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INTRODUCTION

The Male Reproductive Tract as a Unique 
Immunological Environment

The male reproductive tract, and the male gamete 
especially, present a unique challenge to the immune 
system. The human testis continuously produces highly 
differentiated sperm derived from a pool of spermatogo-
nial stem cells at a level of productivity and complexity 
matched only by the hematopoietic system. In contrast to 
the hematopoietic tissues, however, differentiated sperm 
first appear at the time of sexual maturation, long after 
the maturation of the immune system and the establish-
ment of systemic immune tolerance (Figure 19.1).1 In 
humans, the period between the editing of the lympho-
cyte repertoire and the first appearance of significant 
numbers of the earliest premeiotic germ cell (the sper-
matocytes) is generally more than 10 years. As a conse-
quence, spermatogenic cells express many cell-specific 
proteins and other molecules that have the potential to 
be seen as “foreign” or “nonself” by the immune system.

We know that the immune system tends to view sper-
matogenic cells as foreign because of the relatively high 
incidence of autoimmune infertility among human popu-
lations. Even in developed countries with modern health 
care, sperm autoantibodies represent 5–10% of all male 
infertility,2,3 while testicular biopsies from infertile men 
frequently display evidence of asymptomatic inflamma-
tory reactions.4,5 In other forms of autoimmune disease, 
such as type 1 diabetes or gastritis, the development of 
autoimmunity is due to disruption of the normal regu-
latory controls of the immune system, leading to reac-
tions against antigens that normally are ignored. Only a 
limited number of antigens are involved and a specific 
dominant autoantigen usually has been identified.6 In 
the case of the male reproductive tract, by contrast, auto-
immunity generally involves antigens that would not 

be edited out of the self-reactive repertoire in the first 
place. Hence, autoimmune infertility generally involves 
multiple antigens as well as different antigens from one 
individual to another.7–9 Moreover, infertility is not the 
only urological problem with an immunological basis. 
Chronic pelvic inflammatory disease in men, which may 
be accompanied by recurrent and even debilitating peri-
neal or scrotal pain, is a serious and frequently intrac-
table condition.10–12 Infections may represent the initial 
cause of the majority of such cases, but the underlying 
mechanisms almost certainly involve an autoimmune 
component.10

Unraveling the origin of these immunologically-
based disturbances of reproductive function is an 
important clinical goal, but the converse, and equally 
important, scientific question is: What is it about the male 
reproductive tract that permits the continuous production of 
huge numbers of immunogenic cells expressing multiple auto-
antigens without apparent problems in the majority of indi-
viduals? In most respects, the immune system within the 
male reproductive tract appears relatively normal, with 
effective lymphatic drainage and relatively free access 
of immune cells.13,14 Certainly, there are some unique 
structural characteristics of the male reproductive tract 
that may contribute. For example, the male gametes are 
held at a substantially lower temperature than the rest 
of the body in species with scrotal testes and epididymi-
des. There also exists a very effective blood–testis barrier 
that sequesters most of the spermatogenic cells in the 
testis.15–18 Nonetheless, these physical elements cannot 
account for all the manifestations of immunological pro-
tection in the male reproductive tract.

Instead, studies over many years have confirmed that 
the male reproductive tract, and the testis in particular, 
constitutes a unique immunoregulatory environment. 
There are communication and regulatory networks that 
are common to both male reproduction and the immune 
system, providing many striking overlaps between the 
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control of spermatogenesis and the processes of inflam-
mation and immune activation. Part of this network 
includes local immunoregulatory and immunosuppres-
sive mechanisms, which exist to provide protection for 
the endogenous antigens of spermatogenesis, protection 
that also extends to antigens expressed by foreign grafts 
inserted into the testis environment.19 Immune cells that 
enter the environment of the male reproductive tract 
become functionally modified to restrict their proinflam-
matory activity and provide an immunologically con-
strained environment where antigen-specific immune 
responses are closely controlled. Balanced against this, 
of course, is the question of how the male reproductive 
tract is able to protect itself from recurrent infections and 
tumor development under these circumstances.

The observation that reproductive dysfunction is 
not only associated with local infection and its accom-
panying inflammation, but also with systemic disease, 
provides further evidence of an intimate relationship 
between the male reproductive tract and the immune 
system.20,21 Many systemic illnesses are accompanied by 
a reduction in both serum androgen levels and sperm 
output, indicating that male sexual function and general 
well-being maintain a reciprocal relationship. It has been 
suggested that this represents a physiologically impor-
tant mechanism, having evolved to limit reproductive 
activity during periods of illness. The possibility that 
acute inflammatory dysregulation of male reproductive 
function can lead to more permanent problems, such as 
autoimmune infertility or chronic inflammatory disease, 
also must be considered. It may even be the case that 

pre-existing hypogonadism predisposes men to inflam-
matory disease. At a fundamental level, the ability of the 
immune system and the male reproductive system to 
co-exist is no less essential to male reproductive success 
than the normal operation of the hypothalamic-pituitary 
unit or the critical interactions between somatic cells and 
spermatogenic cells. The use of the term immunophysiol-
ogy in this context highlights the fact that the immunol-
ogy and basic physiology of male reproduction cannot 
actually be separated.

Since the original publication of this chapter, nearly 
a decade ago, there have been considerable advances 
in our understanding of male reproductive immuno-
physiology. Most significantly, inflammation has moved 
to center stage in male infertility, with more testicular 
pathologies now being recognized as possessing inflam-
matory features,22,23 and there is growing awareness 
that basic immunological mechanisms underlie normal 
reproductive tract function.24 There has been a consider-
able increase in knowledge of the mechanisms respon-
sible for controlling testicular immune responses, as well 
as advances in understanding of the unique immunol-
ogy of the epididymis and excurrent ducts. The princi-
pal aim of this chapter is to provide a comprehensive 
overview of the field, including how it has developed, 
its basic tenets and mechanisms, and a broad outline of 
the current state of knowledge. The overview is confined 
to consideration of mammalian species, as particularly 
relevant to the human.

Historical Aspects

The study of male reproductive tract immunophysi-
ology extends back to the very beginnings of endocri-
nology and immunology. Inflammation of the testis 
and its association with mumps parotitis was known in 
ancient times, having been described in the writings of 
Hippocrates (c. 460–377 BC). Studies on the transplanta-
tion of testes in domestic chickens, generally considered 
to be the earliest studies in the field of endocrinology, 
were undertaken in the eighteenth century by Hunter 
and by Michaelis (cited by Setchell, 1990),25 although 
the first systematic experiments actually were reported 
by Berthold in 1849.26 “Successful” transplants of mam-
malian testes had to wait until some time later.27–29 In 
the early part of the last century prior to the discovery 
of the male sex hormone, testosterone, transplantation 
of male gonads, including transplants of animal gonads 
into humans, was undertaken by charlatans and serious 
researchers alike in the search for treatments to increase 
male health and virility.30,31 It was quickly noted that, 
although the function of the interstitial tissue appeared 
to continue in these transplant experiments, tubule 
function was not preserved.32 While there is no doubt 
that temperature and revascularization issues were 

FIGURE 19.1 Developmental timeline of spermatogenesis and 
the maturation of the immune system. The majority of spermatogenic 
cells do not appear in the testis until the initiation of meiosis at puberty, 
whereas tolerance to self-antigen is largely established by the time of 
birth. As the development of spermatozoa from the spermatogonial 
stem cell population involves complex processes of nuclear reorgani-
zation (meiosis) and cellular differentiation (spermiogenesis) that are 
unique to the testis, there exists enormous potential for antigens of 
spermatogenesis to evade conventional tolerance mechanisms.
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important limitations, it is now obvious that many of 
these experiments faced a crucial immunological imped-
iment. Even today, grafts of testicular tissue generally 
are more successful in an immunologically compatible 
or immunocompromised host.33 The concept of immu-
noregulation entered the story with the discovery that 
allogeneic testicular grafts could be made to survive 
much more successfully if tolerance had been induced 
by injection of the donor allogeneic cells at the time of 
birth in the donor,34 or when transferred into the anterior 
chamber of the eye.35,36 Sometime later, Billingham and 
others conducted a series of investigations into so-called 
immunologically privileged sites that led to recognition 
of the testis as a tissue that was particularly favorable for 
graft survival.37

Evidence that the spermatozoon itself is immu-
nogenic to its autologous host dates back to the dis-
covery of antibodies against sperm by Lansteiner38 
and Metchnikoff.39 In the 1920s,40 Guyer was able to 
produce infertility in rabbits and guinea pigs by pas-
sive immunization with sperm specific antisera, while 
Kennedy reported degenerative changes in the tes-
tis following active immunization with autologous 
sperm.41 By the middle of the century, Voisin and col-
leagues were able to produce aspermatogenesis in 
guinea pigs by active immunization with testicular 
extracts.42 Eventually, an association between sperm 
autoantibody formation and infertility in humans was 
noted.43,44 Further experimental evidence confirming 
the possibility of autoimmune reactions against the 
sperm led to a general acceptance that these are an 
important cause of infertility in men.2,45 In time, this 
led to the broader concept that the testis environment 
must provide protection for the spermatogenic cells 
through specific regulatory mechanisms.

Biological sex exerts a significant influence on the 
immune system. Gender differences in health and the 
greater prevalence, earlier onset, and severity of auto-
immune diseases, such as systemic lupus erythema-
tosus and rheumatoid arthritis, among women had 
been recognized long before a real understanding of 
autoimmunity existed.46,47 A specific effect of the tes-
tes on the immune system was reported as early as 
1898 by Calzolari,48 when he found that castration of 
rabbits prior to puberty led to an increase or mainte-
nance of the size of the thymus. This effect has been 
repeatedly confirmed and extended to include cell-
mediated immunity and graft survival.49,50 Many stud-
ies have shown that various immunological processes 
have gender-specific differences or can be affected by 
castration and/or sex steroid replacement. These data 
clearly established that products of the testis, and sex 
steroids in particular, regulate the immune system 
either directly or indirectly, setting the stage for the 
modern era of male reproductive immunophysiology.

STRUCTURE AND FUNCTION OF 
THE MALE REPRODUCTIVE TRACT 

RELEVANT TO IMMUNOPHYSIOLOGY

The anatomy and physiology of the testis and other 
components of the male reproductive tract are covered 
in detail elsewhere in this volume (see Chapters 3, 14, 16, 
17, and 18). A brief outline highlighting the issues rele-
vant to understanding the interface between the immune 
system and male reproductive tract is provided here.

The Testis

Structural Organization
Functionally and anatomically, the testis is separated 

into an avascular spermatogenic compartment, the semi-
niferous tubules, and a highly vascularized endocrine 
compartment, the interstitial tissue. The testis is enclosed 
by a fibrous capsule, but there is considerable species vari-
ation in the connective tissue of the testicular parenchyma. 
In the human, the testis is physically partitioned by con-
nective tissue septa into discrete lobules containing the 
loops of the seminiferous tubules, which connect at both 
ends to the rete testis located along one pole of the testis.51 
The products of the seminiferous tubules are collected by 
the rete testis and transferred to the adjacent epididymis, 
which is connected to the rete testis via a series of efferent 
ducts. The testes of rodent species, such as rat and mouse, 
comprise only very loose connective tissue with no distinct 
septa separating the seminiferous tubules.52 The intersti-
tial tissue completely surrounds the seminiferous tubules 
(Figure 19.2), and contains the vasculature, lymphatic ves-
sels, and nerves of the testis. The testicular blood supply 
arises from the abdominal aorta, and this produces a com-
paratively long and highly coiled spermatic artery that is 
particularly susceptible to physical insult and torsion in 
species with scrotal testes. The arterioles, capillaries, and 
venules of the testis thoroughly permeate the interstitial 
tissue surrounding the seminiferous tubules and rete tes-
tis. Consequently, these structures are close to an effective 
blood supply at all times in spite of the completely avascu-
lar nature of the spermatogenic compartment.

Unlike the capillaries of other endocrine glands, the 
majority of testicular capillaries are not fenestrated,53 
and the mechanisms whereby molecules enter and exit 
the testis via this route still await resolution.54 There 
appears to be very little functional restriction on the 
exchange of even large molecules across this barrier and 
the interstitial fluid is very similar in its overall com-
position to that of the circulating blood.55 The venous 
drainage of the testis via the spermatic veins is closely 
associated with the arterial supply, which together form 
a very effective countercurrent heat and solute exchange 
structure, called the pampiniform plexus.56



19. THE IMMUNOPHYSIOLOGY OF MALE REPRODUCTION808

3. MALE REPRODUCTIVE SYSTEM

The organization of the testicular lymphatics var-
ies between species, ranging from irregular channels or 
sinusoids that are incompletely bounded by endothelial 
cells in rodents, to large discrete lymphatic vessels in 
humans, to very small, rapid flow lymphatics in por-
cine species.52,57 These lymphatics completely invest the 
entire interstitial tissue and pass without restriction to 
local draining lymph nodes, principally the lumbar or 
para-aortic lymph nodes.58,59 In the laboratory rat, drain-
age to the iliac and renal nodes predominates, but there 
may be some lymphatic drainage directly to the thoracic 
ducts without passing through regional lymph nodes.13

The most prominent cell type present in the intersti-
tium is the Leydig cell,60 which produces androgens.61 
Macrophages are commonly observed in the interstitium 
of most, if not all, species and many testes also contain 
variable numbers of mast cells and/or eosinophils.62,63 
Less numerous, but ubiquitous nonetheless, are the 
intratesticular lymphocytes: T cells and natural killer 
(NK) cells.64–70

The seminiferous tubules are bounded by a circum-
ferential layer of peritubular cells and the basal lamina, 
which together form the limiting structure on which rests 
the Sertoli cells and the spermatogonia (Figure 19.2). 
Immune cells are occasionally seen within this boundary 
layer.71 The Sertoli cell provides the structural framework 
for the organization of the seminiferous epithelium, but 
also plays a crucial role in supporting and directing the 
development of the spermatogenic cells. Adjacent Sertoli 
cells and spermatogenic cells maintain intimate contact 
at all times, with junctional and membrane specializa-
tions providing physical contact and communication.72 
At the time of puberty, cohorts of mitotically divid-
ing spermatogonia begin to enter meiosis at regular 

intervals, moving away from the periphery of the tubule 
and becoming spermatocytes. Meiosis produces haploid 
round spermatids, which subsequently undergo con-
siderable structural differentiation to become mature or 
elongated spermatids. Once these cells are released by 
the Sertoli cell into the tubule lumen they are called sper-
matozoa and fluid secreted by the Sertoli cells sweeps 
the released spermatozoa toward the rete testis.

The seminiferous epithelium is highly organized. As 
each cohort of spermatogonia becomes committed to 
the spermatogenic process, they displace earlier cohorts 
toward the lumen of the tubule, so that multiple genera-
tions of developing germ cells co-exist in each segment 
of the seminiferous epithelium. As a consequence of the 
regular intervals of spermatogonial commitment and 
the constant rate of the spermatogenic process itself, 
the generations form specific associations of germ cells 
at different levels of maturity within the epithelium. 
These associations constitute the stages of a recurring 
developmental sequence, called the “cycle of the semi-
niferous epithelium,” which is also promulgated along 
the entire length of the tubule (see Chapters 16).51 This 
organized complexity implies a high degree of commu-
nication and regulation across the generations as well 
as between spermatogenic cells and supporting Sertoli 
cells.

Elaborate occluding junctions between adjacent Ser-
toli cells form an intercellular barrier that is completely 
impermeable even to small molecules.15,16 This consti-
tutes the main component of the blood–testis barrier 
and separates the premeiotic and early meiotic cells in 
the basal region of the seminiferous epithelium from the 
adluminal spermatocytes and spermatids (Figure 19.2). 
In this way, a large majority of the developing germ cells 

FIGURE 19.2 Immunological compartmen-
talization of the testis. The mammalian testis 
comprises three immunologically distinct com-
partments: the vascular compartment and inter-
tubular (or interstitial) compartment are separated 
by a layer of nonfenestrated endothelium, while 
the intertubular and spermatogenic compartments 
are separated by a layer of peritubular myoid 
cells and by occluding junctions between adjacent 
 Sertoli cells. These junctions constitute the blood–
testis barrier, which further divides the seminif-
erous epithelium into a basal and an adluminal 
region (dotted line). The adluminal region contains 
the meiotic germ cells within a highly specialized 
microenvironment. Under normal conditions, 
monocytes, macrophages, T cells, NK cells and, in 
some species, mast cells and/or eosinophils have 
relatively free access to the intertubular compart-
ment, but are entirely excluded from the adluminal 
region of the seminiferous epithelium. Neutrophils 
are confined to the vascular compartment except 
during specific immunological events.
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are sequestered within a highly specialized environment 
and effectively isolated from the vasculature and immune 
system. In contrast, the rete testis epithelium lacks both 
Sertoli cells and their highly specialized junctional spe-
cializations. The epithelial barrier restricting movement 
from the blood into the rete testis appears to be substan-
tially less effective than that of the seminiferous epithe-
lium, with the result that immunoglobulins and possibly 
even immune cells are able to cross the epithelium.64,73

Endocrine Regulation
Male reproduction is maintained by pulsatile secre-

tion of gonadotropin releasing hormone (GnRH) by the 
hypothalamus, which stimulates concordant pulses of 
luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) from the anterior pituitary.74 In the testis, 
LH binds to specific G-coupled receptors on the surface 
of the Leydig cells, thereby stimulating adenylate cyclase 
to produce the intracellular second messenger, cAMP, 
and activating the cAMP-dependent protein kinase A  
(Figure 19.3).61 This activation mobilizes cholesterol from 
intracellular stores, extracellular lipoprotein sources, or de 
novo synthesis from acetate, and stimulates the transfer 
of the cholesterol to the inner-mitochondrial membrane 
through the action of the steroidogenic acute regulatory 
protein (STAR).75 Ongoing maintenance of steroidogenic 
enzyme expression is also under LH/cAMP control.76 Once 
cholesterol enters the mitochondrion, it is metabolized to 
pregnenolone via the action of the cytochrome P450 choles-
terol side-chain cleavage enzyme (CYP11A) residing on the 
inside face of the inner matrix membrane. Pregnenolone 
diffuses out of the mitochondrion to the smooth endoplas-
mic reticulum, where it may be converted to progesterone 
by 3β-hydroxysteroid dehydrogenase/Δ4-Δ5 isomerase 
(HSD3β). Pregnenolone and progesterone are first metab-
olized to their 17α-hydroxy forms and then to the weak 
androgens, dehydroepiandrosterone and androstenedione, 
respectively, by the action of steroid 17α-hydroxylase/17,20 
lyase (CYP17A). Finally, androstenedione is converted to 
testosterone by the action of hydroxysteroid (17β) dehy-
drogenase (HSD17β), and dehydroepiandrosterone is 
converted to androstenediol and then testosterone, by the 
sequential actions of HSD17β and HSD3β. Testosterone is 
secreted from the Leydig cell and serves as the principal 
androgen in both the testis and circulation.

Both testosterone and FSH bind to specific Sertoli cell 
receptors to regulate spermatogenesis and Sertoli cell 
functions, including secretion of the protein hormone, 
inhibin.77 In turn, testosterone and inhibin operate via a 
negative feedback loop to regulate LH and FSH synthe-
sis and secretion at the pituitary and hypothalamic lev-
els.78 Withdrawal of androgens leads to rapid cessation 
of spermatogenesis, although the levels of intratesticu-
lar testosterone required to maintain qualitatively nor-
mal spermatogenesis are considerably lower than the 

intratesticular concentrations that normally exist.79,80 Con-
sequently, spermatogenesis can tolerate even relatively 
large declines in testicular androgen production with 
relatively minor losses of efficiency. In contrast, periph-
eral levels of androgens are critical; even small reductions 
can have profound effects on many androgen-dependent 
functions, including accessory gland function, secondary 
sex characteristics, and libido.81 Peripheral androgen lev-
els are dependent upon both Leydig cell production and 
testicular vascular function, so that interference with the 
vasculature of the testis can alter circulating testosterone 
levels quite significantly.82 Conversion of testosterone and 
androstenedione to estrogens by the cytochrome P450 
enzyme aromatase (CYP19A) in the Leydig cell and Ser-
toli cell is also required for normal development and func-
tion of the efferent ducts and epididymis.83

The Epididymis, Vas Deferens, and Accessory 
Glands

The epididymis comprises a long single, highly coiled 
epididymal duct lined primarily by columnar principal 
cells with extensive apical stereocilia. Testicular fluid 

FIGURE 19.3 Regulation of testosterone biosynthesis in Leydig 
cells and sites of inhibition during inflammation. The gonadotropin, 
LH, binds to a G protein-coupled receptor on the cell surface, thereby 
activating adenylate cyclase, production of cAMP and protein kinase 
A activity. This stimulates the transfer of cholesterol from intracellular 
stores into the mitochondria through the action of the steroidogenic 
acute regulatory protein (STAR), where the cholesterol side-chain 
cleavage enzyme (CYP11A) converts the cholesterol to pregnenolone. 
Pregnenolone is converted to testosterone in the smooth endoplasmic 
reticulum by the enzymes, 3β-hydroxysteroid dehydrogenase/Δ4-Δ5 
isomerase (HSD3β), steroid 17α-hydroxylase/17,20 lyase (CYP17A) 
and hydroxysteroid (17β) dehydrogenase (HSD17β). Testosterone is 
reduced by the action of the 5α-reductase enzyme (SRD5α) to the more 
potent androgen, dihydrotestosterone. Inflammation inhibits the activ-
ity of STAR and all the main enzymes of the steroidogenic pathway.
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secreted by the Sertoli cells is largely reabsorbed by the epi-
thelial cells of the efferent ducts and the proximal regions 
(caput) of the epididymis.84 Sperm maturation occurs 
during transit through the epididymal duct and sperm 
are stored prior to ejaculation in the distal (cauda) region 
of the epididymis.85,86 The cauda epididymis is connected 
to the vas deferens, a highly muscularized duct that drives 
the epididymal contents toward the urethra at the time of 
ejaculation. The testicular and epididymal secretions con-
stitute only about 10% of the ejaculate, with the remaining 
90% of the semen coming from the accessory glands: the 
seminal vesicles and prostate, in particular.87 All the post-
testicular ductal structures of the male tract and the acces-
sory glands are dependent upon androgens for normal 
development and maintenance of function.81 However, 
in contrast to the testis, conversion of testosterone to the 
more potent androgen, 5α-dihydrotestosterone (DHT), by 
the action of steroid 5α-reductase (SRD5α) is usually nec-
essary in most other androgen-responsive tissues.88

It might be assumed that sperm spend the majority of 
their time in the testis and epididymis and appear only 
briefly within the vas deferens and urethra during ejacu-
lation. Critically, however, some sperm may be retained 
within the tract for much longer periods, as spermatozoa 
continue to appear in the ejaculates of vasectomized men 
for several months even after a successful procedure.89 In 
fact, the presence of intact sperm even has been noted in 
human prostate glands collected following prostatic sur-
gery or postmortem, suggesting that such ectopic sperm 
may play a role in the etiology of prostatic inflammation 
and possibly even sperm autoimmunity.90

There is a blood–epididymis barrier restricting move-
ment of molecules across the epididymal epithelium, 
although evidence suggests that this barrier is not as elab-
orate or effective as the blood–testis barrier.72,86,91–93 In 
normal adults, circulating immunoglobulin appears to be 
restricted, although perhaps not entirely excluded, from 
passage into the epididymal fluid.91 The most striking 
contrast with the seminiferous epithelium is the presence 
of macrophages and lymphocytes within the epididymal 
epithelium.65,94–102 The presence of these cells suggests the 
existence of a very different immunological environment 
compared with that of the testis. Epithelial-type barri-
ers, similar to that present in the epididymis, are found 
throughout the remainder of the reproductive tract.72,93,103

THE IMMUNE SYSTEM AND ITS 
ENDOCRINE CONTROL

General Principles

Fundamentally, the immune system provides protec-
tion for more complex animals from invading organisms 
that seek to exploit vulnerabilities or other opportunities 

to infect their host. This protection involves a complex 
suite of cells and molecules that allows the animal to 
identify and then eliminate the invading pathogen. In 
vertebrates, the immune system comprises an innate 
immune system, which generally recognizes uniquely 
conserved molecular patterns expressed by various 
pathogens, and the adaptive (or acquired) immune sys-
tem, which specifically recognizes molecular patterns 
that are foreign to the host. Neither system operates in 
isolation and many of the cellular and molecular mecha-
nisms overlap (Figure 19.4). The functions of both innate 
and adaptive immunity impact upon the male reproduc-
tive tract at multiple levels and have profound conse-
quences for male reproduction.

The cellular components of the immune system are 
the leukocytes, or white blood cells. These cells and 
their products circulate continuously through the blood, 
lymph, and tissues in both surveillance and effector 
modes. The innate immune system is comprised prin-
cipally of the mononuclear phagocytes (monocytes and 

FIGURE 19.4 Components and properties of the innate and adap-
tive immune systems, and their interaction with the male reproduc-
tive tract. Innate immunity is the immediate response to infection and 
other external threats, subsequently activating the more delayed adap-
tive immune response. The male reproductive tract regulates innate 
and adaptive immunity in order to maintain protection against infec-
tions, while at the same time suppressing antigen-specific immunity to 
protect the spermatogenic cells (immune privilege). Activation of the 
innate and adaptive immune systems, due to infection or other inflam-
matory stimulus, has detrimental effects on male reproductive tract 
function, resulting in loss of androgens and spermatogenic disruption, 
and can lead to tissue damage, ongoing autoimmunity and infertility.
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macrophages) and granulocytes or polymorphonuclear 
cells (neutrophils, eosinophils, basophils, and mast 
cells), but also involves cells more closely aligned with 
the adaptive responses (NK cells and dendritic cells). The 
cellular components of the adaptive immune system are 
the lymphocytes (T cells, B cells, and NK cells), and the 
“professional” antigen-presenting cells (dendritic cells 
and macrophages). In modern immunology, the cells of 
the immune system and their various functional subsets 
are primarily identified and even defined by expres-
sion of specific antigens, called cluster designation (CD) 
markers, recognized by well-characterized monoclonal 
antibodies (Table 19.1).104

The Innate Immune Response

The innate immune system provides the first line of 
defense against external threats through an inherent 
ability to recognize and rapidly respond to a broad range 
of pathogens and other immunogens, and by promoting 
the process of inflammation. Innate immunity plays a 
fundamental role in the response of the male reproduc-
tive tract to infections, but it also exhibits a much wider 
role in male reproduction because a number of regula-
tory mechanisms are shared by the innate immune and 
the reproductive systems.

