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CLINICAL HIGHLIGHTS
• Over 30 contemporary and emerging viruses are released

in semen. Both genital (e.g., herpes simplex virus, human
papillomavirus) and systemic viruses [e.g., human immu-
nodeficiency virus, hepatitis B virus, Zika virus (ZIKV), Ebola
virus (EBOV)] can infect not only the testis, but multiple
male genital organs, which can represent viral reservoirs.
Viral infections in the male genital tract are frequently si-
lent, and seminal shedding can be prolonged or intermit-
tent, making it difficult to detect.

• Viral infections can affect male reproductive function
through endocrine disturbances; inflammation; oxidative
stress; high fever; or direct testis, epididymis, and acces-
sory gland dysfunctions caused by viral replication.

• Clinicians should be aware that a number of acute emerg-
ing viruses, including arthropod-borne and life-threatening
viruses, can persist in semen despite systemic clearance
(e.g., yellow fever virus, Nipah virus) and lead to sexual
transmission for extended durations (e.g., ZIKV, EBOV,
West-Nile virus).

• Screening for viruses in semen and seminal fractions is key
to establish potential for transmission to partner and em-

bryo (through determination of infectious-
ness) and pattern of excretion (through lon-
gitudinal samples analysis).

• Clinicians should perform this investigation in
symptomatic patients, or asymptomatic pa-
tients wishing to conceive, according to the
epidemiological risk/geographical area and
must give appropriate counseling to the pa-
tients to avoid infection complications for
the patient, his partner, or the future
embryo/infant.
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2019.—The male genital tract (MGT) is the target of a number of viral infections that can have
deleterious consequences at the individual, offspring, and population levels. These consequences
include infertility, cancers of male organs, transmission to the embryo/fetal development abnor-
malities, and sexual dissemination of major viral pathogens such as human immunodeficiency virus
(HIV) and hepatitis B virus. Lately, two emerging viruses, Zika and Ebola, have additionally revealed
that the human MGT can constitute a reservoir for viruses cleared from peripheral circulation by
the immune system, leading to their sexual transmission by cured men. This represents a concern
for future epidemics and further underlines the need for a better understanding of the interplay
between viruses and the MGT. We review here how viruses, from ancient viruses that integrated
the germline during evolution through old viruses (e.g., papillomaviruses originating from Neander-
thals) and more modern sexually transmitted infections (e.g., simian zoonotic HIV) to emerging
viruses (e.g., Ebola and Zika) take advantage of genital tract colonization for horizontal dissemina-
tion, viral persistence, vertical transmission, and endogenization. The MGT immune responses to
viruses and the impact of these 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 understanding of viral infection and
persistence in the human MGT and suggest future research directions.
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I. INTRODUCTION

The male genital tract (MGT) is composed of a series of
organs and ducts that ensure male gametes production,
storage, and transport. It is also endowed with endocrine
functions necessary for the maintenance of the male body
phenotype. Alteration of male organ integrity and functions
following viral attack can therefore affect both general and
reproductive health. The search for a viral etiology to male

infertility has expanded over the last two decades with the
increase of medically assisted reproduction procedures. In
addition to deleterious effects at the individual level, viral
infections of the MGT can impact sexual partners and off-
spring. While the first identification of viruses in human
semen and male organs date from the late 1960s to early
1970s (138), concern about the sexual transmission of vi-
ruses via semen peaked with the Acquired Immune Defi-
ciency Syndrome (AIDS) pandemic that began in the 1980s
and is still ongoing. Lately, emerging viral diseases have
renewed the concern about MGT infection and induced a
burst of investigations on the subject. Indeed, the unex-
pected sexual transmission of Zika and Ebola viruses
(ZIKV and EBOV, respectively) by cured men revealed that
the MGT constitutes a reservoir for viruses. Back in the
early 1970s, two papers in Science (93) and the New Eng-
land Journal of Medicine (695) indicated that men serve as
a reservoir for herpes simplex virus (HSV) and cytomega-
lovirus (CMV). This “reservoir notion” was, however, little
developed until the arrival of human immunodeficiency vi-
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rus (HIV) and the observation of persistence of this virus in
the semen of a subset of men with undetectable viremia
under effective antiviral therapy (691). However, because
all these viruses establish persistent infection in their host,
the existence of viral reservoirs is not unexpected, unlike
ZIKV and EBOV that do not establish persistent infection
in their host. Evidence is currently building up that a num-
ber of other emerging and neglected viruses also have the
ability to persist in the MGT. Yet the source of viruses in
semen and the nature of the MGT reservoirs are unknown.

Investigations on viral infections of the MGT are at the inter-
face between different fields such as reproductive biology/urol-
ogy and infectious diseases/virology. In this review, we aimed
to cover these diverse but interconnected aspects to highlight
research needs and to prompt integrated researches.

After a brief overview on viruses (sect. II) and a summary of
MGT key features (sect. III), section IV details the routes of
entry of viruses into the human MGT and compiles the data
available on their target organs and cells at this level. Section V
outlines the immune specificities of these organs as well as their
equipment and responses against viral agents or mimicry in
animal models and humans. The viruses that infect the MGT
and their consequences are reviewed in section VI. We begin
with the ancient infections of the germline in our ancestors, for
which we postulate the implication of male germ cells infec-
tion. We summarize the data associating viral infections with
human male infertility, as well as studies that investigated a
viral etiology for cancers of the male organs, and discuss ver-
tical transmission of viruses through semen. Then we outline
evidence for the existence of viral reservoirs in the human

MGT. Section VII focuses on semen as a vector of viral dis-
semination and on the latest data regarding the sources of
viruses in this body fluid. Finally, section VIII presents a selec-
tion of findings in animals that might enlighten our under-
standing 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 re-
search.

II. BRIEF OVERVIEW OF VIRUSES: WHAT
ARE THEY? HOW DO THEY INFECT
AND SPREAD?

Viruses are obligate intracellular organisms with a simple
structure consisting of a nucleic acid (DNA or RNA; single
or double stranded; segmented or not; positive-, negative-,
or ambi-sense) contained in a proteic shell, the capsid. An
outer lipidic envelope derived from host cell membranes is
also present in more complex viruses and includes viral
glycoproteins involved in the attachment and entry into the
host cell. Based on their type of viral genome and mode of
replication, viruses are classified (suffix in brackets) by or-
der (-virales), family (-viridae), subfamily (-virinae), genus
(-virus), and species [often take the form of (disease) virus]
(TABLE 1). Three to four new species are found every year
(743), and the taxonomy of viruses is regularly updated by
the International Committee on Taxonomy of Viruses
(https://talk.ictvonline.org/).

The life cycle of a selection of viral families is shown in
FIGURE 1. The virus host and cell tropism is defined as its
capacity to infect specific species and 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 outcome, viral infections are classified
as either acute or persistent. In acute infections (e.g., ZIKV),
the virus is cleared by the host immune response, while in
persistent infections, the virus remains in specific host cells/
organs. Persistent infections can be latent [infectious virus
not produced between episodes of recurrent disease, e.g.,
herpes simplex virus (HSV), varicella zoster virus (VZV)],
chronic [continued presence of infectious virus following
the primary phase, e.g., hepatitis B virus (HBV), HIV] or
slow (prolonged incubation period followed by progressive
disease). A viral reservoir is a cell type/anatomical site in
which replication-competent viruses accumulate and re-
main over a long period. There are various mechanisms
leading to the long-term survival of viruses in the host, but
all are based on the ability of the infectious agents to escape
from immune system recognition and killing.

Viruses spread among their hosts through horizontal and
vertical transmission, through arthropod vectors or fo-

• Over 30 contemporary and emerging viruses are released in
semen. Both genital (e.g., herpes simplex virus, human pap-
illomavirus) and systemic viruses [e.g., human immunodefi-
ciency virus, hepatitis B virus, Zika virus (ZIKV), Ebola virus
(EBOV)] can infect not only the testis, but multiple male genital
organs, which can represent viral reservoirs. Viral infections
in the male genital tract are frequently silent, and seminal
shedding can be prolonged or intermittent, making it difficult
to detect.

• Viral infections can affect male reproductive function through
endocrine disturbances; inflammation; oxidative stress; high
fever; or direct testis, epididymis, and accessory gland dys-
functions caused by viral replication.

• Clinicians should be aware that a number of acute emerging
viruses, including arthropod-borne and life-threatening vi-
ruses, can persist in semen despite systemic clearance (e.g.,
yellow fever virus, Nipah virus) and lead to sexual transmis-
sion for extended durations (e.g., ZIKV, EBOV, West-Nile vi-
rus).

• Screening for viruses in semen and seminal fractions is key to
establish potential for transmission to partner and embryo
(through determination of infectiousness) and pattern of ex-
cretion (through longitudinal samples analysis).

• Clinicians should perform this investigation in symptomatic
patients, or asymptomatic patients wishing to conceive,
according to the epidemiological risk/geographical area
and must give appropriate counseling to the patients to
avoid infection complications for the patient, his partner, or
the future embryo/infant.
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Table 1. Overview of viruses detected in human MGT organs and/or semen

Virus Family Genus Genome Main Clinical Syndromes

Human papillomavirus (HPV) Papillomaviridae �-, �-, �-Papillomavirus dsDNA Warts, precancerous lesions associated
with genital, anal, and oropharyngeal
cancers

Herpes simplex virus-1 (HSV-1) Herpesviridae Simplexvirus dsDNA Herpes labialis, genital herpes
Herpes simplex virus-2 (HSV-2) Herpesviridae Simplexvirus dsDNA Genital herpes
Varicella zoster virus (VZV) Herpesviridae Varicellovirus dsDNA Chickenpox
Epstein-Barr virus (EBV) Herpesviridae Lymphocryptovirus dsDNA Infectious mononucleosis, Burkitt

lymphoma, nasopharyngeal
carcinoma, and posttransplant
lymphoproliferative disease

Cytomegalovirus (CMV) Herpesviridae Cytomegalovirus dsDNA Congenital CMV can be life-threatening
for immunocompromised patients

Human herpesvirus-6 (HHV-6) Herpesviridae Roseolovirus dsDNA Common childhood disease exanthema
subitum

Human herpesvirus-7 (HHV-7) Herpesviridae Roseolovirus dsDNA Common childhood disease exanthema
subitum

Kaposi sarcoma-associated
herpesvirus (KSHV)

Herpesviridae Rhadinovirus dsDNA Kaposi sarcoma, primary effusion
lymphoma, Castleman’s disease

Molluscum contagiosum virus
(MCV)

Poxviridae Molluscipoxvirus dsDNA Self-limiting papules in genitals and other
parts of the body

Adenovirus (AdV) Adenoviridae Mastadenovirus dsDNA Conjunctivitis, respiratory or
gastroenteric syndromes,
meningoencephalitis, urinary tract
infections

Parvovirus B19 Parvoviridae Erythrovirus ssDNA Fifth disease or erythema infectiosum,
hydrops fetalis

Adeno-associated virus (AAV) Parvoviridae Dependovirus ssDNA Not known to cause disease. Used in
virus-vectored gene-therapy trials

JC polyomavirus (JCPyV) Polyomaviridae Betapolyomavirus dsDNA Almost exclusively in immunosuppressed
individuals: progressive multifocal
leukoencephalopathy

BK polyomavirus (BKPyV) Polyomaviridae Betapolyomavirus dsDNA Almost exclusively in immunosuppressed
individuals: BK virus associated
nephropathy, hemorrhagic cystitis

Simian virus 40 (SV40) Polyomaviridae Betapolyomavirus dsDNA Controversy over SV40 involvement in
human tumorigenesis

Merkel cell polyomavirus
(MCPyV)

Polyomaviridae Alphapolyomavirus dsDNA Suspected to cause Merkel cell
carcinoma (skin cancer)

Torque teno virus (TTV) Anelloviridae Alphatorquevirus ssDNA Unknown
Hepatitis B virus (HBV) Hepadnaviridae Orthohepadnavirus dsDNA (RT) Hepatitis, cirrhosis, and hepatocellular

carcinoma
Hepatitis D virus (HDV) Deltavirus ssDNA Hepatitis, cirrhosis, and hepatocellular

carcinoma upon superinfection and
coinfection with HBV

Human immunodeficiency virus
(HIV)

Retroviridae Lentivirus ssRNA (RT) AIDS

Human T-lymphotropic virus
(HTLV)

Retroviridae Deltaretrovirus ssRNA (RT) Adult T cell leukemia/lymphoma and
HTLV-associated myelopathy/tropical
spastic paraparesis

Hepatitis C virus (HCV) Flaviviridae Hepacivirus ssRNA (�) Hepatitis, cirrhosis, and hepatocellular
carcinoma

Zika virus (ZIKV) Flaviviridae Flavivirus ssRNA (�) Zika fever, congenital Zika leading to
microcephaly and other central
nervous system disorders

West-Nile virus (WNV) Flaviviridae Flavivirus ssRNA (�) Encephalitis, meningoencephalitis
Japanese encephalitis virus

(JEV)
Flaviviridae Flavivirus ssRNA (�) Encephalitis, meningoencephalitis

Dengue virus (DENV) Flaviviridae Flavivirus ssRNA (�) Dengue fever, severe dengue
hemorrhagic fever

Continued
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mites, or by cross-species infections (FIGURE 2). Zoonotic
infections are those transmitted from animals to humans.
More than two-thirds of the viruses that are able to infect
humans can also infect animals, and many have a mamma-
lian or avian origin (743).

Emerging infections are defined as infections that have
newly appeared in a population, or have existed but are
rapidly increasing in incidence or geographic range.
Emerging diseases can be caused by previously unknown
agents or by agents previously not associated with a spe-
cific disease. Re-emerging infections are caused by patho-
gens whose incidence of disease had significantly declined
in the past and has newly appeared in the same or in a
different geographical region (349). Several viruses
found in the MGT have been termed as emerging [e.g.,
zoonotic HIV, derived from simian immunodeficiency
virus (SIV) in monkeys and that began to spread in the
human population in the 1980s] or re-emerging (e.g.,
recent large outbreaks of ZIKV and EBOV). While vi-
ruses constitute only a small portion of the 1,400 human
pathogens, they represent more than two-thirds of all
new human pathogens (743). Indeed, the ability of vi-
ruses to quickly adapt to new hosts makes them the most
able to trigger emerging diseases (300).

III. KEY FEATURES OF THE HUMAN MGT

The functional anatomy of the MGT and the main morpho-
logical features of the male genital organs and ducts are

summarized in FIGURES 3 and 4, with key differences be-
tween human and rodent MGT organs highlighted in FIG-

URE 4C. FIGURE 4 additionally presents the distribution in
the human MGT of immune cells, which may have a dual
role in viral infections as either targets or defenders.

IV. VIRUSES DETECTED IN THE MGT:
ROUTES OF INFECTIONS AND TARGET
ORGANS AND CELLS

The viruses that infect the MGT include both sexually ac-
quired viruses responsible for localized genital infections
and systemic viruses present in multiple organs and body
fluids, which may or may not be sexually transmitted. For
sexually acquired viruses leading to localized genital infec-
tions such as HSV and human papillomavirus (HPV), the
penile mucosa is the main mode of entry into the MGT.
Sexually transmitted viruses responsible for systemic infec-
tions such as HIV, HBV, and human T-lymphotropic virus
(HTLV) can also infect men through the penile mucosa,
which represents a major female-to-male mode of acquisi-
tion. However, their dissemination to internal MGT organs
is believed to occur mainly through hematogenous spread,
similar to other systemic viruses that are not transmitted
through the penis, like ZIKV and EBOV.

Details of the routes to infection of the MGT used by a
range of human viruses and a summary of the organs and
cells they infect are as follows.

Table 1. —Continued

Virus Family Genus Genome Main Clinical Syndromes

Chikungunya virus (CHIKV) Togaviridae Alphavirus ssRNA (�) CHIKV disease, arthralgia, myalgia
Coxsackie virus (CoxV B5, A6) Picornaviridae Enterovirus ssRNA (�) Hand-foot-mouth disease (HFMD),

cardiomyopathy, gastrointestinal
diseases, central nervous system
manifestations

Hepatitis E virus (HEV) Hepeviridae Orthohepevirus A ssRNA (�) Hepatitis
Severe acute respiratory

syndrome (SARS)
Coronaviridae Betacoronavirus ssRNA (�) Severe acute respiratory syndrome

Mumps virus (MuV) Paramyxoviridae Rubulavirus ssRNA (�) Swelling of the parotid glands, salivary
glands, and other epithelial tissues

Nipah virus (NiV) Paramyxoviridae Henipavirus ssRNA (�) Acute respiratory illness,
fatal encephalitis

Ebola virus (EBOV) Filoviridae Ebolavirus ssRNA (�) Hemorrhagic fever
Marburg virus (MARV) Filoviridae Marburgvirus ssRNA (�) Hemorrhagic fever
Andes hantavirus (ANDV) Hantaviridae Orthohantavirus ssRNA (�) Hantavirus cardiopulmonary syndrome,

hantavirus pulmonary syndrome
Lassa fever virus (LFV) Arenaviridae Mammarenavirus ssRNA (�)

ambisense,
segmented

Hemorrhagic fever

Rift Valley fever virus (RVFV) Bunyaviridae Phlebovirus ssRNA (�)
ambisense,
segmented

A small percentage of infected
individuals develops ocular diseases,
encephalitis, or hemorrhagic fever
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A. Sexually Transmitted Viruses that Infect
the Penile Mucosa

The different penile mucosal epithelia (foreskin, shaft,
glans, meatus, fossa navicularis, and penile urethra) repre-
sent a range of entryways for sexually transmitted viruses
(FIGURE 5). Viruses can either infect the epithelial cells of
the penile mucosa (e.g., HSV, HPV) or cross the penile
epithelial barrier through a range of mechanisms that have
been described in vitro (196) and partially in vivo (146,
206). These mechanisms, as for the ones occurring in the
female tract, are detailed in FIGURE 11. The influence of
hormones, microbiota, and genital fluids, described for vi-
ral infections of the female mucosa (81), are likely to mod-
ulate penile infection but there are no studies on this.

Of the 30-plus bacteria, parasites, and viruses responsible
for sexually transmitted infections (STIs), the most com-
mon viruses that can be sexually acquired by men through
penile infection are HPV, HSV, HBV, HIV, HTLV-1, and
hepatitis D virus (HDV) (TABLE 2). Molluscum contagio-
sum 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 acquisition
through the penis is either scarce [CMV, hepatitis C virus
(HCV), Epstein-Barr virus (EBV), and Kaposi’s sarcoma
associated herpesvirus (KSHV)] or nonexistent [hepatitis A
virus (HAV) and hepatitis E virus (HEV)]. The transmission
of emerging sexually transmissible EBOV and ZIKV
through the penile mucosa is theoretically possible since
they have been detected in cervico-vaginal secretions (475,
711), but never demonstrated.

1. Viruses responsible for localized genital infection

A) HUMAN PAPILLOMAVIRUSES. Over 40 types of HPV are sexually
transmitted and infect the genitals or anus. HPV is the most
common infection of the reproductive tract, with over 80%
of sexually active adults infected by one HPV at least once
in their lifetime (105). HPV infections are usually cleared by
the immune system within a few months of acquisition.
However, a small proportion of infections with certain
types of HPV can persist and progress to cancer, including
cervical cancer (the most prevalent) and penile cancer.
HPVs are classified as either high risk (at least 14 types, e.g.,
HPV 16, 18, etc.) or low risk (e.g., HPV 6, 11, and others)
based on their presence or absence in cervical cancer. Inter-
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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.g., HSV, CMV). At the host
cell level, the main common steps of the life cycle of a virus consists of attachment to the cell surface through
receptor recognition, cell entry through either endocytosis/pinocytosis (e.g., Flaviviridae) or a fusion process
(e.g., Retroviridae, Herpesviridae), uncoating followed by the release of the nucleic acid in the cytoplasm
(Flaviviridae, Retroviriae) or in the nucleus (Herpesviridae), expression and replication of viral genome, assem-
bly of progeny viral particles, and release of newly formed 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 establish
productive infection (cell is fully permissive to viral replication and viral progeny is released, which may lead to
cell death resulting in cytolytic infection), restrictive infection (cell is only transiently permissive), latent infection
(viral progeny is not produced until active replication is triggered by specific stimuli, as may happen for HSV,
VZV, CMV, EBV, and HIV), or abortive infection (replication cannot be completed due to a nonpermissive host
or cell, or because the virus is defective). ER, endoplasmic reticulum.
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estingly, two oncogenic HPV lineages were introduced in
our modern ancestors through sexual intercourse with in-
fected Neanderthals/Denisovan populations (102, 546).

HPV infects the basal cells of stratified epithelium, the only
tissue in which it replicates, through breaks in the epithelial
barrier integrity, such as micro-abrasions caused by sexual
intercourse (655). Virions enter the cells by endocytosis
after binding to putative receptors (� integrins, laminins,
and annexin A2) on the basement membrane (567). Anti-
bodies play a key role in neutralizing the virus while it
resides on the basement membrane. HPV does not kill the
infected cell and remains as a chronic asymptomatic infec-
tion, with episomal copies of its genome in the cell nucleus.
Viral particles are released with desquamating cells. Al-
though the virus is transmissible as soon as it infects the
basal epithelial cells, it takes months or years before squa-
mous intraepithelial lesions develop and can be clinically
detected. HPV has been found on the scrotum and external
parts of the penis (glans, shaft, foreskin), and with a lower
prevalence in the urethra, ductus deferens, epididymis, and
testis (158). In a cohort of Japanese men with urethritis,
HPV prevalence was similar to that in the glans (20% as
opposed to 31%) (630), possibly due to increased acquisi-
tion through the already damaged urethral epithelium, or to
enhanced detection because of the increased exfoliation of
infected cells. Male circumcision decreases the prevalence
of HPV in men, including high risk (782), and has been
associated with reduced acquisition of the virus (when scro-
tum and penis shaft sampling were excluded) (9, 253) as
well as with increased viral clearance (253, 286, 686). Over-
all, these data suggest that the foreskin constitutes a favor-
able environment for HPV infection.

B) HERPES SIMPLEX VIRUSES. HSV-1 and -2 induce lifelong infec-
tion in humans. HSV-1 is mostly transmitted by oral-to-oral
contact, causing oral herpes, but can also be transmitted by
sex and cause genital herpes. In the last decade, an increas-
ing proportion of genital herpes has been attributed to
HSV-1 in developed countries, probably arising from im-
provements in hygienic standards. This is evidenced by the
acquisition of the HSV-1 infection later in life, during the
initiation of sexual activity, rather than in childhood (753).
Moreover, the increasing acceptability of oral-genital sex

Horizontal

Vertical

Sexual, parenteral,
oro-fecal, respiratory,
contact with lesions

Viruses present in
body fluids/lesions

At birth, breastfeeding

Arthropod-borne

Fomites

Contact with animal fluids,
animal bites

Arthropod-borne

Animal
reservoir

Transplacental
Gamete-borne

A Direct virus transmission

B Indirect virus transmission

C Zoonotic virus transmission

FIGURE 2. Modes of transmission of viruses. A: inter-host direct
transmission can be horizontal (i.e., sexual, parenteral, oro-fecal,
respiratory, or through contact with lesions) or vertical, occurring in
utero (i.e., gametes-borne or transplacental) or transmitted to the
newborn (i.e., at birth or through breastfeeding). B: indirect trans-
mission may be mediated by arthropod vectors (e.g., mosquitoes,
ticks, sand flies) or fomites (i.e., inanimate objects able to transmit
microbes). C: zoonotic infections are those transmitted from verte-
brates to humans, usually through contact with animal fluids, animal
bites, or vector transmission. A natural reservoir for a virus is a
species in which the pathogen lives and replicates, usually without
causing disease.
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favors the acquisition of genital HSV-1 (579). Genital
HSV-1 is most prevalent in America, Europe, and the West-
ern Pacific. Globally, 140 million adults (~25% of the peo-
ple infested with HSV-1) were estimated to have genital
HSV-1 infection in 2012, but prevalence varied substan-
tially by region (744). HSV-2, which infects an estimated
471 million people under the age of 50 worldwide (64%
women), is the main agent of genital herpes and is transmit-
ted almost exclusively via vaginal and anal sex. Similar to
other pathogens such as HTLV-1 and HIV, HSV-2 is more
efficiently transmitted from men to women than from
women to men (744). Risk factors for HSV-2 acquisition in
men include HIV infection (2.5- and �3-fold increase in 2
trials) (455, 647), genital ulcer disease, and penile epithelial
trauma (455). How HIV infection facilitates HSV-2 acqui-
sition is unclear, but might involve modification of the gen-
ital immune protection against HSV-2 caused by HIV, or
shared risky behavior.

HSV (either 1 or 2) first replicates in keratinocytes in mu-
cosal surfaces and subsequently infects nerve cells via
nearby nerve endings and retrograde axonal transport,
where it establishes latent infection. Upon reactivation,

HSV is transported back to the epithelium, creating lesions
due to virus-induced cell death (676). The cell-surface,
heparan sulfate proteoglycans, widely expressed by epithe-
lial cells, are involved in the attachment of HSV to the target
cells, but viral entry only occurs upon recognition of specific
cellular co-receptors (654). The co-receptor(s) used by HSV
to infect the penis mucosa are unknown. In the foreskin,
HSV-2 did not colocalize with nectin-1 (607), one of the
most frequently studied HSV receptors. In two trials con-
ducted in Africa involving ~3,000 men each, medical male
circumcision resulted in a moderate reduction (28–30%)
(647, 687) in male HSV-2 acquisition, while in a third Af-
rican trial involving ~2,000 men, no reduction was ob-
served, even at a 6-yr follow-up (455, 456). The results of
these trials suggest that the foreskin does not represent the
main entryway for HSV. In vitro studies on reconstructed
foreskin epithelial layers and monolayers of polarized ker-
atinocytes showed that HSV-1 preferentially infects the
basal layer of the epithelium (607, 715), and requires acces-
sibility of cellular basolateral membranes to infect, whereas
cells that only expose the apical surface are resistant to viral
entry (607). This explains why damage to the genital epi-
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Bulbourethral
gland

Epididymis

Rete testis
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Seminal
vesicles

Penile urethra
and urethral glands

Seminal
plasma
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A

Semen composition

Lipids
Sugars
>2500 proteins (enzymes, cytokines, chemokines, cell-cell
signaling factors)

•
•
•

Seminal
cells

Spermatozoa (>85% of seminal cells, with normally
> 39 million per ejaculation)
Exfoliated immature germ cells
Exfoliated epithelial cells
Seminal leukocytes 
(normally < 1 million/ml, in a part coming from epididymis):
 50-60% granulocytes
 20-30% macrophages
 5% T lymphocytes
 Rare dendritic cells in individuals with
 chronic inflammation of the MGT 

•

•
•
•

Prostate gland

Prostatic urethra
FIGURE 3. Functional anatomy of the human male genital
tract. A: the testis is a highly compartmentalized organ
divided into lobules consisting of interstitial tissue and sem-
iniferous tubules, which converge towards the rete testis.
Immotile spermatozoa produced in the testis seminiferous
tubules during spermatogenesis are expelled through the
efferent ducts into the epididymis, where they are matured
for 1–21 days as they travel through the epididymis head,
body, and tail and are stored. During ejaculation, spermatozoa
and epididymis secretions (~10% of seminal plasma) travel
through the vas deferens and mix with secretions from the
seminal vesicles (~70% of seminal plasma), and then through
the ejaculatory ducts which rejoin in the prostate that pro-
duces ~30% of seminal plasma. Semen then travels through
the bulbourethral gland (Cowper’s gland) and urethra, where
the urethral glands (Littré glands) produce the pre-ejacula-
tory fluid, and exit through the penis meatus. B: semen
composition. The box recapitulates the composition of se-
men, which comprises spermatozoa, seminal leukocytes,
exfoliated epithelial cells, and immature germ cells, all bath-
ing in seminal plasma. This dynamic fluid helps the transport
and survival of spermatozoa, preserves their fertilizing abili-
ties, and primes an adaptive immune response in the female
reproductive tract. Seminal plasma has been shown to di-
rectly and indirectly interact with viruses (see sect. VIID).
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•  Organization of testicular blood and lymphatic vessels (178)
•  Leydig cells’ association with vascular structures (178)
•  Peritubular cells forming an additional barrier to BTB exclusively in rodents (507)
•  Spermatogenesis duration and stages (507)
•  Rare dendritic cells in human epididymis versus numerous in rodents (153, 632, 636)
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thelium integrity caused by ulcers or trauma (e.g., micro-
abrasions occurring during sexual intercourse) favor HSV
acquisition, whereas an intact epithelium offers relative
protection.

The occurrence of urethritis in HSV-1-infected men sug-
gests that the urethra might represent a site of entry for
HSV-1 (70). In addition to epithelial cells, HSV-1 and
HSV-2 infect human dendritic cells (DCs) (64). Op-
sonization by blood-derived DCs of HSV-2 particles
coated with complement molecules that are naturally
present in genital secretions enhanced the productive in-
fection (124). Infection of DCs might represent an alter-
native mechanism of HSV penetration into the penile
mucosa, and a way for the virus to escape immune rec-
ognition. The activation of virus-specific cytotoxic T
lymphocytes is central to the immune control of HSV
(217, 392, 631, 778) and requires presentation of viral
antigens by DCs in secondary lymphoid organs. Infection
of DCs by HSV in mucosal tissues might impair their
ability to migrate to lymphoid organs and present viral
antigens to T cells, as shown for HSV-1 in the skin (260).
In addition, the cell-to-cell spread of HSV through viral
synapses (260) allows the virus to hide from neutralizing
antibodies (603) and may contribute to penile infection.
Genital ulcerative disease caused by HSV is associated
with increased risk of HIV acquisition (606, 685).

2. Viruses responsible for systemic infections

A) HUMAN HEPATITIS B VIRUS. Sexual intercourse is the most com-
mon way that HBV is disseminated in areas of low to inter-
mediate prevalence of infection (314). Sexual transmission
is most common in MSM (men having sex with men), but
HBV is also readily transmitted through heterosexual inter-
course. One study identified insertive rather than receptive
anal intercourse as the major risk factor for HBV serocon-
version, suggesting that penile acquisition is a particularly
efficient mode of transmission (357). Male circumcision
decreases the risk of HBV acquisition, while HIV-1 sero-
positive status is a risk factor (530, 720). The main target
cells for HBV are the hepatocytes, but the virus also infects
lymphoid cells (663), detected in early studies; it was de-
tected in the testis and other organs (438). Despite its trans-
mission being much more efficient than that of HIV (357),
the acquisition mechanisms for HBV through the genital
mucosa have not been investigated, mainly due to the lack
of robust cell culture systems for this virus (710). Similarly,
the transmission mechanisms for HDV, which requires
HBV for replication and is acquired through the same trans-
mission routes, are unknown.

B) HUMAN IMMUNODEFICIENCY VIRUS. Most cases of HIV infection
worldwide (~2 million new infections each year) are the
result of sexual transmission, with greater risk for male-to-

FIGURE 4. Morphological specificities of human male genital tract (MGT) organs and immune cell distribution. A: histological sections. B:
schematics. C: main morphological differences between human and rodents. The interstitial tissue of the testis primarily contains Leydig cells,
along with blood and lymphatics vessels (178), immune cells, telocytes (428), fibroblasts, and nerve cells. Leydig cells produce testosterone
under the control of the pituitary luteinizing hormone (LH) and also play important paracrine roles for testis functions (508). The seminiferous
tubules contain the germ cell-nursing Sertoli cells, the basal tight junctions of which form the blood testis barrier (BTB). The production of
spermatozoa from spermatogonia through meiosis (i.e., spermatogenesis) lasts ~74 days in humans. Differentiating spermatogonia are
generated every 16 days from stem spermatogonia, which also proliferate by mitosis to regenerate stem cells (508). Importantly, stem
spermatogonia and primary spermatocytes up to pre-leptotene stage are not physically protected by the BTB from pathogens entering the
interstitial tissue through blood vessels, since they are located in 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, postmeiotic spermatids, and spermatozoa located in the adluminal
compartment are segregated by the BTB from interstitial components (e.g., viruses, immune cells, and antibodies). Sertoli cells phagocytose
degenerated germ cells and residual bodies (remnants of spermatozoa cytoplasm) and play a key role for paracrine and endocrine regulations
(e.g., inhibin synthesis), the latter under the control of pituitary folliculo-stimulating hormone (FSH) (145). Each seminiferous tubule is lined with
myoid peritubular cells, the contractions of which help the release of spermatozoa in the tubule lumen. The epididymis is a single convoluted
tubule (~5–7 m long in humans) structurally divided in three parts, head (caput), body (corpus), and tail (cauda), with distinct functions (e.g.,
absorption of testicular fluid and expulsion of spermatozoa during ejaculation). Only spermatozoa that have passed through the epididymis are
mature enough to be capable of motility. Macrophages located in the lamina propria and in between the epithelial cells are the predominant
epididymal immune cell types. Stromal T cells are mainly CD4�, whereas intraepithelial T lymphocytes are primarily CD8�. In humans, a small
number of dendritic cells (DCs) are located mainly in the interstitial compartment of the epididymis head (153). The vas deferens is a narrow tube
(~30 cm long in humans) with layers of smooth muscles that provide most of the propulsive force for ejaculation. Its distal part enlarges to form
an ampulla, acting as a storage chamber. The vas deferens epithelium contains CD8� T lymphocytes while CD4� T lymphocytes and
macrophages are found in the lamina propria (165). Each seminal vesicle consists of 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 testis-secreted androgens. The seminal vesicles contain stromal and intraepithelial macrophages, and to a lesser
extent CD4� (mainly in stroma) and CD8� T cells (mainly within the epithelium). B lymphocytes are rare or absent (22, 141, 165). The prostate
is a spherical tubuloalveolar exocrine gland regulated by male androgens and composed of complex branching glands in a fibromuscular lamina
propria. The main function of the prostate is to secrete a slightly alkaline fluid that nourishes and protects the sperm and contains proteolytic
enzymes (e.g., prostatic acid phosphatase, prostate-specific antigen) involved in liquefying the ejaculate. The prostate gland encompasses
numerous immunocompetent cells including scattered T and B lymphocytes, macrophages, mast cells, and occasionally DCs in the stroma and
epithelium. Foci of CD4� T lymphocytes are frequent (22, 660, 683). The bulbourethral glands, also known as Cowper’s glands, are small
tubuloalveolar glands the secretions of which lubricate the ejaculate. A small population of scattered CD4� T and B lymphocytes and
macrophages is present in the connective tissue (464), and infiltrating CD8� T cells are embedded in its epithelium.
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Penile urethra

Fossa navicularis

Urethral meatusGlans penis

Shaft

Outer foreskin Inner foreskin

Pseudostratified
epithelium

Non-keratinized
stratified squamous
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epithelium

Keratinized stratified
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Keratinized stratified
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Specialized
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Corpus cavernosum

Corpus spongiosum
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FIGURE 5. Anatomy of the human penis and immune cell distribution. The level of keratinization and thickness
of the epithelia vary between the different penile mucosa (shaft, glans, inner and outer foreskin, urethral
meatus, fossa navicularis) (19) and, along with mucus, constitute the first line of defense to viral invasions
potentially transmitted during sexual intercourse. In circumcised men [where the foreskin is completely
removed; ~30% of the male population worldwide (481)], the “wet” keratinized epithelium of the glans formerly
covered by the foreskin becomes a dry epithelium and is believed to be more resistant to microabrasion during
sexual intercourse, which in turn may limit viral exposure of target cells located within and below the epithelium
layers. Multiple small urethral glands (called Littré glands) bud all along the epithelium of the penile urethra and
secrete a mucous as a pre-ejaculatory emission, a lubricant thought to form an immunological barrier against
invading pathogens due to the presence of secreted immunoglobulin A (IgA). Throughout the stratified
squamous epithelia of the penis, there are numerous Langerhans cells (epidermal DCs) but few macrophages.
T lymphocytes, in the majority of CD8� cells, are found in the epithelia of the glans, foreskin, and meatus (188,
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 lymphocytes. The lamina propria of the foreskin 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 penile urethra 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 macrophages (19, 618). In addition to the urethra, memory B cells
and IgA and J chain � plasma cells are found in the glans and fossa navicularis mucosa, but are rare in the
meatus (19, 505, 618). Compared with the urethra and fossa, the glans contains a higher number of NK cells
that are more activated, as well as a higher number of effector CD8� cells (618).
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male than heterosexual transmission (593). Indeed, recep-
tive and insertive vaginal intercourse risk of HIV acquisi-
tion is estimated at ~8 and 4 infections per 10,000 expo-
sures, respectively. Risk of penile acquisition of HIV by
insertive anal sex is ~11 infections per 10,000 exposures.
The highest risk occurs in people practicing receptive anal
intercourse (138 infections per 10,000 exposures) (534).
The main cellular targets for HIV are the cells of the im-
mune system, namely, CD4� T lymphocytes, cells of the
macrophage lineage, and some population of DCs. The re-
ceptor for viral entry is the CD4 molecule, and the C-C and
C-X-C motif chemokine receptors CCR5 and CXCR4 func-
tion as main co-receptors. The foreskin represents an im-
portant entry route for HIV, as demonstrated in clinical
trials by lower incidence/prevalence following circumcision
(a reduction of 56–61%) and epidemiological studies (19,
34, 36, 174, 252). As a result of these reports, the World
Health Organization (WHO) recommended male medical
circumcision as an important element in HIV prevention
programs (731). Although these studies point at the fore-
skin as a highly susceptible site of infection, they also indi-
cate that HIV can access the MGT, and in turn the systemic
circulation, through the infection of other penile mucosal
epithelia. Studies on HIV infection of various penile sites
has demonstrated that explants of inner foreskin, glans me-
atus, and urethra were all susceptible to HIV-1 infection
(188, 202, 535). When a polarized model of foreskin ex-
plant was developed to more closely mimic the physiologi-
cal exposure of the apical side of the epithelium to incoming
virus, efficient HIV-1 transmission occurred in the inner
foreskin but not the outer foreskin following exposure to
infected cells, whereas cell-free virus did not infect. Cell-
mediated infection required the formation of viral synapses
between mononuclear infected cells and apical foreskin ep-
ithelial cells, internalization of HIV-1 by epidermal Lang-
erhans cells, and transfer of the virus to T cells by Langer-
hans cells (202). Exposure of the inner foreskin to HIV-1-
infected cells resulted in RANTES-mediated recruitment of
T cells into the epidermis [RANTES being Regulated on
activation, normal T cell expressed and secreted or chemo-
kine (C-C motif) ligand 5 (CCL5)] and CCL20-mediated
trafficking of Langerhans cells (776). In ex vivo exposed
glans and foreskin tissue, more viral particles entered the
glans penis as compared with foreskin tissue, and to greater
depths (146). However, after 24 h of culture, HIV particles
were primarily visualized in the inner side of the foreskin,
similar to observations in vivo in Rhesus macaque upon
penile inoculation of SIV (146). Polarized human urethral
explants demonstrated that CCR5�/CD4� macrophages
were the initial target of HIV-1 upon exposure of penile
tissue to infected cells, while exposure to cell free virus,
again, did not result in infection. The fossa navicularis and
glans appeared relatively resistant to HIV-1 (201). A study
in Rhesus monkeys showed that the T cells, macrophages,
and DCs of the glans, foreskin, and coronal sulcus are the
primary targets of SIV, after penile inoculation of the virus.

SIV next reached the genital lymph nodes and disseminated
to the bloodstream and lymphoid system within 1 wk. After
14 days, SIV had contaminated all the tested tissues (411).
A model of repeated SHIV (a chimeric simian-human
immunodeficiency virus containing HIV envelope gene)
penile exposure of Rhesus macaques further suggested
that the urethra is more susceptible to HIV acquisition
than is the inner foreskin or glans tissue (206). As with
other STIs, the mucosal acquisition of HIV/SIV is influ-
enced by the genital microbiota (174), immune response
(505), and host genetic factors (399, 651, 759). In addi-
tion, the risk of HIV acquisition is increased by other
STIs such as HSV-2 (~3-fold increase), most likely due to
disrupted genital mucosae as a result of ulcerative STIs,
and the inflammation-driven recruitment and activation
of HIV target cells residing in the penile tissues (174).

C) HUMAN T-LYMPHOTROPIC VIRUS TYPE 1/2. Sexual acquisition is
the second most common mode of transmission of HTLV-1
in endemic areas. Like HIV, HTLV-1 is transmitted more
efficiently from males to females than from females to males
(526). The mechanism of HTLV penile transmission is un-
known. Considering the exclusive tropism of HTLV-1 for T
lymphocytes and the requirement of cell-to-cell contact for
infection (198), it may involve direct contact between in-
fected T cells in female genital secretions and T cells present
in the penile mucosa and/or internalization of cell-free par-
ticles by DCs and subsequent transfer to lymphocytes by
cell-to-cell contact (327). Female-to-male transmission is
higher in men with syphilis or a history of penile sores or
ulcers (491), consistent with the concept that disrupting the
genital epithelium increases viral transmission. A closely
related virus is HTLV-2, distributed mainly among native
American population (589). The mode of transmission and
the target cells (T lymphocytes) of HTLV-2 resemble that
for HTLV-1, but is generally asymptomatic.

B. Viral Infections of Internal Male Genital
Organs

1. Hematogenous and nonhematogenous routes of
infection

For systemic viruses that generate high viremia, e.g., during
the acute stage of infection of HIV, EBOV, and ZIKV, he-
matogenous spread probably represents the main entry por-
tal into the MGT. Viruses may then enter the lamina pro-
pria and testis interstitium through either passive diffusion
of viral particles across the vessels, endothelial cell infec-
tion, or active passage of infected cells. The biphasic infec-
tion 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 epididy-
mal epithelial cell spreading, suggest partial protection of
these compartments by the myoid cells and extracellular
matrix layers (441, 696). Of note is that the barrier repre-

LE TORTOREC ET AL.

1360 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.



sented by the myoid peritubular cell layers in rodents’ testis
does not exist in humans.

Virus transfer between the testis and epididymis has been
recently suggested by phylogenetic analysis of viral strains
in SIV-infected macaques (299) and by micro-RNA tar-
geted viral clones for ZIKV in immune-deficient mice (696).
Migration to the epididymis of infected cells such as germ
cells, rete testis macrophages, and/or connected vasculature
could be involved. In addition, downstream MGT ducts
and glands might be infected by the viral particles or in-
fected cells carried by the excurrent flow during ejaculation;
phylogenetic analyses in SIV-infected macaques suggested
that urethral viruses originated partly from viruses present
in semen. Reinfection of the urethra by seminal viruses
might be facilitated by the stagnation of residual semen in
the penile urethra post-ejaculation (299).

