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Abstract

The testis is designated as one of the immune previleged sites in the body and harbours a unique
immunoregulatory environment, which is important for preventing an immune response against sperm
antigens which otherwise are recognized as “foreign” by the immune system. The blood-testis barrier
along with the unique immune cells repertoire and various immunoregulatory & immunosuppressive
factors secreted by the Leydig cells, Sertoli cells and peritubular cells act in concert to maintain the
tolerogenic environment in the testis. Abberations in immunotolerant mechanisms in the testis can lead
to generation of anti-sperm antibodies that have an association with male infertility. It can also lead to
inflammatory conditions of the male reproductive tract manifested as epididymitis and orchitis, generally
due to bacterial or viral infections. In addition, non-infectious epididymitis and orchitis, having autoimmune
origin have also been reported in males. While the immune privilege status of human testis protects the germ
cells from an immune attack, it can also make the testis a succeptible reservoir for viruses such as human
immunodeficiency virus-1, Zika virus and severe acute respiratory syndrome coronavirus-2, all of which have
adverse consequences on male reproduction.
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Introduction
In humans, the male gonad, testis is primarily separated into two functional compartments: the seminiferous
epithelium (spermatogenic compartment) and the surrounding interstitial tissue (endocrine compartment).
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The seminiferous tubules are avascular and devoid of any blood vessels. In contrast, the interstitial tissue is
highly vascularised with blood and lymphatic vessels. The interstitial tissue is chiefly populated by the Leydig
cells, which perform the main endocrine function of androgen production. In seminiferous epithelium, diploid
spermatogonia divide mitotically until some differentiate and enter meiosis to give rise to tetraploid primary
spermatocytes. The haploid round spermatids then undergo differentiation to form elongated spermatids,
which are finally released in the lumen of seminiferous tubules as highly specialized spermatozoa. The entire
process of spermatogenesis is intricately regulated by several endocrine, autocrine and paracrine factors [1].

The process of spermatogenesis initiates at puberty, which is after the development of immune
competence to recognise “self” antigens and establishment of the peripheral immune tolerance. Hence, the
cellular proteins and other antigens on the meiotic and post-meiotic germ cells like the spermatozoa can be
identified as “foreign” by the immune system. To circumvent this, the testis has a unique immunoregulatory
environment, and is recognised as one of the immune privileged sites in the body [2, 3]. This immune privilege
environement in the testis protects the immunogenic germ cells from systemic immune attack. However, at
the same time, the testis is enriched in the components of innate immunity to prevent microbial infections.
Thus, maintenance of an appropriate balance between the immune modulatory mechanisms that protects
the germ cells from autoimmune attack and yet protect the testis from infections is critical for successful
spermatogenesis. Disruption of the testicular immune homeostasis can lead to autoimmune infertility;
it can also cause infections in the testes leading to orchitis, both of which are etiological factors for male
infertility. Thus, a complete understanding of the immunology of the testis is crucial for development of
rational modalities for management of male infertility and even for the development of contraceptives. This
review aims to briefly describe various immuno-modulatory mechanisms responsible for immune tolerance
to sperm autoantigens. Attempts will be made to collate the recent advances and data on the immune
disorders of male reproduction which affect male fertility and health. We will also explore recent emerging
conditions where the immune privileged status of the testis is exploited during viral infections.

Immune privilege in the testis

In the testis, the auto-antigenic germ cells are protected from immune attack by its unique structural
components as well as local and systemic tolerance mechanisms, which are briefly described below.

