGT infantion
induced a burst ahvestigation®n the subject. Indeethe unexpected sexual transmission of
Zika and Ebola viruse&IKV and EBOV, respectivelyby cured men revealed that the MGT
consttutes a reservoir for viruseBack in the early1970s,two papes in Sciencg94) and the

New England Journal of Medicin@95) indicated that men serve as a reservoirhferpes
simplex virus HSV) andcytomegalovirusGMV) 7KLV 3SUHVHUYRLU QRWLRQ ™ ZD
developed until the arrival diuman immunodeficiency virugd(V) and the observation of
persistence of this virus in the semen of a subset of men with undetectable viremia under
effective antiviral therapy691) However, because all these viruses establish persistent
infection in their host, the existence of viral reservarsiot urexpected, unlikeZlKV and

EBOV that do not establish pessint infection in their hostEvidence is currently building up

that a number of other emerging and neglected viruses also have the ability to péngist in
MGT. Yet the source of viruses in semen and the nature of the MGT reservoirs are unknown.

Investigatonson viral infections of the MGT are at the interface between different fields such
as reproductive biologyrology andinfectious diseasedgfology. In this review, we aimed to
cover thaee diverse but inteconnected aspects in order to highlight research needsoand
prompt integrated researches

After a brief overview on virusgsection 1) anch summary oMGT key features (section |I)
section |l details the routes of entry of virusato the human MGT and compile the data
available on their target organs and cells at this level. Section IV outlines the immune
specificities of these organs as well as their equipment and responses against viral agents or
mimicry in animal models and hwams. The viruses that infect the MGT and their consequences
are reviewed in section V. We begin with the ancient infections of the germ line in our ancestors,
for which we postulate the implication of male germ cells infection. We summarize the data
assoaiting viral infections with human male infertility, as well as studies that investigated a
viral etiology for cancers of the male organs, and discuss vertical transmission of viruses
through semen. Then we outline evidence for the existence of viral egservthe human

MGT. Section VI focuses on semen as a vector of viral dissemiratidronthe latest data
regarding the sources of viruses in this body fl&ichally, section VII presents a selection of
findings in animals that might enlighten our urgtending of viral infections of the human
MGT and help us better prepare for upcoming epidemics. In the conclusion, we highlight
research needs and propose questions for future research.

I. Brief overview of viruses: what are they How do they infectand spread?

Viruses ar@bligate intracellular organismgth a simple structureonsisting of a nucleic acid
(DNA or RNA, single or double stranded, segmented or not, positegative or ambt sensg



contained in a proteic shell, the sagh An outerlipidic envelopederived from host cell
membraness also present in more complex virusesl includes viral glycoproteins involved
in the attachment and entry into the host.&dised on their type of viral genome and mode of
replication virusesare classified (suffix in brackets)oy order (-virales), family (-viridae),
subfamily(-virinae),genug-virus), andspeciegoften take the form ofdiseasgvirus) (Table

1). Three to four new species are found every y@dB) and the taxonomy of viruses
regularly updated by the International Committee on Taxonomy of Viruses
https://talk.ictvonline.org/

The life cycle ofa selection of val familiesis shown in Figure 1. The virus host and cell
tropism is defined as its capty to infect specific speciesnd cells. It depends on both viral

and cellular characteristics, such as the presence of cognate receptors for the virus attachment
molecules, the cellular differentiation state and expression of antiviral/restriction factors.

In terms of infection outame, viral infections are classified as either acute or persistent. In
acute infections (e.g. ZIKV), theirus is cleared by the host immune response, while in
persistent infections, the virus remains in specific host cells/organs. Persistent infectioas ca
latent (infectious virus not produced between episodes of recurrent disease, e.g. HSV, varicella
zoster virus VZV), chronic (continued presence of infectious virus following the primary phase,
e.g. HBV, HIV) or slow (prolonged incubation period folleavby progressive diseasa)viral
reservoir is a cell type/anatomical site in which replicatompetent viruses accumulate and
remain over a long period@here are various mechanisms leading to the-teng survival of

viruses in the host, but all abased on the ability of the infectious agents to escape from
immune system recognition and Killing.




Figure 1: Life cycle of three representative viral families that infect the male genital tract(A)
Flaviviridae (e.g. ZIKV, HCV); (B) Retroviridae (e.g. HIV-1/2, HTLV-1/2); (C) Herpesviridae (e.qg.
HSV, CMV). At the host cell level, the main common steps of the life cycle of a virus consists|of : i)
attachment to the cell surface through receptor recognition; ii) cell entry through |either
endocytosifpinocytosis (e.g. Flaviviridae) or a fusion process (e.g. Retroviridae, Herpesviridag); iii)
uncoating followed by the release of the nucleic acid in the cytoplasm (Flaviviridae, Retroviriae) or in
the nucleus (Herpesviridae); iv) expression and reptioadf viral genome; v) assembly of progeny

viral particles; vi) release of newfprmed viral particles (virions) through budding or cell lysis. In a




cell that is susceptible (i.e. in which the virus may enter through receptor binding), the virus may
estallish: (i) productive infection (cell is fully permissive to viral replication and viral progeny is
released, which may lead to cell death resulting in cytolytic infectidmestrictive infection (cell ig
only transiently permissive); iii) latent infesh (viral progeny is not produced until active replicatjon
is triggered by specific stimuli, as may happen for HSV, VZV, CMV, EBV and HIV); or iv) aboftive
infection (replication cannot be completed due to apemmissive host or cell, or because theiwiis
defective).

Viruses spread amontheir hosts through horizontal ancertical transmission,through
arthropod vectors or fomites by crossspeciesnfections(Figure 2). Zoonotic infections are
thosetransmitted from animals to humaridore thantwo thirds of the viruses thadre able to
infect humas can also infect animals and many havaeammalian or avian origiv43).




Figure 2: Modes of transmission of viruses(A) Inter -host direct transmissioncan behorizontal
(i.e. sexual, parenteral, ofecal, respiratory or through contact with lesioasyertical, occurringin
utero (i.e. gametedorne or transplacental) or transmitted to the -bew (i.e. at birth or throug
breastfeeding)(B) Indirect transmission may be mediated by arthropod vectors (e.g. mosquitoes,
ticks, sand flies) or fomites (i.e. inanimate objects able to transmit micr¢G@oonotic infections
are those transmitted from vertebrates to humans, usually through contact with andsabhimal
bites or vector transmissioA.natural reservoir for a virus is a species in which the pathogen lives and
replicates, usually without causing disease.

)

Emerging infections are definediagections that have newly appeared in a populatohave

existed but are rapidly increasing in incidence or geographic .r&ngerging diseases can be
caused by previously unknown agents or by agents previously not associated to a specific
disease. Remerging infections are caused by pathogens whasdeimmce of disease had
significantly declined in the past and has newly appeared in the same or in a different
geographical regiof349) Several virusefound in the MGThave been terad as emerging

(e.g. zoonotic HIV, derived from simian immunodeficiency vik88V/- in monkeys andthat

began to spread in the human population in the 1980s)-emeeging (e.g. recent large
outbreaks of ZIKV and EBOV)While viruses constitute only a sih portion of the 1400
human pathogenshey represent more than tlords of all new human pathoge(ig43)

Indeed, the ability of viruses to quickly adapt to new hosts makes them the most able to trigger
emerging diseses(300).

Il. Key features of thehuman MGT

The functional anatomy of the MGT and the main morphological featurdé® ofale genital
organs and ducts are summarize#igures 3 and4, with key differences between human and
rodent MGT organs highlighted Figure 4C. Figure 4 additionally presentthe distribution

in the human MGT of immune cells, which may have a dual role in viral infections as either
targets or defenders



Figure 3: Functional anatomy of the human male genital tract. (A)The testis is a highly

compartmentalized organ divid@to lobules consisting of interstitial tissue and seminiferous tub
which converge towards the rete testis. Immotile spermatozoa produced in the testis sem

tubules during spermatogenesis are expelled through the efferent ducts into therapjditiere they

are matured for 1 to 21 days as they travel through the epididymis head, body and tail and store
ejaculation, spermatozoa and epididymis secretions (about 10% of seminal plasma) travel thr
vas deferens and mix with secoets from the seminal vesicles (about 70% of seminal plasma), an
through the ejaculatory ducts which rejoin in the prostate that produces about 30% of seminal
6HPHQ WKHQ WUDYHOV WKURXJK WKH EXOER XU H\Whe urBtida
glands (Littré glands) produce the fmj@aculatory fluidand exit through the penis meat(B) Semen
composition. The box recapitulates the composition of semen, wtichprisespermatozoa, semin

leukocytes, exfoliated epithelial celand immature germ cellall bathing in seminaplasma. Thig

dynamic fluid helps the transport and survival of spermatozoa, preserves their fertilizing abilit

primes an adaptive immune response in the female reproductive tract. Seminal plasesngmwn

to directly and indirectly interact with viruses (see part VI.4.).
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Figure 4: Morphological specificities of human MGT organs and immune cell distribution: (A)
histological sections, (B) schematics, (C) main morphological differences betwelemman and

rodents. The interstitial tissue of thiestis primarily contains Leydig cells, along with blood vessels,

immune cells, telocyte@28), fibroblasts and nerve cells. Leydig cells produce testosterone und
control of the pituitary luteinizing hormone (LH) and also play important paracrine roles for

functions(508). The seminiferous tubules contain the germ-geitsing Sertoli cells, the basal tight

junctions of which form the blood testis barrier (BTB). The production of spermatozoa

er the
testis

from

spermatogonidghrough meiosis (i.e. spermatogenesis) lasts about 74 days in human. Differentiating

spermatogonia are generated every 16 days from stem spermatogonia, which also proliferate

y mitosis

to regenerate stem ce(l808). Importantly, stem spermatogonia and primary spermatocytes up-tp pre
leptotene stage are not physically protected by the BTB from pathogens entering the interstitial tissue
through blood vessels, since they are ledan the outer wall of the tubule. The BTB opens in a tightly
regulated manner to let germ cells progress towards the seminal lumen. Meiotic spermatocytes, post

meiotic spermatids and spermatozoa located in the adluminal compartment are segregatBd By

the



from interstitial components (e.g. viruses, immune cells and antibodies). Sertolipleatiscyte)
degenerated germ cells and residual bodies (remnants of spermatozoa cytoplasm) and play a key role
for paracrine and endocrine regulations (e.g. inhipiritesis), the latter under the controlpituitary
follicle stimulating hormone (FSH)145). Each seminiferous tubule is lined with myoid peritubular
cells, which contractions help the release of spermatozoa in the tubule Timaapididymisis a single
convoluted ibule (about & m long in humansstructurally divided in three parts, head (caput), bpdy
(corpus) and tail (cauda), with distinct functions (e.g. absorption of testicular fluid and expulsion of
spermatozoa during ejaculation). Only spermatozoa thatgessed through the epididymis are mature
enough to be capable of motility. Macrophages located in the lamina propria and in betwgen the
epithelial cells are the predominant epididymal immune cell types. Stromal T cells are mainly|CD4+,
whereas intrapithdial T lymphocytes are primarily CD8+. In humans, a small number of dendritic
cells (DCs) are located mainly in the interstitial compartment of the epididymis(b&2) The vas
deferensis a narrow tube (about 30 cm long in humans) which layers of smooth muscles provide most
of the propulsive force for ejaculation. Its distal part enlarges to form an ampulla, acting as a|storage
chamberThe vas deferens epithatiucontains CD8+ T lymphocytes while CD4+ T lymphocytes and
macrophages are found in the lamina profdrééb). Each seminal vesicleonsistof a single tube folded
and coiled on itself. The seminal vesicles secrete a viscous alkaline fluid that provides nutrition for the
sperm.The development, maintenance and exocrine function of the seminal vesicles is highly dependent
on testissecreted arrdgens.The seminal vesicles contains stromal and tapihelial macrophages,
and to a lesser extent CD4+ (mainly in stroma) and CD8+ T cells (mainly within the epithelium). B
lymphocytes are rare or absé?®, 141, 165)The prostateis a spherical tubuloalveolar exocrine gland
regulated by male androgens asaimposed of complex branching glands in a fiboromuscular lamina
propria. The main function of the prostate is to secrete a slightly alkaline fluitbtiréghes and protects
the sperm, and contaipsoteolytic enzymes (e.g. prostatic acid phosphatasdapespecific antigen
involved in liquefying the ejaculat&he prostate gland encompassesimerous immunocompetent
cells including scattered T and B lymphocytes, macrophages, mast cells and occasionally DCs in the
stroma and epithelium. Foci of CD4+T Ipmocytes are frequeli®2, 660, 683)The bulbourethral
gland, also known as Cowper's glaade smalltubuloalveolarglands which secretions lubricate the
ejaculate. A small population of scattered CD4+ T and B lymphocytes and macrophages are present in
the connective tissud64)and infiltrating CD8+ T cells are embedded in its epithelium.

lll. Viruses detected in the MGT:routes of infections and target orgas and cells

The viruseshat infect the MGTncludeboth sexually acquired viruses responsibtdocalized
genital infections, and systemic viruses present in multiple organs and bodyvibicis may

or not be sexually transmitted. Feexually acquiredvirusesleading to localized genital
infectionssuch asHSV andhuman papillomavirusHPV), the penile mucosia the main mode

of entryinto the MGT. @xually transmitted viruses responsible for systemic infections such as
HIV, HBV and human Flymphotropic virus HTLV) can alsanfect menthrough thepenile
mucosa which represent a majoiemaleto-male mode of acquisition However, their
dissemination to internal MGT organs is believed to occur mainly through hematogenous
spreadsimilar toother systemic viruses that are not transmitted throughethis,pke ZIKV

and EBOV.

There followdetaik of the routedo infection of the MGT used by a range of human viruses,
anda summary ofhe organs and celtkey infect

1. Sexually transmitted viruses that infect the penile mucosa

The different penilanucosal epithelia (foreskin, shaft, glans, meatus, fossa navicularis and
penile urethra) represent a range of entryways for sexually transmitted \jFigese 5).
Viruses can either infect the epithelial cells of the penile mucosa (e.g. HSV, HPV)oth&os
penile epithelial barriethrough a range ahechanismshat have been describeuvitro (196)



and partiallyin vivo (146, 206) These mechanismas for the onesccurring in the female
tract, are detailed ifrigure 11. The influence of hormones, microbiota and genital fluids,
described for viral infections of the female muc{&h), are likely to modulate penile infection
butthere are nstudieson this

Of the 30plus bacteria, parasites and viruses responsible for sexually transmitted infections
(STls), the most common viruses that can be sexually acquired by men through penile infection
are HPV, HSV, HBV, HIV, HTL\1, and hepatitis D virus (HDV{Table 2). Molluscum
contagiosum virus (MCV), a viral skin infection often affecting the genital area, should also be
included Male acquisition of other hepatitis and herpes viruses upon sexual intercourse also
occurs but is less frequent, and evidence of attguighrough the penis is either scarce (CMV,
hepatitis C virus HCV, EpsteifoDUU YLUXV (%9 DQG .DSRVLYV VDUFRPD
KSHV) or nonexistent (hepatitis A virus HAV and hepatitis E virus HEV). The transmission

of emerging sexually transssible EBOV and ZIKV through the penile mucosa is theoretically
possible since they have been detected in cemagmnal secretiong475, 711) but never
demonstrated.

Figure 5: Anatomy of the human penis and immune cell distributionThe level of keratinization
and thickness of the epithelia vary between the different penile mucosa (shaft, glans, inner and outer
foreskin, urethral meatus, fossa naviculafsd) and, along with mucus, constitute the first line| of
defense to viddnvasions potentially transmitted during sexual intercourse. In circumcised men (where
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the foreskin is completely removed; about 30% of the male population worl¢¥8dg WKH 3ZHW~
keratinized epithelium of the glans formerly covered by the foreskin becomes a dry epithelium| and is
believed to be more resistant to microabrasionng) sexual intercourse, which in turn may limit viral
exposure of target cells located within and below the epithelium lavieitsple small urethral glands
(calledLittré gland3 bud all along the epithelium of the penile urethra and secrete a mayzra
ejaculatory emission, a lubricant thought to form an immunological barrier against invading pathogens
due to the presence of secreted immunoglobulin A (I§Ajoughout the stratified squamous epithelia

of the penis, there are numerous Langerhagits depidermalDCs) but few macrophages.
lymphocytes, in majority CD8+ cells, are found in the epithelia of the glans, foreskin and (488tus
202, 444) In contrast to other parts of the penis, there are no DCs in the columnar urethra mucosa but
many macrophages, as well as CD8+ T lymphocytks.lamina propria of thisreskin encompasses
predominantly macrophages, as well as memory CD8+ and a few CD4+ T lymphocytes including T
helper 17 cells(19, 320, 555) The lamina propria of the penilarethra contains numerous T
lymphocytes, essentially memory CD8+ T cells with a few CD4+ naive and memory T cells| (most
CD103+), natural killer (NK), memory B, and IgA and IgM producing plasma cells, but only a few
macrophage§l9, 618) In addition to the urethra, memory B cells and IgA and J chain + plaaisa ¢

are found in the glans and fossa navicularis mucosa, but are rare in the(d®e&08, 618)Compared
to the urethra and fossa, the glans contains a higher number of NK cells that are more activatefl, as well
as a higher number of effector CD8+ c€848).

1.1. Viruses responsible for localized genital infection

Human papillomaviruses

Over 40 types of HPV are seflyaransmitted and infect the genitals or anus. HPV is the most
common infection of the reproductive tract, wither 80% of sexualbactive adults infected

by one HPV at least once in their lifetifi®05) HPV infections are usually cleared by the
immune system within a few montbgacquisition However, a small proportion of infections

with certain types of HPV can persist and progress to camoduding cervicalcancer(the

most previent) andpenilecancer. HP¢ are classified as either higisk (at least 14 types, e.g.

HPV 16, 18, et or low risk (e.g. HPV 6, 11 and others) based on their presence or absence in
cervical cancerinterestingly,two oncogenic HPV lineagewere introdiced in our modern
ancestors through sexual intercourse with infected Neanderthals/Denisovan pop(l&@ons
546)

HPV infectsthebasal cells of stratified epithelium, the only tissue in which it replicates, through
breaks in the epithelial barrier integtisuch as micr@brasions caused by sexual intercourse
(655) Virions enter the cells by endocytosis after binding to putative rece
[lamining andannexin A3 on the basement membra(&7). Antibodies play a key role in
neutralizing the virus whilst it resides on the basement membrane. HPV does not kill the
infected cell and remains as a chronic asymptomatic infection, with episomal copies of its
genome in the cell nucleus. Viral partic® released wifdesquamatidgells. Althoughthe

virus is transmissible as soon as it infects the basal epithelial cells, it takes woytass
before squamous intraepithellasions develop and can be clinically detected. HPV has been
found onthe scrotum and external parts of the penis (glans, shaft, foreskin), and with a lower
prevalence in tharethra, ductus deferens, epididymis and t€$68) In a cohort of Japanese
men with urethritis, HPV prevalence was similar to that in the glans €20éfposed tai31%)

(630), possiblydue to increased acquisition through the already damaged urethral epithelium,
or to enhanced detection because tloé increased exfoliation of infected celldlale
circumcision decreases the prevalence of HPV in men, includingiBlgv82), andhas been
associated with reduced acquisition of the virus (when scrotum and penis shaft sampling were
excluded (9, 253) as well as with increased virelearancg253, 286, 686)Overall, this data
suggest that the foreskin constitutes a favorable environment for HPV infection
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Herpes Simplex viruses

HSV-1 and-2 induce lifelong infection in humans. HSMis mostly transmitted by oréd-oral
contact, causing oral herpes, but can also be transmitted by sex and cause genitah tieepes.
last decade, an increasing proportion of genital herpes has been atttioutERNV-1 in
developed countries, probabbrising from improvemens in hygienic standardsThis is
evidenced by thacquisition ofthe HSV-1 infectionlaterin the life, during the initiation of
sexual activityrather than irchildhood(753) Moreover, the increasing acceptability of eral
genital seavorsthe acquisition ofjenital HS\A1 (579) Genital HS\A1 is most prevalent in
America, Europe anthe Western Pacific. Globally, 140 millioadults (about 25% ofthe
people infested wittHSV-1) were estimated to have genital H&\Mnfection in 2012, but
prevalence varied substantially by reg({@44) HSV-2, which infects an estimated 471 million
people undethe age 060 worldwide (64% womenjs the main agent of genital herpes and is
transmittedalmost exclusivelyia vaginal and anal sex. Similar to other pathogens such as
HTLV-1 and HIV, HS\/2 is more efficiently transmittefdlom men to women than from women
to men(744) Risk factors for HSV2 acquisition in men include HIV infection (2.5 an®>
fold increase in 2 trials455, 647) genital ulcer disease and penile epithelial tra)
How HIV infection facilitates HSV2 acquisition is unclear, but might involve modification of
thegenital immune protection against H&aused by HIV, or shared risky behavior.