2. Targeted cells and tissues

Viruses belonging to a broad range of families have been
found in the organs of mammalian MGTs, including hu-
mans (FIGURE 6), by means of polymerase chain reaction, in
situ hybridization, electron microscopy, immuno-detection
of viral antigens, and 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), fibroblasts (e.g., CMV), immune cells (e.g., HIV,
CMV), Leydig cells [e.g., mumps virus (MuV)], Sertoli cells
[e.g., Marburg virus (MARV) and ZIKV], and germ cells
[e.g., ZIKV, human herpesvirus 6 (HHV-6)]. Although the
tight junctions of Sertoli cell protect the testicular meiotic

and post-meiotic germ cells from pathogens in the intersti-
tium, several viruses have evolved mechanisms to hijack
tight junction proteins by either using them as receptors or
co-receptors for cell entry, or by opening them to facilitate
dissemination (501, 689). In addition, as suspected for ZIKV,
viruses can bypass the testicular Sertoli cell barrier through a
variety of mechanisms, including 1) direct infection of Sertoli
cells (441), 2) viral transcytosis (i.e., passage through the cell
cytoplasm without infection) from the Sertoli cell basal to api-
cal pole (634), and 3) disruption of the epithelial barrier in-
duced by inflammatory mediators released by infected cells in
the vicinity (634, 665).

V. MGT SENTINELS, WEAPONS, AND
ACHILLES HEEL IN RELATION TO VIRAL
ATTACKS

There follows a review of the little data that are available on
humans and the bulk of studies on rodents relating to the
immune specificities of male genital organs and their ability
to respond to viral attacks. FIGURES 4, 5, and 7 show the
localization of specialized immune cell types in MGT or-
gans, and TABLE 5 shows the expression of pathogen sen-
sors throughout the MGT.

A. The Testis

1. An immune privileged organ

The testis possesses specific immunity characteristics to pre-
vent immune rejection of the developing germ cells and
spermatozoa that appear during puberty, following the es-
tablishment of systemic self-tolerance, and which carry high

Testis
HPV
HSV-2
EBV
HHV-6
HBV
HIV
MuV
Parvovirus B19
AAV
ZIKV
WNV
EBOV
Coxsakie B5 virus

Prostate
HPV
HSV-2
EBV
CMV
KSHV
MCPyV
JCPyV
BKPyV
SV40
HIV
WNV

Epididymis
HPV
HIV
Coxsakie A6 virus

Vas deferens
HPV
CMV

Seminal vesicles
HSV-2
CMV
HIV
HPV?

FIGURE 6. Viruses detected in human male genital tract in
vivo. The figure recapitulates the viruses detected in human
biopsies or secretions of the internal genitalia. HPV, human
papillomavirus; HSV, herpes simplex virus; EBV, Epstein-Barr
virus; CMV, cytomegalovirus; HHV, human herpesvirus;
KSHV, Kaposi sarcoma-associated herpesvirus; HIV, human
immunodeficiency virus; HBV, hepatitis B virus; MuV, mumps
virus; AAV, adeno-associated virus; ZIKV, Zika virus; WNV,
West-Nile virus; EBOV, Ebola virus; MCPyV, Merkel cell polyo-
mavirus; JCPyV, JC polyomavirus; BKPyV, BK polyomavirus;
SV40, simian virus 40.
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surface antigen load. The initial discovery of the testis as an
immune privileged site came from the observation that al-
lografts in rat testis enabled prolonged survival (342). How-
ever, allografts in the testis from larger animals, including
non-human primates (NHPs), showed a wide variation in
immune protection duration (342), suggesting species-spe-
cific characteristics. Rodent studies showed that immune
privilege in the testis is dependent on 1) physical segregation
by the blood-testis barrier (BTB) of the postmeiotic sperma-
tids and meiotic spermatocytes localized in the adluminal
compartment of the seminiferous tubules and 2) an active
local immunosuppressive and tolerogenic environment (27,
100, 771). Indeed, the BTB is insufficient to sequester all
germ cell autoantigens, since some of 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 components. Below is a

summary of the cellular and molecular basis for the testis
immune privilege, mostly established in rodents, along with
data for human and NHP (FIGURE 7).

A) ROLE OF RESIDENT IMMUNE CELLS IN THE IMMUNE PRIVILEGE OF THE

TESTIS. In both rodents and humans, macrophages repre-
sent the largest population of immune cells in the testis
and play a key role in maintaining testis immune privilege
(457, 485).

Rodent and primate testis macrophages display an M2-like
phenotype. In this regard, they express the scavenger recep-
tor CD163 (550, 586, 739), secrete high levels of immune-
suppressive interleukin-10 (IL-10) and transforming
growth factor-� (TGF-�), and low levels of pro-inflamma-
tory tumor necrosis factor-� (TNF-�) (586, 739). In re-
sponse to infection or inflammatory stimuli, rodent testis

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

Virus

Human Animal Models

Reference Nos.In vivo In vitro NHPs Rodents

HPV Int, SC 435
HSV-1 Int, SC, GC 423
HSV-2 Specific tropism not defined GC 143, 256
EBV Specific tropism not defined 106
CMV LC, GC, F 500
HHV-6 Endogenous 480
AdV Specific tropism

not defined
Specific tropism not

defined
127

Parvovirus
B19

Specific tropism not defined 149, 170, 251

AAVs Specific tropism not defined LC, PT, SC, GC
(Sptg)

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 defined LC LC, SC, GC, M� 59, 244, 748
ZIKV GC* LC, SC, GC,

M�, PT
Specific tropism not

defined
LC, SC, GC, M�, PT 441, 657

WNV Within ST, SC SC 28, 634, 645
JEV Specific tropism not

defined
682

EBOV End, within ST End, GC Int 113, 430,
541, 766

MARV SC, GC, M�, F, End 111, 117
CoxV B5 Specific tropism not defined 122
Poliovirus Specific tropism

not defined
Specific tropism not

defined (in vitro)
670

HEV GC (Sptg) Within ST 303, 652
SARS LC, Ep 770
LCMV Int, GC (Sptg) 179

Acronyms of viruses detected in human male genital tract are spelled out in TABLE 1. HERV, human endogenous retrovirus; LCMV, lymphocytic
choriomeningitis virus; SIV, simian immunodeficiency virus; End, endothelial cells; Ep, epithelial cells; F, fibroblasts; GC, germ cells; Int, interstitial
cells; LC, Leydig cells; M�, macrophages; PT, peritubular cells; SC, Sertoli cells; Sptg, spermatogonia; ST, seminiferous tubules; Exp,
experimental; NHPs, non-human primates. * Immature germ cells found in human semen.
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macrophages exhibit relatively low inflammatory responses
and high immunosuppressive properties compared with
macrophages located in others tissues (reviewed in Ref.
457), which confer upon them a unique immune-tolerant
role against meiotic germ cells antigens that egress from
seminiferous tubules.

Blocked nuclear factor �B (NF-�B) signaling pathway and
basal corticosterone production in rat testicular macro-
phages are associated with reduced pro-inflammatory ca-
pacities (457). In the mouse, interstitial embryo-derived
macrophages have more potent immune suppressive prop-
erties than peritubular macrophages, which are derived
from the bone marrow after birth (484). Rodent and human
testis interstitium contain a small population of DCs,
mostly of myeloid phenotype (538, 550), which in rats are
unable to induce T cell proliferation under physiological
conditions. They release anti-inflammatory cytokines [e.g.,
IL-10, indoleamine 2,3-dioxygenase (IDO)] and induce T

regulatory cells (Tregs) instead of autoreactive T cells fol-
lowing antigenic presentation (263, 723). Low numbers of
T lymphocytes, essentially central memory, are present in
human and animal testis (CD8� T cells mainly, with a few
CD4� T cells, Tregs, and natural killer T cells) (586, 688).
Their response to foreign antigens tends to be inhibited
(586), probably because of local immunosuppressive fac-
tors (e.g., IL-10, TGF-�, activin A, lyso-glycerophospho-
choline) (193, 282). Immunosuppressive purinergic signal-
ing was reported in human testicular Tregs and memory
CD8� T cells (322). Egress of spermatid fragment antigens
during spermiation contributes to mouse testis immune tol-
erance (698), possibly through the presentation of autoan-
tigens to Tregs by major histocompatibility complex II
(MHC II) positive peritubular macrophages (485).

B) ROLE OF NON-IMMUNE TESTICULAR CELLS. The testosterone pro-
duced by Leydig cells balances pro- and anti-inflammatory
cytokine expression in Sertoli cells and peritubular cells

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

Virus Epididymis Vas Deferens Seminal Vesicles Prostate

HPV Viral DNA (669) Viral DNA (573, 669) Viral DNA in seminal plasma
of vasectomized men
(573)

Viral DNA (101, 448, 449,
573, 642, 729, 749,
764)

HSV-2 Viral isolation in guinea
pig (661)

Viral isolation in guinea
pig (661)

Viral isolation from biopsies
(143)

Viral DNA (95, 749)

EBV Viral DNA (101, 259, 729)
CMV Detection in epithelium

(356)
Detection in epithelium (13,

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)
HIV Viral RNA and

antigens in
leukocytes (511,
557)

NHP models: viral
RNA and antigens in
leukocytes (299,
440)

Viral RNA and antigens in
leukocytes (141)

Viral RNA and antigens in
leukocytes (114, 511,
557, 644)

WNV Viral antigens detected in
biopsies (28)

CoxV A6 Viral RNA in epididymal
fluids (719)

ZIKV Mouse models: in
mature sperm,
epithelial cells, and
stroma (96, 110,
151, 157, 247,
257, 345, 445,
702, 703)

Mouse model (345) Mouse model: in epithelial
cells and stroma (110,
157, 445); NHP model
(287, 524)

Mouse model: in epithelial
cells and stroma (96,
110); NHP model (287,
524)

EBOV NHP model: in stromal
cells, endothelial
cells, and
macrophages (541,
766)

NHP model: in stromal and
endothelial cells (541)

NHP model: in stromal and
endothelial cells (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 detected in human male genital tract are
spelled out in TABLE 1. NHP: non-human primate.
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(184), regulates testicular macrophage and lymphocyte
numbers and pro-inflammatory properties, and stimulates
Tregs expansion (184, 186). Androgen signaling in Sertoli
cells is also essential for BTB integrity (459, 460). Leydig
cells also produce growth arrest-specific gene 6 (Gas6)/
ProS, which inhibits innate immune response in DCs, mac-
rophages, and Sertoli cells (620). Rodent and human Sertoli
cells express several immunoregulatory factors (TGF-�,
IDO, galectin-1, activin A) that induce Treg and tolerogenic
DCs (205, 343). The co-transplantation of Sertoli cells with

tissue in mice and NHPs prolonged graft survival (404).
Phagocytosis of apoptotic germ cells and residual bodies by
Sertoli cells under TAM receptor regulation avoids inflam-
matory responses to damaged germ cell auto-antigens
(751). Fas ligand (FasL), originally described on Sertoli
cells, was subsequently found on germ cells and might in-
duce T cell apoptosis (47, 128). The programmed death-1
(PD-1)/PD-1 ligand (PDL-1), expressed by spermatocytes
and spermatids system, which promotes the development
and function of Tregs and suppresses effector T cell-medi-

T

T

T

T

T

T

T

Anti-infl iMФ

pMФ (M2, CD163+ MHCII+)iMФ (M2, CD163+ MHCII-)TCM Lymphocytes

Myeloid dendritic cells (mDC)EosinophilsNKMast cells

Immunosuppressive factors produced by
Sertoli cells (SC) and interstitial cells

Testosterone produced by Leydig cells (LC) and its targets/actions

SC

LC

SC

Tolerogenic
mDc

Treg expansion

Anergic CD8+ TCM

CD4+ TCM

Cytokine
balance

BTBBTB
integrityintegrity

TLR-mediatedTLR-mediated
innate responseinnate response

TLR-mediated
innate response

TGF-�
IL-10

IDO
IL-10

Gas6/ProS

Gas6/ProS
TAM Rc

TAM Rc

TAM RcTAM RcAuto-antigens
phagocytosis by SC

Auto-antigens
presentation

Residual bodies

BTB
integrity

TLR-mediated
innate response

TAM Rc

FIGURE 7. Immune privilege in the testis. Interstitial resident macrophages 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 (mDC), mast cells, natural killer (NK) cells, and eosinophils are also naturally
present in the interstitial tissue, whereas B lymphocytes and neutrophils are absent (322, 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 testosterone production (55, 485). In the rat
testis, a subpopulation of testicular macrophages of embryonic origin closely associated with seminiferous
tubules (so-called peritubular macrophages) was characterized (134, 484). Besides the Sertoli cell tight
junctions forming the blood testis barrier (BTB), the immune privilege of the testis is maintained by immuno-
suppressive factors secreted by Sertoli cells (SIF), interstitial macrophages, mDCs, and T lymphocytes [e.g.,
transforming growth factor-� (TGF-�), interleukin (IL)-10, activin A, indoleamine-pyrrole 2,3-dioxygenase (IDO),
galectin-1], which suppress T cell activation and favor Treg expansion. Growth arrest-specific gene 6 (Gas6)/
protein S (ProS) signaling through TAM receptors inhibits the Toll-like receptor (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 proportion of 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 inflammatory responses. Treg, regulatory T cells; SC, Sertoli cells; LC, Leydig cells; P, peritubular
cells; iM�, interstitial macrophage; pM�, peritubular macrophage; CM T lymphocyte, central memory T
lymphocyte; TAM-Rc, TAM receptors.
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ated immune response, is also suspected of contributing to
testis immune suppression (103).

2. Testicular immune responses to invading virus

The sensing of a pathogen by pattern recognition receptors
(PRRs) (TABLE 5) expressed by both immune and nonim-
mune cells is key in initiating antiviral responses. Upon
activation, these sentinels send intracellular signals that
lead to the expression of innate immune mediators such as
antiviral interferons (IFNs) and pro-inflammatory cyto-
kines. Additionally, PRR-triggered cell signaling induces
several nontranscriptional processes such as phagocytosis,
autophagy, cell death, and inflammasome/cytokine process-
ing. In short, the innate immune system can counteract the
infection through 1) the elimination of virus-infected cells
by macrophages, neutrophils, and natural killer cells or by
apoptosis; 2) the production of proteins with antiviral
activity [Upon binding to their receptor, IFNs induce the
synthesis of hundreds of interferon-stimulated genes (ISGs)
that inhibit different steps of viral replication (611)]; and 3)
the mobilization of adaptive immune response through pro-
inflammatory cytokine/chemokine production.

A) RODENT MODELS. Rodent somatic testicular cells appear well-
equipped to defend against viral attacks. Rat Leydig cells
and Sertoli cells produced large amounts of type I IFN,
ISGs, and pro-inflammatory cytokines when exposed in
vitro to Sendai virus, an RNA virus from the same viral
family as MuV (136, 137, 139, 243, 458). MuV induced
antiviral responses in mouse Sertoli and Leydig cells
through Toll-like receptor 2 (TLR2) and retinoic-acid in-
ducible gene I (RIG-I) signaling (746). Sertoli cells also ex-
pressed functional TLR3 and TLR4 (572, 656, 747). How-
ever, TLR-initiated innate immune response in Sertoli and
Leydig cells were negatively regulated by Gas6/ProS-TAM
signaling, which may prevent a sustained inflammatory re-
sponse (620, 667). PolyIC, an agonist of the RNA virus
sensors TLR3, RIG-1 and melanoma differentiation-associ-
ated protein 5 (MDA5), disturbed testosterone secretion by
Leydig cells, whereas HSV-60, an agonist of the cytosolic
DNA sensor p204, had no effect, despite p204 expression
(620, 779, 780). Exogenous type I IFN induced ISGs and
inhibited MuV replication in Leydig cells, macrophages,
and Sertoli cells (748), demonstrating effective IFN signal-
ing cascade. MuV-exposed Sertoli cells secreted high levels
of pro-inflammatory cytokines, among which chemokine
(C-X-C motif) ligand 10 (CXCL10) triggered germ cell ap-
optosis (325), suggesting that Sertoli cells might play a key
role in MuV-induced inflammation and germ cell damage in
the testis (746).

Rat testicular macrophages expressed lower levels of TLR4
receptors than peritoneal macrophages (56) as well as low
basal expression of TLR-signaling pathway genes (e.g.,
CD14, TRIF, TRAF6, IRAK1, TAK1, etc.), while the neg-
ative regulation of TLR-signaling pathways such as IkB�,

SARM, and RP105 were highly expressed (56). Neverthe-
less, testicular macrophages were able to display IFN, ISGs,
and pro-inflammatory cytokine production following Sen-
dai virus exposure (139, 140, 243).

In contrast, Sendai virus (SeV) (136), MuV (746), and ZIKV
(581) infection did not trigger an IFN-based antiviral re-
sponse in differentiating rat and mouse germ cells. Never-
theless, poly IC induced the production of pro-inflamma-
tory cytokines and type I IFN through TLR3 and MDA5
signaling in mouse germ cells, but to a much lower level
than in Leydig cells (302, 724). Exogenous IFN stimulation
failed to induce a strong upregulation of ISGs in differenti-
ating testicular germ cells, which is in line with the lack of
functional type I IFN receptor expression in meiotic and
post-meiotic mouse germ cells (136, 581, 602). However,
male germ cells are equipped with autophagic machinery
(621), and autophagy contributed to blocking MuV repli-
cation in mouse germ cells and testicular macrophages
(748). Additionally, the stem germ cell spermatogonia dif-
fered from their daughter cells in that they expressed both
subunits of the type I IFN receptor and produced low levels
of ISGs upon viral stimulation (136, 602). Interestingly,
overexpression of type I IFN in mouse testis triggered germ
cell apoptosis and induced sterility. This effect might be
mediated by IFN-induced alterations in Sertoli cells or sper-
matogonia (602).

B) HUMANS AND NHPs. In contrast to their rodent counterparts,
human Leydig cells infected by the MuV or stimulated by
poly IC in vitro did not upregulate type I or II IFNs and only
slightly upregulated ISG expression, whereas pro-inflam-
matory CXCL10 was highly expressed (244, 692). Acute
infection of a human Sertoli cell line by ZIKV induced an
upregulation of genes implicated in innate immune re-
sponse and IFN signaling, but this response was downregu-
lated after prolonged infection (634, 665). In human testis
tissue exposed to ZIKV ex vivo, the virus infected a broad
range of somatic and germ cell types and triggered the tran-
scription of a number of ISGs, but surprisingly did not
stimulate type I, II, or III IFN transcripts or proteins. Addi-
tionally, the pro-inflammatory response was restricted to
CXCL10 upregulation (441). This muted innate response is
unlike that observed in mouse testis infected with ZIKV in
vivo (441, 657). It might explain the absence of orchitis
in ZIKV-infected men and contribute to viral persistence in
the human testis (see sect. VIC). The apparent lack of IFN
upregulation in the infected human testis requests further
investigation. As for human peritubular cells, they pro-
duced IL-6 and monocyte chemoattractant protein 1
(MCP-1) upon activation of TLR2 (442). In MARV-in-
fected NHP, the persistent infection of Sertoli cells was
associated with BTB disruption, germ cell depletion, and
leukocyte infiltration with numerous Tregs, the latter pos-
tulated to prevent virus clearance (111). Similarly, testis
inflammation and lesions, along with testis pain and orchi-
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tis, were observed in MARV-infected patients (609). In con-
trast, EBOV, another filovirus with testicular tropism, did
not induce any apparent damage in human and NHP testis
(609). Differences in the infected cell types and in the PRRs
activated by viruses in the testis most probably have a
strong influence on the testicular immune responses and
infection outcome.

In SIV-infected macaques, testis infection did not lead to
leukocyte infiltration or elevated cytokine levels, unlike
prostate infection (625, 693, 740). Although an increase
in the relative proportion of effector memory CD8� T
cells was detected in the testis of SIV-infected pigtailed
macaques, these cells had suppressed cytokine responses
to mitogen activation (740). In the testis of HIV-infected
individuals, elevated CD4� and CD8� T cell immune
activation was postulated to favor HIV replication (322).
These results suggest that immunosuppression in the tes-
tis may be restricting the ability of T cells to respond to
SIV/HIV infection and allow virus persistence in this
organ.

Overall, the immune-suppressive environment necessary to
the testis homeostasis represents an Achilles heel when it
comes to viral infections; activation of the acquired immune
system is normally repressed in the testis, creating a shelter
for viruses. In addition, inflammatory responses have neg-
ative consequences for the testis that can lead to sterility. In
the human testis, weak antiviral innate responses, as ob-
served following MuV and ZIKV infection in vitro and ex
vivo, represent additional weaknesses that might promote
viral persistence.

B. The Epididymis and Vas Deferens

1. Immune characteristics

Although autoantigenic spermatozoa accumulate in the
epididymal ducts, transplantation experiments in rat ep-
ididymis and injection of spermatozoa in the stroma in-
dicated limited immune protection compared with the
testis (281, 317, 469). The epididymal epithelial barrier
composed of apical tight junctional complexes is pene-
trable by macrophages, most lacking MHC class II (281,
463, 469), and by CD8� T lymphocytes, both in elevated
proportion in proximal regions of the epididymis (496,
497). DCs, present underneath and through the rodent
epididymal epithelium (633, 637), are thought to be in-
volved in the elimination of abnormal sperm cells and
non-self-ascending pathogens (264). The fewer DCs pres-
ent in normal human epididymis are located exclusively
in the stroma (153). Immunoregulatory IDO, activin A,
and TGF-� are highly expressed in rodent caput epidid-
ymis and may promote tolerance to sperm antigens (463).

2. Innate immune defenses

Epithelial cells from rodent epididymis express a wide range
of PRR (TABLE 5). Activation of TLR3 and RIG-1 induced
the expression of type I IFNs, ISGs, and pro-inflammatory
cytokines, while DNA sensor ligand HSV-60 only induced
the expression of IFNs and ISGs (781). 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 epididymal duct (77, 78). This may
lead to a tolerogenic-orientated environment in the regions
proximal to the testis, and to a more vigorous antigen-
specific immunity in the cauda, consistent with the need to
protect sperm emerging from the testis without compromis-
ing the ability to respond to ascending infections. Rodent
and human epididymis are major sites of production of
�-defensins, a number of which are specific to this organ
and display segment-selective expression along the length of
the epididymis (321, 755). These small cationic peptides,
essential for sperm maturation (768, 774), possess potent
antimicrobial activity, including antiviral (291). The epi-
didymis also secretes antimicrobial lysozyme and lactofer-
rin (275). In the vas deferens, TLRs 1–9 and 11 are consti-
tutively expressed (527), and TLR2, 3, 4, and 9 agonists
stimulated the secretion of CXCL1 (413).

C. The Seminal Vesicles and Prostate

1. Immune characteristics

The prostate is the male organ in which infectious and in-
flammatory occurrences are the most frequent, whereas pa-
thologies of the seminal vesicles are rarely reported. Infec-
tions and inflammation also occur in this organ, however,
but may be more silent. The continuous line of basal cells
joined by tight junction at the basement of the prostatic
epithelium, together with the expression of P�glycoprotein
at the apical pole of prostatic epithelial cells, contribute to
restricting leukocyte passage and molecular movement
through the prostatic epithelium (344). Like the seminal
vesicles, the prostate is a strictly androgen-dependent or-
gan. Testosterone possesses immunosuppressive properties
and influences the innate immune responses as well as the
outcome of infections and inflammation in the prostate
(564). Thus, in rodents and other animals, castration is
efficient at eliminating bacterial pathogens and dampening
infection-related inflammation of the prostate (564). Little
is known about the specific effects of androgens on host
defense. In rat prostatic cells, testosterone negatively mod-
ulated the TLR4 pathway (563, 565). Also, testosterone
maintained high levels of immunomodulatory factors in the
prostate, such as galectin-1 (564). Nevertheless, the pros-
tate is an immunocompetent organ. The numerous intraepi-
thelial CD8� T cells constitute a first line of defense against
foreign agents reaching the prostate through retrograde
flow (65). Even in the absence of pathology, most adult
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prostate tissues contain inflammatory infiltrates composed
of T cells and macrophages (436, 507, 694).

2. Innate immune defenses

The prostate epithelial cells secrete an antimicrobial sub-
stance with potent antibacterial and antiviral actions such
as defensins (563), protease inhibitors (e.g., secretory leu-
kocyte protease inhibitor or SLPI) and collectin proteins
(512, 513), while seminal vesicle epithelial cells secrete high
levels of lactoferrin (736). Surprisingly, TLR 2–9 proteins
were undetectable in human seminal vesicles (559), whereas
mouse seminal vesicles cells in primary culture produced
CXCL1 in response to TLR2, 3, 4, and 9 stimulation, al-
though to a lower level than prostate and epididymis/vas
deferens cells (413). Stromal cells isolated from patients
with benign prostate hyperplasia (BHP) acted as antigen-
presenting cells and responded to TLR agonists by produc-
ing pro-inflammatory cytokines/chemokines, except TLR9
(537). Mixed cell culture of normal rodent prostate re-
sponded to TLR2, 3, 4, and 9 agonists with the secretion of
pro-inflammatory mediators and upregulation of TLR
genes (215, 413, 414). These reports suggest that prostatic
epithelial cells are equipped to resist infection, but their
response to viral infections has never been studied. Addi-
tional studies are required regarding the immunity of pri-
mate seminal vesicles. This organ has been largely ignored
and was recently found to seed virus and infected cells into
semen (299).

D. The Penis

1. Immune characteristics

The penis is a major portal of entry for many pathogens and
an immunologically active site. The immunity of the penis
has been reviewed in detail elsewhere (558, 618), and only
a few relevant key aspects are presented here. While the
urethra displays classic mucosal effector features, the glans
has even more activated natural killer (NK) cells and termi-
nally differentiated effector CD8� T cells (618). The penile
urethra contains numerous polymeric immunoglobulin A
(IgA) and IgM producing plasma cells (558). In addition,
the urethral glands (Littré glands) secrete IgA that coats the
urethral epithelial surface to form an immunological barrier
against invading pathogens (558). Urethral swabs from
HIV-highly exposed uninfected men contained HIV-1 spe-
cific IgA (86), suggesting effective responses that could be
used for vaccination strategies. The penile foreskin is also
able to mount a specific humoral response: exposing rhesus
macaque foreskin to SIV induced SIV-specific IgG antibody
and cytokine-secreting SIV-specific CD8� T cells (588).
The inner foreskin produces high levels of pro-inflamma-
tory cytokines, a feature of inflamed epidermal barrier (385,
555) that is probably favored by the microbial community
of the sub-preputial space (553).

2. Innate immune defenses

Both the foreskin and the urethral epithelial surface are
coated with a mucus layer consisting of membrane-associ-
ated mucins, which in addition to lubrication play an im-
portant role in first-line immune defense by trapping mi-
crobes before they reach the epithelial surface (19, 596).
Antimicrobial peptides are widely expressed all along the
human penile mucosa: � defensin-5 is present in urethral
secretions (551) and lysozyme in the urethral glands (Littré
glands) (558) and foreskin (19); lactoferrin is expressed by
urethral epithelial cells (558) and detected in the foreskin
lamina propria (19); while SLPI is expressed abundantly by
urethral epithelial cells and urethral glands (275, 517, 558).
IFN-� is constitutively expressed in the foreskin epithelium
and lamina propria, and by basal epithelial cells in the fossa
navicularis (558). Highly localized IFN-� expression was no-
ticed in the urethral epithelium of patients in the presence of
high levels of TLR9 (558). Ex vivo infection of the inner fore-
skin with HIV increased the secretion of CCL5/RANTES,
which mediated T cell recruitment into the epidermis, while
decreasing the secretion of CCL20/macrophage inflamma-
tory protein 3� (MIP-3�), enabling Langerhans cells to
travel deeper into the tissue (776). HIV-1 infected CD4� T
cells formed viral synapses with foreskin keratinocytes and
activated the MyD88-independent TLR4-NF-�B signaling
pathway, leading to pro-inflammatory cytokine secretion,
epidermal redistribution of Langerhans cells, and the for-
mation of conjugates with T cells (777).

VI. CONSEQUENCES OF VIRAL INVASION
OF THE MGT: FROM ANCIENT TO
EMERGING INFECTIONS

A. Viruses as Enriching Colonizers: 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 germline (i.e., the gametes and their prog-
eny up to the early embryo) to be passed on vertically to
future generations, invading every somatic and germ cell of
the offspring. A number of viruses, mostly ancient but some
contemporary ones such as HHV-6, have attempted this,
leading to the integration of viral sequences into our ances-
tors’ genome which, if not detrimental, eventually became
fixed (endogenous) in the population (183). This coloniza-
tion of the germline has strongly shaped our evolution,
adding new functions, and is still ongoing nowadays in
mammals. Our review of the range of viruses, processes,
and benefits associated with germline infection, along with
elements suggesting initial male germ cell infection, appears
below (FIGURE 8).
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1. Endogenous retroviruses

Sequencing of the human genome has provided proof of the
enormous scale of viral infections that have led to the inte-
gration of viral genes into the chromosomes of the host
germline, and transmitted vertically by Mendelian inheri-
tance to become endogenous during evolution (258). Thus
~8% of the human genome consists of endogenous retrovi-
ral elements (ERVs), the remnants of ancient exogenous
retroviruses that infected germ cells (258). More than 31
viral families of human ERVs (HERVs) have been charac-
terized in the human genome (HERV K, W, H etc.), with
over 100,000 copies of retroviral elements representing sev-
eral amplifications (duplications, transpositions, etc.) and
reinfection events during evolution (48, 340, 412, 525).
Nearly all HERVs were integrated up to 100 million years
ago (172), with the most recent integration episode (HERV
K family members) estimated at between 100,000 and 1
million years ago (39, 737). ERVs have been found in all
vertebrate genome sequences to date (48, 754), and endog-
enization of viral sequences is still ongoing, as shown in
koalas (674).

A) MALE GERMLINE INFECTION. Several ERVs are located on the
male Y chromosomes of human and NHPs (360, 638, 639),
providing evidence of their transmission through the male

gametes in these species. Specific characteristics of the Y
chromosome, such as reduced recombination and low num-
ber of functional genes, may have prevented the loss of
integrated sequences and allowed integration with no dele-
terious effect (360), thus favoring viral endogenization.
While it is unknown whether male or female gametes or
early embryos were preferentially targeted for initial infec-
tion, we speculate that in addition to Y chromosome inte-
gration, infection of the male germ cells might offer a selec-
tive advantage for viral dissemination compared with infec-
tion of the female gametes. Unlike female germ cells, the
male stem germline continues to divide in adulthood and
gives rise to an indefinite number of sperm cells, allowing
numerous vertical transmissions of integrated sequences
with endogenization potential.

B) ANCIENT AND CONTEMPORARY LENTIVIRUSES. While integration
into the germline is commonplace in many retroviral genera
and hosts, it was thought until relatively recently that len-
tiviruses (the group of retroviruses to which HIV belongs)
were entirely exogenous. This was proven wrong by the
discovery of ancient endogenous lentiviruses in different
mammals (231, 232, 341, 346). The finding of endogenous
prosimian SIV in lemurs raises the possibility that contem-
porary HIV and its simian counterpart SIV might one day
also become endogenous. The detection of HIV DNA

Virus integration
in the germline genome

A

B

Transmission to the offspring:
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FIGURE 8. Integration of viruses in the germline and its consequences. A: pathway to endogenization and
fixation of viral sequences in the human population and their beneficial effects. The integration of viral elements
may nevertheless carry their burden of negative consequences: the reactivation of human endogenous
retroelements (HERVs), when permitted by the innate and acquired immunity, has been incriminated in the
development of inflammatory, autoimmune, and neoplastic diseases, although proof of causality is currently
lacking (337, 338, 462, 717). B: estimated timeline of viral endogenizations in human ancestors. HHV-6,
human herpesvirus-6.
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within isolated testicular germ cells and spermatozoa from
patients (691, 722) has been controverted. Interestingly,
results from our laboratory show that HIV can bind, enter,
and integrate its genome into the male germ cell genome in
vitro, albeit inefficiently (unpublished data). Although pri-
mates 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 factors (155).
The repertoire of antiviral factors expressed by human male
germ cells, and in turn their ability to block integration of
contemporary viruses, is currently unknown.

C) HOST VIRUS INTERACTION AND ADDED FUNCTIONS. ERVs are usually
inactivated by genetic mechanisms [e.g., deletions, inver-
sions, or point mutations in the open reading frames of viral
proteins under the pressure of host innate factors such as
apolipoprotein B mRNA editing enzyme catalytic polypep-
tide-like (APOBEC)] and epigenetic mechanisms (323) and
therefore cannot produce infectious viral particles, with a
few exceptions (592). Interestingly, it was recently demon-
strated in the koala that older endogenous retroelements
recombine and degrade the new colonizing retrovirus ge-
nome, thus contributing to their inactivation (401). Never-
theless, several integrated retroviral DNA copies are still
transcribed and encode original or truncated viral proteins
(e.g., HERV-K copies during embryogenesis) which can add
functions to the host. In addition, the ability of ERVs to
recombine and transpose into the host genome and to mod-
ify the nearby gene expression through their own sequences
[e.g., the long terminal repeat (LTR) promoter and en-
hancer element in retroviruses] is an important source of
genomic and regulatory variability (338). Understandably,
the activity of ERVs is under tight complex regulation by
the host, especially in the germ cells and during early em-
bryo development, where ERVs are sequentially and specif-
ically expressed or silenced to protect them from excessive
re-infection or transposition (592).

I) Role in reproduction. The best known beneficial impact
of retrovirus insertions identified to date is on the acquisi-
tion of viviparity through the development of effective pla-
centation. Retrovirus envelope genes encode glycoproteins
with fusogenic properties, a function necessary for virus
entry. The envelope protein from HERV-W (endogenized in
our primate ancestors 25 million years ago) was purloined
to drive cell fusion in the placenta to form the syncytiotro-
phoblast, and was hence renamed syncytin-1. Syncytin-2,
an envelope protein highly expressed in the placenta, also
derives from an ERV (HERV-FRD) (160, 270). A similar
process has occurred in various mammals (159), suggesting
a nonrandom pattern of co-option (i.e., usage of a function
that is not the original one). The syncitiotrophoblast is es-
sential not only for invasive placental development but also
for prevention of immune rejection of the fetus. Interest-
ingly, syncytin-2 also suppresses immune recognition and
could thus contribute to the mother’s immune tolerance of

the fetus (160, 308). A role for syncytins in the cell fusion of
osteoclasts (648) and muscle cells (570) was also evidenced.
Other ERV elements play immunoregulatory roles in the
placenta. For instance, the tissue-specific expression in hu-
man trophoblasts of HLA-G, central to immune tolerance
during pregnancy through the inhibition of NK cell medi-
ated cytotoxicity, is controlled by the LTR of human ERV1
(182). Further critical roles for HERVs in human reproduc-
tion were recently discovered. A number of converging ele-
ments indicate that HERVs actively contribute to the main-
tenance of pluripotency in early embryos (462). In male
germ cells, the strong promotor activity of the ERV9 LTR
controls the expression of unique isoforms of p63 that pre-
serve genetic integrity by suppressing cell proliferation and
inducing apoptosis upon DNA damage (52). The exclusive
expression in human testis tissue of a number of HERV
transcripts has been reported (639), suggesting other roles
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., role in
maintaining genetic integrity in germ cells and pluripotency
in the embryo) of human reproduction.

II) Protective role against infections and pathological pro-
cesses. The impact of ERVs on humans extends beyond
reproductive functions. One well-identified positive effect
of ERVs is the induction of direct protection against exog-
enous viruses by interacting with different steps of their life
cycle, a “fighting fire with fire” process. For instance, com-
petitive binding to the cellular receptor mediating viral en-
try can occur between the envelope proteins of exogenous
virus particles and that encoded by ERVs, as found in mice,
sheep, and cats (32, 421). Among other protection mecha-
nisms is the association, during assembly, of particles newly
released from the exogenous virus of defective viral compo-
nents encoded by the ERVs, a phenomenon observed for
JRSV in sheep (32) and suggested for HERV-K gag protein
during normal embryogenesis (262). Finally, ERVs can
boost innate and acquired immune functions. Only a couple
of examples are presented here (for a complete review, see
Ref. 338). A number of ERV LTRs contain interferon-stim-
ulated response elements (ISREs) which, after IFN stimula-
tion, can enhance adjacent genes critical for antiviral and
pro-inflammatory responses. The HERV-K protein Rec can
inhibit exogenous viral infections in human pluripotent
cells by increasing the innate antiviral response, and it is
suspected that it plays an immune-protective role during
early embryonic development. In transformed cells, the ex-
pression of endogenous retroviral elements is no longer si-
lenced and can induce innate and acquired immunity to
target nonhealthy, ERV-producing cells, facilitating their
elimination. Endogenous retrovirus proteins are part of the
so-called “cancer testis antigens,” a set of “self” proteins
not expressed in healthy cells other than testicular germ
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cells, where they are protected from immune recognition by
the immunosuppressive testis environment.

In summary, ERVs greatly contributed a range of functions
in their hosts. However, in specific conditions, they may be
implicated in the development of human diseases. Indeed,
when permitted by the immune system, the reactivation of
HERV has been associated with a plethora of syndromes
affecting a wide range of organs. These include solid and
blood tumors (417), neurological disorders (e.g., schizo-
phrenia, autism) (374, 468), and autoimmune diseases (e.g.,
rheumatoid arthritis, systemic lupus erythematosus, multi-
ple sclerosis) (249). In both human prostate and testicular
cancers, epigenetically driven differential and specific ex-
pression patterns of the HERV-K (HML-2) loci were ob-
served and associated with cancer establishment (152, 241,
242, 278, 610, 658). Nevertheless, formal proof of ERVs
implication in diseases causality is currently lacking.

2. Germline integration of non-retroviral viruses

Additional endogenous viral elements that do not belong to
the retrovirus family have been discovered in the genome of
a variety of organisms (6, 292, 339). In vertebrates, a range
of DNA viruses is involved, including Herpesviridae (in
humans with HHV-6 and in prosimian Tarsier), Parvoviri-
dae (in eutherians, marsupials, and birds), Circoviridae (in
eutherians, marsupials, and amphibians), and Hepadnaviri-
dae (in birds). Two families of RNA virus have also been
endogenized: Bornaviridae (in mammals including humans
and in marsupials) and Filoviridae (in marsupials and sev-
eral mammals, such as bats) (6). In fact, it is becoming
increasingly clear that virtually any type of virus can be
endogenized.

A) MECHANISMS OF INTEGRATION. The mechanisms by which non-
retroviral viruses integrated the germline and became en-
dogenous are not yet fully understood. Albeit less often than
with retroviruses, some DNA viruses can undergo integra-
tion through homologous mechanisms [e.g., herpesviruses
(480)] or nonhomologous mechanisms [e.g., hepadnavi-
ruses, adeno-associated viruses which are parvoviridae de-
pendovirus (333)] of recombination. As for non-retroviral
RNA viruses, these need to undergo processes that are un-
usual and do not normally occur in their life cycle, such as
reverse transcription of viral RNA to DNA, entry into the
nucleus and integration. The integration of DNA sequences
complementary to non-retroviral RNA viruses into the
DNA of in vitro infected mammalian cells has been reported
(362, 772). Interestingly, in relation to the infection of hu-
man male germ cells with ZIKV (441, 581), an arbovirus of
the Flaviviridae family, chromosome integration was re-
ported for another arbovirus (Sindbis virus) (773) and for
animal Flaviviridae HCV (636). The mechanisms for such
integrations could involve endogenous reverse-transcrip-
tase activity, revealing interaction between endogenous ret-
roelements and exogenous RNA viruses (362).

B) ELEMENTS IN FAVOR OF VIRAL INTEGRATION INTO MALE GAMETES. Epi-
didymal spermatozoa may represent a preferential target
for the transmission of non-retroviral viral sequences.
Spadafora and co-workers (234) demonstrated that mam-
malian spermatozoa can take up foreign DNA and RNA in
vitro, transfer them into their nuclei, and reverse-transcribe
RNA into cDNA fragments, due to the endogenous reverse-
transcriptase activity stored in sperm nucleus and encoded
by LINE-1 retrotransposons. The capture of foreign nucleic
acids is inhibited by seminal fluid and may therefore not
happen in ejaculated spermatozoa. Endogenous reverse-
transcription expression, normally repressed in differenti-
ated nonpathological tissues, is increased in germ cells and
early embryos (615). Reverse-transcription and integration
of poliovirus RNA into the sperm nucleus was demon-
strated (234). The authors speculated that the viral cDNAs
produced were amplified by a DNA-dependent RNA poly-
merase, released from the spermatozoa, and taken up again
by further spermatozoa, thus spreading foreign nucleic ac-
ids among the sperm (653). In mouse models, foreign nu-
cleic acids within spermatozoa nuclei were transmitted to
oocytes as low-copy number, extrachromosomal sequences
transcriptionally competent, and were mosaic propagated
in tissues from the offspring, introducing new genetic traits
in a non-Mendelian fashion (653). Alternatively, early em-
bryos could support integration of viral cDNA sequences,
leading to their endogenization. Interestingly, fragments of
foreign DNA were integrated in the mouse sperm genome
following recombination with chromosomal DNA at pref-
erential sites (418, 783), suggesting another potential en-
dogenization mechanism for non-retroviral viruses. How-
ever, a sperm endonuclease cleaves foreign DNA, and when
potently activated degrades the host DNA, leading to cell
death (420), probably controlling the integration processes.

Non-retroviral viruses endogenized in humans or with po-
tential for germline integration are presented in TABLE 6,
along with demonstrated or putative effects.

B. Viruses as Aggressors: Deleterious
Effect of Contemporary Viruses on the
MGT and Offspring

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

1. Viral infections and infertility

Male infertility currently affects 20–50% of couples seek-
ing medical assistance for procreation, of which 6–15% are
attributable to infections (185, 624). Infertility is defined as
the failure to achieve a clinical pregnancy after 12 mo or
more of regular unprotected sexual intercourse (765). In
addition to identified factors such as varicocele, cryp-
torchidism, as well as endocrine and genetic disorders, male
infertility is considered idiopathic (i.e., of unknown origin)
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in a large number of cases. The chemical and biological
environment that includes pathogen exposure is increas-
ingly acknowledged as a putative cause of infertility (233,
616, 728). Following viral infection, sperm parameters
(e.g., sperm count, motility, number of abnormal sperma-
tozoa, etc.) and/or semen parameters (e.g., volume of sem-
inal plasma, viscosity, pH, enzyme concentrations, etc.) can
be transiently or, more rarely, permanently altered to vari-
ous degrees (see below). In cases of severe defects, this may
lead to infertility. While there is no established semen pa-
rameter cut-off to predict loss of fertility, apart from azoo-
spermia (absence of spermatozoa in semen), infertility is
commonly associated with sperm alterations such as oligo-
zoospermia (low sperm count below 39 � 106 spermatozoa
per ejaculation or concentration below 15 � 106 sperm per
ml), asthenospermia (percentage of progressively motile
sperm below 32%), or teratospermia (percentage of mor-
phologically normal sperm below 4%) (387).