Pattern Recognition Receptors and Activation of 
Innate Immunity

Activation of the innate immune response involves 
pattern-recognition receptors, which recognize spe-
cific motifs, or pathogen-associated molecular patterns 
(PAMPs), produced by bacterial, viral, fungal, and pro-
tozoan pathogens.105 Unlike classical ligand receptors, 
these receptors are able to respond to multiple ligands 
that possess related, rather than identical, structures. 
The canonical pattern-recognition receptors are a family 
of transmembrane receptors called the Toll-like recep-
tors (TLR), which are expressed on the cell surface and 
on intracellular endosomes.106 There are several families 
of intracytoplasmic pattern-recognition receptors: the 
nucleotide binding and oligomerization domain (NOD)-
like receptors (NLR), the retinoic acid-inducible gene 
(RIG)-like receptors (RLR), and the C-type lectin recep-
tors (CLR).107 Importantly, many of these receptors can 
also interact with endogenous molecules released by cell 
damage, called danger-associated molecular patterns 
(DAMPs), which include high-mobility group box 1 pro-
tein (HMGB1), heat shock proteins, extracellular matrix 
components, and nucleic acids.108

The TLRs are highly expressed by myeloid-lineage 
cells (monocytes, macrophages, and dendritic cells), 
but are also found on other leukocytes, epithelial cells, 
and stromal cells. There are 10 TLRs (numbered TLR1–
10) in the human, but the laboratory rodents (rats 

and mice) possess an additional three TLRs (TLR11–
13).106,109 These receptors detect unique ligands of bac-
terial, viral, and fungal origin, such as bacterial and 
viral nucleic acids, bacterial lipopeptides, peptidogly-
cans, and lipopolysaccharides (LPS). LPS is a compo-
nent of the cell wall of gram-negative bacteria, such as 
Escherichia coli, and the receptor for LPS is TLR4, which 
requires a co-receptor called MD2 (myeloid differentia-
tion 2 protein), and the LPS-binding protein CD14 for 
full activation.110,111

The ligand-binding region of the TLRs is character-
ized by multiple N-terminal leucine-rich repeats, which 
facilitate detection of specific molecular patterns. These 
receptors are functionally related to the interleukin-1 (IL1) 
receptor (IL1R), with which they share a conserved cyto-
plasmic domain called the Toll/IL1R (TIR) domain.106,112 
Activation of the TLRs involves receptor dimerization 
and interaction of the TIR domain with an intracellular 
TIR domain-containing adaptor protein (Figure 19.5). In 
the case of all the TLRs, except TLR3, the adaptor pro-
tein is myeloid differentiation primary-response protein 
88 (MYD88), which signals via IL1 receptor-associated 
kinase (IRAK) and tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6). This leads to activation of 
the p38 mitogen-activated protein kinase (MAPK14) and 
Jun N-terminal kinase (MAPK8), and nuclear translo-
cation of the transcription factors, nuclear factor kappa 
B (NFκB), and activated protein-1 (AP-1).113,114 This, in 
turn, induces expression of genes encoding the key pro-
inflammatory cytokines and mediators, including both 
IL1α and β forms (IL1α and IL1β), TNF, IL6, IL8 (C-X-C 
motif ligand 8; CXCL8), IL12, inducible nitric oxide syn-
thase (NOS2) and prostaglandin-endoperoxide synthase 
2 (PTGS2; cyclooxygenase 2; Table 19.2).115,116 In addi-
tion, TLR3 and TLR4 interact with the adaptor protein, 
TIR domain-containing adaptor molecule 1 (TICAM1), 
to activate TRAF3 and the transcription factor, inter-
feron regulatory factor 3 (IRF3), resulting in production 
of the type 1 interferons (IFNα and IFNβ).115 Some of 
the NLRs, which detect various bacterial PAMPs within 
the cytosol, likewise exert their actions via activation of 
NFκB and the MAP kinases, but a subset of the NLRs 
work by induction of the cysteine protease, caspase-1 
(CASP1; interleukin-1β converting enzyme), through 
assembly of a large intracellular protein complex called 
the inflammasome.117,118 Inflammasomes are generically 
composed of a pattern-recognition domain-containing 
protein, an adaptor molecule bearing a caspase activa-
tion and recruitment domain (CARD), and CASP1 itself, 
which activates the key pro-inflammatory cytokines, 
IL1β and IL18, by processing their inactive precursors 
(Figure 19.5).118 These complexes are activated by vari-
ous PAMPs and DAMPs, including bacterial toxins, 
viral RNA, and particulates, such as silica and uric acid 
crystals. Activation of the pattern-recognition receptors 
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TABLE 19.1 Cluster designation (Cd) Markers Relevant to the Male Reproductive Tracta

Marker
Gene Name, Common or  
Superseded Designation(s) Function(s)

CD1 Ly-38, R3 (CD1D) Nonclassical MHC; presentation of lipid and glycolipid antigens

CD3 T3, Leu 4 Signaling component of the TCR complex

CD4 T4, Leu 3 Co-receptor for recognition of MHC class II; component of the TCR complex

CD8 Ly-2, Ly-3, T8, Leu 2 Co-receptor for recognition of MHC class I; component of the TCR complex

CD11a
CD11b
CD11c

ITGAL, LFA-1, Ly-15, Ly-21
ITGAM, Mac-1, Ly-40
ITGAX, Leu M5

Integrin α chains; adhesion molecules, expressed on leukocytes

CD14 LPS-R Lipopolysaccharide-binding protein complex co-receptor; TLR4 co-receptor

CD16 FCGR3, FcγRIII, Ly-17 Receptor for Fc fragment of immunoglobulin G; expressed on subset of NK cells

CD18 ITGB2, LCAMB Integrin β2; adhesion molecule, pairs with CD11

CD25 IL2RA, Ly-43 IL2 receptor α chain; marker for activated and Treg cells

CD28 T44 Receptor for CD80 and CD86; expressed on activated T cells, NK cells

CD30 TNFRSF8 TNF receptor superfamily, member 8; expressed on activated T cells, B cells

CD40 TNFRSF5 TNF receptor superfamily, member 5; co-stimulatory receptor; expressed on 
antigen-presenting cells

CD45 PTPRC, LCA, Ly-5, T200 Protein tyrosine phosphatase, receptor type, C; leukocyte common antigen; 
expressed on all leukocytes

CD46 MCP Membrane cofactor protein; complement regulatory protein

CD52 CAMPATH-1 antigen Complement regulatory protein; Treg co-stimulatory co-receptor

CD54 ICAM1, Ly-47 Intercellular cell adhesion molecule-1; expressed on activated endothelial cells

CD55 DAF Decay accelerating factor for complement; complement regulatory protein

CD56 NCAM1 Neural cell adhesion molecule-1; specific variant expressed on NK cells

CD59 MAC-IP Membrane attack complex inhibition factor; complement regulatory protein

CD68 Macrosialin Lysosomal membrane glycoprotein; expressed by dendritic cells, monocytes, 
some macrophages

CD80 B7-1, B7/BB1, Ly-53 Co-stimulatory co-receptor; ligand for CD28; expressed on antigen-presenting 
cells

CD86 B7-2, Ly-58 Co-stimulatory co-receptor; ligand for CD28; expressed on antigen-presenting 
cells

CD95 FAS, APO-1 Receptor for CD95 ligand; mediates apoptosis; expressed on activated 
lymphocytes

CD106 VCAM1 Vascular cell adhesion molecule-1; expressed on activated endothelial cells

CD126 IL6R Interleukin-6 receptor subunit; pairs with interleukin-6 signal transducer

CD130 IL6ST, gp130 Interleukin-6 signal transducer

CD152 CTLA4 Cytotoxic T-lymphocyte-associated antigen 4; inhibitory receptor for CD80 and 
CD86; expressed on T cells

CD154 CD40LG Ligand for CD40; co-stimulatory co-receptor; expressed on T cells

CD163 M130 Scavenger receptor for hemoglobin-haptoglobin complex; expressed on 
macrophage subset (M2)

CD206 MRC1 Macrophage mannose receptor 1; expressed on macrophage subset (M2)

aRefer to text for full details. Note that some designations represent multiple protein members.
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FIGURE 19.5 Schematic of inflammatory signaling path-
ways. Binding of bacterial LPS to Toll-like receptor 4 (TLR4), 
which also comprises co-receptor proteins MD2 and CD14, or 
binding of IL1 to the IL1 receptor (IL1R1) and engagement of 
the ILR acceptor protein (IL1RAP), leads to interaction with the 
adaptor molecules, MYD88 or TICAM1. Signaling via MYD88 
occurs through the IL1 receptor-associated kinase (IRAK) and 
TNFR-associated factor 6 (TRAF6), leading to degradation of the 
NFκB repressor protein IκB, and activation of mitogen-activated 
protein kinases (MAPK8 and MAPK14). These kinases activate 
multiple downstream events, including production of the tran-
scription factor AP-1. Signaling via TICAM1 occurs through 
TRAF3 and activates the interferon-induced transcription fac-
tor, IRF3. However, there is considerable potential for overlap 
between signaling pathways. Depending upon which adaptor 
molecule is engaged, binding of TNF to its receptor (TNFR1) 
can lead to activation of TRAFs via the TNFR-associated death 
domain protein (TRADD)-mediated pathway, via receptor inter-
acting serine–threonine kinase (RIPK) or baculoviral IAP repeat 
containing protein (BIRC), or to the caspase activation cascade 
and apoptosis through the FAS-associated death domain protein 
(FADD). The transcription factors, NFκB, AP-1 and IRF3, trans-
locate to the nucleus to induce transcription of inflammatory 
genes. Various pathogen-associated and endogenous molecules 
(PAMPs and DAMPs) bind to intracellular pattern-recognition 
receptors associated with the inflammasome, such as the NOD-
like receptors (NLR), and activate caspase-1 (CASP1), which is 
required to process pro-IL1β into the active pro-inflammatory 
protein. Note that the pathways shown are highly simplified – 
not all intermediates or potential interactions are depicted.

TABLE 19.2 Key Enzymes Involved in Inflammation and Immunity in the Male Reproductive Tract

Enzyme Name Gene Name Common Names Properties/Function

Nitric oxide synthase, type I NOS1 Neuronal NOS (nNOS) Ca/calmodulin regulated

Nitric oxide synthase, type II NOS2 Inducible NOS (iNOS) Transcriptionally and translationally regulated

Nitric oxide synthase, type III NOS3 Endothelial NOS (eNOS) Ca/calmodulin regulated

Phospholipase A2 Multiple genes Hydrolysis of free fatty acid from membrane 
phospholipids

Prostaglandin-endoperoxide synthase 1 PTGS1 Cyclooxygenase 1 (COX1) Constitutive, converts arachidonic acid to 
prostaglandin G/H

Prostaglandin-endoperoxide synthase 2 PTGS2 Cyclooxygenase 2 (COX2) Inducible, converts arachidonic acid to 
prostaglandin G/H

Prostaglandin E synthase PTGES Converts prostaglandin H to prostaglandin E

Caspase 1 CASP1 Interleukin-1β converting 
enzyme (ICE)

Activation of IL1β and IL18

Caspase 3 CASP3 Mediates apoptotic pathway

Caspase 8 CASP8 Mediates apoptotic pathway

Indoleamine 2,3-dioxygenase IDO Metabolism of tryptophan, immunoregulation

Interleukin-1 receptor-associated kinase IRAK Activation of TRAF6, 3

IκB kinase IKBK Activation of NFκB

Mitogen-activated protein kinase 14 MAPK14 p38 MAP kinase Stress/inflammatory signaling

Mitogen-activated protein kinase 8 MAPK8 JUN N-terminal kinase 
(JNK)

Stress/inflammatory signaling, activation of 
AP-1

(Continued)
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leads to functional activation of immune cells and sets 
the inflammatory response in train.

Inflammation
Inflammation is the immune system’s initial response 

to a pathological challenge and involves major changes 
in homeostasis: fever, activation of immune cells, 
increased blood flow at the site of inflammation, and 
enhanced pain sensitivity.119 Apart from specific patho-
gens, the inflammatory cascade can be triggered by 
tissue injury, insoluble particulates, activation of the 
plasma complement and clotting/fibrinolytic protease 
pathways, opsonized (antibody or complement-coated) 
particles or immune complexes, and intracellular com-
ponents released by tissue damage. Monocytes and 
macrophages are by far the most effective promoters 
of the inflammatory response. Mast cells regulate vas-
cular permeability, vasodilation, and leukocyte recruit-
ment and play a critical role in allergic inflammation.120 
Neutrophils provide rapid and effective clearance of 
extracellular pathogens.121 These immune cell types 
also exert a regulatory influence over the subsequent 
immune response.

In addition to the pro-inflammatory cytokines, the 
main mediators of the inflammatory process are pro-
inflammatory prostaglandins and leukotrienes, neu-
ropeptides such as substance P, vasoactive amines 
produced by basophils and mast cells (histamine and 
serotonin) and acute phase proteins from the liver, such 
as C-reactive protein and serum amyloid A. Local pro-
duction of chemoattractive cytokines (chemokines), 
such as IL8 and chemokine (C–C motif) ligand 2 (CCL2; 
monocyte chemoattractant protein-1), together with 
upregulation of specific adhesion molecules on the 
endothelium (selectin E, selectin P, intercellular adhe-
sion molecule-1 (ICAM1), vascular adhesion mol-
ecule-1 (VCAM1)) and on the leukocytes (selectin L, 

integrins), allow circulating neutrophils, monocytes  
and lymphocytes to specifically target and enter the 
affected tissues.122 Resolution of the inflammatory 
response involves production of anti-inflammatory 
immunoregulatory cytokines, such as transforming 
growth factor-β (TGFβ) and IL10, some prostaglan-
dins, late-acute-phase proteins, and activation of the 
hypothalamic-pituitary-adrenal axis to produce anti-
inflammatory corticosteroids.123–125 Long-term con-
sequences of inflammation include increased tissue 
fibrosis and persistent alterations in the number, type, 
and activity of leukocytes within the affected tissue.126

The main effectors of the innate immune system 
are hydrolytic enzymes (e.g., lysozyme, serprocidins), 
antimicrobial proteins (e.g., complement, defensins), 
cytotoxic reactive oxygen species (ROS), NO, cytotoxic 
cytokines such as TNF, and the antiviral interferons.119 
Moreover, activation of the innate immune system leads 
to recruitment of the adaptive immune system.

The Adaptive Immune Response

The adaptive immune system involves complex cel-
lular interactions that promote the functional maturation 
and expansion of regulatory and effector lymphocytes, 
thereby providing efficacy, specificity, and memory to 
the immune response, but requiring time to become 
effective. It operates through the ability to recognize and 
respond to molecular motifs (antigens), usually associ-
ated with proteins, that are not part of the normal host 
repertoire, and may indicate the presence of an external 
threat. Adaptive immunity is responsible for autoim-
mune reactions in the male reproductive tract that can 
lead to infertility and chronic inflammatory conditions. 
These reactions are mediated, but also regulated, by T 
cells, B cells, and NK cells, which have access to the male 
reproductive tract.

Enzyme Name Gene Name Common Names Properties/Function

Mitogen-activated protein kinase 3 MAPK3 Extracellular signal-
regulated kinase 1 (ERK1)

Stress/inflammatory signaling

Mitogen-activated protein kinase 1 MAPK1 Extracellular signal-
regulated kinase 1 (ERK2)

Stress/inflammatory signaling

Akt protein kinase AKT Protein kinase B Cell survival, stress/inflammatory signaling

Tyrosine-protein kinase Src SRC Immunoregulation

Janus kinase JAK Activation of STAT

Phosphatidylinositol-4,5-biphosphate 
3-kinase

PIK3 Phosphoinositide-3-kinase 
(PI3K)

Stress/inflammatory signaling

Protein kinase, cAMP-dependent PRKA Protein kinase A Protein phosphorylation, signaling

Protein kinase C PRKC Protein phosphorylation, signaling

TABLE 19.2 Key Enzymes Involved in Inflammation and Immunity in the Male Reproductive Tract—cont’d
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T-Cell and B-Cell Regulation and Functions
The adaptive immune system is dependent upon the 

unique ability of lymphocytes to generate a vast rep-
ertoire of cell surface receptors that can bind to almost 
any conceivable molecular surface, without ever having 
encountered the molecule before. On B cells, these recep-
tors are surface-bound immunoglobulins, from which 
are derived the circulating antibodies. The core proteins 
of the T-cell receptor (TCR) are structurally related to 
the immunoglobulins, but the TCR itself is a complex 
of interacting surface proteins.127 The diversity of these 
receptors involves extensive rearrangements of the basic 
immunoglobulin and TCR gene regions, which produce 
randomly reassembled genes encoding proteins, each 
with a very specific and unique topography.128,129 Each 
precursor T cell and B cell expresses a surface receptor 
that is specific for a unique antigenic determinant and 
all their offspring (clones) will express the same receptor 
and specificity. B cells interact more or less directly with 
the antigenic molecule in situ. However, more precise 
regulation of the immune response involving T cells is 
determined by proteins of the highly polymorphic major 
histocompatibility complex (MHC), expressed on the 
surface of antigen-presenting cells.130 Almost all cells in 
the body can act as antigen-presenting cells by proteolyt-
ically converting intracellular proteins, of either endog-
enous or infectious (e.g. viral) origin, into short antigenic 
peptides, which are then incorporated into a structural 
groove on the extracellular surface of the MHC protein 
complex during its assembly in the endoplasmic reticu-
lum.131 Some antigen-presenting cells (dendritic cells 
and macrophages) are able to phagocytose exogenous 
proteins, typically proteins of pathogenic origin, but also 
proteins derived from endogenous sources including the 
spermatogenic cells, and process these proteins for anti-
gen-MHC complex formation. The TCR subsequently 
binds to the antigen-MHC complex on the surface of the 
antigen-presenting cell leading to the activation and pro-
liferation of the T cell (Figure 19.6).

Typically, circulating T cells express one of the co-
receptor proteins, CD4 and CD8, as part of their TCR, 
which permit them to recognize antigens associated 
with MHC class II or MHC class I molecules, respec-
tively.132 Antigens are presented to CD4+ T cells by 
the professional antigen-presenting cells that express 
MHC class II antigens (dendritic cells, macrophages, 
and B cells).133 On the other hand, CD8+ T cells are 
recognized by MHC class I antigens, which are ubiq-
uitously expressed. Activation of the T cell requires 
physical interaction between co-stimulatory ligand-
receptor pairs, particularly CD28:B7 (CD80/CD86) 
and CD40:CD40 ligand (CD40LG), and production 
of either type 1 cytokines [IL2, IL12 and interferon-γ 
(IFNγ)] or type 2 cytokines (IL4, IL5, IL10 and IL13; 
Figure 19.6).134,135 As a result of this complexity, T-cell 

FIGURE 19.6 The antigen-presenting cell (APC)–T-cell syn-
apse and the adaptive immune response. Recognition of the MHC 
class II-peptide antigen complex by the T-cell receptor (TCR) of a 
naïve Th cell together with engagement of the CD28:CD80/CD86 
and CD40/CD40LG receptor/co-receptor pairs can lead to genera-
tion of Th1 cells, if type 1 cytokines (IL12 and IFNγ) are present. If 
interleukin-6 (IL6) and type 2 cytokines (IL4, IL5 and IL13) are pres-
ent, Th2 cells are produced, and Th17 cells are produced when IL6 
and transforming growth factor-β (TGFβ) are present. Engagement 
between the APC and T cell via the CTLA4 receptor produces an 
inhibitory response, as occurs in Treg cell interactions. Engagement 
of the APC and T cell in the absence of adequate co-stimulation or 
cytokine activity results in deletion or inactivation (anergy) of the 
Th cell.
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activation can produce different outcomes depend-
ing upon the co-stimulatory molecules engaged and 
cytokines produced. Accordingly, naïve CD4+ T cells 
may become type 1 helper (Th1) cells, which produce 
Th1 cytokines, direct the development of the cellular 
immune response involving cytotoxic CD8+ T cells, and 
are associated with graft rejection, or they may become 
type 2 helper (Th2) cells, which produce Th2 cytokines, 
promote B cell development and antibody responses, 
and regulate allergic responses (Figure 19.7).134,135

In addition to the Th1 and Th2 cell subsets, which are 
primarily responsible for dictating the nature of the sub-
sequent immune response to a particular antigen, there 
are a number of other T-cell subsets with specialized 
functions, which have been more recently described. The 
Th17 cell subset is functionally related to the Th1 subset 
but characteristically produces IL17, IL21, and IL22.136 
The Th17 cell is generated by exposure to IL6 and TGFβ 
and regulates protection against extracellular pathogens, 
including recruitment and activation of neutrophils, 
differentiation of B cells, and the inflammatory activ-
ity of epithelial cells.137 However, these cells also have 
been implicated in the development of autoimmune 
disease and in allergy.136,138 Absence of appropriate co-
stimulatory molecule interactions and/or the presence 
of anti-inflammatory or immunosuppressive cytokines 
may lead to T-cell inactivation (anergy) and deletion or 
the generation of regulatory or suppressor T cells (Fig-
ure 19.6).139,140 These T-cell subsets are responsible for 
regulating antigen-specific immunity and maintaining 
peripheral immune tolerance.

The development of B cells into antibody-secreting 
plasma cells following interaction with antigen requires 
specific Th2 cell help.141 Once activated, these cells ini-
tially secrete multivalent IgM, but the cells gradually 
mature to produce high affinity IgG with the same anti-
genic specificity.128 Finally, following the resolution of 
the immune response, at least some activated T and B 
cells clones persist as memory cells, with the result that 
lymphocyte responses to antigens generally develop 
much faster upon second exposure to the antigen.142,143

NK Cell and NK T-Cell Regulation and Functions
NK cells are lymphocytes that span the interface 

between the innate and adaptive immune systems.144 
These cells are developmentally related to cytotoxic 
CD8+ T cells but are capable of recognizing and destroy-
ing transformed cells, such as virally-infected or tumor 
cells, without the need for prior sensitization by exposure 
to antigen. They can be activated by pro-inflammatory 
cytokines, notably IL12 and antiviral type 1 interfer-
ons.145 They interact with their targets via a complex 
of stimulatory and inhibitory surface receptors, which 
allow them to recognize ligands uniquely expressed by 
transformed cells and to detect the lack of MHC class 
I expression, a characteristic of transformed cells.144,146 
Accordingly, NK cells are able to rapidly mobilize 
against pathogenic challenges long before T- and B-cell 
responses can develop. However, activated NK cells 
also participate in the adaptive immune response. They 
possess antigen-specific receptors, similar to cytotoxic 
CD8+ T cells, and have been shown to regulate dendritic  
cell responses in a positive or negative manner, for 
example, by inducing dendritic cell death through  
contact-mediated lysis or by producing immunoregula-
tory cytokines, such as IFNγ, IL4, and TGFβ.144,147

NK T cells are a distinct cytotoxic lymphocyte subset 
that is defined by responsiveness to bacterial and mam-
malian glycolipid antigens presented by the nonclassi-
cal MHC class I molecule, designated CD1D.148 These 
cells are considered to be T cells with NK activity, rather 
than NK cells per se, but they also appear to play an 
important role in immune regulation through produc-
tion of either IFNγ or IL4/IL10.149,150 Accordingly, both 
NK T cells and NK cells promote and mediate immu-
nity to bacteria, viruses, and tumors, but are also capable 
of suppressing cell-mediated autoimmunity and graft 
rejection responses.