HSV (either 1 or 2) first replicates in keratinocytes in mucosal surfaces and subsequently infects
nerve cellssia nearby nerve endings and retrograde axonal transyguete it establishes latent
infection. Upon reactivation, HSV is transported back &epithelium, creating lesions due to
virus-induced cell deat{(676) The cell surfaceheparan sulphate proteoglycangdely
expressed by epithelial cellre involved in the attachment of HSVtketarget cells, but viral

entry only occurs upon recognition of specific cellulaireoceptorg654). The coereceptor(s)

used by HSV to infect the penis mucosa are unknown. In the foreé$&v-2 did not ce
localize with nectirl (607), one of the mosirequentlystudied HSV recepter In two trials
conducted in Africanvolving about 3000 men each, medical male circumcision resulted in a
moderate reductiof28-30%(647, 687)n maleHSV-2 acquisition, while in a thirdfrican trial
involving about 2000 men, no reduction was observed, at@six-year followup (455, 456)

The results of tése trials suggest that the foreskin does not represent the ntgiwaey for

HSV. In vitro studies on reconstructed foreskin epithelial layers and monolayers of polarized
keratinocytes showed that HSMpreferentially infects the basal layer of the epithel(60V,

715), and requires accessibility of cellular basolateral membranes to infect, whereas cells that
only exposdhe apical surface are resistant to viral en®897). This explains why damage to

the genital epithelium integrity caubdoy ulcers or trauma (e.g. mieatrasions occurring
during sexual intercourse) favor HSV acquisition, whereas an intact epithelium offers relative
protection.

The occurrence of urethritis in HSVinfected men suggests that the urethra might represent a
site of entry for HSVL (70). In addition toepithelial cells, HSV1 and HSW2 infect human
dendritic cells (DCs}64). Opsonization by bloederived DCs of HSYW2 particles coatedith
complement moleculebat arenaturally present in genital secretions amted the productive
infection(124). Infection of DCs might represent an alternative mechanism of HSV penetration
into the penile mucosa, and a way for the virus to escape immune recognition. The activation
of virus-specific cytotoxic T lymphocytes is central to the immune control of KBV, 392,

631, 778) and requires presentation of viral antigens by DCs in secondary lymphoid organs.
Infectionof DCs by HSV in mucosal tissues might impair their ability to migrate to lymphoid
organs and present viral antigens to T cells, as shown forHi8\the skin(260). In addition,

the celtto-cell spread of HSV through viral synap9@60) allows the virus to hide from
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neutralizing antibodie@03)and maycontributeto penile infectionGenital ulcerative disease
caused by HSV is associated with increased risk of HIV acquig@iaf, 685)

1.2. Viruses responsible for systemic infections

Human hepatitis B virus

Sexual intercourse is the masbtmmonway that HBV is disseminatedn areas of low to
intermediate prevalence of infecti(@l4) Sexual transmission is most common in MSM (men
having sex with men) but HBV is also readily transmitted through heterosexual intercourse.
Onestudy identified insertiveather tha receptiveanal intercoursas the major risk factor for
HBV seroconversion, suggesting that penile acquisition pgréicularly efficient mode of
transmission(357) Male circumcisiondecreases the risk of HBV acquisition, while HLV
seropositive status is a risk fac{éB0, 720) The nain target cells for HBV are the hepatocytes,
but the virus also infects lymphoid ce{863), detected in early studigswas detecteth the
testis and other orgaif$38). Despite its transmission being much more efficient than that of
HIV (357) the acquisitionmechanismdor HBV through the genital mucosa have not been
investigated, mainly due to the lack of robust cell culture systems for thig¥ir@)s Similarly,

the transmission mechanisrfts HDV, which requires HBV for replication and is acquired
through the samgansmissiorroutes, is unknown.

Human Immunodeficiency Virus

Most cases of HIV infection worldwide (aboRtmillion new infectiors each year) are the
result of sexual transmission, with greater risknh@eto-malethan heterosexual transmission
(593) Indeedreceptive and insertive vaginal intercourse risk of HIV acquisition is estimated
around 8 and 4 infectiomeer 10 000 exposuraegspectivelyRisk of penile acquisition of HIV

by insertive anal sex is around irfections perl0 000 exposureJhe highest risloccurs in
peoplepracticing receptive anal intercour&e88 infections per 10 000 exposuré€s34) The

main cellular targets for HIV atlecells of the immune system, namely CD4lyifiphocytes,

cells of the macrophage lineage and some population of DCs. The receptor for viral entry is the
CD4 moleculeand theC-C and CX-C motif chemokine receptors CCR5 and CXCR4 function

as main caeceptorsThe foreskin represents an importarirgnoute for HIV, as demonstrated

in clinical trialsby lower incidence/prevalence following circumcisiamgduction of 5661%)

and epidemiological studi€$9, 34, 36, 174, 252A\s a result othesereportsthe World Health
OrganizatiofWHO) recommendechale medical circumcisioas an important elemeimtHIV
prevention program&31) Although these studies point at the foreskin as a highly susceptible
site of infection, they also indicate that HIV can access the MGT, and in turn the systemic
circulation, through the infection of other penile mucosal epitheliali& on HIV infection of
various penile sitesasdemonstrated that explants of inner foreskin, glans meatus and urethra
were all susceptible to HAL infection(188, 202, 535)When a polarized model of foreskin
explant was developed to more closely mimic the physiological exposure of the apical side of
the epithéum to incoming virus, efficient HIVL transmission occurred in the inrfereskin

but notthe outer foreskin following exposure to infected cellereas celfree virus did not
infect. Celtmediated infection required the formation of viral synapses between mononuclear
infected cells and apical foreskin epithelial cells, internalization of-HIWy epidermal
Langerhans cell]sand transfer of theinus to T-cells by Langerhans cel{(202) Exposure of
theinner foreskin to HIV1 infected cells resulted in RANTESediated recruitment of-ells

into the epidermiRANTES being Regulated on activation, normal T cell expressed and
seceted orchemokine (&C motif) ligand 5(CCL5)), and CCL20mediated trafficking of
Langerhans cell&76). Inex vivoexposed glans and foreskin tissue, more viral particles entered
the glans penis as compared to foreskin tissue, and to greater d€@hsiowever, after 24
hours of culture, HIV particles were primarily visualized in the inner side of the foreskin
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similar to observation# vivo in Rhesus macaque upon penile inoculation i §146)
Polarized human urethral explants demonstrated that CCR5+/CDdrophages were the
initial target of HI\V-1 upon exposure of penile tissue to infected cells, while exposure to cell
free virus againdid not result in infection. The fossa navicularis and glans appeared relatively
resistant to HIV1 (201). A study in Rhesus monkeys showed tihafT cells, macrophages and
DCs of the glans, foreskin, and coronal sulcus @weprimary targets of Slyafter penile
inoculation of the virus. SIV next reached the genital lymph nodes and disseminated to the
bloodstream and lymphoid system within one weker 14 days SIV had contaminated all
the tested tissueq411l) A model of repeated SHIV a( chimeric simiashuman
immunodeficiency virus containing Hlgnvelope geng)enile exposure of Rhesus macaques
further suggested that the urethra is more susceptible to HIV acquisitionsttie inner
foreskin or glans tissug206) As with other STls, the mucosal acquisition of HIV/SIV is
influenced by the genital microbiofd74) immune responsg05) and host genetic factors
(399, 651, 759)n addition the risk of HIV acquisition is increased by other STIs such as-HSV

2 (approx. 3fold increase)mostlikely due to disruptedenital mucosae as a result of ulcerative
STls, and thenflammationrdriven recruitment and activation of HIV target cells residing in the
penile tissue§l74)

Human T-lymphotropic virus type 1/2

Sexual acquisition is the second most common mode of transmission of-HTi.¥ndemic
areas. Like HIV, HTLV1 is transmitted more efficientlydm males to females than from
females to male®26). The mechanismof HTLV penile transmission is unknown. Considering
the exclusive tropism of HTLM for T lymphocytes antherequiremenbf cell-to-cell contact

for infection (198), it may involve direct contact between infected T cells in female genital
secretions and T cells present in the penile mucosa and/or internalizationfodecglrticles

by DCsand subsequent transfer to lymphocytes bytoetlell contact(327) Femaleto-male
transmission is higher in men with syphilis or a history of penile soresas(#81), consistent
with the concept that disrupting the genital epithelium increases viral transmission. A closely
relaed virus is HTL\2, distributed mainlyamongnative American populatior{589) The
mode of transmission and the target cells (T lymphocytes) of HT k&semblehatfor HTLV -

1, but isgenerally asymptomatic.

2. Viral infections of internal male genital organs

2.1 Hematogenous and nofhematogenous routes of infection

For systemic viruses that generate high viremia, e.g. during the acute stage of infection of HIV,
EBOV and ZIKV, hematogenous spregatobablyrepresents the main entpprtal into the

MGT. Viruses may then enter the lamina propria and testis interstitium through either passive
diffusion of viral particles across the vessels, endothelial cell infection, oe gmissage of
infected cellsThe biphasic infection process observed for ZIKV within the mouse testis and
epididymis, i.e. infection of cells located close to blood and lymphatic vessels before
seminiferous tubules and epididymal epithelial cell spreadinggest partial protection of

these compartments by the myoid cells and extracellular matrix lgd&ls 696) Of note is

that the barrierre g VHQWHG E\ WKH P\RLG SHULWXEXODU FHOO OD\
in humans.

Virus transfer between the testis and epididymis has been recently suggested by phylogenetic
analysis of viral strains in SAhfected macaque@99) and by micreRNA targeted viral

clones for ZIKV in immunedeficient micg696). Migration to he epididymis of infected cells

such as germ cellsete testis macrophages, and/or connected vasculature could be inkrolved.
addition, @wnstream MGT ducts and glands migkinfected by the viral particles or infected
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cells carried by the excurrenbf during ejaculationphylogenetic analyses in Slivifected
macaques suggested that urethral viruses originaaety from viruses present in semen.
Reinfection of the urethra by seminal viruses might be facilitated by the stagnation of residual
semen irthe penile urethra poesjaculation(299).

2.2 Targeted cells and tissues

Viruses belonging to a broad range of familese been found in the organs of mammalian
MGTs, including humans(figure 6), by means ofpolymerase chain reactipnn situ
hybridization, electron microscopy , immudetection of viral antigenand viral isolation

(135, 138) Tables 3 and 4 present an updated list of the viruses detected in the male genital
organs and cells. Depending on virus tropism, various cellular populations of the male organs
are targeted, including epithelial cells (e.g. HPV), endothelial cells (e.g. EBOV), fidsblas
(e.g. CMV), immune cells (e.g. HIV, CMV), Leydig cells (emgumps virugMuV)), Sertoli

cells (e.gMarburg virus(MARV) and ZIKV) and germ cells (e.g. ZIK\human herpesirus

6 (HHV-6)). Although thetight junctions ofSertoli cell protect théesticular meiotic and post
meiotic germ cells from pathogens in the interstitium, several viruses have evolved mechanisms
to hijack tight junction proteins by either using them as receptors@ceptors for cell entry

or by opening them to facilitasisseminatior(501, 689) In addition, as suspected for ZIKV,
viruses can bypass the testicular Sertoli cell barrier through a variety of mechanisidggncl

() direct infection of Sertoli cell§¢441) (ii) viral transcytosis (i.e. passage through the cell
cytoplasm without infection) from the Sertoli cell basal to apical (&84, (iii) disruption of

the epithelial barrier induced by inflammatory dradors released by infected cells in the
vicinity (634, 665)

Figure 6: Viruses detected in human MGTin vivo. The figure recapitulates the viruses detected in
human biopsies or secretions of the internal genitdieonymsof viruses are spelled out irafble 1.
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IV. MGT sentinels, weapons and Achilles heat relation to viral attacks

There follows aeview of thelittle data that isavailableon humans and the bulk of studies
rodentsrelating to the immune specificities ofale genital organs arideir abilityto respond
to viral attack. Figures 4, 5and 7 show the localization of specializédmune cell types in
MGT orgars,andTable 5showsthe expression gdathogen sensors throughout the MGT.

1. Thetestis
1.1.An immune privileged organ

The testis possesses specific imityrcharacteristics to prevent immune rejection of the
developing germ cells and spermatozoa that appear during pudbkeotying the establishment

of systemic selolerance, anavhich carryhigh surface antigetoad The initial discovery of

the testis aan immune privileged siteamefrom the observation that allografts in rat testis
enabled prolonged survivdB42) However, allografts irthe testis from largr animals
includingnon-human primated\HPs), showedawide variation in immune protection duration
(342), suggesting speciespecific characteristicRodent studieshowed that immune privilege

in the testis is dependeon: (i) physical segregation by tidood-testis barrier (BTBof the
postmeiotic spermatids and meiotic spermatocjoeslized in the adluminal compartment of

the seminiferous tubuse (ii) an active local immunosuppressive and tolerogenic environment
(27, 100, 771)Indeed, the BTB is insufficient to sequester all germ cell autoantigens, since
someof the meiotic germ cells (i.e. primary spermatocytes up to the preleptotene stage) are
located in the basal compartment of the seminiferous epithelium, in reach of immune
componentsBelow is a summary othe cellular and molecular basis for the testis immune
privilege, mostly established irodens, along withdatafor human and NHRFigure 7).
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Figure 7: Immune privilege in the testis.Interstitial residenmacrophages are the main immune cell
population in the testis. A few T lymphocytes (mostly central memory CD8+, regulatory and natural
killer T cells), myeloid dendritic cells (mDCinast cells, natural killeMNK) cells and eosinophilare
also naturally present in the interstitial tisswdereas B lymphocytes and neutrophils are al{Seat,
550, 771) Interstitial testicular macrophages are closely associated physically and chemically with
Leydig cells and play an important role in their development and regeneration and in testgsterone
production(55, 485). In the rat testis, a subpopulation of testicular macrophages of embryonic|origin
closely associated with seminiferous tubulesqaied peritubular macrophages) was characterjzed
(134, 484)Besides the Sertoli cell tight junctions forming the BTB, the immune privilege of the [testis

is maintainecby immunosuppressive factors secreted by Sertoli cells (SIF), interstitial macrophages,
mDCs and T lymphocytes (e.g. T@®¥E IL-10, Activin A, IDO, Galectinal), which suppress T celll
activation and favor Treg expansion. Gas6/ProS signaling through TAMtoesenhibits the TLR
initiated innate immune response in Sertoli and Leydig cells. Testosterone secretion by Leydig cells
regulates cytokine expression in Sertoli and peritubular cells, consolidates Sertoli cell tight junctions
and controls the proporticof testicular leukocytes. Germ cell autoantigens arising from apoptotic|germ
cells/residual bodies are either phagocytosed by Sertoli cells under TAM receptor regulation, or
presented by peritubular macrophages to Treg, in turn preventing inflammasponses. Tred:
regulatory T cells; SC: Sertoli cells; LC: Leydig cells; P: peritubular celld; iMerstitial macrophage;
pM | peritubular macrophage; CM T lymphocyte: central memory T lymphocyte; ilRioteamine
pyrrole 2,3dioxygenase; Gas6: growthrestspecific gene 6; ProS: protein S; T®Ftransforming
growth factor b. TAMRc: TAM receptors.

1.1.1 The role ofresidentimmune cellsin the immune privilege of the testis

In both rodents and humamsacrophagesrepresent the largest population of immune cells

in the testis and play a key role in maintaining testis immune privit&gie 485)

Rodent andorimate testis macrophages display an-IM2 phenotype. In this regard, they
express the scavenger receptor CD1630, 586, 739) secrete high levels of immune
suppressivanterlekin-10 (IL-10) andtransforming growth factoE(TGF E, and low levels of
pro-inflammatory tumor necrosis factorD TNF D (586, 739) In response to infection or
inflammatory stimulirodent testis macrophageshibit relatively low inflammatory responses
and high immunosuppssive properties compared with macrophages located in others tissues
(reviewed in(457)), which conferuponthema unique immuneolerant role against meiotic
germ cells antigens that egress from seminiferous tubules.

Blocked NFkB signaling pathway and basal corticosterone production in rat testicular
macrophages is associated with reducedimftammatory capacitie$457) In the mouse,
interstitial embryederived macrophages have more potent immune suppressive properties than
peritubular macrophages, which are derived from the bone marrow afte(484) Rodent

and human testis interstitiuoontains a small population DIC, mostly of myeloid phenotype
(538, 550) which in rats are unable to induce T cell proliferation under physiological
conditions. They release amiflammatory cytoknes (e.g. It10,indoleamine 2,3lioxygenase
(IDO)) and inducd regulatory cellsTregs) instead of autaeactive T cells following antigenic
presentation(263, 723) Low numbers of Tlymphocytes, essentially central memory, are
present in human and animal testis (CD8+ T cells mainly, with a few CD4+ T cells, aneg
natural Killer T cells) (586, 688) Their response to foreign antigens tends to be inhi(bi&s))
probably because of local immunosuppressive factors (e.glOILTGFE activin A, lyse
glycerophosphocholing)l93, 282) Immunosuppressive purinergic signaling was repoirte
human testicular Tregand memory CD8+ T cel(822). Egress of spermatid fragment antigens
during spermiatiortontributesto mouse testis immune toleran@8), possibly throughhe
presentation chutoantigens tofegs by major histocompatibility complex IMHC 1) positive
peritubular macrophagé€485)

1.1.2 The role of nonimmune testicular cells
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The testosteronproduced by Leydig cells balances proand antiinflammatory cytokine
expression in Sertoli cells and peritubular c€ll84) regulatesesticular macrophage and
lymphocyte humbers and pmoflammatory propertiesand stimulates Tresgexpansion(184,

186). Androgen signaling in Sertoli cells is also essential for BTB inte@ti9, 460) Leydig

cells also produce growth arresgiecfic gene 6 (Gas6)/ProS, which inhibits innate immune
response in DC, macrophages and Sertoli ¢6218). Rodent and huma8ertoli cellsexpress
several immunoregulatory factors (TGHDO, Galectinl, Activin A) that induce Treg and
tolerogenic DQ205, 343) The cotransplantation o®ertoli cells with tissue in mice atnHP
prolonged graft survival404). Phagocytosis of apoptotic germ cells and residual bodies by
Sertoli cells under TAMeceptor regulation avosdnflammatory responses to damaged germ
cell auteantigens (751) Fas ligand Fasl), originally described on Sertoli cells, was
subsequently found on germ cells and might induce T cell apopt@sis28) The programmed
deathl (PD-1)/PD1 ligand (PDL1), expressed by spermatocytes and spermatids system,
which promotes the developmemtd function of Tregs and suppresses effector Tneetiated
immune response, is also suspededontribuing to testis immune suppressi¢i03).

1.2. Testicular immune responses to invading virus

The sensing of a pathogen fgttern recognition receptors (PRRBable 5) expressed blgoth
immune and nofimmune cellds keyin initiating antiviral responses. Upon actiian, these
sentinels senthtracellular signalshat leado the expression of innate immune mediators such
as antiviralinterferons IFNs) and preinflammatory cytokines. Additionally, PRRiggered
cell-signaling induces several ndranscriptional processes such as phagocytosis, autophagy,
cell death and inflammasome/cytokine processingshort, he innate immune system can
counteract the infection through: (i) the elimination of wvimfected cells i macrophages,
neutrophils and natural killer cells, or by apoptosis; (ii) the production of proteins with antiviral
activity. Upon binding to their receptor, IFNs induce the synthesis of hundrécieidéron
stimulated genes (ISGs) that inhibit differesteps of viral replication611) (iii) the
mobilization of adaptive immune response through-ipflammatory cytokine/chemokine
production.

1.2.1 Rodent models

Rodent somatic testicular cells appeatl-equipped to defend against viral attadRatLeydig

cells and Sertoli cells produced large ameuwit type | IFN, ISGs and prmflammatory
cytokines when exposed vitro to Sendai virus, an RNA virdsom the same viral family as
MuV (136, 137, 139, 243, 458YluV induced antiviral responses in mouse Sertoli and Leydig
cells throughroll-like receptor 2TLR2) andretinoic-acid inducible gene (RIG-1) signaling
(746) Sertoli cells also expressed functional TLR3 an®Z(572, 656, 747)However, TLR
initiated innate immune response in Sertoli and Leydig cells were negatively regulated by
Gas6/ProSTAM signaling, whch may prevend sustained inflammatory respon&20, 667)
PolylC, an agonist of the RNA virus sensors TLR3, Rl@ndMelanoma Differentiation
Associated protein BMDAD), disturbedestosterone secretion by Leydig cells, whereas HSV
60, an agonist of the cytosolic DNA sensor p2tad no effect, despite p204 expresgie20,

779, 780) Exogenous type | IFN induced ISGs and inhibited MuV replication in Leydig cells,
macrophages and Sertoli ce{l&48) demonstrating effective IFN ggaling cascade. MuV
exposed Sertoli cells secreted high lsvef pro-inflammatory cytokines, among which
chemokine (€X-C motif) ligand 10 CXCL10) triggered germ cell apoptogi825), suggesting
that Sertoli cells might play a key role in MuRduced inflammation and germ cell damage in
the testig746)

Rat testicular macrophages expressed lower levels of TLR4 reseptm peritoneal
macrophagetb6) as well as low basal expressionlafR-signaling pathway genes.¢geCD14,
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TRIF, TRAF6, IRAK1, TAK1etc), whilst the negativeregulationof TLR-signaling pathways
such as IkE) SARM and RP105 were highly expressgib). Nevertheless, testicular
macrophages were able to display IFN, ISGs andirglammatory cytokine production
following Sendai virus exposu(@39, 140, 243)

In contrast, Sendai vir$eV)(136), MuV (746)and ZIKV (581)infection did not trigger an
IFN-based antiviral response in differentiating rat and mouse germ cells. Nevertheleks, poly
inducedthe production ofpro-inflammatory cytokines and type | IFN through TLR3 and
MDAJS signaling in mouse germ cells, but to a much lower level than in Leydig8@fls 724)
Exogenous IFN stimulation failed to induce a strong upregulation of ISGs in differentiating
testicular germ cells, which is in line with the lack of functiagpk | IFN receptor expression

in meiotic and posineiotic mouse germ cel(d36, 581, 602)However, male germ cells are
equipped with autophagic machinef®21) and autophagy contribed to blockng MuV
replication in mouse germ cells and testicular macroph@déy Additionally, the stem germ

cell spermatogonia differed from their daughter cells in that they expressed both subunits of the
type | IFN receptor and produced low levelf ISGs upon viral stimulatio (136, 602)
Interestingly, overexpreson of type | IFN in mouse testis triggered germ cell apoptosis and
induced sterility. This effect might be mediated by {Fduced alterations in Sertoli cells or
spermatogonig02)

1.2.2 Humans and NHPs

In contrast to their rodent countergahuman Leydig cells infected blye MuV or stimulated

by poly IC in vitro did not upregulate type | or Il IFNs and only slightly upregulated 1ISG
expression, whereas pnaflammatory CXCL10 was highly express€d44, 692) Acute
infection of a human Sertoli cell line by ZIKV inducad upregulation of genes implicated in
innate immune response and IFN signalibgt this response was downregulated after
prolonged infection(634, 665) In human testis tissue exposed to ZIkY vivg the virus
infected a broad range of somatic and germ cell types and triggered the transcription of a
number of ISGsbut surprisingly did not stimulate type I, Il or 1l IFN transcripts or proteins.
Additionally, the preinflammatory response was resteid to CXCL10 upregulatiof441)

This muted innate response is unlike that observedanosetestis infectedvith ZIKV in vivo
(441, 657) It might explain the absence of orchitis in ZIKMected men and contribute to
viral persistence in the human tesssed part/.3.). The apparent lack of IFN upregulation in
the infected human testrequests further investigatiohs for human peritubular cellghey
produced IL6 andnonocyte chemoattractant protein MQP-1) upon activation of TLR2
(442) In MARV-infected NHP, the persistent infection of Sertoli cells was associated with
BTB disruption, germ cell depletion and leukteynfiltration with numerous Tregythe latter
postulated to prevent virus cleara{@d1) Similarly, testis inflammation and lesiqradong

with testis pain and orchitis, were observed in MARYécted patient§609) In contrast,
EBOV, another filovirus with testicular tropism, did not induce any apparent damage in human
and NHP testi§609). Differences in the infected cell types andhe PRRs activated by viruses

in the testis mosprobably have a strongfluenceon the testicular immune responses and
infection outcome.