In the context of viral infections, alterations of sperm and
semen parameters may result from distinct nonexclusive
phenomena:

1) MGT tissue inflammation. While defending against
pathogens is critical for controlling invasion and pre-
venting virus-induced damage, high levels of inflam-
mation in the testis (orchitis), epididymis (epididymi-
tis), and prostate (prostatitis) can be deleterious for
reproductive functions (16, 185, 713). Orchitis is
most commonly induced by a viral infection and usu-
ally involves one testicle only (613). Histologically,
orchitis is characterized by multi-focal immune cell
infiltrates composed of granulocytes, macrophages,
and lymphocytes, localized in the interstitial tissue
and inside the seminiferous tubules. Orchitis is asso-
ciated with thickening of the lamina propria border-
ing the tubules (i.e., peritubular cells and extracellular
matrix) and degeneration of the germinal epithelium

Table 6. Non retroviral viruses with potential for germline integration

Viral Family
Endogenous Sequences

in Postulated Role Potential for Integration in Human

Filoviridae (RNA
virus)

Bat, marsupials (49) Overexpression of a viral glycoprotein may
prevent EBOV disease (424)

EBOV and MARV in testis of
patients and NHPs (111,
117, 430, 541, 766)

Bornaviridae (RNA
virus)

Human and other
vertebrates (49,
297), marsupials

Protect against exogenous related virus (Borna
disease virus) in ground squirrel through an
endogenous viral protein expression and
incorporation in exo-virus (197, 295);
integration in piwi-interacting RNA (small
noncoding RNA expressed in germ cells and
early embryo) to silence transposons
(reviewed in Ref. 295); silencing of related
exogenous viral RNAs (295)

Parvoviridae: AAV
(DNA virus)

Parvovirus-related DNA
sequence in human
genome (single
integration more
than 98 million
years) (397)

Establish site-specific integration
into human chromosome and
latency (369, 601); detection
in testis tissue (454)

Hepadnaviridae:
HBV (DNA virus)

Zebra finch Benefits: in utero acquisition of HBV in human
enhances newborn immune cell ability to
respond to unrelated pathogen exposure
through a “trained immunity” process (296,
515); Deleterious consequence: chronicity

HBV integrates into host
genome; integrates into
sperm from patients (269,
304); spermatozoa with
integrated HBV can fertilize
oocytes in vitro (304) but viral
gene expression from sperm-
introduced HBV may interfere
with embryonic development
and cause abortion (12, 366)

Herpesviridae:
HHV-6 (DNA virus)

Human (1% of the
population) (480),
endogenization date
back
14,000–35,000 yr
for some individuals
(769), ongoing
integration in
germline (480)?

Full set of intact viral genes with potential to
reactivate in patients: impact on health
(769)?

HHV-6 integrates into telomeres
of chromosomes (26); vertical
transmission of
chromosomally integrated
HHV-6 from father’s
spermatozoa and from
mother (26, 130, 273, 479,
672, 725)

EBOV, Ebola virus; MARV, Marburg virus; NHP, non-human primate; AAV, adeno-associated virus; HBV, hepatitis B virus; HHV-6, human
herpesvirus 6.
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(185). Dysregulation of the testicular cytokinetic mi-
croenvironment disrupts both steroidogenesis (271,
697, 752) and spermatogenesis (53, 325, 602, 681).
For instance, during orchitis, infiltrating macrophages
and mast cells produce TNF-� that induces germ cell
apoptosis (681), modifies peritubular cell secretions,
and induces fibrosis (442). Inflammation of the epi-
didymis and prostate, more commonly induced by
bacterial infections but potentially also by viral infec-
tions, can also alter sperm parameters or cause irre-
versible ductal obstruction and fibrotic tissue remod-
eling, and account for up to 12% of infertility cases
(150, 185, 463, 713).

2) Viral replication within the cells and organs of the
MGT may alter their function and integrity, through
altered endocrine, paracrine, or other biochemical se-
cretions; breakage of the BTB (favoring the induction

and leakage of sperm antibodies in the lumen of the
MGT and germ cell infection); gametotoxic effect;
sperm DNA damage; epigenetic modifications, etc.

3) A systemic effect of the disease. Febrile episodes in
acute infections can alter fertility because the ele-
vated testis temperature impairs spermatogenesis, a
temperature of 34°C being necessary to preserve
testis homeostasis. In chronic infections, increased
levels of oxidative stress, to which spermatozoa are
especially sensitive, may damage sperm function.
Modifications of the release of the luteinizing hor-
mone (LH) and folliculo-stimulating hormone
(FSH) from the pituitary, which control Leydig cell
and Sertoli cell endocrine functions, respectively,
can decrease sperm counts by affecting the secretion
of testosterone and inhibin B, which are necessary
for spermatogenesis.
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FIGURE 9. Deleterious consequences of viral infections of the human male genital tract (MGT) at the
individual (A) and population and offspring levels (B). Examples of viruses associated with these consequences
are shown. A: viral infections of the MGT may have transient or prolonged negative effects on semen and
sperm parameters, and induce infertility and endocrine disturbances linked to modifications of testicular
hormone secretion. These alterations can derive from a direct or indirect effect of the infection on the testis
(see FIGURE 10) or from the infection and inflammation of the accessory glands, leading to impaired sperm
maturation, gametotoxic effect, or ductal obstruction. Spermatozoa and their testicular germ cell progenitors
can be targeted by viruses, thus presenting a risk for vertical transmission. Viral invasion of male genital organs
also increases the risk of tumorigenesis (e.g., penile cancer) that might be initiated through complex virus-host
interactions including inflammatory mechanisms. Viral etiology in prostate and testicular cancers, however, is
currently unproven. The MGT can allow viral persistence and constitute a pharmacological sanctuary in
patients under therapy. B: the presence and persistence of virus in the MGT may lead to viral excretion in
semen, contributing to horizontal viral dissemination and indirect vertical transmission, the latter potentially
inducing congenital disorders such as miscarriage and fetal malformation [e.g., Zika virus (ZIKV), cytomega-
lovirus (CMV)]. Direct infection of the embryo may derive from infected or virus-bound fertilizing spermatozoa.
Successful germline infection with viral integration in our ancestors has led to viral sequence transmission
through gametes and endogenization at the population level [e.g., human endogenous retroelements (HERVs),
human herpesvirus-6 (HHV-6)]. In the case of HHV-6, it is unclear whether this process is still ongoing.
Damaging effects of viral infections on sperm and natural barriers protecting the oocytes might restrict such
transmission, only reported in vitro. HVB, hepatitis B virus; HCV, hepatitis C virus; HSV, herpes simplex virus;
HPV, human papillomavirus; MuV, mumps virus; EBOV, Ebola virus.
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The viral infections, classified as either acute or chronic,
that have been associated with altered sperm/semen param-
eters or male infertility and their postulated mechanisms of
action are presented below and in FIGURE 10.

A) ALTERED SPERM PARAMETERS/INFERTILITY FOLLOWING ACUTE VIRAL IN-

FECTION. I) Mumps virus. MuV is a well-established etiolog-
ical agent of orchitis, which occurs in ~10–20% of infected
post-pubertal men (437). Consecutive testis atrophy hap-
pens in ~50% of these cases and can be associated with
low sperm count (oligospermia) and hypofertility, while
bilateral atrophy leading to sterility is rare (594). The
histology of the testis following MuV infection has been
described in detail (138). MuV was rescued from the
testis of infected patients (59), but its testicular target
cells and the mechanisms underlying germ cell degenera-

tion remain elusive. MuV replicated in human Leydig cells in
vitro and decreased their testosterone production (244), in line
with decreased testosteronemia in patients (4, 7). In a mouse
model, MuV also infected primary Leydig cells, as well as
Sertoli cells and testicular macrophages, but did not target
testicular germ cells (748). Several nonexclusive hypotheses
could explain the MuV-induced impaired spermatogenesis in
humans: 1) change in testis temperature due to high fever; 2)
congestion of the seminiferous tubules caused by the intersti-
tial edema (425); 3) decreased testosterone production by in-
fected Leydig cells (244); 4) alteration of the paracrine control
of spermatogenesis exerted by somatic cells (Sertoli cells, Ley-
dig cells, testicular macrophages) as a result of their infection;
and 5) germ cell apoptosis triggered by CXCL10 production
by infected Sertoli cells, as observed in the mouse (325).

A  Systemic effect

Brain
Hypothalamus

Blood

B  Testicular inflammation

Perturbation of the hypotalamo-
pituitary gland-gonadal axis
Increased testis temperature due
to fever inducing disruption of
spermatogenesis

•

•

Infiltration of leukocytes inducing
fibrosis
Production of cytokines triggering
germ cell apoptosis and perturbing
cell functions

•

•

C  Viral interactions with testicular cells
Leydig cells: modification of
testosterone secretion, apoptosis ...
Testicular macrophages: impairment
of immunosuppression and cross-talk
with testicular cells, establishment of
viral reservoir ...
Peritubular cells: loss of contractibility for
spermatozoa release, alteration of paracrine
functions, extracellular matrix modifications ...

Testicular germ cells: damage,
transmission of pathogens through
gametes, establishment of viral
reservoir ...

Sertoli cells: modification of hormone release,
alteration of immunosuppressive properties,
impairment of germ cell nursing, breakage of
blood-testis barrier (tight junctions),
establishment of viral reservoir ...

GnRH

SC

SC
Inhibin B

Anterior
pituitary gland

Leukocytes

Seminiferous TubulesInterstitial tissue

FSH

LH

Testosterone

FIGURE 10. Mechanisms for testis function perturbation caused by viral infections. Viral infections may
impact testicular endocrine and exocrine functions through several non-mutually-exclusive mechanisms. A:
viral infections can indirectly perturb testis functions through a systemic effect on the hypothalamic-pituitary-
testicular modifying testicular hormone production [e.g., human immunodeficiency virus (HIV)/AIDS] and
through fever-induced elevation of testis temperature, which is deleterious for germ cell differentiation (e.g.,
influenza, chicken pox, pneumonia). B: testis inflammation (orchitis) can occur following a viral attack of the
testis [e.g., mumps virus (MuV)] or after systemic infection/generalized inflammation (e.g., influenza virus).
This orchitis can transiently or permanently alter testis morphology and functions, leading to sterility if severe
and bilateral. C: viral replication in testicular cell types can damage their function, impair immune-privilege, and
disrupt the complex intercellular and paracrine cross-talks required for steroidogenesis and spermatogenesis
[e.g., MuV, Marburg virus (MARV)]. Infection or viral attachment to germ cells and spermatozoa can also
result in horizontal and vertical transmission (e.g., hepatitis B virus, HIV, human papillomavirus). Furthermore,
testicular cells may constitute a reservoir for viruses (e.g., Zika virus, Ebola virus, and MARV). GnRH,
gonadotropin releasing hormone; FSH, follicle stimulating hormone; LH, luteinizing hormone; SC, Sertoli cell.
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II) Zika virus. ZIKV infection in men was associated with
decreased sperm count and increased sperm abnormalities
up to 90 days after the onset of symptoms, along with
prolonged viral excretion in semen and the association of
infectious viral particles with spermatozoa (307, 326). Rel-
atively mild endocrine perturbations were observed in the
early days post-symptoms onset (e.g., lower inhibin � con-
centration), without any significant modification of testos-
terone levels (326). The sperm parameters recovered after 4
mo (326). Hematospermia (blood in semen, indicative of
accessory gland infection/inflammation) and an increased
leukocyte count occasionally occurred (307). These anom-
alies 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 that ZIKV efficiently replicates in
human testis explants and targets a wide range of testicular
cells including germ cells, which were found to be exfoliated
in the semen from ZIKV-positive men (441). No cytopathic
effect was observed and the general testis structure was
preserved, including tight junction protein ZO-1 expression
by Sertoli cells. Basal testosterone and inhibin B levels were
unchanged by the infection. Altered sperm parameters
could result from 1) ZIKV replication in Sertoli cells, Leydig
cells, and testicular macrophages, altering the tight para-
crine control of spermatogenesis and consequently the
sperm count; 2) ZIKV replication in peritubular cells, the
contractile ability of which is essential for the release of
spermatozoa in the testis lumen; 3) ZIKV infection of im-
mature germ cells, which consequently alters their differen-
tiation; and 4) association of ZIKV with late germ cells/
spermatozoa. Semen alterations in ZIKV-infected men
could also result from infection of the epididymis/accessory
glands or a systemic effect (e.g., fever). Immunodeficient
mouse models [e.g., knockout mice for functional type I
IFN receptor (IFNAR�/�) or treated with anti-type I IFN
antibodies] were developed to study ZIKV infection (483,
657). Wild-type mouse strains are normally resistant to the
virus, the replication of which is efficiently inhibited by
murine type I IFN, whereas in humans, type I IFN signaling
is counteracted by ZIKV protein NS5, allowing viral repli-
cation. A high level of testis infection was described in
mouse models (96, 110, 151, 247, 257, 410, 441, 702)
leading to large inflammatory infiltrates and consequently
testis atrophy, collapsed testicular hormone levels, break-
down of the BTB, germ cell degeneration, and infertility. In
addition to testis, high levels of ZIKV replication were con-
sistently detected in mouse epididymis (96, 110, 151, 157,
247, 257, 410, 702), where the virus associated with epi-
thelial cells and/or spermatozoa. Mouse prostate and sem-
inal vesicle infections were not systematic (110, 157, 410,
445). In ZIKV-infected NHPs (287, 364, 390, 524), the
virus was occasionally detected in the testis after day 7–8
post-infection (364, 390, 524), without tissue alteration,
and scarcely infected cells were observed in the prostate and
seminal vesicles (524), along with low levels of viral RNA

similar to other non-MGT tissues (287). In three of six
infected baboons, a marked transient decrease in total and
motile sperm count was observed, but these differences did
not reach significance (154). 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
been reported and modifications of sperm parameters ap-
pear milder and transient. Higher levels of viral replication
and inflammation in immuno-deficient mice are probably
responsible for this discrepancy.

III) Other viruses. 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
8–11 wk after febrile episodes caused by influenza virus
(619), chicken pox, or pneumonia (415). Sperm DNA in-
tegrity was compromised after influenza virus infection
(175, 619). In the absence of orchitis and viral material
detection in the MGT, transiently altered sperm parameters
could result from high fever-induced damage of spermato-
genesis, similar to that evidenced after sauna exposure (76).
Disturbances of the male endocrine system caused by mod-
ifications of the hypothalomo-pituitary-gonadic axis could
also be involved.

B) ALTERED SPERM PARAMETERS OR INFERTILITY ASSOCIATED WITH CHRONIC

VIRAL INFECTIONS. I) Hepatitis viruses. A study using a large
national insurance data set from the Taiwan health service
(5,138 men with HBV vs. 25,690 uninfected men) found a
significant increase in the incidence of infertility associated
with chronic HBV infection, after adjusting for a number of
covariates (666). Because the majority of HBV infections in
Taiwan occur during the neonatal 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 studies have re-
ported altered sperm parameters and a negative impact on
fertilization in men chronically infected with HBV, includ-
ing decreased sperm count and/or mobility, increased apo-
ptosis, aneuploidy, and/or number of abnormal spermato-
zoa (382, 402, 477, 516). Disease-induced oxidative stress,
to which spermatozoa are especially sensitive, is evident in
semen from HBV-infected individuals (562). In vitro, viral
protein S was found to induce sperm mitochondrial dys-
function (331). HBV DNA integrated into the sperm chro-
mosomes of patients (132, 269, 304) and induced chromo-
somic instability and DNA damage (304, 477).

Chronic infection with HCV has also been linked to modi-
fication of semen parameters. Lower sperm mobility and
morphology as well as decreased serum levels of inhibin B
and testosterone were described in several studies in HCV-
infected versus uninfected men (161, 288, 289a, 402, 477,
712), except one (213). Antiviral treatment with IFN and
ribavirin improved the hormonal pattern but further de-
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graded sperm quality (161, 288). Semen viremia did not
correlate with altered semen parameters, suggesting that
HCV does not exert a direct negative effect on sperm (67).
HCV in the male partner had no negative impact on preg-
nancy outcome during assisted reproduction procedures
(67, 757).

A strikingly high prevalence of HEV in semen from 185
infertile Chinese men was recently reported (28 vs. 0.5% in
general population) (303). Oligospermia and asthenosper-
mia (i.e., �65% of immobile spermatozoa) were observed
in HEV� men. Experimental HEV infection of rhesus ma-
caques triggered leukocyte infiltration in the epididymis and
testis, damage to the seminiferous tubules, and decreased
testosterone levels (303). These intriguing data demand fur-
ther investigations.

II) Human immunodeficiency virus. In the late stage of HIV
infection (AIDS), oligospermia or azoospermia has been
frequently reported, together with orchitis and severely
damaged testis morphology with immune cell infiltration
(138). Low testosterone levels (which contribute to ca-
chexia) were encountered with 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 disease together with
generalized inflammation most probably accounts for the
orchitis and hypogonadism in AIDS patients. Thus, al-
though HIV-1/SIV infects testicular macrophages and T
lymphocytes early on in the primary infection throughout
the course of the disease (691), testicular morphology was
preserved in asymptomatic, chronically infected patients
(486), as well as in acutely or chronically infected macaques
(693). No inflammatory infiltrates or elevated cytokine lev-
els were apparent in infected men or macaque testes at the
asymptomatic chronic stage (486, 693), unlike in AIDS-
deceased patients and macaques (465, 557). Testosterone-
producing Leydig cells were not infected in vivo or in vitro
(465, 486, 557, 590, 625, 693, 738). Lymphocytic infiltra-
tions of the testis and interstitial fibrosis in AIDS patients
were associated with a decrease in Leydig cell number,
which might partly account for the decrease in testosterone
(135). IL-1, a pro-inflammatory cytokine released by
phagocytic cells, inhibited the human chorionic gonadotro-
pin (hCG)-stimulated steroidogenesis in Leydig cells in vitro
(83), adding another potential cause for testosterone de-
crease. The face of HIV disease has dramatically changed
with the introduction of combined antiretroviral therapies.
The efficient control of blood viral load achieved by lifelong
antiretroviral treatments has massively improved the qual-
ity of life of infected individuals, allowing an almost normal
life span. Most of the 37 million HIV-infected individuals
are of reproductive age (745). In many developed countries,
HIV-infected men with controlled viral loads have been
offered medically assisted reproduction to avoid transmis-
sion to the partner and embryo. Although still controversial

(353), natural conception is now additionally proposed in
some countries as a relatively safe/low risk alternative when
specific conditions are met (e.g., undetectable viral loads in
blood and semen for over 6 mo) (708). Semen parameters in
HIV� men attending fertility clinics have been extensively
studied. Overall, relatively mild alterations were reported,
along with modifications to the sperm mitochondrial DNA
(324, 691). These alterations, observed in asymptomatic
men with controlled viral loads, are believed to occur as a
secondary effect of antiretroviral molecules and not as a
consequence of the infection itself. Many studies have
pointed at a deleterious effect of antiretrovirals (194, 545,
691), and an eloquent demonstration was provided with the
longitudinal follow-up of a cohort of men before and after
treatment initiation, showing a degradation of sperm pa-
rameters during treatment (384).

III) Human papillomaviruses. HPV positivity in semen was
recently associated with a twofold increased risk of infertil-
ity in a meta-analysis of 31 studies comprising 2,122 men
from the general population (HPV prevalence of 11.4%)
and 3,072 men attending fertility clinics (HPV prevalence of
20.4%) (409). High-risk HPV16 was the most common
type in semen in both populations, followed by high-risk
HPV56. A previous meta-analysis reported a lower but still
elevated HPV prevalence of 10% in the general population
versus 16% in men seeking fertility treatment (379). HPV in
semen has been associated with decreased sperm motility in
some studies (total of 1,944 participants), but not in others
(total of 1,143 participants) (191, 408), and with the pres-
ence of anti-sperm antibodies, which may interfere with
sperm motility and oocyte binding (211). In addition to its
presence in exfoliated epithelial cells in semen, HPV ge-
nome was detected on the sperm surface in infertile patients
(191). An in vitro study described increased DNA fragmen-
tation in sperm transfected with HPV DNA, but these find-
ings were not substantiated in studies on semen from HPV-
positive versus HPV-negative fertile patients (118, 335).
Lately, HPV vaccination in men with HPV in semen has
reduced virus prevalence, improved sperm motility, and de-
creased anti-sperm antibodies, probably through immunity
stimulation, while improving pregnancy and live birth rate
(190, 212).

IV) Herpes viruses. HSV-2 has been long suspected of being
involved in infertility (135), but proof is still lacking. Sev-
eral studies across the globe have reported a correlation
between HSV-1 and -2 in semen and altered sperm and
semen parameters, including low sperm count and motility,
as well as reduced seminal volume and concentrations of
epididymal (neutral �-glucosidase) and prostatic (citrate)
molecules (53, 334, 373, 471). Together with hematosper-
mia, these biochemical modifications suggest an impact of
HSV infection on the epididymis and accessory glands phys-
iology (53, 373). Two studies failed to substantiate the ef-
fect of HSV infection on sperm parameters, but their con-
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clusions could have been impaired by the very low number
of HSV� patients tested (n � 4) (54, 503) and by assess-
ment of HSV infection through antibodies rather than virus
detection (478). HSV-2 bound to human ejaculated sperm
in vitro and slightly decreased their motility, but HSV-2
binding was impaired by seminal plasma (529). HSV-1 and
-2 DNA were reported in spermatogenetic cells from men
and guinea pigs using in situ hybridization (256, 370). Since
all of these studies only investigated infertile men or men
seeking fertility evaluation, it would be important to com-
pare the prevalence of HSV-1 and HSV-2 in semen from
fertile versus infertile men in large cohorts with similar age,
race, geographical, and socio-economic criteria (case-con-
trol study) to confront the conflicting data on the potential
involvement of HSV in male infertility.

The impact of other Herpesviridae (CMV, HHV-6, and
EBV) on sperm or semen parameters has been investigated,
and no significant or consistent association has been dem-
onstrated (54, 163, 334, 499, 500, 503, 758).

2. Viral infections and cancers of the MGT

Viruses can initiate or favor carcinogenesis through com-
plex interplay with the host genetics, immunity, and inflam-
mation (461), and seven viruses are well recognized as hav-
ing a transforming or tumorigenic activity in humans (EBV,
KSHV, HPV, HBV, HCV, HTLV, and Merkel cells poly-
oma virus or MCPyV) (60).

A) PENILE CANCER. Penile cancer accounts for 0.5% of all can-
cers in men and generally develops after the age of 60, with
incidence estimated to be between 0.2 and 2.2 in 100,000
per year (352). High-risk HPVs, mainly HPV-16 followed
by HPV-18 and HPV-45, are established risk factors in
squamous cell carcinoma of the penis (284).

B) PROSTATE CANCER. Prostate cancer is the most commonly
diagnosed cancer in men worldwide (1.4 million cases in
2016) and the fifth most common cause of cancer death
(240). Established risk factors for all prostate cancers in-
clude age, race/ethnicity, family history, and genetic vari-
ants, while lifestyle may influence cancer aggressiveness
(540). Chronic prostate inflammation (that could be in-
duced by a viral infection) is thought to increase the risk of
prostate cancer (436), and a link between prostate cancer,
sexual activity, and sexually transmitted infection was re-
ported in some studies (306). However, despite years of
investigations on HPV (3, 35, 301, 675, 756, 760), KSHV,
EBV, BK virus, CMV (3, 301), and the “rumor” virus xe-
notropic murine leukemia related virus (XMRV) (531)
through serology testing or prostate tissue analysis by PCR,
in situ hybridization, or immunohistochemistry, there is no
compelling evidence for a viral etiology of prostate cancer.
Nevertheless, a few studies suggested that KSHV and HPV
may represent a risk factor for prostate cancer aggressive-
ness (239, 494, 756). A recent metagenomics study high-

lighted two viruses not investigated so far, MCV and JC
polyomavirus (JCPyV), in a small number of prostate can-
cer cases (642).

C) TESTIS CANCER. Testicular cancer generally affects men be-
tween the ages of 15 and 35 and accounts for ~1% of male
cancers (561). Testicular cancer is considered to primarily
stems from developmental abnormalities during fetal life
(641), with exposure to various factors during adolescence
and adulthood potentially promoting its development
(446). While there is presently no convincing evidence to
support an association of any of the viruses tested (EBV,
HPV, CMV, parvovirus B19, HIV) with testicular cancer
(284, 762), a significant link between testicular cancer and
a history of epididymo-orchitis was recently evidenced
(332). This finding is in support of a role for pathogen-
induced inflammation.

3. Vertical transmission of viruses

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

A) INDIRECT TRANSMISSION THROUGH SEMEN. Among the pathogens
that induce congenital disorders at various time points dur-
ing pregnancy (originally grouped under the acronym
TORCH for Toxoplasma, Others, Rubella, CMV and
HSV, with an expanding list of “others”) (97, 121, 283) are
a number of viruses present in semen (HSV, CMV, ZIKV,
parvovirus B19), all sexually transmissible to women, ex-
cept parvovirus B19. Other viruses transmissible to women
through semen, such as HIV and HBV, are vertically trans-
mitted without inducing congenital defects. In utero infec-
tion by HBV represents a predisposition to chronicity, pos-
sibly due to fetal immune tolerance 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
“trained immunity” process (296, 515). A high viral load in
the mother is a significant risk factor for vertical transmis-
sion (635), which may result, among other routes of infec-
tion, from exposure of the mother to infected semen, fol-
lowed by hematogenous spread and transplacental infec-
tion. Importantly, enhanced in utero transmission of ZIKV
was observed in a mouse model following exposure to in-
fected semen when compared with subcutaneous infection
mimicking mosquitoes bite or with intra-vaginal inocula-
tion (156). Sexual transmission increased ZIKV dissemina-
tion in the female genital tract and led to ovary infection.
Surprisingly, intravaginal inoculation of ZIKV did not en-
hance fetus infection as sexual transmission did, which
might be due to differences in virus dose, post-coitum semen
deposition directly into the uterus in mice, or semen-in-
duced inflammation in the female tract. Thus, in addition to
transplacental hematogenous spread, ascending viral infec-
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tion of the female tract following semen deposition might
constitute a particularly efficient vertical transmission route
that deserves further investigation.

B) DIRECT TRANSMISSION THROUGH SPERM. Viruses that infect or
associate with spermatozoa [e.g., HBV (132, 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 evidence
of sperm-mediated vertical transmission of nonendogenous
viruses in humans, human spermatozoa naturally or exper-
imentally infected with HIV, HBV, and HPV transmitted
these viruses to hamster zona-free oocytes and early embryo
following in vitro fertilization (11, 192, 722). However,
HBV DNA integration into the sperm genome of patients
triggered chromosome instability and DNA damage (304,
477). Spermatozoa transfected with HBV were prone to
apoptosis and had reduced fertilization capacity when using
human oocytes (305). HIV became attached to ejaculated
spermatozoa in vitro, essentially through heparan sulfate
proteoglycans (HSPGs), but could not enter these cells (88,
691). HIV virions bound to the surface of the sperm there-
fore have to cross the barriers of the zona pellucida and the
membrane of the oocytes during natural conception. A
meta-analysis covering 11,585 cycles of assisted reproduc-
tion among 3,994 women with HIV� partners showed that
sperm-mediated HIV transmission never occurred follow-
ing sperm washing (763). Although HIV DNA was detected
in patients’ sperm chromosomes (722), and the data from
our laboratory suggest that HIV can enter and integrate into
the genome of testicular germ cell in vitro, this event is rare,
making successful vertical transmission a very low proba-
bility. HPV binds to sperm head in patients, using HSPGs as
an attachment receptor, as with HIV-1 and HSV (191, 192).
On the basis of in vitro experiments and reports in HPV�
patients, it has been postulated that HPV carried by sper-
matozoa can be transferred to fertilized oocytes and impair
embryo development into blastocysts and the invasiveness
of trophoblast cells (191, 209, 539). HPV detection on sper-
matozoa was predictive of negative pregnancy outcome,
whereas in infertile couples, HPV vaccination of the male part-
ners with HPV in their semen significantly improved the preg-
nancy and live birth rate compared with the nonvaccinated
group (212). Further studies on the consequences of sperm
washing and removal of HPV-bound spermatozoa on assisted
reproduction outcome in large cohorts of infertile couples with
HPV� men are warranted, to substantiate the negative impact
of HPV� spermatozoa on reproduction.

The vertical transmission of teratogenic ZIKV by sperma-
tozoa is a possibility that merits investigation since infec-
tious virus and viral proteins were detected in motile sper-
matozoa (326, 427). In a mouse model, experimental infec-
tion of ova with teratogenic CMV used to mimic sperm-
mediated infection led to fetal anomalies upon transfer to
surrogate mothers (44). HHV-6 specifically integrates into

telomere regions of human chromosomes, establishing life-
long latency. HHV-6 is endogenous in ~1% of the human
population, and vertical transmission of chromosomally in-
tegrated HHV-6 from either the father’s spermatozoa or
from the mother has been demonstrated (26, 130, 273, 479,
672, 725), leading to virus integration in every cell of the
offspring (273, 725). For at least one subset of individuals
with chromosomally integrated HHV-6, endogenization
was estimated to have occurred 14,000–35,000 yr ago
(769). Whether HHV-6 invasion of the male gametes con-
tinues to happen in present times, and the impact of such
integration, is currently unknown.

Significantly, medically assisted procedures such as intra-
cytoplasmic sperm injection (ICSI) and in vitro fertilization
(IVF), which overcome physiological barriers, can be at
increased risk of virus transfer from infected sperm/testicu-
lar germ cells to the oocyte if infected gametes remain. The
zona pellucida, which surrounds the oocyte, and the oocyte
membrane, although not impermeable, constitute natural
barriers against viruses bound to the surface of spermato-
zoa that are bypassed during ICSI. The whole sperm/testic-
ular germ cell, including its cell membrane, is injected into
the oocyte cytoplasm, instead of the physiological require-
ment for zona pellucida crossing and cell membrane fusion
between the male and female gametes. Also, the motility
and fertilization ability of spermatozoa can be impaired by
the infection (see sect. VIB1), which represent another nat-
ural protection against viral contamination during fertiliza-
tion that is broken by IVF and ICSI.

Finally, male gametes have the ability to take up foreign
DNA and might therefore pass on viral gene fragments to
the offspring. This property led to the development of many
studies aiming to make transgenic animals using “trans-
genic spermatozoa” as vectors. However, the results have
proven disappointing overall, essentially since most foreign
DNA remains extra-chromosomal, leading to mosaicism in
the offspring (89).

C. Viruses as Invaders: Persistence of
Emerging and Contemporary Viruses in
the MGT

1. Zika virus

During the major 2015–2016 ZIKV outbreak in the Amer-
icas, high viral loads and prolonged shedding of ZIKV RNA
(up to 1 yr) and infectious particles in semen (up to 69 days)
from infected men, despite viral clearance in the blood,
supported 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 symp-
toms) occurred even in asymptomatic patients (169).

The deleterious impact of the infection reported on sperm
parameters, along with the association of ZIKV with ejac-
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ulated spermatozoa and exfoliated testicular germ cells,
suggested infection of the testis and epididymis (307, 326,
427, 441). In human testis tissue infected ex vivo, ZIKV
replicated in a wide range of testicular somatic cells: resi-
dent macrophages, peritubular cells and to a lesser extent
Leydig cells and Sertoli cells, as well as immature and ma-
ture germ cells (441). Infection of the testis tissue did not
trigger cytopathic effect or IFN upregulation (needed to
sustain an efficient antiviral defense), and induced only min-
imal pro-inflammatory cytokine stimulation, similar to the
persistently infected cerebrospinal fluid of Indian macaques
(5). IFNs play a key role in inhibiting ZIKV replication, and
its production in humans is counteracted by the virus. How-
ever, the lack of IFN upregulation following viral exposure
could be a feature of the human testis that is not specific to
ZIKV (692 and unpublished data). Altogether, the survival
of infected cells and weak innate immune response may
represent favorable conditions for ZIKV persistence in the
human testis (441). ZIKV infection persisted for up to 6 wk
in a human Sertoli cell line, leading to a relatively muted
innate response (665). In immuno-competent mice, ZIKV
preferentially infected testicular germ cells over somatic
cells, and persisted in the testis for up to 60 days (581).
Rodent meiotic and post-meiotic germ cells are known to
have impaired IFN signaling (136, 602), increasing their
susceptibility to ZIKV infection compared with other tes-
ticular cell types (581). ZIKV replication did not affect
mouse germ cell survival or proliferation (581). In mice
with deficient IFN signaling (e.g., IFNAR�/�), a broader
range of testicular cells was targeted by ZIKV as with hu-
man testis (441), and a high level of ZIKV was detected up
to 42 days post-infection in both testis and epididymis (96,
247, 410, 696, 702). In IFNAR�/� mouse epididymis, the
virus was associated with luminal sperm, macrophages and
epithelial cells (696). In NHP, multiple anatomic sanctuar-
ies of ZIKV were identified, including the central nervous
system, lymph nodes and, at relatively low levels with inter-
individual variations, testis, prostate, and seminal vesicles
(5, 287, 524, 657).

Vasectomy in mice and men significantly lowers ZIKV
viremia in semen, which indicates that testis/epididymis are
important viral sources (157, 452). However, vasectomy
does not abrogate sexual transmission despite viral clear-
ance in blood (30, 157). It is noteworthy that the longest
duration of infectious ZIKV in semen (69 days) was ob-
served in a vasectomized man, and that ZIKV RNA per-
sisted in semen from vasectomized individuals up to 281
days post symptoms (30, 195, 307, 452). While divergent
results were obtained regarding prostate and seminal vesicle
infection in either immune-deficient mice or NHP (657), it is
evident that MGT reservoirs other than testis and epididy-
mis exist in ZIKV-infected men. How and which MGT
organs other than testis can shelter ZIKV from immune
clearance warrants investigation pertaining to the immune

status of these organs and to the nature of the reservoir cell
types.

2. Other arboviruses

Case reports of excretion in semen after systemic clearance
of yellow fever virus (YFV) (40), dengue virus (DENV)
(377), and Chikungunya virus (CHIKV) RNAs (38) for up
to 19 days, 37 days, and 30 days post-symptom onset, re-
spectively, suggest that several arboviruses may persist in
the MGT (TABLE 7). Furthermore, WNV was recently sus-
pected to be sexually transmitted 30 days post-symptoms
onset (348), along with sexual transmission of DENV be-
tween two men (391). This concern is further substantiated
by the persistence of arboviruses (e.g., Japanese encephalitis
virus, JEV) in animal semen and MGT organs (see sect.
VIII). There is currently no data on human MGT organs
infection for these viruses. In mouse models, DENV did not
productively infect testicular cells (247, 410, 581, 627). In
contrast, YFV productively infected a human Sertoli cell
line (634). The duration of viral excretion following periph-
eral clearance and the demonstration of infectious virus in
semen are still to be explored in human cohorts to deter-
mine whether the MGT is a reservoir for these arboviruses.

3. Ebola and Marburg viruses

The ability of filoviruses to persist for extended periods in
the MGT was reported in the late 1960s for the first human
cases of EBOV and MARV infection (167, 434), but the
issue only came to light properly during the major 2014–
2016 West Africa outbreak of EBOV (28,000 cases and
17,000 survivors). EBOV RNA was found in the semen of
survivors for as much as a remarkable 1,178 days (646),
and proven sexual transmission from male survivors to fe-
male partners up to 470 days after disease offset (609).
Alarmingly, persistent infection of the MGT by EBOV is
asymptomatic. Sexual transmission cases from survivors
distant from the epidemic contributed to its resurgence
through the initiation of new transmission chains (609).
Fortunately, as for ZIKV, filovirus persistence in MGT is
not lifelong and steadily declines over time until the virus
eventually disappears, in most cases within months (WHO
currently recommends a 9-mo abstinence in male EBOV
survivors), but years for a subset of individuals (609). In a
study on 267 Ebola survivors, a positive association be-
tween the presence of uveitis, an inflammation of the eye,
and detection of viral RNA in semen samples 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 infection is associated with
seeding of the MGT and in turn prolonged excretion in
semen (646).

Higher seminal viremia during recovery, compared with
blood viremia at peak illness, suggested persistent active
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Table 7. Prevalence and characteristics of virus shedding in human semen

Virus

Prevalence of Virus Shedding in Semenb

Shedding Pattern
(%Continuous)

Sexual
Transmission

ReportedEarly stage of infection
Chronic stage of

infection

Persistent semen infection despite
undetectable viremia

Max. duration
reported/% of

persistent shedders

Median time
until RNA
clearance

HSV-1, -2 NA 0–10%c,e (225, 227,
229, 394, 482,
523)

50% (482) �

VZV NA NA NA
EBV NA 4–56%c,e (225, 227,

229, 394, 482,
523)

66% (482) �

CMV NA 4–70%c,e (203, 225,
227, 229, 230,
394, 482, 523,
628)

81% (482) �

HHV-6 NA 1–7%c,e (225, 227,
229, 394, 482,
523)

46% (482) �

HHV-7 NA 6–15%c,e (225, 227,
229, 394, 482,
523)

57% (482)

KSHV NA NA 50% (482) �

HIV-1 61–100%b (104, 227,
228, 482)

81–100%b (313, 523,
628)

d1789 (13.4%) (123,
223, 229, 298,
533)

9 days
(313)

Chronic: 56–61%
(115, 265);
ART: 50–75%
(80, 272, 629)

�

HBV NA 68%c,d (180) d120 (2 cases) (177,
310)

NA NA �

HCV 29–39% (71, 700) 32–46%c,d (71, 73,
386, 532, 700)

0–28% (73, 532) �

EBOV 73–100%a,b (133,
583, 591, 640,
704)

d1178 (0.4%) (646) 4 mo (640) 100% (41, 640,
704)

�

ZIKV 50–68%a,b (43, 307,
381, 452)

d370 (10%) (43) 25–83
days (43,
307,
452,
536)

100% (30, 129,
195, 207,
381, 493, 506)

�

HPV 11.4%c,f (409) d730 (15%) (85) 15 mo (85) NA �

AAV 0–5%c (210) �

SV40 33–45%c (431, 432)
JCPyV 0–21%c (112, 432,

472)
BKPyV 0–95%c (112, 431,

432, 472)
GBV-C/HGV 15%c (617)
TTV 59%c (439)
MARV (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)

Continued
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replication of EBOV within the MGT. This was further
demonstrated through the detection of positive sense RNA
(i.e., nongenomic, replicative form) in semen (41, 730). The
low rate of change or absence of change in EBOV genome in
longitudinal semen samples (41, 640, 730) suggests reduced
immune pressure compatible with infection of immune-
privileged sites (note that similar low rates were found in
the eye, another immune-privileged 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
cells) and seminiferous tubules (suggestive of Sertoli and
germ cell infection) from a fatal human case, with no histo-
logical lesions or inflammation (430). In acutely infected
rhesus and cynomolgus macaques, EBOV was localized in
the vascular structures, endothelial cells, and mesenchymal
cells within the interstitial tissue of the testis, epididymis,
prostate, and seminal vesicles, with no changes in organ
morphology (541, 766). In a subset of animals with 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 epididymis (766). EBOV
was not detected in the testis, but animals were sexually
immature (spermatogenesis had not started), which may

have impacted EBOV tropism in the MGT. EBOV persisted
in the testis of humanized mice that survived the infection
(57), and infected the testicular interstitium of experimen-
tally infected guinea pigs (113). In addition, EBOV infected
clusters of epithelial cells as well as stromal macrophages
and fibroblasts in the penis and foreskin of acutely infected
guinea pigs (116). In semen, EBOV RNA and infectious
particles were rescued from seminal plasma in several stud-
ies (609). 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 per-
sistent EBOV in semen.

MARV was the first filovirus reported to be sexually trans-
mitted. In 1967, a man with MARV antigens in semen cells
contaminated his wife during sexual intercourse 2 mo after
recovering (434). Infectious MARV has been rescued from
semen up to 84 days post-recovery (434, 509, 643). In con-
trast to EBOV, MARV induced testicular inflammation in
infected individuals, as evidenced at autopsy and through
reports of orchitis, testicular pain, and swelling up to 52
days post-infection (609). In acutely infected NHP, MARV
was localized in the testis interstitium and endothelial cells,
as well as in the epididymal smooth muscle cells and pros-
tate stroma (117). In the testis of NHPs that survived
MARV, inflammatory infiltrates were localized specifically
in infected areas within the interstitium and seminiferous

Table 7. —Continued

Virus

Prevalence of Virus Shedding in Semenb

Shedding Pattern
(%Continuous)

Sexual
Transmission

ReportedEarly stage of infection
Chronic stage of

infection

Persistent semen infection despite
undetectable viremia

Max. duration
reported/% of

persistent shedders

Median time
until RNA
clearance

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

MuV (case
report)

NA d40 (319) NA

SFV (case
report)

� (61)

aData for early infection prevalence for ZIKV and EBOV correspond to samples collected up to 30 and 60 days after symptoms onset,
respectively, which includes the beginning of persistence stage relative to viremia. bPrevalence in infected individuals. cPrevalence in general
population. d80% of HCV infected individuals, infants, and adults will have long-term chronic infection. For HBV, 90% infants, 25–50% of children
aged 1–5 yr, and only 5% of adults will have chronic infection. eValues retrieved from 9 studies (CMV) and 6 studies (HSV-1, HSV-2, EBV, HHV-6,
and HHV-7) performed on HIV-infected and/or healthy men. A significant difference was observed between healthy and HIV-infected patients for
EBV and CMV with average 9 and 11% in healthy and 42 and 57% in HIV-infected patients for EBV and CMV, respectively. For additional data
from different populations, see the meta-analysis by Kaspersen et al. (336). fPrevalence 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 are spelled out in TABLE 1.
GBV-C/HGV, GB virus type C/hepatitis G virus; YFV, yellow fever virus; SFV, Semliki forest virus.
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tubules and were associated with BTB disruption and focal
germ cell depletion (111). Overall sperm production was
not affected. Similar to observations in mice infected with
ZIKV (441, 696), MARV arising from testis blood vessels
first infected interstitial Leydig cells and peritubular cells,
and in a second phase persistently infected seminiferous
tubules. Sertoli cells supported active viral replication and
were the main viral reservoir within the testis, with only low
numbers of germ cells and macrophages infected. Focal tes-
ticular immune infiltrates were composed of T and B lym-
phocytes, macrophages and neutrophils. T cells were essen-
tially CD4� (T helper-1, -2, -17 and Tregs) with a few
CD8� cells. Interestingly, the presence of Tregs was specif-
ically associated with persistence, along with a high TGF-�
concentration and cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA4) expression, suggesting localized immuno-
suppression, which may delay clearance of MARV in the
testis (111). Infectious viral particles released by produc-
tively infected Sertoli cells in the seminiferous tubule lumen
could be a source of MARV in semen. MARV tropism for
human Sertoli cells now needs to be established.