Structural component of testis, blood-testis barrier

The blood-testis barrier (BTB) is one of the tightest blood-tissue barricade in mammals. It is formed by the
specialised tight occluding junctions of the Sertoli cells and is responsible for physically sequestering all
the spermatogenic cells beyond the pre-meiotic leptotene or zygotene stage in the seminiferous epithelium.
Sertoli cells makes various types of cell junctions such as tight junctions, gap junctions, basal ectoplasmic
specialization, and desmosome-like junctions at the base of seminiferous tubules. The tight junctions between
adjacent Sertoli cells involve Occludin and Claudin 11, which are linked to the actin cytoskeleton through
cytoplasmic plaque proteins [4]. Cx43 is the dominant protein in gap junctions present in seminiferous
tubules that allows the passage of only small molecules less than 1 kDa [5]. Cadherin-catenin complexes
leads to the formation of basal ectoplasmic specialization which also plays an important role in BTB [6]. The
desmosome-like junctions exist between Sertoli cells and between Sertoli and germ cells. The expression of
various desmosomal proteins such as desmoglein-2, plakophilin-2, plakoglobin and demoplakin has been
shown in Sertoli cells. Desmosome-like junctions regulate cell adhesion and junction assembly by interacting
with tight junctions, gap junctions, and basal ectoplasmic specialization [7]. Further, hemidesmosomes are
also present in the basal membrane of the seminiferous tubules formed by myoid cells. Expression of various
proteins leading to the formation of specialized occluding junctions playing a role in BTB are schematically
shown in Figure 1. This makes the neoantigens on the meiotic and haploid germ cells inaccessible to the
immune cells present in the interstitial tissue.

However, it is now amply clear that the BTB is just one of the contributing factors towards the
immune privilege in the testis [2]. Recent studies have suggested that not all antigens on the developing
germ cells may be sequestered from the immune system. In fact, a proportion of meiotic germ cells antigens
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egress from the seminiferous tubules into the interstitium and maintain regulatory T (Treg; CD4*/Foxp3*)
cells dependent systemic tolerance [8]. Further, certain sperm-specific proteins are selectively released by
the Sertoli cells in the testicular interstitial fluid which can be accessed by the immune system [9]. These
studies have challenged the conventional belief that all antigens on the developing germ cells are uniformly
sequestered from the immune system and suggest operation of additional mechanisms to maintain
systemic tolerance.

Figure 1. Mechnisms of immune privilege in the testis. Seminiferous tubules comprise of Sertoli cells in close association with germ
cells. The BTB divides the seminiferous epitherlium into two compartments: basal compartment, containing the spermatogonia
(Spg) and pre-meiotic spermatocytes (Scyte) and adluminal compartment containing metiotic and post meiotic germ cells like
round (RS), elongating spermatids (El Sp) and the mature spermatozoa (Spz). The BTB is mainly formed by tight junctions and
basal ectoplasmic specialsations. Other cell junctions like desmosomes and gap junctions are also present between the germ cells
and Sertoli cells. The peritubular myoid (PTM) cells form the basal membrane of seminiferous tubules. The interstitium contains
blood vessels (BV) and is populated by Leydig cells (LC) along with immune cells like macrophages (M), alternately activated
M2 macrophages (M2¢), dendritic cells (DC), T- and Treg cells, natural killer (NK) cells, mast cells (MC), and eosinophils (ES)

Further, most of the developing spermatogenic cells do not express major histocompatibility
complex (MHC) class I and Il molecules [10]; although, the mature human sperm does express them [11].
Thus, the delayed expression of MHC molecules makes these cells less immunogenic and may play a role in
the escape of recognition by the immune cells. Moreover, several testicular cells exhibit human leukocyte
antigen-G (HLA-G) and HLA-E, which are implicated in suppression of the adaptive immune response [12].

Immune cell repertoire in the testis

Along with Leydig cells, several immune cells are present in the interstitial compartment [13], which are
shown in Figure 1. Together these cells contribute towards maintaining the tolerogenic immune state in
the testis (summarized in Table 1). Testicular macrophages represent the most abundant immune cells in
the testis in most species, and exist in close physical and functional association with Leydig cells [14-16].
Majority of the macrophages in the testis are of the alternately activated M2 type (CD163) and produce
interleukin-10 (IL-10) that have immunosuppressive and anti-inflammatory activities [17]. Beside the
macrophages, dendritic cells are also found in the interstitium, although they are less in numbers under
normal physiological conditions. Expression levels of MHC II antigens, co-stimulatory molecules such as
CD80 and CD86 and chemokine receptor 7 (CCR7) suggest that the testicular dendritic cells are tolerogenic
under normal physiological conditions [18]. The numbers of both macrophages and dendritic cells increase
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in infertile patients with chronic inflammation and their functions are also compromised [19]. In addition,
suppressor T cells (CD8*), NK cells, and Treg cells are encountered in the interstitium [20, 21]. Although they
are sparsely distributed under normal circumstances, their numbers increase in infections and autoimmune
conditions [13, 22]. Granular leukocytes like mast cells are also present in the interstitium and are found
to be increased in testicular inflammatory conditions [23]. However, the roles of NK cells and mast cells in
maintaining testicular immune previlege is not clear.