In SIV-infected macaquesestis infection did not lead to leukocyte infiltration or elevated
cytokine levels, unke prostate infectio625, 693, 74Q)Although anincrease in the relative
proportion of effector memory CD8+ T cells was detected in the testis eh&idted pigtailed
macaquesthesecells had suppressed cytokine responses to mitogen actiyaioh In the
testis of HI\tinfected individuals, elevated CD4+ and CD8+ T cell immune activation was
postulatedd favor HIV replication(322) These results suggdbait immunosuppression in the
testis may be restricting the ability of T cells to respond to SIV/HIV infection and allow virus
persistence in this organ.
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Overall the immunesuppressive environment necessary to the testis homeostasis renmesent
Achilles heel when it comes to viral infectigractivation of the acquired immursystemis
normally repressed in the testis, creatinghelterfor viruses.In addition inflammatory
responses have negative consequefuceletestisthat can leadatsterility. In the human testis,
weak antiviral innate responses, as observed following MuV and ZIKV infeictioiro and

ex vivq represent additional weaknesthat mightpromot viral persistence.

2. The epididymis and vas deferens

2.1.Immune characteristics

Although autoantigenic spermatozoa accumulate in the epididymal ducts, transplantation
experimens in rat epididymis and injection of spermatozoa in the stroma indicated limited
immune protection compared withetestis(281, 317, 469)The epididymal epithelial barrier
composed of apical tight junctional complexes is penetrable by macrophages, most lacking
MHC class Il (281, 463, 469)and by CD8+ T lymphocytes, both in elevated proportion in
proximal regions of the epididym{d96, 497) DCs, present underneath and through the rodent
epididymal epitheliun{633, 637) are thought to be involved in the elimination of abnormal
sperm cells and neselfascending pathogeli864) The fewer DG present in normal human
epididymis are loatedexclusivelyin the stromg153). ImmunoregulatoryDO, Activin A and

TGF Eare highly expressed in rodent cappididymisand may promote tolerance to sperm
antigeng463).

2.2 Innate immune defenses

Epithelial cells from roderepididymis express a wide range of PRRble 5). Activation of

TLR3 and RIG1 induced the expression of type | IFNs, ISGs andftammatory cytokines,

while DNA sensor ligand HS¥%0 only induced the expression of IFNs and 1§@31)
Interestingly, an inverse gradient of expression of immunoregulatory genes (e.g. IDO and
activin A) and PRR was observed along the length of the human epididym&l 'dut8) This

may lead taatolerogenieorientated environment in the regions proximaethe testis, and to a
more vigorous antigespecific immunity in the cauda, consistent with the need to protect sperm
emerging from the testis without compromising the ability to respond to ascending infections.
Rodent and human epididymis are majtespf production ofedefensins, a number of which

are specific to this organ and displsggmeniselective expression along the length of the
epididymis(321, 755) These small cationic peptidessential for sperm maturatif68, 774)
possess potent antimicrobial activity, including antiviZd1) The epididymis also secretes
antimicrobial lysozyme and lactoferrif275). In the vas deferens, TLRs9land 11 are
constitutively expressg®27)and TLR2, 3, 4 and 9 agonists stimulated the secretion of CXCL1
(413)

3. The seminal vesicleand prostate
3.1.Immune characteristics

The prostate is the male organ in which infectious and inflammatory occurrences are the most
frequent, whereas pathologies of the seminal vesicles are rarely reported. Infections and
inflammation also occur in this orgadmoweverput may be more silent. The continuous line of
basal cells joined by tight junction at the basement of the prostatic apithilgether with the
expression of3 (JO\F R S dtRW ldpid@l pole of prostatic epithelial celt®ntribute to
restricing leukocyte passage and molecular movement through the prostatic epit(@&ldim

Like the seminal vesicles, the prostate is a strictly andrdgeendent organ. Testosterone
possesses immunosuppressive pridge and influences the innate immune responses as well
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as the outcome of infections and inflammation in the progsé#) Thus, in rodents and other
animals, castration is efficieratt eliminating bacterial pathogens and dampninfection

related inflammation of the prosta{é64) Little is known about the specific effects of
androgens on host defense. In rat prostatic cells, testosterone negatively modulated the TLR4
pathway(563, 565) Also, testosterone maintained high levels of imnmunomodulatory factors in
the prostate, such as galeeti(664) Nevertheless, the prostate is an immunocompetent organ.
The numerous intraepithelial CD8+ T cells constitute a first line of defense againgh fore
agents reaching the prostate through retrograde &) Even in the absence of pathology,

most adult prostate tissues contain inflammatory infiltrates composed of T cells and
macrophageft36, 507, 694)

3.2. Innate immune defenses

The prostate epithelial cells secrateantimicrobial substance with potent antibacterial and
antiviral actions such as defens{B$3), protease inhibitors (@ Secretory leukocyte protease
inhibitor or SLPI) and collectin proteings12, 513) while seminal vesicle epithelial cells
secrete high levels of laaferrin (736). Surprisingly, TLR 29 proteins were undetectable in
human seminal vesicleb59) whereas mouse seminal vesicles cells in primary culture
produced CXCL1 in response to TLR2, 3, 4 and 9 stimulation, although to a lower level than
prostate and epididymis/vas deferens c@lis3) Stromal cells isolad from patients with
benign prostate hyperplasia (BHP) acted as anfigesenting cells and responded to TLR
agonists by producing priaflammatory cytokines/chemokines, except TL{R97). Mixed cell

culture of normal rodent prostate responded to TLR2, 3, 4 and 9 ageitistee secretion of
pro-inflammé&ory mediators and upregulation of TLR ger{2s5, 413, 414)These reports
suggest that prostatic epithelial cells are equipped to resist infedtiottheir response to viral
infections has never been studied. Additional studies are required regarding the immunity of
primate seminal vesicles. This organ has been largely ignored and was recently found to seed
virus and infected cells into semgt99).

4.The penis

4.1.Immune characteristics

The penis is a major portal of entry for many pathogens and an immunologically &etive s
The immunity of the penis has been reviewed in detail elsewBb& 618)and only a few
relevant key aspecere presented her®Vhile the urethra displays classic mucosal effector
features, the glantias evenmore activatednatural killer NK) cells and terminally
differentiated effector CD8+ T cell$18) The penile urethra contains numerous polyme
immunoglobulinA (IgA) and IgM producing plasma ce(858). In addition, theurethral glads
(Littré gland} secrete IgA that coats the urethral epithelial surface to form an immunological
barrier against invading pathoggp®8). Urethral swabs from M-highly exposed uninfected
men contained HIVL specific IgA(86), suggesting effective responses that could be used for
vaccination strategies. The penile foreskin is also @bhladunt a specific humoral response:
exposingrhesus macaque foreskin to SIV induced -Spécific IgG antibody and cytokine
secreting SlVspecific CD8+ T cell{588) The inner foreski produces high levelof pro-
inflammatory cytokines, a feature of inflamed epidermal baf88b, 555)that isprobably
favored by the microbial community of the spkeputial spac€s53).

4.2.Innate immune defenses
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Both the foreskin and the urethral epithelial surface are coated with a mucus layer consisting of
membraneassociated mucinsvhich in addition to lubrication play an important rolefirst-

line immune defense by trapping microbes before they reactpitieleal surfacg19, 596)
Antimicrobial peptides are widely expressed all along the human penile mudstensin5

is present in urethral secretiofi1)and lysozyme in tharetral glands (ittré gland$ (558)

and foreskin(19), lactoferrin is expressed by urethral epithelial og@8)and detected in the
foreskin lamina proprigl9), while SLPI is expressed abundantly by urethral epithelial cells
and urethral Igands (275, 517, 558) IFN beta is constitutively expressed in the foreskin
epithelium and lamina propria, and by basplthelial cells in the fossa navicula(S58)

Highly localized IFN alpha expression was noticed in the urethral epithelium of patients in the
presence of high levels of TLR®58). Ex vivoinfection of the inner foreskin with HIV
increased the secretioof CCL5/RANTES, which mediated -Gell recruitment into the
epidermis, while decreamy the secretion of CCL201acrophage inflammatory protein 3 alpha
(MIP-3 alphg, enabling Langerhans cells to travel deeptertime tissug776) HIV-1 infected

CD4+ T cells formed viral synapses with foreskin keratinocytes and activated the MyD88
independent TLRI-nuclear factor NFB signaling pathway, leading to pnoflammatory
cytokine secretion, epidermal redistribution of Langerhans cells thedformation of
conjugates with cells(777).

V. Consequences of viral invasion of the MGT: from ancient to emerging infections

1. Viruses as enriching colonizers: the benefits of ancient infections

Several viruses that infect somatic cells can persist lifelong in humans (e.g. EBV, HSV, HIV).
However the smartest way for a virus to permanently colonize a host is to integrate its DNA
into the germ line (i.e. the gametes and their progeny up to the early embryo) in order to be
passed on vertically tduture generations, invading every somaticdagerm cell of the
offspring. A number of virusesnostlyancientbut somecontemporarynessuch as HHVG,

have attempted this, leadingttte LQWHJUDWLRQ RI YLUDO VHTXHQFHV LQ
which, if not detrimental, eventually became fixeddegenous) in the populatigh83) This
colonization of the germ line has strongly shaped our evolution, adding new functions, and is
still ongoing nowadays in mamma@ur reviewof the range of viruses, processes and benefits
associated with germ line infection, along with elements suggesting iméikd germ cell
infectionappears beloyFigure 8).
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Figure 8: Integration of viruses in the germ line and its consequences. (Ajathway to
endogenization and fixation of viral sequences in the human population and their beneficTéffects.
integration of viral elements may nevertheless carry their burden of negative consequendes: the
reactivation of human endogenous retroelements (HERVSs), when permitted by the innate and gcquired
immunity, has been incriminated in the developmenindmmatory, autoimmune and neoplastic
diseases, although proofs of causality are currently la¢Ri®igy, 338, 462, 717§B) Esimated timeline
of viral endogenizations in human ancestors.

1.1.Endogenous retroviruses

Sequencing of the human genome has provided proof of the enormous scale of viral infections
that have led to the integration of viral genes into the chromosontlee bbst germlineand
transmitted vertically by Mendelian inheritance to become endogenous during ev(#168pn
Thus, about 8% of the human genome consists of endogenous retroviral el@&Ra& g} the
remnants of ancient exogenous retroviruses that infected gerng2&8)sMore than 31 viral
families of human ERVs (HERVSs) have been characterizédeilhuman genome (HERV K,
W, H etc.),with over 100000 copies of retroviral elements representing several amplifisation
(duplications, transpositionstc.)and reinfection events during evoluti#8, 340, 412, 525)
Nearly all HERVswere integrated up to 100 million years a@b/2) with the most recent
integration episode (HERV K family members) estimas¢dhetween 100,000 years and 1
million years agd39, 737) ERVs have been found in all vertebrate genome segsiendate
(48, 754)and endogenization of viral sequences is still ongoing, as showed in {@&as

1.1.1.Male germ line infection

Several ERVs are located on the male Y chromosomes of humaxsHPsl(360, 638, 639)
providing evidence of their transmission through the male gametes in these species. Specific
characteristics of the Y chromosojsich as reduced recombination and low number of
functional genegnay haveprevented the loss of integrated sequences and allowed integration
with no deleterious effec{360), thus favoring viral endogenization. While it is unknown
whether nale or female gametes or early emlsryeere preferentially targeted for initial
infection, we speculate that in addition to Y chromosome integration, infection of the male
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germ cells might offer a selective advantage for viral dissemination comparedfedtian of
the female gametebinlike female germ cells, the male stem germ togtinues talivide in
adulthood and giverise toanindefinite number of sperm cells, allowing numerous vertical
transmissionof integrated sequences with endogenizatiatemtial.

1.1.2.Ancient and contemporary lentiviruses

While integration into the germline is commonplace in many retroviral genera and hosts, it was
thought until relatively recently that lentiviruses (the group of retroviruses to which HIV
belongs) were entirely exogenous. This was proven wronghbydiscoery of ancient
endogenous lentiviruses in different mamn{a&l, 232, 341, 346 he finding of endogenous
prosimian SIV in lemurs raises the possibility that contemporary HIV and its simiateqoart

SIV might one day also become endogenous. The detection of HIV DNA within isolated
testicular germ cells and spermatozoa from pati€6®l, 722) has been controverted.
Interestingly, results from our laboratory show that HIV can bind, enter and integrate its genome
into the male germ cell genomm vitro, albeit inefficiently (unpublished data). Although
primates have evolved a variety of cellular factors to block viral infection, viruses evolve much
more quickly than their host and can counteract these innate immune fd&6jsThe
repertoire of antiviral factors expressed by human male germ cells, and in turn their ability to
block integration of contemporary viruséscurrenty unknown.

1.1.3.Host virus interaction and added functions

ERVs areusually inactivated by genetimechanismge.g. deletions, inversions or point
mutations in the open reading frames of viral proteins under the pressure of host innate factors
such asapolipoprotein B mRNA editing enzyme catalytic polypeplidte (APOBEQ) and
epigenetic mechanisn(823), andthereforecamot produce infectious viral particlesjth a

few exceptions(592) Interestingly, it was recently demonstrated in the Koala that older
endogenous retroelements recombine and dedin@shesw colonizing retrovirus genome, thus
contributingto their inactivation401) Nevertheless, several integrated retroviral DNA copies
are still transcribed and encode original or truncated viral proteins (e.g. HE&Ryies during
embryogenesisyvhich can add functions to the host. In addition, the ability of ERVS to
recombine and transpose into the host genameto modify the nearby gene expression
through their own sequences (e.g. theg terminal repea(LTR) promoterand enhancer
element m retroviruses) is an importasburce of genomic and regulatory variabil{838)
Understandably, the activity of ERVs is under tight complex regulation by the host, especially
in the germ cells and during early embrdevelopmentwhere ERVs are sequentially and
specifically expressed or silenced to protbetmfrom excessive Hnfection or transposition
(592)

a. Role in reproduction
The best known benefic impact of retrovirus insertions identified to date is on the acquisition
of viviparity through the deelopment of effective placentation. Retrovirus envelope genes
encode glycoproteins with fusogenic properties, a function necewawrus entry. The
envelopeprotein from HERWW (endogenizedh our primate ancestors 25 million years ago)
was purloinedo drive cell fusion in the placenta to form the syncytiotrophoblast, antevas
renamed syncytil. Syncytin 2, anenvelopeprotein highly expressed in the placenta, also
derivesfrom an ERV (HERVFRD) (160, 270) A similar process has occurred in various
mammalg159), suggesting a nerandom pattern of coption (i.e. usage of a function that is
not the original one).The syncitiotrophoblast is essential not only for invasive placental
development but also for prevention of immune rejection of the fetus. Interessiyigtytin 2
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also suppregs immune recognition, andould thus contribute to the motK H Unfirivune
tolerance of the fetud.60, 308) A role for syncytins in the cell fusion of osteoclg§48)and
muscle cell§570) wasalso evidenced. Other ERV elements play immunoregulatory roles in
the placenta. For instance etlissuespecific expression in human trophoblasts of HGA
central to immune tolerance during pregnancy throtighinhibition of NK cell mediated
cytotoxicity, is controlled by the LTR of human ERYI82). Further critical roles for HERVs

in human reproduction were recently discovered. A number of converging elements indicate
that HERVs actively contribute to theaintenance of pluripotencyin early embryog462)

In male germ cells, the strong promotactivity of the ERV9 LTR controls the expression of
unique isoforms of p63 that preserve genetic intedmtysuppressingell proliferation and
inducingapoptosis upon DNA damag@&?). The exclusive expressiamhuman testis tissusf

a number of HERV transcripts has been repoi@®), suggesting othawoles for HERVS.

Overall, several of the ERVs which colonized the germline of our ancestors can be considered
as the initiators (e.g. role in placentation) and/or the guardians (e.g. neéntaininggenetic
integrity in germ cells and pluripotencytime embryo) of luman reproduction.

b. Protective role against infections and pathological processes
The impact of ERVs on humans extsrmyond reproductive function®ne well-identified
positive effect of ERVs is the induction of dirgmitection against exogenouwiruses by
LOQWHUDFWLQJ ZLWK GLITHUHQW VWHSV RI WKHLU OLIH F\I
instance, competitive binding to the cellular receptor mediating viral entry can occur between
the envelope proteins of exogenous virus particlesraticencoded by ERVSs, as foundhiice,
sheep and cat(32, 421) Among other protdion mechanisms is the associati@uring
assemblyof particlesnewly releasedrom the exogenous virus of defective viral components
encoded by the ERVs, ghenomenorobserved for JRSV in shedf2) and suggested for
HERV-K gag protein during normal embryogeng@62). Finally, ERVs camoost innate and
acquired immune functions Only a couple of examples are presented Herea(complete
review, se€338)). A number of ERV LTR contain interferorstimulated response elements
(ISREs)which, afterlFN stimulation, can enhance adjacent genes critical for antiviral and pro
inflammatory responses. THERV-K protein Reccan irhibit exogenous viral infections
human pluripotent cells by increasing the innate antiviral respansit is suspectedhat it
playsan immuneprotective role during early embryonic development. In transformed cells, the
expression of endogenous retroviral elements i®ngersilenced and can induce innate and
acquired immunity to target ndmealthy, ERVproducing cells, facilitatingheir elimination
Endogenous retrovirus proteins are part of theFsld OOHG 3SFDQFHU WHVWLY DQWL
proteins not expressed in healthy cells other than testicular germ cells, where they are protected
from immune recognition by the immunggpressive testis environment

In summary, ERVgreatlycontributeda range ofunctionsin their hostsHowever in specific
conditions,they may beimplicated in the development of human diseases. Indebdn
permitted by the immune systethe reactration of HERVhas been associatedth a plethora
of syndromes affecting a wide range of organs. These include solid and blood (d&¥)rs
neurological disorders (e.g. schizophrenia, auti@m}, 468)and autoimmune diseases (e.qg.
rheumatoid arthritis, systemic lupesythematosusmultiple sclerosisj249). In both human
prostate and testicular cancersepigeneticallydriven differential and specific expression
patterns of the HER\XK (HML -2) loci were observed and associatéth cancer establishment
(152, 241, 242, 278, 610, 658 everthelessormal proofs of ER\& implication indiseases
causality are currently lacking.

1.2.Germ line integration of non-retroviral viruses
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Additional endogenous viral elements that do not belong to the retrovirus family have been
discovered in the genome of a variety of organigé292, 339)In vertebrates, a range of
DNA virusesis involved,including Herpesviridae (in humans with HFB/ and in prosimian
Tarsier), Parvoviridae (in eutherians, marsupiaigl birds), Circoviridae (in eutherians,
marsupialsandamphibians), and Hepadnaviridae (in birds). Two familieRNA virus have
alsobeen endogenize@®ornaviridae (in mammals including humans, and in marsupials) and
Filoviridae §n marsupials andeveral mammalssuch as bajs(6). In fact, it is becoming
increasingly clear thatirtually any type of virus can be endogenized.