Immunological Tolerance and Regulatory 
Lymphocyte Subsets

The ability of randomly-generated, antigen-specific T 
and B cell clones to ignore antigens expressed by the host 
organism relies upon an effective cell-editing process, 
collectively referred to as tolerance. The tolerogenic pro-
cess involves central and peripheral mechanisms, both 

FIGURE 19.7 The cytokine balance and immune deviation. 
Cytokines can be designated either pro-inflammatory or anti- 
inflammatory/immunoregulatory, depending upon their predomi-
nant activities. The former group is associated with Th1 or Th17 type 
responses (cell-mediated immunity, autoimmunity) and the latter 
with Th2, Th3, or Treg type responses (antibody production, allergy, 
tolerance). It is important to note that several cytokines, such as IL6 
and TGFβ, possess both pro- and anti-inflammatory properties, and 
fall within both groups. It is the combination of cytokines present that 
determines the T-cell response outcome.
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of which play a crucial role in protecting the spermato-
genic cells and other antigenic components of the male 
reproductive tract from the immune system. Central tol-
erance occurs primarily in the thymus, during normal 
development, when expression of antigens by the thymic 
epithelium leads to functional deletion of self-reactive T 
cells by inactivation and apoptosis.1 A similar mecha-
nism mediates B-cell editing in the bone marrow.151 It is 
now recognized that this process involves the promis-
cuous expression of many tissue-specific antigens in the 
thymic epithelium induced by the transcription factor, 
autoimmune regulator (AIRE).152 Even sperm-specific 
antigens have been found to be expressed in the thymus 
under this mechanism.153 However, this mechanism is 
not completely efficacious because autoreactive lympho-
cytes persist and may expand or become activated later 
in life, resulting in autoimmune disease.154,155

The mechanisms of peripheral tolerance, which need 
to operate effectively throughout life, are more complex. 
Peripheral tolerance involves functional deletion of autore-
active lymphocytes in the peripheral (secondary) lymphoid 
tissues due to weak antigen-stimulation in the absence of 
appropriate co-stimulation, production of blocking and 
anti-idiotypic antibodies, and development of antigen-
specific regulatory and suppressor lymphocytes.139,156 This 
involves an ongoing process of low-dose exposure of these 
cells to their antigen, accompanied by either modified co-
stimulatory or specific immunoregulatory signals from 
antigen-presenting cells, regulatory lymphocytes, or other 
cell types in the vicinity.157 This means, for example, that 
engagement of the peptide-MHC class II complex with the 
TCR in the absence of linkage of CD80/CD86 to CD28, in 
the presence of immunoregulatory cytokines, such as IL10 
or TGFβ, or engagement by CD80/86 of the inhibitory T 
cell receptor, CTLA4, in place of CD28, leads to T-cell dele-
tion by inactivation or apoptosis, and/or induction of 
regulatory/suppressor T-cell activity (Figure 19.6).140,158 
The best characterized, and arguably the most important, 
of these regulatory lymphocytes is the CD4+CD25+ regula-
tory T cell (Treg) subset, which expresses the transcription 
factor, FOXP3.140 These cells can be induced by TGFβ and 
IL2, and selectively produce immunoregulatory TGFβ and 
IL10, but also appear to act via direct contact with antigen-
presenting cells and other T cell subsets.159,160 Both NK 
cells and NK T cells are also capable of antigen-recogni-
tion and immunosuppressive activity. Other T cell subsets 
implicated in immunosuppression through their ability to 
produce TGFβ and IL10 include Th3 cells, Tr1 (T regula-
tory 1) cells and γδ T cells.161–163

Autoimmunity and Rejection Responses in 
Immunity

Autoimmune disease generally represents the failure 
of tolerance. Somatic mutation of the antigen-receptor 
expressed by a T cell or B cell may result in the creation 

of new self-reactive clones, thereby subverting central 
tolerance.164 Autoimmunity may result from an inflam-
matory response to an infection that damages or over-
whelms normal mechanisms of self-tolerance, or where 
the infection involves organisms that express antigens 
that may cross-react with self-antigens (molecular mim-
icry).165 Studies of disease models in humans and experi-
mental rodents have also established that autoimmunity 
may have a genetic basis, as in the case of polyglandular 
autoimmune (PGA) syndromes. In humans, type 1 PGA 
is associated with a mutation in the AIRE transcription 
factor,166 while type 2 PGA is related to a defect in regu-
latory T cell function.167

Failure of tolerance results in autoimmunity, but 
failure to induce tolerance in the first place lies behind 
transplantation rejection responses. The leukocytes of 
both the graft recipient and the donor tissue react toward 
their respective antigens, leading to the rejection of tis-
sues that are not antigenically matched, in a process 
called graft-versus-host disease.168 The response is said 
to be allogeneic if it occurs across genetic boundaries 
within the same species (allograft), while xenogeneic 
responses involve a graft and host belonging to differ-
ent species (xenograft). The extensive polymorphism 
of the MHC, which is also called the human leukocyte 
antigen (HLA) complex in the human, is a major con-
tributor to the allogeneic rejection response. Rejection 
responses typically involve the classical MHC class 1a 
(HLA-A, HLA-B and HLA-C) and MHC class II (HLA-
D) antigens responsible for antigen presentation dur-
ing T-cell activation.131 On the other hand, nonclassical 
MHC antigens that are able to inhibit T cell and NK 
cell activity, such as HLA-G and HLA-E, are associated 
with suppression of the adaptive immune response 
and maintaining peripheral tolerance.169 Consequently, 
both classical and nonclassical MHC are involved in 
regulating autoimmune responses, including autoim-
munity in the male reproductive tract.

Initiation and Control of the Immune Response and 
Immunity

Antigen-specific immune responses are initiated in the 
secondary lymphoid tissues, particularly within the fol-
licles and germinal centers of the draining lymph nodes 
and spleen or lymphoepithelial aggregates of mucosal 
tissues, where antigen-presenting cells come into contact 
with large numbers of T and B cells.170 This implies that 
antigens normally must travel via the lymphatics to one 
of these organs, either by simple diffusion or carried by 
an antigen-presenting cell. Generally, immunologists 
do not consider that primary immune activation can 
occur within nonlymphoid tissues or assume that any 
response generated there is likely to be vigorous enough 
to lead to full participation by the immune system. How-
ever, there is some evidence that primary activation can 
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occur outside the lymphoid tissues, especially during 
graft rejection.171,172

Moreover, an alternative immune activation model 
has been proposed that combines elements of both the 
innate and adaptive immune system. This is called 
the danger hypothesis, which proposes that antigen- 
presenting cells responds to substances that cause or 
signal damage, rather than to those that are simply 
unrecognized.173 These danger signals include CD40LG, 
the early pro-inflammatory cytokines IL1β and TNF, 
interferons, and heat-shock proteins, as well as sub-
stances that are normally only found inside cells (e.g. 
nucleotides, unmethylated CpG sequences in mamma-
lian double-stranded DNA) and hyaluron breakdown 
products.173 In this model, activation of the immune sys-
tem occurs as a response to evidence of an extant threat 
rather than toward a specific feature of the threat itself. 
This mechanism may serve to explain the onset of certain 
autoimmune diseases.

Inflammation and immunity are damaging to the tis-
sues in which they occur. Apart from the normal mecha-
nisms of tolerance, the immune system needs to limit 
inflammation and immune responses to minimize such 
damage. Accordingly, inflammation triggers secretion 
from the adrenal gland of glucocorticosteroids, which 
repress expression of NFκB, inhibit the production of 
pro-inflammatory cytokines and mediators while stim-
ulating the anti-inflammatory cytokines, IL4 and IL10, 
reduce expression of leukocyte adhesion molecules, and 
induce lymphocyte apoptosis.124,174–177 The immune cells 
themselves produce other anti-inflammatory and immu-
nosuppressive molecules, including prostaglandins D 
and J and lipoxins.178,179 Moreover, activated lympho-
cytes have a limited lifespan, undergoing a process of 
activation-induced cell death following upregulation of 
the extrinsic apoptotic signal mediated by interaction of 
the FAS receptor with its ligand (FASL), eventually leav-
ing behind a relatively small population of long-lived 
memory cells.143,180 There are also specific mechanisms 
to inhibit antibody activity and promote antibody clear-
ance, such as the induction of anti-idiotype (antitopo-
graphical) antibodies.181

Mucosal Immunity

Muscosal immunity concerns immunity at the inter-
face between the external and internal environments. 
Mechanisms involved in mucosal immune responses 
are very similar to those of other tissues and lymphoid 
organs. Discrete lymphoepithelial aggregates (mucosa-
associated lymphoepithelial tissue or MALT) within 
mucosal surface tissues allow interaction between anti-
gen-presenting cells and lymphocytes to facilitate local 
immune responses.182 Reactions to inhaled or digested 
antigens are controlled through a process called mucosal 

tolerance,162,182 and failure of tolerance in the gastroin-
testinal and respiratory tracts may result in allergies. The 
mechanisms of mucosal tolerance involve clonal T-cell 
deletion or anergy and active suppression by regula-
tory/suppressor T cells.183 Although CD8+ T cells pre-
dominate in the mucosal epithelium, it is the CD4+ T cells 
that are responsible for mucosal tolerance, producing 
IL4 and IL10 (Th2 cells), and TGFβ (Th3 cells).162,183,184 
Mucosal intraepithelial lymphocytes also express CD1D 
constitutively and can activate immunoregulatory NK T 
cells in the epithelium.185

A key feature of mucosal immunity is the isotype of 
the antibodies normally involved at mucosal surfaces. 
Tight junctions between the epithelial cells restrict pas-
sage of both antigen and antibody, so that antibody 
responses are dominated by secretory IgA, which lacks 
the ability to activate complement and possesses strong 
anti-inflammatory properties.186 In order to cross epi-
thelial barriers, a unique mechanism for transport of 
dimers of IgA through the epithelial cells involving a 
protein called secretory component is necessary.187 Thus, 
IgA is generally the major immunoglobulin in secretions 
of mucosal surfaces. In mucosa, the epithelial cells also 
play an important role in host defense by producing 
many molecules associated with innate and adaptive 
immunity, including defensins, regulatory cytokines, 
TLRs, MHC antigens, leukocyte adhesion molecules, 
and co-stimulatory molecules.188,189

There is strong evidence that the male reproductive 
tract is a constituent of the mucosal immune system.91,190 
As far as the male reproductive tract is concerned, both 
IgA and serum-derived IgG appear in semen and bound 
to the sperm of men with autoimmune infertility.3,45,191 
It would be expected that the epithelial cells of the 
male urogenital tract might play a similar active role in 
regulating local immune responses. Although discrete 
MALTs have never been described within the male tract, 
the existence of similar or analogous structures cannot 
be entirely excluded.

Regulation of Immunity by Hormones and 
Gender

Corticosteroid Control of Inflammation and 
Immunity

Corticosteroids are essential physiological regulators 
of the immune response, acting through the ubiquitously 
expressed glucocorticoid receptor to exert negative feed-
back on the inflammatory response and control innate and 
acquired immunity at multiple levels.124,174–177 Clinically, 
they are widely used in the treatment of autoimmune and 
inflammatory diseases. The particular relevance of corti-
costeroids for male reproductive function is the fact that 
they have inhibitory effects on testicular development 
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and suppress Leydig cell steroidogenesis at all levels of 
the hypothalamic-pituitary-testicular axis with the result 
that activation of the hypothalamic-pituitary-adrenal 
axis during inflammation negatively impacts upon male 
reproductive function (Figure 19.8).192

Sex-Specific Regulation of Immune Function
The male reproductive system exerts a profound 

inhibitory effect on the development and function of the 
immune system. Compared with females, males have 
lower serum immunoglobulin levels, reduced cellular 
immunity and less effective responses to antigenic chal-
lenge, while the incidence of autoimmune diseases are 
generally far less common and less severe in males than 
in females.193 This can be attributed, in part, to genetic 

and epigenetic differences between the sexes, as indicated 
by studies in sex-reversed mice, which established that 
XX-bearing mice displayed greater susceptibility to auto-
immune disease than XY-bearing mice, independent of 
gonad type or hormones.194 However, testis ablation and 
male sex steroid replacement studies have also established  
a critical role for products secreted by the testis in this 
divergence. Such studies demonstrated that androgens 
inhibit many immune parameters, particularly the size of 
the thymus and other immune tissues, lymphocyte num-
ber and activity, and antibody production, but also graft 
rejection, autoimmune responses, and resistance to infec-
tion.195–197 These findings have been supported in more 
recent years by studies in transgenic animals lacking the 
androgen receptor,198,199 and by clinical data from hypogo-
nadotropic men.200,201 Studies on macrophages and other 
androgen-responsive cell types in vitro have indicated 
that androgens are able to inhibit NFκB and expression 
of inflammatory genes, such as TLR4, IL1, and TNF.202–204 
On the other hand, androgens appear to stimulate neu-
trophil proliferation growth and function through activa-
tion of the extracellular signal-regulated (ERK) kinases  
(mitogen-activated kinase 3/mitogen-activated protein 
kinase 1; MAPK3/MAPK1) and production of the neu-
trophil growth factor, granulocyte colony stimulating 
factor.198,205

The classical androgen receptor is a cytoplasmic protein 
that binds androgens with high affinity, and translocates to 
the nucleus, where it acts as a transcription factor by binding 
to androgen-response elements in the promoter of respon-
sive genes.206 Studies by early researchers established that 
functional androgen receptors were primarily expressed on 
the stromal and epithelial cells of the immune tissues,207,208 
suggesting that the effects of androgens on immunity 
were exerted indirectly at the tissue level, rather than by 
direct effects on the circulating lymphocytes. In fact, the 
expression and relative importance of the classical andro-
gen receptor on lymphocytes remains somewhat equivo-
cal.209,210 However, it is now clear that steroids can also 
interact with membrane-bound G protein-coupled recep-
tors to trigger nongenomic responses in target cells.211,212 
Studies have shown that androgens can alter [Ca] fluxes 
in lymphocytes and macrophages via such membrane- 
mediated interactions,213,214 and that this signaling affects 
gene expression and function in the target cells.215

Obviously, many questions remain concerning the 
detailed cellular mechanisms that mediate the actions of 
androgens on immune cells, but it is clear that these ste-
roids have profound effects on immune responses and 
are capable of directly modulating these functions within 
the male reproductive tract and adjacent draining lymph 
nodes. Furthermore, this regulation may also involve 
other steroids produced by the testis, such as proges-
terone and the estrogens, which also have direct effects 
on immune cell function.196,216 Estrogens, in particular, 

FIGURE 19.8 The interface between the hypothalamic-pituitary-
gonadal-adrenal axis and inflammation. Regulation of the testes and 
adrenal glands is under the control of the central nervous system 
(CNS), which integrates information from the periphery and modu-
lates secretion of the gonadotropin-releasing hormone (GnRH) and 
corticotropin-releasing hormone (CRH) by the hypothalamus. These 
hypothalamic peptides stimulate secretion of the gonadotropins (LH 
and FSH) and adrenocorticotropic hormone (ACTH), respectively. LH 
acts directly on the Leydig cells to stimulate steroidogenesis, while 
FSH controls the development and activity of the Sertoli cells. ACTH 
stimulates secretion of corticosteroids by the adrenals, which gener-
ally exert direct inhibitory effects on Leydig cell steroidogenic activity.  
Activation of macrophage function by an inflammatory stimulus 
triggers a cascade of events and secretions, which interact with the 
hypothalamic-pituitary-gonadal axis at all levels, inhibiting gonadotro-
pin secretion and steroidogenesis and stimulating the hypothalamic-
pituitary-adrenal axis. There is evidence that inhibitory regulation of 
steroidogenesis in response to inflammation also involves direct neural 
pathways from the CNS. As a consequence, inflammation profoundly 
inhibits the ability of the Leydig cell to produce testosterone. Eventu-
ally, steroids produced by the adrenals and testis exert feedback inhibi-
tory effects on the inflammatory process, bringing about the resolution 
of the inflammation and recovery of testicular testosterone production.
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have been implicated in regulating the differentiation 
and maturation of dendritic cells, and inhibiting their 
co-stimulatory activity.217,218 There is even evidence that 
LH and FSH themselves directly regulate macrophage 
and lymphocyte growth and cytokine production acting 
through specific receptors expressed by these cells.219,220

Protein hormones and neuropeptides produced by the 
testis have direct effects on immunity. These include the 
pro-opiomelanocortin gene-derived peptides β-endorphin 
and α-melanocyte-stimulating hormone (α-MSH), which 
are produced by the Leydig cells and macrophages of the 
testis, and testicular GnRH.221–223 The testis is a significant 
source of cytokines with immunoregulatory activity, spe-
cifically, members of the highly immunosuppressive/anti-
inflammatory TGFβ family.224,225 There is no doubt that 
exposure of circulating immune cells to these molecules 
within the testis, and/or their secretion into the blood and 
lymph, plays a significant role in local immunoregulation 
and sexual dimorphism of immune function.

IMMUNE CELLS OF THE MALE 
REPRODUCTIVE TRACT

Far from being a site where the immune system is 
restricted entry, macrophages, lymphocytes and granu-
locytes are characteristic features of the male reproduc-
tive tract (Table 19.3). There are substantial differences in 
the number and type of these cells within the different 
tissues and from species to species, which have impor-
tant implications for understanding the immunophysi-
ology of the male tract.

Macrophages and Dendritic Cells in the Testis

Macrophages and dendritic cells are found in every 
tissue of the body. Although some dendritic cells have a 
lymphoid origin,233 these cell types are chiefly derived 
from the circulating monocyte pool and are directed along 
tissue-specific developmental pathways by the influence 
of the local immunological environment.234 As a conse-
quence, macrophages, in particular, are extremely hetero-
geneous in appearance and function.235,236 Superficially, 
the microglial cells of the brain and the Kupffer cells of the 
liver have little in common, but both cell types are macro-
phages and share common features: they express mark-
ers of the mononuclear phagocyte lineage, are actively 
mobile, phagocytic, cytotoxic, and are involved in tissue 
restructuring and antigen-presentation to CD4+ T cells.

Distribution and Properties of the Testicular 
Macrophage Population

Early interest in testicular macrophages arose from 
studies on the accumulation of nondigestible tracers and 
radionuclides in the testicular interstitial tissue.237,238 In 
spite of some early speculation that these cells might 
have a nonhematopoietic origin, studies by Miller and 
colleagues,237,239,240 and subsequently by Hutson and 
colleagues,241–244 established that the testicular macro-
phages share the classical characteristics of resident mac-
rophages or tissue-fixed macrophages. They display the 
characteristic nuclear and cytoplasmic morphology of 
the mononuclear phagocyte lineage, are actively phago-
cytic, bactericidal and adherent in culture, and they 
express macrophage-specific enzymes, cytokine recep-
tors, and surface antigen markers.69,239,240,243,245–247

There are substantial populations of resident mac-
rophages in both the rat and mouse testes.69,228,248–250 
Other species with large numbers of testicular macro-
phages include the guinea pig, hamster, horse, bull, and 
human.229,251–253 These cells are almost entirely confined 
to the interstitial tissue under normal (noninflamed) 
conditions. In the boar, which has a relatively sparse tes-
ticular interstitial connective tissue and very large num-
bers of Leydig cells, macrophages appear to represent a 
smaller proportion of total interstitial cells.254 Curiously, 
the ram testis appears to possess only small numbers 
of recognizable macrophages, in spite of the general 
similarity of the testicular interstitial tissue and lym-
phatic organization in this species with that of the bull 
or human.52,68 Testicular macrophages have been most 
intensively studied in the rat, with less extensive investi-
gation in the mouse, and relatively limited investigations 
in other species. It generally has been assumed that the 
rat testicular macrophages are representative, but data 
suggest that there are significant functional differences 
even between rat and mouse testis macrophages. Further 
study on the macrophages of other species, particularly 

TABLE 19.3 Quantification of Immune Cells in the normal 
Testis of Adult Rats and Humansa

Cell Type Rat Testis (× 106/g tissue)
Human Testis 
(× 106/g tissue)

Macrophages 5–10 10–25b

Dendritic cells 0.2–0.3 Present

T cells 1–2 1.4–2.4

 CD8+ T cells 0.6–1.8 Present

 CD4+ T cells 0.2–0.3 Present

NK cells 0.6–1.0 1.0–2.8

Mast cells Capsule region only Present

aEstimates based on data from stereological analysis of testes from Sprague–Dawley rats 
and from adult human testes with normal spermatogenesis (Hedger MP and Hayes RD, 
unpublished data).69,70,226,227 The study of Vergouwen and colleagues228 indicates that 
CBA/P mouse testes contain approximately 2–4 × 106 macrophages/g tissue, but there 
are no definitive quantitative studies of other leukocyte subsets in the mouse testis.
bUpper limit calculated from data obtained by Frungieri and colleagues229 using a well-
characterized monoclonal antibody against CD68. The observation that macrophage 
numbers in the normal human testis are at least as large, if not larger, than those found 
in the either the rat or mouse testis is consistent with nonquantitative observations 
using several macrophage markers.67,230–232
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the human and primates, is clearly necessary, and dis-
cussion of this complex cell type in the testis necessarily 
reflects the rather narrow available knowledge base.

In the rat and mouse, the ratio of macrophages to Ley-
dig cells appears to be relatively fixed at approximately 
one macrophage to every four or five Leydig cells,245,248–

250 and macrophages display a very close physical and 
functional relationship with the Leydig cells. Ultrastruc-
tural studies have established the existence of highly-
specialized cytoplasmic interdigitations linking the two 
cell types, indicating the potential for direct exchange 
of information and material,60,240,244,255 while macro-
phages and Leydig cells undergo parallel alterations in 
morphology and cytoplasmic volume in experimental 
models of cryptorchidism and vasectomy in the adult 
rat.256,257 During aging, testicular macrophages retain 
their morphological association with Leydig cells, but 
the cytoplasmic interdigitations are lost.258 Aging testicu-
lar macrophages also acquire lipofuscin granules similar 
to those observed in aged Leydig cells.258 Most surpris-
ing, however, was the discovery that macrophages play 
an essential role in normal Leydig cell development 
and in maintaining Leydig cell steroidogenic function 
in the adult.208,259–265 It appears that the testicular mac-
rophages have an integral role in testicular biology that 
goes beyond the typical functions of tissue-fixed mac-
rophages in phagocytosis of cellular debris, connective 
tissue remodeling, maintenance of innate immunity, and 
regulation of adaptive immunity.

The immunological functions of the testicular macro-
phage population have been investigated in a number of 
studies, but the data are by no means comprehensive and 
many questions still remain. Although several studies 
have shown that the majority of rat macrophages express 
MHC class II molecules under normal conditions, indi-
cating a capacity for antigen-presentation to helper and 
regulatory T cell subsets,68,246,266 Tung and colleagues 
reported that strong class II expression in the normal 
mouse testis was restricted to cells located around the 
rete testis and was only upregulated in the interstitial tis-
sue following immunization with testicular antigens in 
the presence of adjuvant.267,268 This seems to indicate a 
fundamental difference in baseline activation status and 
antigen-presenting activity between the testicular mac-
rophages of the rat and mouse. Human testicular mac-
rophages appear to be more like those of the rat, with 
significant MHC class II expression found throughout 
interstitial tissue samples from normal men.67,230 Stud-
ies of the ability of rat testicular macrophages to provide 
help for T cell activation in vitro indicate that these cells 
are deficient in co-stimulatory activity.269,270 In the mouse 
testis, a lack of expression of the essential co-stimulatory 
molecules for T cell activation, CD80 and CD86, has been 
reported,271 but this does not appear to be true for the 
rat.272 With respect to inflammation, selective depletion 

of testicular macrophages in the rat with a macrophage-
specific toxin exacerbated the testicular inflammatory 
response induced by hyperstimulation of the Leydig 
cells with pathological doses of the LH agonist, human 
chorionic gonadotropin (hCG).273 Significantly, rat tes-
ticular macrophages display relatively poor expression 
of critical proinflammatory genes and proteins, includ-
ing IL1β, TNF, IL6, IL12, NOS2, and macrophage migra-
tion inhibitory factor (MIF), in response to activation by 
bacterial LPS or regulatory cytokines269,274–278; however, 
these cells express constitutively high levels of the anti-
inflammatory/immunosuppressive cytokine, IL10.270 
Examination of murine testicular macrophages indicates 
a similarly reduced pro-inflammatory capacity (Hedger 
MP and Winnall WR, unpublished data).

The accumulated data confirm that macrophages from 
both rat and mouse testes, although different in some 
functional respects, have reduced inflammatory and 
co-stimulatory activities. Macrophages displaying such 
properties are called alternatively activated or M2 mac-
rophages (analogous to Th2 cells); they are characteris-
tic of tumors and late-stage inflammation.236,279 During 
inflammatory and immune responses, M2 macrophages 
serve to regulate the activity of pro-inflammatory or 
classical M1 macrophages to moderate cell-mediated 
immunity, and thereby play important roles in reducing 
autoimmune and rejection responses.

Heterogeneity of the Testicular Macrophage 
Population

Although testicular macrophages collectively display 
an alternatively activated phenotype, quantitative studies 
of macrophage numbers using specific antigenic markers 
in the rat testis indicate that testicular macrophages do not 
represent a homogenous population.69,226,276 The major-
ity of testicular macrophages in the rat express a molecule 
that is specific to tissue-fixed macrophages in most non-
lymphoid tissues, recognized by the monoclonal antibody, 
ED2.280 This molecule has been identified as CD163, a mem-
ber of the group B scavenger receptor cysteine-rich protein 
superfamily.281 It has been implicated in the stimulation of 
IL10 production by monocytes and macrophages follow-
ing the endocytosis of hemoglobin:haptoglobin complexes, 
and is highly expressed by M2 macrophages.282,283 How-
ever, a significant subset of testicular macrophages in the 
rat (about 15–20% of the total) do not express this marker. 
These macrophages can be identified by expression of the 
lysosomal antigen, CD68, recognized by antibody ED1, 
which suggests they may be recently recruited or even 
transient macrophages.69,268,276,284 Moreover, about half of 
the CD163+ subset appears to have lost CD68 expression. 
These data indicate the existence of several populations 
of macrophages in the normal rat testis, putatively repre-
senting different stages of development and/or functional 
states (Figure 19.9).284
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This heterogeneity may have functional correlates. 
Compared with CD68− macrophages, CD68+ testicu-
lar macrophages possesses a distinctly smaller nuclear 
diameter and displayed overall higher levels of expres-
sion of NOS2 and CCL2 in normal and LPS-stimulated 
rats, based on immunohistochemical studies.276,285 
Expression of IL1β protein after LPS treatment appears 
to be confined to a relatively small subset of testicular 
macrophages.274 Since the CD68+CD163− macrophage 
subset increases in number in the testis after LPS treat-
ment, it may be assumed that this subpopulation rep-
resents newly-arrived pro-inflammatory macrophages. 
However, when macrophages were isolated from non-
inflamed rat testes on the basis of CD163 expression by 
flow cytometery, the CD163− subpopulation displayed 
very poor production of either proinflammatory cyto-
kines or IL10 in response to LPS in vitro.270 Altogether, 
these data suggest that the CD68+CD163− subpopulation 
present in the normal testis comprises recently recruited 
or transient macrophages, and it is functionally distinct 
from the proinflammatory CD68+CD163− macrophages 

that invade the rat testis following an LPS challenge 
in vivo.276,286

There is evidence for macrophage heterogeneity in 
mouse and human testes, as well. Studies have shown 
that macrophages isolated from the mouse testis are het-
erogeneous in their ability to produce TGFβ in vitro,287 
and approximately 20% express high levels of the 
alternative-activation marker, Ym1.288 In the human 
testis, Frungieri and colleagues found that CD68+ mac-
rophages displayed substantial variation in expression 
of CD163.229 All these observations are consistent with 
the hypothesis that the testis contains subsets of mac-
rophages with varying pro-inflammatory capacities, 
although it appears that an alternatively activated, anti-
inflammatory/immunosuppressive phenotype predom-
inates under normal conditions.