Table 1. Induction of tolerance by the immune and other cells present in human testis

Cells Special characteristics facilitating tolerance

Macrophages M2 alternatively activated, production of IL-10

Dendritic cells Low expression of MHC I, co-stimulatory molecules (CD80, CD86) and CCR7
Suppressor T cells (CD8*) Suppress immune response

Treg cells (CD4*/Foxp3*) Inhibit antigen-specific T cell responses

Sertoli cells Production of immunosuppressive galectin-1, activin A and anti-inflammatory cytokines
Peritubular cells Production of immunosuppressive activin A and expression of TLR

Leydig cells Produce MIF and testosterone that have immunosuppressive properties

TLR: Toll-like receptors; MIF: migration inhibiting factor

Immunoregulatory and immunosuppressive factors

Sertoli cells, peritubular cells, and Leydig cells express and secrete several immunomodulatory molecules
that are critical for maintaining the immune privilege environment in the testis (Table 1) [24, 25]. Sertoli cells
produce galectin-1, which has an immunosuppressive property [26, 27]. In addition, Sertoli cells secretes
anti-inflammatory cytokines and activin that help in suppressing the immune response [28]. Peritubular
cells also help in making testicular environment immune tolerant by expressing activin A and TLR [29].
Under testicular inflammatory conditions, production of proinflammatory molecules such as tumor necrosis
factor (TNF), IL-1, IL-6, monocyte chemotactic protein-1 and nitric oxide production is increased whereas
IL-10 production is decreased [13, 30, 31]. Leydig cells secrete macrophage MIF [32] that prevents cytotoxic
activities of T cell and NK cells, thereby maintaining a tolerogenic environment. In addition, Leydig cells also
secrete testosterone that is known to have immunosuppressive activity [33].

Immunological disorders in men due to breach ofimmune tolerance in testis

Disruptions in the testicular immune privilege could lead to autoimmunity and immune disorders, some of
which are described below.

Anti-sperm antibodies and their association with male infertility

Formation of antibodies against the spermatozoa represent the most common and widely studied
immune dysfunction of the male reproductive system. It is also listed as one of the factors causing
infertility in men [34]. The presence of anti-sperm antibodies (ASA) can target the sperm for immune
destruction, lead to a decrease in sperm motility, inhibit sperm penetration through the cervical mucus,
and can affect sperm function by blocking receptors or molecules essential for fertilization thus leading to
‘immune infertility’ [35-38]. In contrast to other autoimmune disorders where immune response is generated
against a specific dominant autoantigen, ASA are found to be directed towards multiple antigens, which may
vary among individuals [39, 40].

There is a significant debate on the types of methods and source of samples to be used for detection of
ASA. Although several studies had investigated the presence of ASA in seminal plasma and serum, it is now
increasingly clear that only antibodies physically bound to the sperm are clinically significant [36, 41, 42].
Therefore, WHO has recommended detection of ASA on the surface of the ejaculated sperm by the direct
antiglobulin-based tests such as the mixed anti-globulin reaction (MAR) test and the immunobead-binding
test (IBT). These tests determine the percentage of motile sperm bound to the antibody, and a threshold of
50% of antibody-bound motile sperm are considered pathological [38, 43, 44]. Although ASA are found to be
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of immunoglobulin G (IgG) and IgA classes, it is suggested that presence of [gA-ASA is indicative of a mucosal
immune response, which can impair sperm-cervical mucus interaction. Lastly, these tests are recommended
to be used in conjunction with sperm function tests such as the post-coital test (PCT), which would determine
the clinical consequence of ASA-bound sperm [36].