1.2.1.Mechanisms of integration

The mechanisms by which noetroviral viruses integrated the germ line and became
endogenous are not yet fully understoatheit lessoftenthanwith retroviruses, some DNA
viruses can undergo integration through homologoneshanismge.g. herpesvirus¢480)) or
northomologous mechanisms(e.g. hepadnaviruses, adeassociated viruses which are
parvoviridae dependoviry833) of recombination. As for neretroviral RNA virusesthese
need to undergo processes that are walusnddo notnormally occur in their life cycle, such
as reverse transcription of viral RNA to DNA, entry into the nucleus and integraten.
integration oDNA sequences complementaryrton-retroviral RNA virusesnto theDNA of

in vitro infected marmalian cells has been report@b2, 772) Interestingly, in relationo the
infection of human male germ cellsith ZIKV (441, 581) an arbovirus of the Flaviviridae
family, chromosome integration was reported for another arbovirus (Sindbis (/AB)and

for animal Flaviviridae HCV (636) The mechanisms for such integrations could involve
endogenous reverdgmnscriptase activity, revealing interaction between endogenous
retroelements and exogenous RNA viru&62).

1.2.2.Elements in favor of viral integration into male gametes

Epididymal spermatozoa may represenpraferential targefor the transmission of nen
retroviral viral sequenceSpadaforat al.demonstratethat mammalian spermatozoa can take
up foreign DNA and RNAn vitro, transfer them into their nuclei and revetsanscribe RNA
into cDNA fragmentsgdueto the endogenous revefsanscriptase activity stored in sperm
nucleus and encoded by LINEretrotransposon®34). The capture of foreignucleic acids is
inhibited by seminal fluid and may therefore not happenejaculated spermatozoa.
Endogenous RT expression, normally repressed in differentieteghathological tissues, is
increasedin germ cells and elyr embryos(615) Reversdranscription and integration of
poliovirus RNAInto the sperm nucleusas demonstrate@34) The authors speculated that
the viral cDNAs producedvere amplified by a DNA-dependent RNA polymerase, released
from the spermatozoa, and taken up again by further spermatozoa, thus spreading foreign
nucleic acids among the sper(653) In mowse models, foreign nucleic acidsithin
spermatozoanuclei were transmitted to oocytes as loopy number, extrachromosomal
sequences transcriptionally competeahd were mosaic propagated in tissues from the
offspring, introducing new genetic traits iman-Mendelian fashiori653). Alternatively,early
embrya could support integration of viral cDNA sequences, leading to their endogenization.
Interestingly, fragments of foreign DN&ereintegrated in the mouse sperm genome following
recombination wh chromosomal DNA at preferential sité$18, 783) suggestinganother
potential endogenization mechanism for notroviral viruses. However, a sperm
endonuclease cleaves foreign DNa&nd when potently activatedegrads the host DNA
leading to cell deat¥20) probablycontroling theintegration processes.
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Non-retroviral viruses endogenized in humamswith potential for germ line integration a
presented ifable 6, along with demonstrated or putative effects

2. Viruses as aggressors: deleterious effect of contemporawruses on the MGT and
offspring

Figure 9 details the negative effects on the MGT of a range of viruses.

Figure 9: Deleterious consequences of viral infections of the human MGT at the individual (A
and population and offspring levels (B) Examples of viruses associated with these consequenc
shown.(A) Viral infections of the MGT may have transient or prolonged negative effects on sem
sperm parameters, and induce infertiityd endocrine disturbances linked to modificationgsti¢ular
hormone secretiomhese alterations can derive frardirect or indirect effect of the infection on t
testis (see Figure 10) or from the infection and inflammation of the accessory glands, leading to i
sperm maturatiorgametotoxic effecor ductal obstruction. Spermatozoa and their testicular gern
progenitors can be targeted by viruses, thus presenting a risk for vertical transixisaidmvasion of
male genital organs also increases the risk of tumorigenegipémile cancer) that might be initiat
through complex virusost interactions including inflammatory mechanisms. Viral etiology in pro
and testicular cancers, however, is currently unproVdée MGT can allow viral persistence a
constitute a plrmacological sanctuary in patients under theré®yThe presence and persistence
virus in the MGT may lead to viral excretion in semen, contributing to horizontal viral dissemi
and indirect vertical transmission, the latter potentially inductoggenital disorders such

miscarriage and fetal malformation (e.g. ZIKV, CMV). Direct infection of the embryo may derive|
infected or virusbound fertilizing spermatozoa. Successful germline infection with viral integrati
our ancestors has let viral sequence transmission through gametes and endogenization
population level (e.g. HERVs, HH®). In the case of HH\G, it is unclear whether this process is g
ongoing. Damaging effects of viral infections on sperm and natural barm¢estimg the oocytes migh
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restrict such transmission, only reporteditro. Acronyms of viruses are spelled out in table 1.

2.1.Viral infections and infertility

Male infertility currently affects 20 to 50% of couples seeking medical assistance for
procreationof which 6 to 15%sare attributabléo infections(185, 624) Infertility is defined as

the failure to achieve a clinical pregnancy after 12 monthsooe of regular unprotected sexual
intercours€765) In additionto identified factors such as varicocele, cryptorchidism, endocrine

andgenetic disorders, male infertility is considered idiopathic (i.e. of unknown origin) in a

large
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number of cased.he chemical and biological environment that includes pathogen exjpesu

increasingly acknowledged as a putative causefeftility (233, 616, 728)Following viral

infection, sperm parameters (e.g. sperm coondtility, number of abnormal spaatozoaec.)
and/or semenparameters(e.g. volume of seminal plasma, viscosity, pH, enzyme
concentrationsetc.)can be transiently pmore rarely permanently altered to various degrees

(see below)In cassof severe defects, this may lead to infertility. While there is no established

semen parameter eaff to predict loss of fertility,apart from azoospermia (absence of

spermatozoa in semenjfertility is commonly associated with sperm alterations such a

oligozoospermiglow sperm counbelow 39.10 spermatozoa pejaculationor concentration

below15.1C sperm per m)| asthenospermifperentage oprogressively motile sperm below

32%), or teratospermigpercentage of morphologically normal sperm be#®a) (387).

In the context of viral infections, alterations of sperm and semen parammetgresult from

distinctnonexclusivephenomea:

(i) MGT tissue inflammation: while defending against pathogens is critiwal controling
invasion andoreventingvirus-induced damage, high legadf inflammationin the testis
(orchitis), epididymis (epididymitis) and prostate (prostatittcgn be deleterious for
reproductive functiong16, 185, 713)Orchitis is most commonly induced by viral
infection, and usually involves one testicle ornl§13) Histologically, orchitis is
characterized by muHiocal immune cell infiltrates composed of granulocytes,
macrophagesand lymphocytes, localized in the interstitial tissue andiden the
seminiferous tubule®rchitis is associated with thickening of the lamina propria bordering
the tubules (i.e. peritubular cells and extracellular matrix), and degeneration of the germinal
epithelium (185). Dysregulation of the testicular cytoleic microenvironment disrupt
bothsteroidgenesig271, 697, 752andspermatogenes(s3, 325, 602, 681)-or instance,
during orchitis, infiltratingmacrophages and mast cells produce Tkt induces germ
cell apoptosis(681) modifies peritubular de secretions and inducefbrosis (442)
Inflammation of the epididymis and prostate, more commonly induced by bacterial
infections but potentially also by viral infectiotsnalsoaltersperm parameters cause
irreversible ductal obstruction and fibrotic tissue remodelmgl account for up to 12% of
infertility caseq150, 185, 463, 713)

(ii) Viral replication within the cells and organs of the MGT mdteathear function and
integrity, throughaltered endocrine, paracrine or other biochemical secrebiorekage of
theBTB (favoring the induction and leakage of sperm antibodies in the lumen of the MGT
and germ cell infection) gametotoxic effect,sperm DNA damage epigenetic
modificatiors, etc

(i) A systemic effect of the diseasé-ebrile episodgin acute infections can altéertility
becausedhe elevated testis temperaturapairs spermatogenesis, a temperature of 34°C
being necessary to preserve testis homeostasis. In chronic infections, increaseaf level
oxidative stress, to which spermatozoa are especially sensitive,daraage sperm
function. Modifications of the release dhe luteinizing hormonelLf) and folliculo-
stimulating hormoneRSH) from the pituitary which control Leydig cell and Sertoli cell
endocrine functions respectively, can decrease sperm couaffebiing the secretion of
testosterone and inhibin B/hich arenecessary for spermatogenesis

Theviral infections, classified as either acute or chronic, that have been associated with altered
sperm/semen parameters or male infertility, and their [astl mechanisms of acticare
presentedbelowand inFigure 10.
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Figure 10: Mechanisms for testis function perturbation caused by viral infectionsViral infections
may impact testicular endocrine and exocrine functions through severahutaally-exclusive
mechanisms(A) Viral infections can indirectly perturb testis functions through a systemic effélaeon
hypothalamiepituitary-testicular modiing testicular hormone productiofe.g. HIV/AIDS) and
through fevetinduced elevation of testis temperature, which is deleterious for germ cell differentiation
(e.g. influenza, chicken pox, pneumoni@) Testis inflammation (orchitis) can occur follavg a viral
attack of the testis (e.g. MuV) or afteystemic infection / generalized inflammation (e.g. influenza
virus). This orchitis can transiently or permanently alter testis morphology and functions, leading to
sterility if severe and bilateraC) Viral replication in testicular cell types can damage their function,
impair immuneprivilege and disrupt the complex irteellular and paracrine crosslks required for
steroidogenesis and spermatogenesis (e.g. MuV, MARV). Infection or viral attactongarim cells
and spermatozoa can also result in horizontal and vertical transmission (e.g. HBV, HIV, |HPV).
Furthermore, testicular cells may constitute a reservoir for viruses (e.g. ZIKV, EBOV and MARY).

2.1.1.Altered sperm parameters/infertility following acute viral infection

Mumps virus

MuV is a well-establishecetiological agent of orchitis, which occurs in about2@%6 of
infected pospubertal men(437) Consecutivetestisatrophy happes in about 50% othese
cases andan be associated with low sperm count (oligosye and hypofertility, while
bilateral atrophy leading to sterility is raf@94) The histology of the testis followingluV
infection has been described in defdi38) MuV was rescued from the testis of infected
patients (59) but its testiculartarget cells and the mechanisms underlying germ cell
degeneration remain elusivduV replicated in human Leydig ceils vitro and decreased their
testosterongroduction (244), in line with decreased testoteronemia in patigdts7) In a
mouse modelMuV also infected primary Leydig cells, as well as Sertoli cells and testicular
macrophages, but did not target testicular germ ¢ed8) Several norexclusive hypothes
could explain theMuV-inducedimpaired spermatogenesis humans (i) change in testis
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temperature due to high fever; (ii) congestion of the seminiferous tubules caused by the
interstitial edem#425); (iii) decreased testosterone production by infected Leydig (21),

(iv) alteration of the pararre control of spermatogenesiserted by somatic cells (Sertoli cells,
Leydig cells, testicular macrophages a result ofheir infection; (v) germ cell apoptosis
triggered by CXCL1@roductionby infected Sertoli cellsas observeth the mous€325)

Zika virus

ZIKV infection in men was associated with decreased sperm count and increased sperm
abnormalities up to 90 daydter the onset afymptoms, along with prolonged viralegtion

in semen andhe association of infectious viral particles with spermatot8@7, 326)
Relatively mild endocrine perturbations were observed in the early daysymogtoms onset
(e.g. lower inhibinEconcentration), without any significant modification of testosterone levels
(326) The spernparameters recovered after 4 monB®26) Hematospermia (blood in semen,
indicative of accessory gland infection/inflammation) aamdl increased leukocyte count
occasionally occurae(307) These anomalies were observed irrespective of virus detection in
the semen(307), suggesting either a systemic effect independent of MGT infection or
persistence of the damage after viral clearance. We revealed thae#lsigntly replicates in
human testis explants and targets a wide range of testicular celldimgcaerm cells, which
were foundo beexfoliated in the semen fro@lKV -positive men441). No cytopathic effect

was observed and the general testis structure was preservedingdight junction protein
Z0-1 expression by Sertoli cells. Basal testosterone and inhibin B levels were unchanged by
the infection. Altered sperm parameters could result from: (i) ZIKV replication in Sertoli cells,
Leydig cells and testicular macrophagaltering the tight paracrine control of spermatogenesis
and consequentlythe sperm count; (ii) ZIKV replication in peritubular cellie contractile
ability of which is essential fothe release ofpermatozoa in the testis lumen; (iii) ZIKV
infection of immature germ cellswhich consequentlyalters their differentiation; (iv)
association of ZIKV with late germ cells/spermatozoa. Semen alterations iniBf&&ed men
could also result fronmfection of theepididymis/accessory glands asystemic e#ct (e.qg.
fever). Immunodeficient mouse models (e.g. knockoige for functional type | IFN receptor
(IFNAR -/-) or treated with antiype | IFN antibodies) were developed to study Zlik¥éction

(483, 657)Wild type mousestrainsare normally resistant to the virdbereplicationof which

is efficiently inhibited by murine type | IFN, whereas in humans, type | IFN signalling is
counteracted by ZIKV protein NS5, allowing viral replication. A high level of testis infection
was describedn mouse model$96, 110, 151, 247, 257, 410, 441, 702ading to large
inflammatory infiltrates and consequently testis atrophy, collapsed testicular hormone levels,
breakdown of th&TB, germ celldegeneration and infertility. In addition to testis, high Isvel

of ZIKV replicationwereconsistently detected in mouse epididyig@s, 110, 151, 157, 247,
257, 410, 702)where the virus associated with epithelial cells and/or spermatozoa. Mouse
prostate and seminal vesicle infeat was not systemati(110, 157, 410, 445)n ZIKV -
infectedNHPs (287, 364, 390, 524jhe virus was occasionnally detected in the testis after day
7-8 postinfection (364, 390, 524)without tissue alteration, and scalgenfected cellswere
observed in the prostate and seminal ves{@24), along with low leved of viral RNA similar

to other non MGT tissug287) In 3/6 infected baboons, a marked transient decrease in total
and motile sperm countas observed, but these differences did not reach signifi¢abd@
Overall,the drastic effect of ZIKV on the MGT in mice significantly differs from that in ZiKV
infected men and NHP, in whom orchitis has never lbeparted and modifications of sperm
parameters appear milder and transikingher levels of viral replication and inflammation in
immunadeficient mice ar@robablyresponsible for this discrapcy.

Other viruses



30

A number of systemic acute infections with viruses never detected in semen or MGT organs
trigger transient modifications of sperm parameters. Decreased sperm count, motility and
altered morphology occurred 8 to 11 weeks after febrile episodes causedubgpzafvirus

(619), chicken pox or pneumon{d15) Sperm DNA integrity was compromised after iefhza

virus infection(175, 619) In the absence of orchitis and viral material detection in the MGT,
transiently altered sperm parametarsuld result from high feverinduced damage of
spermatogenesis, similar to thataamced after sauna expos(ré) Disturbances of the ate
endocrine systercaused by modifications of the hypothalepituitary-gonadic axiscould

also be involved

2.1.2.Altered sperm parameters or infertility associated with chronic viral infections

Hepatitis viruses

A study using a large national insurance data set fl@Taiwan health service (B38 men

with HBV versus 2%90 uninfected men) found a significant increasehe incidence of
infertility associated witlchronic HBV infection after adjusting for a nuber of covariates

(666). Because the majority of HBV infections in Taiwan occur dutiveneonatal period, the
individuals studied had a longer exposure time to HBV than Western populations, who mostly
acquire HBV during adulthood. However, several Western and Eastern dtadegported
altered sperm parameters and a negative impact diz#itin in men chronically infected with

HBV, including decreased sperm count and/or mobility, increased apoptosis, aneuploidy and/or
number of abnormal spermatoz(&82, 402, 477, 516Diseaseinducedoxidative stressto

which spermatozoa are especially sensitiieeevident in semefniom HBV-infected individuals

(562) In vitro, viral protein S was found to induceesm mitochondrial dysfunctio(831).

HBV DNA integrated into the sperm chromosomes of patiét32, 269, 304and induced
chromosomic instability and DNA dama(04, 477)

Chronic infection with HCV has also been linked to modification of semen parameters. Lower
sperm mobility and morphology as well as decreased serum levels of inhibin B and testosterone
were described iseverastudies inHCV-infected versus uninfecteden(161, 288, 402, 477,

571, 712) except on€213). Antiviral treatment with IFN and ribavirin improvede hormonal

pattern but further degraded sperm qualit§l, 288) Semen viremia did not correlate with
altered semeparameters, suggesting that HCV does not exert a direct negative effect on sperm
(67). HCV in the male partner had no negative impact on pregnancy outcome during assisted
reproduction procedurgs7, 757)

A strikingly high prevalence of HEV in semen from 185 infertile Chinese men was recently
reported (28% vs 0.5% in general populati8()3). Oligospermia and asthenospermia (i.e. >
65% of immobile spermatozoa) were observed in HEV+ rB&perimentaHEV infection of

rhesus macaques triggel leukocyte infiltration in the epididymis and testis, damage to the
seminiferous tubules and decreased testosterone @@33% This intriguing data demands
further investigations.

Human immunodeficiency virus

In thelate stage of HIV infection (AIDS), oligospermia or azoospermia have been frequently
reported, together with orchitis arsgverelydamaged testis morphology with immune cell
infiltration (138) Low testosterone levels (whicbntributeto cachexia) were encountength

AIDS, along with normal or elevated LH and FSH levels, implying primary testicular failure
(135). Rather than HIV infection of testicular cells, the systemic debilitating effect of the
diseaseiogether withgeneralized inflammation most probably accsubt the orchitis and
hypogonadism in AIDS patients. Thus, although HIXIV infects testicular macrophages and

T lymphocytes early oin the primary infection throughouthe course of theiseasg691)
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testicular morphology was preserved in asymptomekioonicallyinfected patient$486), as

well as in acutely orchronicallyinfected macaqueg&93) No inflammatory infiltrates or
elevated cytokine levels were apparent in infected onemacaque testest the asymptomatic
chronic stage(486, 693) unlike in AlDSdeceased patients and macaq@465, 557)
Tesbsteronegproducing Leydig cel were not infectedh vivoor in vitro (465, 486, 57, 590,

625, 693, 738)Lymphocytic infiltrations of the testis and interstitial fibrosis in AIDS patients
were associated with a decrease in Leydig cell numidgich might partly account fothe
decreas@n testosteron€l35). IL-1, a preinflammatory cytokine released by phagocytic cells,
inhibited thehuman chorionic gonadotropih@G)-stimulated steroidogenesis in Leydig cells

in vitro (83), adding another potential cause for testosterone decrease. The face of HIV disease
has dramatically changed with the introduction of combined antiretroviral therapies. The
efficient control of blood viral load achieved by libelg antiretroviral treatmenteasmassively
improved the quality of life of infected individuals, allowing an almost normal life span. Most
of the 37 million HI\tinfected individuals are of reproductive a@é5) In many deeloped
countries, HIViinfected men with controlled viral loads have been offenedlicallyassisted
reproduction to avoid transmission to the partner and emAymugh still controverte@353)
natural conception isow additionally proposeth some countrieas arelatively safe/low risk
alternative when specific conditions are met (e.g. undetectable viral loads in blood and semen
for over 6 monthsf708) Semen parameters in HIV+ men attending fertility clinics have been
extensively studied. Overall, relatively mild alteratiovexe reported, along with modificatisn

to the sperm mitochondrial DN824, 691) These alterations, observed in asymptomatic men
with controlled viral loads, are believed to occur as a secondary effect of antiretroviral
molecuks and not as a consequence of the infection itself. Many studieptiated at a
deleterious effect ofantiretroviras (194, 545, 691)and an eloquent demonstration was
provided with the longitudinal followap of a cohort of men before and after treatment
initiation, showing a degratian of sperm parameters during treatm@&4).

Human papillomaviruses

HPV positivity in semen was recently associated witlv@fold increased risk of infertility in

a metaanalysis of 31 studies comprisingl22 men from the general population (HPV
prevalence of 11.4%) and0¥2 men attending fertility clinics (HPV prevalence of 20.4%)
(409) High-risk HPV16 was the most common type in semen in pogulations, followed by
high-risk HPV56. A previous metanalysis reported a lower but still elevated HPV prevalence
of 10% in the general population versus 16% in men seeking fertility treatB¥)tHPV in
semen has been associated with decreased sperm motityma studies (total of 1944
participants), but not in othe(total of 1143 participant$)91, 408) andwith the presence of
antirsperm antibodies, which may interfere with sperm motility and oocyte birf@irip. In
addition to its presence in exfoliated tiyailial cells in semen, HPV genome was detected on
the sperm surface in infertile patients91) An in vitro study described increased DNA
fragmentation in sperm transfected with HPV DNA, but these findings were not substantiated
in studies on semen froRPV-positive versusiPV-negative fertile patien{d. 18, 335) Lately,
HPV vaccimation in menwith HPV in semerhasreduced virus prevalence, improved sperm
motility and decreased argperm antibodies, probably through immunity stimulation, while
improvingpregnancy and live birth ratg¢90, 212)

Herpesviruses

HSV-2 hasheen long suspected beinginvolved ininfertility (135)but proofs are still lacking
Several studies across the gldieevereported acorrelationbetween HSVL and-2 in semen
and altered spermnd sememarametersincludinglow sperm count and ntbty, as well as
reduced seminal volume and concentrations of epididymal (netghatasidase) and prostatic



32

(citrate) moleculeq53, 334, 373, 471)Together with hematospermia, these biochemical
modifications suggesan impactof HSV infectionon the epididymis and accessory glands
physiology(53, 373) Two studies failed tgubstantiate the effect of HSV infection on sperm
parametersbut ther conclusiors could have been impaired by the very low number of HSV+
patients tested (n=4p4, 503)and by assessment of HSV infection through antiboditeer
than virus detection(478) HSV-2 bound to human ejaculated speimvitro and slightly
decreased their motilitpput HS\:2 binding was impaired bseminal plasmé29) HSV-1 and

-2 DNA were reportedin spermatgenetic cellsfrom men and guinea pigssingin situ
hybridization (256, 370) Sinceall of these studiesnly investigated infertile men or men
seeking fertility evaluation, mvould beimportant to compare the prevalence &1 and
HSV-2 in semen from fertile versus infertile men large cohortswith similar age, race,
geographicahndsociceconomic criteria (caseontrol study) taconfront the conflicting data
on the potential involvement 6fSV in maleinfertility.