Intratesticular Dendritic Cells
Dendritic cells, which are distinguishable from mac-

rophages by their distinctive morphology and expres-
sion of specific functional markers, such as integrin αx 
(ITGAX; CD11c) and integrin αE2, have been observed 
in the rat, mouse, and human testis.230,266,289–291 Dendritic 
cells are found throughout the interstitium, but they are 
much less prominent than the testicular macrophages. 
In spite of the common lineage, dendritic cells lack the 
efficient phagocytic and cell-killing capabilities of mac-
rophages, although they are much more effective as 
 antigen-presenting cells.133 Crucially, dendritic cells are 
able to promote either cell-mediated immunity or toler-
ance to specific antigens, depending upon their matu-
rity and activation status.156 These cells are involved 
in directing immune responses within the testis and  
adjacent lymph nodes, and studies suggest that imma-
ture dendritic cells play a role in regulating tolerance in 
the normal testis.271,272,292

Recruitment and Regulation of Testicular 
Macrophages

At birth, there are relatively few macrophages in the 
testis, but macrophage numbers expand dramatically 
during testicular development, coinciding with prolifer-
ation of the adult Leydig cell population and the appear-
ance of the meiotic spermatocytes.228,248,249,293 Indeed, the 
development of both the testicular macrophage and the 
adult Leydig cell populations appears to be interdepen-
dent. There is considerable evidence that macrophages 
are required for adult Leydig cell development and func-
tion.208,259,261,262,264 Conversely, studies from a number 
of groups have shown that the accumulation of macro-
phages during testicular development and maintenance 
of their numbers in the adult are dependent upon the 
action of pituitary LH and, more specifically, the Leydig 
cells themselves (Figure 19.9).69,226,293–297 Depletion of the 
Leydig cells or suppression of their activity in the adult 

FIGURE 19.9 Maturation of the resident macrophage population 
of the rat testis. Macrophages in the rat testis are heterogeneous, corre-
sponding to different stages of maturation from circulating monocytes 
through to a distinct testicular resident macrophage phenotype. This 
testicular phenotype is characterized by an increased nuclear and cyto-
plasmic volume, loss of the CD68 marker recognized by antibody ED1, 
upregulation of the resident macrophage surface marker ED2 (CD163), 
loss of ability to produce pro-inflammatory mediators and constitutive 
production of the immunoregulatory cytokine, interleukin-10 (IL10). 
Expression of the inducible form of prostaglandin-endoperoxide syn-
thase (PTGS2) and the ability to produce prostaglandins, such as PGE2, 
does not appear to change. Recruitment of macrophages to the testis 
and/or their proliferation is under the control of LH, acting via the 
Leydig cells, while maturation to the mature testicular phenotype 
appears to be FSH-dependent, indicating regulation by the Sertoli cells.
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testis by various means causes a progressive decline 
in the number of testicular macrophages.69,226,294–298 
Although there is evidence that macrophages in the tes-
tis possess LH receptors,299,300 the balance of the data 
suggest that the Leydig cell is responsible, rather than a 
direct action of LH itself. Testicular macrophage deple-
tion occurs in models in which serum LH is increased 
(e.g. following treatment with the Leydig cell toxin, 
ethane dimethane sulfonate (EDS))69 or decreased (e.g. 
hypophysectomy, GnRH immunization, suppression of 
endogenous androgen with subcutaneous testosterone 
implants).294–298

The precise mechanisms involved in maintaining the 
testicular macrophage population are not known. Com-
plete depletion of spermatogenic cells by cryptorchi-
dism has absolutely no effect on testicular macrophage 
numbers in the rat,226 suggesting that their regulation 
does not involve the seminiferous epithelium. More-
over, it does not appear that androgens are directly 
involved.226,293,295 However, it is likely that direct contact 
with the Leydig cell membrane and/or nonandrogenic 
products of the Leydig cells may be responsible.240,244 
Studies have clearly indicated that normal development 
of the testicular macrophage population, as in other tis-
sues, involves the macrophage growth factor, colony 
stimulating factor-1 (CSF1).247,264,285,301 The chemoat-
tractant cytokine, MIF, which is constitutively expressed 
by the Leydig cells, likewise may be involved.226,278,302 
Furthermore, intratesticular production of the chemo-
kines, chemokine (C-X3-C motif) ligand 1 (CX3CL1; 
fractalkine) and CCL2, is implicated in the recruitment 
of circulating monocytes under normal conditions and 
during inflammation, respectively.285,286,303

It remains an area of ongoing discussion whether 
resident macrophages found in most tissues under 
noninflammatory conditions are largely derived and 
sustained from the circulating monocytes or by prolifer-
ation within the tissue itself.235,304 The significant popu-
lation of macrophages expressing CD68, but not CD163, 
in the normal testis suggests that there may be constant 
recruitment of these cells from the monocyte pool.284 
On the other hand, there is evidence that testicular resi-
dent macrophages may undergo active proliferation by 
mitosis, at least under certain circumstances: during the 
early inflammatory phase following destruction of the 
Leydig cells by EDS305 and during testis development 
in rats and mice.293,306 Consequently, it is not absolutely 
clear whether the resident macrophage population of 
the testis, once established, is maintained by recruit-
ment of new monocytes or by local proliferation. In fact, 
it is most likely that both processes are involved. Based 
on the extended persistence of radionuclides in rodent, 
canine, and human testicular macrophages, on the other 
hand, it would appear that most resident macrophages 
do not escape the testis alive.237,238

While initial evidence that testicular macrophages 
respond directly to FSH has been shown to be due to an 
experimental artifact,307 a stereological examination of 
macrophage recruitment to the testis in GnRH-immunized 
rats given recombinant FSH replacement demonstrated 
that FSH stimulates an increase in macrophage nuclear 
volume.294 This indicates an effect on macrophage activ-
ity in the testis, which is almost certainly mediated via the 
Sertoli cell, the only testicular cell type able to respond 
directly to FSH. It appears that, while Leydig cells are 
responsible for recruiting and maintaining the testicular 
macrophage population, the Sertoli cell may play a role 
in directing at least some of the testis-specific functions 
of these cells (Figure 19.9). These two somatic cells act 
together to recruit and modify the function of the testicu-
lar macrophages, thereby bringing about the unique resi-
dent macrophage phenotype found in this organ.

Lymphocytes in the Testis

It is a common misconception that lymphocytes are 
not found within the normal testis. In fact, lymphocytes 
are relatively prominent within and adjacent to the epi-
thelium of the rete testis and are sparsely distributed 
throughout the testicular interstitial tissue in all species 
so far studied.65–70,231 In the rat and human testes, lym-
phocytes actually represent about 10–20% of the total 
leukocyte population, although the proportion of these 
cells in the normal mouse testis appears to be somewhat 
lower (Table 19.3) (Hedger MP, unpublished data).69,227 It 
is worth noting that considerable differences may exist 
among different strains of animals and between animals 
raised under different degrees of exposure to environ-
mental pathogens, as lymphocyte populations are very 
sensitive to differences in genetic background and past 
immunological events. Functional characterization of 
these cells has received relatively little attention: T cells 
and NK cells, but not B cells, have been described in the 
normal rat, mouse and human testis.65,67–70,227 Most evi-
dence suggests that the intratesticular lymphocyte popu-
lation is skewed toward major histocompatibility complex 
(MHC) class I restricted (CD8+) cells and cells expressing 
NK cell markers (Hedger MP, unpublished data).65,69,70,227

Typically, T cells circulate through tissues as part of 
their surveillance function, and it is widely believed that 
activated T cells tend to recirculate in tissues where they 
initially encountered an antigen.308,309 The phenotype of 
the majority of the T cells of the rat testis is certainly con-
sistent with activated or memory T cells.70 There is clear 
evidence that lymphocyte numbers increase in the tes-
tes of men with infertility and sperm autoimmunity,66,232 
and lymphocyte numbers in the rat testis appear to 
gradually increase with age while macrophage numbers 
remain relatively constant (Hedger MP, unpublished 
data). These data suggest that at least some of the T cells 
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in the testis are specific for testicular autoantigens. Alter-
natively, some of these cells may represent T cells that 
have been exposed to exogenous antigens within the tes-
tis environs during past infections.

The observation that there are substantial numbers of 
cells expressing NK markers in the testes of rats, mice, 
and humans is particularly significant (Hedger MP and 
Aridi DZ, unpublished data).70 Following isolation from 
the normal rat and mouse testis, it was confirmed that 
these cells have specific NK activity against transformed 
cells in vitro, and that a significant proportion of these 
cells are actually NK T cells (Hedger MP and Aridi DZ, 
unpublished data). In addition, CD4+CD25+FOXP3+  
Treg cells are present in both rodent species, but are con-
siderably more prominent in the mouse testis than in the 
rat. Immunohistochemistry has recently localized Treg 
cells to the human testis, as well.310 The T cells and NK T 
cells from the rat testis were found to produce IL10 under 
both unstimulated and PMA/ionomycin-stimulated  
conditions, although the T cells displayed a very high 
proportion of anergic and apoptotic cells compared with 
T cells from other tissues (Hedger MP and Aridi DZ, 
unpublished data). These observations indicate that the 
lymphocytes found in the normal testis comprise cells 
involved in cell-killing and innate immunity, that immu-
noregulatory subsets (NK, NK T and Treg cells) are highly 
represented, and that intratesticular T-cell responses to 
activation are significantly abrogated.

In normal testes, lymphocytes are rarely, if ever, 
observed within the epithelium or lumen of the seminif-
erous tubules, although lymphocytes appear to be able 
to cross the epithelium of the rete testis.64–66 Nonetheless, 
the number of lymphocytes and macrophages increases 
dramatically within the testicular interstitial tissue dur-
ing testicular infection, experimental autoimmune orchi-
tis, leukemic relapse, and testicular tumorigenesis.311–316 
This infiltration is generally associated with failure of 
spermatogenesis, and the immune cells may eventually 
breach the tight junctions of the blood–testis barrier and 
invade the seminiferous epithelium. Moreover, human 
infertility is often associated with increased numbers of 
intratesticular lymphocytes and macrophages, as evi-
dence of ongoing inflammation even in the absence of 
an overt immune event.4,5 It remains to be determined 
whether this is a cause or a response to testicular damage 
or failure, but there tends to be a relationship between 
the number of intratesticular lymphocytes and the extent 
of testicular disruption.

Mast Cells and Eosinophils in the Testis

Mast cells and eosinophils are specialized media-
tors and regulators of inflammation, particularly in the 
context of allergic responses.120,121 Mast cells, in par-
ticular, are found in almost all tissues, including those 

of the male reproductive tract, but their distribution in 
the testis displays very distinctive, species-specific dif-
ferences.62 In the testes of the rat, mouse, dog, cat, bull, 
and deer, these cells are largely absent from the testicu-
lar parenchyma but are frequently associated with blood 
vessels in the testicular capsule. In contrast, mast cells 
are found throughout the interstitial tissue in equine and 
human testes,62,71,317 while both mast cells and eosino-
phils are relatively abundant in porcine species.62 The 
functional significance of these cells in the testis is not 
known, but it is reasonable to assume that they play a 
role in local innate immunity and possibly a role in the 
fine control of testicular blood flow. In humans, testicular 
mast cell numbers decline with advancing age.317 How-
ever, increased numbers of intratesticular mast cells and 
increased mast cell expression of PTGS2 are associated 
with various forms of testicular failure, and they have 
been found to correlate with the severity of damage and 
increased NOS2 expression in the Leydig cells.22,318–320 
In contrast to mast cells and eosinophils, neutrophils are 
only found in the testis in conditions of testicular inflam-
mation or damage.276,314,321,322

In the adult rat, mast cells are normally confined to 
the subcapsular region, but they proliferate dramati-
cally throughout the testicular parenchyma following 
ablation of the Leydig cells by EDS.69,323–325 The degree 
of proliferation appears to be under the control of the  
Leydig cells, suggesting that these cells produce an inhib-
itor of mast cell activity.69,325 However, the increased 
mast cell numbers persist even after the Leydig cells 
recover and testis function returns to normal following 
EDS treatment. The species distribution of mast cells and 
eosinophils suggests some relationship with the level of 
aromatase activity of the Leydig cells,326,327 and neonatal 
estrogen treatment increases mast cell numbers in the rat 
testis.325,328 Stem cell factor (SCF), which is growth factor 
for both mast cells and Leydig cells that is produced by 
the Sertoli cell, also may be involved.329,330 While eosino-
phils are not a feature of the normal rat or mouse testis, 
these cells were occasionally observed in the testes of 
GnRH-immunized rats.294 It appears that the regulatory 
mechanisms for the two different granulocyte subsets in 
the testis may be quite separate and distinct.

Immune Cells in the Epididymis

In contrast to the testis, macrophages and lympho-
cytes in the epididymis are frequently observed within 
the epithelium, where they are commonly identified as 
halo cells, as well as the interstitial tissue.64–66,94–100,331–334 
Published immune cell subset data for the epididymis 
have been complicated by the fact that some studies 
have not clearly differentiated between lymphocytes 
and macrophages because the CD4 and CD8 antigens 
are also expressed by rat and human monocytes and 
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macrophages.335,336 Studies in the mouse, where these 
antigens are more restricted to lymphocyte subsets, indi-
cate that macrophages are the major epididymal leuko-
cytes, located chiefly in the interstitial and peritubular 
regions, and that there appears to be a slight preponder-
ance of MHC class II restricted CD4+ T cells (helper and 
regulatory T cell subsets) over the CD8+ T cell subset in 
the interstitial tissue, typical of blood and most other tis-
sues.95,96,99 Conversely, the intraepithelial lymphocytes 
are predominantly CD8+ T cells, which is a common 
feature of mucosal epithelia.65,96,98,334 This distribution 
of T cell subsets is consistent with the observation that 
the interstitial tissue macrophages express MHC class II 
antigens, whereas macrophages within the epididymal 
epithelium mostly do not.96,99 As in the testis, devel-
opment of the epididymal macrophages is dependent 
upon CSF1.337 Studies have suggested that the basal 
cells, located adjacent to the basal lamina of the epididy-
mis, exhibit structural and antigenic properties typical 
of macrophages.94,338 The numbers of the basal cells 
expressing macrophage-specific markers in the mouse 
are increased by the presence of damaged sperm, and it 
has been speculated that these cells are actually a type of 
resident macrophages, which could play a role in regu-
lating immunity in the epididymis.338,339

Recently, dendritic cells have been identified, using 
specific reporter-labeled fluorescence imaging, as a 
major component of the epididymal epithelium in the 
mouse.102 These cells form a dense network in the basal 
region of the epithelium and extend their processes 
between the epithelial cells. They express characteris-
tic dendritic cell and antigen-presenting surface mark-
ers, including ITGAX, CX3CR1, MHC class II antigens 
and CD80/86, and possess effective antigen-presenting 
activity in vitro. These cells are completely distinct in 
morphology and functional properties from the conven-
tional intraepithelial macrophages or the basal cells.

Immune cells are found in all regions of the epididy-
mis, although there is a tendency toward larger numbers 
and activity of all leukocyte subsets within the peritubu-
lar zone and epithelium of the caput, compared with the 
cauda.96–99,338 The number of intraepithelial macrophage 
and CD8+ T cells increases preferentially in the more 
proximal regions of the epithelium during aging and 
increased spermatogenic disturbance in rats, as well.100 
Moreover, the intraepithelial dendritic cells appear to be 
particularly active within the proximal caput, such that 
their processes can extend all the way through the epi-
thelium; they presumably can sample antigens within 
the epididymal lumen and present them to CD4+ T cells 
in the epididymal stroma and local lymph nodes.102 The 
lymphatics of the epididymis have been studied in detail 
in the rat and mouse; they show a distinct regional dis-
tribution favoring the cauda, but otherwise appear to be 
unremarkable.340–342

The very different distribution of leukocytes in the 
epididymis compared with the testis indicates the exis-
tence of a different immunological environment, where 
separation between the antigenic sperm and the local 
immune cells is less robust, and more dynamic interac-
tions are possible. Obviously, separation of antigens and 
immune cells is not the principal mechanism protecting 
sperm from immunological attack in this organ. In fact, 
it has been speculated that the macrophages within the 
epididymal duct may even be responsible for phagocyto-
sis of senescent and excess sperm, although the evidence 
for this is equivocal.333,343–345 The immunophysiological 
functions of the macrophages and lymphocytes within 
the epididymis are only just being uncovered, and they 
represent a fertile area for future research.

Immune Cells in the Vas Deferens, Accessory 
Glands, and Urethra

The organization of the vas deferens is very different 
from that of the epididymis: it is not coiled but has an 
extensively convoluted epithelium and multiple lay-
ers of smooth muscle. Sperm are not stored in the vas, 
and the majority of sperm pass through the duct only 
transiently at the time of ejaculation, but this structure 
plays a special role in our understanding of autoimmu-
nity in the male tract because of the widespread use of 
vasectomy as a contraceptive method. Approximately 
70% of all vasectomized men develop sperm antibod-
ies; in many of these men, the antibodies are persistent, 
thereby frustrating later attempts to restore fertility.346,347 
Sperm antibodies are likewise associated with obstruc-
tive azoospermia and congenital absence of the vas 
(CAV) in men,348 and similar antibody responses occur 
in experimental animal models.332,349–352 These observa-
tions clearly indicate that obstruction or damage to the 
vas deferens is a potent inducer of sperm autoimmunity.

Although less prominent than in the epididymis, 
intraepithelial lymphocytes, principally CD8+ T cells, 
are found throughout the vas deferens, seminal vesicles, 
prostate, and urethra.64,66,353–357 Macrophages appear to 
be relatively rare in the epithelia, but they are found in 
the stroma of these tissues even under noninflammatory 
conditions, where they are dependent upon CSF1 for their 
development.337,353 Relatively little is known about the 
immunological properties of these cells, but a predomi-
nance of cytotoxic CD8+ T cells is a common characteris-
tic of all mucosal epithelia. While an immunoregulatory 
role of these lymphocytes in the reproductive epithelium 
remains to be determined, these cells are almost certainly 
involved in mediating cellular immunity at these sites.

It is self-evident that the leukocytes found in semen, 
even in men with no obvious infection or other inflam-
matory condition, must originate from the epithelium of 
the ducts and organs of the male reproductive tract.358 
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Logically, immune cells pass with relative ease across the 
epithelium in certain areas, thereby coming into physi-
cal contact with the sperm at the time of ejaculation. It 
is nonetheless curious that, while macrophages and 
lymphocytes are typically present, the leukocytes most 
commonly found in the semen are neutrophils, which 
are not a major leukocyte subset within either the stroma 
or epithelia of the male reproductive tract.358–364 Because 
vasectomy dramatically reduces leukocyte numbers in 
the ejaculate, the epididymis and proximal vas deferens 
appear to be a major source of these cells, at least under 
normal conditions, but the accessory glands (seminal 
vesicles and prostate) are also implicated as a source of 
the seminal neutrophils.364–366

IMMUNOLOGICAL AND INFLAMMATORY 
MEDIATORS IN THE TESTIS

Inflammation and activation of the immune response 
has immediate and mostly negative effects on male 
reproduction and fertility.20,21,367 It is widely assumed 
that this reproductive disruption is related to fever and 
the effects of raised body temperature on spermatogen-
esis in febrile patients, but there is actually very little 
experimental evidence to support this assumption. In 
fact, there is an enormous body of research to indicate 
that other inflammatory mechanisms can affect male 
reproductive function and are much more likely to dis-
rupt reproduction.

More than 25 years ago, it was reported that rat tes-
ticular extracts contained a protein with properties 
similar to IL1, which eventually turned out to be IL1, 
produced by Sertoli cells rather than by intratesticu-
lar leukocytes.368,369 Although generic molecules with 
inflammation-regulating activity, such as the prosta-
glandins, were already known to be produced by the 
reproductive tract, this discovery provided the first indi-
cation that an inflammatory molecule belonging to the 
immune system could be produced by a somatic cell of 
the male reproductive system. In subsequent years, it 
became increasingly obvious that many inflammatory 
and immunoregulatory cytokines could be produced by 
somatic and spermatogenic cells of the testis in response 
to an inflammatory stimulus, including IL1, IL6, TNF, 
and TGFβ family members and interferons. Moreover, 
once it became apparent that their production was con-
stitutive, in the absence of any evidence of cryptic inflam-
mation, or could be stimulated by physiological stimuli, 
such as hormones or cell–cell interactions, a role in nor-
mal reproductive physiology was anticipated. It is now 
very evident that inflammatory and immunoregulatory 
molecules produced by the testis are involved in regulat-
ing both immunological processes within the testis and 
many aspects of normal testicular function associated 

with fertility. The production and actions of the most 
prominent of these molecules are briefly outlined in this 
section of the review. Integration of their actions and the 
consequences for testicular immune responses and fertil-
ity are covered in later sections.

The Interleukin-1 Family and the TLRs

These molecules are related by the fact that the IL1 
receptor and the TLRs belong to a family of dimerizing 
receptors that contain the conserved cytoplasmic TIR 
domain.106,112 Both IL1 and TLR ligands act through similar 
signaling pathways to activate intracellular MAP kinases 
and the pro-inflammatory transcription factor, NFκB, and 
induce the expression of early pro-inflammatory genes, 
including IL1 (Figure 19.5).

Interleukin-1
The archetypical pro-inflammatory cytokine, IL1 

is represented by two related proteins (IL1α and IL1β) 
capable of binding to the same receptor to exert an almost 
identical range of effects.370 These proteins are produced 
by many cells types, but activated monocytes and macro-
phage are the major source of secreted IL1.370 Both IL1α 
and IL1β are single chain proteins, with only about 25% 
homology at the mature protein level. They are synthe-
sized as 31–33 kDa precursor proteins that are cleaved 
enzymatically to active 17-kDa forms (Figure 19.10). Both 
the precursor and mature forms of IL1α are biologically 
active, but the IL1β precursor is inactive. Consequently, 
production of active IL1β is a two-step process involving 
NFκB-induced transcription and translation of the IL1β 
precursor gene, followed by cleavage of the precursor to 
the mature cytokine by CASP1.117,118 This processing of 
IL1β is linked to its secretion into the extracellular space. 
Conversion of IL1α does not involve CASP1, but the 
precursor can be cleaved by calcium-dependent mem-
brane-associated cysteine proteases, or calpains, and 
extracellular proteases.371 In contrast to IL1β, the major-
ity of IL1α tends to remain within the cell or associated 
with the cell membrane, although it may be found in 
secretions as well.370 It is generally believed to act as an 
autocrine growth factor or as a mediator of direct cell-
to-cell communication, but the mechanisms involved 
are poorly defined. Both IL1α and IL1β differ from most 
cytokines in that they lack a signal sequence and their 
mechanisms of secretion remains to be elucidated.

Intratesticular Production of Interleukin-1
Intratesticular IL1α and IL1β have been observed 

in many species, including the human,372 but have 
been most extensively studied in the rat. Endogenous 
production of IL1α appears in the rat testis at around 
20 days of age, more or less coinciding with progres-
sion of the first wave of spermatogenesis.369,373–376 
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This appears to be almost entirely due to the Sertoli 
cells, which synthesize and secrete both the mature 
17-kDa IL1α molecule and a slightly larger 24-kDa  
testis-specific form of IL1α—the latter being the 

product of an altered mRNA transcript lacking the 
calpain cleavage site necessary for processing of the 
precursor (Figure 19.10).377–379 Adult rat seminiferous 
tubule extracts also contain an immunoreactive 45-kDa 
IL1α protein that has yet to be fully characterized, 
but may be another variant of the precursor mRNA 
with one or more introns retained. These testis-spe-
cific transcripts are biologically active, although less 
potent than mature 17-kDa IL1α.377,380 There is some 
evidence that rat spermatocytes and spermatids also 
express IL1α constitutively.381

Production of IL1α by the Sertoli is under control of 
the spermatogenic cells and shows a distinct cyclical 
variation that is related to the changes in spermatogenic 
cell associations as determined by the cycle of the semi-
niferous epithelium.373,382–384 It is strongly stimulated 
by phagocytosis of the residual cytoplasm cast off by 
the spermatids when they are released into the tubule 
lumen.375,376,385 Sertoli cell production and secretion of 
IL1α in vitro is induced by various inflammatory stim-
uli, including LPS and IL1 itself, but not by FSH.376,385–388 
Studies indicate that Sertoli cells from prepubertal rats 
produce, but do not secrete, IL1α, whereas Sertoli cells 
from adult rats are able to secrete biologically active 
IL1α.369,379,389 The mechanism underlying this matura-
tional change in ability of the Sertoli cell to secrete IL1α 
is unknown.

In contrast to IL1α, IL1β appears not to be produced 
in significant amounts in the rat testis under normal 
conditions, but is upregulated in a subset of testicular 
macrophages and the Leydig cells during inflamma-
tion.274,369,373 Curiously, the majority of this secreted 
testicular IL1β is present as the precursor protein.274 
Studies have shown that Leydig cells express the mRNA 
for both IL1α and IL1β in vitro in response to stimula-
tion by LPS or exogenous IL1,390–392 and whole testes 
and isolated macrophages collected from LPS-treated 
rats or mice express IL1β mRNA,393–395 and the immu-
noreactive protein.396 Thus, while IL1β expression in 
the normal testis is relatively low, it increases during 
inflammation, possibly due to production by intersti-
tial cells rather than by the Sertoli cells. The response 
of testicular IL1α to inflammation in vivo is less clear: 
although production by the Sertoli cell is upregulated 
by inflammatory stimuli in vitro, recent in vivo studies 
report either no response or reduction during systemic 
inflammation.396,397

Intratesticular Actions of Interleukin-1
Numerous studies have established that IL1, whether 

produced intratesticularly or external to the testis, is an 
effective regulator of Leydig cell steroidogenesis, sper-
matogonial and spermatocyte development, and vari-
ous Sertoli cell functions associated with supporting 
spermatogenesis.