ASA are observed in 2-21% of infertile men and several epidemiological studies have reported different
incidence of ASA, mainly due to the differences in the study population, detection methods and thresholds
chosen [34, 38, 45-47].There has been intense debate on the association of ASA with infertility as ASA bound
sperm are also found among a small proportion of fertile men indicating that presence of ASA may not always
lead to infertility [45, 48]. This may be due to a variety of factors such as localisation of ASA to the spermatozoa
(head, neck or tail region), functional relevance of the antigen(s) sequestered by ASA, immunoglobin classes
involved and their proportion [37, 38]. Several studies have associated ASA with reduced sperm counts and
motility [47, 49]; however, inhibition of sperm penetration through the cervical mucus presents the main
mechanism by which ASA interferes with fertility [37, 50]. Furthermore, ASA-positive infertile men had higher
incidence of acrosome disorders, sperm DNA fragmentation, and increased reactive oxygen species (ROS)
activity in washed spermatozoa samples of ASA group, all of which are detrimental to male fertility [46]. A
recent large-scale retrospective study of infertile couples found that presence of 100%-positive MAR test in
normozospermic infertile men was significantly associated with negative PCT outcome, suggesting that a
100%-positive MAR test can be a sole determinant of male infertility [34].

Etiology of ASA

Several studies have investigated the probable causes and risk factors for ASA production. However, only
chronic obstructions to the male reproductive tract is proven to be a clear risk factor. Surgical procedures
like vasectomy is widely accepted to be the most common cause of ASA formation. This is evident from the
fact that most men (70%) develop ASA after undergoing vasectomy due to the extravasation of sperm, and
consistently report high ASA titres post-vasecctomy [51, 52]. There is also an association between ASA and
obstructive azoospermia and congenital absence of vas deferens [51, 52]. Although ASA are also reported
in cases of testicular trauma, torsion, varicocele and other infectious and inflammatory conditions, there
are several conflicting reports and lack of a concensus about a causal relationship [53]. Studies have also
shown an increased incidence of other autoantibodies such as antinuclear antibodies and thyroglobulin
antibodies in infertile men with ASA, suggesting that there may be an underlying genetic component towards
ASA formation [54, 55].

Treatment options to overcome male infertility due to ASA

Previously, treatment of male infertility due to ASA used immunosuppressive drugs such as glucocorticoids.
These drugs supressed the production of ASA, and led to limited success in improving prospects of pregnancy.
However, treatment with glucocorticoids is frequently accompanied by side-effects, and hence are not
recommended as the first line of treatment for ASA realted infertility [35, 56].

Assisted reproduction techniques (ART) are the current methods of choice in cases of male infertility
attributed to sperm autoimmunity. However, success rates of ART like in vitro fertilisation (IVF) is negatively
affected by the presence of ASA. Studies have shown that men with sperm-bound ASA experienced low
fertilisation rates in IVF [57, 58], which could probably be due to ASA impeding the sperm-egg interactions.
Intracytoplasmic sperm injection (ICSI), which involves direct injection of isolated spermatozoa into the
oocyte cytoplasm, has been successfully used to overcome this problem. ICSI has yielded fertilisation and
pregnancy rates comparable with ASA negative patients [59]. It has therefore become the best treatment

modality in cases of male infertility due to sperm-bound ASA.

Inflammatory conditions of male reproductive tract: epididymitis and orchitis

Although male reproductive tract and testis in particular, have an immunologically modulated and constrained
environment, it should be able to protect itself from external infections and pathogenic challenges. However,
in instances where the immune mechanisms are overwhelmed (as in infection) or dysregulated (as in
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autoimmuneresponse),inflammation ensues, which may have detrimental effecton male reproductive function
and fertility. In fact, there is a high prevalence of asymptomatic testicular inflammatory lesions and immune
complex formations in the basal membrane of seminiferous epithelium in infertile men [60, 61]. Although
it is difficult to ascertain whether they are due to autoimmune reactions or secondary to past infections as
these may have occurred long before the patient presents for infertility. It is therefore essential to resolve
inflammatory responses to limit long-term damage to the seminiferous epithelium.