The impactof otherHerpesviridag([CMV, HHV-6 and EBV)on sperm or semen parameters
has been investigatehd nosignificant or consistent associatibas beememonstrate@54,
163, 334, 499, 500, 503, 758)

2.2.Viral infections and cancers of the MGT

Viruses can initiate or favor carcinogenesis through complex interplay with the host genetics,
immunity and inflammatiorf461), and7 virusesarewell recognizedas having @ransforming

or tumorigenic activity in humans (EBV, KSHV, HPV, HBV, HCV, HTLV ahterkel cells
polyoma virusor MCPyV) (60).

2.2.1. Penile cancer

Penile cancer accounts for 0.5% of all cancers in men and generally develofiseadige of
60, with incidence estimated b® betweerd.2 and2.2in 100000 per yea(352) High-risk
HPVs, mainly HPV16 followed by HPV18 and HPV45, are established risk factors in
squamous cell carcinoma oftipenig284)

2.22. Prostate cancer

Prostate cances the most commonly diagnosed cancer in men worldwiden(lllion cases
in 2016) andhe fifth most common cause of cancer d€a#0). Established risk factors for all
prostate cancers include age, race/ethnicity, family history and genetic variants, while lifestyle
may influence cancer aggressivendg8gl0) Chronic prostat inflammation(that could be
induced by a viral infectiony thoughtto increase the risk of prostate can@6), andalink
between prostate cancer, sexaativity and sexuallytransmitted infection was reported in
some studie$306) However, @spiteyears ofinvestigations on HP\(3, 35, 301, 675, 756,
760), KSHV, EBV, BK virus, CMV (3, 301) DQG WKH 3U X{mdtiopicY lrunqg
leukemia related virusXMRV) (531) through serology testing or gstate tissue analysis by
PCR, in situ hybridizatioorimmunohistochemistrythere isnocompelling evidence for a viral
etiology of prostate canceNevertheless, dew studiessuggestedhat KSHV and HPVmay
represent arisk factor for prostate canceaggressivenes$239, 494, 756) A recent
metagenomics studyghlightedtwo viruses not investigated far MCV andJCpolyomavirus
(JCPyV), in a small number of prostate cancer c46d2)

2.2.3. Testis cancer

Testicular cancer generally affects meetween the agesf 15 and 35 and accoustfor
approximatively 1% of male cancgis61) Testicular cancer is considered to primarily skem
from developmental abnormalities during fetal I{@&11) with exposure to various factors
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during adolescence and adulthqautentiallypromoting its developmer#46) While there is
presentlyno convincing evidence to support associatiorof any ofthe viruses testedBV,
HPV, CMV, parvovirus B19, HIY with testicular cancg84,762), a significant link between
testicular cancer and a history of epididyorahitiswas recently evidencd®32) This finding
is in suppat of a role for pathogemduced inflammation.

2.3.Vertical transmission of viruses

Viruses present in semen may indirectly contaminate the offspgingfectingthe female
partner during conception and pregnancy, or be directly transmitted to the oocyte and embryos,
for instance through infected spermatozoon.

2.3.1. Indirect transmission through semen

Among thepathogens that induce congenital disorders at watime points during pregnancy
(originally grouped under the acronym TORCH for Toxoplas@tagers,Rubella, CMV and

HSV ZLWK DQ H[SDQGLQ@7APRN BB3Rre & RUMBeH &f Vifuses present in
semen (HSV, CMV, ZIKV, parvovirus B19), all sexually transmissible to women, except
parvovirus B19. Other viruses transmissible to women through semgnas HIV and HBY

are vertically transmittd without inducing congenital defecis utero infection by HBV
represents @redispogion to chronicity, possiblydue tofetal immunetolerance to foreign
antigens(51, 296 470) Interestingly however, HBV infection during fetal life enhances the
ability of the newborn immune cells to respond to unrelated pathogen exposure through a
SWUDLQHG LPPX20bV$15) A hidgh FvircaVIvad in the mother ia significant risk
factor for vertical transmissiof®35), which mayresult among other routes of infectidinpm
exposure of thenother tainfected semeriollowed byhematogenous spread and transplacental
infection Importantly, @hancedn uterotransmission of ZIKV was observed in a mouse model
following expasure toinfected semen when compared with subcutaneous infection mimicking
mosquitoes bite owith intra-vaginal inoculation(156) Sexual transmission increased ZIKV
dissemination in the female genital tract and led to ovary infection. Surprisinglyyagiaal
inoculation of ZIKV did not enhance fetus infection sexual transmissiodid, which might

be due to differences in virwose, postoitum semen deposition directly into the uterus in
mice, or semeninduced inflammationn the female tractThus, n addition to transplacental
hematogenous spreascendingiral infectionof the female tract following semen deposition
might constitute a particularly efficienvertical transmission rout¢éhat deserves further
investigation

2.3.2.Direct transmission through sperm

Viruses that infect or associate with spermatozoa [e.g. HBY, 269, 304)ZIKV (326, 427)
HPV (191) HSV (370, 529) HIV (298) CMV (499) have the potential to be transferred to the
embryo upon fertilization. While there is no direct evidencespérmmediated vertical
transmission ofnonendogenousviruses in humans, human spermatozoa naturally or
experimentallyinfectedwith HIV, HBV and HPV transmittedheseviruses to hamster zona
free oocytes and early embryo followingvitro fertilization (11, 192, 722)However, HBV
DNA integration into the sperm genome of patients triggered chromosome instability and DNA
damage(304, 477) Spermatozoa transfected wilBV were prone to apoptosis and had
reduced fertilization capacity when using human oocy886) HIV becameattached to
ejaculded spermatozom vitro, essentially through HSPQGkeparan sulfate proteoglycans),
but could not enter these cel88, 691) HIV virions bound to theurface of thepermtherefore
have to crosthebarriers of theona pellucida anthe membrane of the oocyteésiring natural
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conception. Ametaanalysis coverindl1,585 cycles of assisted reproduction among 3,994
womenwith HIV+ partnersshowed thaspermmediatedHIV transmission never occurred
following sperm washing(763) Although HIV DNA was detected in patieM $perm
chromosome(722), andthedata from our laboratory suggsttat HIV can enter and integrate
into the genome of testicular germ aellvitro, this event is rare, making successful vertical
transmission a very low probability. HPV binds to spermdhim patients, using HSPGs as an
attachment receptpas withHIV-1 and HSV(191, 192) Based orin vitro experiments and
reports in HPV+ patientst has been postulated that HPV carried by spermatozara be
transferred a fertilized oocytes and impagmbryo development into blastocysts)d the
invasiveness dfophoblast cell§191, 209, 539)HPV detection on spermatozoa was predictive
of negative pregnancy outcome, whereas in infertile couples, HPV vaccination of the male
partners with HPV irtheir semensignificantly improvedthe pregnancy and live birth rate
compared to the newaccinated groug212) Further studies on the consequences of sperm
washing and removal of HRWound spermatozoa on assistegroduction outcome in large
cohorts of infertile couples with HPV+ men are warrantedgubstantiatéhe negative impact

of HPV+ spermatozoa on reproduction

The vertical transmission of teratogenic ZIKV by spermatozoa is a possibilitymiais
investigation since infectious virus and viral proteins were detected in motile sperm@&&oa
427) In a mouse modeéxperimental infection of ova with teratogenic CMV used to mimic
spermmediated infection led to fetal anomalies upon transfer to surrogate m@4hersHV -

6 specifically integrates into telomere regions of human chromosomes, establishlogdife
latency. HH\¢6 is emlogenous impproximatelyl% of the human populatioand vertical
transmission of chromosomally integrated HHVIURP HLWKHU WKH IDWKHUYV VS
the mother has been demonstrg@gl 130, 273, 479, 672, 72%ading to virus integration in
every cell of the offsprin@273, 725)For at leasbne sbset of individuals witthromosomally
integrated HHW6, endogenization was estimated to have occurred 143500 years ago
(769) Whether HH\/6 invasion of the male gametes continues to happpresent timgsand

the impact of such integration, is currently unknown.

Significantly, medicallyassisted procedures such as haytoplasmic sperm injection (ICSI)

and in vitro fertilization (IVF), which oveomephysiological barriers, can be at increased risk

of virus transfer from infected sperm/testicular germ cells to the oocytéedtén gametes
remain. The zona pellucida which surrounds the opeytd the oocyte membrane, although
not impermeable, constitute natural barriers against viruses bound to the surface of spermatozoa
that are bypassed during ICSThe whole sperm/testical germ cell, including its cell
membrane, is injecteidto the oocyte cytoplasm, instead of the physiological requirement for
zona pellucida crossing and cell membrane fusion between the male and female gdsaetes.
the motility and fertilizationability of spermatozoa can be impaired by thection (see
paragraph on infertility), which represent another natural protection against viral contamination
during fertilization that is broken by IVF and ICSI.

Finally, male gametes have the abilitya@eupforeign DNA and might therefore pass on viral

gene fragments to the offspring. This property led to the development of many studies aiming

WR PDNH WUDQVJHQLF DQLPDOV XVLQJ 3\WUDQVJHQLF VSHL
have proven disammnting overall essentiallysince most foreign DNA remains extra
chromosomal, leading to mosaicism in the offsp(B@).

3. Viruses as invaders: persistence of emerging and contemporary viruses in the MGT

Zika virus
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During themajor 20152016 ZIKV outbreak in the Americaiigh viral loads and prolonged
shedding oZIKV RNA (up to 1 year) and infectious particles in semen (up to 69 days) from
infected mendespite viral clearance in the blgadipported the existence of ZIKV reservoirs
within the MGT (43, 169, 452) Worryingly, seminal shedding, persistence and sexual
transmission (the latter up to 41 days post symptoms) occurred even in asymptomatic patients
(169).

The deleterious impact of the infection reported on sperm parameters, alotigevaisisociation

of ZIKV with ejaculated spermatozoa and exfoliated testicular germ saligiested infection

of thetestis ad epididymiq307, 326, 427, 441)n human testis tissuafectedex vivg ZIKV
replicated in a wide range of testicular somatic cedisident macrophages, peritubular cells
and to aés®r extent Leydig cells and Sertoli cebls well as immature and mature germ cells
(441) Infection of the testis tissue did not trigger cytopathic effect or IFNegplation (needed

to sustain an efficient antiviral defense), and induced mmtymal preinflammatory cytokine
stimulation similar to thepersistentlyinfectedcerebrospinal fluiedf Indian macaqug®). IFNs

play a key rolan inhibiting ZIKV replication andits production in humans is counteracted by
the virus. However, thiack of IFN upregulation followingviral exposure could be a feature
of the human testis that is not specific to ZIK{@92) and unpublished data). Altogether, the
survival of infected cells and weak innate immune response may reffeegegable conditions

for ZIKV persistence in theumantestis(441) ZIKV infection persistedor up to 6 weeks in

a human Sertoli cell line, leading to a relatively muted innate resp@&®. In immuno-
competent miceZIKV preferentially infected testicular germ cells over somatic cells, and
persisted in the testfer up to 60 dag (581) Rodent meiotic and poesteiotic germ cells are
known to have impaired IFN signallind36, 602) increasing their susceptibility to ZIKV
infection compared to ber testicular cell type81). ZIKV replication did not affect mouse
germ cell survival or proliferatio(681) In micewith deficient IFN signalling (e.g. IFNAR),

a broader range of testicular cellastargeted by ZIKVas withhuman testig441), and ahigh

level of ZIKV was detected up to 42 days miboth testis andpididymis(96, 247, 410, 696,
702). In IFNAR-/- mouse epididymis, he virus was associated with luminal sperm,
macrophageand epithelial cell$696). In NHP, multiple anatomic sanctuaries of ZIKV were
identified, induding the central nervous system, lymph nodes and, at relatively low lextdls
inter-individual variations, testis, prostate and seminal ves{8le287, 524, 657)

Vasectomy in mice and men significantly lowers ZIKV viremia in seménich indicates that
testis/epididymisreimportant viral sourced 57, 452) However, vasectomy does not abrogate
sexual transmission despite viral clearancelaod (30, 157) It is noteworthy that the longest
duration of infectious ZIKV in semen (69 days) was observed in a vasectomized man, and that
ZIKV RNA persisted in semen from vasectomized individuals up8tb daygpostsymptoms
(30, 195, 307, 452)While divergent results were obtainedgardingprostate and seminal
vesicle infectionin either immunedeficient mice or NHP(657), it is evident that MGT
reservoirotherthantestis and epididymis exist in ZIkWhfected men. How and which MGT
organsother than testis can sheltgiKV from immune clearance warrants investigation
pertaining to the immune status of these organs and to the nature of the reservoir cell types.

Other arboviruses

Case reports of excretion in semen after systemic clearalyefiaf fever virus YFV) (40),
dengue virusENV) (377)and Chikungunya viru€CHIKV) RNAs (38) for up to 19 days, 37
days and 30 days pesymptom onset respectively suggest geaterabrboviruses may persist
in the MGT (Table 7). Furthermore WNV wasrecentlysuspected to be sexually transmitted
30 days possymptoms onsgB48), dong with sexual transmission of DENV between 2 men
(391) This concern is further substantiated by the persistence of arboviruse3afmgese
encephalitis virusJEV) in animal senen and MGT organs (see p¥it). Thereis currentlyno
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data on human MGT organs infection for these viruses. In mouse modeNB/ did not
productively infect testicular cel(247, 410, 581, 627)n contrast, YFV productively infected
a human Sertoli cell liné634) The duration of viral excretion following peripheral clearance
andthe demonstration of infectious virus in senage stillto be explored in human cohorts to
determine whether the MGT is a reservoirtfegsearboviruses.

Ebola and Marburg viruses

The ability of filoviruses to persist for extendpdriodsin the MGT was reporteth the late
1960s for the first human cases of EB@W MARYV infection(167, 434) buttheissueonly
came to lightproperlyduring themajor 20142016 West Africaoutbreak ofEBOV (28,000
cases and 1000 survivors). EBOV RNA was found the semen of survivorfor as much as
aremarkablel,178days(261) andprovensexual transmissiondm male survivors to female
partnersup to 470 days after diseasesef(609) Alarmingly, persistent infection of the MGT
by EBOV is asymptomatic.eXual transmission casem survivors distarfrom the epidemic
contributed to its resurgence through the initiation of new transmission c(GO®3
Fortunately, as for ZIKV, filovirus persistce in MGT is not lifelong and steadily declines over
time until the virus eventually disappears, in most cases within m@WhkED currently
recommends a nir@onth abstinence in male EBOV survivors), lyearsfor a subset of
individuals (609) In a study on267 Ebola survivorsa positiveassociation between the
presence of uveitjsan inflammation of the eyend detection ofival RNA in semen sampie
was found. Since uveitis was associated with higher viral load during the acute stage of the
disease, this may suggest that high viral load at the onset of the infiesciissociated with
seeding of thé1GT and in turnprolongedexcretion in seme(%46).

Higher seminal viremia during recovegompared to blood viremia at peak illnessggested
persistent active replication of EBOV within the MGT. This was further demonstrated through
the detection bpositive sense RNA (i.e. non genomic, replicative form) in sef&n730)

The lowrate of change or absenceabiange irEBOV genomen longitudinal semen samples

(41, 640, 730)suggests reduced immune pressure compatible with infection of immune
privileged sites (NB: similar lowates were found in the eye, anothremuneprivileged site

of persistence(730).

The nature of the reservoir(s) in the MGT which seed EBOV into semen is currently unknown.
EBOV antigens were present in the testicular interstitium (including endothelial @eds)
seminiferous tubules (suggestive of Sertoli and germ cell infection) from a fatal human case,
with nohistological lesions or inflammatidd30) In acutely infectedRhesus and Cynongus
macaquesEBOV waslocalized inthevascular structures, endothelial cells and mesenchymal
cells within theinterstitial tissueof the testisepididymis, prostate and seminal vesicieih
nochanges in organ morpholo@®41, 766) In a subset of animalsitiv delayed time of death,
EBOV infected the seminiferous tubules, with a staining suggestive of Sertoli cell infection
(766). In one NHP survivor, EBOV was associated with macrophages in the lumen of the
inflammatory epididymig766). EBOV was not detected in the testis but animals were sexually
immature (spermatogenesis had not startetdich may havempacted EBOV tropism in the
MGT. EBOV persisted irthe testis ohumanized micehat survived the infectior{57), and
infected the testiculanterstitium of experimentally infected guinea pig$13). In addition,

EBOV infected clusters of epithelial cells as well as stromal macrophages and fibroblasts in the
penis andoreskinof acutely infectedyuinea pigg116). In semen, EBOV RNA and infectious
paricles were rescued from seminal plasma in several stfd@®3) To the best of our
knowledge, there has been no attempt to identify EBOV infected cell types in semen. This
information might help to shed light on the origin of persistent EBOV in semen.
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MARYV was the first filovirus reported to keexually transmittedn 1967,a man with MARV
antigens in semen cells contaminated his wifeing sexual intercourséwo months after
recovering(434) Infectious MARVhas beemescued from semen up to 84 dagstrecovery
(434, 509, 643)In contrast to EBOV, MRV inducd testicular inflammation in infected
individuals, as evidenced at autopsy and through reports of orchitis, testicular pain and swelling
up to 52 days posnfection (609). In acutelyinfected NHP, MARWvaslocalized in the testis
interstitium and endothelial cells, as well asheepididymal smootimuscle cells and prostate
stroma(117) In the testis of NHP that survived MARYV, inflamméory infiltrates were
localized specifically in infected areasthin the interstitium and seminiferous tubulesd
were associated with BTB disruption and focal germ cell deplgtidi) Overall sperm
production was not affected. Similar to oh&#ions in mice infected with ZIK\(441, 696)
MARYV arising from testis blood vessels first infected interstitial Leydig cells and peritubular
cels, and in a second phase persistently infected seminiferous tubules. Sertsupptsted
active viral replicationand were the main viral reservoir within the testis, vatily low
numbers of germ cells and macrophages infected. Fesatularimmure infiltrates were
composed of T and B lymphocytes, macrophages and neutrophils. T cells were essentially
CD4+ (T helper-1,- 2, -17 andTregs) with afew CD8+ cells. Interestingly, the presence of
Tregs was specifically associated with persistence, along avitigh TGFEconcentration and
Cytotoxic T-lymphocyteassociated protein 4CTLA4) expression, suggesting localized
immunosuppressionwhich may delay clearanoé MARYV in the testig111) Infectious viral
particles releaskby productivelyinfected Sertoli cells in the seminiferous tubule lumen could
be a soure of MARV in semen. MARYV tropism for human Sertoli sallow needs to be
established.

Human immunodeficiency virus

The persistence of HA RNA and DNA was reported inglsemen of a subset of Hi¥fected

men receiving efficient antiretroviral therapy (AR despite undetectable blood viral Igdor

several year§298). In experimentallyinfected macaques with controlled blood viremia below
100 copies/ml during AR, SIV persisted in semen from a subset of animals after 4 months of
treatmen{440). HIV-1 and 3V infect a broad range of MGT organs and ducts (testis, efferent
ducts, epididymis, vas deferens, prostate, seminal vesicles, urethra, foreskin and glans), as
shown at autopsy from men deceased during A, 557)or in thechronic asymptomatic
stage(200, 322,486), in experimentally infected NHRluring the acuté474, 693) chronic

(299, 440, 625, 693pr AIDS stagg465), and using ex viwinfected human MGT tissu@41,

201, 590, 694) Throughout the MGT, infected cells are composedtisdueresident
macrophages and/or CD4+T lymphocy{@88) In the testis, HIV/SIMwvas associated with
isolated germ cells in a few studi@86, 511, 625, 63), with no spermatogenesis disruption.

In SIV-infected macaqueshe urethra was the mokighly-infected MGT orgarand thetestis

was the least infected, which could reflachuch higher number of immune target cell$ha
urethrathanthetestis(440). While the local sources of HIV in semen remain elu¢dgs) a

recent study by our boratory in the SiMnfected macaque model demonstrated that multiple
MGT organs shed virus particles and infected cells in semen, as identified through phylogenetic
analysis (299) Surprisingly, viral excretion from distinct organs was independent from
inflammation and organ infection level, and varied among individ2&i3).