4. Human immunodeficiency virus

The persistence of HIV-1 RNA and DNA was reported in
the semen of a subset of HIV-infected men receiving effi-
cient antiretroviral therapy (ART), despite undetectable
blood viral loads for several years (298). In experimentally
infected macaques with controlled blood viremia below
100 copies/ml during ART, SIV persisted in semen from a
subset of animals after 4 mo of treatment (440). HIV-1 and
SIV 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 AIDS (511, 557) or in the
chronic asymptomatic stage (200, 322, 486), in experimen-
tally infected NHPs during the acute (474, 693), chronic
(299, 440, 625, 693), or AIDS stage (465), and using ex
vivo-infected human MGT tissue (141, 201, 590, 694).
Throughout the MGT, infected cells are composed of tis-
sue-resident macrophages and/or CD4�T lymphocytes
(298). In the testis, HIV/SIV was associated with isolated
germ cells in a few studies (486, 511, 625, 693), with no
spermatogenesis disruption. In SIV-infected macaques, the
urethra was the most highly infected MGT organ, and the
testis was the least infected, which could reflect a much
higher number of immune target cells in the urethra than
the testis (440). While the local sources of HIV in semen
remain elusive (298), a recent study by our laboratory in the
SIV-infected macaque model demonstrated that multiple
MGT organs shed virus particles and infected cells in se-
men, as identified through phylogenetic analysis (299). Sur-
prisingly, viral excretion from distinct organs was indepen-
dent from inflammation and organ infection level, and var-
ied among individuals (299).

Only a few studies attempted to decipher the organ reser-
voirs for HIV/SIV in the MGT of treated individuals. Our
laboratory first revealed in SIV-infected macaques under
ART for 4 mo the persistence of SIV RNA� macrophages in
the urethra, whereas productively infected cells were no
longer detectable in other MGT organs (440). In agreement,
in HIV-infected individuals under suppressive ART for
years, urethral macrophages localized in the stroma and
epithelium harbored integrated replication-competent vi-
rus. Virus production could be reactivated by bacterial li-
popolysaccharide (LPS), albeit at a low level. Virions were
contained within intracellular compartments called VCCs
(virus containing compartments) (200). VCCs were previ-
ously evidenced in blood-derived macrophages, allowing
viruses to retain their infectivity for extended periods of
time (582). Infected urethral macrophages had an interme-
diate M1-M2 polarized macrophage phenotype, which was
enriched in HIV-infected men. The authors postulated that
the high urethral concentrations of IFN-� could inhibit the
killing ability of the cytotoxic T lymphocytes found associ-
ated with the infected macrophages (200). Although the
urethra represents a reservoir for HIV, persistent HIV ex-
cretion in semen appears to involve different MGT; thus, in
10 treated HIV-infected men with persistent HIV in the
semen, no virus was detected in the pre-ejaculatory fluid
produced in the urethra (547). Multiple MGT organs could
act as reservoirs. Indeed, we showed in macaques that re-
ceived 4 mo of ART that SIV DNA levels in testis, epididy-
mis, vas deferens, seminal vesicles, and prostate were simi-
lar to those of untreated animals (440). Similarly, HIV
DNA� cells persisted in the testis from treated men (322),
suggesting the persistence of latently infected cells and the
potential for reactivation. The organs excreting the virus in
semen probably vary between individuals, as we demon-
strated in macaques (299). Specific tissue micro-environ-
ments may play determining roles in the reactivation of
latently infected cells and in infection susceptibility of long-
lived/drug-resistant cells, such as the highly plastic tissue
macrophages.

5. Human papillomaviruses

In men, most genital HPV infections are subclinical and
clear within 1–2 yr post-infection (236). HPV persistence in
the penis and urethra has been investigated (85, 375), but
results were complicated by the fact that the sexual partners
of the male participants were also HPV positive, and there-
fore persistence could not be discriminated from new infec-
tion. In one study on elderly men who no longer had sexual
intercourse, the same HPV subtype was estimated to persist
in the skin of the glans penis for an average of 8 yr in the
absence of any new source of infection (359). Higher loads
of HPV in penile samples conferred a greater probability of
viral persistence of up to 12 mo but not more, suggesting
other factors as yet unidentified for long-term persistence in
the MGT (398).
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6. Herpes simplex virus type 2

An early study suggested that the MGT serves as a silent
reservoir for HSV-2, based on the high incidence of actively
replicating virus in the vas deferens and prostate from men
of different age groups (up to 70�), in the absence of any
history of genital herpes together with low frequency of
detection in the urethra (93). HSV-2 infects genital epithe-
lial cells during primary infection and spreads to the sensory
neurons, where it establishes latency (363). HSV-2 reacti-
vation is accompanied by an influx of both CD4� and
CD8� T cells and is normally contained within days (608).
High numbers of Tregs in HSV-2 reactivation areas were
correlated with increased viral replication (466). It would
therefore be interesting to investigate whether actively rep-
licating HSV-2 in MGT organs is associated with elevated
Treg numbers which impairs immune control, as postulated
for MARV infection in the testis (111).

VII. 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
of well-known sexually transmitted viruses such as genital
herpes viruses and blood-borne HIV, new additions include
vector-borne ZIKV and blood-borne EBOV, which were
shown to persist in semen for an extended period after
blood clearance. Out of 16 case reports of various viruses in
semen, 7 were reported as persistent (TABLE 7).

A. Prevalence and Pattern of Virus Shedding
in Semen

The prevalence, level, and duration of shedding in semen
vary widely for different viruses and significantly impact the
dynamics of an epidemic. During early infection associated
with high viremia, there is frequent seminal shedding of
HIV, HBV, HCV, ZIKV, and EBOV, ranging from 29 to
100% (TABLE 7). Similar shedding frequencies are observed
in the chronic stages of HIV, HBV, and HCV despite the
lower viremia (TABLE 7). HIV load in semen is usually lower
than in blood, but patients with an exceptionally high se-
men viral load were reported (533, 671, 741). Factors as-
sociated with HIV shedding prevalence in semen are blood
viral load (104, 176, 267, 313, 329), STIs (329, 548), sem-
inal CMV or EBV (226, 227, 229, 394, 482, 523, 628), and
seminal cytokine levels (394, 395, 523, 548), the two latter
reflecting elevated inflammation, which enhances HIV rep-
lication.

In most studies, HCV load in semen is positively correlated
to viremia (71, 73, 700), and a higher prevalence of HCV
shedding in semen from HIV-infected patients is contro-
verted (71, 73). However, Turner et al. (700) only observed

a correlation between blood and semen HCV loads during
the acute stage, suggesting that other factors such as con-
comitant shedding of human herpesviruses (HHVs) could
affect HCV shedding.

Persistent seminal shedding designates the long-lasting ex-
cretion in semen of viruses that have been controlled or
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 suggests that
seminal viruses and infected cells originate from the MGT
(see sect. VIC and below). In HIV-infected patients, the
virus level in semen is usually severely decreased in the first
weeks following the start of antiretroviral treatment (313).
However, HIV RNA persists in semen for months or years
post-treatment initiation in ~13.4% (range 1.8–48%) of
patients, despite undetectable viremia (223, 229, 298, 533).
In contrast, there are no cases of HCV persistence in semen
following treatment and only two controverted cases of
HBV persistence in semen in the absence of viral DNA in
serum (177, 310, 351).

Viral RNA was detected in semen from ZIKV- and EBOV-
infected patients until day 370 and day 1,178, respectively,
after symptom offset (TABLE 7). In ~50% of EBOV patients,
the virus disappeared from the semen between 3 and 6 mo
post-infection (133, 640, 649), and in all studies, the EBOV
titer in semen steadily decreased over time (41, 640, 649,
704). Nevertheless, 8% of a cohort of 137 EBOV patients
still shed virus in semen 2 yr after the disease (187), with
older age associated with seminal shedding (187, 646, 649).
For ZIKV, the mean clearance time in semen was 25–83
days, as opposed to 5–15 days in blood (43, 189, 307, 452,
536). Age, absence of ejaculation, conjunctivitis, and joint
pain were factors associated with prolonged virus shedding
(452). Why older age would influence seminal shedding
duration is unknown. Reduced immune functions and en-
docrine or anatomic (e.g., prostate hyperplasia) modifica-
tions might be involved.

HPV is responsible for genital infections that usually clear
within 2 yr. In line with this, the median duration of HPV
detection in semen samples was 15.3 mo (85). HHVs estab-
lish lifelong infection and are characterized by a high world-
wide prevalence, ranging between 20 and 100% for all
HHVs except KSHV. All HHVs were reported as being
present in semen at least once (TABLE 7). The reported prev-
alence of 37.3% for all HHVs in the semen of healthy
patients (482) increased to 59–92% in HIV-infected pa-
tients (225, 227, 394, 482). Considerable variations in se-
men prevalence exist between the herpes viruses, but also
across studies, depending on geographic location, detection
method, and type of cohort, mostly HIV-infected and un-
infected patients or fertility-clinic attendants (336). Over-
all, the semen prevalence of HHVs in HIV-negative men is
under 15%, while HIV infection most dramatically in-
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creases CMV and EBV seminal shedding (TABLE 7) (203,
224–227, 229, 230, 394, 482, 523, 628).

Longitudinal studies reported a mix of intermittent and
continuous shedding patterns for HIV and HHV during the
early and chronic stages of the disease (TABLE 7). The link
between virus shedding and other STIs, herpes/HIV co-
shedding, and seminal cytokine levels suggests that local
factors related to transient infection/re-activation of virus
sources could be involved in this intermittent process. How-
ever, during undetectable blood viremia in ART-treated pa-
tients, the HIV shedding pattern was intermittent, with in-
tervals as little as 1 h between positive and negative samples
(181). Such short intervals suggest that intermittence may
also reflect the natural variation of semen composition be-
tween ejaculates (422). Unlike HIV and HHVs, the shed-
ding pattern during the persistent stage of EBOV and ZIKV
is generally continuous (TABLE 7), with occasional intermit-
tent detection most likely due to the assay sensitivity thresh-
old (187). This suggests that the main factor driving the
shedding pattern is poor efficiency of the local immune
system to control ZIKV replication in the MGT. This is
supported by the detection of pro-inflammatory cytokines
together with infectious virus in seminal fluid long after
viral clearance from serum (426, 519).

B. From Where Do Virions and Infected
Cells in Semen Originate?

Systemic viruses that contaminate semen during the acute
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 hypothesis are concomi-
tant high blood and semen viremia in acute HIV infec-
tion, together with similarities in nucleic acid sequences
of the blood and seminal HIV and SIV strains (298). In
contrast, several studies reported an absence of associa-
tion between semen and blood viral loads during the
chronic stage of HIV infection (298). Phylogenetic stud-
ies comparing viral populations in blood and semen
showed differences in over 50% of HIV-infected patients
and SIV-infected macaques (298), suggesting a local ori-
gin within the MGT. This was recently demonstrated by
Houzet et al. (299) who showed, based on the phyloge-
netic comparison of viral strains in blood and semen
fluids and cells with that in male genital organs from
macaques chronically infected with SIV, that seminal vi-
rus and infected cells originated from various genital or-
gans such as the seminal vesicles, vas deferens, and epi-
didymis. With regard to genital HPV, the excretion of
virus in semen was associated with penis epithelium in-
fection, probably reflecting the exfoliation of infected
epithelial cells (407).

The absence of viremia during the persistent seminal
shedding of HIV, ZIKV, and EBOV strongly suggests a

local origin at this stage per se. The presence of infected
testicular germ cells and spermatozoa in the semen of
ZIKV-infected patients points to the testis and/or epidid-
ymis as the sources of infected cells (326, 427, 441).
Nevertheless, the persistence of ZIKV RNA and infec-
tious viral particles in the semen of vasectomized patients
indicates that distal MGT organs (e.g., prostate, seminal
vesicles, and urethra) constitute additional viral sources
(30, 195, 307, 452).

C. Importance of Semen Contamination for
Virus Dissemination

Fifteen of the over 30 viruses detected in semen are sexually
transmitted (TABLE 7), including HIV, HSV-2, HPV, and
HBV, which are responsible for four major sexually trans-
mitted diseases. Sexual transmission is also an important
mode of transmission for HTLV-1 in endemic areas (526).
Semen is a key vector of transmission for HIV-1, HSV-2,
and HTLV-1, with more efficient men-to-women transmis-
sion than women-to-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 MSM (700). For viruses like EBOV and
ZIKV, sexual transmission is a minor mode in endemic
countries compared with other modes (i.e., other body flu-
ids, fomites, and mosquitoes). However, recent work re-
ported transmission via semen as the source of multiple
flare-ups during the last EBOV outbreak (62, 144), and
mathematical models integrating the sexual transmission
mode demonstrate a significant impact on epidemic dynam-
ics (2, 406, 714). Similarly, computational models show
that sexual transmission of ZIKV might be underestimated
(14) and could impact on the size of the epidemic 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 in an endemic context
(587). For both EBOV and ZIKV, long-lasting virus in se-
men represented the main issue regarding sexual transmis-
sion. Vertical transmission of viruses such as ZIKV through
semen, as demonstrated in mice (156), is another important
issue to consider.

Accumulating case reports demonstrate that a number of
(re)emerging viruses can infect semen (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). This raises great concerns since some of these
viruses are lethal and detected in the semen of survivors
(e.g., NiV, LFV). Sexual transmission was recently sus-
pected for WNV 30 days after symptom onset, and sexual
transmission of DENV between two men was reported
(TABLE 7). Whether sexual transmission of the emerging
viruses that contaminate human semen can occur war-
rants study.
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D. Semen Is More than a Passive Vector for
Viruses

Viruses can be present in semen as cell-free virions, in in-
fected cells (e.g., leukocytes infected with HIV and sperma-
tozoa infected with HBV), and/or attached to cell surfaces
(e.g., HPV and HIV bound to spermatozoa). Both cell-free
and cell-associated virus transmission occurs through the
anogenital mono- or pluri-stratified mucosa of the recipient
(20, 245), involving a number of distinct mechanisms for
crossing the mucosal epithelial barrier (FIGURE 11). Over
the last two decades, the accumulated in vitro data have
shown that seminal plasma exerts a complex mix of inhib-
itory and enhancing effects on viral infection, depending on
the target cells and pathogens. It is important to note that
some of these seminal effects may be transient, since seminal
fluid is a dynamic fluid, the composition of which changes
over time post-ejaculation due to many enzymatic reac-
tions.

1. Inhibitory effects of interactions between semen
components and viral particles or their target cells

A) SEMEN EXOSOMES. Also called prostasomes, exosomes are
membranous nanovesicles produced within MGT organs,
the content (proteins, mRNAs, and miRNAs) of which is
involved notably in sperm maturation and fertilization.
Seminal plasma and isolated semen exosomes blocked the
binding of ZIKV, DENV, WNV (487), and CMV (393) to
their target cells and inhibited HIV transcription and cell-
to-cell spread (166).

B) CATIONIC POLYPEPTIDES. In high concentrations in semen, sev-
eral cationic peptides demonstrated antiviral activity in
vitro. Similar to seminal plasma, a natural fragment of se-
menogelin I transiently inhibited HIV infection of the target
cells (429). Seminal vesicle-derived gp17 glycoprotein spe-
cifically competed with HIV for binding to its cell entry
receptor CD4 (33), while a cysteine proteinase inhibitor,
cystatin C, was postulated to counteract viral proteases nec-
essary for viral protein processing (164, 709).

C) REACTIVE OXYGEN SPECIES. Reactive oxygen species (ROS),
mostly produced by neutrophils and macrophages in se-
men, modified lipid rafts in the membranes of enveloped
viruses including HIV, in turn inhibiting fusion with the cell
and viral entry (290, 361).

D) CLUSTERIN AND MUCIN 6. The glycan motifs of clusterin and
mucin 6 bind to DC-SIGN, a PRR of the C-type lectin
family expressed by genital mucosa immature DCs, which
recognizes many viruses (HIV, HSV, HCV, DENV, ZIKV,
EBOV, CMV) (276, 367). These glycoproteins competed
with HIV for binding to DC, in turn inhibiting trans-infec-
tion of CD4� T cells, similar to whole seminal plasma (597,
659).

E) RANTES/CCL5. Elevated concentrations of the chemokine
RANTES, a ligand of the HIV receptor CCR5, were found
in semen from HIV� men and diminished HIV infection of
semen-exposed CD4� T cells by decreasing their CCR5
expression (84).

2. Enhancing effects of semen components/
properties on virus transmission

A) AMYLOID-FORMING FIBRILS. Over 10 yr ago, Munch et al. (488)
identified seminal amyloid-forming peptides that boost
HIV infectivity in vitro, similar to whole seminal plasma.
These peptides comprise fragments of the prostatic acid
phosphatase (with a dominant peptide called SEVI for se-
men-derived enhancer of viral infection) (488) and seminal
vesicle-derived semenogelins (SEM1 and SEM2, resulting
from cleavage by the prostate specific antigen) (577, 578).
The positive charges of the peptides interact with the nega-
tively charged surfaces of cells and virions to form an elec-
trostatic bridge that promotes viral attachment and fusion
(29, 578). Seminal plasma, SEVI, and semenogelin amy-
loids enhanced in vitro infection of isolated cells by 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 by seminal plasma (487).
SEVI also increased the internalization of EBOV particles
by macropinocytosis, the canonical EBOV entry pathway,
and stabilized EBOV viability and infectivity (42). How-
ever, seminal plasma or SEVI enhancement of HIV infection
in ano-genital explants was inconsistent (15, 315, 368), and
in vivo experiments using humanized mice (120, 148) or
NHP models (489) failed to demonstrate any enhancing
effect of semen on HIV/SIV transmission. This discrepancy
could result from the complex interactions between seminal
and mucosal factors counteracting amyloid fiber enhance-
ment. It is also possible that the higher viral doses used in
vivo/ex vivo compared with in vitro may bypass the semen-
enhancing effect, which is restricted to low viral doses
(488).

B) CYTOKINES. The role of seminal cytokines in viral transmis-
sion is ambiguous. Semen has very high concentrations of
TGF-� (mostly under a latent form activated by vaginal pH
and enzymes) and prostaglandin (PG) E2, which both in-
hibit leukocyte activation and induce naive CD4� T cell
differentiation into Tregs (580). Semen immunosuppressive
properties, believed to allow maternal tolerance against pa-
ternal-derived antigens, might facilitate virus spreading. In
addition, TGF-� increased CD169 expression on mature
DC, which facilitated HIV capture by DCs and may en-
hance its transmission to permissive cells (599).

Conversely, semen deposition onto the female genital mu-
cosa triggers a strong post-coital inflammatory response
with massive influx of neutrophils, and to a lesser extent
lymphocytes and macrophages, which may eliminate
pathogens (580). PGE2 stimulated neutrophil chemotactic
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FIGURE 11. Mechanisms for sexual transmission of viruses through the recipient mucosal epithelia (A–E) and
modulation by seminal plasma components. Viruses present in genital secretions (semen, cervico-vaginal fluid) as
virions and within infected cells can be transmitted through the monostratified (e.g., endo-cervix, colon, penile
urethra) or pluristratified (e.g., vagina, ecto-cervix, foreskin, glans) mucosa of the recipient through a range of
mechanisms. A: for sexually transmitted viruses with a tropism for epithelial cells such as herpes simplex virus
(HSV) or human papillomavirus (HPV), the epithelium that covers mucosal tissues is productively infected, providing
a direct entry way. Viruses that do not infect epithelial cells, such as human immunodeficiency virus (HIV) or human
T-lymphotropic virus, may reach their subepithelial target cells through either breaches in the mucosa resulting
from micro-abrasions of the epithelial barrier triggered by sexual intercourse or by other sexually transmitted
infections favoring mucosa inflammation or abrasions (B), transmigration of infected cells between the epithelial
barrier (C); capture of viral particles by dendritic cells sampling pathogens on the apical side of the epithelium
barrier, which then migrate back into the subepithelium tissue (D); or transcytosis of viral particles across the
epithelial cells leading to their release on the basal side (E). F: transmission of free viral particles captured by DCs
to permissive submucosal cells. For detailed reviews of these mechanisms, see References 21, 626. Multiple
semen components (showed in grey clouds of semen in the schema) are thought to enhance (green arrows) or
inhibit (red bars) viral transmission (see sect. VIID for more details on their mechanisms of action). ROS, reactive
oxygen species; TGF-b, transforming growth factor-�; PGE2, prostaglandin E2; HSPG, heparan sulfate proteogly-
cans; ZIKV, Zika virus; DENV, Dengue virus; WNV, West-Nile virus; CMV, cytomegalovirus; EBOV, Ebola virus.
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CXCL8 in cervix tissue (142), while seminal plasma, PGE2,
and TGF-� upregulated COX2 in female genital cells (315,
328, 623), which may further amplify the inflammation by
catalyzing prostaglandin synthesis. Compared with blood,
semen contained elevated concentrations of pro-inflamma-
tory cytokines [e.g., MCP-1, IL-8, CXCL1, MIP1-�, IL-6,
IL-1�, granulocyte-macrophage colony-stimulating factor
(GM-CSF)] and adaptive cytokines (IL-7 and IL-15) (522,
707). In cervix and endometrial tissue cultures and in vag-
inal, cervical, and endometrial isolated cells, seminal
plasma upregulated a range of genes and proteins linked to
cytokine signaling, inflammation, antigen presentation, leu-
kocyte migration, and cellular immune responses, a modu-
lation in part mediated by TGF-� (99, 315, 622). Unfortu-
nately, semen cytokine-mediated inflammation and im-
mune activation attract HIV immune target cells and
stimulate replication of the virus in female genital tissue (50,
315).

Semen upregulated CCL20 chemokine in cells derived from
endocervical and vaginal epithelium, possibly through the
action of seminal lactoferrin (403), which in turn recruited
CCR6� Langerhans cells in vitro (50). In NHPs, CCL20
concentrations were positively correlated to recruitment be-
neath the vaginal epithelium of CCR6� plasmacytoid DCs
and macrophages, which in turn attracted T helper 17, a
preferential target cell type for HIV/SIV (662).

C) FIBRONECTIN. Fibronectin, an abundant extracellular matrix
glycoprotein that stimulates sperm capacitation and semen
coagulation, coats HIV virions (69). Fibronectin recogni-
tion of B1 integrin and HSPGs expressed by epithelial cells
might help HIV attachment to the female genital epithelium
(419, 576). Multimeric fibronectin enhanced the HIV infec-
tion of T lymphocytes through increased cell attachment
and protected virions from degradation (254, 678).

D) COMPLEMENT MOLECULES. The opsonization of virions coated
by complement molecule present in semen by epithelial
cells, DCs, and macrophages bearing the CR3 complement
receptor was postulated as an enhancing mechanism for
HIV transmission (66).

E) SEMEN pH. The alkaline pH and high buffering capacity of
seminal fluid protected HIV particles from the acidic envi-
ronment of the vaginal mucosa, in turn stimulating infec-
tion (68).

VIII. WHAT LESSONS CAN WE LEARN
FROM ANIMALS?

Of the 87 new human pathogens catalogued since 1980,
~80% are zoonotic (498). Considering the potentially high
impact of sexual transmission of viruses in upcoming hu-
man pandemics, and the urgency to fill gaps in this domain
revealed by the recent ZIKV and EBOV epidemics, it is

essential that we learn from diverse research fields. This
includes research into economically significant farm ani-
mals (e.g., bulls, pigs, sheep, and horses). Since artificial
insemination is used extensively worldwide in these ani-
mals, viruses that infect and persist in the MGT represent a
threat for the disease spreading and breeding and have been
sought intensively. The main findings on viruses in the
MGT of farm animal are summarized below and in TABLE 8
to learn from the mechanisms of seminal viral shedding and
persistence evidenced and prompt research into viruses that
might infect the human MGT.

Although ZIKV was the first arbovirus to be reported in
human semen in 2015 (493), five arboviruses were already
known to infect the semen of pigs [African swine fever virus
(ASFV), classical swine fever virus (CSFV), JEV] and bulls
[Schmallenberg virus (SBV) and bluetongue virus (BTV)].
This list now includes seminal excretion of Peaton virus
(PEAV) in bulls, BTV and Rift Valley fever virus (RVFV) in
sheep, and CHIKV, RVFV, and DENV in humans, suggest-
ing that MGT infection by arboviruses is more common
than expected (TABLE 8). Importantly, some of these animal
arboviruses are zoonotic (JEV, RVFV) and impact embry-
onic development (BTV, CSFV) (TABLE 8). The attention
paid to ZIKV in terms of sexual transmission and congeni-
tal effects, therefore, should be extended to other arbovi-
ruses that affect humans. Although the detection of a given
zoonotic virus in 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 immunosup-
pressed, infected patient 4 mo post-symptoms (277). Two
other zoonotic viruses, JEV and HEV, infect the MGT of
animals and are forecasted as future pathogens for North
American populations (476).

In contrast to humans, the persistence in the MGT of acute
viruses has long been recognized in farm animals, with over
eight viruses from different families reported in semen, and
in at least one male genital organ, in pigs, bulls, sheep, and
horses (TABLE 8). A large panel of MGT organs and cells,
including germ cells, was associated with virus persistence
in animal semen (TABLE 8). The origin of the viruses persis-
tently shed in semen appears complex. For example, the
accumulation of data on porcine reproductive and respira-
tory syndrome virus (PRRSV)-infected animals suggests
that seminal viruses arise from testicular germ cells during
the acute phase of the infection, and from infected macro-
phages that infiltrate MGT organs during the persistent
phase (554). Lifelong MGT infection and seminal shedding
were demonstrated for two acute animal viruses, equine
arteritis virus (EAV) in horses (37) and bovine viral diarrhea
virus (BVDV) in bulls (75). Consequently, the infected male
horses and bulls are major viral reservoirs, spreading the
disease among cattle herds. The processes generating these
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Table 8. Viruses that infect farm animal MGT

Host Viral Family Virus MGT Organs and Cells Infected

Seminal Excretion
(S) and

Persistence (S�)

Venereal Transmission (V),
Reproduction Failure (R),
Teratogen (T), Abortion
(A), Embryo Death (E)

Swine Anelloviridae TTV T (574) S� (347, 574)
Asfarviridae ASFV* S (680)
Circoviridae PCV2a T, E, SV, P, BG (250, 416, 574) S (380, 416) R
Flaviviridae CSFV* T� (germ cells), E�, VD� (107) S� (108) E
Flaviviridae JEV*†a T (268) S (400)
Flaviviridae BVDV T�b, P�b (M�), SV�b (M�) (679) S�b (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)
Paramyxoviridae PoRV T�, E� (575, 650) S� (575) R
Arteriviridae PRRSV T (germ cells, macrophages), E, VD, SV, PR

(M�) (109, 632)
S� (109) V; R

Coronaviridae PEDV (ND) S (199) V?
Picornaviridae PEV S (544)
Picornaviridae PTV S (544)
Picornaviridae FMDV S (451)
Picornaviridae SVDVa S (451)
Hepeviridae HEV†a S (388)

Bull Flaviviridae BVDV T� (Sertoli, germ cells, epithelial cells), P�,
E�, SV�, U� (epithelial cells, fibrocytes)
(63, 238, 358, 504, 716)

S�c (63, 358) R; E; T; A

Flaviviridae BDV S (72, 208)
Peribunyaviridae PEAV* T (46)
Peribunyaviridae SBV* S� (289, 549)
Herpesviridae BHV-1 Penis, foreskin, U (518) S (237)
Retroviridae BLV S (162, 237)
Retroviridae BIV S (495)
Poxviridae LSDV T�, E� (24) S� (316)
Picornaviridae FMDV S (119)
Reoviridae BTV* S (706) R; E; T; A

Sheep Reoviridae BTV* T�, E, P, BG (endothelial cells) (560) S� (383) E; A; T
Phenuiviridae RVFV*†a T (endothelial cells, fibroblasts, smooth

muscles, M�) (514)
Retroviridae MVV T, E, SV, P, BG, AG (543, 595) S (595)
Retroviridae CAEV T, E, VD, SV, P, BG (10, 699) S (10)
Retrovirida SRLV genotype E T� (255)

Horse Herpesviridae EHV T� (endothelial cells, macrophages), E, P�
(epithelial cells) (294, 677)

S (10, 279,
677, 721)

A; E

Arteriviridae EAV T, E�, VD�, AG�d, P�, BG�, SV� S�d (87, 293,
684)

V; R

*Arbovirus. †Zoonotic virus. �Virus persistence in organs and cells. aViruses with potential to infect the human male genital tract (MGT): RVFV, JEV,
and HEV infect humans and are present in animals’ MGT (discussed in the text). SVDV, detected in pig semen, is strongly related to human
coxsackieviruses, some of which infect human testis and epididymis (122, 719). PCV-2 is detected in pigs’ MGT organs and semen, and PCV DNA
is present in 5% of stool samples from US adults (389), probably due to pork consumption, and in vaccines and stools from vaccinated infants (173),
possibly because of use of pork-derivative material in vaccine elaboration. bBVDV persistence in semen and MGT organs until slaughter at 26 mo was
reported in congenitally infected pig (679). cBVDV persistence in semen can last from 33 mo in bulls with prolonged testicular infection to lifelong in
bulls with persistent infection acquired through in utero infection (237). dEAV persistence in the semen and ampullary gland of infected stallion can last
from several weeks to lifelong (37). Organ abbreviations: AG, ampullary gland; BG, bulbourethral gland; E, epididymis; P, prostate; SV, seminal vesicles;
T, testis; U, urethra; VD, vas deferens. Acronyms of main viruses detected in human male genital tract are spelled out in TABLE 1. Others virus
abbreviations: ASFV, African swine fever virus; BDV, border disease virus; BHV-1, bovine herpesvirus-1; BIV, bovine immunodeficiency virus; BLV,
bovine leukemia virus; BTV, bluetongue virus; BVDV, bovine viral diarrhea virus; CAEV, caprine arthritis encephalitis virus; CSFV, classical swine fever
virus; EAV, equine arteritis virus; EHV, equine herpesvirus; FMDV, foot-and-mouth disease virus; LSDV, lumpy skin disease virus; MVV, Maedi-visna
virus; PCV2, porcine circovirus type 2; PEAV, Peaton virus; PEDV, porcine epidemic diarrhea virus; PEV, porcine enterovirus; PoRV, porcine
rubulavirus; PPV, porcine parvovirus; PRRSV, porcine reproductive and respiratory syndrome virus; PRV, pseudorabies virus; PTV, porcine tescho-
virus; SBV, Schmallenberg virus; SRLV, small ruminant lentivirus; SVDV, swine vesicular disease virus.
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lifelong infected animals differ between EAV and BVDV.
EAV persistence is specific to the MGT, testosterone depen-
dent, and concerns 10–70% of stallions infected during
adulthood; the vas deferens ampullae was identified as the
main virus reservoir (443). Long-term persistent infection
has been correlated with the susceptibility to EAV infection
of a subpopulation of ampullae-specific CD3� T lympho-
cytes expressing an isoform of the CXCL16 gene with EAV
receptor activity (37). The mechanisms responsible for im-
mune evasion during the persistent infection of this MGT
duct are still under investigation. In contrast to EAV, life-
long BVDV infection is not restricted to MGT and results
from infection during fetal life, before the development of
the immune system. The neonate calves become immuno-
tolerant to BVDV, recognized as self, and remain viremic,
shedding virus in semen lifelong (75, 542).

IX. CONCLUSIONS AND FUTURE
DIRECTIONS

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 distur-
bances, genital cancers) and infectious 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 two de-
cades in these distinct fields. However, much remains to be
done to improve our understanding of the interplay be-
tween viruses and the MGT and bring mechanistic insights
to help targeted therapeutics interventions. We highlight
below research questions and needs pertaining to these dif-
ferent issues and conclude with proposition of approaches.

A. Viral Infections and Infertility: What Are
the Mechanisms at Play?

In addition to the well-known deleterious consequences of
MuV 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 be-
hind those alterations are largely unknown. To discriminate
between indirect systemic (e.g., generalized inflammation, ox-
idative stress, endocrine disturbances at the hypothalamic-
pituitary level) and direct negative effects of viral infections
on MGT reproductive functions, there is now a need to
deepen these data “at the bench.” The focus should not only
be on ejaculated spermatozoa (the end product) but also on
testis, epididymis, and accessory gland functions to estab-
lish whether the incriminated viruses modify the cellular
homeostasis and male tissue microenvironment. Moreover,
in the view of the paucity of data, further investigations on
the hypothalomo-pituitary gonadal axis functions in men
suffering from MGT infections are warranted. Importantly

also, it is now established that environmental factors can
affect epigenetic marks, and that nongenetic alterations can
be passed on by the male gametes to the offspring (727).
Whether testis and epididymis infections and/or an inflam-
matory environment can impact the gamete epigenome and
in turn its ability to produce viable offspring has never been
explored.

B. Viruses and Cancers of Male Genital
Organs: Is There Anything Left to
Uncover?

Whether viral infections play a part in the etiology or in the
progression of prostate and testis cancers is unproven, de-
spite numerous studies investigating the implication of well-
known oncogenic viruses. There are most likely multiple
environmental contributors to MGT cancers, which inter-
act with each other and with host genetics and immune
system in a temporal manner. Measuring the exposome of
the individuals, defined as the totality of environmental ex-
posures from conception onward including chemicals and
infectious agents, should advance our understanding of en-
vironmental contributors. As shown in FIGURE 6, MGT
organs, including the prostate and the testis, are the target
of multiple viruses. Viral metagenomics recently revealed
the existence of a human virome (i.e., viral community in
tissues) that, as suspected for the microbiome, might influ-
ence health and disease (569). Viral metagenomics, as a
wide unbiased approach, has great potential for uncovering
novel viruses as well as yet unsuspected known viruses or
specific viral combinations in diseased versus healthy MGT
samples.

C. Viral Integration in the Human Germline
and Endogenization: Can It Happen
Again?

Genome sequencing and paleovirology have revealed the
fascinating interactions between viruses and the gametes,
demonstrating repetitive infections of the germline during
evolution by both retroviruses and non-retroviral viruses,
and highlighting the possibility of new viral integrations by
a whole range of contemporary viruses. Whether HIV and
non-retroviral viruses that associate with germ cells and
spermatozoa could be “en route” for integration in the
germline and future endogenization in humans is indeed an
exciting question. Deciphering how human male germ cells
are equipped to face viral colonization should provide some
interesting answers.

D. Vertical Transmission of Viruses Through
Semen: An Important Issue for Medically
Assisted Reproduction

In the context of increasing use of medically assisted repro-
duction, it is crucial to determine whether the different se-

LE TORTOREC ET AL.

1390 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.



men compartments (i.e., seminal fluid, spermatozoa, and/or
other semen cells) or the testicular germ cells (in the case of
ICSI) are targeted by emerging viruses to prevent transmis-
sion to the partner and embryo. Indeed, virus-contaminated
seminal fractions may induce congenital defects and/or viral
chronicity (156, 218, 350). Long-lasting ZIKV infection in
infants after in utero acquisition (74) and reports of fetal
testis infection by ZIKV (45) justifies careful monitoring of
early life infection cases.

E. Sexual Transmission of Viruses Through
Semen: How Can We Anticipate Future
Epidemics?

The transmission of viral diseases through semen is more
than ever a major global health concern. Indeed, after ZIKV
and EBOV, several emerging viruses forecasted to generate
future outbreaks in human population (476, 492) represent
suspects for sexual transmission (TABLE 7). As highlighted
in this review, sexual transmission through semen repre-
sents a very powerful mode of dissemination for viruses and
is extremely complicated to control, as exemplified by the
HIV-1 pandemic and its over 35 million deaths, and by the
resurgence of EBOV epidemics foci following sexual trans-
mission. Whether the acquisition of sexual transmission
mode by emerging viruses reflects virus evolution associated
with novel tissue tropism or changes in host ecology is un-
known (25). Inter- and intra-individual analysis of genomic
sequences of sexually transmittable emerging viruses would
be helpful to determine if unique signatures are involved in
MGT tropism. Monitoring and controlling pathogens in
non-human species including NHP and livestock is essential
for anticipating human epidemics since most emerging vi-
ruses are zoonotic. This is underlined in the concept launch
in 2004 of “one world-one health,” whereby animal and
human health are considered inter-dependent (www.
oneworldonehealth.org). Assessing MGT tropism of ani-
mal viruses in their host as well as in human tissues, for
instance using ex vivo approaches, should greatly improve
anticipating and in turn preventing sexual transmission. As
highlighted in this review, a number of zoonotic viruses
persist in animal semen (including HEV and JEV), suggest-
ing potential for sexual transmission in future outbreaks
(476, 718). Importantly however, molecular detection of
viral sequences in semen is insufficient to determine capac-
ity for sexual transmission. Sensitive culture techniques
along with molecular detection of replication-competent
virus in semen are warranted to assess the transmission
potential of these viruses.

F. Mechanisms of Viral Persistence in
Semen: The New Quest

Researches in HIV-infected patients over the last 30 yr,
along with the recent reports of viral persistence in cured

EBOV and ZIKV patients, have demonstrated that systemic
viruses in semen do not exclusively arise from passive blood
diffusion and have uncovered the existence of local MGT
sources. Yet, we know very little about these sources and
the specificities of their tissue microenvironment. Because
of its status as an immune-privileged organ and as a phar-
macological sanctuary, the testis is widely considered to be
responsible for viral persistence in semen. However, recent
data in HIV-infected patients and in ZIKV-infected men
with undetectable viremia have demonstrated that other
MGT organs can also be sites of persistent infection (30,
200, 440). Interestingly, we recently demonstrated that
multiple MGT organs seed both virus and infected cells in
the semen from SIV-infected monkeys and that these
sources vary among individuals (299). These findings,
which need to be confirmed in larger studies, echo the inter-
individual variations of virus excretion pattern and persis-
tence in semen (TABLE 7). Many questions await to be an-
swered: What are the cellular and molecular actors that
support viral persistence? What are the host/viral determi-
nants 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 replica-
tion or long-term maintenance of a stock of virus with little
de novo viral production? How are viruses eventually
cleared from the MGT?

G. Target Cells and Routes of Infection of
MGT Organs by Systemic Viruses: Still a
Lot to Learn

Our understanding of the routes of infection of both exter-
nal and internal MGT organs and of viruses’cell targets in
the MGT is surprisingly limited, even for viruses, such as
HBV, for which sexual transmission represents a prime
mode of dissemination. Recent data suggest that alternative
routes to hematogenous spread exist that involve virus ex-
change between MGT organs (299, 696). Moreover, many
viruses reported in the MGT are neurotropic (371, 405),
and viral trafficking between the MGT and the central ner-
vous system through nerves has been described (219–221,
668, 767) for several human viruses (371). Neuronal path-
ways might allow viruses to traffic between immune-privi-
lege niches like the brain and testis and escape from immune
surveillance potentially leading to virus persistence and
cross-reservoir seeding. Since several emerging viruses have
become neurotropic (e.g., ZIKV, WNV, DENV) or able to
cause neurological diseases (EBOV) (490), it would be of
great interest to establish whether these viruses can dissem-
inate to the MGT through nerves.

H. Summary of Research Needs and
Proposition of Approaches

Answering the questions raised in this review implies three
prerequisites, namely, 1) decipher for each virus of interest
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the nature of infected cells in the different male genital
organs. Even for viruses with an established tropism for the
MGT, we know surprisingly very little about their targeted
organs and cells. This is an obstacle for understanding their
action mechanisms in the range of pathological processes
described above. 2) Determine the immunological specific-
ities of the different male genital organs in humans. While
the basis for immune-privilege is well established in rodent
testis, it has been poorly investigated in humans. In addi-
tion, recent findings revealed that the testis is not the only
viral reservoir in the MGT. Thus attention needs to be paid
as to how MGT organs other than testis can also shelter
viruses from adaptive immune system. 3) Establish the spe-
cies and cells innate immunity differences in MGT organs,
along with the mobilization of innate effectors and repres-
sors upon exposure to different viral pathogens. As pointed
out in this review, evidence is building up of unique features
for testicular germ cells as well as for human testis versus
rodents.

To achieve this, there is a need for a combination of animal
models and ex vivo models of human MGT tissues. The
choice of animal model is however complicated by both the
host specificity of the virus under investigation and the ne-
cessity for morphological and immunological features of
MGT organs close to humans. As highlighted in this review,
caution is needed when extrapolating from rodent models.
NHPs constitute a model of choice for many human viruses
(e.g., HIV) and their MGT is very similar to humans. Nev-
ertheless, NHPs raise cost and ethical issues. Pigs, which
share many testis features with humans and natural virus
tropism for MGT, might represent an interesting alterna-
tive.

We have provided in this review several examples of the
usefulness of ex vivo approaches for the study of human
MGT organs’ infections. The development of three-dimen-
sional bio-printing, organoids, and microfluidic systems
hold great promise for long-term maintenance and im-
proved reconstruction of human tissues. In addition to the
preservation of primary cells characteristic in long-term cul-
ture, organoids obtained through the reorganization of dif-
ferent isolated cell types offer the extra bonus of possible
genome editing, which could provide useful insights into
host/virus interactions (18). However, while brain and di-
gestive tract organoids are becoming more and more robust
and standardized, there are currently no satisfactory exam-
ples of male genital organoids, especially testis. Indeed, the
very complex testis structure (e.g., cell-to-cell contacts, spe-
cific spatial association of germ cells along the tubules. . .) is
a major obstacle to faithful reconstruction. Microfluidic
cultures of testis tissue may represent a better alternative;
indeed, microfluidic culture of mouse testis explants suc-
ceeded in maintaining functional tissue for over 6 mo and
allowed full spermatogenesis (365).

Finally, the onset of viral metagenomics (virome) as well as
the incrementation of human organs and cells’ atlas should
provide key elements to improve our understanding of the
interplay between viruses and the MGT and inter-individ-
uals variability.

To conclude, the many gaps in knowledge of the organs/
cells and molecular processes involved in the infection and
persistence of viruses in the MGT urgently need to be ad-
dressed if we want to develop tools to prevent sexual trans-
mission, reproductive disorders, chronic inflammation, and
cancer development/progression.

ACKNOWLEDGMENTS

A. Le Tortorec and G. Matusali contributed equally to the
review.

Address for reprint requests and other correspondence: N.
Dejucq-Rainsford, IRSET-Inserm U1085, 9 avenue du Pr
Léon Bernard, F-35000 Rennes, France (e-mail: nathalie.
dejucq-rainsford@inserm.fr).

GRANTS

N. Dejucq-Rainsford has received funding from European
Union’s Horizon 2020 research and innovation program
under grant agreement no. 733176, ZIKAPLAN (grant
agreement no. 734584), and ZIKALLIANCE (grant agree-
ment no. 734548); REACTing; ANRS; Sidaction; Région
Bretagne; INSERM; French Ministry of Health; and Rennes
1 University. G. Matusali received support from Sidaction
and REACTing, and L. Houzet was supported by Sidaction/
Fond dotation P. Bergé, Région Bretagne, and ZIKAL-
LIANCE.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared
by the authors.

REFERENCES

1. Abaitua F, Zia FR, Hollinshead M, O’Hare P. Polarized cell migration during cell-to-cell
transmission of herpes simplex virus in human skin keratinocytes. J Virol 87: 7921–
7932, 2013. doi:10.1128/JVI.01172-13.

2. Abbate JL, Murall CL, Richner H, Althaus CL. Potential Impact of Sexual Transmission
on Ebola Virus Epidemiology: Sierra Leone as a Case Study. PLoS Negl Trop Dis 10:
e0004676, 2016. doi:10.1371/journal.pntd.0004676.

3. Abidi SH, Bilwani F, Ghias K, Abbas F. Viral etiology of prostate cancer: Genetic
alterations and immune response. A literature review. Int J Surg 52: 136–140, 2018.
doi:10.1016/j.ijsu.2018.02.050.