FIGURE 19.10 Comparison of the regulation and production of 
interleukin-1 (IL1), IL6 and activin A in the monocyte/macrophage 
and Sertoli cell. (A) Activation of the TLR4 complex on the surface 
of the macrophage by bacterial lipopolysaccharide (LPS) upregulates 
expression of both IL1α and IL1β, which subsequently are processed to 
their mature bioactive 17-kDa forms by the action of calpain and cas-
pase-1, respectively. IL1α tends to remain associated with the cell, but 
IL1β is secreted upon cleavage and binds to the IL1 receptor (IL1R1) 
on the cell surface to stimulate production of other inflammatory cyto-
kines, such as IL6 and activin A. (B) The Sertoli responds to stimulation 
by LPS, spermatocytes and the residual cytoplasm of released sper-
matozoa by producing IL1α, preferentially. Two alternate transcripts 
of IL1α are produced by the Sertoli cell, including a transcript lacking 
the calpain cleavage site domain, which encodes a 24-kDa form of IL1α 
with reduced bioactivity. Both forms appear to be secreted by the adult 
Sertoli cell and both are able to signal via the IL1 receptor to stimulate 
the production of IL6 and activin A.
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The actions of IL1 are mediated by the IL1 type I 
receptor (IL1R1), which belongs to the immunoglobulin 
superfamily of receptors, but also bears an intracellular 
TIR domain (Figure 19.5).106,112 Following ligand bind-
ing, a second TIR domain-containing subunit, called 
the IL1R acceptor protein (IL1RAP), is recruited to 
form a complex that binds the MYD88 adaptor protein 
and activates IRAK, leading to NFκB nuclear transloca-
tion and MAP kinase activation. Moreover, IL1 is able 
to activate other signaling pathways through induc-
tion of phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PIK3)/Akt protein kinase (AKT) and tyrosine-protein 
kinase Src (SRC), hydrolysis of GTP, phosphatidylcho-
line, phosphatidylserine or phosphatidylethanolamine, 
release of ceramide by neutral sphingomyelinase, 
and release of arachidonic acid by phospholipase A2 
(PLA2).370,398 There is an IL1 type II receptor (IL1R2), 
which lacks a TIR domain and can act as a decoy or 
inhibitory receptor.399

In cultures of Leydig cells from immature rats (10–
20 days of age), IL1β caused a dose-dependent increase 
in DNA synthesis, and IL1α was much less potent than 
IL1β.400 The effect of IL1β was not observed in Leydig 
cells isolated from older animals, suggesting that mac-
rophage-derived IL1β could play a role in Leydig cell 
proliferation during prepubertal development.400 The 
possible involvement of prostaglandins in this develop-
mental regulation is indicated by the observations that 
IL1β stimulates the expression of PTGS2, both IL1 iso-
forms and IL6 in rat progenitor Leydig cells, and that 
prostaglandins act as intermediates in this stimulatory 
pathway.401

A review of the literature dealing with the direct 
effects of IL1 on testosterone production by mature 
Leydig cells in vitro reveals reports of stimulation, inhi-
bition or even of no effect.395,402–406 Presumably, these 
apparent discrepancies arise from differences in the 
experimental conditions or methodologies employed. 
On balance, studies suggest that IL1 is either stimula-
tory or has no effect on basal testosterone production by 
adult Leydig cells,406–408 and there is general agreement 
that IL1 inhibits LH/hCG and/or cAMP stimulated 
testosterone production.395,402,403,406,407,409 In the mouse, 
the major site of inhibition is at the level of CYP17A 
expression (Figure 19.3).403,410 In the rat, IL1 appears 
to regulate Leydig cell steroidogenesis at the level of 
CYP11A, while STAR gene expression and protein syn-
thesis are unaffected.404,411 The effects of testicular IL1α 
on Leydig cell steroidogenesis may be dependent on 
both the variant of IL1α involved and on the stage of 
development of the Leydig cell. The 32-kDa IL1α pre-
cursor and the 17-kDa mature IL1α are both inhibitory 
to gonadotropin-stimulated or cAMP-stimulated ste-
roidogenesis in mature Leydig cells, whereas the testis-
specific 24-kDa IL1α splice variant has no effect.380 In 

contrast, all three forms of IL1α stimulated testosterone 
production by immature rat Leydig cells. When IL1β 
was injected into the immature rat testis, Leydig cell 
steroidogenesis and serum testosterone levels were 
stimulated within 24 h, although Leydig cell activity 
had declined several days later.412 No similar effect was 
observed in the adult testis. The signaling mechanisms 
mediating IL1 effects on the Leydig cells involve PTGS2 
enzyme expression and PGE2 acting as an intermedi-
ate.402,413 Studies using Leydig cells from immature rats 
have also implicated the MAP kinases, MAPK14 and 
MAPK3/MAPK1, in the regulation of STAR and cho-
lesterol mobilization.380,414

The IL1 receptor (IL1R1), along with the decoy recep-
tor (IL1R2), has been localized to most testicular cell 
types in rat, mouse and/or human testis, including the 
spermatogenic cells and Sertoli cells.415 It has been shown 
that IL1α is able to stimulate mitotic DNA synthesis in 
intermediate and B type spermatogonia and meiotic 
DNA synthesis in preleptotene spermatocytes.382–384,416 
In vitro, IL1 stimulates proliferation of prepubertal Ser-
toli cells417 and regulates a number of activities of more 
mature Sertoli cell that support or control spermato-
genesis, including aromatase activity,418 production 
of glucose transporters, lactate and transferrin,419–421 
and production of IL1α, IL6 and the IL1 receptor.375,385 
IL1 also regulates production by the Sertoli cell of the 
inhibin B heterodimer and the homologous β-subunit 
homodimer, activin A, in an inverse relationship with 
FSH.389,422 Considered more broadly, IL1 opposes the 
mostly stimulatory effects of FSH on Sertoli cell activity. 
Moreover, IL1 regulates the ability of the Sertoli cell to 
maintain contact with other Sertoli cells and developing 
spermatogenic cells, by altering the Sertoli cell cytoskel-
eton, and stimulates opening of the occluding junctions 
that make up the blood–testis barrier.423 Regulation of 
Sertoli cell function by exogenous IL1 has been found 
to involve multiple pathway intermediates, including 
MAPK14, MAPK8 and MAPK3/MAPK1, PIK3/AKT, 
PTGS2/PGE2 and NOS2/NO, although the more pre-
dictable participation of MYD88 and NFκB still awaits 
investigation.417,424–427

Interleukin-18 and Other Interleukin-1 Family 
Cytokines

The IL1 family comprises several structurally related 
proteins, which appear to have arisen by gene dupli-
cation.428 The most closely-related to IL1α and IL1β is 
IL18, which is normally processed to its mature form 
by the inflammasome and the action of CASP1, like 
IL1β, but acts via a distinct IL18 receptor.429 Both IL18 
and its receptor have been found in the seminiferous 
epithelium of the rat, with IL18 mRNA and protein 
localized to spermatocytes and round spermatids.430 
Murine Leydig cells produce IL18, CASP1, and the IL18 
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receptor in response to stimulation by LPS,431 and IL18 
has been detected by immunohistochemistry in human 
testis, where its expression is reduced in impaired 
spermatogenesis.432 Recombinant IL18 stimulates sper-
matogonial DNA synthesis in cultures of rat seminifer-
ous tubules, without influencing germ cell apoptosis.430 
As is the case for IL1β, the majority of IL18 produced 
within the rat testis is in the precursor form,430 indicat-
ing that the processing of these cytokines by the inflam-
masome/CASP1 in the testis is an area that merits more 
investigation.

The IL1 receptor antagonist (IL1RN) binds to the IL1 
receptors but lacks the ability to transduce a signal, and 
so acts as a competitive antagonist of IL1 action.433 It 
has been shown to be produced by mouse Sertoli cells, 
and its production is stimulated by FSH, LPS and IL1.434 
Male mice lacking IL1RN have higher intratesticular lev-
els of IL1α and IL1β, along with reduced fertility and lit-
ter sizes and increased morphological abnormalities and 
premature activation of their sperm, although sperm 
number and motility is not affected.435

The TLRs
Studies have revealed that TLRs are widely expressed 

in the male reproductive tract (Table 19.4).24,101 The other 
pattern-recognition receptor families have yet to receive 
much attention in this context, but several NLR and 

RLR family members have already been identified in the 
testis.436,445,446

Studies in the rat and mouse have established that Ser-
toli cells express TLR1-6 at significant levels, with rela-
tively low expression of TLR7 and 13 in the mouse and of 
TLR 10 and 11 in the rat.388,436–440 Quantitative examina-
tion of the TLR4 complex in rat Sertoli cells confirmed that 
the level of expression of TLR4 and its co-receptor, MD2, 
was similar in the Sertoli cell and testicular macrophage, 
but that Sertoli cells displayed low basal or LPS-induced 
expression of the TLR4 accessory protein, CD14.388 Cyto-
kine production responses to TLR1-6 ligands have been 
confirmed in both rat and mouse cells. The Sertoli cells 
produce appropriate cytokines, such as IL1α, IL6, and 
CCL2, in response to TLR4 activation by LPS,379,388,436,437 
and type 1 interferons in response to TLR3 or TLR4 activa-
tion438–440; however, the precise roles of specific signaling 
pathways in these responses requires further clarification, 
particularly with respect to the importance of the adaptor 
protein MYD88 and the transcription factor NFκB.436–440

The majority of studies on the effects of TLR ligands on 
Sertoli cells have employed LPS, which induces inflam-
matory gene responses in the Sertoli cells that are simi-
lar to those observed in macrophages.24 However, LPS 
obtained from different bacterial strains can have quite 
different chemical composition and is frequently contam-
inated by other TLR ligands (e.g. bacterial lipoproteins 

TABLE 19.4 Toll-like Receptor Expression in the Epithelium of the Male Reproductive Tracta

Receptor Principal Ligands Principal Pathogens Cellular Location Sertoli Cells Epididymis Vas Deferens

TLR1 Triacyl lipopeptides Bacteria, mycobacteria Cell surface +++ ++ +++

TLR2 Lipoproteins, 
peptidoglycans

Bacteria, mycobacteria, 
viruses

Cell surface ++++ ++ +

TLR3 dsRNA Viruses Endosomes ++++ +++ ++

TLR4 Lipopolysaccharides Bacteria, viruses Cell surface ++++ ++ +

TLR5 Flagellin Bacteria Cell surface +++ +++ +++

TLR6 Diacyl lipopeptides, 
zymosan

Bacteria, fungi Cell surface +++ +++ +

TLR7 ssRNA Viruses Endosomes +/− + +

TLR8b ssRNA Viruses Endosomes − +/− −

TLR9 CpG DNA Bacteria, viruses, protists Endosomes − ++ ++

TLR10c Unknown Bacteria Cell surface + + −

TLR11d Profilin Bacteria Endosomes + +++ +++

TLR12d Profilin Bacteria Endosomes − ND ND

TLR13d Ribosomal RNA Bacteria Endosomes + ND ND

ND, insufficient data available.
aConsolidated data from published studies in the rat and mouse.388,436–444

bTLR not functional in rodents.
cTLR not expressed in mouse.
dTLR not expressed in human.
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and peptidoglycans).447 This means that many studies 
in the literature using LPS actually describe responses 
involving multiple TLRs (usually TLR2 and TLR4). When 
highly purified LPS was used, rat Sertoli cells were more 
than 10-fold less sensitive to LPS than testicular macro-
phages, but they expressed similar levels of IL1α and IL6 
and much greater levels of activin A when maximally 
stimulated.388 These Sertoli cells also responded to the 
synthetic lipopeptide Pam3Cys (a specific TLR2 ligand) 
with a more prolonged pattern of gene expression. The 
need for relatively high doses of LPS to stimulate the 
Sertoli cell is probably related to the relatively low level 
of expression of the accessory protein, CD14, which 
serves to amplify the response to LPS in macrophages.110 
These data indicate that Sertoli cells respond to bacterial 
ligands acting through both TLR2 and TLR4, although 
they are less sensitive to these ligands in comparison 
with local macrophages and display a Sertoli cell- specific 
pattern of gene expression in response.

There have been few studies on the effects of TLR 
ligands on noninflammatory responses in the Sertoli cell: 
exposure of Sertoli cells to LPS in vitro directly inhibited 
lactate production and plasminogen activator activity, 
which are important functions for supporting spermato-
genic cell development.448 In other studies, LPS induced 
oxidative stress in Sertoli cells by increasing ROS pro-
duction and reducing antioxidant activity,449 while acti-
vation of TLR3, a receptor for viral double-stranded 
RNA, stimulated scavenger receptor expression and 
phagocytosis of apoptotic spermatogenic cells by Sertoli 
cells in culture.439

In rat and/or mouse studies, mRNA for TLR2, 3, 4, 7, 9, 
10, and 12, along with low levels of MD2 and CD14, have 
been observed in Leydig cells; TLR2, 3, 4, 6, and 11 have 
been observed in peritubular cells; and TLR2, 3, and 4 
have been observed in spermatogenic cells (Hedger MP 
and Winnall WR, unpublished data).388,436,450,451 These 
cells also respond to TLR ligands in vitro. Leydig cells 
produce pro-inflammatory cytokines and type 1 inter-
ferons, but they reduce their sterodogenic activity when 
stimulated with LPS or a TLR3 agonist.390,392,450 Peritu-
bular cells respond to LPS by producing the macrophage 
chemoattractant, CCL2.303 Most remarkably, activation 
of TLR3 has been reported to induce the inflammatory 
transcription factors, NFκB and IRF3, and a range of 
genes involved in inflammation and antiviral responses 
in mouse spermatogonia and spermatocytes.451

In the immune system, the TLRs and IL1 are funda-
mental regulators of NFκB activity. The regulation and 
functional role of this pro-inflammatory transcription 
factor in normal spermatogenesis is not fully under-
stood at this time, but existing data suggest that there is 
an interaction between endogenously-expressed inflam-
matory molecules and NFκB in controlling seminiferous 
epithelial function. NFκB is constitutively present and 

active in the nucleus of cultured rat Sertoli cells and dis-
plays a cyclical localization within the nuclei of the Ser-
toli cells and spermatogenic cells throughout the cycle 
of the seminiferous epithelium.452 Induced expression 
of NFκB stimulates androgen receptor expression, and 
therefore androgen responsiveness, in rat Sertoli cells,453 
but activation of NFκB in Sertoli and/or spermatogenic 
cells has also been implicated as an apoptosis-inducing 
signal in damage models, involving exposure to toxins, 
ischemia-reperfusion injury, and cryptorchidism.454–457

The TNF Family

Tumor Necrosis Factor
Members of the TNF family of cytokines are com-

monly membrane-bound homotrimers that can be 
released as soluble ligands by proteolytic cleavage. The 
canonical member of this family, TNF is a 17-kDa gly-
cosylated polypeptide that is secreted principally by 
activated monocytes and macrophages, and binds to 
receptors that are present on most cells in the body.458 
This cytokine plays a central role in the initiation of the 
inflammatory response, and can exert pro-inflammatory 
or cytotoxic effects depending upon the receptor sub-
type engaged and the expression of specific adaptor pro-
teins within the target cells (Figure 19.5). There are two 
families of TNF receptors (TNFR).459,460 The TNFR type 
1 family of receptors induce cell death through a motif 
in their cytoplasmic regions called the death domain  
(DD), and includes TNFR1, FAS and the death receptors 
(DR)3-6. When TNF binds to TNFR1, there is recruit-
ment to the DD of the intracellular adaptor proteins 
TRADD (TNFR-associated death domain) and FADD 
(Fas-associated death domain), leading to activation of 
the cell death caspase pathway. However, the binding 
of TRADD can also lead to recruitment of the cellular  
inhibitor of apoptosis (baculoviral IAP repeat containing; 
BIRC) protein or receptor interacting serine–threonine 
kinase (RIPK), enabling the binding of TRAF2. This com-
plex mediates activation of the NFκB pathway and the 
MAP kinases, MAPK14 and MAPK8. The TNFR type 2  
receptors, which include TNFR2, TNFR superfamily mem-
ber 8 (TNFRSF8, CD30) and 5 (TNFRSF5, CD40), and  
the lymphotoxin receptor, do not contain a DD in their 
intracellular domains, and instead associate with TRAFs 
leading to the activation of cell signaling events.

Intratesticular Production and Actions of TNF
In common with IL1, TNF regulates Leydig cell ste-

roidogenesis and the spermatogenesis-supporting func-
tions of the Sertoli cell, but TNF appears to act as a 
regulator of spermatogenic cell survival, rather than of 
proliferation or development. In situ hybridization stud-
ies in mice first identified the presence of TNF mRNA 
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in round spermatids, pachytene spermatocytes, and tes-
ticular interstitial macrophages.461 Bioactive TNF was 
produced by the round spermatids in vitro and mRNA 
for the corresponding receptor was located on Sertoli 
and Leydig cells. Similarly, in the seminiferous epithe-
lium of the rat, TNF has been localized to the spermato-
genic cell compartment, and TNF receptors primarily 
localized to the Sertoli cells.462 Treatment of isolated rat 
or mouse testicular macrophages with LPS also induces 
TNF secretion.463,464

The majority of studies performed using a variety of 
systems, including intact animal studies,465,466 isolated 
primary cultures of Leydig cells,410,467–469 and MA-10 
tumor Leydig cells transfected with CYP17A-reporter 
constructs,470 report inhibitory effects of TNF on Ley-
dig cell steroidogenesis. Inhibition of LH/hCG bind-
ing, STAR expression, and cholesterol mobilization has 
been observed,466,471 but these studies also indicate that 
inhibition by TNF occurs downstream of cAMP produc-
tion at the level of steroidogenic gene expression (Figure 
19.3). In cultured mouse Leydig cells, TNF had no effect 
on basal expression of CYP11A, but it suppressed basal 
expression of HSD3β and the expression of CYP11A, 
CYP17A, and HSD3β induced by analogs of cAMP.410,468 
The inhibitory effect of TNF on CYP17A gene expression 
was found to be mediated through protein kinase C, 
possibly by activation of MAPK8, MAPK3/MAPK1, and 
the transcription factors, NFκB and AP-1.467,470,472 Sev-
eral other studies have implicated the sphingomyelin/
ceramide-dependent pathway in TNF-mediated inhibi-
tion of Leydig cell testosterone secretion.466,469 Although 
the levels of testosterone and the mRNA levels of  
steroidogenesis-related genes were significantly lower 
after puberty in TNF knockout mouse testes than in 
wild-type testes, this may be attributed to increased lev-
els of anti-Müllerian hormone in these animals.473

Within the seminiferous epithelium, TNF appears to 
play a complex role in the regulation of Sertoli cell and 
peritubular cell function, which is probably attributable 
to the ability of TNF to stimulate both cell-killing and 
cell signaling pathways. Many of the effects of TNF have 
been shown to involve the activation of NFκB and MAP 
kinases in the Sertoli cell.453,474–478 Similar to IL1, TNF 
stimulates basal lactate production by cultured Sertoli 
cells, but generally antagonizes the actions of FSH on 
Sertoli cell function, including the stimulation of lactate 
production, aromatase activity and inhibin.479–481 Nev-
ertheless, TNF receptor subunit protein expression has 
been shown to be stimulated by FSH in porcine Sertoli 
cells.482 TNF stimulates the expression of inflamma-
tory cytokines, chemokines, and leukocyte adhesion 
molecules expression in both Sertoli cells and peritu-
bular cells.303,387,477,478 Furthermore, TNF stimulates 
plasminogen activator inhibitor expression in rat tes-
ticular peritubular cells, indicating that it plays a key 

role in controlling testicular protease activity.483 In Ser-
toli cell monolayer cultures, TNF disrupts inter-Sertoli 
cell tight-junction assembly by inhibiting production of 
the junction protein, occludin, and by regulating matrix 
metalloprotease and protease inhibitor activity.484 Del-
fino and colleagues have shown that TNF stimulates 
androgen receptor expression in Sertoli cells via upregu-
lation of NFκB, which binds to several enhancer motifs 
in the androgen receptor promoter.453

Single nucleotide polymorphisms in the TNF gene 
cluster producing elevated TNF levels have been shown 
to be associated with reduced sperm count and sperm 
motility in infertile men,485 but the outcomes for sper-
matogenesis of TNF action are not always so clear-cut. 
Paradoxically, TNF reduces spontaneous spermatogenic 
cell degeneration in cultured human and rat seminif-
erous tubules, apparently by regulating FASL and/
or NFκB levels in the Sertoli cell, indicative of a germ 
cell survival role for TNF mediated through the Ser-
toli cell.475,476 At first glance, this would appear to run 
counter to the observation that activation of NFκB in 
the Sertoli cell or germ cells induces spermatogenic 
cell apoptosis in various damage models,454–457 and the 
studies that have identified a role for germ cell-secreted 
TNF in the disruption of spermatogenesis in response 
to cytotoxic injury of the Sertoli cell.486 However, NFκB 
is also able to regulate and interact with pro-survival 
genes, such as the inhibitor of apoptosis (IAP) and BCL2 
families.459,487 The interactions between TNF, NFκB and 
different apoptotic regulators produces complicated out-
comes for spermatogenic cell survival in different situ-
ations, and the responsible mechanisms invite further 
investigation.

FAS and FAS Ligand
The death receptor FAS and its ligand (FASL) most 

commonly act as membrane-bound trimeric ligand–
receptor pairs mediating cell–cell interactions, and 
FAS–FASL binding on activated T cells is essential for 
moderating the immune response.180 Typically, the DD 
in the cytoplasmic region of FAS recruits the FADD adaptor 
protein and induces T cell death via caspase- dependent 
apoptosis.488 In the testis, FAS and FASL have been 
implicated in regulating spermatogenic cell apoptosis 
during testicular damage and, more controversially, in 
maintaining immune privilege.489,490 Studies intended to 
localize FASL in the testis under normal conditions have 
produced conflicting results, which may be attributed 
to differences in detection methods, limitations of the 
reagents employed, and the fact that these molecules are 
readily inducible.491,492 Thus, FASL has been described 
as being present in rat, mouse, porcine, and human 
Sertoli cells, and absent in most germ cells,489,490,493,494  
but others have reported that FASL expression in the 
rat seminiferous epithelium is confined to the germ 
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cells.492,495 FAS has been identified on isolated mouse 
Sertoli cells,496 but in intact testes it has been localized 
to spermatogonia and spermatocytes from the pubertal 
period onwards.490,495,497

Nonetheless, FAS expression is clearly associated 
with spermatogenic cells that are undergoing apopto-
sis.475,486,490,497 Furthermore, FAS can be induced in the 
Sertoli cell by the action of TNF and IFNγ.474,496 Expres-
sion of both FAS and FASL is upregulated in various 
models of seminiferous epithelium damage, indicating 
that this mechanism is important in regulating germ 
cell apoptosis in cases of physical and toxicological 
insult.490,498 Induction of FAS and FASL is also impli-
cated in the testicular response to inflammation.499

Interleukin-6

In contrast to either IL1 or TNF, IL6 is a cytokine 
with both pro-inflammatory and anti-inflammatory 
actions (Figure 19.7); for example, IL6 stimulates B cell 
growth and differentiation and promotes neutrophil 
activity and survival, but inhibits the effects of IL1 and  
TNF, and induces IL1RN and IL10 expression.125,500 In 
the late inflammatory phase, it stimulates the acute-
phase response and promotes fibrosis. Outside the 
immune system, IL6 plays crucial roles in hematopoi-
esis, liver and neuronal function, energy metabolism, 
and cancer. Cytokines of the IL6 type, which include leu-
kemia inhibitory factor (LIF) and IL11, exert their action 
via binding to specific receptors that can form complexes 
with a common, ubiquitously-expressed membrane sig-
nal transducer, glycoprotein 130 (interleukin-6 signal 
transducer; IL6ST).501 In lymphocytes and hepatocytes, 
IL6 binds to its specific membrane-bound receptor 
(IL6R; CD126), which has no intrinsic kinase activity and 
dimerization with IL6ST leads to activation of the Janus 
kinase (JAK)/signal transducer and activator of tran-
scription (STAT) and MAP kinase signaling pathways 
(classic IL6 signaling). However, all cells that express 
IL6ST are able to respond to IL6 bound to soluble IL6R, 
which may be produced from an alternatively-spliced 
mRNA transcript or released by proteolytic cleavage of 
membrane-bound IL6R, a process called trans-signaling.

In vitro, IL6 is constitutively produced by Sertoli cells 
and Leydig cells.375,386,390,502–504 Production of IL6 in rat 
or mouse Sertoli cells is stimulated by a range of agents, 
including FSH, testosterone, IL1, TNF, and LPS, and is 
inhibited by INFG.387,496 Phagocytosis of residual cyto-
plasm shed by late spermatids at the time of spermiation 
triggers Sertoli cell IL1α production, which stimulates IL6 
secretion in an autocrine manner, by activating leukot-
riene production via the lipoxygenase pathway (Figure 
19.10).375,387 Leydig cells are strong producers of IL6 after 
stimulation by LH, LPS, or IL1 in vitro, and may be the 
major source of this cytokine in the testis.390,503,504 Human 

peritubular cells express IL6 mRNA, but possibly not the 
protein, when stimulated by TNF,478 and isolated sper-
matogenic cells from adult mice express IL6 mRNA and 
protein when stimulated with a TLR3 ligand, poly(I:C).451

Although not as intensively studied in the testis as 
either IL1 or TNF, it appears that IL6 regulates the function 
of somatic, spermatogenic, and immune cells. Both IL6R 
and IL6ST mRNA are expressed in rat Sertoli cells and are 
stimulated by IL1 and by IL6, but only the IL6R subunit 
is stimulated by FSH.505 In the Sertoli cell, IL6 increases 
basal and FSH-induced transferrin and cyclic GMP secre-
tion,506,507 but reduces κ opioid receptor mRNA levels.508 
IL6 has been shown to act as an inhibitor of meiotic DNA 
synthesis in preleptotene spermatocytes.509 An effect of IL6 
on testicular steroidogenesis at the level of both the Leydig 
cell and the hypothalamic-pituitary levels is indicated by 
the observation that subcutaneous IL6 administration in 
men produced prolonged suppression of serum testoster-
one levels, without apparent changes in gonadotropins.510

The Transforming Growth Factor-β Family

Cytokines of the TGFβ family, similar to IL6, pos-
sess both pro-inflammatory/pro-fibrotic and anti-
inflammatory/immunosuppressive properties (Figure 
19.7), but also regulate growth and differentiation at a 
fundamental level throughout the entire body. They 
are mostly homo- or heterodimers that act by binding 
two transmembrane receptor kinases, denoted as type 
I and type II, and assembling them into an active het-
erotetramer.511,512 This triggers a transphosphoryla-
tion cascade that begins with the activation of the type 
I subunit kinase by the type II subunit kinase, and is 
propagated by the canonical SMAD (small for body 
size/mothers against decapentaplegic homolog) pro-
tein signaling pathway, which in the case of TGFβ and 
activin involves SMADs 2, 3 and 4, and to non-SMAD-
mediated signaling pathways.511,513 These receptors 
are expressed in most cells and tissues.