Only a few studies attempted to decipher the organ reservoirs for HIV/SIV in the MGT of
treated individualsOur laboratory first revealeah SIV-infected macaques under ARor 4
months the persistence of SIV RNA+ macrophages in the urethra, whereas productively
infected cells were no longer detectableother MGT organg440). In agreement, irHIV-
infected individualsunder suppressivART for years, urethral macrophages localized in the
stroma and epithelium harb@at integrated replicatiomompetent virus. Virus production
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could be reactivated by bacteriglopolysaccharidd.PS, albeit ata low levelVirions were
contained within intracellular compartments called VQ@us Containing Compartments
(200). VCCs were previously evidenced in bloal@rived macrophages, allowing viruses to
retain their infectivity for extended periedf time (582) Infected urethral macrophages had
an intermediate MMM2 polarized macrophage phenotypdiich was enriched in Hhhfected
men The authors postulated that the high urethral concentrations afd&Nd inhibit the

killi ng ability of the cytotoxic T lymphocytesound associated with the infected macrophages
(200). Although te urethra represents a reservoir for Hy¥ersistent HIV excretion in semen
appears tinvolve different MGT: thusn 10treatedHIV -infected men with persistent HIV in
the semen, no virus was detected in the-gyeeulatory fluid produced in the urethi@47)
Multiple MGT organscouldact as res®oirs. Indeed, we showeith macaques that received 4
months of ARTthatSIV DNA levels intestis, epididymis, vas deferens, seminal vesicles and
prostatewere similar to tbhseof untreated animal@l40) Similarly, HIV DNA+ cells persisted

in the testis from treated méB22), suggeshg the persistence of latentigfected cells anthe
potential for reactivationThe organs excretinthe virus in semerprobablyvary between
individuals, asve demonstrated in macaqug99) Specific tissue micrenvironmentsnay
play determining roles in the reactivation ofatentlyinfected cells andin infection
susceptibility of longived/drug resistant cellsuch aghe highly plastidcissue macrophages.

Human papillomaviruses

In men, nost genital HPV infections are subcliniaaidclear within 12 yeas postinfection

(236) HPV persistence in the penis and uretiaa beemvestigated85, 375) but resultsvere
complicated by the fact that the sexual partners of the male participan&ssatV positive

and therefore persistence could not be discriminated from new infection. In one study on elderly
men who no longer had sexual intercour®e same HPV subtypeas estimated tpersist in

the skin of the glans penis for an averag® yéarsn the absece ofanynew source of infection

(359) Higher load of HPV in penile samples conferred a greater probability of viral persistence
of up to 12 months but nahore, suggesting othefactorsas yet unidentifiedfor longterm
persistence in the MG{B98).

HerpesSimplex Virus type 2

An early study suggested that the MGT serves as a silent reservoir feR H#&¢ed on the
high inciderre of actively replicating virus in the vas deferens and pro$tate men of
different age group@up to 704, in the absence @&ny history ofgenital herpesogether with
low frequency of detection in the ureth{@3). HSV-2 infects genital epithelial cellduring
primary infection and spreads to the sensory neywamsre it establishes laten(363) HSV-
2 reactivation is accompanied by an influx of both C@Ad CD8 T cells and is normally
contained within day&08) High numbesof Tregsin HSV-2 reactivation areasascorrelaed
with increased viralaplication(466). It would thereforebe interesting to invegiate whether
actively replicating HSV2 in MGT organs isassociated witlelevated Treg numbesshich
impairsimmune contrglas postulated for MARYV infection in the teqtid.1)

VI. Semen a Trojan horse for the sexual transmission of viruses

Over 30 viruses were found in human semen, of which 15 are associated with sexual
transmission(Table 7). On top ofwell-known sexually transmitted viruses such as genital
herpes viruses and blodmbrne HIV, new additions include vectborne ZIKV and blod-

borne EBOV,which were shownto persist in semen faan extended period after blood
clearanceOut of 16 case reportef various viruses in semen, 7 were reported as persistent
(Table 7).
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1. Prevalence and pattern of virus shedding in semen

The prevalence, level and duration of shedding in semen vary Wateljfferentviruses and
significantly impacthe dynamics of ampidemic.During early infection associated with high
viremia, there is frequenseminal shedding of HIV, HBV, HCV, ZIKVra EBOV, ranging
from 29% to 100%Table 7). Similar shedding frequencies are obserwethe chronic stages

of HIV, HBV and HCV despitaghe lower viremia(Table 7). HIV load in semen is usually
lower than in blood, but patients wittn exceptionally highsemen viral load were reported
(533, 671, 741)adors associated with HIV shedding prevalence in semen are blood viral load
(104, 176, 267, 313, 329%TIs(329, 548) seminal CMV orEBV (226, 227, 229, 394, 482,
523, 628) and seminal cytokinkevels(394, 395, 523, 548}he two latter reflecting elevated
inflammation, which enhances HIV replication.

In most studies, HCV load in semen is positively correlated to vir¢iiia73, 700)and a
higher prevalence of HCV shedding in semen from ififécted patients is controvert€dl,

73). However Turner et al. only observegicorrelation between blood and seme@\Hloads
during the acute stage, suggesting that other factors such as concomitant sheddingaof
herpesvirusesHHVs) could affect HCV sheddin¢y00).

Persistent seminal shedding desigadtelong-lasting excretion in semen of viruses that have
been controlledr cleared in the periphery by antiviral treatments (e.g. HIV, HBV) or by the
immune system (e.g. ZIKV, EBOV). It implies an undetectable viremia and strongly ssiggest
that seminal viruses and infected cells originate fronM@&4d (see part V.C. on viraéservoirs

and below). In HIVinfected patientghevirus level in semen is usually severely decreased in
the first weekg$ollowing the start oantiretroviral treatmer(B13) However, HIV RNA persists

in semen for monthar years postreatment initiation in about 13.4% (igan1.8% to 48%) of
patients despite undetectable viremia23, 29, 298, 533)In contrast, there are no cases of
HCV persistence in semen following treatment, and awy controverted cases of HBV
persistence in semen in the absence of viral DNA in sétuify 310, 351)

Viral RNA was detected in semen from ZIKV and EB@¥ected patients until day 370 and
day 1178respectivelyafter symptom offsefTable 7). In about 50% of EBOV patients, the
virus disappeared fronthesemen between 3 and 6 months pof&ction (133, 640, 649and

in all studies,the EBOV titer in semen steadily decreased over ti{ghe, 640, 649, 704)
Nevertheless, 8% of a cohort of 137 EBOV patients still shed virus in sevogrears after

the diseas€l187), with older age associat&dth seminal sheddin{l87, 261, 649)For ZIKV,

the mean clearance time in semen was 83 days, as opposed to-35 days in blood43,

189, 307, 452, 536)Age, absence of ejaculation, conjunctivitis and joint pain were factors
associated with prolonged virus sheddi@®2) Why older age would influence seminal
shedding duration is unknowlReduced immune functions, endocrine or anatomic (e.g. prostate
hyperplasia) modifications might be involved.

HPV is responsible for genital infectiotistusually clear within 2 years. In line with this, the
median duration of HPV detection in semen samples was 15.3 n(@dhsiHVs establish
lifelong infection and are characterized by a high worldwide prevalence, rdregimger20%
and100% for all HHVs excepKSHV. All HHVs were reporteds beingpresent in semen at
least oncéTable 7). The reported prevalence of 37.386 al HHVs in thesemen of healthy
patients (482) increased to 59992% in HIV-infected patients (225, 227, 394, 482)
Considerable variations in semen prevalence exist betthedrrpes viruss but also across
studies, depending on geographic location, detection method and type df-cobstly HIV-
infected and uninfected patients or fertiaynic attendants(336) Overall, the semen
prevalence of HHVs in HIVhegative men is under 15%, while HIV infection most dramatically
increases CMV andBV seminal sheddingTable 7) (203, 224, 628, 22827, 229, 230, 394,
482, 523)
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Longitudinal studies reported a mix of intermittent and continuous shedding pétiekiV

and HHV duringthe early and chronistages of theiseas€Table 7). The link between virus
shedding and other STIs, herpes/HI\fgleedding and seminal cytokitevels suggestthat
local factors related to transient infectioréetivation of virus sources could be involved in
this intermittent process. However, during undetectable blood viremAiR Tatreated patients,
theHIV shedding pattern was intermittemitith intervalsas little as on@our between positive
and negative samplé$81) Such short intervakuggest that intermittence may also reflect the
natural variation of semen composition between ejacu{d22. Unlike HIV and HH\5, the
shedding pattern durirthe persistent stage BBOV and ZIKV is generallgontinuougTable

7), with occasional intermittent detection most likely duethe assay sensitivity threshold
(187) This suggests that the main factor driving theddiveg pattern is poor efficiency of the
local immune system to control ZIKV replication in the MGT. This is supported by the
detection of pranflammatory cytokines together with infectious virus in seminal fluid long
after viral clearance from serui#26, 519)

2. Where dovirions and infected cellsin semen originate from?

Systemic viruses that contaminate semen duhegcute infection/high blood viremia stage
most likely arise from the passive diffusion of viral particles and infected cells from the blood.
In favor of this hypdtesis are concomitant high blood and semen viremia in acute HIV
infection together with similaritiegh nucleic acid sequencestbeblood and seminal HIV and

SIV straing298) In contrast, several studies reported an absence of association between semen
and blood viral loaslduring the chronic stage of HIV infectid@98) Phylogenetic studies
compaing viral populations in blood and semen showed differences in over 50% of HIV
infected patients and Siwfected macaqug®98), suggesting a local origin within the MGT.
This was recently demonstrated by Houzet et al. who shoba&sked on the phylogenetic
comparison of viral strains iblood andsemerfluids and cellsvith that inmale genital organs
from macaques chronically infected with SIV, that seminal virus and infeetlsdociginated

from various genital organs such as the seminal vesicles, vas deferens and ep(@@a9mis
Regarding genital AV, the excretion of virus in semen was associated péths epithelium
infection, probablyreflectingthe exfoliation of infected epithelial cell@07).

The absence of viremia during the persistsgminal shedding of HIV, ZIKV and EBOV
strongly suggesta local origin at this stage per se. The presence of infected testicular germ
cells and spermatozoa in the semen of Zik¥cted patients poistat the testis and/or
epididymis aghe sources oinfected cells(326, 427, 441)Nevertheless, the persistence of
ZIKV RNA and infectious viral particles in the semen of vasectomized patientaiadhat
distal MGT organs (e.g. prostate, seminal vesieed urethra) constitute additional viral
sourceg30, 195, 307, 452)

3. Importance of semen contamination for virusdissemination

Fifteen out of the over 30 viruses detected in semen are sexually trans(edtad 7),
including HIV, HS\W-2, HPV and HBV,which areresponsiblefor four major sexually
transmitted diseases. Sexual transmission is also an important mode of transmission for HTLV
1 in endemic areg®26) Semen is a key vector of transmission for HIMHSV-2 and HTLV -

1, with more efficientnento-women transmission thamomento-men (526, 744) While the

sexual transmission of HCV has long been considered negligible, seminal HCV is now thought
to play a significant role in HCV spreading in MSIVDO). For viruses like EBV and ZIKV,

sexual transmission is a minor mode in endemic countries compared to other modes (i.e. other
body fluids, fomites and mosquitoes). However, recent work reported transmission via semen
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as the source of multipféare-ups during the last EBOV tlweak(62, 144) and mathematical
models integratinghe sexual trangmission mode demonstrate a significant impact on epidemic
dynamics(2, 406, 714) Similarly, computational models show that saxtransmissiorof
ZIKV might be underestimatéd4) and could impaabn thesizeof the epidemi@and length of

the outbreak(204). Recently, the analysis of risk factors in 336 household contacts of ZIKV
patients showed an increased risk for sexual partners indamec contex{587) For both
EBOV and ZIKV, long-laging virus in semen represeqtthe main issue regarding sexual
transmission. Vertical transmission of viruses such as Atfgugh semenasdemonstrated

in mice(156) is another important issue to consider.

Accumulating case reports demtmase that aaumber of (re)emerging virusean infectsemen
(e.g. NiV,YFV, DENV, CHIK), some for extended durations (e.g. 278 days for ANDV, 117
days for RVFV, 103 days for LFV) (Table.7)his raises greatconcernssince some of these
viruses are lethand detected in the semehsurvivors (e.g. NiV LFV). Sexuakransmission
was recentlysuspectedor WNV 30 days after symptom onseind sexual transmission of
DENV between two men reportédable 7). Whether sexual transmissiaf the emerging
virusesthat contaminatbuman semenan occur, warrants study

4. Semenis more than a passive vector for viruses

Viruses can be present in semen asfced virions, in infected cells (e.g. leukocytes infected
with HIV and spermatozoafected with HBV) and/oattached to cell surfacés.g. HPV and
HIV bound to spermatozoapBoth cell-free and celbssociated virus transmissi@tcuis
through the anogenitahonc or pluri- stratifiedmucosa of the recipieii20, 245) involving a
number of distinct mechanisms for crogsthe mucosal epithelial barri@figure 11). Over
the last 2 decadeshe accumulatedh vitro datahasshown that seminal plasma exerts a
complex mix of inhibitory and enhancing effects on viral infection, dependinfyemarget
cells and pathogenk is important to note that sonoé theseseminal effects may be transient
sinceseminal fluidis a dynamic fluid, whicltomposition changesver timepostejaculation
due tomanyenzymaticreactions
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Figure 11: Mechanisms forsexual transmission of viruses through the recipient mucosal epithelia
(A-E) and modulation by seminal plasma componentd/iruses present in genital secretions (semen,
cervicovaginal fluid) as virions and within infected cells can be transmitted through the monostratified
(e.g. endecervix, colon, penile urethra) or pluristratified (e.g. vagina, -eetwix, foreskin, glans
mucosa of the recipient through a range of mechanigis-or sexually transmittediruses with a
tropism for epithelial cells such as HSV or HPV, the epithelium that covers mucosal tissues is
productively infected, providing a direct entry way. Virusgsch do not infect epithelial cells, such jas

HIV or HTLV, may reach their subpithelial target cells through eith€B) Breaches in the mucosa
resulting from micreabrasions of the epithelial barrier triggered by sexual intercourse or by other STIs
favoring mucosa inflammation or abrasiofS) Transmigration of infected cells between the epithelial
barrier;(D) Capture of viral particles by DCs sampling pathogens on the apical side of the epithelium
barrier, which then migrate back into the sub epitinetissuefE) Transcytosis of viral particles across
the epithelial cells leading to their release on the basal side. For detailed reviews of these meghanisms,
see(21, 626) Multiple semen components (showed in grey clouds of semen in the schema) are|thought
to enhance (green arrows) or inhibit (red bars) Wieaismission (see text section VI. 4. for more details

on their mechanisms of action).
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4.1.Inhibitory effects of interactions between semen components andral particles or
their target cells

Semen exosomes

Also called prostasomes, exosomes @rembranous nanovesicles produced within MGT
organs the content(proteins, mMRNAsand miRNAs) of which is involved notably in sperm
maturation and fertilizatiarBeminal plasmand isolated semen exosomes blocked the binding
of ZIKV, DENV, WNV (487) and CMV (393) to their target cells and inhibited HIV
transcription and celio-cell spread166)

Cationic polypeptides

In high concentrations in semesgveral cationipeptidesdemonstraté antiviral activity in
vitro. Similar toseminal plasmaanatural fragment cdemenogelin transientlyinhibited HIV
infection of the target cells(429) Seminal vesicleerived gpl7 glycoprotein specifically
competed with HIV for binding to its cell agtreceptor CD433), while a cystine proteinase
inhibitor, cystatin C, was postulated to counteract viral proteases necessainalfprotein
processing164, 709)

Reactive Oxygen Species (ROS)

ROS, mostly produced hyeutrophils and macrophages in senrandified lipid rafts in the
membranes of enveloped viassincluding HIV in turn inhibiting fusion with the cell and viral
entry (290, 361)

Clusterin and Mucin 6

The glycan motifs ofClusterin and Mucin 6 bind to DSIGN, a PRR of the ®pe lectin
family expressed by genital mucosa immat@s, which recognizes many viruses (HIV,
HSV, HCV, DENV, ZIKV, EBOV, CMV) (276, 367) Thesgylycoproteinscompeted with HIV
for binding to DC, in turn ihibiting transinfection of CD4+ T cellssimilar towhole seminal
plasma(597, 659)

RANTES/CCL5

Elevated concentrations of the chemokine RANT&®jand of the HIV receptor CCR5, were
found in semen from HIV+ men and diminished HIV infectiosemerexposedCD4+ T cells
by decreasing their CCR5 express(8a).

4.2.Enhancing effects of semen components/properties on virtransmission

Amyloid-forming fibrils

Over 10 years ago, Munch et al. identified semamayloid-forming peptideshat boost HIV
infectivity in vitro, similar towholeseminal plasm&88). These peptides comprise fragments
of the prostatic acid phosphatase (with a dominant peptide ¢al&d for Semerderived
Enhancer of Viral Infection)488) and seminalesiclederived semenogelins (SEM1 and
SEM2, resulting from cleavageylihe prostate specific antige(b77, 578) The positive
charge®f the peptidesteract with the negatively charged surfagesellsand virions toérm

an electrostatic bridge that prometgral attachment and fusiof29, 578) Seminal plasma,
SEVI, andsemenogelirmamyloids enhanceh vitro infection of isolated cell$y HIV -1 (355,
488), HIV-2 (355) SIV (775), HSV (690), CMV (673)and EBOV(42) but not that of ZIKV,
WNV and DENV, which were inhibited bygeminal plasm#487) SEVI also increasethe
interndization of EBOV particles by macropinocytosis, the canonical EBOV entry pathway,
and stabilized EBOV viability andnfectivity (42). However, seminal plasmeor SEVI
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enhancement of HIV infection in afgenital explantsvasinconsisten{15, 315, 368andin

vivo experiments using humanized m{@20, 148)r NHP modelg489)failed to demonstrate

any enhancing effect afemen on HIV/SIV transmissioithis discrepancy could resdtom

the complex interactions between seminal and mucosal factors counteracting amyloid fiber
enhancement. It is also possible that the higher viral dosesnug®d/ex vivacompared ton

vitro maybypasghe semerenhancing effect, which is restrictemlow viral dose$488)

Cytokines

The role of seminal cytokines in virétansmission is ambiguous. Semen has very high
concentrations of TGE(mostly under a latent form activated by vaginal pH and enzymes) and
prostaglandin PGE2, which both inhibit leukocyte activation and induce naive CD4+ T cell
differentiation into Treg (580) Semen immunosuppressive properties, believed to allow
maternal tolerance against paterdatived antigensmight facilitate virus spreading. In
addition, TGFEincreased CD169 expression on mature DC, which facilitated HIV capture by
DC andmay enhance its transmission to permissive d&l@9)

Conversely, semen depositi@mto the female genital mucosa triggex strong postoital
inflammatory response with massive influx of neutrophils, and to a lesser extent lymphocytes
and macrophages, whichhay eliminate pathogeng580) PGE2 stimulated neutrophil
chemotacticCXCL8 in cervixtissue(142), while SP, PGE2 and TGFReEup-regulatedCOX2 in
female genital cell§315, 328, 623)which may further amplify the inflammation by catalyzing
prostaglandin synthesi€ompared to blood, semen contained elevated concentrations-of pro
inflammatory cytokines (e.gMCP-1, IL-8, CXCL1, MIPtE IL-6, IL1D granulocye-
macrophage colongtimulating factor(GM-CSH) and adaptive cytokines ({L and IL-15)

(522, 707) In cervix and endonteal tissue cultures and in vaginal, cervical and endometrial
isolated cellsseminal plasmaipregulated a range of genes and protémised to cytokine
signaling, inflammation, antigen presentation, leukocyte migration and cellular immune
responsesa nodulation in part mediated by TG99, 315, 622)Unfortunately,semen
cytokinemediated inflammation and immune activation attract HIV immune target cells and
stimulatereplication ofthe vrus in female genital tissy&0, 315)

Semen upregulated CCL20 chemokine dells derived from endocervical andhginal
epithelium possibly through the action of seminal lactofef@03), whichin turn recruited
CCR6+ Langerhans cellm vitro (50). In NHPs, CCL20 concentrations were positively
correlated torecruitment beneath theaginal epithelium of CCR6+ plasmacytoidCs and
macrophages, which in turn attracteddlper17, a preferential target cell type for HIV/SIV
(662)

Fibronectin

Fibronectin an abundant extracellular matrix glycoprotéhat stimulates sperm capacitation
and semen coagulatipnoas HIV virions (69). Fibronectin recognition of B1 integrin and
HSPGs expressed by epithelial ceftéght help HIV attachment to the female genital
epithelium (419, 576) Multimeric fibronectin enhancetthe HIV infection of T lymphocytes
through increased cell attachmeamd protected virions from degradati@b4, 678)

Complement molecules

The opsorration of virionscoated by complement molecule present in selmeppithelial
cells, DC and macrophages bearing the CR3 complement recegt®rpostulatecas an
enhancing mechanism for HIV transmiss{66).

Semen pH
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Thealkaline pHand high buffering capacity of seminal fluid proegtHIV particles from the
acidic environment of the vaginal mucesaturn stimulatinginfection (68).

VIl. What lessons camwe learn from animals?

Of the87 new human pathogens catalogued since 1980, apai@ty 80 percent amoonotic
(498). Considering the potentigl high impact of sexual transmission of viruses in upcoming
human pandemi¢and the urgency to fill gaps in this domain revealed by the recent @hdv
EBOV epidemics, it is essenti#that welearn from diverse research fields. This includes
research ito economicallysignificantfarm animals (e.goulls, pigs, sheepnd horses)Since
artificial insemination is usedxtensivelyworldwide in these amals, viruses that infeand
persist inthe MGT represent a threat ftire disease spreading and breediagd have been
soughtintensively. The main findings on viruses in the M@T farm animalaresummarizd
below and inTable 8, in order to learfrom the mechanisms of seminal viral shedding and
persistence evidenced, ambmpt researchto viruses that might infect the human MGT.
Although ZIKV was the first arbovirugo be reported in human semen in 20{403), 5
arboviruses were already known to inféae semen opigs[African swine fever virugASFV),
classical swine fever virl€SFV), JEV] and bull§ Schmallenberg viruSBV) andbluetongue
virus (BTV)]. This list now includes seminal excretionRdaton virugPEAV) in bulls, BTV

and Rft Valley fever virus (RVF) in sheep, and CHIKV, RVFV and DENV in humans,
suggesting that MGT infection by arboviruses is more common than expd@cbl 8).
Importantly, some of these animal arboviruses are zoonotic (JEV, RWRJ impact
embryonic development (BTV, &¥) (Table 8). The attentiompaidto ZIKV in terms of sexual
transmission and congenital effectserefore should be extended to other arbovirusiest
affect humans. Although the detection of a given zoonaticsvn the animal MGT does not
imply that this virus will infect the same organs/cells in humans, it can reasonably be argued
that it deserves investigation. As an example, RVFV, a zoonotic arbovirus that infects the sheep
testis(514) was found in the semen of an immunosuppreseéetted patient 4 months pest
symptoms(277). Two other zoonotic viruses, JEV and HEV, infdw MGT ofanimals and

are forecasted as future pathogens for North American popdé4ioa).