Epididymitis is one of the most common intra-scrotal inflammatory conditions affecting 250-650 per
100,000 men each year [62]. It occurs more frequently than isolated orchitis, which is the inflammation of
the testis. This could probably be due to closer proximity of epididymis to the external environment and
differences in the immunoregulatory mechanisms of these two organs. However, many patients clinically
presenting with epididymitis also have testicular inflammation (epididymo-orchitis), with epididymitis
preceding the testicular involvement, especially when adequate treatment is delayed [63]. Despite the potential
sequelae of male subfertility or infertility, there is no consistent epidemiological data for isolated orchitis and
the incidence of epididymo-orchitis can only be calculated from the reports of epididymitis [61, 64]. The
inflammatory conditions of epididymitis and epididymo-orchitis can be broadly divided into infectious and
non-infectious autoimmune categories.

Infectious epididymitis and orchitis
Etiological factors

Among the infectious factors following pathogens are described as causative agents:

i) Bacterial infections: retrograde ascent of uropathogens like E. coli comprise the most common cause of
acute epididymitis. Infections from sexually transmittable pathogens like Chlamydia trachomatis and Neisseria
gonorrhoeae ascending from the urethra are more prevalent in younger men (age < 35 years) [65]. These
infections can cause epididymo-orchitis secondary to epididymitis. Less frequently, systemic infections
with Mycobacterium tuberculosis, Mycobacterium leprae, Treponema pallidum, and Brucella spp can cause
hematogenous dissemination of the pathogen and are reported to cause granulomatous orchitis and
epididymitis in endemic regions [63].

ii) Viral infections: systemic infection with viruses like mumps is the most common cause of isolated
orchitis in pubertal and post-pubertal males in areas with inadequate vaccination. In countries with good
public health practices and vaccination, orchitis is rare in post-pubertal men [66]. Orchitis can also occur
due to viral infections with Coxsackie virus type, Epstein-Barr, influenza and human immunodeficiency
virus (HIV) [61]. The recent emerging infections affecting the testis will be reviewed in the subsequent sections.

Clinical presentation and diagnosis

Patients with epididymitis present with painful uni- or bilateral scrotal swelling, frequently accompanied by
fever, lower urinary tract irritation, and discharge [63]. Scrotal palpation may reveal presence of a hydrocele.
Microbiological urine analysis is often done to ascertain the causative pathogen, and scrotal ultrasound may
be recommended in complicated cases of epididymo-orchitis. Most cases of isolated orchitis are associated
with mumps, where orchitis presents as painful uni- or bi-lateral testis inflammation 3-10 days after onset
of parotitis [64]. Histopathological investigations may reveal massive infiltration of interstitial compartment
and seminiferous tubules with neutrophils in cases of bacterial epididymo-orchitis. Whereas, viral orchitis
typically involves multifocal peri-vascular as well as peri- & intra-tubular infiltration with macrophages,
lymphocytes, neutrophils and plasma cell, which is often accompanied by degeneration of seminiferous
epithelium [61]. Although there is scarce epidemiological data, bacterial epididymo-orchitis has been shown
to cause hypo-spermatogenesis and detrimentally affect semen parameters [67].

Treatment and therapy

The 2016 European guideline on the managementof epididymo-orchitis [68] and Centers for Disease Control
and Prevention, USA (https://www.cdc.gov/std/treatment-guidelines/epididymitis.htm) have emphasised
on early detection and management of epididymo-orchitis to improve patient outcomes and prevent long-
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term complications and sequalae. Ceftriaxone plus doxycycline is recommended for sexually-transmitted
epididymo-orchitis and ofloxacin or levofloxacin have been endorsed to treat epididymo-orchitis due to
enteric organisms [65, 68]. Although, treatment with interferon-a2B (IFN-a2B) during the acute phase of
mumps infection has been suggested by some studies, it has not been found to be completely effective in
preventing testicular atrophy [64, 69]. In spite of the treatment with IFN-a2B during the acute phase of
orchitis due to mumps infection, testicular biopsies revealed atrophy of seminiferous tubule [69].