Transforming Growth Factor-β
The three forms of TGFβ (TGFβ1, TGFβ2, and TGFβ3) 

found in mammals are disulfide-linked dimers of approx-
imately 25 kDa in mass, derived from three structurally-
similar subunits possessing intrastrand disulfide bonds 
that form a cysteine knot folding motif (Figure 19.11).514 
Heterodimers of the subunits can also occur but are less 
abundant. All three forms are differentially expressed by 
Sertoli cells, peritubular cells, and Leydig cells, particu-
larly in the fetal and immature testis, although production 
appears to decline considerably during the establishment 
of complete spermatogenesis.515,516 In the postpubertal tes-
tis, they also have been localized to the spermatogenic cells 
in a development-specific pattern of expression.225,517,518
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The receptors for TGFβ are found in both somatic 
and spermatogenic cells.225,517,519 In the fetal and imma-
ture testis, TGFβ has been implicated in controlling the 
development and apoptosis of gonocytes and spermato-
gonia, seminiferous tubule formation and Leydig cell 
differentiation, and Sertoli cell-peritubular cell interac-
tions.516,520–522 In the adult testis, TGFβ stimulates apop-
tosis and inhibits meiosis during spermatogenesis,523–525 
and inhibits Leydig cell steroidogenesis at the level of 
LH receptor number and signaling, as well as distal 
to cAMP production at the level of CYP17A expres-
sion.526,527 Crucially, TGFβ2 and TGFβ3 regulate Sertoli 
cell tight junction dynamics, via the MAPK14 pathway, 
indicating a role for TGFβ-mediated signaling path-
ways in regulating the permeability of the blood–testis 
barrier.528 Finally, TGFβ is a potent regulator of inflam-
mation and the activity of immune cells, particularly of 
Th17 and Treg cells,529,530 suggesting a role in controlling 
intratesticular immune responses.

Activin
The activins display a high degree of sequence and 

structural homology with TGFβ, operate through a simi-
lar receptor system, and signal via common pathways; 
nonetheless, they have their own characteristic range 
of biological actions.531 There are four forms of activin 
subunits in mammals (βA, βB, βC and βE), but only the 
first three appear to be particularly relevant to the male 
reproductive tract.224 Activins A and B are dimers of the 
β-subunits of inhibin A and B, which are themselves het-
erodimers of one of two β-subunits (βA and βB) with a com-
mon α-subunit (Figure 19.11).532 Consequently, activin A 

(βAβA), activin B (βBβB), or activin AB (βAβB) forms exist, 
although most studies to date have concentrated on the 
activin A homodimer. Activin A is commonly believed 
to be the most biologically active form.533 Whereas the 
chief physiological role of inhibin is to inhibit FSH at the 
anterior pituitary level, activin A and B stimulate FSH 
production.534 Although both inhibin and the activins 
circulate in the blood, production of inhibin is almost 
exclusively confined to the Sertoli cell,535,536 while the 
activins are produced in many different cell types and 
tissues, including the anterior pituitary, where they act 
as local regulators of FSH .535,537–539

Activins bind to one of two specific type II activin 
receptors (ACVR2A or ACVR2B), which are able to 
dimerize with a type I activin receptor serine/threo-
nine kinase (activin receptor-like kinase, ALK).512,540 
As is the case for TGFβ, postreceptor signaling occurs 
via SMAD2/3/4, and several alternative signaling 
pathways, including inflammatory pathways involv-
ing MAPK14, MAPK8, and MAPK3/MAPK1.512,513,541 
Inhibin acts as a competitive inhibitor of activin because 
it can bind to the type II activin receptors but cannot 
bring about receptor subunit multimerization: this inter-
action of inhibin with the activin receptor is facilitated 
by a specific co-receptor protein called TGFβ receptor 
type III (TGFBR3), or betaglycan.542 Activin C is a dimer 
of the structurally-related βC-subunit, which does not 
appear to dimerize with the inhibin α-subunit and is 
unable to facilitate activin receptor signaling.543,544 It is 
most highly expressed in the liver but is present in the 
testis.545 Homodimers and heterodimers comprising the 
βB- and βC-subunits appear to act as weak competitive 

FIGURE 19.11 The transforming growth factor-β (TGFβ) and activin/inhibin family of cytokines. These cytokines are dimers of disulfide-
linked subunits with considerable sequence and structural homology, and have diverse actions within the reproductive and immune systems. 
Three distinct subunits lead to production of homodimers (or less frequently heterodimers) of TGFβ1, 2, or 3. Dimerization of two homologous 
β-subunits lead to either activin A, activin B, or less commonly activin AB (not shown). Dimerization of the activin subunits with the closely 
related α-subunit produces the inhibins, which are produced almost exclusively by the Sertoli cells. Activins derived from the βC-subunit (not 
shown), appear to play regulatory roles through formation of nonactivating homodimers and heterodimers.
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agonists or antagonists of activin A.533,544,546,547 More-
over, activin bioactivity can be effectively neutralized in 
the circulation and in tissues by an endogenous, high-
affinity activin binding protein, follistatin.548

In the hematopoietic and immune systems, activin A 
is produced by activated monocytes, macrophages and 
dendritic cells, Th2 cells, bone marrow stromal cells, 
mast cells and neutrophils, and is stimulated by IL1, 
TLR ligands, and TNF, acting through MYD88/TRAF 
signaling, MAPK14 and MAPK8.531 The βA-subunit gene 
promoter comprises one or more AP-1 binding sites, but 
there do not appear to be any typical consensus NFκB 
sites within the proximal promoter.549,550 Expression is 
stimulated in a synergistic manner by the Th2 cell tran-
scription factor c-MAF and NFAT, a transcription factor 
that is expressed in immune cells.551 Transcription of the 
βA-subunit in response to cAMP probably involves the 
cAMP-responsive transcription factor, AP-2.552 The pres-
ence of multiple phorbol ester-responsive elements (AP-1 
and AP-2) in the promoter, and the stimulation of activin 
A production by phorbol esters in several cell types, also 
implicate protein kinase C in its regulation.550,552 Mul-
tiple AP-1 and AP-2 sites have been identified in the pro-
moter of the βB-subunit, suggesting that activin B may 
be, at least in part, regulated in a similar manner to that 
of activin A.552,553 In the murine liver, expression of the 
βB-subunit is stimulated by systemic administration of 
LPS, implicating TLR signaling in its regulation.554

A large body of evidence suggests that activin A 
acts to promote inflammation and activation of macro-
phages and dendritic cells during the initial phase of the 
immune response, but suppresses immune responses 
once inflammation is established and activin A con-
centrations increase.531 In cells of the monocyte/mac-
rophage lineage that had not been activated, activin A 
induced nuclear translocation of NFκB, and production 
of pro-inflammatory mediators, such as IL1β, TNF, IL6, 
NO, and prostanoids.555,556 However, in activated mono-
cyte/macrophages, activin A inhibited processing of the 
IL1β precursor and production of TLR4, CD14, and pro-
inflammatory mediators and increased production of 
IL1RN.557,558 Similarly, activin A stimulated the recruit-
ment and development of monocyte-derived dendritic 
cells,559,560 but inhibited the ability of dendritic cells to 
mature and stimulate T cell activation.561,562 Inhibitory 
effects of activin A on the antigen-presenting activity of 
macrophages have been observed as well,563 and activin 
A stimulates the development of antigen-specific Treg 
cells.564 Furthermore, activin A inhibits many of the 
actions regulated by IL1, IL6, and IFNγ, including T-cell 
and B-cell proliferation, monocyte phagocytosis, and 
production of acute-phase proteins.557,565–567 Together 
with the fact that activin A is produced by Th2 cells and 
has been implicated in promoting various Th2- regulated 
immune responses, such as asthma and atopy,568 mast 

cell recruitment, maturation, and activity,569 and B 
cell immunoglobulin production,555,570 these observa-
tions suggest that activin A may be a crucial Th2 cyto-
kine. Likewise, the effects of activin A on macrophage 
inflammatory responses indicate an ability to switch 
pro-inflammatory M1 macrophages to an alternatively-
activated, anti-inflammatory M2 phenotype. Finally, 
activin A has been shown to be both a fundamental 
regulator and an important intermediary in the process 
leading from inflammation to fibrosis, which is also 
associated with the M2 macrophage phenotype.279,571

In the adult testis, βA-subunit mRNA or activin A 
protein is found in the Sertoli cells, Leydig cells, peritu-
bular cells, resident macrophages, mast cells, and most 
spermatogenic cells, except spermatogonia.224,572,573 In 
the adult rat, intratesticular fluid levels of activin A are 
5–10 times higher than normal circulating concentra-
tions.274 In cultured Sertoli cells, activin A is stimulated 
by IL1 and TLR ligands (Figure 19.10), and inhibited by 
FSH and the cAMP/protein kinase A signaling path-
way.379,388,389,422,481,573 Immediately following spermia-
tion, there is a spike in activin A production by the Sertoli 
cells, possibly driven by the surge of ILα produced by 
the Sertoli cell at this time.572,573 Testicular macrophages, 
Leydig cells, and Sertoli cells respond to LPS by increas-
ing βA-subunit expression in vitro, although the Sertoli 
cells display a much more robust response and higher 
basal levels of production.224,388 However, the actual 
role of activin A in testicular inflammation remains to 
be determined because the high intratesticular levels of 
activin A in the adult rat were not acutely affected by LPS 
treatment in vivo.274 Significant production of activin B 
in the testis has yet to be confirmed: the βB-subunit is 
produced by the Sertoli cell, but it is not clear whether 
any of this goes to form activin B homodimers, as inhibin 
B heterodimers are by far the major form of inhibin in 
the testes of most species, including the human.422,574 
The activin βC-subunit has been immunolocalized to 
Sertoli cells, peritubular cells and Leydig cells, as well as 
spermatogonia, primary spermatocytes, and elongating 
spermatids.545,575

Activin receptors are expressed by most, if not all, of 
the somatic and spermatogenic cells of the testis.572,576,577 
Activin, together with TGFβ, exerts complex regulation of 
spermatogenic cell, Sertoli cell and Leydig cell develop-
ment and function, and disorders of activin/TGFβ sig-
naling are implicated in the onset of testicular cancer.578 
Depending upon the culture system employed, activin 
A exerts both stimulatory and inhibitory effects on sper-
matogonial cell proliferation,579–581 and is able to main-
tain the condensed mitochondrial morphology found 
in spermatogenic cells beyond the leptotene stage of the 
first meiotic prophase.582 Activin A regulates mature Ser-
toli cell function by disrupting tight junction formation 
and blood–testis-barrier function, and stimulating their 
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proliferative activity.583 Activin A has been shown to 
regulate steroidogenesis by immature and adult Leydig 
cells in culture and by the MA-10 Leydig cell line,584–586 
although these effects were only evident after extended 
culture under non-physiological conditions. In mice, dele-
tion of the βC-subunit had no overt effect on testis func-
tion,587 but overexpression of the βC-subunit resulted in 
progressive hypospermatogenesis, which was proposed 
to be due to antagonism of activin A (and possibly activin 
B) in the testis.547 Like TGFβ, activin is expected to be 
involved in controlling inflammation and immunity in 
the testis, by regulation of the maturation and activity of 
the intratesticular macrophages and lymphocytes.

The Interferons

The interferons are functionally-related cytokines 
with antiviral, antiproliferative, and immunomodula-
tory actions, comprising three main groups (α, β, and 
γ), based on their structural relationships and major cel-
lular sources.115,588 The type I interferons (IFNα and β) 
are produced by a broad range of cell types: typically, 
multiple forms of IFNα are produced by monocytes and 
macrophages, while two forms of IFNβ are produced by 
fibroblasts and epithelial cells, but they all exert their anti-
viral and antiproliferative effects via the IFNα receptor 
(IFNAR). The single type II interferon, IFNγ, is produced 
by NK and NK T cells, activated T cells and, under certain 
conditions, by macrophages and dendritic cells.589,590 It 
acts through the IFNγ receptor (IFNGR), and regulates the 
activity of antigen-presenting cells as part of the adaptive 
immune response, in addition to its antiviral functions. In 
other words, IFNγ is a type II interferon, but a type 1 (Th1) 
cytokine. Production of type I interferons is normally 
stimulated through TLR3, which detects double-stranded 
viral RNA, and through TLR4, the receptor for bacterial 
LPS.115 These TLRs upregulate the interferon-inducing 
transcription factor, IRF3, by engagement of the TICAM1 
adaptor protein and interaction with TRAF3 (Figure 
19.5).106,115 Induction of IFNγ involves IL12 and IL18, type 
1 interferons, JAK/STAT signaling, and the transcription 
factors, NFκB and AP-1, in a cell-specific manner.589,590

Viral infections stimulate type 1 interferon and IFNγ 
production by Sertoli cells, peritubular cells, Leydig 
cells, and testicular macrophages, leading to produc-
tion of canonical antiviral proteins in the testis.438,591–593 
In vitro, type 1 interferon expression was induced by 
activation of TLR3 or TLR4 in murine Sertoli cells,438,439 
and by activation of TLR3 in murine spermatogenic 
cells.451 Production of IFNγ in the testis has been impli-
cated in both the regulation of immune privilege and 
onset of autoimmune orchitis.594,595 Moreover, IFNγ 
stimulates Sertoli cell production of FAS and CASP1, 
and is implicated as the mediator of Sertoli cell and 
germ cell apoptosis under various conditions.496,596 In a 

transgenic mouse model, overexpression of IFNβ in the 
seminiferous tubules caused spermatogenic cell loss and 
sterility.597 These disparate observations are indicative of 
a complex relationship between the interferons, the local 
immune system, and spermatogenesis.

In a study on normal, healthy men, treatment with 
human IFNα significantly decreased serum testosterone 
levels.598 This was most likely due to inhibition of steroido-
genesis at the Leydig cell and hypothalamic-pituitary lev-
els, because serum gonadotropin levels were unaffected. 
Both IFNα and IFNγ can inhibit testosterone production 
in primary cultures of porcine Leydig cells, and studies 
indicated that IFNγ inhibits cholesterol transport into the 
mitochondria, and inhibits expression of the STAR pro-
tein, CYP11A, and CYP17A (Figure 19.3).599,600 In other 
experimental studies, human and murine IFNα inhibited 
steroidogenesis in rat Leydig cells.601 These data indicate 
that interferons may contribute to the overall decline in 
steroidogenic function that is commonly observed in viral 
infections.21,602,603 However, Dejucq and colleagues592 
have shown that Sertoli and Leydig cells in the rat testis 
strongly expressed IFNα and IFNγ during infection with 
Sendai virus, and that elevation in expression was associ-
ated with an increase in testosterone production by Ley-
dig cells infected with Sendai virus in vitro. This result 
highlights the fact that responses to some infections may 
exert a stimulatory effect on steroidogenesis within the 
testis, even though factors that are inhibitory to steroido-
genesis are induced.604

The Eicosanoids

The eicosanoids are formed by oxidation of the 20-car-
bon fatty acid, arachidonic acid, and encompass the pros-
taglandins (PGD, PGE, and PGF), prostacyclins (PGI), 
thromboxanes (Tx), lipoxins, and leukotrienes (LT) (Fig-
ure 19.12). These lipids are signaling molecules, funda-
mentally involved in physiological processes, including 
inflammation and immunity. They arise from hydrolysis of 
arachidonic acid from membrane glycerophospholipids, 
through the action of phospholipase A2 (PLA2).605 The rate-
limiting step in the conversion of arachidonic acid to the 
prostanoids is cyclooxygenation, catalyzed by one of two 
closely related enzymes, PTGS1 and PTGS2 (Table 19.2). 
While PTGS1 is constitutively expressed, PTGS2 expres-
sion is inducible during inflammation, through the IL1/
TLR and TNF signaling pathways.606 Production of the spe-
cific prostanoid classes, however, requires the subsequent 
actions of specific prostaglandin synthases and thrombox-
ane synthase.607 In turn, the prostaglandins and throm-
boxanes interact with their respective membrane-bound G 
protein-coupled receptors to regulate cell growth, vascular 
smooth muscle tone, vascular permeability, and immune 
cell activity.608 Prostanoids exert both pro-inflammatory 
and immunosuppressive actions through these receptor 
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interactions, or through metabolism to other active immu-
noregulatory metabolites, such as the immunosuppressive 
ligand for peroxisome proliferator-activated receptor-γ 
(PPARγ), 15deoxy-PGJ2.609,610 An alternative synthetic 
pathway, catalyzed by the lipoxygenases, converts arachi-
donic acid to the closely-related leukotrienes and lipoxins, 
which likewise possess diverse metabolic, vascular, and 
inflammation-regulating activities.178,611

The enzymes responsible for prostanoid biosynthesis 
are expressed throughout the male reproductive tract.612–

615 Most testicular cells express both forms of PTGS and 
possess the capacity to produce prostaglandins in vitro,615 
although there are significant cell type-specific and spe-
cies-specific differences in the relative levels of expres-
sion.616–618 In the normal rat testis, PTGS2 is responsible 
for the majority of prostaglandin production, and chronic 
treatment with a specific PTGS2 inhibitor, celecoxib, con-
siderably reduces intratesticular PGE2 levels.615,619 On the 
other hand, intratesticular PGE2 levels are barely affected 
by acute LPS treatment.615 This may be due to the fact that 
macrophages in the rat testis express PTGS2 at very low 
levels, relative to other testicular cells, but they are the 
only testis cell type to respond to an inflammatory stimu-
lus with a significant increase in PTGS2 activity.615 These 
data indicate a maintenance role for the so-called induc-
ible PTGS2 enzyme in testicular function.

Prostaglandins, particularly PGE2 and PGF2α, are clearly 
implicated in the control of Leydig cell development in 

the immature testis, production of pro-inflammatory 
cytokines by the Leydig cell, autoregulation of steroido-
genesis in the adult, and the decline in Leydig cell func-
tion that occurs during aging.401,620,621 However, the actual 
importance of prostanoids in regulating testicular func-
tion remains uncertain: male mice lacking either PTGS2 
or PTGS1 are considered to be fertile,622 and studies on 
the effects of prostaglandins or various PTGS inhibitors 
on spermatogenesis and fertility have produced conflict-
ing outcomes.618,619,623,624 Products of the lipoxygenase 
pathway, most notably LTB4, have been implicated in 
the regulation of Leydig cell steroidogenesis by LH.625,626 
Furthermore, production of PGE2 and PGF2α induced by 
PTGS2 mediates the effects of IL1 on protein and lipid 
regulation by the Sertoli cell involved in supporting sper-
matogenesis and inflammation in the testis.424,425 A rela-
tionship between expression levels of IL1β and PTGS2 in 
the testes of infertile men also has been reported.627 These 
observations suggest that PTGS2 and prostanoid produc-
tion mediate at least some of the effects of inflammation 
on testicular function.

Oxidative Enzymes, Nitric Oxide Synthases, and 
Reactive Oxygen Species

Reactive oxygen species are normal products of 
metabolism. They are produced continuously as byprod-
ucts of mitochondrial and microsomal electron transport 

FIGURE 19.12 Synthesis of bioactive lipids. Cleavage of 
membrane-bound phospholipids by the action of phospholi-
pase A2 leads to production of arachidonic acid and lysophos-
pholipids, such as the lysophosphatidylcholines. Arachidonic 
acid may be converted to prostaglandins, prostacyclins or 
thromboxanes via the intermediates prostaglandin G and H 
by the action of the rate-limiting prostaglandin-endoperoxide 
synthase (PTGS) enzymes. Alternatively, lipoxygenases may 
catalyze the conversion of arachidonic acid to leukotrienes 
or lipoxins. Most of the products in these complex pathways 
have specific regulatory activities, including profound effects 
on immune responses and the vasculature.
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reactions and other metabolic processes.628 Cytochrome 
P450 enzymes, such as those that constitute the steroid 
synthetic pathways, produce ROS as a by-product of 
their catalytic mechanism.629,630 However, rapid pro-
duction of ROS as part of a respiratory burst by macro-
phages and neutrophils is also an important component 
of the early response to infection.121,631

The most important ROS are the superoxide anion 
(O2

−), hydrogen peroxide (H2O2), hydroxyl radical 
(HO%), nitric oxide (NO%), and peroxynitrite anion 
(ONOO−)(Figure 19.13). During inflammation, their 
rapid production is stimulated by the activity of the 
enzymes NADPH oxidase and NOS2.631,632 These small 
molecules are cytotoxic to microorganisms, although 
some play a more complex role in cell signaling pro-
cesses, as well.633 They also interact with vital intracel-
lular macromolecules, such as proteins, lipids and DNA, 
to cause oxidative damage.633,634 Cellular antioxidant 
systems that normally protect cells from oxidative dam-
age include mitochondrial superoxide dismutase, cata-
lase and glutathione peroxidases.635 Excess production 

of ROS during oxidative stress, such as occurs during 
ischemia-reperfusion injury or excessive inflammation, 
can overwhelm these protective mechanisms, resulting 
in cell damage, and apoptosis or necrosis of affected 
cells, thereby contributing to the pathology of many 
diseases.636

At high levels, NO is extremely cytotoxic, especially 
as a precursor of the peroxynitrite anion, but at low 
levels NO acts as an intracellular and extracellular sig-
naling molecule and has potent vasodilatory effects.637 
It can be produced by one of three related enzymes, 
neuronal NOS (NOS1), NOS2, and endothelial NOS 
(NOS3), which catalyze the conversion of l-arginine to 
l-citrulline and NO.638 These enzymes are homodimeric 
proteins encoded by three separate genes. Both NOS1 
and NOS3 are constitutively expressed enzymes whose 
activity is regulated through a calcium-calmodulin 
mediated mechanism, whereas NOS2 is a constitutively 
activated enzyme that is regulated at the transcriptional 
and translational levels by inflammatory mediators, 
including LPS, IL1, and TNF.637

Studies have reported the presence of NOS in Sertoli, 
Leydig, and peritubular cells, spermatogenic cells, testicu-
lar macrophages, and vascular endothelial cells of various 
species.639–642 The NOS3 gene also produces a testis- 
specific isoform, TnNOS, which has been localized to 
Leydig cells.643 In the normal rat seminiferous epithelium, 
NOS2 is expressed by elongating spermatids and pachy-
tene spermatocytes, particularly during the stages imme-
diately following sperm release, with relatively lower 
levels of expression in Sertoli cells and peritubular cells 
throughout the entire cycle.641 Moreover, NOS2 is upregu-
lated by LPS treatment in Leydig, Sertoli, peritubular, and 
spermatogenic cells, as well as a subset of the testicular 
macrophages.276,641,644,645 This macrophage expression 
of NOS2 appears to be preferentially expressed by the 
infiltrating CD163- macrophages of the testis and is not 
detectable in the majority of resident macrophages.276,641 
Testicular cell NOS2 expression and NO production are 
also increased by inflammatory events induced by testic-
ular ischemia-reperfusion injury or heat.646–649

Nitric oxide is an important regulator of spermato-
genesis. Localized production of NO, by spermatogenic 
cells in particular, is implicated in control of the forma-
tion and disassembly of the Sertoli cell junctions that con-
stitute the blood–testis barrier, as well as the junctional 
complexes involved in Sertoli-germ cell adhesion.640 In 
transgenic mice lacking NOS2, pachytene and round 
spermatid apoptosis is significantly reduced, leading 
to an increase in daily sperm output and indicating a 
key role for NOS2 in limiting germ cell survival and/
or the carrying capacity of the Sertoli cells.647 Sertoli 
cell and Leydig cell numbers are also increased in these 
mice, indicating that developmental effects of NOS2 and 
NO are involved.650 On the other hand, spermatogenic 

FIGURE 19.13 Regulation and actions of nitric oxide synthase 
(NOS) and NO production in normal physiology and pathophysiol-
ogy. NO is produced by conversion of l-arginine to l-citrulline by NOS, 
and the freely diffusible NO radical (NO%) exerts a variety of physi-
ological functions through regulation of cGMP-dependent protein 
kinases. The activity of the constitutively expressed isoforms, endo-
thelial NOS (NOS3), and neuronal NOS (NOS1) are regulated through 
calcium-calmodulin. Synthesis of a constitutively active form of NOS 
(NOS2) is induced by inflammatory mediators and is responsible for 
the large upregulation of NO production during inflammation. High 
levels of NO% can be detrimental due to direct reaction with the heme 
group of prostaglandin-endoperoxide synthase (PTGS), mitochondrial 
enzymes and DNA, effects which can be potentiated by interaction 
with superoxide to produce the extremely reactive peroxynitrite anion. 
Peroxynitrite is the reaction product of NO and superoxide, and is one 
of the major cytotoxic agents produced during sepsis, inflammation 
and ischemia/reperfusion. Peroxynitrite decomposes to produce the 
hydroxyl radicals, which are potent oxidants.



19. THE IMMUNOPHYSIOLOGY OF MALE REPRODUCTION838

3. MALE REPRODUCTIVE SYSTEM

damage caused by testicular torsion or cryptorchidism 
can be ameliorated by reducing NOS or NO levels.649,651 
Increased NOS2 is related to severity of testicular failure 
and mast cell numbers in infertile men.320

Treatment of murine Leydig cell primary cultures 
or MA-10 Leydig tumor cells with hydrogen peroxide 
causes oxidative damage, resulting in a marked reduction 
of the mitochondrial electrochemical gradient (ΔΨm) and 
decreased STAR and HSD3β protein levels.652–654 Eleva-
tion of endogenous ROS, particularly the superoxide 
anion and hydrogen peroxide, inhibits the activity of cyto-
chrome P450 enzymes in the steroidogenic pathway, and 
plays a critical role in Leydig cell desensitization to hyper-
stimulation by LH or exogenous hCG,629,630 which is used 
to treat delayed testicular descent in young boys.655 In a 
similar manner, NO inhibits Leydig cell steroidogenesis 
directly, and treatment with NOS inhibitors counteracts 
the decrease in testosterone associated with inflammation 
or stress.656–659 While this may involve oxidative damage 
via generation of reactive nitrogen species such as the per-
oxynitrite anion, it has been shown that NO inhibits ste-
roid biosynthesis by binding reversibly to the heme group 
of cytochrome P450 enzymes.656,660 Increased testosterone 
in NOS2-deficient mice may account for the developmen-
tal effects observed in these mice.650 Moreover, NO is a 
potent vasodilator, and plays a role in the endogenous 
control of testicular blood flow and formation of the inter-
stitial fluid, which also can impact upon Leydig cell func-
tion and spermatogenesis.641,658

Inflammatory Signaling Pathways and Testicular 
Function

It is now clear that inflammatory and immunoregu-
latory factors and pathways are constitutively active in 
the normal (noninflamed) testis, and that these factors 
and pathways have consequences for spermatogenesis 
and steroidogenesis. Clinically, there is a growing rec-
ognition that testicular failure, irrespective of etiology, 
correlates with increased inflammatory gene expression 
and immune cell infiltrates in infertile men.4,5,22,23,229,318,3

20,372,432,627 What is the actual physiological relevance of these 
experimental and clinical observations, and what might this 
mean for understanding the effects of infection, inflammation 
and immune responses on male fertility? The physiological 
implications may be broadly separated into outcomes 
for effects on testicular steroidogenesis, which could 
lead to androgen deficiency problems, and more direct 
effects on spermatogenesis and sperm output.