In contrast to hurmns, the persistence in the MGT of acute viruses hadkeag recgnizedin

farm animals, with over 8 viruses from different families reported in seamehin at least one
male genital organn pigs, bulls, sheep and hors¢Table 8). A large panel of N6T organs

and cellsincluding germ cellswere associated with virus persistence in animal sefrarie

8). The origin of the viruses persistently shed in seaygpearscomplex. For example, the
accumulation of data oporcine reproductive and respiratosyndrome virus(PRRSV}-
infected animals suggests that seminal w@sasise from testicular germ cells during the acute
phase of the infection, and from infected macrophdgasinfiltrateMGT organs during the
persistent phasg54) Lifelong MGT infection and seminal shedding was demonstriated
two acute animal virusesguine arteritis virugeAV) in horse (37) andbovine viral diarrkea
virus (BVDV) in bulls (75). Consequentlythe infected male horses and bule major viral
reservoirs, spreading the disease among cattle herds. The processes generating these lifelong
infected animals diffebetween EAV and BVDV. EAV persistence is specific to the MGT,
testosteronelependent and concerns-10% of stallions infected during adulthodte vas
deferens ampullagvas identified aghe main virus reservoif443) Longterm persistent
infection has beercorrelated to the susceptibility to EAV infection of a subpopulation of
ampullaespecific CD3+ Tymphocytes expressing an isoforntloé CXCL16gene with EAV
receptoractivity (37). The mechaisms responsible for immune evasion during the persistent
infection of this MGT duct are still under investigation. In contrast to EAV, lifelong BVDV
infection is not restricted to MGT and results from infection during fetal life, before the
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development bthe immune system. The neonate calves become immunotolerant to BVDV,
recognized as self, and remain viremic, shedding virus in semen lif@bred2).

Conclusions and futuredirections

Viral infections of the MGT raise a broad range of issues at the interface between the fields of
reproductive biology/endocrinology/urology (e.g. infertility, endocrine disturbances, genital
cancers) and infedus diseases/virology (e.g. horizontal and vertical transmission of viruses,
viral reservoirs and persistence). Studies on viral infections in the MGT have significantly
increased over the last 2 decades in these distinct fields. However, much remaidsrie o
improve our understanding of the interplay between viruses and the MGT, and bring
mechanistic insights to help targeted therapeutics interventions. We highlight below research
guestions andheeds pertaining to these different issues, and conelittieproposition of
approaches.

™ Viral infections andnfertility : what are the mechanisms at pl&/

Beside the welknown deleterious consequencedvafV on testis functions, an accumulation

of observational data incriminate viral infections, especially chronic (e.g. hepatitis viruses,
HPV), in altered semen/sperm parameters and diminished fertilization abilities. The
mechanisms behind those alterations largely unknown. To discriminate between indirect
systemic (e.g. generalized inflammation, oxidative stress, endocrine disturbances at the
hypothalamiepituitary level) and direct negative effects of viral infections on MGT
reproductive functions, thereV QRZ D QHHG WR GHHSHQ WKHVH GDWD
should not onlybe on ejaculatedpermatozoa (the end product) bigo on testis, epididymis

and accessory glands functions to establish whether the incriminated viruses modify the cellular
homepstasis and male tissue migenvironmentMoreover, in the view of thpaucity of data

further investigations on the hypothaloituitary gonadal axis functions in men suffering
from MGT infections are warrantdchportantly also, ifis now establishedat environmental
factors can affect epigenetic marks, and thatgemetic alterations can be passed on by the
male gametes to the offspri@27) Whether testis and epididymis infections andéor
inflammatory environment can impact the gamete epigenome and in turn its ability to produce
viable offspring has never been explored.

™ Viruses and cacersof male genital organsis thereanything left to uncover?

Whether viral infections play a part inetletiologyor in the progressiorof prostate and testis
cancers is unproven, despite numerous studies investigagngnplication ofwell-known
oncogenic viruses. There are most likely multiple environmental contributors to MGT ¢ancers
whichinteract wth each other and with host genetics and immune system in a temporal manner.
Measuringhe exposome of the individuals, defined as the totality of environmental exposures
from conception onward including chemicals and infectious agehisild advance our
understanding of environmental contributoks. shown inFigure 6, MGT organs, including

the prostate and the testis, are the target of multiple virdges. metagenomics recently
revealed the existence of a human virome (i.e. viral community in tissues) that, as suspected for
the microbiome, might influence health and dise@9). Viral metagenomicsas awide
unbiased approaghasgreat potential for uncoveringpvel virusesas well ag/et unsuspected
known virusesor specific viral combinations diseased versus healthy MGT samples

™ Viral integration in thehumangerm lineand endogenizationcan it happen again?

Genome sequencing and paleovirology have revealed the fascinating interactions between
viruses and the gametes, demonstrating repetitive infections of the germ line during evolution
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by both retroviruses and naatroviral viruses, and highlighting the pdsbty of new viral

integrations by a whole range of contemporary virudégether HIV and nometroviral viruses

WKDW DVVRFLDWH ZLWK JHUP FHOOV DQG VSHUPDWR]RD FR
line and future endogenization in humansndeedan exciting question. Decipherirfgpw

human male germ celi&geequippedo faceviral colonization should provide sontgeresting

answers.

™ Vertical transmssion of viruses through semeran important issue for medically
assisted reproduction

In the context of increasing use of medically assisted reproduction, it is crucial to determine
whether the different semen compartments (i.e. seminal fluid, spermatozoa and/or other semen
cells) or the testicular germ cells (in the case of ICSI) aret&tdpy emerging viruses in order
to prevent transmission to the partner and embhydeed, wusescontaminated seminal
fractionsmayinduce congenital defects andioral chronicity (156, 218, 350)Long lasing
ZIKV infection in infants aftein uteroacquisition(74) andreports offetal testis infection by
ZIKV (45)justifies careful monitoring of early life infection cases.

™ Sexual transmission of viruses through semen: how can wanticipate future
epidemic®

The transmissiomf viral diseases through semen is more than ever a major global health
concernindeed, after ZIKV and EBO\$everal emerging virusésrecasted to generate future
outbreaks in human populati¢h76, 492yepresent suspedisr sexual transmissioftable 7).

As highlighted in this review, sexual transmission through semen represesrgpmowerful

mode of dissemination for virusesd is extremelgomplicated to control, aaxemplifiedby

the HIV-1 pandemic and its over 35 million deathsdby the resurgence of EBOV epidemics
foci following sexual transmission. Whether the acquisition of setkaakmission mode by
emerging viruses reflects virus evolution associated with novel tissue tropism or changes in
host ecology is unknow(R5). Inter and inta-individual analysis of genomic sequences of
sexually transmittable emerging viruses wodthelpful to determine if unique signatures are
involved in MGT tropism. Monitoring and controlling pathogens in rboman species
including NHP and livestodis essential for anticipating human epidensasce most emerging
viruses are zoonotic 7KLV LV XQGHUOLQHG LQ WKH FRQF®HEW ODXC
KHDOWhHhereby animal and human health are considered -diej@endent
{(www.oneworldonehealth.ofgAssessing MGT tropism of animal viruses in their host as well
as in human tissues, for instance ugrgivoapproacheshouldgreatly improveanticipating

andin turnpreventing sexual transmissidks highlighted in this reviewa number ozoonotic
viruses persist in animal seméncluding HEV and JEV))suggestingootential for sexual
transmissionn future outbreak§476, 718) Importantly lowever, molecular detection of viral
sequenced semenis insufficient to determineapacity for sexual transmission. Sensitive
culture techniguealong withmoleculardetectionof replicatiorcompetent virusn semerare
warrantedo assess the transmission potential of these viruses.

™ Mechanisms of wal persistence in semerithe new quest

Researchsin HIV-infected patientsver the last 3§earsalong with the recent reports of viral
persistence in cured EBOV and ZIKV patierttave demonstrated that systemic viruses in
semen do not exclusively arise from passive blood diffusiorhamd uncoverethe existence

of localMGT sources. Yet, wknow very little about these sources and the specificities of their
tissue micreenvironment. Because of its status as an imamivleged organ and as a
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pharmacological sanctuary, the testis is widely considereeresponsible for viral persistence

in semen. Howeverecent data in HIMnfected patients and in ZIKNhfected men with
undetectable viremia have demonstrated that other MGT orgarsdscdoe sites of persistent
infection (30, 200, 44Q)Interestingly, ve recently demonstrated that multiple MGT organs
seedboth virus and infected cells in the semen from $if¥ected monkeys, and th#tese
sources vary among individual299). These findingswhich need to be confirmed in larger
studiesgecho the inteindividual variations of virus excretion pattern and persistence in semen
(Table 7). Many questions awastto be answered:What are the cellular and molecular actors
that support viral persistence? What are the host/viral determinants leading to the
continuous/intermittent excretion from specific MGT organs into the seminal lumen of virions
and infected cells?Is this persistence the result of active replication or@ngn maintenance

of a stockof virus with little de novoviral production?- How are viruses eventually cleared
from the MGT?

™ Target cells andautes of infection of MGT organs by systemic virusstdll a lot to
learn

Our understanding of the routes of infection of both external and internal MGT organs and of
YLUXVHVIfFHOO WDUJHWYV LQ WKH 0*7 LV VXUSUdWhic@JO\ OLP
sexual transmission represents a prime mode of disseminatioentReata suggest that
alternative routes to hematogenous spread exist that involve virus exchange between MGT
organs(299, 696) Moreover, many viruses reported in the MGT are néwapic (371, 405)

and viral traffickirg between the MGT and tleentral nervous systethrough nerves has been
described219221, 668, 767jor several human virus€371) Neuronal pathways might allow
viruses to traffic between immuraivilege niches like the brain and testis and escape from
immune surveillance potentially leading to virus persistence and@ess/oir seeding. Since
several emerging viruses have become néc (e.g. ZIKV, WNV, DENV)or able to cause
neurological diseases (EBOV490) it would be of grat interest to establish whether these
viruses can disseminate to the MGT through nerves.

Summary of researchneedsand proposition of approaches

Answering the questions raised in this review implies thregqueisites, namely) decipher
for each viruof interestthe nature of infected cells in the different mgémitalorgans Even
for viruses with an established tropism for the MGT, we know surprisingly very little about
their targeted organs and cells. Thisisobstacledr understanding theaction mechanisms
in the range of pathological processes described abgvdeterminethe immunological
specificitiesof the different malegenital organsin humans While the basis for immunre
privilege is well established in rodeénestis,it hasbeen poorly investigated in humaris
addition recent findings revealed thak testis is not the oniyral reservoir in the MGT. Thus
attention need to be paid as to how MGT orgather than testis can alsbelter virusesrom
adaptive immune systenii) establishthe speciesand cells innate immunity differences in
MGT organsalong withthe mobilizationof innate effectors and repressofson exposure to
differentviral pathogensAs pointed in this review, evidencelsilding up ofuniquefeatures
for testicular germ cellas well agor human testis versus rodents.

To achievethis, there is a need faa combination ofanimal modelsand ex vivomodels of
human MGT tissues. The choice of animal modehasvevercomplicatedby both the host
specificity of the virus under investigatiorand the necessity formorphological and
immunologicalfeaturesof MGT organs closé humansAs highlighted in this reviewcaution
is neededvhen extrapolating from rodent moddi#P constitutea modelof choicefor many
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human viruses (e.g. HIV) and their MGT is very similar to humbleserthelessNHP raise

cost and ethical issueBigs, which share many testis features with humans and natural virus
tropism for MGT,mightrepresent an interesting alternative.

We have provided in this review several examples of the usefulnegsvofoapproaches for

the study of human MGT orgafiimfections.The development d3D bio-printing, organoids

and microfluidic systemshold greda promise for longterm maintenance antmproved
reconstruction of human tissuds.addition to the preservation of primary cells characteristics

in long-term culture, organoidsbtained througlthe reorganization different isolated cell
typesoffer the extra bonus of possible genome editing, which could provide useful insights into
host/virus interactionél8). However, vhile brainand digestive tract organoids are becoming

more and more robust and standardizbdre are currently no satisfactory examples of male

genital organoids, especially testis. Indeed, the very complex testis structure (emcekll

contacts, specific spWLDO DVVRFLDWLRQ RI JHUP FHOOV DORQJ WK
faithful reconstruction. Microfluidic cultures of testis tissue may represent a better alternative:
indeedmicrofluidic culture of mouse testis explasteceeded in maintainingrfational tissue

for over 6 months andllowed full spermatogenesi365)

Finally, the onset of viral metagenomics (virome) as well as the incrementation of human
RUJDQV DQG FHOOVY DWODV VKRXOG SURYLGH NH\ HOHPF
interplaybetween viruses and the MGT and iatedividuals variability.

To concludethe many gaps in knowledge of the organs/cells and molecular processes involved
in the infection and persistence of viruses in the M@&Jentlyneed to be addressed if we want

to develop tools to prevent sexual transmission, reproductive disorders, chronic inflammation
and cancer development/ progression.
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Tables

Table 1: Overview of viruses detected imuman MGT organs and/or semen

Virus

Family

Genus

Genome
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Main clinical
syndromes

Human papillomavirus (HPV)

Papillomaviridae

Alpha, beta, gammapapillomavirus

dsDNA

Warts,precancerous
lesions associated to
genital, anal and
oropharingeal cancer

Herpes simplex virus (HSVL)

Herpesviridae

Simplexvirus

dsDNA

Herpes labialis, genita
herpes

Herpes simplex viru® (HSV2)

Herpesviridae

Simplexvirus

dsDNA

Genitalherpes

Varicella zooster vis(VZV)

Herpesviridae

Varicellovirus

dsDNA

Chikenpox

EpsteinBarr virus (EBV)

Herpesviridae

Lymphocryptovirus

dsDNA

Infectious
mononucleosis, Burkit
lymphoma,
Nasopharingeal
carcinoma and
posttransplant
lymphoproliferative
Disease

Cytomegalovirus (CMV)

Herpesviridae

Cytomegalovirus

dsDNA

CongenitalCMV,can

be lifethreatening for

immunocompromised
patients

Human herpewirus-6 (HHV6)

Herpesviridae

Roseolovirus

dsDNA

Commonchildhood
disease exanthema
subitum
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Humanherpesvirus-7 (HHV7)

Herpesviridae

Roseolovirus

dsDNA

Commonchildhood
disease exanthema
subitum

Kaposi sarcoma associated
herpesvirus (KSHV)

Herpesviridae

Rhadinovirus

dsDNA

Kaposi sarcoma,
primary effusion
lymphoma,
Castleman's disease

Molluscumcontagiosum virg
(MCV)

Poxviridae

Molluscipoxvirus

dsDNA

Selflimiting papules in
genitals and other
parts of the body

Adenovirus (AdV)

Adenoviridae

Mastadenovirus

dsDNA

Conjunctivitis,
respiratory or
gastroenteric
syndromes,
meningoencephalitis,
urinarytract infections

Parvovirus B19

Parvoviridae

Erythrovirus

ssDNA

Fifth diseaser
erythema infectiosum
hydrops fetalis

Adencassociated virus (AAV)

Parvoviridae

Dependovirus

ssDNA

Not known to

causedisease. Used i

virusvectored gene
therapy trials

JC polyomavirus (JCPyV)

Polyomaviridae

Betapolyomavirus

dsDNA

Almost exclusively in
immunosuppressed
individuals:
progressive multifoca
leukoencephalopathy
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Almost exclusively in

immunosuppressed
: iy . individuals: BK virus
BK polyomavirus (BKPyV) | Polyomaviridae Betapolyomavirus dsDNA associated
nephropathy,
hemorrhagic cystitis.
Controversy over SV4
Simian virus 40 (SV40) Polyomaviridae Betapolyomavirus dsDNA involvement in humar
tumorigenesis
Merkel cell polyomavirus Suspected to cause
poly Polyomaviridae Alphapolyomavirus dsDNA Merkel Cell Carcinom
(MCPyV) )
(skin cancer)
Torque teno virus (TTV) Anelloviridae Alphatorquevirus ssDNA Unknown
Hepatitis, cirrhosis an
Hepatitis B virus (HBV) Hepadnaviridae orthohepadnavirus dsDNA (RT) hepatocellular
carcinoma.
Hepatitis, cirrhosis an
hepatocellular
Hepatitis D virus (HDV) deltavirus ssDNA carcinoma upon
superinfection and
coinfection with HBV
UG |mml(JHnR;j)ef|C|ency VIt Retroviridae lentivirus ssRNA (RT) AIDS
Adult T cell
HumanT-lymphotropic virus leukemia/lymphoma
ymp P Retroviridae deltaretrovirus ssRNA (RT) and HTL\associated

(HTLV)

myelopathy/tropical
spastic paraparesis




Hepatitis C virus (HCV)

Flaviviridae

Hepacivirus

SSRNA (+)
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Hepatitis, cirrhosis an
hepatocellular
carcinoma.

Zika virus (ZIKV)

Flaviviridae

Flavivirus

SSRNA (+)

Zika fever, congenita
Zika leading to
microcephaly and
other central nervous

systemdisorders.

WestNile virus (WNV)

Flaviviridae

Flavivirus

SSRNA (+)

Encephalitis,
meningoencephalitis

Japanese encephalitis virus (JE

Flaviviridae

Flavivirus

SSRNA (+)

Encephalitis,
meningoencephalitis

Dengue virus (DENV)

Flaviviridae

Flavivirus

SSRNA (+)

Dengue fever, severg
dengue hemorrhagic
fever

Chikungunya virus (CHIKV)

Togaviridae

Alphavirus

SSRNA (+)

CHIKV disease,
arthralgia, myalgia.

Coxsackie virus (CoxV B5, A

Picornaviridae

Enterovirus

SSRNA (+)

Handfoot-mouth
disease (HFMD),
cardiomyopathy,
gastrointestinal
diseasesgentral
nervous system
manifestations.