4. Adamopoulos DA, Lawrence DM, Vassilopoulos P, Contoyiannis PA, Swyer GI. Pitu-
itary-testicular interrelationships in mumps orchitis and other viral infections. BMJ 1:
1177–1180, 1978. doi:10.1136/bmj.1.6121.1177.

5. Aid M, Abbink P, Larocca RA, Boyd M, Nityanandam R, Nanayakkara O, Martinot AJ,
Moseley ET, Blass E, Borducchi EN, Chandrashekar A, Brinkman AL, Molloy K, Jetton

LE TORTOREC ET AL.

1392 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

mailto:nathalie.dejucq-rainsford@inserm.fr
mailto:nathalie.dejucq-rainsford@inserm.fr
https://doi.org/10.1128/JVI.01172-13
https://doi.org/10.1371/journal.pntd.0004676
https://doi.org/10.1016/j.ijsu.2018.02.050
https://doi.org/10.1136/bmj.1.6121.1177


D, Tartaglia LJ, Liu J, Best K, Perelson AS, De La Barrera RA, Lewis MG, Barouch DH.
Zika virus persistence in the central nervous system and lymph nodes of Rhesus
monkeys. Cell 169: 610–620.e14, 2017. doi:10.1016/j.cell.2017.04.008.

6. Aiewsakun P, Katzourakis A. Endogenous viruses: connecting recent and ancient viral
evolution. Virology 479-480: 26–37, 2015. doi:10.1016/j.virol.2015.02.011.

7. Aiman J, Brenner PF, MacDonald PC. Androgen and estrogen production in elderly
men with gynecomastia and testicular atrophy after mumps orchitis. J Clin Endocrinol
Metab 50: 380–386, 1980. doi:10.1210/jcem-50-2-380.

8. Albero G, Castellsagué X, Giuliano AR, Bosch FX. Male circumcision and genital
human papillomavirus: a systematic review and meta-analysis. Sex Transm Dis 39:
104–113, 2012. doi:10.1097/OLQ.0b013e3182387abd.

9. Albero G, Castellsagué X, Lin H-Y, Fulp W, Villa LL, Lazcano-Ponce E, Papenfuss M,
Abrahamsen M, Salmerón J, Quiterio M, Nyitray AG, Lu B, Bosch FX, Giuliano AR.
Male circumcision and the incidence and clearance of genital human papillomavirus
(HPV) infection in men: the HPV Infection in men (HIM) cohort study. BMC Infect Dis
14: 75, 2014. doi:10.1186/1471-2334-14-75.

10. Ali Al Ahmad MZ, Fieni F, Pellerin JL, Guiguen F, Cherel Y, Chatagnon G, Bouzar AB,
Chebloune Y. Detection of viral genomes of caprine arthritis-encephalitis virus
(CAEV) in semen and in genital tract tissues of male goat. Theriogenology 69: 473–480,
2008. doi:10.1016/j.theriogenology.2007.10.017.

11. Ali BA, Huang TH, Salem HH, Xie QD. Expression of hepatitis B virus genes in early
embryonic cells originated from hamster ova and human spermatozoa transfected
with the complete viral genome. Asian J Androl 8: 273–279, 2006. doi:10.1111/j.1745-
7262.2006.00141.x.

12. Ali BA, Huang TH, Xie QD. Detection and expression of hepatitis B virus X gene in
one and two-cell embryos from golden hamster oocytes in vitro fertilized with human
spermatozoa carrying HBV DNA. Mol Reprod Dev 70: 30–36, 2005. doi:10.1002/mrd.
20185.

13. Alikhan MB, Tesic V, Taxy JB, Antic T. Cytomegalovirus infection of seminal vesicles.
Int J Surg Pathol 24: 720, 2016. doi:10.1177/1066896916657592.

14. Allard A, Althouse BM, Hébert-Dufresne L, Scarpino SV. The risk of sustained sexual
transmission of Zika is underestimated. PLoS Pathog 13: e1006633, 2017. doi:10.1371/
journal.ppat.1006633.

15. Allen SA, Carias AM, Anderson MR, Okocha EA, Benning L, McRaven MD, Kelley ZL,
Lurain J, Veazey RS, Hope TJ. Characterization of the influence of semen-derived
enhancer of virus infection on the interaction of HIV-1 with female reproductive tract
tissues. J Virol 89: 5569–5580, 2015. doi:10.1128/JVI.00309-15.

16. Alshahrani S, McGill J, Agarwal A. Prostatitis and male infertility. J Reprod Immunol 100:
30–36, 2013. doi:10.1016/j.jri.2013.05.004.

17. Alvarado-Mora MV, Locarnini S, Rizzetto M, Rebello Pinho JR. An update on HDV:
virology, pathogenesis and treatment. Antivir Ther 18, 3 Pt B: 541–548, 2013. doi:10.
3851/IMP2598.

18. Alves-Lopes JP, Stukenborg JB. Testicular organoids: a new model to study the tes-
ticular microenvironment in vitro? Hum Reprod Update 24: 176–191, 2018. doi:10.
1093/humupd/dmx036.

19. Anderson D, Politch JA, Pudney J. HIV infection and immune defense of the penis. Am
J Reprod Immunol 65: 220–229, 2011. doi:10.1111/j.1600-0897.2010.00941.x.

20. Anderson DJ. Modeling mucosal cell-associated HIV type 1 transmission in vitro. J
Infect Dis 210, Suppl 3: S648–S653, 2014. doi:10.1093/infdis/jiu537.

21. Anderson DJ, Politch JA, Nadolski AM, Blaskewicz CD, Pudney J, Mayer KH. Target-
ing trojan horse leukocytes for HIV prevention. AIDS 24: 163–187, 2010. doi:10.1097/
QAD.0b013e32833424c8.

22. Anderson DJ, Pudney J. Human male genital tract immunity and experimental models.
In: Mucosal Immunology, edited by Mestecky J, Lamm ME, Strober W, Bienenstock J,
McGhee JR, Mayer L. New York: Elsevier Academic, 2005, p. 1647–1659.

23. Anic GM, Giuliano AR. Genital HPV infection and related lesions in men. Prev Med 53,
Suppl 1: S36–S41, 2011. doi:10.1016/j.ypmed.2011.08.002.

24. Annandale CH, Irons PC, Bagla VP, Osuagwuh UI, Venter EH. Sites of persistence of
lumpy skin disease virus in the genital tract of experimentally infected bulls. Reprod
Domest Anim 45: 250–255, 2010. doi:10.1111/j.1439-0531.2008.01274.x.

25. Antonovics J, Wilson AJ, Forbes MR, Hauffe HC, Kallio ER, Leggett HC, Longdon B,
Okamura B, Sait SM, Webster JP. The evolution of transmission mode. Philos Trans R
Soc Lond B Biol Sci 372: 20160083, 2017. doi:10.1098/rstb.2016.0083.

26. Arbuckle JH, Medveczky MM, Luka J, Hadley SH, Luegmayr A, Ablashi D, Lund TC,
Tolar J, De Meirleir K, Montoya JG, Komaroff AL, Ambros PF, Medveczky PG. The
latent human herpesvirus-6A genome specifically integrates in telomeres of human
chromosomes in vivo and in vitro. Proc Natl Acad Sci USA 107: 5563–5568, 2010.
doi:10.1073/pnas.0913586107.

27. Arck P, Solano ME, Walecki M, Meinhardt A. The immune privilege of testis and gravid
uterus: same difference? Mol Cell Endocrinol 382: 509–520, 2014. doi:10.1016/j.mce.
2013.09.022.

28. Armah HB, Wang G, Omalu BI, Tesh RB, Gyure KA, Chute DJ, Smith RD, Dulai P,
Vinters HV, Kleinschmidt-DeMasters BK, Wiley CA. Systemic distribution of West
Nile virus infection: postmortem immunohistochemical study of six cases. Brain Pathol
17: 354–362, 2007. doi:10.1111/j.1750-3639.2007.00080.x.

29. Arnold F, Schnell J, Zirafi O, Stürzel C, Meier C, Weil T, Ständker L, Forssmann W-G,
Roan NR, Greene WC, Kirchhoff F, Münch J. Naturally occurring fragments from two
distinct regions of the prostatic acid phosphatase form amyloidogenic enhancers of
HIV infection. J Virol 86: 1244–1249, 2012. doi:10.1128/JVI.06121-11.

30. Arsuaga M, Bujalance SG, Díaz-Menéndez M, Vázquez A, Arribas JR. Probable sexual
transmission of Zika virus from a vasectomised man. Lancet Infect Dis 16: 1107, 2016.
doi:10.1016/S1473-3099(16)30320-6.

31. Arunkumar G, Abdulmajeed J, Santhosha D, Aswathyraj S, Robin S, Jayaram A, Rad-
hakrishnan C, Sajeeth KKG, Sakeena K, Jayasree V, Reena JK, Sarita LR. Persistence of
Nipah virus RNA in semen of survivor. Clin Infect Dis 69: 377–378, 2019. doi:10.1093/
cid/ciy1092.

32. Aswad A, Katzourakis A. Paleovirology and virally derived immunity. Trends Ecol Evol
27: 627–636, 2012. doi:10.1016/j.tree.2012.07.007.

33. Autiero M, Gaubin M, Mani JC, Castejon C, Martin M, el Marhomy S, Guardiola J,
Piatier-Tonneau D. Surface plasmon resonance analysis of gp17, a natural CD4 ligand
from human seminal plasma inhibiting human immunodeficiency virus type-1 gp120-
mediated syncytium formation. Eur J Biochem 245: 208–213, 1997. doi:10.1111/j.
1432-1033.1997.00208.x.

34. Auvert B, Taljaard D, Lagarde E, Sobngwi-Tambekou J, Sitta R, Puren A. Randomized,
controlled intervention trial of male circumcision for reduction of HIV infection risk:
the ANRS 1265 Trial. [Correction in PLoS Med 3: e226, 2006.] PLoS Med 2: e298, 2005.
doi:10.1371/journal.pmed.0020298.

35. Bae J-M. Human papillomavirus 16 infection as a potential risk factor for prostate
cancer: an adaptive meta-analysis. Epidemiol Health 37: e2015005, 2015. doi:10.4178/
epih/e2015005.

36. Bailey RC, Moses S, Parker CB, Agot K, Maclean I, Krieger JN, Williams CF, Campbell
RT, Ndinya-Achola JO. Male circumcision for HIV prevention in young men in Kisumu,
Kenya: a randomised controlled trial. Lancet 369: 643–656, 2007. doi:10.1016/S0140-
6736(07)60312-2.

37. Balasuriya UB, Carossino M. Reproductive effects of arteriviruses: equine arteritis
virus and porcine reproductive and respiratory syndrome virus infections. Curr Opin
Virol 27: 57–70, 2017. doi:10.1016/j.coviro.2017.11.005.

38. Bandeira AC, Campos GS, Rocha VFD, Souza BSF, Soares MBP, Oliveira AA, Abreu
YC, Menezes GS, Sardi SI. Prolonged shedding of Chikungunya virus in semen and
urine: a new perspective for diagnosis and implications for transmission. IDCases 6:
100–103, 2016. doi:10.1016/j.idcr.2016.10.007.

39. Bannert N, Kurth R. The evolutionary dynamics of human endogenous retroviral
families. Annu Rev Genomics Hum Genet 7: 149–173, 2006. doi:10.1146/annurev.
genom.7.080505.115700.

40. Barbosa CM, Di Paola N, Cunha MP, Rodrigues-Jesus MJ, Araujo DB, Silveira VB, Leal
FB, Mesquita FS, Botosso VF, Zanotto PMA, Durigon EL, Silva MV, Oliveira DBL.
Yellow fever virus RNA in urine and semen of convalescent patient, Brazil. Emerg
Infect Dis 24: 176–178, 2018. doi:10.3201/eid2401.171310.

41. Barnes KG, Kindrachuk J, Lin AE, Wohl S, Qu J, Tostenson SD, Dorman WR, Busby M,
Siddle KJ, Luo CY, Matranga CB, Davey RT, Sabeti PC, Chertow DS. Evidence of
Ebola virus replication and high concentration in semen of a patient during recovery.
Clin Infect Dis 65: 1400–1403, 2017. doi:10.1093/cid/cix518.

VIRUSES IN THE MALE GENITAL TRACT

1393Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1016/j.cell.2017.04.008
https://doi.org/10.1016/j.virol.2015.02.011
https://doi.org/10.1210/jcem-50-2-380
https://doi.org/10.1097/OLQ.0b013e3182387abd
https://doi.org/10.1186/1471-2334-14-75
https://doi.org/10.1016/j.theriogenology.2007.10.017
https://doi.org/10.1111/j.1745-7262.2006.00141.x
https://doi.org/10.1111/j.1745-7262.2006.00141.x
https://doi.org/10.1002/mrd.20185
https://doi.org/10.1002/mrd.20185
https://doi.org/10.1177/1066896916657592
https://doi.org/10.1371/journal.ppat.1006633
https://doi.org/10.1371/journal.ppat.1006633
https://doi.org/10.1128/JVI.00309-15
https://doi.org/10.1016/j.jri.2013.05.004
https://doi.org/10.3851/IMP2598
https://doi.org/10.3851/IMP2598
https://doi.org/10.1093/humupd/dmx036
https://doi.org/10.1093/humupd/dmx036
https://doi.org/10.1111/j.1600-0897.2010.00941.x
https://doi.org/10.1093/infdis/jiu537
https://doi.org/10.1097/QAD.0b013e32833424c8
https://doi.org/10.1097/QAD.0b013e32833424c8
https://doi.org/10.1016/j.ypmed.2011.08.002
https://doi.org/10.1111/j.1439-0531.2008.01274.x
https://doi.org/10.1098/rstb.2016.0083
https://doi.org/10.1073/pnas.0913586107
https://doi.org/10.1016/j.mce.2013.09.022
https://doi.org/10.1016/j.mce.2013.09.022
https://doi.org/10.1111/j.1750-3639.2007.00080.x
https://doi.org/10.1128/JVI.06121-11
https://doi.org/10.1016/S1473-3099(16)30320-6
https://doi.org/10.1093/cid/ciy1092
https://doi.org/10.1093/cid/ciy1092
https://doi.org/10.1016/j.tree.2012.07.007
https://doi.org/10.1111/j.1432-1033.1997.00208.x
https://doi.org/10.1111/j.1432-1033.1997.00208.x
https://doi.org/10.1371/journal.pmed.0020298
https://doi.org/10.4178/epih/e2015005
https://doi.org/10.4178/epih/e2015005
https://doi.org/10.1016/S0140-6736(07)60312-2
https://doi.org/10.1016/S0140-6736(07)60312-2
https://doi.org/10.1016/j.coviro.2017.11.005
https://doi.org/10.1016/j.idcr.2016.10.007
https://doi.org/10.1146/annurev.genom.7.080505.115700
https://doi.org/10.1146/annurev.genom.7.080505.115700
https://doi.org/10.3201/eid2401.171310
https://doi.org/10.1093/cid/cix518


42. Bart SM, Cohen C, Dye JM, Shorter J, Bates P. Enhancement of Ebola virus infection
by seminal amyloid fibrils. Proc Natl Acad Sci USA 115: 7410–7415, 2018. doi:10.1073/
pnas.1721646115.

43. Barzon L, Percivalle E, Pacenti M, Rovida F, Zavattoni M, Del Bravo P, Cattelan AM,
Palù G, Baldanti F. Virus and antibody dynamics in travelers with acute Zika virus
infection. Clin Infect Dis 66: 1173–1180, 2018. doi:10.1093/cid/cix967.

44. Baskar JF, Furnari B, Huang ES. Demonstration of developmental anomalies in mouse
fetuses by transfer of murine cytomegalovirus DNA-injected eggs to surrogate moth-
ers. J Infect Dis 167: 1288–1295, 1993. doi:10.1093/infdis/167.6.1288.

45. Beaufrère A, Bessières B, Bonnière M, Driessen M, Alfano C, Couderc T, Thiry M,
Thelen N, Lecuit M, Attié-Bitach T, Vekemans M, Ville Y, Nguyen L, Leruez-Ville M,
Encha-Razavi F. A clinical and histopathological study of malformations observed in
fetuses infected by the Zika virus. Brain Pathol 29: 114–125, 2019. doi:10.1111/bpa.
12644.

46. Behar A, Leibovich BB, Edery N, Yanase T, Brenner J. First genomic detection of
Peaton virus in a calf with hydranencephaly in Israel. Vet Med Sci 5: 87–92, 2019.
doi:10.1002/vms3.129.

47. Bellgrau D, Gold D, Selawry H, Moore J, Franzusoff A, Duke RC. A role for CD95
ligand in preventing graft rejection. Nature 377: 630–632, 1995. doi:10.1038/
377630a0.

48. Belshaw R, Pereira V, Katzourakis A, Talbot G, Paces J, Burt A, Tristem M. Long-term
reinfection of the human genome by endogenous retroviruses. Proc Natl Acad Sci USA
101: 4894–4899, 2004. doi:10.1073/pnas.0307800101.

49. Belyi VA, Levine AJ, Skalka AM. Unexpected inheritance: multiple integrations of
ancient bornavirus and ebolavirus/marburgvirus sequences in vertebrate genomes.
PLoS Pathog 6: e1001030, 2010. doi:10.1371/journal.ppat.1001030.

50. Berlier W, Cremel M, Hamzeh H, Lévy R, Lucht F, Bourlet T, Pozzetto B, Delézay O.
Seminal plasma promotes the attraction of Langerhans cells via the secretion of
CCL20 by vaginal epithelial cells: involvement in the sexual transmission of HIV. Hum
Reprod 21: 1135–1142, 2006. doi:10.1093/humrep/dei496.

51. Bertoletti A, Kennedy PT. The immune tolerant phase of chronic HBV infection: new
perspectives on an old concept. Cell Mol Immunol 12: 258–263, 2015. doi:10.1038/
cmi.2014.79.

52. Beyer U, Moll-Rocek J, Moll UM, Dobbelstein M. Endogenous retrovirus drives hith-
erto unknown proapoptotic p63 isoforms in the male germ line of humans and great
apes. Proc Natl Acad Sci USA 108: 3624–3629, 2011. doi:10.1073/pnas.1016201108.

53. Bezold G, Politch JA, Kiviat NB, Kuypers JM, Wolff H, Anderson DJ. Prevalence of
sexually transmissible pathogens in semen from asymptomatic male infertility patients
with and without leukocytospermia. Fertil Steril 87: 1087–1097, 2007. doi:10.1016/j.
fertnstert.2006.08.109.

54. Bezold G, Schuster-Grusser A, Lange M, Gall H, Wolff H, Peter RU. Prevalence of
human herpesvirus types 1-8 in the semen of infertility patients and correlation with
semen parameters. Fertil Steril 76: 416–418, 2001. doi:10.1016/S0015-
0282(01)01920-3.

55. Bhushan S, Meinhardt A. The macrophages in testis function. J Reprod Immunol 119:
107–112, 2017. doi:10.1016/j.jri.2016.06.008.

56. Bhushan S, Tchatalbachev S, Lu Y, Fröhlich S, Fijak M, Vijayan V, Chakraborty T,
Meinhardt A. Differential activation of inflammatory pathways in testicular macro-
phages provides a rationale for their subdued inflammatory capacity. J Immunol 194:
5455–5464, 2015. doi:10.4049/jimmunol.1401132.

57. Bird BH, Spengler JR, Chakrabarti AK, Khristova ML, Sealy TK, Coleman-McCray JD,
Martin BE, Dodd KA, Goldsmith CS, Sanders J, Zaki SR, Nichol ST, Spiropoulou CF.
Humanized mouse model of Ebola virus disease mimics the immune responses in
human disease. J Infect Dis 213: 703–711, 2016. doi:10.1093/infdis/jiv538.

58. Bittencourt AL. Vertical transmission of HTLV-I/II: a review. Rev Inst Med Trop São
Paulo 40: 245–251, 1998. doi:10.1590/S0036-46651998000400008.

59. Bjorvatn B. Mumps virus recovered from testicles by fine-needle aspiration biopsy in
cases of mumps orchitis. Scand J Infect Dis 5: 3–5, 1973. doi:10.3109/inf.1973.5.issue-
1.02.

60. Boldogh I, Albrecht T, Porter DD. Persistent Viral Infections (4th ed.). Galveston, TX:
Univ. of Texas Medical Branch at Galveston, 1996.

61. Boneva RS, Switzer WM, Spira TJ, Bhullar VB, Shanmugam V, Cong M-E, Lam L,
Heneine W, Folks TM, Chapman LE. Clinical and virological characterization of per-
sistent human infection with simian foamy viruses. AIDS Res Hum Retroviruses 23:
1330–1337, 2007. doi:10.1089/aid.2007.0104.

62. Den Boon S, Marston BJ, Nyenswah TG, Jambai A, Barry M, Keita S, Durski K, Senesie
SS, Perkins D, Shah A, Green HH, Hamblion EL, Lamunu M, Gasasira A, Mahmoud
NO, Djingarey MH, Morgan O, Crozier I, Dye C. Ebola virus infection associated with
transmission from survivors. Emerg Infect Dis 25: 249–255, 2019. doi:10.3201/
eid2502.181011.

63. Borel N, Janett F, Teankum K, Zlinszky K, Iten C, Hilbe M. Testicular hypoplasia in a
bull persistently infected with bovine diarrhoea virus. J Comp Pathol 137: 169–173,
2007. doi:10.1016/j.jcpa.2007.06.002.

64. Bosnjak L, Miranda-Saksena M, Koelle DM, Boadle RA, Jones CA, Cunningham AL.
Herpes simplex virus infection of human dendritic cells induces apoptosis and allows
cross-presentation via uninfected dendritic cells. J Immunol 174: 2220–2227, 2005.
doi:10.4049/jimmunol.174.4.2220.

65. Bostwick DG, de la Roza G, Dundore P, Corica FA, Iczkowski KA. Intraepithelial and
stromal lymphocytes in the normal human prostate. Prostate 55: 187–193, 2003.
doi:10.1002/pros.10224.

66. Bouhlal H, Chomont N, Haeffner-Cavaillon N, Kazatchkine MD, Belec L, Hocini H.
Opsonization of HIV-1 by semen complement enhances infection of human epithelial
cells. J Immunol 169: 3301–3306, 2002. doi:10.4049/jimmunol.169.6.3301.

67. Bourlet T, Lornage J, Maertens A, Garret A-S, Saoudin H, Tardy J-C, Jimenez C,
Guerin J-F, Pozzetto B, Levy R. Prospective evaluation of the threat related to the use
of seminal fractions from hepatitis C virus-infected men in assisted reproductive
techniques. Hum Reprod 24: 530–535, 2009. doi:10.1093/humrep/den414.

68. Bouvet JP, Grésenguet G, Bélec L. Vaginal pH neutralization by semen as a cofactor of
HIV transmission. Clin Microbiol Infect 3: 19–23, 1997. doi:10.1111/j.1469-0691.
1997.tb00246.x.

69. Bozzini S, Falcone V, Conaldi PG, Visai L, Biancone L, Dolei A, Toniolo A, Speziale P.
Heparin-binding domain of human fibronectin binds HIV-1 gp120/160 and reduces
virus infectivity. J Med Virol 54: 44–53, 1998. doi:10.1002/(SICI)1096-
9071(199801)54:1�44:AID-JMV7�3.0.CO;2-P.

70. Bradshaw CS, Tabrizi SN, Read TRH, Garland SM, Hopkins CA, Moss LM, Fairley CK.
Etiologies of nongonococcal urethritis: bacteria, viruses, and the association with
orogenital exposure. J Infect Dis 193: 336–345, 2006. doi:10.1086/499434.

71. Bradshaw D, Lamoury F, Catlett B, Applegate TL, Mcallister J, Dore GJ, Matthews
GV, Danta M. A comparison of seminal hepatitis C virus (HCV) RNA levels during
recent and chronic HCV infection in HIV-infected and HIV-uninfected individuals. J
Infect Dis 211: 736–743, 2015. doi:10.1093/infdis/jiu550.

72. Braun U, Frei S, Schweizer M, Zanoni R, Janett F. Short communication: transmission
of border disease virus to seronegative cows inseminated with infected semen. Res
Vet Sci 100: 297–298, 2015. doi:10.1016/j.rvsc.2015.03.027.

73. Briat A, Dulioust E, Galimand J, Fontaine H, Chaix ML, Letur-Könirsch H, Pol S,
Jouannet P, Rouzioux C, Leruez-Ville M. Hepatitis C virus in the semen of men
coinfected with HIV-1: prevalence and origin. AIDS 19: 1827–1835, 2005. doi:10.
1097/01.aids.0000189847.98569.2d.

74. Brito CAA, Henriques-Souza A, Soares CRP, Castanha PMS, Machado LC, Pereira
MR, Sobral MCM, Lucena-Araujo AR, Wallau GL, Franca RFO. Persistent detection of
Zika virus RNA from an infant with severe microcephaly - a case report. BMC Infect
Dis 18: 388, 2018. doi:10.1186/s12879-018-3313-4.

75. Brodersen BW. Bovine viral diarrhea virus infections: manifestations of infection and
recent advances in understanding pathogenesis and control. Vet Pathol 51: 453–464,
2014. doi:10.1177/0300985813520250.

76. Brown-Woodman PD, Post EJ, Gass GC, White IG. The effect of a single sauna
exposure on spermatozoa. Arch Androl 12: 9–15, 1984. doi:10.3109/
01485018409161141.

77. Browne JA, Leir SH, Eggener SE, Harris A. Region-specific innate antiviral responses of
the human epididymis. Mol Cell Endocrinol 473: 72–78, 2018. doi:10.1016/j.mce.2018.
01.004.

LE TORTOREC ET AL.

1394 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1073/pnas.1721646115
https://doi.org/10.1073/pnas.1721646115
https://doi.org/10.1093/cid/cix967
https://doi.org/10.1093/infdis/167.6.1288
https://doi.org/10.1111/bpa.12644
https://doi.org/10.1111/bpa.12644
https://doi.org/10.1002/vms3.129
https://doi.org/10.1038/377630a0
https://doi.org/10.1038/377630a0
https://doi.org/10.1073/pnas.0307800101
https://doi.org/10.1371/journal.ppat.1001030
https://doi.org/10.1093/humrep/dei496
https://doi.org/10.1038/cmi.2014.79
https://doi.org/10.1038/cmi.2014.79
https://doi.org/10.1073/pnas.1016201108
https://doi.org/10.1016/j.fertnstert.2006.08.109
https://doi.org/10.1016/j.fertnstert.2006.08.109
https://doi.org/10.1016/S0015-0282(01)01920-3
https://doi.org/10.1016/S0015-0282(01)01920-3
https://doi.org/10.1016/j.jri.2016.06.008
https://doi.org/10.4049/jimmunol.1401132
https://doi.org/10.1093/infdis/jiv538
https://doi.org/10.1590/S0036-46651998000400008
https://doi.org/10.3109/inf.1973.5.issue-1.02
https://doi.org/10.3109/inf.1973.5.issue-1.02
https://doi.org/10.1089/aid.2007.0104
https://doi.org/10.3201/eid2502.181011
https://doi.org/10.3201/eid2502.181011
https://doi.org/10.1016/j.jcpa.2007.06.002
https://doi.org/10.4049/jimmunol.174.4.2220
https://doi.org/10.1002/pros.10224
https://doi.org/10.4049/jimmunol.169.6.3301
https://doi.org/10.1093/humrep/den414
https://doi.org/10.1111/j.1469-0691.1997.tb00246.x
https://doi.org/10.1111/j.1469-0691.1997.tb00246.x
https://doi.org/10.1002/(SICI)1096-9071(199801)54:1&lt;44:AID-JMV7&gt;3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-9071(199801)54:1&lt;44:AID-JMV7&gt;3.0.CO;2-P
https://doi.org/10.1086/499434
https://doi.org/10.1093/infdis/jiu550
https://doi.org/10.1016/j.rvsc.2015.03.027
https://doi.org/10.1097/01.aids.0000189847.98569.2d
https://doi.org/10.1097/01.aids.0000189847.98569.2d
https://doi.org/10.1186/s12879-018-3313-4
https://doi.org/10.1177/0300985813520250
https://doi.org/10.3109/01485018409161141
https://doi.org/10.3109/01485018409161141
https://doi.org/10.1016/j.mce.2018.01.004
https://doi.org/10.1016/j.mce.2018.01.004


78. Browne JA, Yang R, Leir S-H, Eggener SE, Harris A. Expression profiles of human
epididymis epithelial cells reveal the functional diversity of caput, corpus and cauda
regions. Mol Hum Reprod 22: 69–82, 2016. doi:10.1093/molehr/gav066.

79. Buechner SA. Common skin disorders of the penis. BJU Int 90: 498–506, 2002.
doi:10.1046/j.1464-410X.2002.02962.x.

80. Bujan L, Daudin M, Matsuda T, Righi L, Thauvin L, Berges L, Izopet J, Berrebi A, Massip
P, Pasquier C. Factors of intermittent HIV-1 excretion in semen and efficiency of
sperm processing in obtaining spermatozoa without HIV-1 genomes. AIDS 18: 757–
766, 2004. doi:10.1097/00002030-200403260-00006.

81. Burgener A, McGowan I, Klatt NR. HIV and mucosal barrier interactions: conse-
quences for transmission and pathogenesis. Curr Opin Immunol 36: 22–30, 2015.
doi:10.1016/j.coi.2015.06.004.

82. Bwogi J, Braka F, Makumbi I, Mishra V, Bakamutumaho B, Nanyunja M, Opio A,
Downing R, Biryahwaho B, Lewis RF. Hepatitis B infection is highly endemic in Ugan-
da: findings from a national serosurvey. Afr Health Sci 9: 98–108, 2009.

83. Calkins JH, Sigel MM, Nankin HR, Lin T. Interleukin-1 inhibits Leydig cell steroido-
genesis in primary culture. Endocrinology 123: 1605–1610, 1988. doi:10.1210/endo-
123-3-1605.

84. Camus C, Matusali G, Bourry O, Mahe D, Aubry F, Bujan L, Pasquier C, Massip P,
Ravel C, Zirafi O, Munch J, Roan NR, Pineau C, Dejucq-Rainsford N. Comparison of
the effect of semen from HIV-infected and uninfected men on CD4� T-cell infection.
AIDS 30: 1197–1208, 2016. doi:10.1097/QAD.0000000000001048.

85. Capra G, Nyitray AG, Lu B, Perino A, Marci R, Schillaci R, Matranga D, Firenze A,
Caleca M, Bellavia C, Guarneri F, Giuliano A, Giovannelli L. Analysis of persistence of
human papillomavirus infection in men evaluated by sampling multiple genital sites.
Eur Rev Med Pharmacol Sci 19: 4153–4163, 2015.

86. Caputo SL, Trabattoni D, Vichi F, Piconi S, Lopalco L, Villa ML, Mazzotta F, Clerici M.
Mucosal and systemic HIV-1-specific immunity in HIV-1-exposed but uninfected het-
erosexual men. AIDS 17: 531–539, 2003. doi:10.1097/00002030-200303070-00008.

87. Carossino M, Loynachan AT, Canisso IF, Cook RF, Campos JR, Nam B, Go YY, Squires
EL, Troedsson MHT, Swerczek T, Del Piero F, Bailey E, Timoney PJ, Balasuriya UBR.
Equine arteritis virus has specific tropism for stromal cells and CD8� T and CD21� B
lymphocytes but not for glandular epithelium at the primary site of persistent infection
in the stallion reproductive tract. J Virol 91: e00418-17, 2017. doi:10.1128/JVI.00418-
17.

88. Ceballos A, Remes Lenicov F, Sabatté J, Rodríguez Rodrígues C, Cabrini M, Jancic C,
Raiden S, Donaldson M, Agustín Pasqualini R Jr, Marin-Briggiler C, Vazquez-Levin M,
Capani F, Amigorena S, Geffner J. Spermatozoa capture HIV-1 through heparan
sulfate and efficiently transmit the virus to dendritic cells. J Exp Med 206: 2717–2733,
2009. doi:10.1084/jem.20091579.

89. Celebi C, Guillaudeux T, Auvray P, Vallet-Erdtmann V, Jégou B. The making of “trans-
genic spermatozoa”. Biol Reprod 68: 1477–1483, 2003. doi:10.1095/biolreprod.102.
009340.

90. Centers for Disease Control and Prevention (CDC). STD Facts HPV [Online]. 2019.
https://www.cdc.gov/std/hpv/stdfact-hpv.htm.

91. Centers for Disease Control and Prevention (CDC). STD Fact herpes [Online]. 2019.
https://www.cdc.gov/std/herpes/stdfact-herpes.htm.

92. Centers for Disease Control and Prevention (CDC). Molluscum contagiosum Risk
Factors [Online]. 2019. https://www.cdc.gov/poxvirus/molluscum-contagiosum/
risk.html.

93. Centifanto YM, Drylie DM, Deardourff SL, Kaufman HE. Herpesvirus type 2 in the
male genitourinary tract. Science 178: 318–319, 1972. doi:10.1126/science.178.4058.
318.

95. Centifanto YM, Kaufman HE. In vitro transformation by HSV-2 from a human pros-
tatic carcinoma. IARC Sci Publ 11: 195–197, 1975.

96. Chan JF-W, Zhang AJ, Chan CC-S, Yip CC-Y, Mak WW-N, Zhu H, Poon VK-M, Tee
K-M, Zhu Z, Cai J-P, Tsang JO-L, Chik KK-H, Yin F, Chan K-H, Kok K-H, Jin D-Y,
Au-Yeung RK-H, Yuen K-Y. Zika virus infection in dexamethasone-immunosup-
pressed mice demonstrating disseminated infection with multi-organ involvement
including orchitis effectively treated by recombinant type i interferons. EBioMedicine
14: 112–122, 2016. doi:10.1016/j.ebiom.2016.11.017.

97. Charlier C, Beaudoin M-C, Couderc T, Lortholary O, Lecuit M. Arboviruses and
pregnancy: maternal, fetal, and neonatal effects. Lancet Child Adolesc Health 1: 134–
146, 2017. doi:10.1016/S2352-4642(17)30021-4.

98. Chen C-S, Chang P-J, Lin W-Y, Huang Y-C, Ho D-R. Evidences of the inflammasome
pathway in chronic prostatitis and chronic pelvic pain syndrome in an animal model.
Prostate 73: 391–397, 2013. doi:10.1002/pros.22580.

99. Chen JC, Johnson BA, Erikson DW, Piltonen TT, Barragan F, Chu S, Kohgadai N, Irwin
JC, Greene WC, Giudice LC, Roan NR. Seminal plasma induces global transcriptomic
changes associated with cell migration, proliferation and viability in endometrial epi-
thelial cells and stromal fibroblasts. Hum Reprod 29: 1255–1270, 2014. doi:10.1093/
humrep/deu047.

100. Chen Q, Deng T, Han D. Testicular immunoregulation and spermatogenesis. Semin
Cell Dev Biol 59: 157–165, 2016. doi:10.1016/j.semcdb.2016.01.019.

101. Chen Y, Wei J. Identification of pathogen signatures in prostate cancer using RNA-seq.
PLoS One 10: e0128955, 2015. doi:10.1371/journal.pone.0128955.

102. Chen Z, DeSalle R, Schiffman M, Herrero R, Wood CE, Ruiz JC, Clifford GM, Chan
PKS, Burk RD. Niche adaptation and viral transmission of human papillomaviruses
from archaic hominins to modern humans. PLoS Pathog 14: e1007352, 2018. doi:10.
1371/journal.ppat.1007352.

103. Cheng X, Dai H, Wan N, Moore Y, Vankayalapati R, Dai Z. Interaction of pro-
grammed death-1 and programmed death-1 ligand-1 contributes to testicular im-
mune privilege. Transplantation 87: 1778–1786, 2009. doi:10.1097/TP.
0b013e3181a75633.

104. Chéret A, Durier C, Mélard A, Ploquin M, Heitzmann J, Lécuroux C, Avettand-Fenoël
V, David L, Pialoux G, Chennebault JM, Müller-Trutwin M, Goujard C, Rouzioux C,
Meyer L; ANRS OPTIPRIM Study Group. Impact of early cART on HIV blood and
semen compartments at the time of primary infection. PLoS One 12: e0180191, 2017.
doi:10.1371/journal.pone.0180191.

105. Chesson HW, Dunne EF, Hariri S, Markowitz LE. The estimated lifetime probability of
acquiring human papillomavirus in the United States. Sex Transm Dis 41: 660–664,
2014. doi:10.1097/OLQ.0000000000000193.

106. Cheung WY, Chan AC, Loke SL, Srivastava G, Pittaluga S, Lim LY, Ho FC. Latent sites
of Epstein-Barr virus infection. Am J Clin Pathol 100: 502–506, 1993. doi:10.1093/ajcp/
100.5.502.

107. Choi C, Chae C. Localization of classical swine fever virus in male gonads during
subclinical infection. J Gen Virol 83: 2717–2721, 2002. doi:10.1099/0022-1317-83-11-
2717.

108. Choi C, Chae C. Detection of classical swine fever virus in boar semen by reverse
transcription-polymerase chain reaction. J Vet Diagn Invest 15: 35–41, 2003. doi:10.
1177/104063870301500108.

109. Christopher-Hennings J, Nelson EA, Hines RJ, Nelson JK, Swenson SL, Zimmerman JJ,
Chase CL, Yaeger MJ, Benfield DA. Persistence of porcine reproductive and respira-
tory syndrome virus in serum and semen of adult boars. J Vet Diagn Invest 7: 456–464,
1995. doi:10.1177/104063879500700406.

110. Clancy CS, Van Wettere AJ, Siddharthan V, Morrey JD, Julander JG. Comparative
histopathologic lesions of the male reproductive tract during acute infection of Zika
virus in AG129 and Ifnar-/- mice. Am J Pathol 188: 904–915, 2018. doi:10.1016/j.ajpath.
2017.12.019.

111. Coffin KM, Liu J, Warren TK, Blancett CD, Kuehl KA, Nichols DK, Bearss JJ, Schellhase
CW, Retterer CJ, Weidner JM, Radoshitzky SR, Brannan JM, Cardile AP, Dye JM,
Palacios G, Sun MG, Kuhn JH, Bavari S, Zeng X. Persistent Marburg virus infection in
the testes of nonhuman primate survivors. Cell Host Microbe 24: 405–416.e3, 2018.
doi:10.1016/j.chom.2018.08.003.

112. Comar M, Zanotta N, Croci E, Murru I, Marci R, Pancaldi C, Dolcet O, Luppi S,
Martinelli M, Giolo E, Ricci G, Tognon M. Association between the JC polyomavirus
infection and male infertility. PLoS One 7: e42880, 2012. doi:10.1371/journal.pone.
0042880.

113. Connolly BM, Steele KE, Davis KJ, Geisbert TW, Kell WM, Jaax NK, Jahrling PB.
Pathogenesis of experimental Ebola virus infection in guinea pigs. J Infect Dis 179, Suppl
1: S203–S217, 1999. doi:10.1086/514305.

114. Coombs RW, Lockhart D, Ross SO, Deutsch L, Dragavon J, Diem K, Hooton TM,
Collier AC, Corey L, Krieger JN. Lower genitourinary tract sources of seminal HIV. J

VIRUSES IN THE MALE GENITAL TRACT

1395Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1093/molehr/gav066
https://doi.org/10.1046/j.1464-410X.2002.02962.x
https://doi.org/10.1097/00002030-200403260-00006
https://doi.org/10.1016/j.coi.2015.06.004
https://doi.org/10.1210/endo-123-3-1605
https://doi.org/10.1210/endo-123-3-1605
https://doi.org/10.1097/QAD.0000000000001048
https://doi.org/10.1097/00002030-200303070-00008
https://doi.org/10.1128/JVI.00418-17
https://doi.org/10.1128/JVI.00418-17
https://doi.org/10.1084/jem.20091579
https://doi.org/10.1095/biolreprod.102.009340
https://doi.org/10.1095/biolreprod.102.009340
https://www.cdc.gov/std/hpv/stdfact-hpv.htm
https://www.cdc.gov/std/herpes/stdfact-herpes.htm
https://www.cdc.gov/poxvirus/molluscum-contagiosum/risk.html
https://www.cdc.gov/poxvirus/molluscum-contagiosum/risk.html
https://doi.org/10.1126/science.178.4058.318
https://doi.org/10.1126/science.178.4058.318
https://doi.org/10.1016/j.ebiom.2016.11.017
https://doi.org/10.1016/S2352-4642(17)30021-4
https://doi.org/10.1002/pros.22580
https://doi.org/10.1093/humrep/deu047
https://doi.org/10.1093/humrep/deu047
https://doi.org/10.1016/j.semcdb.2016.01.019
https://doi.org/10.1371/journal.pone.0128955
https://doi.org/10.1371/journal.ppat.1007352
https://doi.org/10.1371/journal.ppat.1007352
https://doi.org/10.1097/TP.0b013e3181a75633
https://doi.org/10.1097/TP.0b013e3181a75633
https://doi.org/10.1371/journal.pone.0180191
https://doi.org/10.1097/OLQ.0000000000000193
https://doi.org/10.1093/ajcp/100.5.502
https://doi.org/10.1093/ajcp/100.5.502
https://doi.org/10.1099/0022-1317-83-11-2717
https://doi.org/10.1099/0022-1317-83-11-2717
https://doi.org/10.1177/104063870301500108
https://doi.org/10.1177/104063870301500108
https://doi.org/10.1177/104063879500700406
https://doi.org/10.1016/j.ajpath.2017.12.019
https://doi.org/10.1016/j.ajpath.2017.12.019
https://doi.org/10.1016/j.chom.2018.08.003
https://doi.org/10.1371/journal.pone.0042880
https://doi.org/10.1371/journal.pone.0042880
https://doi.org/10.1086/514305


Acquir Immune Defic Syndr 41: 430–438, 2006. doi:10.1097/01.qai.0000209895.
82255.08.

115. Coombs RW, Speck CE, Hughes JP, Lee W, Sampoleo R, Ross SO, Dragavon J,
Peterson G, Hooton TM, Collier AC, Corey L, Koutsky L, Krieger JN. Association
between culturable human immunodeficiency virus type 1 (HIV-1) in semen and
HIV-1 RNA levels in semen and blood: evidence for compartmentalization of HIV-1
between semen and blood. J Infect Dis 177: 320–330, 1998. doi:10.1086/514213.

116. Cooper TK, Huzella L, Johnson JC, Rojas O, Yellayi S, Sun MG, Bavari S, Bonilla A, Hart
R, Jahrling PB, Kuhn JH, Zeng X. Histology, immunohistochemistry, and in situ hy-
bridization reveal overlooked Ebola virus target tissues in the Ebola virus disease
guinea pig model. [Correction in Sci Rep 9: 15013, 2019.] Sci Rep 8: 1250, 2018.
doi:10.1038/s41598-018-19638-x.

117. Cooper TK, Sword J, Johnson JC, Bonilla A, Hart R, Liu DX, Bernbaum JG, Cooper K,
Jahrling PB, Hensley LE. New insights Into Marburg virus disease pathogenesis in the
Rhesus Macaque model. J Infect Dis 218, Suppl_5: S423–S433, 2018. doi:10.1093/
infdis/jiy367.