Steroidogenesis
In terms of normal Leydig cell steroidogenesis, it 

may be anticipated that local production of cytokines, 
and small molecule inflammatory mediators, such 
as NO and prostanoids, will influence intratesticular 

androgen levels. These molecules may play a role in 
facilitating communication between cells of the semi-
niferous epithelium—the Sertoli cells, peritubular cells 
and spermatogenic cells—and the Leydig cell. Such 
paracrine actions have long been associated with local 
control of steroidogenesis, as a mechanism for modu-
lating the response of the Leydig cell to stimulation by 
LH, in response to changing requirements of the semi-
niferous epithelium.61,661 Moreover, since Leydig cells 
themselves produce these inflammatory regulators, they 
could be involved in autocrine regulation of steroido-
genesis as well. Certainly, production of NO and other 
ROS, either by the Leydig cell itself or through its close 
physical relationship with the resident macrophages, is 
implicated in Leydig cell desensitization to stimulation 
by LH.394,409,629,630 In terms of pathology, increased levels 
of inflammatory regulators, arising from either the cir-
culation or the testis, during infection and inflammation, 
should similarly impact upon steroidogenesis.

Spermatogenesis and the Cycle of the Seminiferous 
Epithelium

Studies in the rat and mouse indicate that certain 
cytokines and inflammatory mediators are expressed 
in a dynamic manner throughout the spermatogenic 
process, in the complete absence of external drivers of 
inflammation. Specifically, there is a surge of produc-
tion of ILα, IL6 and activin A by the Sertoli cell at the 
time of the release of mature spermatids from the semi-
niferous epithelium (spermiation), which is reflected 
in a concomitant increase in nuclear translocation of 
NFκB and production of TNF and NOS2 in the meiotic  
and postmeiotic spermatogenic cells.373,375,384,452,461,509,572

,573,641 This is a time when a number of critical physio-
logical events occur within the seminiferous epithelium, 
including the phagocytosis of spermatid residual cyto-
plasm by the Sertoli cells, an increase in DNA synthesis 
associated with spermatogonial mitosis and the entry of 
preleptotene spermatocytes into meiosis, and the transi-
tion of these early spermatocytes through the tight junc-
tions that normally constitute the blood–testis barrier.18 
The coincidence of these events is particularly significant 
because it has been established that ILα, IL6, and activin 
A are regulators of spermatogonial proliferation and dif-
ferentiation,382–384,416,509,579–581 while IL1α, activin A, TNF, 
and NO have all been shown to stimulate the opening 
of the blood–testis barrier by modifying the Sertoli cell 
cytoskeleton, inhibiting production of proteins involved 
in Sertoli–Sertoli and Sertoli-spermatogenic cell junc-
tions and/or regulating protease and protease inhibitor 
activity.423,484,583,640

These observations suggest the existence of a fun-
damental mechanism, whereby the spermatogenic 
cells themselves drive inflammatory pathways within 
the seminiferous epithelium (Figure 19.14).24,224 In this 
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model, phagocytosis of the residual cytoplasm at the 
time of spermiation stimulates inflammatory signaling 
and cytokine production in the Sertoli cells,375,376,385,387,573 
which subsequently induce NFκB nuclear translocation 
and inflammatory gene expression in the spermatogenic 
cells.451,452,641 These induced inflammatory mediators, 
in turn, regulate the proliferation and differentiation of 
the spermatogonia and spermatocytes, and regulate the 
integrity of the tight junctions to allow the germ cells to 
pass through the blood–testis barrier. At the same time, 
these cytokines regulate the activity of the Sertoli cell and 
modulate the response of the cell to hormonal stimulation. 

This represents a feasible mechanism whereby the most 
recent generation of mature spermatozoa is able to com-
municate with and coordinate the activity of subsequent 
generations of spermatogenic cells.

In immunology, this type of inflammatory pathway 
activation is called sterile or non-pathogen-mediated 
inflammation, and similar mechanisms have been 
proposed for controlling activities in the epithelia of 
the intestine and lung, and in the vascular endothe-
lium.662–664 The actual trigger for this response in the 
Sertoli cell may involve the physical process of phagocy-
tosis of the residual cytoplasm and activation of pattern-
recognition receptors (PRR in Figure 19.14), such as the 
TLRs and the inflammasome.108,117 These receptors are 
capable of detecting and responding to various endoge-
nous intracellular ligands, including the nuclear protein, 
HMGB1, heat shock proteins, CpG-rich DNA and RNA, 
all of which are found in spermatogenic cells.7,108,291,665

Furthermore, some endogenously-produced inflam-
matory mediators, most notably IL1α, remain elevated 
within the Sertoli cell long after the spermiation event, 
which comprises only a brief period within the process 
of spermatogenesis.373,375,384,452,461,502,509,641 This may be 
attributable to ongoing contact between the spermatogenic 
cells and Sertoli cell, mediated by pattern-recognition 
receptors on the cell surface, and/or by phagocytosis of 
degenerating cells, since many spermatogenic cells do not 
survive to complete spermatogenesis and are lost through 
apoptosis.490,666 In support of this possibility, Zhang and 
colleagues have recently reported that damaged spermato-
genic cells induce inflammatory gene expression, includ-
ing IL1β, TNF, and IL6, in mouse Sertoli cells through 
activation of TLR2 and 4.667 Such interactions may be 
driving other cyclical functions of the Sertoli cell, includ-
ing the responsiveness of the Sertoli cell to FSH and andro-
gen,668,669 and the expression of regulators of cytokine 
activity, such as follistatin.572,670

The Significance of Inflammatory Signaling 
Pathways for Male Fertility

Studies on inflammatory processes in normal tes-
ticular function, or male reproductive function in gen-
eral, should be tempered by two considerations. Firstly, 
because the mediators of inflammation and their signal-
ing pathways are exquisitely sensitive to stimulation by 
microbial contamination, stress, or even the very act of 
cell isolation, it should not be assumed that expression 
levels are always indicative of a role in normal physi-
ology. Many early studies of these processes may have 
been compromised by failure to eliminate endotoxin 
(endogenous LPS) contamination from the experiments, 
or the extreme sensitivity and nonquantitative nature of 
the detection methods used, such as RT-PCR. It is only 
when molecules have been repeatedly shown to be con-
stitutively and substantially expressed in the absence of 

FIGURE 19.14 Hypothetical roles of inflammatory signaling 
pathways in control of spermatogenesis. Spermatogonia enter meiosis 
to become spermatocytes and pass through the tight junctions between 
adjacent Sertoli cells. At the end of meiosis, the resulting haploid sper-
matids undergo major structural differentiation and are released from 
the seminiferous epithelium as spermatozoa (spermiation), leaving 
behind most their (residual) cytoplasm, which is phagocytosed by 
the Sertoli cells. Spermiation coincides with a surge of production of 
inflammatory mediators, such as interleukin-1α (IL1α), IL6, and activin 
A by the Sertoli cells, and tumor necrosis factor (TNF) and NO by the 
spermatogenic cells, which regulate the proliferation and maturation 
of the nearby spermatogonia and spermatocytes, and reorganization 
of the tight junctions to allow spermatocytes to pass into the luminal 
compartment. This localized inflammatory response may be mediated 
through activation of pattern-recognition receptors (PRR) in the Sertoli 
cell by endogenous spermatogenic molecules. Degenerating spermato-
genic cells may also drive these pathways at other stages of the sper-
matogenic cycle, and inflammation caused by infection will disrupt 
these processes. Inflammatory mediators also regulate the supportive 
functions of the Sertoli cells, such as the production of transferrin, lac-
tate, stem cell factor (SCF), plasminogen activator (PLA), and inhibin 
B, which are stimulated by androgens and by FSH acting via cAMP. 
Although these separate signaling pathways control some functional 
outcomes in common, there is clear evidence for reciprocal inhibitory 
regulation between the signaling pathways as well.
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exogenous inflammatory stimuli, and to have consistent 
and coherent effects on reproductive function in diverse 
studies, that we may assume that these molecules play 
a role over and above the usual response to infection or 
other immune activation events.

The second consideration lies in the fact that mice with 
transgenic deletions of many of these inflammatory and 
immunoregulatory factors, their synthetic enzymes or 
receptors, appear to be fertile.671–674 However, this assess-
ment may fail to take into account the fact that the repro-
ductive phenotype is subtle, or even enhances fertility, 
as occurs in the NOS2-deficient mouse.647,650 Sometimes, 
more careful examination of the reproductive tract and 
fertility reveals reproductive defects in male mice that 
are, nonetheless, capable of producing offspring.264,435 
Moreover, given the extraordinary complexity, diversity 
and redundancy of the immune system, effects may only 
manifest after compound deletions of multiple functions, 
or on certain genetic backgrounds. Some effects may not 
be evident under normal animal husbandry conditions, 
and may only become evident in older animals or in ani-
mals living in the wild exposed to environmental stresses, 
dietary deficiency or specific pathogens. Some effects 
may only become evident when other physiological pro-
cesses are also compromised, such as occurs in male mice 
infected with Taenia crassiceps.672 Wild-type mice with this 
infection display increased IL6 expression and become 
feminized due to excessive aromatase activity. This ste-
roidogenic deviation is completely prevented in IL6 defi-
cient mice, which otherwise have similar reproductive 
functions to those of wild-type mice. This observation 
is consistent with studies implicating IL6 as a regulator 
of aromatase activity,675 but also provides an example of 
a reproductive knockout phenotype that only manifests 
itself following specific immunological events.

EFFECTS OF IMMUNE CELLS 
AND INFLAMMATION ON MALE 

REPRODUCTION

The Role of Macrophages in Leydig Cell 
Development and Steroidogenesis

Macrophages play an important role in Leydig cell 
development. During puberty, there is a close tempo-
ral link between the maturation of the adult Leydig cell 
population and the increasing number of testicular resi-
dent macrophages.228,249,293 Moreover, specific depletion 
of the intratesticular macrophages inhibits the devel-
opment of Leydig cells in immature rats, as well as the 
recovery of Leydig cells after EDS-treatment in adult 
rats.259,261,262 The op/op mouse, which has an inactivat-
ing mutation in the CSF1 gene and consequently has 
reduced numbers of macrophages, also displays very 

poor fertility and reduced testosterone production due 
to developmental and steroidogenic abnormalities of the 
Leydig cells.264,301 The influence of the testicular macro-
phages on Leydig cell growth and differentiation may 
involve specific macrophage-derived cytokines, such as 
IL1,400 or the intercytoplasmic specializations between 
the two cell types, which appear very early in adult tes-
ticular development in the rat.244

Studies on the effects of resident macrophages on Ley-
dig cell steroidogenesis under non-inflammatory condi-
tions have produced inconsistent results. Stimulation of 
macrophage phagocytosis with an intratesticular injection 
of latex beads increased the steroidogenic capacity of Ley-
dig cells in adult rats.676 However, in macrophage-depleted 
adult rat testes, both a decline263,273 and an increase260,265 
in testosterone production have been reported by differ-
ent groups using essentially the same model. Moreover, 
medium collected from supposedly unstimulated testicu-
lar macrophages in culture have been shown to both stim-
ulate677,678 and inhibit405,408,678 Leydig cell steroidogenesis 
in vitro. Similar discrepancies were observed in Leydig-
macrophage co-cultures. The most likely explanation for 
these differences is that partial activation of the macro-
phages during isolation, or possibly endotoxin contami-
nation, may have affected the results. Neuroendocrine 
influences also may be important; for example, studies 
of the bank vole revealed that testosterone production by 
Leydig cells from long photoperiod animals was more 
sensitive to stimulation by testicular macrophage condi-
tioned medium and more sensitive to IL1α-mediated inhi-
bition in comparison with short photoperiod animals.679 
On balance, however, the published data seem to indicate 
that resting testicular macrophages have a positive or tro-
phic effect on Leydig cell steroidogenesis.

Testicular macrophages have been shown to express 
the cholesterol 25-hydroxylase enzyme and produce 
25-hydroxycholesterol.677 It has been proposed that tes-
ticular macrophages, due to their close association with 
the Leydig cells, provide 25-hydroxycholesterol as a sub-
strate for testosterone biosynthesis, by-passing the need 
for STAR and supporting basal steroidogenesis. Interest-
ingly, the 25-hydroxylase enzyme is negatively regulated 
by testosterone suggesting that there may be a feedback 
loop between the macrophages and Leydig cells.680,681 
Furthermore, 25-hydroxycholesterol has been suggested 
to be one of the factors which macrophages secrete in 
support of Leydig cell proliferation and development.682

Effects of Inflammation on the Leydig Cell and 
Steroidogenesis

Reduced testosterone production is an important mech-
anism underlying the inhibition of male fertility associ-
ated with inflammatory disease, regardless of whether 
or not infection is involved. This can involve inhibitory 
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effects at multiple levels of the hypothalamic-pituitary-
testicular axis. Men with critical illness, burn trauma, sep-
sis, and rheumatoid arthritis have elevated serum TNF 
and IL1 levels and reduced testosterone.367,683–685 Similar 
decreases in gonadal function have been reproduced in 
experimental animal models of chronic inflammation and 
systemic immune activation. For example, experimental 
adjuvant-induced arthritis causes a dramatic reduction 
in serum testosterone levels in rats,686,687 and conditioned 
medium from testicular macrophages isolated from adju-
vant-induced arthritic rats is inhibitory to Leydig cell tes-
tosterone production in vitro.687

The literature contains numerous experimental mod-
els that have been used to study the effects of inflam-
mation on testicular function, although interpretation 
of the results can often be problematic. In general, stud-
ies employing bacterial or viral infections are compli-
cated by the difficulties in distinguishing the effects of 
inflammation from the actions of the pathogen itself, or 
the subsequent immune response to the pathogen. Fur-
thermore, although inflammation is characteristically 
inhibitory to Leydig cells steroidogenesis, increases in 
androgen production may be observed in some models 
of infection.592,604 Likewise, experimental models involv-
ing active immunization, spontaneous autoimmunity, 
vasectomy, or tumors suffer from similar complications, 
where it is difficult to separate the inflammatory response 
from the immune response. More precise information can 
be obtained from studies using LPS, other TLR ligands, 
or inflammatory cytokines, to induce inflammation in the 
absence of a specific pathogen or antigen.

Lipopolysaccharide-Induced and Cytokine-Induced 
Inflammation Models

Intraperitoneal or intravenous injection of LPS in rats, 
mice, and rams or induction of sepsis with cecal matter 
in rats is followed by a significant decrease in intrates-
ticular and serum testosterone levels.322,658,688–691 There 
have been distinct differences reported in the dynamics 
and severity of this inhibition, from study to study and 
between different species. Responses in mice generally 
appear to be more rapid, larger, and more prolonged 
than those of rats, which showed a biphasic response 
at approximately 6 and 24 h after treatment with a brief 
recovery period in between.322,393,689,690,692 Serum testos-
terone levels actually appear to rise in the boar following 
endotoxin treatment, as a result of increases in pulsatile 
LH secretion.693–695 However, one should not conclude 
that all differences in experimental results obtained using 
LPS are simply due to differences between animal mod-
els. The LPS obtained from different bacterial strains, 
and even from different batches of the same strain, can 
have quite different chemical composition and potency, 
and is usually contaminated to varying degrees by other 
TLR ligands.447

What is evident is that systemic administration of 
LPS exerts predominantly inhibitory effects on Leydig 
cell steroidogenesis at the testicular level and at the 
hypothalamic-pituitary level, and inhibition may also 
involve peripheral responses to inflammation, such 
as corticosteroid production (Figure 19.8). In the rat 
model, suppression of steroidogenesis by LPS across 
a very broad range of doses was found to be due to 
inhibition of both LH secretion and a reduced capacity 
of the Leydig cells to produce testosterone in response 
to LH-stimulation.322,393,696 Furthermore, the data indi-
cated that the early phase of suppression of testoster-
one was due primarily to direct inhibition of Leydig 
cell steroidogenesis, whereas the later phase involved 
extratesticular mechanisms, including glucocorticoid-
induced inhibition.322,393

Similar inhibitory effects to those caused by LPS on tes-
ticular steroidogenesis and serum testosterone levels can 
be induced in male rats by infusion of TNF alone.465,466 
In the human, Van der Poll and colleagues injected six 
healthy men with recombinant TNF and measured serum 
concentrations of gonadotropins, testosterone, and sex 
hormone-binding globulin (SHBG).697 The TNF induced 
an early and transient increase in serum LH, whereas 
the concentrations of FSH remained unchanged. The 
increase in LH concentrations was followed by a transient 
decrease in serum testosterone levels after 4 h. LH had 
returned to control values when the testosterone levels 
reached a nadir, and SHBG was not affected. The results 
indicate that TNF affects the hypothalamic-pituitary-
testicular axis at multiple levels in normal men.697 In a 
similar study, serum testosterone was decreased without 
significant effects on LH levels in men treated with high 
doses of IL6.698 In yet another study, male patients treated 
with high doses of IL2 as therapy for metastatic cancer 
were found to have significantly reduced serum testos-
terone levels.699 Finally, multiple inflammatory markers, 
including IL1β, TNF, and IL6, are elevated in obese men 
and men with type 2 diabetes,700,701 conditions known  
to be associated with hypogonadism and decreased  
circulating testosterone levels. Collectively, these experi-
mental and clinical observations predict that in conditions 
characterized by elevated inflammatory mediators, in the 
absence of infection, there is a concomitant decrease in 
serum testosterone levels.

Effects of Inflammation on Leydig Cell 
Steroidogenesis at the Testicular Level

Most evidence suggests that the effects of LPS-induced 
inflammation on the Leydig cell itself are mediated 
through exposure to increased levels of pro-inflammatory 
molecules that inhibit steroidogenesis, most notably IL1, 
TNF, NO, and other ROS, and PGE2, as outlined earlier 
(Figure 19.3). Although isolated Leydig cells express the 
LPS receptor subunits at relatively low levels,388 and 
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there is evidence that they respond to LPS by increased 
expression of inflammatory cytokines, including IL1β 
and TNF,431,450 it is extremely difficult to completely 
eliminate macrophages from Leydig cell preparations. 
Consequently, it remains unclear whether LPS can regu-
late Leydig cell steroidogenesis by direct action. Regard-
less of this uncertainty, there are several significant 
sources of pro-inflammatory molecules within the testis. 
The testicular macrophages produce IL1, TNF, NO, and 
other ROS, and PGE2 when stimulated by LPS, although 
their production capacity is reduced compared with 
macrophages from other sites.243,269,270,274,276,277,394,395,464,6

15,645,702 Sertoli cells, peritubular cells, and spermatogenic 
cells are also potential sources of these pro-inflammatory 
molecules.369,381,461,615,641 The role of NO and other ROS 
may be particularly important: treatment of adult mice 
with LPS causes oxidative damage to Leydig cells, which 
manifests as a marked reduction of the mitochondrial 
electrochemical gradient, decreased STAR and HSD3β 
protein levels, and a fall in serum testosterone, similar to 
the effects of oxidation by hydrogen peroxide in cultured 
Leydig cells.652–654 Moreover, treatment of rodents with 
NOS inhibitors counteracts the decrease in serum testos-
terone levels caused by stress and sepsis.657,658 Curiously, 
pretreatment of adult rats with the PTGS2 inhibitor, cele-
coxib, reduced endogenous intratesticular PGE2 levels, 
and partially reversed the inhibition of testosterone in 
response to LPS, without blocking the increased expres-
sion of IL1β, TNF, or NOS2 in the testis.619

An increase in peripheral levels of cytokines from 
the circulation due to activation of macrophages and 
other immune cells in the blood and tissues may also be 
involved in inhibiting Leydig cell steroidogenesis dur-
ing LPS-induced inflammation. This may involve the 
same pro-inflammatory molecules that are produced 
in the testis following LPS treatment, but potentially 
other cytokines as well. For example, IL2, which is an 
autocrine T cell growth factor, inhibits gonadotropin- 
stimulated testosterone production by rat Leydig cells at 
the level of CYP17A,703 but IL2 also stimulates IL1, TNF, 
and IFNγ.704,705

The Neural-Immuno-Endocrine Axis in Control of 
Testicular Steroidogenesis

In addition to direct effects of inflammatory media-
tors on the Leydig cells, testicular steroidogenesis is 
modulated during inflammation by neuroendocrine 
and neuroimmunological regulatory networks (Figure 
19.8). These include the hypothalamic-pituitary-adrenal 
axis, central control of gonadotropin secretion from the 
anterior pituitary and neural inputs into the testis that 
regulate Leydig cell function by direct action or through 
changes in the testicular vasculature.

Activation of the hypothalamic-pituitary-adrenal 
axis and resulting production of corticosteroids are the 

key elements of the normal stress response that, among 
other things, modulates and limits the severity of the 
inflammatory response.124,174–177 Moreover, corticoste-
roids inhibit LH and FSH secretion from the pituitary,706 
but also regulate steroidogenesis directly via specific 
receptors expressed on the Leydig cell surface,255,707 act-
ing principally through suppression of the critical ste-
roidogenic enzymes, CYP11A, HSD3β and CYP17A, and 
induction of Leydig cell apoptosis.192,708,709 The response 
of the Leydig cells to corticosteroids is modulated by the 
actions of corticosteroid 11β-dehydrogenase (HSD11β), 
and inhibition of Leydig cell function occurs when glu-
cocorticoid levels exceed the capacity of this enzyme to 
metabolize them.192 These mechanisms are activated, 
and impact upon testicular steroidogenesis, in LPS-
induced inflammation.393 Hypothalamic corticotropin-
releasing hormone (CRH) also inhibits gonadotropin 
secretion during stress and inflammatory responses.710

Inflammatory mediators themselves can directly act 
upon the hypothalamic-pituitary unit to inhibit repro-
duction. Several studies have shown that LPS, IL1, IL6, 
and TNF can inhibit GnRH release and/or LH secre-
tion at the level of the hypothalamus and pituitary,711–714 
although NO appears to have the opposite effect.715,716 
Furthermore, the observation that IL1 administered intra-
cerebrally can reduce Leydig cell testosterone responses 
in the absence of decreased LH secretion, for example, 
in rats pretreated with a GnRH antagonist and therefore 
lacking LH secretion, led Rivier and colleagues to pos-
tulate that there is a direct neuronal connection between 
the brain and the testis that is activated by cytokines and 
other stressors within the central nervous system.717,718 
Injection of pseudorabies virus, a transganglionic retro-
grade tracer, into the testes labeled the spinal cord, the 
brain stem, and the hypothalamus, while spinal cord 
injury significantly reduced this staining, and abolished 
the ability of either IL1β or CRH administered centrally 
to inhibit testosterone responses to hCG.719,720 Studies 
indicate that these agents stimulate a neural pathway 
within the brain, possibly involving central catechol-
amine pathways and NO, which suppresses Leydig cell 
function by inhibiting cholesterol transport protein lev-
els, independent of effects on the pituitary.720,721

Furthermore, there is considerable evidence for the 
control of steroidogenesis by conventional neural path-
ways acting either directly on the Leydig cells or on the 
testicular vasculature. Leydig cell steroidogenesis and 
circulating androgen levels are extremely sensitive to 
reductions in testicular blood flow, as may occur dur-
ing inflammation.658,722 Moreover, Leydig cells can be 
directly inhibited by a number of neurotransmitters, 
including serotonin and the catecholamines and the 
testis is well-supplied by both catecholinergic and sero-
tonergic innervation.723–726 Activation of these neural 
pathways during inflammation, or alterations in other 
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neural pathways supplying the testis, may contribute to 
the overall suppression of Leydig cell steroidogenesis.

Vascular Inflammation and Leydig Cell Function
While changes in testicular blood flow affect Leydig 

cell function and steroidogenic output, disruption of 
blood flow can be a source of inflammation as well. Tor-
sion of the spermatic cord, or experimental clamping of 
the testicular artery in laboratory rodents, renders the 
testis ischemic, and subsequent reperfusion causes an 
increase in oxidative stress and intratesticular inflamma-
tion, as indicated by increased intratesticular IL1β and 
TNF expression, activation of NFκB and stress-related 
kinase signaling pathways in the Sertoli cells, and neu-
trophil recruitment, resulting in decreased testoster-
one production and spermatogenesis.82,457,727,728 Local 
increases in reactive oxygen and nitrogen species are  
also implicated in the suppression of Leydig cell ste-
roidogenesis in this model.648,729,730 The degree of 
damage (ischemia-reperfusion injury) is related to the 
duration of the torsion and resulting stress, and Leydig 
cell function is compromised in the long term.82 Similar 
effects on Leydig cell steroidogenesis can be observed 
after treatment of rats with other vasoactive inflamma-
tory mediators, such as serotonin and histamine.731,732

Effects of Inflammation on Spermatogenesis

Spermatogenesis is affected by inflammation through 
direct interactions with the inflammatory process and 
indirectly through alterations in hormone levels and the 
testicular vasculature. Specifically, this section is con-
cerned with the effects of innate immune responses on 
Sertoli cell function and spermatogenesis, as distinct 
from antigen-specific reactions to the cells of the semi-
niferous epithelium.