Non-infectious epididymitis and orchitis
Etiology

There is no reliable epidemiological data for the prevalence of autoimmune orchitis in general male
population. The etiological factors contributing to non-infectious epididymitis and orchitis are poorly
understood and still not well established; following factors are proposed:

i) Autoimmune orchitis may arise as a consequence of testicular seminoma that leads to extensive
inflammation by immune activation due to neoplastic process [70]. In addition, physical injury during surgery
like hernia repair or vasectomy, where the testicular antigens have been exposed to the immune system may
also lead to orchitis [62].

ii) Autoimmune disorders like polyendocrinopathy syndrome 1 due to inactivating mutations of
the autoimmune regulator gene, systemic lupus erythematosus and different forms of systemic vasculitis
including Behget’s disease can also cause orchitis as one of the disease manifestations [71]. This suggests that
an underlying genetic predisposition for development of autoimmunity can lead to autoimmune orchitis in
presence of secondary triggers of infection or physical trauma.

iii) Granulomatous orchitis can sometimes also be idiopathic, where no specific cause be ascertained [72].

iv) Various drugs or chemical compounds may also lead to acute and chronic inflammatory conditions of
the testis and/or epididymis [65].

Clinical presentation, diagnosis and treatment

Primary autoimmune orchitis is characterised by infertility with the formation of ASA directed towards the
seminiferous epithelium [71]. These patients are commonly asymptomatic. Histopathology studies have
demonstrated infiltration of lymphocytes in the interstitium and peritubular regions in a focal or multifocal
manner in the testicular biopsies of asymptomatic infertile men in 50% of the cases. These infiltrates also
correlated with the extent of damage to the germinal epithelium [61]. Immune cell infiltration composed
of lymphocytes in the interstitial compartment of the testis has been reported in infertile men with
non-obstructive azoospermia [61]. The degree of lymphocytic infiltration has been correlated with partial
or complete loss of germinal epithelium, thickening of the lamina propria and complete tubular fibrosis.
Autoimmune orchitis, which is secondary to the presence of other autoimmune conditions can be presented
as painful scrotal oedema and imaging studies like ultrasound are used to confirm the diagnosis [71]. In
contrast to infectious epididymitis/orchitis, there are no guidelines for treatment of autoimmune orchitis.
ART techniques like ICSI are recommended for the treatment of infertility associated with primary
autoimmune orchitis. Immunosuppressive medications can be used for the treatment of secondary
autoimmune orchitis [61, 71].

Flip side of immune privilege in the testis: increase susceptibility to viruses

The immune privilege status of the testis has far wider implications than protecting the developing
germ cells from the immune system. The mechanisms of immune privilege in the testis make it also a
susceptible reservoir for viruses like HIV, Zika virus (ZIKV) and lately severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2).

HIV

Acquired immunodeficiency syndrome (AIDS) caused by the HIV has emerged as one of major health
issue of the last century affecting both developed and developing nations. Development of antiretroviral
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therapy has significantly extended the life expectancy of HIV infected individuals. One of the main
challenges in cure of HIV is the emergence of viremia after completion of suppressive antiretroviral
therapy. A leading factor contributing to this is the persistence of replication-competent HIV in cellular
reservoirs like CD4* memory T cells. Testis has been postulated to be one such site due to its suppressed
immunoregulatory environment [73, 74].