118. Cortés-Gutiérrez EI, Dávila-Rodríguez MI, Fernández JL, de la O-Pérez LO, Garza-
Flores ME, Eguren-Garza R, Gosálvez J. The presence of human papillomavirus in
semen does not affect the integrity of sperm DNA. Andrologia 49: e12774, 2017.
doi:10.1111/and.12774.

119. Cottral GE, Gailiunas P, Cox BF. Foot-and-mouth disease virus in semen of bulls and
its transmission by artificial insemination. Arch Gesamte Virusforsch 23: 362–377, 1968.
doi:10.1007/BF01242132.

120. Council OD, Swanson MD, Spagnuolo RA, Wahl A, Garcia JV. Role of semen on vaginal
HIV-1 transmission and Maraviroc protection. Antimicrob Agents Chemother 59: 7847–
7851, 2015. doi:10.1128/AAC.01496-15.

121. Coyne CB, Lazear HM. Zika virus - reigniting the TORCH. Nat Rev Microbiol 14:
707–715, 2016. doi:10.1038/nrmicro.2016.125.

122. Craighead JE, Mahoney EM, Carver DH, Nafic K, Fremont-Smith P. Orchitis due to
Coxsackie virus group B, type 5. Report of a case with isolation of virus from the testis.
N Engl J Med 267: 498–500, 1962. doi:10.1056/NEJM196209062671008.

123. Craigo JK, Patterson BK, Paranjpe S, Kulka K, Ding M, Mellors J, Montelaro RC, Gupta
P. Persistent HIV type 1 infection in semen and blood compartments in patients after
long-term potent antiretroviral therapy. AIDS Res Hum Retroviruses 20: 1196–1209,
2004. doi:10.1089/aid.2004.20.1196.

124. Crisci E, Ellegård R, Nyström S, Rondahl E, Serrander L, Bergström T, Sjöwall C,
Eriksson K, Larsson M. Complement OPSONIZATION promotes herpes simplex
virus 2 infection of human dendritic cells. J Virol 90: 4939–4950, 2016. doi:10.1128/
JVI.00224-16.

125. Crowell RC, Kiessling AA. Endogenous retrovirus expression in testis and epididymis.
Biochem Soc Trans 35: 629–633, 2007. doi:10.1042/BST0350629.

126. Cságola A, L´́orincz M, Cadar D, Tombácz K, Biksi I, Tuboly T. Detection, prevalence
and analysis of emerging porcine parvovirus infections. Arch Virol 157: 1003–1010,
2012. doi:10.1007/s00705-012-1257-3.

127. Csata S, Kulcsár G. Virus-host studies in human seminal and mouse testicular cells.
Acta Chir Hung 32: 83–90, 1991.

128. D’Alessio A, Riccioli A, Lauretti P, Padula F, Muciaccia B, De Cesaris P, Filippini A,
Nagata S, Ziparo E. Testicular FasL is expressed by sperm cells. Proc Natl Acad Sci USA
98: 3316–3321, 2001. doi:10.1073/pnas.051566098.

129. D’Ortenzio E, Matheron S, de Lamballerie X, Hubert B, Piorkowski G, Maquart M,
Descamps D, Damond F, Yazdanpanah Y, Leparc-Goffart I. Evidence of sexual trans-
mission of Zika virus. N Engl J Med 374: 2195–2198, 2016. doi:10.1056/
NEJMc1604449.

130. Daibata M, Taguchi T, Nemoto Y, Taguchi H, Miyoshi I. Inheritance of chromosomally
integrated human herpesvirus 6 DNA. Blood 94: 1545–1549, 1999. doi:10.1182/
blood.V94.5.1545.

131. Damon IK. Poxviridae. In: Fields Virology, edited by Knipe DM, Howley PM. Philadel-
phia, PA: Lippincott Williams & Wilkins, 2013.

132. Davison F, Alexander GJ, Trowbridge R, Fagan EA, Williams R. Detection of hepatitis
B virus DNA in spermatozoa, urine, saliva and leucocytes, of chronic HBsAg carriers.

A lack of relationship with serum markers of replication. J Hepatol 4: 37–44, 1987.
doi:10.1016/S0168-8278(87)80007-7.

133. Deen GF, Broutet N, Xu W, Knust B, Sesay FR, McDonald SLR, Ervin E, Marrinan JE,
Gaillard P, Habib N, Liu H, Liu W, Thorson AE, Yamba F, Massaquoi TA, James F,
Ariyarajah A, Ross C, Bernstein K, Coursier A, Klena J, Carino M, Wurie AH, Zhang Y,
Dumbuya MS, Abad N, Idriss B, Wi T, Bennett SD, Davies T, Ebrahim FK, Meites E,
Naidoo D, Smith SJ, Ongpin P, Malik T, Banerjee A, Erickson BR, Liu Y, Liu Y, Xu K,
Brault A, Durski KN, Winter J, Sealy T, Nichol ST, Lamunu M, Bangura J, Landoulsi S,
Jambai A, Morgan O, Wu G, Liang M, Su Q, Lan Y, Hao Y, Formenty P, Ströher U, Sahr
F. Ebola RNA persistence in semen of Ebola virus disease survivors - final report. N
Engl J Med 377: 1428–1437, 2017. doi:10.1056/NEJMoa1511410.

134. DeFalco T, Potter SJ, Williams AV, Waller B, Kan MJ, Capel B. Macrophages Contrib-
ute to the Spermatogonial Niche in the Adult Testis. Cell Rep 12: 1107–1119, 2015.
doi:10.1016/j.celrep.2015.07.015.

135. Dejucq-Rainsford N, Jégou B. Viruses in semen and male genital tissues--conse-
quences for the reproductive system and therapeutic perspectives. Curr Pharm Des
10: 557–575, 2004. doi:10.2174/1381612043453225.

136. Dejucq N, Chousterman S, Jégou B. The testicular antiviral defense system: localiza-
tion, expression, and regulation of 2=5= oligoadenylate synthetase, double-stranded
RNA-activated protein kinase, and Mx proteins in the rat seminiferous tubule. J Cell
Biol 139: 865–873, 1997. doi:10.1083/jcb.139.4.865.

137. Dejucq N, Dugast I, Ruffault A, van der Meide PH, Jégou B. Interferon-alpha and
-gamma expression in the rat testis. Endocrinology 136: 4925–4931, 1995. doi:10.
1210/endo.136.11.7588226.

138. Dejucq N, Jégou B. Viruses in the mammalian male genital tract and their effects on
the reproductive system. Microbiol Mol Biol Rev 65: 208–231, 2001. doi:10.1128/
MMBR.65.2.208-231.2001.

139. Dejucq N, Liénard MO, Guillaume E, Dorval I, Jégou B. Expression of interferons-
alpha and -gamma in testicular interstitial tissue and spermatogonia of the rat. Endo-
crinology 139: 3081–3087, 1998. doi:10.1210/endo.139.7.6083.

140. Dejucq N, Liénard MO, Jégou B. Interferons and interferon-induced antiviral proteins
in the testis. J Reprod Immunol 41: 291–300, 1998. doi:10.1016/S0165-
0378(98)00065-5.

141. Deleage C, Moreau M, Rioux-Leclercq N, Ruffault A, Jégou B, Dejucq-Rainsford N.
Human immunodeficiency virus infects human seminal vesicles in vitro and in vivo. Am
J Pathol 179: 2397–2408, 2011. doi:10.1016/j.ajpath.2011.08.005.

142. Denison FC, Calder AA, Kelly RW. The action of prostaglandin E2 on the human
cervix: stimulation of interleukin 8 and inhibition of secretory leukocyte protease
inhibitor. Am J Obstet Gynecol 180: 614–620, 1999. doi:10.1016/S0002-
9378(99)70263-2.

143. DeTure FA, Drylie DM, Kaufman HE, Centifanto YN. Herpesvirus type 2: isolation
from seminal vesicle and testes. Urology 7: 541–544, 1976. doi:10.1016/0090-
4295(76)90204-1.

144. Diallo B, Sissoko D, Loman NJ, Bah HA, Bah H, Worrell MC, Conde LS, Sacko R,
Mesfin S, Loua A, Kalonda JK, Erondu NA, Dahl BA, Handrick S, Goodfellow I, Mer-
edith LW, Cotten M, Jah U, Guetiya Wadoum RE, Rollin P, Magassouba N, Malvy D,
Anglaret X, Carroll MW, Aylward RB, Djingarey MH, Diarra A, Formenty P, Keïta S,
Günther S, Rambaut A, Duraffour S. Resurgence of Ebola virus disease in Guinea
linked to a survivor with virus persistence in seminal fluid for more than 500 days. Clin
Infect Dis 63: 1353–1356, 2016. doi:10.1093/cid/ciw601.

145. Dimitriadis F, Tsiampali C, Chaliasos N, Tsounapi P, Takenaka A, Sofikitis N. The
Sertoli cell as the orchestra conductor of spermatogenesis: spermatogenic cells dance
to the tune of testosterone. Hormones (Athens) 14: 479–503, 2015. doi:10.14310/
horm.2002.1633.

146. Dinh MH, Anderson MR, McRaven MD, Cianci GC, McCoombe SG, Kelley ZL, Gioia
CJ, Fought AJ, Rademaker AW, Veazey RS, Hope TJ. Visualization of HIV-1 interac-
tions with penile and foreskin epithelia: clues for female-to-male HIV transmission.
PLoS Pathog 11: e1004729, 2015. doi:10.1371/journal.ppat.1004729.

147. Diorio GJ, Giuliano AR. The role of human papilloma virus in penile carcinogenesis and
preneoplastic lesions: a potential target for vaccination and treatment strategies. Urol
Clin North Am 43: 419–425, 2016. doi:10.1016/j.ucl.2016.06.003.

148. Van Dis ES, Moore TC, Lavender KJ, Messer RJ, Keppler OT, Verheyen J, Dittmer U,
Hasenkrug KJ. No SEVI-mediated enhancement of rectal HIV-1 transmission of HIV-1

LE TORTOREC ET AL.

1396 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1097/01.qai.0000209895.82255.08
https://doi.org/10.1097/01.qai.0000209895.82255.08
https://doi.org/10.1086/514213
https://doi.org/10.1038/s41598-018-19638-x
https://doi.org/10.1093/infdis/jiy367
https://doi.org/10.1093/infdis/jiy367
https://doi.org/10.1111/and.12774
https://doi.org/10.1007/BF01242132
https://doi.org/10.1128/AAC.01496-15
https://doi.org/10.1038/nrmicro.2016.125
https://doi.org/10.1056/NEJM196209062671008
https://doi.org/10.1089/aid.2004.20.1196
https://doi.org/10.1128/JVI.00224-16
https://doi.org/10.1128/JVI.00224-16
https://doi.org/10.1042/BST0350629
https://doi.org/10.1007/s00705-012-1257-3
https://doi.org/10.1073/pnas.051566098
https://doi.org/10.1056/NEJMc1604449
https://doi.org/10.1056/NEJMc1604449
https://doi.org/10.1182/blood.V94.5.1545
https://doi.org/10.1182/blood.V94.5.1545
https://doi.org/10.1016/S0168-8278(87)80007-7
https://doi.org/10.1056/NEJMoa1511410
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.2174/1381612043453225
https://doi.org/10.1083/jcb.139.4.865
https://doi.org/10.1210/endo.136.11.7588226
https://doi.org/10.1210/endo.136.11.7588226
https://doi.org/10.1128/MMBR.65.2.208-231.2001
https://doi.org/10.1128/MMBR.65.2.208-231.2001
https://doi.org/10.1210/endo.139.7.6083
https://doi.org/10.1016/S0165-0378(98)00065-5
https://doi.org/10.1016/S0165-0378(98)00065-5
https://doi.org/10.1016/j.ajpath.2011.08.005
https://doi.org/10.1016/S0002-9378(99)70263-2
https://doi.org/10.1016/S0002-9378(99)70263-2
https://doi.org/10.1016/0090-4295(76)90204-1
https://doi.org/10.1016/0090-4295(76)90204-1
https://doi.org/10.1093/cid/ciw601
https://doi.org/10.14310/horm.2002.1633
https://doi.org/10.14310/horm.2002.1633
https://doi.org/10.1371/journal.ppat.1004729
https://doi.org/10.1016/j.ucl.2016.06.003


in two humanized mouse cohorts. Virology 488: 88–95, 2016. doi:10.1016/j.virol.
2015.11.005.

149. Diss TC, Pan LX, Du MQ, Peng HZ, Kerr JR. Parvovirus B19 is associated with benign
testes as well as testicular germ cell tumours. Mol Pathol 52: 349–352, 1999. doi:10.
1136/mp.52.6.349.

150. Dohle GR. Inflammatory-associated obstructions of the male reproductive tract. An-
drologia 35: 321–324, 2003. doi:10.1111/j.1439-0272.2003.tb00866.x.

151. Dowall SD, Graham VA, Rayner E, Hunter L, Atkinson B, Pearson G, Dennis M,
Hewson R. Lineage-dependent differences in the disease progression of Zika virus
infection in type-I interferon receptor knockout (A129) mice. PLoS Negl Trop Dis 11:
e0005704, 2017. doi:10.1371/journal.pntd.0005704.

152. Downey RF, Sullivan FJ, Wang-Johanning F, Ambs S, Giles FJ, Glynn SA. Human
endogenous retrovirus K and cancer: innocent bystander or tumorigenic accomplice?
Int J Cancer 137: 1249–1257, 2015. doi:10.1002/ijc.29003.

153. Duan Y-G, Wang P, Zheng W, Zhang Q, Huang W, Jin F, Cai Z. Characterisation of
dendritic cell subsets in chronically inflamed human epididymis. Andrologia 48: 431–
440, 2016. doi:10.1111/and.12463.

154. Dubaut JP, Gurung S, Trammell MR, Myers D, Reuter D, Preno A, Zavy MT, Papin JF.
Semen parameters during ZIKA virus infection in the olive baboon (Papio anubis).
Fertil Steril 108: e52–e53, 2017. doi:10.1016/j.fertnstert.2017.07.168.

155. Duggal NK, Emerman M. Evolutionary conflicts between viruses and restriction fac-
tors shape immunity. Nat Rev Immunol 12: 687–695, 2012. doi:10.1038/nri3295.

156. Duggal NK, McDonald EM, Ritter JM, Brault AC. Sexual transmission of Zika virus
enhances in utero transmission in a mouse model. Sci Rep 8: 4510, 2018. doi:10.1038/
s41598-018-22840-6.

157. Duggal NK, Ritter JM, Pestorius SE, Zaki SR, Davis BS, Chang G-JJ, Bowen RA, Brault
AC. Frequent Zika virus sexual transmission and prolonged viral RNA shedding in an
immunodeficient mouse model. Cell Rep 18: 1751–1760, 2017. doi:10.1016/j.celrep.
2017.01.056.

158. Dunne EF, Nielson CM, Stone KM, Markowitz LE, Giuliano AR. Prevalence of HPV
infection among men: a systematic review of the literature. J Infect Dis 194: 1044–
1057, 2006. doi:10.1086/507432.

159. Dupressoir A, Lavialle C, Heidmann T. From ancestral infectious retroviruses to bona
fide cellular genes: role of the captured syncytins in placentation. Placenta 33: 663–
671, 2012. doi:10.1016/j.placenta.2012.05.005.

160. Dupressoir A, Vernochet C, Harper F, Guégan J, Dessen P, Pierron G, Heidmann T.
A pair of co-opted retroviral envelope syncytin genes is required for formation of the
two-layered murine placental syncytiotrophoblast. Proc Natl Acad Sci USA 108:
E1164–E1173, 2011. doi:10.1073/pnas.1112304108.

161. Durazzo M, Premoli A, Di Bisceglie C, Bertagna A, Faga E, Biroli G, Manieri C, Bo S,
Pagano G. Alterations of seminal and hormonal parameters: an extrahepatic manifes-
tation of HCV infection? World J Gastroenterol 12: 3073–3076, 2006. doi:10.3748/wjg.
v12.i19.3073.

162. Dus Santos MJ, Trono K, Lager I, Wigdorovitz A. Development of a PCR to diagnose
BLV genome in frozen semen samples. Vet Microbiol 119: 10–18, 2007. doi:10.1016/
j.vetmic.2006.08.030.

163. Eggert-Kruse W, Reuland M, Johannsen W, Strowitzki T, Schlehofer JR. Cytomegalo-
virus (CMV) infection--related to male and/or female infertility factors? Fertil Steril 91:
67–82, 2009. doi:10.1016/j.fertnstert.2007.11.014.

164. Ekström U, Wallin H, Lorenzo J, Holmqvist B, Abrahamson M, Avilés FX. Internaliza-
tion of cystatin C in human cell lines. FEBS J 275: 4571–4582, 2008. doi:10.1111/j.
1742-4658.2008.06600.x.

165. El-Demiry MI, Hargreave TB, Busuttil A, James K, Ritchie AWS, Chisholm GD. Lym-
phocyte sub-populations in the male genital tract. Br J Urol 57: 769–774, 1985. doi:
10.1111/j.1464-410X.1985.tb07051.x.

166. Ellwanger JH, Veit TD, Chies JAB. Exosomes in HIV infection: a review and critical
look. Infect Genet Evol 53: 146–154, 2017. doi:10.1016/j.meegid.2017.05.021.

167. Emond RT, Evans B, Bowen ET, Lloyd G. A case of Ebola virus infection. BMJ 2:
541–544, 1977. doi:10.1136/bmj.2.6086.541.

168. English JC III, Laws RA, Keough GC, Wilde JL, Foley JP, Elston DM. Dermatoses of the
glans penis and prepuce. J Am Acad Dermatol 37: 1–26, 1997. doi:10.1016/S0190-
9622(97)70207-X.

169. Epelboin S, Dulioust E, Epelboin L, Benachi A, Merlet F, Patrat C. Zika virus and
reproduction: facts, questions and current management. Hum Reprod Update 23:
629–645, 2017. doi:10.1093/humupd/dmx024.

170. Ergunay K, Tezel GG, Dogan AI, Ozen H, Sirin G, Ozbay M, Karabulut E, Ustacelebi
S. Testicular persistence of Parvovirus B19: evidence for preferential infection of
germ cell tumors. Pathol Res Pract 204: 649–653, 2008. doi:10.1016/j.prp.2008.04.
004.

171. Erles K, Rohde V, Thaele M, Roth S, Edler L, Schlehofer JR. DNA of adeno-associated
virus (AAV) in testicular tissue and in abnormal semen samples. Hum Reprod 16:
2333–2337, 2001. doi:10.1093/humrep/16.11.2333.

172. Escalera-Zamudio M, Rojas-Anaya E, Kolokotronis S-O, Taboada B, Loza-Rubio E,
Méndez-Ojeda ML, Arias CF, Osterrieder N, Greenwood AD. Bats, primates, and the
evolutionary origins and diversification of mammalian gammaherpesviruses. MBio 7:
e01425-16, 2016. doi:10.1128/mBio.01425-16.

173. Esona MD, Mijatovic-Rustempasic S, Yen C, Parashar UD, Gentsch JR, Bowen MD,
LaRussa P. Detection of PCV-2 DNA in stool samples from infants vaccinated with
RotaTeq. Hum Vaccin Immunother 10: 25–32, 2014. doi:10.4161/hv.26731.

174. Esra RT, Olivier AJ, Passmore J-AS, Jaspan HB, Harryparsad R, Gray CM. Does HIV
exploit the inflammatory milieu of the male genital tract for successful infection? Front
Immunol 7: 245, 2016. doi:10.3389/fimmu.2016.00245.

175. Evenson DP, Jost LK, Corzett M, Balhorn R. Characteristics of human sperm chro-
matin structure following an episode of influenza and high fever: a case study. J Androl
21: 739–746, 2000.

176. Fabrizio C, de Gennaro N, Volpe A, Scudeller L, Lagioia A, Falasca K, Ladisa N,
Angarano G, Monno L, Saracino A. HIV-RNA decay in paired blood and semen sam-
ples of subjects receiving their first dolutegravir-based ART regimen. J Clin Virol 109:
45–49, 2018. doi:10.1016/j.jcv.2018.11.002.

177. Fagan EA, Alexander GJ, Davison F, Williams R. Persistence of free HBV DNA in body
secretions and liver despite loss of serum HBV DNA after interferon-induced sero-
conversion. J Med Virol 20: 183–188, 1986. doi:10.1002/jmv.1890200210.

178. Fawcett DW, Neaves WB, Flores MN. Comparative observations on intertubular
lymphatics and the organization of the interstitial tissue of the mammalian testis. Biol
Reprod 9: 500–532, 1973. doi:10.1093/biolreprod/9.5.500.

179. Fazakerley JK, Southern P, Bloom F, Buchmeier MJ. High resolution in situ hybridiza-
tion to determine the cellular distribution of lymphocytic choriomeningitis virus RNA
in the tissues of persistently infected mice: relevance to arenavirus disease and mech-
anisms of viral persistence. J Gen Virol 72: 1611–1625, 1991. doi:10.1099/0022-1317-
72-7-1611.

180. Fei QJ, Yang XD, Ni WH, Pan CS, Huang XF. Can hepatitis B virus DNA in semen be
predicted by serum levels of hepatitis B virus DNA, HBeAg, and HBsAg in chronically
infected men from infertile couples? Andrology 3: 506–511, 2015. doi:10.1111/andr.
12021.

181. Ferraretto X, Estellat C, Damond F, Longuet P, Epelboin S, Demailly P, Yazbeck C,
Llabador MA, Pasquet B, Yazdanpanah Y, Matheron S, Patrat C. Timing of intermit-
tent seminal HIV-1 RNA shedding in patients with undetectable plasma viral load
under combination antiretroviral therapy. PLoS One 9: e88922, 2014. doi:10.1371/
journal.pone.0088922.

182. Ferreira LMR, Meissner TB, Mikkelsen TS, Mallard W, O’Donnell CW, Tilburgs T,
Gomes HAB, Camahort R, Sherwood RI, Gifford DK, Rinn JL, Cowan CA, Strominger
JL. A distant trophoblast-specific enhancer controls HLA-G expression at the mater-
nal-fetal interface. Proc Natl Acad Sci USA 113: 5364–5369, 2016. doi:10.1073/pnas.
1602886113.

183. Feschotte C, Gilbert C. Endogenous viruses: insights into viral evolution and impact
on host biology. Nat Rev Genet 13: 283–296, 2012. doi:10.1038/nrg3199.

184. Fijak M, Damm L-J, Wenzel J-P, Aslani F, Walecki M, Wahle E, Eisel F, Bhushan S,
Hackstein H, Baal N, Schuler G, Konrad L, Rafiq A, O’Hara L, Smith LB, Meinhardt A.
Influence of testosterone on inflammatory response in testicular cells and expression
of transcription factor Foxp3 in T cells. Am J Reprod Immunol 74: 12–25, 2015. doi:10.
1111/aji.12363.

VIRUSES IN THE MALE GENITAL TRACT

1397Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1016/j.virol.2015.11.005
https://doi.org/10.1016/j.virol.2015.11.005
https://doi.org/10.1136/mp.52.6.349
https://doi.org/10.1136/mp.52.6.349
https://doi.org/10.1111/j.1439-0272.2003.tb00866.x
https://doi.org/10.1371/journal.pntd.0005704
https://doi.org/10.1002/ijc.29003
https://doi.org/10.1111/and.12463
https://doi.org/10.1016/j.fertnstert.2017.07.168
https://doi.org/10.1038/nri3295
https://doi.org/10.1038/s41598-018-22840-6
https://doi.org/10.1038/s41598-018-22840-6
https://doi.org/10.1016/j.celrep.2017.01.056
https://doi.org/10.1016/j.celrep.2017.01.056
https://doi.org/10.1086/507432
https://doi.org/10.1016/j.placenta.2012.05.005
https://doi.org/10.1073/pnas.1112304108
https://doi.org/10.3748/wjg.v12.i19.3073
https://doi.org/10.3748/wjg.v12.i19.3073
https://doi.org/10.1016/j.vetmic.2006.08.030
https://doi.org/10.1016/j.vetmic.2006.08.030
https://doi.org/10.1016/j.fertnstert.2007.11.014
https://doi.org/10.1111/j.1742-4658.2008.06600.x
https://doi.org/10.1111/j.1742-4658.2008.06600.x
https://doi.org/10.1111/j.1464-410X.1985.tb07051.x
https://doi.org/10.1016/j.meegid.2017.05.021
https://doi.org/10.1136/bmj.2.6086.541
https://doi.org/10.1016/S0190-9622(97)70207-X
https://doi.org/10.1016/S0190-9622(97)70207-X
https://doi.org/10.1093/humupd/dmx024
https://doi.org/10.1016/j.prp.2008.04.004
https://doi.org/10.1016/j.prp.2008.04.004
https://doi.org/10.1093/humrep/16.11.2333
https://doi.org/10.1128/mBio.01425-16
https://doi.org/10.4161/hv.26731
https://doi.org/10.3389/fimmu.2016.00245
https://doi.org/10.1016/j.jcv.2018.11.002
https://doi.org/10.1002/jmv.1890200210
https://doi.org/10.1093/biolreprod/9.5.500
https://doi.org/10.1099/0022-1317-72-7-1611
https://doi.org/10.1099/0022-1317-72-7-1611
https://doi.org/10.1111/andr.12021
https://doi.org/10.1111/andr.12021
https://doi.org/10.1371/journal.pone.0088922
https://doi.org/10.1371/journal.pone.0088922
https://doi.org/10.1073/pnas.1602886113
https://doi.org/10.1073/pnas.1602886113
https://doi.org/10.1038/nrg3199
https://doi.org/10.1111/aji.12363
https://doi.org/10.1111/aji.12363


185. Fijak M, Pilatz A, Hedger MP, Nicolas N, Bhushan S, Michel V, Tung KSK, Schuppe
H-C, Meinhardt A. Infectious, inflammatory and ‘autoimmune’ male factor infertility:
how do rodent models inform clinical practice? Hum Reprod Update 24: 416–441,
2018. doi:10.1093/humupd/dmy009.

186. Fijak M, Schneider E, Klug J, Bhushan S, Hackstein H, Schuler G, Wygrecka M, Gro-
moll J, Meinhardt A. Testosterone replacement effectively inhibits the development of
experimental autoimmune orchitis in rats: evidence for a direct role of testosterone
on regulatory T cell expansion. J Immunol 186: 5162–5172, 2011. doi:10.4049/
jimmunol.1001958.

187. Fischer WA, Brown J, Wohl DA, Loftis AJ, Tozay S, Reeves E, Pewu K, Gorvego G,
Quellie S, Cunningham CK, Merenbloom C, Napravnik S, Dube K, Adjasoo D, Jones
E, Bonarwolo K, Hoover D. Ebola virus ribonucleic acid detection in semen more than
two years after resolution of acute Ebola virus infection. Open Forum Infect Dis 4:
ofx155, 2017. doi:10.1093/ofid/ofx155.

188. Fischetti L, Barry SM, Hope TJ, Shattock RJ. HIV-1 infection of human penile explant
tissue and protection by candidate microbicides. AIDS 23: 319–328, 2009. doi:10.
1097/QAD.0b013e328321b778.

189. Fontaine A, de Laval F, Belleoud D, Briolant S, Matheus S. Duration of Zika viremia in
serum. Clin Infect Dis 67: 1143–1144, 2018. doi:10.1093/cid/ciy261.

190. Foresta C, Garolla A, Parisi S, Ghezzi M, Bertoldo A, Di Nisio A, De Toni L. HPV
prophylactic vaccination in males improves the clearance of semen infection. EBio-
Medicine 2: 1487–1493, 2015. doi:10.1016/j.ebiom.2015.09.005.

191. Foresta C, Noventa M, De Toni L, Gizzo S, Garolla A. HPV-DNA sperm infection and
infertility: from a systematic literature review to a possible clinical management pro-
posal. Andrology 3: 163–173, 2015. doi:10.1111/andr.284.

192. Foresta C, Patassini C, Bertoldo A, Menegazzo M, Francavilla F, Barzon L, Ferlin A.
Mechanism of human papillomavirus binding to human spermatozoa and fertilizing
ability of infected spermatozoa. PLoS One 6: e15036, 2011. doi:10.1371/journal.pone.
0015036.

193. Foulds LM, Boysen RI, Crane M, Yang Y, Muir JA, Smith AI, de Kretser DM, Hearn
MTW, Hedger MP. Molecular identification of lyso-glycerophosphocholines as en-
dogenous immunosuppressives in bovine and rat gonadal fluids. Biol Reprod 79: 525–
536, 2008. doi:10.1095/biolreprod.107.064386.

194. Frapsauce C, Grabar S, Leruez-Ville M, Launay O, Sogni P, Gayet V, Viard JP, De
Almeida M, Jouannet P, Dulioust E. Impaired sperm motility in HIV-infected men: an
unexpected adverse effect of efavirenz? Hum Reprod 30: 1797–1806, 2015. doi:10.
1093/humrep/dev141.

195. Froeschl G, Huber K, von Sonnenburg F, Nothdurft H-DD, Bretzel G, Hoelscher M,
Zoeller L, Trottmann M, Pan-Montojo F, Dobler G, Woelfel S. Long-term kinetics of
Zika virus RNA and antibodies in body fluids of a vasectomized traveller returning
from Martinique: a case report. BMC Infect Dis 17: 55, 2017. doi:10.1186/s12879-
016-2123-9.

196. Frouard J, Le Tortorec A, Dejucq-Rainsford N. In vitro models for deciphering the
mechanisms underlying the sexual transmission of viruses at the mucosal level. Virology
515: 1–10, 2018. doi:10.1016/j.virol.2017.11.023.

197. Fujino K, Horie M, Honda T, Merriman DK, Tomonaga K. Inhibition of Borna disease
virus replication by an endogenous bornavirus-like element in the ground squirrel
genome. Proc Natl Acad Sci USA 111: 13175–13180, 2014. doi:10.1073/pnas.
1407046111.

198. Futsch N, Prates G, Mahieux R, Casseb J, Dutartre H. Cytokine networks dysregula-
tion during HTLV-1 infection and associated diseases. Viruses 10: 691, 2018. doi:10.
3390/v10120691.

199. Gallien S, Moro A, Lediguerher G, Catinot V, Paboeuf F, Bigault L, Berri M, Gauger
PC, Pozzi N, Authié E, Rose N, Grasland B. Evidence of porcine epidemic diarrhea
virus (PEDV) shedding in semen from infected specific pathogen-free boars. Vet Res
(Faisalabad) 49: 7, 2018. doi:10.1186/s13567-018-0505-2.

200. Ganor Y, Real F, Sennepin A, Dutertre C-A, Prevedel L, Xu L, Tudor D, Charmeteau
B, Couedel-Courteille A, Marion S, Zenak A-R, Jourdain J-P, Zhou Z, Schmitt A,
Capron C, Eugenin EA, Cheynier R, Revol M, Cristofari S, Hosmalin A, Bomsel M.
HIV-1 reservoirs in urethral macrophages of patients under suppressive antiretroviral
therapy. Nat Microbiol 4: 633–644, 2019. doi:10.1038/s41564-018-0335-z.

201. Ganor Y, Zhou Z, Bodo J, Tudor D, Leibowitch J, Mathez D, Schmitt A, Vacher-
Lavenu MC, Revol M, Bomsel M. The adult penile urethra is a novel entry site for

HIV-1 that preferentially targets resident urethral macrophages. Mucosal Immunol 6:
776–786, 2013. doi:10.1038/mi.2012.116.

202. Ganor Y, Zhou Z, Tudor D, Schmitt A, Vacher-Lavenu MC, Gibault L, Thiounn N,
Tomasini J, Wolf JP, Bomsel M. Within 1 h, HIV-1 uses viral synapses to enter effi-
ciently the inner, but not outer, foreskin mucosa and engages Langerhans-T cell
conjugates. Mucosal Immunol 3: 506–522, 2010. doi:10.1038/mi.2010.32.

203. Gantner P, Assoumou L, Leruez-Ville M, David L, Suzan-Monti M, Costagliola D,
Rouzioux C, Ghosn J; EVARIST ANRS EP 49 Study Group. HIV-1-RNA in seminal
plasma correlates with detection of HIV-1-DNA in semen cells, but not with CMV
shedding, among MSM on successful antiretroviral regimens. J Antimicrob Chemother
71: 3202–3205, 2016. doi:10.1093/jac/dkw271.

204. Gao D, Lou Y, He D, Porco TC, Kuang Y, Chowell G, Ruan S. Prevention and control
of Zika as a mosquito-borne and sexually transmitted disease: a mathematical mod-
eling analysis. Sci Rep 6: 28070, 2016. doi:10.1038/srep28070.

205. Gao J, Wang X, Wang Y, Han F, Cai W, Zhao B, Li Y, Han S, Wu X, Hu D. Murine
Sertoli cells promote the development of tolerogenic dendritic cells: a pivotal role of
galectin-1. Immunology 148: 253–265, 2016. doi:10.1111/imm.12598.

206. Garber DA, Mitchell J, Adams D, Guenthner P, Deyounks F, Ellis S, Kelley K, Johnson
R, Dobard C, Heneine W, McNicholl J. Development of a repeat-exposure penile
SHIV infection model in macaques to evaluate biomedical preventions against HIV.
PLoS One 13: e0194837, 2018. doi:10.1371/journal.pone.0194837.

207. García-Bujalance S, Gutiérrez-Arroyo A, De la Calle F, Díaz-Menéndez M, Arribas JR,
García-Rodríguez J, Arsuaga M. Persistence and infectivity of Zika virus in semen after
returning from endemic areas: Report of 5 cases. J Clin Virol 96: 110–115, 2017.
doi:10.1016/j.jcv.2017.10.006.

208. Gardiner AC, Barlow RM. Vertical transmission of Border disease infection. J Comp
Pathol 91: 467–470, 1981. doi:10.1016/0021-9975(81)90020-7.

209. Garolla A, Engl B, Pizzol D, Ghezzi M, Bertoldo A, Bottacin A, Noventa M, Foresta C.
Spontaneous fertility and in vitro fertilization outcome: new evidence of human pap-
illomavirus sperm infection. Fertil Steril 105: 65–72.e1, 2016. doi:10.1016/j.fertnstert.
2015.09.018.

210. Garolla A, Pizzol D, Bertoldo A, Menegazzo M, Barzon L, Foresta C. Sperm viral
infection and male infertility: focus on HBV, HCV, HIV, HPV, HSV, HCMV, and AAV.
J Reprod Immunol 100: 20–29, 2013. doi:10.1016/j.jri.2013.03.004.

211. Garolla A, Pizzol D, Bertoldo A, De Toni L, Barzon L, Foresta C. Association, prev-
alence, and clearance of human papillomavirus and antisperm antibodies in infected
semen samples from infertile patients. Fertil Steril 99: 125–131.e2, 2013. doi:10.1016/
j.fertnstert.2012.09.006.

212. Garolla A, De Toni L, Bottacin A, Valente U, De Rocco Ponce M, Di Nisio A, Foresta
C. Human Papillomavirus Prophylactic Vaccination improves reproductive outcome
in infertile patients with HPV semen infection: a retrospective study. Sci Rep 8: 912,
2018. doi:10.1038/s41598-018-19369-z.

213. Garrido N, Meseguer M, Remohí J, Simón C, Pellicer A. Semen characteristics in
human immunodeficiency virus (HIV)- and hepatitis C (HCV)-seropositive males:
predictors of the success of viral removal after sperm washing. Hum Reprod 20:
1028–1034, 2005. doi:10.1093/humrep/deh699.

214. Gatti G, Quintar AA, Andreani V, Nicola JP, Maldonado CA, Masini-Repiso AM, Rivero
VE, Maccioni M. Expression of Toll-like receptor 4 in the prostate gland and its
association with the severity of prostate cancer. Prostate 69: 1387–1397, 2009. doi:
10.1002/pros.20984.

215. Gatti G, Rivero V, Motrich RD, Maccioni M. Prostate epithelial cells can act as early
sensors of infection by up-regulating TLR4 expression and proinflammatory media-
tors upon LPS stimulation. J Leukoc Biol 79: 989–998, 2006. doi:10.1189/jlb.1005597.

216. Gava D, Souza CK, Schaefer R, Vincent AL, Cantão ME, Coldebella A, Ciacci-Zanella
JR. A TaqMan-based real-time PCR for detection and quantification of porcine par-
vovirus 4. J Virol Methods 219: 14–17, 2015. doi:10.1016/j.jviromet.2015.03.011.

217. Gebhardt T, Mueller SN, Heath WR, Carbone FR. Peripheral tissue surveillance and
residency by memory T cells. Trends Immunol 34: 27–32, 2013. doi:10.1016/j.it.2012.
08.008.

218. Gentile I, Borgia G. Vertical transmission of hepatitis B virus: challenges and solutions.
Int J Womens Health 6: 605–611, 2014.

LE TORTOREC ET AL.

1398 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1093/humupd/dmy009
https://doi.org/10.4049/jimmunol.1001958
https://doi.org/10.4049/jimmunol.1001958
https://doi.org/10.1093/ofid/ofx155
https://doi.org/10.1097/QAD.0b013e328321b778
https://doi.org/10.1097/QAD.0b013e328321b778
https://doi.org/10.1093/cid/ciy261
https://doi.org/10.1016/j.ebiom.2015.09.005
https://doi.org/10.1111/andr.284
https://doi.org/10.1371/journal.pone.0015036
https://doi.org/10.1371/journal.pone.0015036
https://doi.org/10.1095/biolreprod.107.064386
https://doi.org/10.1093/humrep/dev141
https://doi.org/10.1093/humrep/dev141
https://doi.org/10.1186/s12879-016-2123-9
https://doi.org/10.1186/s12879-016-2123-9
https://doi.org/10.1016/j.virol.2017.11.023
https://doi.org/10.1073/pnas.1407046111
https://doi.org/10.1073/pnas.1407046111
https://doi.org/10.3390/v10120691
https://doi.org/10.3390/v10120691
https://doi.org/10.1186/s13567-018-0505-2
https://doi.org/10.1038/s41564-018-0335-z
https://doi.org/10.1038/mi.2012.116
https://doi.org/10.1038/mi.2010.32
https://doi.org/10.1093/jac/dkw271
https://doi.org/10.1038/srep28070
https://doi.org/10.1111/imm.12598
https://doi.org/10.1371/journal.pone.0194837
https://doi.org/10.1016/j.jcv.2017.10.006
https://doi.org/10.1016/0021-9975(81)90020-7
https://doi.org/10.1016/j.fertnstert.2015.09.018
https://doi.org/10.1016/j.fertnstert.2015.09.018
https://doi.org/10.1016/j.jri.2013.03.004
https://doi.org/10.1016/j.fertnstert.2012.09.006
https://doi.org/10.1016/j.fertnstert.2012.09.006
https://doi.org/10.1038/s41598-018-19369-z
https://doi.org/10.1093/humrep/deh699
https://doi.org/10.1002/pros.20984
https://doi.org/10.1189/jlb.1005597
https://doi.org/10.1016/j.jviromet.2015.03.011
https://doi.org/10.1016/j.it.2012.08.008
https://doi.org/10.1016/j.it.2012.08.008


219. Gerendai I, Tóth IE, Boldogkoi Z, Medveczky I, Halász B. Central nervous system
structures labelled from the testis using the transsynaptic viral tracing technique. J
Neuroendocrinol 12: 1087–1095, 2000. doi:10.1046/j.1365-2826.2000.00560.x.

220. Gerendai I, Tóth IE, Kocsis K, Boldogk´́oi Z, Rusvai M, Halász B. Identification of CNS
neurons involved in the innervation of the epididymis: a viral transneuronal tracing
study. Auton Neurosci 92: 1–10, 2001. doi:10.1016/S1566-0702(01)00292-2.

221. Gerendai I, Wiesel O, Tóth IE, Boldogkõi ZS, Rusvai M, Halász B. Identification of
neurones of the brain and spinal cord involved in the innervation of the ductus defer-
ens using the viral tracing method. Int J Androl 26: 91–100, 2003. doi:10.1046/j.1365-
2605.2003.00392.x.

222. Gessain A, Cassar O. Epidemiological aspects and world distribution of HTLV-1
infection. Front Microbiol 3: 388, 2012. doi:10.3389/fmicb.2012.00388.

223. Ghosn J, Leruez-Ville M, Blanche J, Delobelle A, Beaudoux C, Mascard L, Lecuyer H,
Canestri A, Landman R, Zucman D, Ponscarme D, Rami A, Viard JP, Spire B, Rouzioux
C, Costagliola D, Suzan-Monti M, Ghosn J, Suzan-Monti M, Costagliola D, Leruez-
Ville M, Rouzioux C, Spire B, Treluyer J-M, Mascard L, Landman R, Zucman D,
Ponscarme D, Rami A, Sellier P, Viard J-P, Delobelle A, Beaudoux C, Point G, March-
and L, Couffin-Cadiergues S; Evarist–ANRS EP 49 Study Group. HIV-1 DNA levels in
peripheral blood mononuclear cells and cannabis use are associated with intermittent
HIV shedding in semen of men who have sex with men on successful antiretroviral
regimens. Clin Infect Dis 58: 1763–1770, 2014. doi:10.1093/cid/ciu187.

224. Gianella S, Anderson CM, Vargas MV, Richman DD, Little SJ, Morris SR, Smith DM.
Cytomegalovirus DNA in semen and blood is associated with higher levels of proviral
HIV DNA. J Infect Dis 207: 898–902, 2013. doi:10.1093/infdis/jis777.

225. Gianella S, Massanella M, Richman DD, Little SJ, Spina CA, Vargas MV, Lada SM, Daar
ES, Dube MP, Haubrich RH, Morris SR, Smith DM; California Collaborative Treat-
ment Group 592 Team. Cytomegalovirus replication in semen is associated with
higher levels of proviral HIV DNA and CD4� T cell activation during antiretroviral
treatment. J Virol 88: 7818–7827, 2014. doi:10.1128/JVI.00831-14.

226. Gianella S, Mehta SR, Strain MC, Young JA, Vargas MV, Little SJ, Richman DD, Kosa-
kovsky Pond SL, Smith DM. Impact of seminal cytomegalovirus replication on HIV-1
dynamics between blood and semen. J Med Virol 84: 1703–1709, 2012. doi:10.1002/
jmv.23398.

227. Gianella S, Morris SR, Anderson C, Spina CA, Vargas MV, Young JA, Richman DD,
Little SJ, Smith DM. Herpes viruses and HIV-1 drug resistance mutations influence the
virologic and immunologic milieu of the male genital tract. AIDS 27: 39–47, 2013.
doi:10.1097/QAD.0b013e3283573305.

228. Gianella S, Morris SR, Vargas MV, Young JA, Callahan B, Richman DD, Little SJ, Smith
DM. Role of seminal shedding of herpesviruses in HIV type 1 transmission. J Infect Dis
207: 257–261, 2013. doi:10.1093/infdis/jis683.