Hepatitis E virus (HEV)

Hepeviridae

Orthohepevirus A

SSRNA (+)

Hepatitis

Severe acute respiratory

syndrome (SARS)

Coronaviridae

Betacoronavirus

SSRNA (+)

Severe acute
respiratory syndrome
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Swellingof the parotid
glandssalivary

Mumps virus (MuV) Paramyxoviridae Rubulavirus SSRNA-{
glandsand
other epithelial tissues
Acute respiratory
Nipah virus (NiV) Paramyxoviridae Henipavirus SSRNA-| illness,
fatal encephalitis
Ebola virus (EBOV) Filoviridae Ebolavirus SSRNA-| Hemorrhagic fever
Marburg virug MARYV) Filoviridae Marburgvirus SSRNA-| Hemorrhagic fever
Hantavirus
Andes hantavirus (ANDV) Hantaviridae Orthohantavirus SSRNA-{ cardiopulmonary

syndrome, hantavirus
pulmonary syndrome

Lassa fever virus (LFV)

Arenaviridae

Mammarenavirus

ssRNA-f ambisense,
segmented

Hemorrhagic fever

A small percentage o

ssRNA-f ambisense,

infected individuals

Rift Valley fever virus (RVFV]  Bunyaviridae Phlebovirus develops ocular
segmented : .
diseases, encephaliti
or hemorrhagic fever,
Table 2: Viruses that infect human penis
) Penile : Detectllon n . . . Effect of Non-sexual Prevalence in human Effect on
Virus _ Penile entryway penile Risk factor for penile infection . .y - . external
acquisition i circumcision transmission population .
tissues genitalia
Skin-skin Shaft, glans, Reduced _ . Genital
contact with Infection of basal | foreskin and o . Europe:males 12,430,9 % warts Penle
) . o ) " I acquisition, Contact with | (280)
lesions, cells in stratified urethra (in | Urethritis, damaged epitheliun . . cancer for
HPV | Vaginal, oral | epithelium(447, | vivo) (23 (630) increased lesions, high risk
aina. P ’ ’ clearance8, 686, | vertical(598) | USA: males 45.2% females g
and anal sex 655) 158, 168, 782) 39 9% HPV types
(90) 630) ' (79, 147)
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High-risk genital HPV males
25.1%, females 20.4%450)

. . Genital
Skin-skin Foreskin herpes, penil¢
contact with Basal epithelial (607) glans HIV infection (>2.5 fold Moderate Oral contact, psha,ftp
HSV- lesions, cells, capture by 9 increase), genital ulcers and| reduction (28 contact with - - L
. - and shaft . o . 3.7 billion/471 million(734) urethritis,
1/2 vaginal, oral | dendritic cells celt (584) urethra penile epithelial traum@5s5, 30%) or no effect lesions, rostatis
and anal sex| to-cdl (1, 196) 647) (647, 687) vertical (734) P . :
(91) (664) genital pain
(604)
Vaginal, oral, Reduced risk of
and anal Unknown infection (82 Parenteral
HBV (:2:;?;\//2)0;/;&; mechanism not reported Other STI482, 502) 720) or no effect | vertical (314) 257 million (732)
(314, 357) (MSM) (530)
Vaginal, oral Foreskin
a%d a'nal (inner>>outer), Glans, Other STIg701, 735) penile Circumcision
HIV-1/2 | (receptive > glans, coronal foreskin, microbiome and anaerobic reduces Parenteral, 36,9 million(735), 51% are
insertiF\)/e) cex sulcus, fossa urethra(200, dysbiosig(396, 6®), penile acquisition by 56 | vertical (735) female(701)
navicularis and 298, 776) inflammation(19, 556) 61 %(174)
(593)
urethra(19)
HTLY Vaginal. anal CD4+ T cells, Syphilis (235, 491) HSV-2 Parenteral Erectile
1 i ng (5'2 6) virions capture by | not reported (246), Unknown vertical (31 1’) 5-10 million (222) dysfunction
dendritic cell311) potentially other STI$526) (520, 521)
CD4+ T cells, .
HTLV Vaginal, anal| virions capture b Parenteral Not estimated in the global Erectile
) gina, 'S cap Y1 not reported Potentially other STI§235) Unknown (612), vertical . d dysfunction
2 sex(585) dendritic cell§(311, (58) population (552)

585)
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Skin-skin
contact with Lower and outer Glans. shaft Fomites Worldwide: 2 8%
lesions, layers of the "7 HIV, immunosuppressior{92, ! ' 0 Skin-colored
MCV . A . foreskin Not reported contact with
vaginal, oral epidermig(131, (568) 266) lesions(131) HIV-infected: 518%(309) papuleg131)
and anal sex 568)
(131)
HDV Vaginal, anal unknown not reported HBYV infection (733) Unknown Parenteral, 15-20 million (733)
sex(17) mechanism vertical(733)

Acronyms of viruses arspeledout in table 1STIs: sexually transmitted infections




Table 3: Cell tropism of viruses detected in testicular tissues from humans and animal models

Human

Animal models

) References
Virus
in vivo in vitro NHPs Rodents
HPV Int, SC (435)
HSV-1 Int, SC, GC (423)
HSV-2 Speeific tropism not defined GC (143, 256)
EBV Specific tropism not definec (106)
CMV LC,GC, F (500)
HHV -6 Endogenous (480)
AdV Specific tropism not define Specific tropism not define (127)
Par\éi\grus Specific tropism not definec (149, 170, 251)
AAVs Specific tropism not definec LC, PT, SC, GC$ptg) (171, 454, 726)
HBV F, End (378, 438)
HIV-1 (2) M ¥ T cells, GC M ¥ T cells SIV: M ¥ T cells, GC (742)
HERVs Endogenous (125)
MuV Specific tropism not definec LC LC, SC,GCM ¥ (59, 244, 748)
ZIKV GC* LC, SC, GCM ¥ PT Spec'g‘;&fé’fm not || ¢, sc, GCM ¥ PT (441, 657)
WNV Within ST, SC SC (28, 634, 645)
JEV Specific tropism not define (682)
EBOV End, within ST End, GC Int (113’7‘(‘336())' 541,
MARV SC,GCM ¥ F, End (111, 117)
CoxV B5 Specific tropism not definec (122)
. . . : Specific tropism not
Poliovirus Specific tropism not define| defined (invitro) (670)
HEV GC (Spto) Within ST (303, 652)
SARS LC, Ep (770)
LCMV Int, GC (Sptg) (179)
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Acronyms of viruses detected in human male genital tract aredpeli in table 1HERV: human endogenous retrovitdsCMV: lymphocytic choriomeningitis viruSjVv
:simian immunodeficiency virus

End: endothelial cells; Ep: epithelial cells; F: fibroblasts; GC: Germ cells; Int: interstitial cells; LC :LeMigmaltspphages; PT: peritubular cells; SC: Sertoli cells; Sptg:
spermatogonia; ST : seminiferous tubujdsxp: experimental ; NHR®N humanprimates

* Immature germ cells found in human semen



Table 4: Viruses detected in epididymis and accessory glands from infected patients or, when specified, in animal models

Seminalvesicles
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Prostate

Epidydimis

Vas deferens

Viral DNA (101, 448, 449, B3,

Virus
, . Viral DNA in seminal plasma of
HPV Viral DNA (669) Viral DNA (573, 669) vasectomized mef573) 642, 729, 749, 764)
Viral isolation in guinea pig | Viral isolation in guineg  Viral isolationfrom biopsies ,
HSV-2 (661) Dig (661) (143) Viral DNA (95, 749)
EBV Viral DNA (101, 259, 729)
Detection in L o ,
CMV epithelium(356) Detection in epitheliunf13, 356)| Viral DNA (101, 600, 749, 761)
KSHV Viral DNA (285, 473)
JCPyV Viral DNA (101, 642, 764)
BKPyV Viral DNA (101, 764)
MCPyV Viral DNA (642)
SV40 Viral DNA (101)
Y Viral RNA and antigens in Rl\lllipar:c?iii:g\grni! in Viral RNA and antigens in Viral RNA and antigens in
leuk 11, 557 leuk 141 leuk 114,511, 557, 644
eukocyteq511, 557) leukocyte(299, 440 eukocyteq141) eukocyteq114, 511, 557, 644)
Viral antigens detected in
WRV biopsieq28)
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Viral RNA in epididymal

CoxV A6 fluids (719)
Ivé()lijtiilgrgglllss: ;r;];nsattrlgr:ﬁ(;gerl Mouse model: in epithelial celly Mouse model: in epithelial cells

ZIKV P ) Mouse mode(345) | and stromg110, 157, 445)NHP and stromg96, 110) NHP

110,151, 157, 247, 257, 345 model(287, 524) model(287, 524)

445, 702, 703) ’ ’
EBOV e’::;gﬁgf;:::?;)i:ﬁg; NHP model: in stromal ah NHP model: in stromal and
(541, 766) endothelial cell§¢541) endothelial cell§¢541)

MARV NHP model(117) NHP model(117)
HEV NHP model(303)

Unless differently specified, virus detection occurred in infected patient tissues.

Acronyms of viruses detect@a human male genital tract are spdibut in table 1. NHP: nechuman primate




Table 5: Protein expression ofpattern recognition receptors (PRR$ in the MGT of human and animal models
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PRR PRR Testis Epididymis Prostate Urethra Foreskin
ligand
and Rodent Human Rodent Human Rodent Human Human Human
virus
sensed
TLRs | TLR2 Surface | Sertoli Sertoli ells Strongly ND Epithelial cells MRNA but ) Lymphocytes Keratinocytes
viral gp | cells(572, | Peritubular expressed by (215, 414) for protein (558) (777)
747) cells, and a epithelial cells expressior{510)
subset of except clear cells
interstitial cells | (528)
Muv (376, 442)
CmMV
HSV
TLR3 Cytosolic | Sertoli Sertoli (376, Epithelial cells Epithelial cells ND Epithelial cells in| Lymphocytes Keratinocytes
dsRNA | cells(656, | 442) except clear cells| (cauda> caput a subset of (558) 777)
747) (528, 781) cells)(77) prostate samples
(559)
Leydig
KSHV | cells(620)
Macrophag
es(56)
Spermatog
onia and
spermatoc
ytes(302,
724)
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TLR4 Surface | Sertoli ND Strongly ND Epithelial cells | Epithelial and Lymphocytes Keratinocytes
viral gp | cells (572, expressed by and stromal cells| stromal cells (558) (777)
747) epithelial cells (215, 414, 565) | (214)
except clear cells
Leydig (528)
HIV-1 | cells(620)
gpl20
Macrophag
es (low
level) (56)
TLR7 Cytosolic | ND ND Strongly MRNA poorly ND Intraepithelial Intraepithelial ND
ssRNA expressed by expressed77) macrophages macrophages
epithelialcells (559) (558)
except clear cells
528
SeV (528)
VSV
TLR8 Cytosolic | ND ND Strongly mMRNA poorly ND Epithelial cells in| (-) ND
ssRNA expressed by expressed77) a subset of
epithelial cells prostate samples
except clear cells and
(528) intraepithelial
macrophages
(559)
TLR9 Cytosolic | ND ND Strongly mMRNA poorly ND Intraepithelial Epithelial cells Keratinocytes
DNA expressed by expressed77) macrophages and (777)
epithelial cells (559) intraepithelial
except clear cells macrophages
Epithelial and
HSV-1/2 (528) (558)

KSHV

stromal cells in
BHP (312, 705)
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RLRs | RIG-1 | Cytosolic | Leydig ND Epithelial cells | Epithelial cells | ND ND ND ND
dsRNA | cells(779) (781) (cauda> caput
cells)(77)
MuV
ZIKV
SeV
MDA-5 | Cytosolic | Leydig ND ND Epithelial cells | ND ND ND ND
dsRNA | cells(779) (cauda> caput
cells)(77)
Spermatids
(779)
DENV
WNV
LGP2 Cytosolic ND ND ND ND ND ND
dsRNA
NLRs | NLRP3 | Cytosolic | ND ND ND ND Rat prostatic ND ND ND
SSRNA cells(98)
NOD2 | Cytosolic | ND ND ND ND Mouse Epithelial| ND ND ND
dsRNA cells(330)
ALRs | cGAS Cytosolic ND Epithelialcells, | ND ND ND ND ND
DNA following HSV-
60 stimulation
HIV (781)
KSHV
ZBP1/ | Cytosolic ND DAI: epithelial mMRNA ZBP1in | ND ND ND ND
DNA cells(781) epithelial cells

DAI
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Cmv (cauda> caput)
(77)
p204/ Cytosolic | p204 in ND p204 in epithelial MRNA IFI16in | ND IFI16 in ND ND
DNA Leydig cells following epithelial cells epithelial cells
(75 cells(780) HSV-60 (cauda> caput) (750)
KSHV stimulation(781) | (77)
CLRs | CD206 ND ND ND ND ND Macrophages ND ND

ND: not determined;) not expressed

PRR: pattern recognition receptor; TLRs: Toll like receptors; RLRs:IRik& receptos, NLRs: NOD-like receptos; ALRs: absent in melanoma
2 (AIM2) -like receptorsCLRs: C-type lectin receptorRIG-1: Retinoicacid inducible gene I; MD/: Melanoma Differentiatio\ssociated
protein 5 LGP2:laboratory of genetics and physiolegyNLRP3: NOD-like receptor family, prin domain containing 3 NOD2: nucleotide
binding oligomerization domain; ZGAS: cGMP-AMP synthase ZBP1: Z-DNA-binding protein 1 DAI: DNA-dependent activator of IFN
regulatory factorslFI16: interferon gamma inducible protein.16




Table 6: Nonretroviral viruses with potential for germ line integration

Viral family Endogenous Postulated role Potential for integration in human
sequences in
Filoviridae Bat, marsupial$49) - Overexpression of a viral glycoprotein may preven| - EBOV and MARYV in testis of patientsnd
EBOV diseas¢424) NHPs (111, 117, 430, 541, 766)
(RNA virus)

Bornaviridae

Human and other
vertebrateg49, 297)

- Protect against exogenous tethvirus (Borna
Disease Virus) in ground squirrel through

newborn immune cell ability to respond to unrelated
SDWKRJHQ H[SRVXUH WKURXJK
procesg296, 515)

Deleterious consequence:

- Chronicity

(RNA virus) _ endogenousiral protein expression and incorporatio
Marsupials in exovirus (197, 295)
- Integration in piwdinteracting RNA (small non
coding RNA expressed in gar cells and early embryo
to silence transposons (reviewed295)).
- Silencing of related exogenous viral RNE95)
Parvoviridae AAV Parvovirusrelated DNA - Establish sitespecific integration into human
_ sequence in human chromosome and laten¢$69, 601)
(DNA virus) genome (single
M years)(397)
Hepadnaviridae HBV Zebra finch Benefits: - HBV Integrates into host genome
(DNA virus) - In utero acquisition of HBV in human enhances - Integrates into sperm from patiefi&69, 304)

- Spermatozoa with integratétBV can fertilize
oocytes in vitra304) but viral gene expression
from spermintroduced HBV may intedfre with

embryonic development and cause abor(ii)

366)
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HerpesviridaetHHV-6

(DNA virus)

Human (1% of the
population)(480)

Endogenization date
back 1400685000 years
for some individuals
(769)

Ongoing integration in
germline?(480)

- Full set of intact viral genes with potential to
reactivate in patients: impact on heal{A89)

- HHV-6 integrates into telomeres of
chromosomeg§26)

- Vertical transmission of chromosomally
integrated HHY TURP IDWKHUTV \
and from mothe(26, 130, 273, 479, 672, 725)

Acronyms of viruses detected in human male genital fi&cspekdout in table 1.
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Table 7: Prevalence and characteristics of virus shedding in human semen
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Prevalence of virus shedding in semeh
Early stage of Chronic stage of Persistent semen infection despite
infection infection undetectableviremia
Max. duration Median time until | Shedding | Sexual
reported/ % of RNA clearance pattern (% | transmission
persistent shedders continuous) | reported
HSV-1, -2 NA 0%-10%%¢ (225, 227, 50% (482) +
229, 394, 482, 523)
\Y/AY NA NA NA
4%-56%°° (225, 227,
EBV NA 229, 394, 482, 52 66% (482) +
4% 70%°° (203, 225,
227, 229, 230, 394, 482
CMV NA 523, 628) 81%(482) +
1%-7% ©°(225, 227,
HHV-6 NA 229, 394, 482, 523) 46% (482) +
6%-15%%¢ (225, 227,
HHV-7 NA 229, 394, 482, 523) 57%(482)
KSHV NA NA 50% (482) +
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Chronic:
56%-61%
(115, 265)
61% 100%" ART: 50%
(104, 227, 228, | 81%100%" (313, 523, | d1789(13.4%)(123, 75% (80,
HIV-1 482) 628) 223, 229, 298, 533) 9 days(313) 272, 629)
d120 (2 caseq)L77,
HBV NA 68%°1 (180) 310) NA NA
29%39% (71, | 32%46%° (71, 73, 386, 0%-28%
HCV 700) 532, 700) (73, B2)
73%100% P
(133, 583, 591, 100%(41,
EBOV 640, 704) d1178 (0.4%)261) | 4 monthg640) 640, 704)
100%(30,
129, 195,
50%68%2 P (43, 25-83 dayy43, 207, 381,
ZIKV 307, 381, 452) d370 (10%)43) 307, 452, 536) | 493, 506)
HPV 11.496" (409) d730 (15%)(85) 15 monthgq85) NA
AAV 0%-5%F (210)
33%45% (431,
SV40 432)
0-219%F (112,
JCPyV 432, 472)
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0-959%F (112,

BKPyV 431, 432, 472)

GBV-C/HGV 159 (617)

TV 5994 (439)

MARYV (case

report) +(433) +
HTLV-1 (case

report) +(318) +
WNV (case

report) +(348)
YFV (case report) NA d21(40) NA

DENV (case

report) NA d37(377) NA +(391)
CHIKV (case

report) NA d30(38) NA

LFV (case report) NA d103(566) NA

RVFV (case

report) NA d117(277) NA

ANDV (case

report) NA d278(372) NA

NiV (case report) NA d26(31) NA
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MuV (case report) NA d40(319) NA

SFV (case report) +(61)

2 Data for early infection prevalence for ZIKV and EBOV correspond to samples collected up to 30 and 60 days after sysgitoms on
respectively, which includes the beginning of persistence stage relative to viremia;
b Prevalence in infected individuals;

¢ Prevalence in general population;
4 80% of HCV infected individuals, infants and adults, will have }ergn chronic infection. For HBV, 90% infants, 2886% of children aged

1-5 years, and only 5% of adults will have chronic infection;

®values retrievedrom 9 studies (CMV) and 6 studies (HaYHSV-2, EBV, HHV-6 and HH\/7) performed on HIMnfected and/or healthy

men. A significant difference was observed between healthy andikfBtted patients for EBV and CMV with average 9% and 11% in healthy
and 426 and 57% in HIV infected patients for EBV and CMV respectively. For additional data from different populations, see the meta
analysis by Kaspersen et(836)

" Prevalence of HPV in fertility clinic attendees is higher (20.4%) than that mentioned in general population

NA: not available.
Acronyms of main viruses detected in human semen areedpeli in Table 1.GBV-C/HGV: GB virus ype C/Hepatitis G virus YFV: yellow

fever virus; SFV: Semliki forest virus.



Table 8: Viruses that infect farm animals MGT

Host | Viral family Virus MGT organs and cells infected Seminal Venereal
excretion (S) | Transmission
and (V)/
persistence Reproduction
(S+) failure (R)/
Teratogen (T)/
Abortion (A)
/Embryo death
(E)
Swine | Anelloviridae TTV T (574) S+(347,574)
Asfarviridae ASFV* S (680)
Circoviridae PCv2? | T,E, SV,P, BG250, 416, 574) S(380,416) |R
Flaviviridae CSFVv* | T+ (germ cells), E+, VD+£107) S+(108) E
Flaviviridae JEV* 2 | T (268) S (400)
Flaviviridae BVDV T+°, P (MY, SV+ (MY (679) S+ (679)
Flaviviridae APPV S(614)
Parvoviridae PPV E (248) S(354) V?, R
Parvoviridae PPV4 S (126, 216)
Herpesviridae | PRV T, E,foreskin(274, 467) S(453)
Paramyxoviridag PoORV T+, E+(575, 650) S+(575) R
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Arteriviridae PRRSV | T (germ cellsmacrophagesE, VD, SV, PR | S+(109) V; R
(M9 (109, 632)
Coronaviridae | PEDV (ND) S(199) V?
Picornaviridae | PEV S (544)
Picornaviridae | PTV S (544)
Picornaviridae | FMDV S(451)
Picornaviridae | SVDV? S(451)
Hepeviridae HEV ,? S(388)
Bull Flaviviridae BVDV T+ (Sertoli, germ cells, epithelial cells), P+, | S+(63,358) | R;E; T; A
E+, SV+, U+ (epithelial cells, fibrocyte§)3,
238, 358, 504, 716)
Flaviviridae BDV S (72, 208)

Peribunyaviridag

PEAV*

T (46)

Peribunyaviridag SBV* S+(289, 549)
Herpesviridae | BHV-1 Penisforskin, U (518) S(237)
Retroviridae BLV S (162, 237)
Retroviridae BIV S (495)
Poxviridae LSDV T+, E+(24) S+(316)
Picornaviridae | FMDV S(119)
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Reoviridae BTV* S(706) R, E; T, A
Sheep | Reoviridae BTV* T+, E, P, BG (endothelial cell§}60) S+(383) E;AT
Phenuiviridae | RVFV*, | T (endothelial cells, fibroblasts, smooth
a musclesm ¥ (514)
Retroviridae MVV T, E, SV, P, BG, AG543, 595) S(595)
Retroviridae CAEV T, E, VD, SV, P, B10, 699) S(10)
Retrovirida SRLV T+ (255)
genotype
E
Horse | Herpesviridae | EHV T+ (endothelial cellsnacrophagesE, P+ S (10, 279, A E
(epithelial cells)294, 677) 677, 721)
Arteriviridae EAV T, E+, VD+,AG+Y, P+, BG+, SV+ S+(87,293, |V:R
684)
* = arbovirus; , JRRQRWLF YLUXV YLUXV SHUVLVWHQFH LQ RUJDQV DQG FHOOV

2 viruses with potential to infect the humarale genital tract (MGT) 59)9 -(9 DQG +(9 LQIHFW KXPDQV DQG DUH SU
(discussed in the textpVDV, detected in pig semen, is strongly related to human coxsackieviruses, some of which infect human testis and
epididymis(122, 719)PCV- LV GHWHFWHG LQ SLJVY 0*7 RUJDQV DQG VHPHQ DQG 3&9 "1(889V SUHVH
probably due to pork consumption, and in vaccines and stools from vaccinated (ibf&)tpossibly because of use of pat&rivative material

in vaccine elaboration.

b BVDV persistence in semen and MGT organs until slaughter at 26 months was reported in congenitally infe@&T6) pig
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¢ BVDV persistence in semen can last from 33 months in bulls with prolonged testicular infection to lifelong in bullssigterpénfecton
acquired througim uteroinfection(237)

d EAV persistence in the semen and ampullary gland of infected stallion can last from several weeks t¢3ifelong

Organ abbreviations: AG, ampullary gland; BG, bulbourethral gland; E, epididymis; P, prostate; SV, seminal vesicles;U,, uestihraVVD,
vas deferens.

Acronyms of main viruses detected in human male genital tract arecspatlin table 1. Othergirus abbreviations: ASFV, African swine fever
virus; BDV, Border disease virus; BHY, Bovine herpesviru&; BIV, Bovine immunodeficiencyirus; BLV, Bovine leukemia virus; BTV,
Bluetongue virus; BVDV, Bovine viral diarrhea virus; CAEV, Caprine arthritis encephalitis virus; CSFV, Classical swinetsy&AV, Equine
arteritis virus; EHV, Equine herpesvirus; FMDV, Faotdmouth diseaseinus; LSDV, Lumpy skin disease virus; MVV, Maedsna virus;
PCV2, Porcine circovirus type 2; PEAV, Peaton virus; PEDV, Porcine epidemic diarrhea virus; PEV, Porcine enterovirus;,oRui®V, P
rubulavirus; PPV, Porcine parvovirus; PRRSV, Porcine reprodueind respiratory syndrome virus; PRV, Pseudorabies virus; PTV, Porcine
teschovirus; SBV, Schmallenberg virus; SRLV, Small ruminant lentivirus; SVDV, Swine vesicular disease virus.