There has been an intense debate on the status of testis as a viral compartment and sanctuary site
during HIV infection [75]. It was initially thought that testis may contribute negligibly to the seminal viral
load as there has been no difference in the seminal HIV-RNA after vasectomy [76]. However, resident
testicular macrophages express the CD4, C-X-C motif chemokine receptor 4 (CXCR4), and CCR5 receptors
for HIV-1 entry, which make them susceptible to infection, and can potentially constitute a reservoir for
HIV [77, 78]. There has been considerable controversy regarding the susceptibility of testicular germ cells to
HIV infection [79-81]. It has been shown that though HIV is unable to infect germ cells, it binds to these cells
using alternate receptors. The cell-associated infections through contact with infected testicular macrophage
or lymphocyte are possible, leading to low level of viral replication and production [82]. Studies have shown
that in HIV infected men (on suppressive antiretroviral therapy) with suppressed viral load (< 50 copies of
HIV RNA/mL) in blood still harbour low levels of integrated HIV DNA in at least one testis [83]. It remains to
be seen whether these can give rise to replication-competent viruses [84]. A recent study has further revealed
that there is significant blood-testis genetic compartmentalisation of HIV DNA mainly due to differential
clonal expansion of the infected immune cells in the blood and testis [85]. These findings may pose further
complications for HIV eradication.

ZIKV

The ZIKV has been declared as a global public health emergency by the WHO after a major outbreak in 2016.
The main mode of ZIKV transmission is through the bite of Ades mosquito in endemic regions. Although
most ZIKV infections are asymptomatic, systemic infections can lead to development of common symptoms
like fever, rashes, arthralgia, arthritis, myalgia, headache and Guillain-Barre syndrome in severe cases [86].
Besides the vector-borne transmission, sexual transmission has also emerged as an important route, with
male-to-female transmission being more frequent [86]. These findings pose a grave concern as vertical
transmission of the virus from infected mother to the developing fetus can cause various teratogenic effects
such as the congenital Zika syndrome, which involves serious complications like microencephaly, cerebral
abnormalities, intra uterine growth restriction and eye and hearing defects [87, 88].

Studies have shown that high loads of ZIKV RNA can persists in semen for longer durations (more than 6
months) than other body fluids like blood and urine [86, 89, 90]. Studies have reported persistent shedding of
infectious ZIKV in semen for up to 30 days from the onset of symptoms, and presence of ZIKV RNA for much
longer [90], suggesting that there is risk of sexual transmission even after symptoms are resolved. Moreover,
sexual transmission has also been reported between asymptomatic individuals [91], and there are reports of
detection of ZIKV in semen of vasectomised men [92]. These studies strongly suggest the tropism of ZIKV for
the male genital tract even beyond the testis and epididymis. Studies have shown a transient decline in semen
parameters like sperm count and motility along with disturbances in gonadotropin and steroid hormones in
ZIKV infected men, suggesting a possible direct effect on spermatogenesis [93]. Mice models of ZIKV infection
have demonstrated progressive testicular atrophy post-infection [94]; therefore, long-term effects on fertility
in men cannot be ruled out and needs investigation.

ZIKV has been shown to infect a variety of testicular cells including the macrophages, peritubular cells,
Leydig cells, Sertoli cells, and germ cells; and even produce replication competent viral particles [95]. It has
been postulated that the ZIKV-infected macrophages can affect the tight junctions of the BTB and invade
the seminiferous epithelium to disseminate the virus to the germ cells. Additionally, ZIKV can penetrate the
adluminal compartment via the Sertoli cells, which are quite susceptible to ZIKV [96]. These findings implicate
the testis as a potential long-term reservoir for ZIKV, even after peripheral clearance. Additionally, ZIKV can
directly bind and infect the mature spermatozoa via the tyrosine kinase 3 receptors on the mid-piece [93, 97].
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SARS-CoV-2

The coronavirus disease-19 (COVID-19) pandemic caused by SARS-CoV-2 has spread worldwide and infected
millions of men. Although controversies exist on the detection of SARS-CoV-2 RNA in semen [98], studies
have detected viral shedding in seminal plasma during the active phase of infection [99]. However, unlike
the ZIKV, SARS-CoV-2 does not persist in semen for longer periods and viral RNA is not detectable within
2 weeks of recovery [100]. The SARS-CoV-2 receptor angiotensin-converting enzyme 2 (ACE2) and the S
protein cleavage enzyme TMPRSS2 are detected in testis [101]. Viral RNA and protein are also detected in
the testis of men with COVID-19 implying that the coronaviruses can have an adverse impact on testicular
health [102]. Indeed, degenerating germ cells have been reported in the testis of men with SARS-CoV-2.
Sloughing of the spermatocytes was also noted along with swelling of the Sertoli cells and reduced number
of Leydig cells [102-104].