229. Gianella S, Smith DM, Vargas MV, Little SJ, Richman DD, Daar ES, Dube MP, Zhang F,
Ginocchio CC, Haubrich RH, Morris SR; CCTG 592 Team. Shedding of HIV and
human herpesviruses in the semen of effectively treated HIV-1-infected men who
have sex with men. Clin Infect Dis 57: 441–447, 2013. doi:10.1093/cid/cit252.

230. Gianella S, Strain MC, Rought SE, Vargas MV, Little SJ, Richman DD, Spina CA, Smith
DM. Associations between virologic and immunologic dynamics in blood and in the
male genital tract. J Virol 86: 1307–1315, 2012. doi:10.1128/JVI.06077-11.

231. Gifford RJ, Katzourakis A, Tristem M, Pybus OG, Winters M, Shafer RW. A transitional
endogenous lentivirus from the genome of a basal primate and implications for lenti-
virus evolution. Proc Natl Acad Sci USA 105: 20362–20367, 2008. doi:10.1073/pnas.
0807873105.

232. Gilbert C, Maxfield DG, Goodman SM, Feschotte C. Parallel germline infiltration of a
lentivirus in two Malagasy lemurs. PLoS Genet 5: e1000425, 2009. doi:10.1371/journal.
pgen.1000425.

233. Gimenes F, Souza RP, Bento JC, Teixeira JJVV, Maria-Engler SS, Bonini MG, Consolaro
ME. Male infertility: a public health issue caused by sexually transmitted pathogens.
Nat Rev Urol 11: 672–687, 2014. doi:10.1038/nrurol.2014.285.

234. Giordano R, Magnano AR, Zaccagnini G, Pittoggi C, Moscufo N, Lorenzini R, Spada-
fora C. Reverse transcriptase activity in mature spermatozoa of mouse. J Cell Biol 148:
1107–1114, 2000. doi:10.1083/jcb.148.6.1107.

235. Giuliani M, Rezza G, Lepri AC, Di Carlo A, Maini A, Crescimbeni E, Palamara G,
Prignano G, Caprilli F. Risk factors for HTLV-I and II in individuals attending a clinic for

sexually transmitted diseases. Sex Transm Dis 27: 87–92, 2000. doi:10.1097/
00007435-200002000-00006.

236. Giuliano AR, Lu B, Nielson CM, Flores R, Papenfuss MR, Lee JH, Abrahamsen M,
Harris RB. Age-specific prevalence, incidence, and duration of human papillomavirus
infections in a cohort of 290 US men. J Infect Dis 198: 827–835, 2008. doi:10.1086/
591095.

237. Givens MD. Review: Risks of disease transmission through semen in cattle. Animal 12,
s1: s165–s171, 2018. doi:10.1017/S1751731118000708.

238. Givens MD, Marley MS. Pathogens that cause infertility of bulls or transmission via
semen. Theriogenology 70: 504–507, 2008. doi:10.1016/j.theriogenology.2008.05.
033.

239. Glenn WK, Ngan CC, Amos TG, Edwards RJ, Swift J, Lutze-Mann L, Shang F, Whitaker
NJ, Lawson JS. High risk human papilloma viruses (HPVs) are present in benign
prostate tissues before development of HPV associated prostate cancer. Infect Agent
Cancer 12: 46, 2017. doi:10.1186/s13027-017-0157-2.

240. Global Burden of Disease Cancer Collaboration: Fitzmaurice C, Akinyemiju TF, Al
Lami FH, Alam T, Alizadeh-Navaei R, Allen C, Alsharif U, Alvis-Guzman N, Amini E,
Anderson BO, Aremu O, Artaman A, Asgedom SW, Assadi R, Atey TM, Avila-Burgos
L, Awasthi A, Ba Saleem HO, Barac A, Bennett JR, Bensenor IM, Bhakta N, Brenner H,
Cahuana-Hurtado L, Castañeda-Orjuela CA, Catalá-López F, Choi JJ, Christopher DJ,
Chung SC, Curado MP, Dandona L, Dandona R, das Neves J, Dey S, Dharmaratne SD,
Doku DT, Driscoll TR, Dubey M, Ebrahimi H, Edessa D, El-Khatib Z, Endries AY,
Fischer F, Force LM, Foreman KJ, Gebrehiwot SW, Gopalani SV, Grosso G, Gupta R,
Gyawali B, Hamadeh RR, Hamidi S, Harvey J, Hassen HY, Hay RJ, Hay SI, Heibati B,
Hiluf MK, Horita N, Hosgood HD, Ilesanmi OS, Innos K, Islami F, Jakovljevic MB,
Johnson SC, Jonas JB, Kasaeian A, Kassa TD, Khader YS, Khan EA, Khan G, Khang YH,
Khosravi MH, Khubchandani J, Kopec JA, Kumar GA, Kutz M, Lad DP, Lafranconi A,
Lan Q, Legesse Y, Leigh J, Linn S, Lunevicius R, Majeed A, Malekzadeh R, Malta DC,
Mantovani LG, McMahon BJ, Meier T, Melaku YA, Melku M, Memiah P, Mendoza W,
Meretoja TJ, Mezgebe HB, Miller TR, Mohammed S, Mokdad AH, Moosazadeh M,
Moraga P, Mousavi SM, Nangia V, Nguyen CT, Nong VM, Ogbo FA, Olagunju AT, Pa
M, Park EK, Patel T, Pereira DM, Pishgar F, Postma MJ, Pourmalek F, Qorbani M,
Rafay A, Rawaf S, Rawaf DL, Roshandel G, Safiri S, Salimzadeh H, Sanabria JR, Santric
Milicevic MM, Sartorius B, Satpathy M, Sepanlou SG, Shackelford KA, Shaikh MA,
Sharif-Alhoseini M, She J, Shin MJ, Shiue I, Shrime MG, Sinke AH, Sisay M, Sligar A,
Sufiyan MB, Sykes BL, Tabarés-Seisdedos R, Tessema GA, Topor-Madry R, Tran TT,
Tran BX, Ukwaja KN, Vlassov VV, Vollset SE, Weiderpass E, Williams HC, Yimer NB,
Yonemoto N, Younis MZ, Murray CJL, Naghavi M. Global, regional, and national
cancer incidence, mortality, years of life lost, years lived with disability, and disability-
adjusted life-years for 29 cancer groups, 1990 to 2016: a systematic analysis for the
global burden of disease study. JAMA Oncol 4: 1553–1568, 2018. doi:10.1001/
jamaoncol.2018.2706.

241. Goering W, Ribarska T, Schulz WA. Selective changes of retroelement expression in
human prostate cancer. Carcinogenesis 32: 1484–1492, 2011. doi:10.1093/carcin/
bgr181.

242. Goering W, Schmitt K, Dostert M, Schaal H, Deenen R, Mayer J, Schulz WA. Human
endogenous retrovirus HERV-K(HML-2) activity in prostate cancer is dominated by a
few loci. Prostate 75: 1958–1971, 2015. doi:10.1002/pros.23095.

243. Le Goffic R, Mouchel T, Aubry F, Patard J-J, Ruffault A, Jégou B, Samson M. Production
of the chemokines monocyte chemotactic protein-1, regulated on activation normal T
cell expressed and secreted protein, growth-related oncogene, and interferon-gam-
ma-inducible protein-10 is induced by the Sendai virus in human and rat testicular
cells. Endocrinology 143: 1434–1440, 2002. doi:10.1210/endo.143.4.8735.

244. Le Goffic R, Mouchel T, Ruffault A, Patard J-J, Jégou B, Samson M. Mumps virus
decreases testosterone production and gamma interferon-induced protein 10 secre-
tion by human leydig cells. J Virol 77: 3297–3300, 2003. doi:10.1128/JVI.77.5.3297-
3300.2003.

245. Gonzalez SM, Aguilar-Jimenez W, Su R-C, Rugeles MT. Mucosa: key interactions
determining sexual transmission of the HIV infection. Front Immunol 10: 144, 2019.
doi:10.3389/fimmu.2019.00144.

246. Gotuzzo E, Sánchez J, Escamilla J, Carrillo C, Phillips IA, Moreyra L, Stamm W, Ashley
R, Roggen EL, Kreiss J, Piot P, Holmes KK. Human T cell lymphotropic virus type I
infection among female sex workers in Peru. J Infect Dis 169: 754–759, 1994. doi:10.
1093/infdis/169.4.754.

VIRUSES IN THE MALE GENITAL TRACT

1399Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1046/j.1365-2826.2000.00560.x
https://doi.org/10.1016/S1566-0702(01)00292-2
https://doi.org/10.1046/j.1365-2605.2003.00392.x
https://doi.org/10.1046/j.1365-2605.2003.00392.x
https://doi.org/10.3389/fmicb.2012.00388
https://doi.org/10.1093/cid/ciu187
https://doi.org/10.1093/infdis/jis777
https://doi.org/10.1128/JVI.00831-14
https://doi.org/10.1002/jmv.23398
https://doi.org/10.1002/jmv.23398
https://doi.org/10.1097/QAD.0b013e3283573305
https://doi.org/10.1093/infdis/jis683
https://doi.org/10.1093/cid/cit252
https://doi.org/10.1128/JVI.06077-11
https://doi.org/10.1073/pnas.0807873105
https://doi.org/10.1073/pnas.0807873105
https://doi.org/10.1371/journal.pgen.1000425
https://doi.org/10.1371/journal.pgen.1000425
https://doi.org/10.1038/nrurol.2014.285
https://doi.org/10.1083/jcb.148.6.1107
https://doi.org/10.1097/00007435-200002000-00006
https://doi.org/10.1097/00007435-200002000-00006
https://doi.org/10.1086/591095
https://doi.org/10.1086/591095
https://doi.org/10.1017/S1751731118000708
https://doi.org/10.1016/j.theriogenology.2008.05.033
https://doi.org/10.1016/j.theriogenology.2008.05.033
https://doi.org/10.1186/s13027-017-0157-2
https://doi.org/10.1001/jamaoncol.2018.2706
https://doi.org/10.1001/jamaoncol.2018.2706
https://doi.org/10.1093/carcin/bgr181
https://doi.org/10.1093/carcin/bgr181
https://doi.org/10.1002/pros.23095
https://doi.org/10.1210/endo.143.4.8735
https://doi.org/10.1128/JVI.77.5.3297-3300.2003
https://doi.org/10.1128/JVI.77.5.3297-3300.2003
https://doi.org/10.3389/fimmu.2019.00144
https://doi.org/10.1093/infdis/169.4.754
https://doi.org/10.1093/infdis/169.4.754


247. Govero J, Esakky P, Scheaffer SM, Fernandez E, Drury A, Platt DJ, Gorman MJ,
Richner JM, Caine EA, Salazar V, Moley KH, Diamond MS. Zika virus infection dam-
ages the testes in mice. Nature 540: 438–442, 2016. doi:10.1038/nature20556.

248. Gradil C, Molitor T, Harding M, Crabo B. Excretion of porcine parvovirus through the
genital tract of boars. Am J Vet Res 51: 359–362, 1990.

249. Grandi N, Tramontano E. HERV envelope proteins: physiological role and pathogenic
potential in cancer and autoimmunity. Front Microbiol 9: 462, 2018. doi:10.3389/
fmicb.2018.00462.

250. Grasland B, Blanchard P, Kéranflec’h A, Bigault L, Oger A, Rose N, Madec F, Jestin A,
Cariolet R. Evaluation of the transmission of porcine circovirus type 2 (PCV-2) geno-
groups a and b with semen from infected specific-pathogen-free boars. Vet Microbiol
162: 381–387, 2013. doi:10.1016/j.vetmic.2012.10.011.

251. Gray A, Guillou L, Zufferey J, Rey F, Kurt AM, Jichlinski P, Leisinger HJ, Benhattar J.
Persistence of parvovirus B19 DNA in testis of patients with testicular germ cell
tumours. J Gen Virol 79: 573–579, 1998. doi:10.1099/0022-1317-79-3-573.

252. Gray RH, Kigozi G, Serwadda D, Makumbi F, Watya S, Nalugoda F, Kiwanuka N,
Moulton LH, Chaudhary MA, Chen MZ, Sewankambo NK, Wabwire-Mangen F, Ba-
con MC, Williams CFM, Opendi P, Reynolds SJ, Laeyendecker O, Quinn TC, Wawer
MJ. Male circumcision for HIV prevention in men in Rakai, Uganda: a randomised trial.
Lancet 369: 657–666, 2007. doi:10.1016/S0140-6736(07)60313-4.

253. Gray RH, Serwadda D, Kong X, Makumbi F, Kigozi G, Gravitt PE, Watya S, Nalugoda
F, Ssempijja V, Tobian AAR, Kiwanuka N, Moulton LH, Sewankambo NK, Reynolds SJ,
Quinn TC, Iga B, Laeyendecker O, Oliver AE, Wawer MJ. Male circumcision de-
creases acquisition and increases clearance of high-risk human papillomavirus in HIV-
negative men: a randomized trial in Rakai, Uganda. J Infect Dis 201: 1455–1462, 2010.
doi:10.1086/652184.

254. Greco G, Pal S, Pasqualini R, Schnapp LM. Matrix fibronectin increases HIV stability
and infectivity. J Immunol 168: 5722–5729, 2002. doi:10.4049/jimmunol.168.11.5722.

255. Grego E, Reina R, Lanfredini S, Tursi M, Favole A, Profiti M, Lungu MM, Perona G, Gay
L, Stella MC, DeMeneghi D. Viral load, tissue distribution and histopathological lesions
in goats naturally and experimentally infected with the Small Ruminant Lentivirus
Genotype E (subtype E1 Roccaverano strain). Res Vet Sci 118: 107–114, 2018. doi:10.
1016/j.rvsc.2018.01.008.

256. Gribencha SV, Bragina EE, Abdumalikov RA, Bocharova EN, Kurilo LF. Detection of
type 2 herpes simplex virus in cells of spermatogenic epithelium in infected testes of
guinea pigs. Bull Exp Biol Med 144: 73–76, 2007. doi:10.1007/s10517-007-0258-9.

257. Griffin BD, Muthumani K, Warner BM, Majer A, Hagan M, Audet J, Stein DR, Ranad-
heera C, Racine T, De La Vega M-A, Piret J, Kucas S, Tran KN, Frost KL, De Graff C,
Soule G, Scharikow L, Scott J, McTavish G, Smid V, Park YK, Maslow JN, Sardesai NY,
Kim JJ, Yao XJ, Bello A, Lindsay R, Boivin G, Booth SA, Kobasa D, Embury-Hyatt C,
Safronetz D, Weiner DB, Kobinger GP. DNA vaccination protects mice against Zika
virus-induced damage to the testes. Nat Commun 8: 15743, 2017. doi:10.1038/
ncomms15743.

258. Griffiths DJ. Endogenous retroviruses in the human genome sequence. Genome Biol 2:
1017.1, 2001. doi:10.1186/gb-2001-2-6-reviews1017.

259. Grinstein S, Preciado MV, Gattuso P, Chabay PA, Warren WH, De Matteo E, Gould
VE. Demonstration of Epstein-Barr virus in carcinomas of various sites. Cancer Res 62:
4876–4878, 2002.

260. Grosche L, Kummer M, Steinkasserer A. What goes around, comes around - HSV-1
replication in monocyte-derived dendritic cells. Front Microbiol 8: 2149, 2017. doi:10.
3389/fmicb.2017.02149.

262. Grow EJ, Flynn RA, Chavez SL, Bayless NL, Wossidlo M, Wesche DJ, Martin L, Ware
CB, Blish CA, Chang HY, Reijo Pera RA, Wysocka J. Intrinsic retroviral reactivation in
human preimplantation embryos and pluripotent cells. Nature 522: 221–225, 2015.
doi:10.1038/nature14308.

263. Guazzone VA. Exploring the role of antigen presenting cells in male genital tract.
Andrologia 50: e13120, 2018. doi:10.1111/and.13120.

264. Guiton R, Henry-Berger J, Drevet JR. The immunobiology of the mammalian epidid-
ymis: the black box is now open! Basic Clin Androl 23: 8, 2013. doi:10.1186/2051-
4190-23-8.

265. Gupta P, Leroux C, Patterson BK, Kingsley L, Rinaldo C, Ding M, Chen Y, Kulka K,
Buchanan W, McKeon B, Montelaro R. Human immunodeficiency virus type 1 shed-

ding pattern in semen correlates with the compartmentalization of viral Quasi species
between blood and semen. J Infect Dis 182: 79–87, 2000. doi:10.1086/315644.

266. Gur I. The epidemiology of Molluscum contagiosum in HIV-seropositive patients: a
unique entity or insignificant finding? Int J STD AIDS 19: 503–506, 2008. doi:10.1258/
ijsa.2008.008186.

267. Gutierrez-Valencia A, Benmarzouk-Hidalgo OJ, Rivas-Jeremías I, Espinosa N, Trujillo-
Rodríguez M, Fernandez-Magdaleno T, Viciana P, López-Cortés LF. Viral kinetics in
semen with different antiretroviral families in treatment-naive human immunodefi-
ciency virus-infected patients: a randomized trial. Clin Infect Dis 65: 551–556, 2017.
doi:10.1093/cid/cix358.

268. Habu A, Murakami Y, Ogasa A, Fujisaki Y. [Disorder of spermatogenesis and viral
discharge into semen in boars infected with Japanese encephalitis virus (author’s
transl)]. Uirusu 27: 21–26, 1977. doi:10.2222/jsv.27.21.

269. Hadchouel M, Scotto J, Huret JL, Molinie C, Villa E, Degos F, Brechot C. Presence of
HBV DNA in spermatozoa: a possible vertical transmission of HBV via the germ line.
J Med Virol 16: 61–66, 1985. doi:10.1002/jmv.1890160109.

270. Haig D. Retroviruses and the placenta. Curr Biol 22: R609–R613, 2012. doi:10.1016/
j.cub.2012.06.002.

271. Hales DB. Interleukin-1 inhibits Leydig cell steroidogenesis primarily by decreasing 17
alpha-hydroxylase/C17-20 lyase cytochrome P450 expression. Endocrinology 131:
2165–2172, 1992. doi:10.1210/endo.131.5.1425417.

272. Halfon P, Giorgetti C, Khiri H, Pénaranda G, Terriou P, Porcu-Buisson G, Chabert-
Orsini V. Semen may harbor HIV despite effective HAART: another piece in the
puzzle. PLoS One 5: e10569, 2010. doi:10.1371/journal.pone.0010569.

273. Hall CB, Caserta MT, Schnabel K, Shelley LM, Marino AS, Carnahan JA, Yoo C,
Lofthus GK, McDermott MP. Chromosomal integration of human herpesvirus 6 is the
major mode of congenital human herpesvirus 6 infection. Pediatrics 122: 513–520,
2008. doi:10.1542/peds.2007-2838.

274. Hall LB Jr, Kluge JP, Evans LE, Hill HT. The effect of pseudorabies (Aujeszky’s) virus
infection on young mature boars and boar fertility. Can J Comp Med 48: 192–197,
1984.

275. Hall SH, Hamil KG, French FS. Host defense proteins of the male reproductive tract.
J Androl 23: 585–597, 2002.

276. Hamel R, Dejarnac O, Wichit S, Ekchariyawat P, Neyret A, Luplertlop N, Perera-
Lecoin M, Surasombatpattana P, Talignani L, Thomas F, Cao-Lormeau V-M, Choumet
V, Briant L, Desprès P, Amara A, Yssel H, Missé D. Biology of Zika virus infection in
human skin cells. J Virol 89: 8880–8896, 2015. doi:10.1128/JVI.00354-15.

277. Haneche F, Leparc-Goffart I, Simon F, Hentzien M, Martinez-Pourcher V, Caumes E,
Maquart M. Rift Valley fever in kidney transplant recipient returning from Mali with
viral RNA detected in semen up to four months from symptom onset, France, autumn
2015. Euro Surveill 21: 30222, 2016. doi:10.2807/1560-7917.ES.2016.21.18.30222.

278. Hanke K, Hohn O, Bannert N. HERV-K(HML-2), a seemingly silent subtenant - but
still waters run deep. APMIS 124: 67–87, 2016. doi:10.1111/apm.12475.

279. Hebia-Fellah I, Léauté A, Fiéni F, Zientara S, Imbert-Marcille BM, Besse B, Fortier G,
Pronost S, Miszczak F, Ferry B, Thorin C, Pellerin JL, Bruyas JF. Evaluation of the
presence of equine viral herpesvirus 1 (EHV-1) and equine viral herpesvirus 4 (EHV-4)
DNA in stallion semen using polymerase chain reaction (PCR). Theriogenology 71:
1381–1389, 2009. doi:10.1016/j.theriogenology.2009.01.009.

280. Hebnes JB, Olesen TB, Duun-Henriksen AK, Munk C, Norrild B, Kjaer SK. Prevalence
of genital human papillomavirus among men in Europe: systematic review and meta-
analysis. J Sex Med 11: 2630–2644, 2014. doi:10.1111/jsm.12652.

281. Hedger MP. Immunophysiology and pathology of inflammation in the testis and epi-
didymis. J Androl 32: 625–640, 2011. doi:10.2164/jandrol.111.012989.

282. Hedger MP, Winnall WR. Regulation of activin and inhibin in the adult testis and the
evidence for functional roles in spermatogenesis and immunoregulation. Mol Cell
Endocrinol 359: 30–42, 2012. doi:10.1016/j.mce.2011.09.031.

283. Heerema-McKenney A. Defense and infection of the human placenta. APMIS 126:
570–588, 2018. doi:10.1111/apm.12847.

284. Heidegger I, Borena W, Pichler R. The role of human papilloma virus in urological
malignancies. Anticancer Res 35: 2513–2519, 2015.

LE TORTOREC ET AL.

1400 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1038/nature20556
https://doi.org/10.3389/fmicb.2018.00462
https://doi.org/10.3389/fmicb.2018.00462
https://doi.org/10.1016/j.vetmic.2012.10.011
https://doi.org/10.1099/0022-1317-79-3-573
https://doi.org/10.1016/S0140-6736(07)60313-4
https://doi.org/10.1086/652184
https://doi.org/10.4049/jimmunol.168.11.5722
https://doi.org/10.1016/j.rvsc.2018.01.008
https://doi.org/10.1016/j.rvsc.2018.01.008
https://doi.org/10.1007/s10517-007-0258-9
https://doi.org/10.1038/ncomms15743
https://doi.org/10.1038/ncomms15743
https://doi.org/10.1186/gb-2001-2-6-reviews1017
https://doi.org/10.3389/fmicb.2017.02149
https://doi.org/10.3389/fmicb.2017.02149
https://doi.org/10.1038/nature14308
https://doi.org/10.1111/and.13120
https://doi.org/10.1186/2051-4190-23-8
https://doi.org/10.1186/2051-4190-23-8
https://doi.org/10.1086/315644
https://doi.org/10.1258/ijsa.2008.008186
https://doi.org/10.1258/ijsa.2008.008186
https://doi.org/10.1093/cid/cix358
https://doi.org/10.2222/jsv.27.21
https://doi.org/10.1002/jmv.1890160109
https://doi.org/10.1016/j.cub.2012.06.002
https://doi.org/10.1016/j.cub.2012.06.002
https://doi.org/10.1210/endo.131.5.1425417
https://doi.org/10.1371/journal.pone.0010569
https://doi.org/10.1542/peds.2007-2838
https://doi.org/10.1128/JVI.00354-15
https://doi.org/10.2807/1560-7917.ES.2016.21.18.30222
https://doi.org/10.1111/apm.12475
https://doi.org/10.1016/j.theriogenology.2009.01.009
https://doi.org/10.1111/jsm.12652
https://doi.org/10.2164/jandrol.111.012989
https://doi.org/10.1016/j.mce.2011.09.031
https://doi.org/10.1111/apm.12847


285. Henning JD, Bunker CH, Patrick AL, Jenkins FJ. Human herpesvirus 8 establishes a
latent infection in prostates of Tobago men resulting in increased macrophage infil-
tration. Prostate 76: 735–743, 2016. doi:10.1002/pros.23163.

286. Hernandez BY, Shvetsov YB, Goodman MT, Wilkens LR, Thompson P, Zhu X, Ning
L. Reduced clearance of penile human papillomavirus infection in uncircumcised men.
J Infect Dis 201: 1340–1343, 2010. doi:10.1086/651607.

287. Hirsch AJ, Smith JL, Haese NN, Broeckel RM, Parkins CJ, Kreklywich C, DeFilippis VR,
Denton M, Smith PP, Messer WB, Colgin LMA, Ducore RM, Grigsby PL, Hennebold
JD, Swanson T, Legasse AW, Axthelm MK, MacAllister R, Wiley CA, Nelson JA,
Streblow DN. Zika Virus infection of rhesus macaques leads to viral persistence in
multiple tissues. [Correction in PLoS Pathog 13: e1006317, 2017.] PLoS Pathog 13:
e1006219, 2017. doi:10.1371/journal.ppat.1006219.

288. Hofer H, Donnerer J, Sator K, Staufer K, Scherzer T-M, Dejaco C, Sator M, Kessler H,
Ferenci P. Seminal fluid ribavirin level and functional semen parameters in patients
with chronic hepatitis C on antiviral combination therapy. J Hepatol 52: 812–816,
2010. doi:10.1016/j.jhep.2009.12.039.

289. Hoffmann B, Schulz C, Beer M. First detection of Schmallenberg virus RNA in bovine
semen, Germany, 2012. [Correction in Vet Microbiol 170: 179, 2014.] Vet Microbiol
167: 289–295, 2013. doi:10.1016/j.vetmic.2013.09.002.

289a.Hofny ERM, Ali MEM, Taha EA, Nafeh HM, Sayed DS, Abdel-Azeem HG, Abdou EF,
Kamal GM, Mostafa T. Semen and hormonal parameters in men with chronic hepatitis
C infection. Fertil Steril 95: 2557–2559, 2011. doi:10.1016/j.fertnstert.2011.05.014.

290. Hollmann A, Castanho MARB, Lee B, Santos NC. Singlet oxygen effects on lipid
membranes: implications for the mechanism of action of broad-spectrum viral fusion
inhibitors. Biochem J 459: 161–170, 2014. doi:10.1042/BJ20131058.

291. Holly MK, Diaz K, Smith JG. Defensins in viral infection and pathogenesis. Annu Rev
Virol 4: 369–391, 2017. doi:10.1146/annurev-virology-101416-041734.

292. Holmes EC. The evolution of endogenous viral elements. Cell Host Microbe 10: 368–
377, 2011. doi:10.1016/j.chom.2011.09.002.

293. Holyoak GR, Giles RC, McCollum WH, Little TV, Timoney PJ. Pathological changes
associated with equine arteritis virus infection of the reproductive tract in prepubertal
and peripubertal colts. J Comp Pathol 109: 281–293, 1993. doi:10.1016/S0021-
9975(08)80253-8.

294. Holz CL, Sledge DG, Kiupel M, Nelli RK, Goehring LS, Soboll Hussey G. Histopatho-
logic findings following experimental equine herpesvirus 1 infection of horses. Front
Vet Sci 6: 59, 2019. doi:10.3389/fvets.2019.00059.

295. Honda T, Tomonaga K. Endogenous non-retroviral RNA virus elements evidence a
novel type of antiviral immunity. Mob Genet Elements 6: e1165785, 2016. doi:10.
1080/2159256X.2016.1165785.

296. Hong M, Sandalova E, Low D, Gehring AJ, Fieni S, Amadei B, Urbani S, Chong Y-S,
Guccione E, Bertoletti A. Trained immunity in newborn infants of HBV-infected
mothers. Nat Commun 6: 6588, 2015. doi:10.1038/ncomms7588.

297. Horie M, Honda T, Suzuki Y, Kobayashi Y, Daito T, Oshida T, Ikuta K, Jern P, Gojobori
T, Coffin JM, Tomonaga K. Endogenous non-retroviral RNA virus elements in mam-
malian genomes. Nature 463: 84–87, 2010. doi:10.1038/nature08695.

298. Houzet L, Matusali G, Dejucq-Rainsford N. Origins of HIV-infected leukocytes and
virions in semen. J Infect Dis 210, Suppl 3: S622–S630, 2014. doi:10.1093/infdis/jiu328.

299. Houzet L, Pérez-Losada M, Matusali G, Deleage C, Dereuddre-Bosquet N, Satie
A-PP, Aubry F, Becker E, Jégou B, Le Grand R, Keele BF, Crandall KA, Dejucq-
Rainsford N. Seminal simian immunodeficiency virus in chronically infected Cynomol-
gus Macaques is dominated by virus originating from multiple genital organs. J Virol 92:
e00133-18, 2018. doi:10.1128/JVI.00133-18.

300. Howard CR, Fletcher NF. Emerging virus diseases: can we ever expect the unex-
pected? Emerg Microbes Infect 1: e46, 2012. doi:10.1038/emi.2012.47.

301. Hrbacek J, Urban M, Hamsikova E, Tachezy R, Heracek J. Thirty years of research on
infection and prostate cancer: no conclusive evidence for a link. A systematic review.
Urol Oncol 31: 951–965, 2013. doi:10.1016/j.urolonc.2012.01.013.

302. Hu J, Song D, Luo G, Xu S, Cao Y, Sun Z. Activation of Toll like receptor 3 induces
spermatogonial stem cell apoptosis. Cell Biochem Funct 33: 415–422, 2015. doi:10.
1002/cbf.3133.

303. Huang F, Long F, Yu W, Situ J, Fu L, He Z, Dong H, Yang C, Li Y, Yang F, Wei D. High
prevalence of hepatitis E virus in semen of infertile male and causes testis damage. Gut
67: 1199–1201, 2018. doi:10.1136/gutjnl-2017-314884.

304. Huang J-M, Huang T-H, Qiu H-Y, Fang X-W, Zhuang T-G, Liu H-X, Wang Y-H, Deng
L-Z, Qiu J-W. Effects of hepatitis B virus infection on human sperm chromosomes.
World J Gastroenterol 9: 736–740, 2003. doi:10.3748/wjg.v9.i4.736.

305. Huang J, Zhong Y, Fang X, Xie Q, Kang X, Wu R, Li F, Xu X, Lu H, Xu L, Huang T.
Hepatitis B virus s protein enhances sperm apoptosis and reduces sperm fertilizing
capacity in vitro. PLoS One 8: e68688, 2013. doi:10.1371/journal.pone.0068688.

306. Huang W-Y, Hayes R, Pfeiffer R, Viscidi RP, Lee FK, Wang YF, Reding D, Whitby D,
Papp JR, Rabkin CS. Sexually transmissible infections and prostate cancer risk. Cancer
Epidemiol Biomarkers Prev 17: 2374–2381, 2008. doi:10.1158/1055-9965.EPI-08-
0173.

307. Huits R, De Smet B, Ariën KK, Van Esbroeck M, Bottieau E, Cnops L. Zika virus in
semen: a prospective cohort study of symptomatic travellers returning to Belgium.
Bull World Health Organ 95: 802–809, 2017. doi:10.2471/BLT.17.181370.

308. Hummel J, Kämmerer U, Müller N, Avota E, Schneider-Schaulies S. Human endoge-
nous retrovirus envelope proteins target dendritic cells to suppress T-cell activation.
Eur J Immunol 45: 1748–1759, 2015. doi:10.1002/eji.201445366.

309. Husak R, Garbe C, Orfanos CE. [Mollusca contagiosa in HIV infection. Clinical man-
ifestation, relation to immune status and prognostic value in 39 patients]. Hautarzt 48:
103–109, 1997. doi:10.1007/s001050050554.

310. Huysman A, Patel M, Dieterich DT. Hepatitis B: the immaculate infection. Gastroen-
terol Hepatol (N Y) 3: 724–726, 2007.

311. IARC Working Group on the Evaluation of Carcinogenic Risk to Humans. Human
T-cell lymphotropic virus type 1. In: Biological Agents. Lyon: International Agency for
Research on Cancer, 2012.

312. Ilvesaro JM, Merrell MA, Swain TM, Davidson J, Zayzafoon M, Harris KW, Selander
KS. Toll like receptor-9 agonists stimulate prostate cancer invasion in vitro. Prostate
67: 774–781, 2007. doi:10.1002/pros.20562.

313. Imaz A, Martinez-Picado J, Niubó J, Kashuba AD, Ferrer E, Ouchi D, Sykes C, Rozas
N, Acerete L, Curto J, Vila A, Podzamczer D. HIV-1-RNA Decay and Dolutegravir
Concentrations in Semen of Patients Starting a First Antiretroviral Regimen. J Infect
Dis 214: 1512–1519, 2016. doi:10.1093/infdis/jiw406.

314. Inoue T, Tanaka Y. Hepatitis B virus and its sexually transmitted infection - an update.
Microb Cell 3: 419–437, 2016. doi:10.15698/mic2016.09.527.

315. Introini A, Boström S, Bradley F, Gibbs A, Glaessgen A, Tjernlund A, Broliden K.
Seminal plasma induces inflammation and enhances HIV-1 replication in human cer-
vical tissue explants. PLoS Pathog 13: e1006402, 2017. doi:10.1371/journal.ppat.
1006402.

316. Irons PC, Tuppurainen ES, Venter EH. Excretion of lumpy skin disease virus in bull
semen. Theriogenology 63: 1290–1297, 2005. doi:10.1016/j.theriogenology.2004.06.
013.

317. Itoh M, Xie Q, Miyamoto K, Takeuchi Y. Major differences between the testis and
epididymis in the induction of granulomas in response to extravasated germ cells. I. A
light microscopical study in mice. Int J Androl 22: 316–323, 1999. doi:10.1046/j.1365-
2605.1999.00186.x.

318. Iwahara Y, Takehara N, Kataoka R, Sawada T, Ohtsuki Y, Nakachi H, Maehama T,
Okayama T, Miyoshi I. Transmission of HTLV-I to rabbits via semen and breast milk
from seropositive healthy persons. Int J Cancer 45: 980–983, 1990. doi:10.1002/ijc.
2910450534.

319. Jalal H, Bahadur G, Knowles W, Jin L, Brink N. Mumps epididymo-orchitis with
prolonged detection of virus in semen and the development of anti-sperm antibodies.
J Med Virol 73: 147–150, 2004. doi:10.1002/jmv.10544.

320. Jayathunge PH, McBride WJ, MacLaren D, Kaldor J, Vallely A, Turville S. Male circum-
cision and HIV transmission; What do we know? Open AIDS J 8: 31–44, 2014. doi:10.
2174/1874613601408010031.

321. Jelinsky SA, Turner TT, Bang HJ, Finger JN, Solarz MK, Wilson E, Brown EL, Kopf GS,
Johnston DS. The rat epididymal transcriptome: comparison of segmental gene ex-
pression in the rat and mouse epididymides. Biol Reprod 76: 561–570, 2007. doi:10.
1095/biolreprod.106.057323.

VIRUSES IN THE MALE GENITAL TRACT

1401Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1002/pros.23163
https://doi.org/10.1086/651607
https://doi.org/10.1371/journal.ppat.1006219
https://doi.org/10.1016/j.jhep.2009.12.039
https://doi.org/10.1016/j.vetmic.2013.09.002
https://doi.org/10.1016/j.fertnstert.2011.05.014
https://doi.org/10.1042/BJ20131058
https://doi.org/10.1146/annurev-virology-101416-041734
https://doi.org/10.1016/j.chom.2011.09.002
https://doi.org/10.1016/S0021-9975(08)80253-8
https://doi.org/10.1016/S0021-9975(08)80253-8
https://doi.org/10.3389/fvets.2019.00059
https://doi.org/10.1080/2159256X.2016.1165785
https://doi.org/10.1080/2159256X.2016.1165785
https://doi.org/10.1038/ncomms7588
https://doi.org/10.1038/nature08695
https://doi.org/10.1093/infdis/jiu328
https://doi.org/10.1128/JVI.00133-18
https://doi.org/10.1038/emi.2012.47
https://doi.org/10.1016/j.urolonc.2012.01.013
https://doi.org/10.1002/cbf.3133
https://doi.org/10.1002/cbf.3133
https://doi.org/10.1136/gutjnl-2017-314884
https://doi.org/10.3748/wjg.v9.i4.736
https://doi.org/10.1371/journal.pone.0068688
https://doi.org/10.1158/1055-9965.EPI-08-0173
https://doi.org/10.1158/1055-9965.EPI-08-0173
https://doi.org/10.2471/BLT.17.181370
https://doi.org/10.1002/eji.201445366
https://doi.org/10.1007/s001050050554
https://doi.org/10.1002/pros.20562
https://doi.org/10.1093/infdis/jiw406
https://doi.org/10.15698/mic2016.09.527
https://doi.org/10.1371/journal.ppat.1006402
https://doi.org/10.1371/journal.ppat.1006402
https://doi.org/10.1016/j.theriogenology.2004.06.013
https://doi.org/10.1016/j.theriogenology.2004.06.013
https://doi.org/10.1046/j.1365-2605.1999.00186.x
https://doi.org/10.1046/j.1365-2605.1999.00186.x
https://doi.org/10.1002/ijc.2910450534
https://doi.org/10.1002/ijc.2910450534
https://doi.org/10.1002/jmv.10544
https://doi.org/10.2174/1874613601408010031
https://doi.org/10.2174/1874613601408010031
https://doi.org/10.1095/biolreprod.106.057323
https://doi.org/10.1095/biolreprod.106.057323


322. Jenabian M-A, Costiniuk CT, Mehraj V, Ghazawi FM, Fromentin R, Brousseau J,
Brassard P, Bélanger M, Ancuta P, Bendayan R, Chomont N, Routy J-P; Orchid study
group. Immune tolerance properties of the testicular tissue as a viral sanctuary site in
ART-treated HIV-infected adults. AIDS 30: 2777–2786, 2016. doi:10.1097/QAD.
0000000000001282.

323. Jern P, Coffin JM. Effects of retroviruses on host genome function. Annu Rev Genet 42:
709–732, 2008. doi:10.1146/annurev.genet.42.110807.091501.

324. Jerónimo A, Baza MB, Río I, Vera M, Hernando V, Castilla J, Rodriguez C, Del Romero
J. Factors associated with seminal impairment in HIV-infected men under antiretro-
viral therapy. Hum Reprod 32: 265–271, 2017. doi:10.1093/humrep/dew321.

325. Jiang Q, Wang F, Shi L, Zhao X, Gong M, Liu W, Song C, Li Q, Chen Y, Wu H, Han D.
C-X-C motif chemokine ligand 10 produced by mouse Sertoli cells in response to
mumps virus infection induces male germ cell apoptosis. [Correction in Cell Death Dis
9: 789, 2018.] Cell Death Dis 8: e3146, 2017. doi:10.1038/cddis.2017.560.

326. Joguet G, Mansuy J-M, Matusali G, Hamdi S, Walschaerts M, Pavili L, Guyomard S,
Prisant N, Lamarre P, Dejucq-Rainsford N, Pasquier C, Bujan L. Effect of acute Zika
virus infection on sperm and virus clearance in body fluids: a prospective observational
study. Lancet Infect Dis 17: 1200–1208, 2017. doi:10.1016/S1473-3099(17)30444-9.

327. Jones KS, Petrow-Sadowski C, Huang YK, Bertolette DC, Ruscetti FW. Cell-free
HTLV-1 infects dendritic cells leading to transmission and transformation of CD4(�)
T cells. Nat Med 14: 429–436, 2008. doi:10.1038/nm1745.

328. Joseph T, Zalenskaya IA, Sawyer LC, Chandra N, Doncel GF. Seminal plasma induces
prostaglandin-endoperoxide synthase (PTGS) 2 expression in immortalized human
vaginal cells: involvement of semen prostaglandin E2 in PTGS2 upregulation. Biol
Reprod 88: 13, 2013. doi:10.1095/biolreprod.112.101956.

329. Kalichman SC, Di Berto G, Eaton L. Human immunodeficiency virus viral load in blood
plasma and semen: review and implications of empirical findings. Sex Transm Dis 35:
55–60, 2008. doi:10.1097/OLQ.0b013e318141fe9b.

330. Kang M-J, Heo S-K, Song E-J, Kim D-J, Han S-Y, Han J-H, Kim B-Y, Park J-H. Activation
of Nod1 and Nod2 induces innate immune responses of prostate epithelial cells.
Prostate 72: 1351–1358, 2012. doi:10.1002/pros.22483.

331. Kang X, Xie Q, Zhou X, Li F, Huang J, Liu D, Huang T. Effects of hepatitis B virus S
protein exposure on sperm membrane integrity and functions. PLoS One 7: e33471,
2012. doi:10.1371/journal.pone.0033471.

332. Kao L-T, Lin H-C, Chung S-D, Huang C-Y. Association between testicular cancer and
epididymoorchitis: a population-based case-control study. Sci Rep 6: 23079, 2016.
doi:10.1038/srep23079.

333. Kapoor A, Simmonds P, Lipkin WI. Discovery and characterization of mammalian
endogenous parvoviruses. J Virol 84: 12628–12635, 2010. doi:10.1128/JVI.01732-10.

334. Kapranos N, Petrakou E, Anastasiadou C, Kotronias D. Detection of herpes simplex
virus, cytomegalovirus, and Epstein-Barr virus in the semen of men attending an
infertility clinic. Fertil Steril 79, Suppl 3: 1566–1570, 2003. doi:10.1016/S0015-
0282(03)00370-4.

335. Kaspersen MD, Bungum M, Fedder J, Bonde J, Larsen PB, Ingerslev HJ, Höllsberg P.
No increased sperm DNA fragmentation index in semen containing human papillo-
mavirus or herpesvirus. Andrology 1: 361–364, 2013. doi:10.1111/j.2047-2927.2013.
00067.x.

336. Kaspersen MD, Höllsberg P. Seminal shedding of human herpesviruses. Virol J 10: 226,
2013. doi:10.1186/1743-422X-10-226.

337. Kassiotis G. Endogenous retroviruses and the development of cancer. J Immunol 192:
1343–1349, 2014. doi:10.4049/jimmunol.1302972.

338. Kassiotis G, Stoye JP. Immune responses to endogenous retroelements: taking the
bad with the good. Nat Rev Immunol 16: 207–219, 2016. doi:10.1038/nri.2016.27.

339. Katzourakis A, Gifford RJ. Endogenous viral elements in animal genomes. PLoS Genet
6: e1001191, 2010. doi:10.1371/journal.pgen.1001191.

340. Katzourakis A, Rambaut A, Pybus OG. The evolutionary dynamics of endogenous
retroviruses. Trends Microbiol 13: 463–468, 2005. doi:10.1016/j.tim.2005.08.004.

341. Katzourakis A, Tristem M, Pybus OG, Gifford RJ. Discovery and analysis of the first
endogenous lentivirus. Proc Natl Acad Sci USA 104: 6261–6265, 2007. doi:10.1073/
pnas.0700471104.

342. Kaur G, Mital P, Dufour JM. Testisimmune privilege - assumptions versus facts. Anim
Reprod 10: 3–15, 2013.

343. Kaur G, Thompson LA, Dufour JM. Sertoli cells--immunological sentinels of sper-
matogenesis. Semin Cell Dev Biol 30: 36–44, 2014. doi:10.1016/j.semcdb.2014.02.
011.

344. Kawai K, Sakurai M, Sakai T, Misaki M, Kusano I, Shiraishi T, Yatani R. Demonstration
of MDR1 P-glycoprotein isoform expression in benign and malignant human prostate
cells by isoform-specific monoclonal antibodies. Cancer Lett 150: 147–153, 2000.
doi:10.1016/S0304-3835(99)00384-5.

345. Kawiecki AB, Mayton EH, Dutuze MF, Goupil BA, Langohr IM, Del Piero F, Christ-
offerson RC. Tissue tropisms, infection kinetics, histologic lesions, and antibody re-
sponse of the MR766 strain of Zika virus in a murine model. Virol J 14: 82, 2017.
doi:10.1186/s12985-017-0749-x.

346. Keckesova Z, Ylinen LMJ, Towers GJ, Gifford RJ, Katzourakis A. Identification of a
RELIK orthologue in the European hare (Lepus europaeus) reveals a minimum age of
12 million years for the lagomorph lentiviruses. Virology 384: 7–11, 2009. doi:10.1016/
j.virol.2008.10.045.

347. Kekarainen T, López-Soria S, Segalés J. Detection of swine Torque teno virus geno-
groups 1 and 2 in boar sera and semen. Theriogenology 68: 966–971, 2007. doi:10.
1016/j.theriogenology.2007.07.010.

348. Kelley RE, Berger JR, Kelley BP. West Nile Virus Meningo-Encephalitis: possible sexual
transmission. J La State Med Soc 168: 21–22, 2016.

349. Kelley TR. Insights into Ebola and other emerging and re-emerging infectious disease
risks. Environ Health Insights 8: S20757, 2014. doi:10.4137/EHI.S20757.

350. Khodakaram-Tafti A, Farjanikish GH. Persistent bovine viral diarrhea virus (BVDV)
infection in cattle herds. Iran J Vet Res 18: 154–163, 2017.

351. Khokhar U, Stevens D, Shipton LK, Lau DT. Review. Gastroenterol Hepatol (N Y) 3:
727–730, 2007.

352. Kidd LC, Chaing S, Chipollini J, Giuliano AR, Spiess PE, Sharma P. Relationship be-
tween human papillomavirus and penile cancer-implications for prevention and treat-
ment. Transl Androl Urol 6: 791–802, 2017. doi:10.21037/tau.2017.06.27.

353. Kiessling AA. Retroviruses and reproduction revisited. J Assist Reprod Genet 35: 1969–
1972, 2018. doi:10.1007/s10815-018-1253-y.

354. Kim J, Han DU, Choi C, Chae C. Simultaneous detection and differentiation between
porcine circovirus and porcine parvovirus in boar semen by multiplex seminested
polymerase chain reaction. J Vet Med Sci 65: 741–744, 2003. doi:10.1292/jvms.65.
741.

355. Kim KA, Yolamanova M, Zirafi O, Roan NR, Staendker L, Forssmann WG, Burgener
A, Dejucq-Rainsford N, Hahn BH, Shaw GM, Greene WC, Kirchhoff F, Münch J.
Semen-mediated enhancement of HIV infection is donor-dependent and correlates
with the levels of SEVI. Retrovirology 7: 55, 2010. doi:10.1186/1742-4690-7-55.

356. Kimura M, Maekura S, Satou T, Hashimoto S. [Cytomegaloviral inclusions detected in
the seminal vesicle, ductus deferens and lungs in an autopsy case of lung cancer].
Rinsho Byori 41: 1059–1062, 1993.

357. Kingsley LA, Rinaldo CR Jr, Lyter DW, Valdiserri RO, Belle SH, Ho M. Sexual trans-
mission efficiency of hepatitis B virus and human immunodeficiency virus among
homosexual men. JAMA 264: 230–234, 1990. doi:10.1001/jama.1990.
03450020082031.

358. Kirkland PD, Richards SG, Rothwell JT, Stanley DF. Replication of bovine viral diar-
rhoea virus in the bovine reproductive tract and excretion of virus in semen during
acute and chronic infections. Vet Rec 128: 587–590, 1991. doi:10.1136/vr.128.25.587.

359. Kitamura T, Suzuki M, Koyama Y, Shigehara K. Long-term persistence of human
papillomavirus in the skin of the glans penis of elderly men above 80 years of age. Int
J STD AIDS 29: 552–556, 2018. doi:10.1177/0956462417742319.

360. Kjellman C, Sjögren H-O, Widegren B. The Y chromosome: a graveyard for endog-
enous retroviruses. Gene 161: 163–170, 1995. doi:10.1016/0378-1119(95)00248-5.

361. Klebanoff SJ, Kazazi F. Inactivation of human immunodeficiency virus type 1 by the
amine oxidase-peroxidase system. J Clin Microbiol 33: 2054–2057, 1995. doi:10.1128/
JCM.33.8.2054-2057.1995.

LE TORTOREC ET AL.

1402 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1097/QAD.0000000000001282
https://doi.org/10.1097/QAD.0000000000001282
https://doi.org/10.1146/annurev.genet.42.110807.091501
https://doi.org/10.1093/humrep/dew321
https://doi.org/10.1038/cddis.2017.560
https://doi.org/10.1016/S1473-3099(17)30444-9
https://doi.org/10.1038/nm1745
https://doi.org/10.1095/biolreprod.112.101956
https://doi.org/10.1097/OLQ.0b013e318141fe9b
https://doi.org/10.1002/pros.22483
https://doi.org/10.1371/journal.pone.0033471
https://doi.org/10.1038/srep23079
https://doi.org/10.1128/JVI.01732-10
https://doi.org/10.1016/S0015-0282(03)00370-4
https://doi.org/10.1016/S0015-0282(03)00370-4
https://doi.org/10.1111/j.2047-2927.2013.00067.x
https://doi.org/10.1111/j.2047-2927.2013.00067.x
https://doi.org/10.1186/1743-422X-10-226
https://doi.org/10.4049/jimmunol.1302972
https://doi.org/10.1038/nri.2016.27
https://doi.org/10.1371/journal.pgen.1001191
https://doi.org/10.1016/j.tim.2005.08.004
https://doi.org/10.1073/pnas.0700471104
https://doi.org/10.1073/pnas.0700471104
https://doi.org/10.1016/j.semcdb.2014.02.011
https://doi.org/10.1016/j.semcdb.2014.02.011
https://doi.org/10.1016/S0304-3835(99)00384-5
https://doi.org/10.1186/s12985-017-0749-x
https://doi.org/10.1016/j.virol.2008.10.045
https://doi.org/10.1016/j.virol.2008.10.045
https://doi.org/10.1016/j.theriogenology.2007.07.010
https://doi.org/10.1016/j.theriogenology.2007.07.010
https://doi.org/10.4137/EHI.S20757
https://doi.org/10.21037/tau.2017.06.27
https://doi.org/10.1007/s10815-018-1253-y
https://doi.org/10.1292/jvms.65.741
https://doi.org/10.1292/jvms.65.741
https://doi.org/10.1186/1742-4690-7-55
https://doi.org/10.1001/jama.1990.03450020082031
https://doi.org/10.1001/jama.1990.03450020082031
https://doi.org/10.1136/vr.128.25.587
https://doi.org/10.1177/0956462417742319
https://doi.org/10.1016/0378-1119(95)00248-5
https://doi.org/10.1128/JCM.33.8.2054-2057.1995
https://doi.org/10.1128/JCM.33.8.2054-2057.1995


362. Klenerman P, Hengartner H, Zinkernagel RM. A non-retroviral RNA virus persists in
DNA form. Nature 390: 298–301, 1997. doi:10.1038/36876.

363. Koelle DM, Corey L. Herpes simplex: insights on pathogenesis and possible vaccines.
Annu Rev Med 59: 381–395, 2008. doi:10.1146/annurev.med.59.061606.095540.

364. Koide F, Goebel S, Snyder B, Walters KB, Gast A, Hagelin K, Kalkeri R, Rayner J.
Development of a Zika virus infection model in Cynomolgus Macaques. Front Micro-
biol 7: 2028, 2016. doi:10.3389/fmicb.2016.02028.

365. Komeya M, Kimura H, Nakamura H, Yokonishi T, Sato T, Kojima K, Hayashi K,
Katagiri K, Yamanaka H, Sanjo H, Yao M, Kamimura S, Inoue K, Ogonuki N, Ogura A,
Fujii T, Ogawa T. Long-term ex vivo maintenance of testis tissues producing fertile
sperm in a microfluidic device. Sci Rep 6: 21472, 2016. doi:10.1038/srep21472.

366. Kong Y, Liu Y, Liu X, Li N, Zhu Z, Zhang A, Liu J, Ye F, Lin S. Relationship between the
mechanism of hepatitis B virus father-infant transmission and pregnancy outcome.
Arch Gynecol Obstet 295: 253–257, 2017. doi:10.1007/s00404-016-4231-6.

367. Van Kooyk Y, Geijtenbeek TB. DC-SIGN: escape mechanism for pathogens. Nat Rev
Immunol 3: 697–709, 2003. doi:10.1038/nri1182.

368. Kordy K, Elliott J, Tanner K, Johnson EJ, McGowan IM, Anton PA. Human semen or
seminal plasma does not enhance HIV-1BaL ex vivo infection of human colonic ex-
plants. AIDS Res Hum Retroviruses 34: 459–466, 2018. doi:10.1089/aid.2017.0118.

369. Kotin RM, Siniscalco M, Samulski RJ, Zhu XD, Hunter L, Laughlin CA, McLaughlin S,
Muzyczka N, Rocchi M, Berns KI. Site-specific integration by adeno-associated virus.
Proc Natl Acad Sci USA 87: 2211–2215, 1990. doi:10.1073/pnas.87.6.2211.

370. Kotronias D, Kapranos N. Detection of herpes simplex virus DNA in human sperma-
tozoa by in situ hybridization technique. In Vivo 12: 391–394, 1998.

371. Koyuncu OO, Hogue IB, Enquist LW. Virus infections in the nervous system. Cell Host
Microbe 13: 379–393, 2013. doi:10.1016/j.chom.2013.03.010.

372. Kuenzli AB, Marschall J, Schefold JC, Schafer M, Engler OB, Ackermann-Gäumann R,
Reineke DC, Suter-Riniker F, Staehelin C. Hantavirus cardiopulmonary syndrome due
to imported Andes Hantavirus infection in Switzerland: a multidisciplinary challenge,
two cases and a literature review. Clin Infect Dis 67: 1788–1795, 2018. doi:10.1093/
cid/ciy443.

373. Kurscheidt FA, Damke E, Bento JC, Balani VA, Takeda KI, Piva S, Piva JP, Irie MMT,
Gimenes F, Consolaro MEL. Effects of herpes simplex virus infections on seminal
parameters in male partners of infertile couples. Urology 113: 52–58, 2018. doi:10.
1016/j.urology.2017.11.050.

374. Küry P, Nath A, Créange A, Dolei A, Marche P, Gold J, Giovannoni G, Hartung HP,
Perron H. Human endogenous retroviruses in neurological diseases. Trends Mol Med
24: 379–394, 2018. doi:10.1016/j.molmed.2018.02.007.

375. Lajous M, Mueller N, Cruz-Valdéz A, Aguilar LV, Franceschi S, Hernández-Avila M,
Lazcano-Ponce E. Determinants of prevalence, acquisition, and persistence of human
papillomavirus in healthy Mexican military men. Cancer Epidemiol Biomarkers Prev 14:
1710–1716, 2005. doi:10.1158/1055-9965.EPI-04-0926.

376. Lakpour MR, Koruji M, Shahverdi A, Aghajanpour S, Rajabian Naghandar M, Sadighi
Gilani MA, Sabbaghian M, Aflatoonian R. The expression of TLR2 and TLR3 in sertoli
cells of azoospermic patients. Cell J 19: 375–385, 2017. doi:10.22074/cellj.2017.4300.

377. Lalle E, Colavita F, Iannetta M, Gebremeskel Teklè S, Carletti F, Scorzolini L, Bordi L,
Vincenti D, Castilletti C, Ippolito G, Capobianchi MR, Nicastri E. Prolonged detection
of dengue virus RNA in the semen of a man returning from Thailand to Italy, January
2018. Euro Surveill 23: 23, 2018. doi:10.2807/1560-7917.ES.2018.23.18.18-00197.

378. Lang ZW. [Distribution of hepatitis B virus in testicle tissue in patients with hepatitis B
infection]. Zhonghua Yi Xue Za Zhi 73: 329–331, 1993.

379. Laprise C, Trottier H, Monnier P, Coutlée F, Mayrand M-H. Prevalence of human
papillomaviruses in semen: a systematic review and meta-analysis. Hum Reprod 29:
640–651, 2014. doi:10.1093/humrep/det453.

380. Larochelle R, Bielanski A, Müller P, Magar R. PCR detection and evidence of shedding
of porcine circovirus type 2 in boar semen. J Clin Microbiol 38: 4629–4632, 2000.
doi:10.1128/JCM.38.12.4629-4632.2000.

381. De Laval F, Matheus S, Labrousse T, Enfissi A, Rousset D, Briolant S. Kinetics of Zika
viral load in semen. N Engl J Med 377: 697–699, 2017. doi:10.1056/NEJMc1612600.

382. Lee VCY, Ng EHY, Yeung WSB, Ho PC. Impact of positive hepatitis B surface antigen
on the outcome of IVF treatment. Reprod Biomed Online 21: 712–717, 2010. doi:10.
1016/j.rbmo.2010.06.036.

383. Leemans J, Raes M, Vanbinst T, De Clercq K, Saegerman C, Kirschvink N. Viral RNA
load in semen from bluetongue serotype 8-infected rams: relationship with sperm
quality. Vet J 192: 304–310, 2012. doi:10.1016/j.tvjl.2011.06.028.

384. Van Leeuwen E, Wit FW, Repping S, Eeftinck Schattenkerk JKM, Reiss P, van der Veen
F, Prins JM. Effects of antiretroviral therapy on semen quality. AIDS 22: 637–642,
2008. doi:10.1097/QAD.0b013e3282f4de10.

385. Lemos MP, Lama JR, Karuna ST, Fong Y, Montano SM, Ganoza C, Gottardo R,
Sanchez J, McElrath MJ. The inner foreskin of healthy males at risk of HIV infection
harbors epithelial CD4� CCR5� cells and has features of an inflamed epidermal
barrier. PLoS One 9: e108954, 2014. doi:10.1371/journal.pone.0108954.

386. Leruez-Ville M, Kunstmann JM, De Almeida M, Rouzioux C, Chaix ML. Detection of
hepatitis C virus in the semen of infected men. Lancet 356: 42–43, 2000. doi:10.1016/
S0140-6736(00)02435-1.

387. Lewis SEM. Is sperm evaluation useful in predicting human fertility? Reproduction 134:
31–40, 2007. doi:10.1530/REP-07-0152.

388. Li H, Wu J, Sheng Y, Lu Q, Liu B, Chen Y, Sun Y, Zhou EM, Zhao Q. Prevalence of
hepatitis E virus (HEV) infection in various pig farms from Shaanxi Province, China:
first detection of HEV RNA in pig semen. Transbound Emerg Dis 66: 72–82, 2019.
doi:10.1111/tbed.12966.

389. Li L, Kapoor A, Slikas B, Bamidele OS, Wang C, Shaukat S, Masroor MA, Wilson ML,
Ndjango J-BN, Peeters M, Gross-Camp ND, Muller MN, Hahn BH, Wolfe ND, Triki
H, Bartkus J, Zaidi SZ, Delwart E. Multiple diverse circoviruses infect farm animals and
are commonly found in human and chimpanzee feces. J Virol 84: 1674–1682, 2010.
doi:10.1128/JVI.02109-09.

390. Li X-F, Dong H-L, Huang X-Y, Qiu Y-F, Wang H-J, Deng Y-Q, Zhang N-N, Ye Q,
Zhao H, Liu Z-Y, Fan H, An X-P, Sun S-H, Gao B, Fa Y-Z, Tong Y-G, Zhang F-C, Gao
GF, Cao W-C, Shi P-Y, Qin C-F. Characterization of a 2016 clinical isolate of Zika virus
in non-human primates. EBioMedicine 12: 170–177, 2016. doi:10.1016/j.ebiom.2016.
09.022.

391. Liew CH. The first case of sexual transmission of dengue in Spain. J Travel Med 27:
taz087, 2020. doi:10.1093/jtm/taz087.

392. Van Lint A, Ayers M, Brooks AG, Coles RM, Heath WR, Carbone FR. Herpes simplex
virus-specific CD8� T cells can clear established lytic infections from skin and nerves
and can partially limit the early spread of virus after cutaneous inoculation. J Immunol
172: 392–397, 2004. doi:10.4049/jimmunol.172.1.392.

393. Lippold S, Braun B, Krüger F, Harms M, Müller JA, Groß R, Münch J, von Einem J.
Natural Inhibitor of human cytomegalovirus in human seminal plasma. J Virol 93:
e01855-18, 2019. doi:10.1128/JVI.01855-18.

394. Lisco A, Munawwar A, Introini A, Vanpouille C, Saba E, Feng X, Grivel JC, Singh S,
Margolis L. Semen of HIV-1-infected individuals: local shedding of herpesviruses and
reprogrammed cytokine network. J Infect Dis 205: 97–105, 2012. doi:10.1093/infdis/
jir700.

395. Liu CM, Osborne BJ, Hungate BA, Shahabi K, Huibner S, Lester R, Dwan MG, Kovacs
C, Contente-Cuomo TL, Benko E, Aziz M, Price LB, Kaul R. The semen microbiome
and its relationship with local immunology and viral load in HIV infection. PLoS Pathog
10: e1004262, 2014. doi:10.1371/journal.ppat.1004262.

396. Liu CM, Prodger JL, Tobian AAR, Abraham AG, Kigozi G, Hungate BA, Aziz M,
Nalugoda F, Sariya S, Serwadda D, Kaul R, Gray RH, Price LB. Penile Anaerobic
Dysbiosis as a Risk Factor for HIV Infection. MBio 8: e00996-17, 2017. doi:10.1128/
mBio.00996-17.

397. Liu H, Fu Y, Xie J, Cheng J, Ghabrial SA, Li G, Peng Y, Yi X, Jiang D. Widespread
endogenization of densoviruses and parvoviruses in animal and human genomes. J
Virol 85: 9863–9876, 2011. doi:10.1128/JVI.00828-11.

398. Liu M, Liu F, Pan Y, He Z, Guo C, Zhang C, Li X, Hang D, Wang Q, Liu Y, Li J, Liu Z,
Cai H, Ke Y. Viral load in the natural history of human papillomavirus infection among
men in rural China: a population-based prospective study. Clin Infect Dis 67: 1861–
1867, 2018. doi:10.1093/cid/ciy376.

399. Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, Horuk R, MacDonald ME, Stuhl-
mann H, Koup RA, Landau NR. Homozygous defect in HIV-1 coreceptor accounts for

VIRUSES IN THE MALE GENITAL TRACT

1403Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1038/36876
https://doi.org/10.1146/annurev.med.59.061606.095540
https://doi.org/10.3389/fmicb.2016.02028
https://doi.org/10.1038/srep21472
https://doi.org/10.1007/s00404-016-4231-6
https://doi.org/10.1038/nri1182
https://doi.org/10.1089/aid.2017.0118
https://doi.org/10.1073/pnas.87.6.2211
https://doi.org/10.1016/j.chom.2013.03.010
https://doi.org/10.1093/cid/ciy443
https://doi.org/10.1093/cid/ciy443
https://doi.org/10.1016/j.urology.2017.11.050
https://doi.org/10.1016/j.urology.2017.11.050
https://doi.org/10.1016/j.molmed.2018.02.007
https://doi.org/10.1158/1055-9965.EPI-04-0926
https://doi.org/10.22074/cellj.2017.4300
https://doi.org/10.2807/1560-7917.ES.2018.23.18.18-00197
https://doi.org/10.1093/humrep/det453
https://doi.org/10.1128/JCM.38.12.4629-4632.2000
https://doi.org/10.1056/NEJMc1612600
https://doi.org/10.1016/j.rbmo.2010.06.036
https://doi.org/10.1016/j.rbmo.2010.06.036
https://doi.org/10.1016/j.tvjl.2011.06.028
https://doi.org/10.1097/QAD.0b013e3282f4de10
https://doi.org/10.1371/journal.pone.0108954
https://doi.org/10.1016/S0140-6736(00)02435-1
https://doi.org/10.1016/S0140-6736(00)02435-1
https://doi.org/10.1530/REP-07-0152
https://doi.org/10.1111/tbed.12966
https://doi.org/10.1128/JVI.02109-09
https://doi.org/10.1016/j.ebiom.2016.09.022
https://doi.org/10.1016/j.ebiom.2016.09.022
https://doi.org/10.1093/jtm/taz087
https://doi.org/10.4049/jimmunol.172.1.392
https://doi.org/10.1128/JVI.01855-18
https://doi.org/10.1093/infdis/jir700
https://doi.org/10.1093/infdis/jir700
https://doi.org/10.1371/journal.ppat.1004262
https://doi.org/10.1128/mBio.00996-17
https://doi.org/10.1128/mBio.00996-17
https://doi.org/10.1128/JVI.00828-11
https://doi.org/10.1093/cid/ciy376


resistance of some multiply-exposed individuals to HIV-1 infection. Cell 86: 367–377,
1996. doi:10.1016/S0092-8674(00)80110-5.

400. Liu WJ, Zhu M, Pei JJ, Dong XY, Liu W, Zhao MQ, Wang JY, Gou HC, Luo YW, Chen
JD. Molecular phylogenetic and positive selection analysis of Japanese encephalitis
virus strains isolated from pigs in China. Virus Res 178: 547–552, 2013. doi:10.1016/
j.virusres.2013.09.002.

401. Löber U, Hobbs M, Dayaram A, Tsangaras K, Jones K, Alquezar-Planas DE, Ishida Y,
Meers J, Mayer J, Quedenau C, Chen W, Johnson RN, Timms P, Young PR, Roca AL,
Greenwood AD. Degradation and remobilization of endogenous retroviruses by re-
combination during the earliest stages of a germ-line invasion. Proc Natl Acad Sci USA
115: 8609–8614, 2018. doi:10.1073/pnas.1807598115.

402. Lorusso F, Palmisano M, Chironna M, Vacca M, Masciandaro P, Bassi E, Selvaggi Luigi
L, Depalo R. Impact of chronic viral diseases on semen parameters. Andrologia 42:
121–126, 2010. doi:10.1111/j.1439-0272.2009.00970.x.

403. Lourenço AG, Komesu MC, Machado AA, Quintana SM, Bourlet T, Pozzetto B,
Delézay O. Semen lactoferrin promotes CCL20 production by epithelial cells: in-
volvement in HIV transmission. World J Virol 3: 11–17, 2014. doi:10.5501/wjv.v3.i2.
11.

404. Luca G, Arato I, Sorci G, Cameron DF, Hansen BC, Baroni T, Donato R, White DGJ,
Calafiore R. Sertoli cells for cell transplantation: pre-clinical studies and future per-
spectives. Andrology 6: 385–395, 2018. doi:10.1111/andr.12484.

405. Ludlow M, Kortekaas J, Herden C, Hoffmann B, Tappe D, Trebst C, Griffin DE,
Brindle HE, Solomon T, Brown AS, van Riel D, Wolthers KC, Pajkrt D, Wohlsein P,
Martina BEE, Baumgärtner W, Verjans GM, Osterhaus ADME. Neurotropic virus
infections as the cause of immediate and delayed neuropathology. Acta Neuropathol
131: 159–184, 2016. doi:10.1007/s00401-015-1511-3.

406. Luo D, Zheng R, Wang D, Zhang X, Yin Y, Wang K, Wang W. Effect of sexual
transmission on the West Africa Ebola outbreak in 2014: a mathematical modelling
study. Sci Rep 9: 1653, 2019. doi:10.1038/s41598-018-38397-3.

407. Luttmer R, Dijkstra MG, Snijders PJF, Jordanova ES, King AJ, Pronk DTM, Foresta C,
Garolla A, Hompes PGA, Berkhof J, Bleeker MCG, Doorbar J, Heideman DAM,
Meijer CJLM. Presence of human papillomavirus in semen of healthy men is firmly
associated with HPV infections of the penile epithelium. Fertil Steril 104: 838–844.e8,
2015. doi:10.1016/j.fertnstert.2015.06.028.

408. Luttmer R, Dijkstra MG, Snijders PJF, Hompes PGA, Pronk DTM, Hubeek I, Berkhof
J, Heideman DAM, Meijer CJLM. Presence of human papillomavirus in semen in
relation to semen quality. Hum Reprod 31: dev317, 2016. doi:10.1093/humrep/
dev317.

409. Lyu Z, Feng X, Li N, Zhao W, Wei L, Chen Y, Yang W, Ma H, Yao B, Zhang K, Hu Z,
Shen H, Hang D, Dai M. Human papillomavirus in semen and the risk for male
infertility: a systematic review and meta-analysis. BMC Infect Dis 17: 714, 2017. doi:
10.1186/s12879-017-2812-z.

410. Ma W, Li S, Ma S, Jia L, Zhang F, Zhang Y, Zhang J, Wong G, Zhang S, Lu X, Liu M, Yan
J, Li W, Qin C, Han D, Wang N, Li X, Gao GF. Zika virus causes testis damage and
leads to male infertility in mice. [Correction in Cell 168: 542, 2017.] Cell 167: 1511–
1524.e10, 2016. doi:10.1016/j.cell.2016.11.016.

411. Ma Z-M, Dutra J, Fritts L, Miller CJ. Lymphatic dissemination of simian immunodefi-
ciency virus after penile inoculation. J Virol 90: 4093–4104, 2016. doi:10.1128/JVI.
02947-15.

412. Macfarlane CM, Badge RM. Genome-wide amplification of proviral sequences reveals
new polymorphic HERV-K(HML-2) proviruses in humans and chimpanzees that are
absent from genome assemblies. Retrovirology 12: 35, 2015. doi:10.1186/s12977-015-
0162-8.

413. Mackern-Oberti JP, Maccioni M, Breser ML, Eley A, Miethke T, Rivero VE. Innate
immunity in the male genital tract: Chlamydia trachomatis induces keratinocyte-de-
rived chemokine production in prostate, seminal vesicle and epididymis/vas deferens
primary cultures. J Med Microbiol 60: 307–316, 2011. doi:10.1099/jmm.0.024877-0.

414. Mackern-Oberti JP, Maccioni M, Cuffini C, Gatti G, Rivero VE. Susceptibility of pros-
tate epithelial cells to Chlamydia muridarum infection and their role in innate immunity
by recruitment of intracellular Toll-like receptors 4 and 2 and MyD88 to the inclusion.
Infect Immun 74: 6973–6981, 2006. doi:10.1128/IAI.00593-06.

415. MacLeod J. Effect of chickenpox and of pneumonia on semen quality. Fertil Steril 2:
523–533, 1951. doi:10.1016/S0015-0282(16)30726-9.

416. Madson DM, Ramamoorthy S, Kuster C, Pal N, Meng XJ, Halbur PG, Opriessnig T.
Characterization of shedding patterns of Porcine circovirus types 2a and 2b in exper-
imentally inoculated mature boars. J Vet Diagn Invest 20: 725–734, 2008. doi:10.1177/
104063870802000603.

417. Magiorkinis G, Belshaw R, Katzourakis A. ‘There and back again’: revisiting the patho-
physiological roles of human endogenous retroviruses in the post-genomic era. Philos
Trans R Soc Lond B Biol Sci 368: 20120504, 2013. doi:10.1098/rstb.2012.0504.

418. Magnano AR, Giordano R, Moscufo N, Baccetti B, Spadafora C. Sperm/DNA interac-
tion: integration of foreign DNA sequences in the mouse sperm genome. J Reprod
Immunol 41: 187–196, 1998. doi:10.1016/S0165-0378(98)00058-8.

419. Maher D, Wu X, Schacker T, Horbul J, Southern P. HIV binding, penetration, and
primary infection in human cervicovaginal tissue. Proc Natl Acad Sci USA 102: 11504–
11509, 2005. doi:10.1073/pnas.0500848102.

420. Maione B, Pittoggi C, Achene L, Lorenzini R, Spadafora C. Activation of endogenous
nucleases in mature sperm cells upon interaction with exogenous DNA. DNA Cell Biol
16: 1087–1097, 1997. doi:10.1089/dna.1997.16.1087.

421. Malfavon-Borja R, Feschotte C. Fighting fire with fire: endogenous retrovirus enve-
lopes as restriction factors. J Virol 89: 4047–4050, 2015. doi:10.1128/JVI.03653-14.

422. Mallidis C, Howard EJ, Baker HW. Variation of semen quality in normal men. Int J
Androl 14: 99–107, 1991. doi:10.1111/j.1365-2605.1991.tb01071.x.

423. Malolina EA, Kulibin AY, Naumenko VA, Gushchina EA, Zavalishina LE, Kushch AA.
Herpes simplex virus inoculation in murine rete testis results in irreversible testicular
damage. Int J Exp Pathol 95: 120–130, 2014. doi:10.1111/iep.12071.

424. Manicassamy B, Wang J, Rumschlag E, Tymen S, Volchkova V, Volchkov V, Rong L.
Characterization of Marburg virus glycoprotein in viral entry. Virology 358: 79–88,
2007. doi:10.1016/j.virol.2006.06.041.

425. Manson AL. Mumps orchitis. Urology 36: 355–358, 1990. doi:10.1016/0090-
4295(90)80248-L.

426. Mansuy J-M, El Costa H, Gouilly J, Mengelle C, Pasquier C, Martin-Blondel G, Izopet
J, Jabrane-Ferrat N. Peripheral plasma and semen cytokine response to Zika virus in
humans. Emerg Infect Dis 25: 823–825, 2019. doi:10.3201/eid2504.171886.

427. Mansuy JM, Suberbielle E, Chapuy-Regaud S, Mengelle C, Bujan L, Marchou B, Delo-
bel P, Gonzalez-Dunia D, Malnou CE, Izopet J, Martin-Blondel G. Zika virus in semen
and spermatozoa. Lancet Infect Dis 16: 1106–1107, 2016. doi:10.1016/S1473-
3099(16)30336-X.

428. Marini M, Rosa I, Guasti D, Gacci M, Sgambati E, Ibba-Manneschi L, Manetti M.
Reappraising the microscopic anatomy of human testis: identification of telocyte net-
works in the peritubular and intertubular stromal space. Sci Rep 8: 14780, 2018.
doi:10.1038/s41598-018-33126-2.

429. Martellini JA, Cole AL, Venkataraman N, Quinn GA, Svoboda P, Gangrade BK, Pohl J,
Sørensen OE, Cole AM. Cationic polypeptides contribute to the anti-HIV-1 activity of
human seminal plasma. FASEB J 23: 3609–3618, 2009. doi:10.1096/fj.09-131961.

430. Martines RB, Ng DL, Greer PW, Rollin PE, Zaki SR. Tissue and cellular tropism,
pathology and pathogenesis of Ebola and Marburg viruses. J Pathol 235: 153–174,
2015. doi:10.1002/path.4456.

431. Martini F, Iaccheri L, Lazzarin L, Carinci P, Corallini A, Gerosa M, Iuzzolino P, Bar-
banti-Brodano G, Tognon M. SV40 early region and large T antigen in human brain
tumors, peripheral blood cells, and sperm fluids from healthy individuals. Cancer Res
56: 4820–4825, 1996.

432. Martini F, Iaccheri L, Martinelli M, Martinello R, Grandi E, Mollica G, Tognon M.
Papilloma and polyoma DNA tumor virus sequences in female genital tumors. Cancer
Invest 22: 697–705, 2004. doi:10.1081/CNV-200032937.

433. Martini GA. Marburg virus disease. Postgrad Med J 49: 542–546, 1973. doi:10.1136/
pgmj.49.574.542.

434. Martini GA, Schmidt HA. [Spermatogenic transmission of the “Marburg virus” (causes
of “Marburg simian disease”)]. Klin Wochenschr 46: 398–400, 1968. doi:10.1007/
BF01734141.

435. Martorell M, Gil-Salom M, Pérez-Vallés A, Garcia JA, Rausell N, Senpere A. Presence
of human papillomavirus DNA in testicular biopsies from nonobstructive azoospermic
men. Arch Pathol Lab Med 129: 1132–1136, 2005.

LE TORTOREC ET AL.

1404 Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (015.160.037.148) on September 28, 2024.

https://doi.org/10.1016/S0092-8674(00)80110-5
https://doi.org/10.1016/j.virusres.2013.09.002
https://doi.org/10.1016/j.virusres.2013.09.002
https://doi.org/10.1073/pnas.1807598115
https://doi.org/10.1111/j.1439-0272.2009.00970.x
https://doi.org/10.5501/wjv.v3.i2.11
https://doi.org/10.5501/wjv.v3.i2.11
https://doi.org/10.1111/andr.12484
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.1038/s41598-018-38397-3
https://doi.org/10.1016/j.fertnstert.2015.06.028
https://doi.org/10.1093/humrep/dev317
https://doi.org/10.1093/humrep/dev317
https://doi.org/10.1186/s12879-017-2812-z
https://doi.org/10.1016/j.cell.2016.11.016
https://doi.org/10.1128/JVI.02947-15
https://doi.org/10.1128/JVI.02947-15
https://doi.org/10.1186/s12977-015-0162-8
https://doi.org/10.1186/s12977-015-0162-8
https://doi.org/10.1099/jmm.0.024877-0
https://doi.org/10.1128/IAI.00593-06
https://doi.org/10.1016/S0015-0282(16)30726-9
https://doi.org/10.1177/104063870802000603
https://doi.org/10.1177/104063870802000603
https://doi.org/10.1098/rstb.2012.0504
https://doi.org/10.1016/S0165-0378(98)00058-8
https://doi.org/10.1073/pnas.0500848102
https://doi.org/10.1089/dna.1997.16.1087
https://doi.org/10.1128/JVI.03653-14
https://doi.org/10.1111/j.1365-2605.1991.tb01071.x
https://doi.org/10.1111/iep.12071
https://doi.org/10.1016/j.virol.2006.06.041
https://doi.org/10.1016/0090-4295(90)80248-L
https://doi.org/10.1016/0090-4295(90)80248-L
https://doi.org/10.3201/eid2504.171886
https://doi.org/10.1016/S1473-3099(16)30336-X
https://doi.org/10.1016/S1473-3099(16)30336-X
https://doi.org/10.1038/s41598-018-33126-2
https://doi.org/10.1096/fj.09-131961
https://doi.org/10.1002/path.4456
https://doi.org/10.1081/CNV-200032937
https://doi.org/10.1136/pgmj.49.574.542
https://doi.org/10.1136/pgmj.49.574.542
https://doi.org/10.1007/BF01734141
https://doi.org/10.1007/BF01734141


436. De Marzo AM, Platz EA, Sutcliffe S, Xu J, Grönberg H, Drake CG, Nakai Y, Isaacs WB,
Nelson WG. Inflammation in prostate carcinogenesis. Nat Rev Cancer 7: 256–269,
2007. doi:10.1038/nrc2090.

437. Masarani M, Wazait H, Dinneen M. Mumps orchitis. J R Soc Med 99: 573–575, 2006.
doi:10.1177/014107680609901116.

438. Mason A, Wick M, White H, Perrillo R. Hepatitis B virus replication in diverse cell
types during chronic hepatitis B virus infection. Hepatology 18: 781–789, 1993. doi:
10.1002/hep.1840180406.

439. Matsubara H, Michitaka K, Horiike N, Yano M, Akbar SM, Torisu M, Onji M. Existence
of TT virus DNA in extracellular body fluids from normal healthy Japanese subjects.
Intervirology 43: 16–19, 2000. doi:10.1159/000025018.

440. Matusali G, Dereuddre-Bosquet N, Le Tortorec A, Moreau M, Satie AP, Mahé D,
Roumaud P, Bourry O, Sylla N, Bernard-Stoecklin S, Pruvost A, Le Grand R, Dejucq-
Rainsford N. Detection of simian immunodeficiency virus in semen, urethra, and male
reproductive organs during efficient highly active antiretroviral therapy. J Virol 89:
5772–5787, 2015. doi:10.1128/JVI.03628-14.

441. Matusali G, Houzet L, Satie A-PP, Mahé D, Aubry F, Couderc T, Frouard J, Bourgeau
S, Bensalah K, Lavoué S, Joguet G, Bujan L, Cabié A, Avelar G, Lecuit M, Le Tortorec
A, Dejucq-Rainsford N. Zika virus infects human testicular tissue and germ cells. J Clin
Invest 128: 4697–4710, 2018. doi:10.1172/JCI121735.

442. Mayer C, Adam M, Glashauser L, Dietrich K, Schwarzer JU, Köhn FM, Strauss L,
Welter H, Poutanen M, Mayerhofer A. Sterile inflammation as a factor in human male
infertility: Involvement of Toll like receptor 2, biglycan and peritubular cells. Sci Rep 6:
37128, 2016. doi:10.1038/srep37128.

443. McCollum WH, Little TV, Timoney PJ, Swerczek TW. Resistance of castrated male
horses to attempted establishment of the carrier state with equine arteritis virus. J
Comp Pathol 111: 383–388, 1994. doi:10.1016/S0021-9975(05)80096-9.

444. McCoombe SG, Short RV. Potential HIV-1 target cells in the human penis. AIDS 20:
1491–1495, 2006. doi:10.1097/01.aids.0000237364.11123.98.

445. McDonald EM, Duggal NK, Brault AC. Pathogenesis and sexual transmission of
Spondweni and Zika viruses. PLoS Negl Trop Dis 11: e0005990, 2017. doi:10.1371/
journal.pntd.0005990.

446. McGlynn KA, Trabert B. Adolescent and adult risk factors for testicular cancer. Nat
Rev Urol 9: 339–349, 2012. doi:10.1038/nrurol.2012.61.

447. McMurray HR, Nguyen D, Westbrook TF, McAnce DJ. Biology of human papilloma-
viruses. Int J Exp Pathol 82: 15–33, 2001. doi:10.1046/j.1365-2613.2001.00177.x.

448. McNicol PJ, Dodd JG. Detection of human papillomavirus DNA in prostate gland
tissue by using the polymerase chain reaction amplification assay. J Clin Microbiol 28:
409–412, 1990. doi:10.1128/JCM.28.3.409-412.1990.

449. McNicol PJ, Dodd JG. High prevalence of human papillomavirus in prostate tissues. J
Urol 145: 850–853, 1991. doi:10.1016/S0022-5347(17)38476-8.

450. McQuillan G, Kruszon-Moran D, Markowitz LE, Unger ER, Paulose-Ram R. Preva-
lence of HPV in adults aged 18-69: United States, 2011-2014. NCHS Data Brief 280:
1–8, 2017.

451. McVicar JW, Eisner RJ, Johnson LA, Pursel VG. Foot-and-mouth disease and swine
vesicular disease viruses in boar semen. Proc Annu Meet U S Anim Health Assoc 81:
221–230, 1977.

452. Mead PS, Duggal NK, Hook SA, Delorey M, Fischer M, Olzenak McGuire D, Becksted
H, Max RJ, Anishchenko M, Schwartz AM, Tzeng W-PP, Nelson CA, McDonald EM,
Brooks JT, Brault AC, Hinckley AF. Zika virus shedding in semen of symptomatic
infected men. N Engl J Med 378: 1377–1385, 2018. doi:10.1056/NEJMoa1711038.

453. Medveczky I, Szabó I. Isolation of Aujeszky’s disease virus from boar semen. Acta Vet
Acad Sci Hung 29: 29–35, 1981.

454. Mehrle S, Rohde V, Schlehofer JR. Evidence of chromosomal integration of AAV DNA
in human testis tissue. Virus Genes 28: 61–69, 2004. doi:10.1023/B:VIRU.
0000012264.54212.f5.

455. Mehta SD, Moses S, Agot K, Maclean I, Odoyo-June E, Li H, Bailey RC. Medical male
circumcision and herpes simplex virus 2 acquisition: posttrial surveillance in Kisumu,
Kenya. J Infect Dis 208: 1869–1876, 2013. doi:10.1093/infdis/jit371.

456. Mehta SD, Moses S, Parker CB, Agot K, Maclean I, Bailey RC. Circumcision status and
incident herpes simplex virus type 2 infection, genital ulcer disease, and HIV infection.
AIDS 26: 1141–1149, 2012. doi:10.1097/QAD.0b013e328352d116.

457. Meinhardt A, Wang M, Schulz C, Bhushan S. Microenvironmental signals govern the
cellular identity of testicular macrophages. J Leukoc Biol 104: 757–766, 2018. doi:10.
1002/JLB.3MR0318-086RR.

458. Melaine N, Liénard M-O, Guillaume E, Ruffault A, Dejucq-Rainsford N, Jégou B.
Production of the antiviral proteins 2‘5’oligoadenylate synthetase, PKR and Mx in
interstitial cells and spermatogonia. J Reprod Immunol 59: 53–60, 2003. doi:10.1016/
S0165-0378(02)00061-X.

459. Meng J, Greenlee AR, Taub CJ, Braun RE. Sertoli cell-specific deletion of the androgen
receptor compromises testicular immune privilege in mice. Biol Reprod 85: 254–260,
2011. doi:10.1095/biolreprod.110.090621.

460. Meng J, Holdcraft RW, Shima JE, Griswold MD, Braun RE. Androgens regulate the
permeability of the blood-testis barrier. Proc Natl Acad Sci USA 102: 16696–16700,
2005. doi:10.1073/pnas.0506084102.

461. Mesri EA, Feitelson MA, Munger K. Human viral oncogenesis: a cancer hallmarks
analysis. Cell Host Microbe 15: 266–282, 2014. doi:10.1016/j.chom.2014.02.011.

462. Meyer TJ, Rosenkrantz JL, Carbone L, Chavez SL. Endogenous retroviruses: with us
and against us. Front Chem 5: 23, 2017. doi:10.3389/fchem.2017.00023.

463. Michel V, Pilatz A, Hedger MP, Meinhardt A. Epididymitis: revelations at the conver-
gence of clinical and basic sciences. Asian J Androl 17: 756–763, 2015.

464. Migliari R, Riva A, Lantini MS, Melis M, Usai E. Diffuse lymphoid tissue associated with
the human bulbourethral gland. An immunohistologic characterization. J Androl 13:
337–341, 1992.

465. Miller CJ, Vogel P, Alexander NJ, Dandekar S, Hendrickx AG, Marx PA. Pathology and
localization of simian immunodeficiency virus in the reproductive tract of chronically
infected male rhesus macaques. Lab Invest 70: 255–262, 1994.

466. Milman N, Zhu J, Johnston C, Cheng A, Magaret A, Koelle DM, Huang M-L, Jin L,
Klock A, Layton ED, Corey L. In situ detection of regulatory T cells in human genital
herpes simplex virus type 2 (HSV-2) reactivation and their influence on spontaneous
HSV-2 reactivation. J Infect Dis 214: 23–31, 2016. doi:10.1093/infdis/jiw091.

467. Miry C, Pensaert MB, Bonte P, De Geest J. Effect of intratesticular inoculation with
Aujeszky’s disease virus on genital organs of boars. Vet Microbiol 14: 355–363, 1987.
doi:10.1016/0378-1135(87)90027-7.
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