SARS-CoV-2 infection systemically is associated with immune dysfunction in the testis. Significant
interstitial edema and inflammatory infiltration with T cells are detected in testis of men infected with
SARS-CoV-2 [103]. In addition, transcriptome profiling has revealed that inflammatory cytokines are
upregulated in COVID-19 patient testes while genes asscoaited with spermatogenesis were reported to be
downregulated. These data suggest that SARS-CoV-2 infection may lead to dysfunction of the genes that
regulate spermatogenesis and inflammation-related pathways, thereby causing inflammatory immune
attack in the testes and defects in spermatogenesis. Indeed, immunohistochemical staining demonstrated
infiltration of CD3* T lymphocytes, CD20* B lymphocytes, CD38* activated B cells, CD68* macrophages CD138*
plasma cells in the interstitial compartments of testis from patients with COVID-19, such infiltration were
rarely detected in controls [102]. There is also IgG precipitation suggesting that SARS-CoV-2 might trigger
a secondary autoimmune response and fuelling the primary pathogenesis of viral orchitis and consequent
testicular damage [102].

Concluding comments and future directions

To conclude, it is evident that the immune system plays a central role in regulating male reproductive
functions (Figure 2). There is an interplay of several immune mechanisms to prevent the developing male
germ cells from eliciting an immune response. However, when these tolerogenic mechanisms are dysregulated,
it can lead to activation of immune responses which may result in infertility or chronic inflammation. At the
same time, the immune system has to protect the testis from external pathogenic agents and the immune
privilege status of the testis is often exploited by viruses, which take refuge within the immunosuppressive
microenvironment of the testis (Figure 2). While we gain further insights into the immunological mechanisms
governing male reproductions, many unanswered questions remain.

Figure 2. The balancing act of immune system in the testis. The immune system has to protect the developing germ cells from
illiciting an immune response. When the tolerogenic mechanisms in the testis are dysregulated, it can lead to the formation of
anti-sperm antibodies and autoimmune orchitis. On the other hand, the immune system must protect the testis from external
pathogenic threats. When these mechansims fail, it can lead to infectious orchitis, and the testis can become a latent reservoir for
viruses like HIV, ZIKV and SARS-CoV-2
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i) The higher incidence of ROS reported in ASA-positive sperm suggests that sperm oxidative stress
could be one of the pathological factors causing sub-fertility [46]. It remains to be investigated whether this
could lead to genetic or epigenetic defects in the ASA-positive sperm. This is especially important as ICSI is
commonly used to resolve infertility resulting from ASA.

ii) Chronic pelvic pain is normally associated with epididymo-orchitis, which can be due to infection
or physical injury. However, dysregulation of immune mechanisms can cause the inflammation to persist
long after the clearance of infection or trauma is repaired. These conditions are still poorly understood and
difficult to treat [105]. Thus, there is an obvious need for deeper insights into testicular and epididymal
immunopathologies.

iii) While the viruses like HIV, ZIKV, and SARS-CoV-2 can ‘hide-in’ within the immune privileged
environment of the testis, it has become critical to develop strategies to target removal of the virus. This
would be especially challenging without the immune cells attacking the spermatogenic cells. Development of
effective pharmacological interventions which can cross the BTB would play a key role. Alternatively, there is
need to develop novel vaccination strategies that can generate humoral response to clear these viruses beore
they take refuge in the testis.

We still have a long way to go to understand the complex interactions of the immune system and male
reproductive system. Unravelling these mechanisms would be crucial to the clinical management of immune
disorders which affect male fertility and health.
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