Lipopolysaccharide-Induced Inflammation and 
Spermatogenesis

Acute systemic administration of LPS has been found 
to affect spermatogenesis in a number of species, result-
ing in apoptosis and progressive loss of spermatogenesis 
in the testis within days of administration, and reduced 
sperm concentration, motility, and viability for extended 
periods afterward.322,499,688,693,694,696,733 In the adult rat, 
administration of a single dose of LPS across a very broad 
range of sublethal concentrations inhibited the formation 
of testicular interstitial fluid and suppressed intratestic-
ular and circulating levels of testosterone, by inhibiting 
LH secretion from the anterior pituitary and reducing 
the capacity of the Leydig cells to produce testoster-
one in response to stimulation.24,322,393,696 At the highest 
doses of LPS, this was followed by apoptosis of sper-
matogonia and spermatocytes, and premature release 
of spermatocytes and early round spermatids from the 

epithelium several days later.322 Detailed stereological 
analysis established that the effects on spermatogenesis 
were quite specific.696 At 24 h after treatment, there was 
a significant delay of spermatocyte development at the 
leptotene/zygotene phase of meiosis, followed within 
6 days by premature release of these cells and the adja-
cent, but more luminally located, generation of round 
spermatids. There was also an increase in apoptosis of 
nearby spermatocytes and spermatids within the same 
timeframe.696 These effects occurred more rapidly and 
were quite different from the effects of androgen with-
drawal, which inhibits the release of mature spermatids 
into the tubule lumen and the integrity of the junctions 
between the Sertoli cells and midphase round sperma-
tids.734,735 In fact, lower doses of LPS caused a similar 
degree of inhibition of intratesticular testosterone levels 
to that caused by high dose LPS, without causing signifi-
cant spermatogenic damage.24,322 Moreover, even very 
high doses of LPS did not reduce intratesticular levels of 
testosterone in the rat much below 30% of control, well 
above the threshold necessary to sustain spermatogen-
esis in this species.79,80,734

Although there are elements of the LPS-mediated 
response that resemble damage caused by testicular 
heating, in fact, rodents have a very poor fever response 
to LPS and the doses of LPS that affect spermatogenesis 
in rats actually caused a fall in body temperature.24,322,736 
Nor was the pattern of spermatogenic degeneration con-
sistent with vascular disruption. Administration of LPS 
did appear to alter blood flow through the rat testis, pos-
sibly as a result of vasodilation of the testicular arteries 
due to increased testicular NOS2 expression,322,641 but 
there was no evidence of ischemia or ischemic dam-
age.276,322 Paradoxically, while LPS treatment caused an 
increase in vascular endothelial cell leakage in the testis, 
the inflammation was not accompanied by edema; in 
fact, interstitial fluid volume in the testis fell quite dra-
matically in this model.322

A primary cause of damage to spermatogenesis in 
LPS-induced inflammation could be the action of pro-
inflammatory regulators on the seminiferous epithe-
lium itself. This might be the result of increased levels 
of circulating molecules as well as their local produc-
tion by intratesticular immune cells and somatic cells. 
In addition to the resident macrophage population, LPS 
stimulates an increase in intratesticular monocytes in 
the rat,276,285 and neutrophils in the boar testis intersti-
tium.694,695 In vivo, LPS treatment upregulates testicular 
expression of pro-inflammatory genes, including CCL2, 
IL1β, TNF, IL6, and NOS2.274,276,285,322,393,396,619,641,691,737–739 
These molecules are constitutively produced by testicu-
lar macrophages, Sertoli cells, peritubular cells, Leydig 
cells, and/or spermatogenic cells, and their production 
can be stimulated by LPS in most, if not all, of these cells 
in vitro. Most importantly, these molecules are involved 
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in normal spermatogenic function, with direct and com-
plex effects on spermatogonial and spermatocyte devel-
opment, the tight junctions of the blood–testis barrier, 
and local immune cell activity, mediated via inflamma-
tory signaling pathways within the seminiferous epi-
thelium (Figure 19.14). Moreover, FAS and FASL, which 
have been implicated in regulating spermatogenic cell 
apoptosis under normal and pathological conditions, 
are also increased in the seminiferous epithelium of the 
LPS-treated mouse.499 Overexpression of these regula-
tors and universal activation of inflammatory signaling 
pathways in the testis, induced by LPS, would disrupt 
the normal regulatory processes underlying spermato-
genesis. Critically, as most of the normal functions of 
the seminiferous epithelium are dependent upon andro-
gen support, these effects of inflammatory disturbances 
could be exacerbated by the concomitant reduction in 
testosterone levels within the testis.

The severity of the LPS-induced inflammation 
appears to influence the resulting pattern of spermato-
genic damage. In some studies in rats, high doses of 
LPS are associated with rapid and pronounced epithe-
lial damage, and focal spermatogonial/spermatocyte 
apoptosis, within 3 days after LPS administration.24,322 
Studies have demonstrated an association between 
these earlier, more severe, damage events and testicular 
oxidative stress responses,691,740 and anti-oxidants can 
have a protective effect on testicular damage responses 
to LPS in vitro and in vivo.738,741,742 Responses include 
the induction of the stress proteins, heat shock protein 
60 (HSP-60), HMGB1 and HMGB2, as well as increased 
lipid peroxidation, reduced antioxidant activities, mito-
chondrial dysfunction and spermatogenic cell apopto-
sis. Several of these induced molecules can activate TLR 
signaling as well,24,108 potentially mediating additional 
damage.

In summary, the damaging effects of LPS-induced 
inflammation on spermatogenesis involve multiple 
mechanisms related to the severity of the stimulus and 
inflammatory response. These can include direct or indi-
rect inhibition of Leydig cell function, vascular disrup-
tion and oxidative stress, as well as interference with the 
endogenous inflammatory pathways involved in normal 
regulation of the seminiferous epithelium (Figure 19.14). 
Differences in damage susceptibility may be attributable 
to actual differences in sensitivity to LPS at the cellular 
level, or the probability that circulating LPS may have 
variable access to the various compartments of the testis. 
For example, Sertoli cells are much less sensitive to stim-
ulation by LPS than are testicular macrophages, possibly 
due to differences in expression of the TLR4 accessory 
protein, CD14.388 Moreover, higher concentrations may 
be required to permit sufficient LPS to traverse the vas-
cular and lymphatic endothelium of the interstitial tis-
sue as well as the peritubular basement membrane and 

cell layers to directly affect seminiferous epithelial func-
tion. As would be expected, direct injection of LPS into 
the mouse seminiferous tubules, via the efferent ducts, 
caused extensive spermatogenic disruption,743 but there 
have been no quantitative, comparative studies of the 
effects of systemic and intratesticular routes of admin-
istration to date.

Vascular Inflammation Models
Whereas LPS causes inflammation by direct activation, 

there are a number of clinical and experimental models 
of testicular inflammation that are secondary to vascular 
disruption; these include ischemia-reperfusion injury, 
vascular malformations (e.g. varicocele), heat or cryptor-
chidism, and hyperstimulation of the Leydig cells with 
LH/hCG. These models display similarities, but also some 
significant differences, to LPS-induced inflammation.

Experimental ischemia-reperfusion injury causes 
rapid apoptosis of the spermatogenic cells enter-
ing mitosis—spermatogonia and the very early  
spermatocytes—followed by progressive depopula-
tion of the seminiferous epithelium.744,745 Damage is 
proportional to the duration of ischemia and, when 
the procedure is performed unilaterally, the contralat-
eral testis is also affected, which has been attributed 
to an autoimmune response or to reflex vasoconstric-
tion via neural pathways.746–750 Although Leydig cell 
function is compromised, this is not the primary cause 
of damage in this model.82 Intratesticular inflamma-
tion and oxidative stress are implicated, however, 
because there is activation of NFκB, increased MAP 
kinase activity and production of IL1β and TNF in 
the affected testis, together with increased local ROS 
production and an increase in intratesticular immune 
cells.457,727,729,751,752 Accordingly, treatment with anti-
oxidants and anti-inflammatories can reduce the 
resulting spermatogenic damage.753,754 The role of NO 
is less clear, because this molecule has both protective 
and damaging effects in ischemia-reperfusion injury 
models, and its impact on the testis may depend on the 
severity of the ischemic insult.648,649,755 The most char-
acteristic feature of experimental ischemia-reperfusion 
injury is a large increase in neutrophils in the testicular 
subcapsular venules of both the treated and untreated 
testis, and testicular damage can be reduced or pre-
vented by blocking neutrophil recruitment or activ-
ity.727,729,756–758 Thus, ischemia-reperfusion injury to 
spermatogenesis is an inflammatory event mediated 
primarily by infiltrating neutrophils, with altered blood 
flow and oxidative stress leading to apoptosis of early 
spermatogenic cells, in particular.

A varicocele is a dilation of the testicular veins and 
swelling of the pampiniform venous plexus, and is 
a cause of altered testicular blood flow, frequently 
observed in male infertility patients.759 In both humans 
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and experimental animals, varicocele is associated 
with increased intratesticular NO levels and oxidative 
stress, an increase in intratesticular inflammatory mark-
ers, including IL1, and reduced spermatogenesis.760–764 
These observations clearly indicate that this apparently 
minor vascular anomaly can be a cause of inflammation 
and damage in the testis, although its clinical signifi-
cance and the benefits of treatment are a source of ongo-
ing discussion.

Administration of high doses of hCG is used in the 
treatment of delayed testicular descent in young boys 
and its impact on testicular function has been extensively 
studied in adult rats.655 This treatment causes a hyper-
stimulation syndrome comprising a transient decrease 
in testicular blood flow, immediately followed by 
increased testicular blood flow and pressure, opening of 
the vascular endothelial cell junctions, and an increase in 
testicular interstitial fluid volume some 16–24 h later.765 
The syndrome is accompanied by accumulation of intra-
vascular and interstitial neutrophils in the testis,766,767 
an increase in intratesticular expression of IL1β and 
other pro-inflammatory cytokines,768 failure of mature 
sperm release, vacuolation of the seminiferous epithe-
lium and apoptosis, and loss of spermatogonia and pri-
mary spermatocytes.676,769 In rats, the response to hCG 
can be eliminated by depletion of the Leydig cells with 
EDS,770 or depletion of neutrophils with a specific anti-
serum,766 and exogenous IL1β is able to replicate most of 
the effects of hCG.391,771 These observations suggest that 
this is an inflammatory response, possibly mediated via 
IL1β secreted by the Leydig cells. Interestingly, the vas-
cular response is quite different to that of LPS-induced 
inflammation, which causes a massive reduction in 
interstitial fluid volume in the testis,322 although some 
of the germ cell damage seen is similar in both models. It 
is significant that disruption of the seminiferous epithe-
lium in both the hCG-hyperstimulation rat model and 
the ischemia-reperfusion model appear to be dependent 
upon recruitment of neutrophils to the testicular vas-
culature or interstitial tissue. Equally significant is the 
observation that both depletion of the testicular macro-
phages using liposome-encapsulated dichloromethylene 
diphosphonate273 or stimulation of the macrophages 
with latex beads676 exacerbate the effects of hCG on the 
testis, suggesting that the resident macrophages nor-
mally play a role in limiting the inflammatory response.

In general, there is a close relationship between 
vascular disturbance in the testis and inflammation, 
production of NO, and oxidative stress, leading to 
spermatogenic damage. These same processes are also 
implicated in other models of testicular damage, such 
as the response to heat or cryptorchidism, irradiation, 
and posttesticular obstruction events.646,651,772,773 While 
Leydig cell function is frequently compromised in mod-
els of testicular inflammation, reduction of androgens 

is not the primary cause of spermatogenic failure. It is 
clear that inflammation has direct inhibitory effects on 
one or more stages of spermatogenic cell development. 
It also should be pointed out that, as in most other tis-
sues, inflammatory responses in the testis do not appear 
to automatically produce autoimmune complications. 
However, inflammation can lead to increased fibrosis in 
the testis, presumably through increased production of 
pro-fibrotic cytokines, such as TNF, TGFβ and activin A, 
and increased testicular fibrosis is associated with sper-
matogenic failure and infertility.318,774,775

Inflammation in the Epididymis, Vas Deferens, 
and Accessory Glands

In comparison with the testis, there have been rela-
tively few studies on inflammatory pathways or the 
effects of inflammation within the remainder of the male 
reproductive tract. These tissues display a high degree of 
regional, or segmental, specialization, corresponding to 
differential gene expression, leukocyte populations, and 
physiological functions.

Production and Actions of Inflammatory Mediators
The TLRs are found throughout the epithelium, 

and in immune cells, of the posttesticular reproductive 
tract.109,441–444,776 Studies in the rat and mouse have pro-
duced some conflicting data, but overall indicate that 
expression levels of TLR1-6 in the epididymis are simi-
lar to those found in the testis, with expression progres-
sively declining toward the vas deferens. On the other 
hand, expression of TLRs 7, 9, and 11 tends to be higher 
in the epididymis and vas deferens than in the testis 
(Table 19.4). This may have an influence on bacterial and 
viral pathogenicity in the different regions of the tract. 
The crucial TLR adaptor proteins, MYD88 and TICAM1, 
have been detected in all segments of the rat epididymis 
and vas deferens,441 and the TLR4 co-receptor CD14 has 
been localized to the epididymis in the rat and human, 
where it appears to be more highly expressed than in the 
testis.443,777

All 10 human TLRs, as well as MYD88, TICAM1, and 
CD14, have been detected in human prostate samples.778 
The TLR2 and 4 proteins were localized to epithelial 
cells in the rat prostate,779–781 and TLR2 and 9 have been 
shown to be expressed by human prostate cancer cell 
lines.782,783 In the human prostate, TLR3 and 8 immuno-
reactivity was observed on the apical surface of luminal 
epithelial cells, and epithelial cells exhibited TLR9 in 
the penile urethra.784 In rat seminal vesicles, mRNA for 
TLR2, 5, 6, 7, 8, 9, 10, and 11 were highly expressed, with 
low levels of the remaining TLRs.776 Notably, expression 
of CD14 was higher in the prostate and seminal vesicles 
of the rat than in any other tissue of the male reproduc-
tive tract.443 Studies have shown that sequence variants 



19. THE IMMUNOPHYSIOLOGY OF MALE REPRODUCTION846

3. MALE REPRODUCTIVE SYSTEM

in TLR4 and the TLR1-TLR6-TLR10 gene cluster in the 
human are associated with an increased risk of pros-
tate cancer, suggesting a link between susceptibility to 
inflammation and tumorigenesis in this organ.785,786

Roles for TLR signaling in controlling functions of 
the epididymis and vas deferens, similar to those pro-
posed for the testis, can be anticipated. The epithelium 
of the caput epididymis comprises numerous function-
ally active immune cells, particularly dendritic cells 
and macrophages, but also CD8+ T cells.96–98,102 This is 
consistent with the relatively high expression of TLRs 
in this region of the epididymis. In the regions of the 
epididymis closest to the testis, moreover, epithelial cell 
apoptosis is inhibited by repression of NFκB and STAT 
signaling and activation of the MAPK3/MAPK1 path-
way, under the control of androgens, cytokines, or other 
secretions from the testis.787,788 These pathways are nor-
mally regulated by pathways involved in TLR signaling, 
and the relationship between the TLRs and testicular 
factors in their control requires elucidation. Recently, it 
was discovered that activin A is highly expressed in the 
epithelium of the caput epididymis.789–791 This expres-
sion is likely to be driven by TLR signaling, and because 
activin A is a critical regulator of macrophage, dendritic 
cell and T cell functions, one can assume that this cyto-
kine influences immune cell activity and inflammation 
in the proximal epididymis. However, other functions of 
activin A also may be anticipated. In transgenic mice that 
overexpress the activin-binding protein, follistatin, fluid 
resorption and sperm transport in the efferent ducts and 
proximal epididymis is impaired, suggesting a role for 
endogenous activin in the control of fluid dynamics.792 
Furthermore, activin A has been shown to induce SRD5α 
in genital fibroblasts,793 and the caput epididymis is 
the site of highest expression of this enzyme, indicat-
ing that activin A may regulate androgen activity in the 
epididymis.

In the more distal epididymis (corpus and cauda) and 
passing into the vas deferens, the pattern of cytokine and 
inflammatory regulator activity is different to that found 
in the caput epididymis (Figure 19.15). Activin A pro-
duction progressively declines, while local production of 
follistatin increases to the point where follistatin expres-
sion levels are higher in the murine vas deferens than 
in any other tissue examined.537,789,791,794 These observa-
tions suggest that controlling activin activity in the distal 
epididymis and vas deferens is functionally important. 
Significantly, the progressive reduction in activin bio-
activity parallels the reduction in immune cell number 
and activity in the epithelium. Expression of TGFβ1 also 
appears to be greatest in the caput of the marmoset and 
mouse,794,795 but displays a more distal distribution in 
the rat.794,796,797 Furthermore, TGFβ3 was most highly 
expressed in the corpus of the rat epididymis, but TGFβ2 
was not detected.797 Removal of the testis or inhibition 

of SRD5α activity increased expression of both TGFβ1 
and TGFβ3, particularly in the caput.796,798 These studies 
indicate species-specific differences in TGFβ expression 
that are, most likely, androgen-regulated. Functional 
roles for TGFβ in the epididymis or vas deferens have 
yet to be established, but a potential role for TGFβ1 in 
regulating tight junction formation between epithelial 
cells from the vas deferens has been demonstrated.799 In 
direct contrast with activin A and TGFβ, NOS enzyme 
activity and PTGS2 expression are much greater in the 
cauda epididymis and vas deferens than in the more 
proximal regions of the epididymis.614,616,800,801

The data indicate that sperm are exposed to a dynami-
cally changing immunoregulatory environment regu-
lated by local inflammatory signaling pathways in the 
epithelial cells of the male reproductive tract. Moreover, 
there is evidence that the sperm themselves respond 
directly to inflammatory stimuli. Human sperm express 
TLR receptor proteins and respond to bacterial TLR2 
and 4 ligands with reduced motility and increased apop-
tosis.442,802,803 TNF has been shown to regulate sperm 
membrane lipid peroxidation and NO production, and 

FIGURE 19.15 Region-specific immunity in the epididymis and 
vas deferens. Activin A and its binding protein, follistatin, are inversely 
distributed in a distinctive proximal-to-distal pattern, with highest lev-
els of activin A expression in the caput, and highest follistatin expres-
sion in the distal vas. Elevated production of activin A coincides with 
increased numbers and apparent activity of intra-epithelial immune 
cells, most notably dendritic cells, but also macrophages and CD8+ 
T cells. The immunoregulatory enzyme, indoleamine 2,3-dioxygenase 
(IDO), is highly expressed in the caput, with the exception of the region 
directly adjacent to the testis (initial segment). Susceptibility to sperm 
antibody formation following damage to the reproductive tract increases 
in a proximal-to-distal pattern, indicating a progressive decline in local 
immunoregulatory mechanisms.
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inhibit sperm viability and/or motility,804–806 and MAP 
kinase signaling pathways in sperm are implicated in 
controlling motility, capacitation, and the acrosome 
reaction.807

Effects of Inflammation
There have been limited studies on the effects of 

inflammation, as distinct from infection, on cellular and 
molecular responses of the epididymis, vas deferens, 
or accessory glands. In rats, systemic administration 
of LPS induced activation of NFκB in the epididymis 
and increased several inflammation-responsive genes, 
including IL1β, although it was not clear that this was 
a response of the epididymal epithelium, since TLR4 
expression was also localized to macrophages in the 
stroma.443 In a similar study, no immediate morphologi-
cal changes to the epididymis, at least at the light micro-
scope level, were observed.322 Injection of LPS directly 
into the caput epididymis of the rat, however, caused 
an increase in IL1β expression, as well as hyperemia, 
edema, and accumulation of immune cells in the intersti-
tium, along with inflammatory damage to the epididy-
mal epithelium, reduced sperm motility and decreased 
expression of several β-defensins.808 Similarly, retrograde 
inoculation via the vas deferens using E. coli as a source 
of LPS caused a neutrophilic infiltration and edema in 
the cauda epididymis and proximal vas deferens, and 
elevated expression of IL1α, IL1β and IL4, although sev-
eral other cytokines, including IL6 and TNF, were not 
significantly altered three days later.809 The IL1 receptor 
has been detected in the murine epididymal epithelium, 
indicating the ability to respond directly to this funda-
mental pro-inflammatory cytokine.415 An experimental 
left varicocele in the rat significantly reduced epididymal 
weight and diameter of the duct, together with increased 
apoptosis of principal cells, proportional to the duration 
of the varicocele.810 Chronic treatment of mice with the 
anti-inflammatory PTGS2 inhibitor, nimesulide, caused 
epithelial cell damage and apoptosis in the vas deferens, 
and a large reduction in sperm motility, but not sperm 
count or viability.811

Treatment with LPS of the murine caput epididymal 
epithelial cell line PC1, which expresses TLR4, induced 
NFκB activation and expression of the pattern-recognition 
receptor for bacterial peptidoglycan, nucleotide-binding  
oligomerization domain 2 (NOD2).812 Sequential  
stimulation with LPS and the peptidoglycan muramyl 
dipeptide enhanced TNF mRNA expression in these 
cells. Infection of rat cauda epididymal epithelial cells 
in culture with Staphylococcus aureus activated NFκB and 
MAPK14, production of IL1β, TNF and NO, and expres-
sion of mRNA for TLR2 and NOS2.444 Similarly, treatment 
with LPS and IFNγ together stimulated NOS2 expres-
sion and NO production by cultured rat epididymal 
epithelial cells.813 The epithelial cells of the prostate and 

seminal vesicles also respond to inflammation induced 
by LPS or bacteria, with activation of NFκB, increased 
TLR receptor expression, production of inflammatory 
mediators, such as NO, and various chemokines, result-
ing in immune cell infiltration in vivo.103,779,781,814,815

Overall, these studies provide clear evidence that 
inflammation both regulates and disrupts cellular 
responses throughout the male reproductive tract, with 
direct consequences for function and fertility. There 
are obvious parallels with the testis, but the underly-
ing mechanisms in these tissues remain to be fully elu-
cidated, and more investigation is warranted. This is 
particularly important when considering syndromes 
of chronic, antibiotic-resistant pelvic or perineal pain, 
such as chronic prostatitis, which are suspected to have 
an inflammatory basis, but lack a coherent etiology or 
pathology.10–12

Inflammation, Semen, and Seminal Leukocytes

In humans, seminal plasma is generally the only win-
dow available for investigating the immunology of the 
male reproductive tract. More invasive procedures such 
as biopsies are rarely performed, produce limited and 
selective samples, and have the potential to cause inflam-
matory reactions themselves. Much is made, therefore, 
of the relationship between measurements of leukocytes, 
antibodies and cytokines in seminal plasma, and fertility. 
However, while there is little doubt that sperm antibod-
ies contribute to infertility, and that elevated cytokines 
are an indicator of ongoing infection, inflammation or 
other immune events, the diagnostic significance of 
cytokines and, especially, leukocytes in the semen is a 
subject of ongoing debate.

Many pro-inflammatory and immunoregulatory cyto-
kines are found in samples of seminal plasma, even 
those from men with apparently normal fertility.816 The 
list also includes molecules that modulate the activ-
ity of specific cytokines, such as the soluble IL2 and 
IL6 receptors, and follistatin.817,818 This is not particu-
larly surprising because these cytokines are present in 
most biological fluids and are modulated by the general 
health status of the individual. Elevated cytokine con-
centrations, both pro- and anti-inflammatory, in seminal 
plasma are commonly associated with inflammation, 
infection and increased leukocyte numbers in the male 
tract, but specific positive and negative associations with 
infertility of a noninflammatory nature have proven less 
consistent.819–821 In a recent evaluation of the extensive 
literature on this topic, Pilatz and colleagues concluded 
that, while seminal cytokine profiles might be useful for 
diagnosis and monitoring of urogenital infections and 
inflammation, there was no obvious evidence for any 
associations with poor semen quality or infertility.822 
However, a relationship has been reported between NO 
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levels and oxidative stress in seminal plasma and infer-
tility due to varicocele and other vascular anomalies, or 
prostatic inflammation/autoimmunity.823,824

An elevated number of leukocytes in the semen is 
usually considered to be an indication of infection, and 
the World Health Organization (WHO) has set an arbi-
trary level of 1 × 106/ml as the threshold of normality. In 
fact, leukocytes are present even in semen of fully fertile 
men, with many studies agreeing that 104–105/ml is a 
relatively normal value, and even in men with urogeni-
tal infections leukocyte numbers do not always reach the 
WHO level.358,825 Indeed, leukocyte numbers alone may 
be a very unreliable indicator of the presence or absence 
of infection. The origin of these cells is also somewhat 
obscure. Evidence suggest that the epididymis or vas may 
be a major source,364–366 but the primary leukocyte sub-
set present in most semen samples are neutrophils.358–364 
Neutrophils are not a normal feature of the tissues of the 
tract, but may enter the semen via the accessory glands. 
This may involve the production of neutrophil-attracting 
chemokines, such as CXCL6 and CXCL9, by epithelial 
cells in the epididymis and prostate.826,827

Finally, the impact of these cells on fertility is poorly 
understood. Some studies have shown a relationship 
between leukocytospermia and impaired sperm func-
tion,828–830 and data suggest that these cells might be a 
major source of ROS or other molecules causing sperm 
damage.358,831,832 Other studies have failed to confirm 
a clear link between seminal leukocytes and infertility 
or sperm antibody formation.358,362,833 It even has been 
suggested that they might play a beneficial role by the 
removal by phagocytosis of abnormal sperm or assisting 
in sperm capacitation.343,362 It is fair to say that the role of 
leukocytes in semen is more complicated than might be 
expected, and many questions still remain.358,364,833

AUTOIMMUNITY IN THE MALE 
REPRODUCTIVE TRACT

Sperm Antibodies

Clinically, the most common immunological dysfunc-
tion of the male reproductive tract is the formation of 
sperm antibodies, which may inhibit sperm motility 
through agglutination reactions, target the sperm for 
immunological destruction in the male or female tract, or 
block essential surface receptors and molecules required 
for fertilization (Figure 19.16).834,835 There is no single 
dominant antigen associated with sperm autoimmunity, 
and multiple antigens are usually involved.7–9,291 These 
antigens have been extensively studied in experimental 
animals and in infertile patients, and include numerous 
sperm surface, as well as intracellular proteins, glyco-
proteins, and glycolipids.

The Origins of Sperm Antibody Formation
Physical damage to the male reproductive tract can 

lead to sperm antibody formation. This is best exempli-
fied by the high incidence of sperm antibodies associated 
with vasectomy, where up to 70% of patients develop 
antibodies after the procedure.346–348 Blunt trauma and 
testicular biopsy may cause sperm antibodies to form 
as well.836,837 Sperm antibodies are associated with 
obstructive azoospermia and congenital absence of the 
vas deferens,348,838 and with reproductive tract infection 
involving orchitis and/or epididymitis, although there is 
evidence that inflammation alone may not be sufficient 
to cause antibody formation.839,840 There is a definite 
relationship between sperm antibodies and the existence 
of other autoantibodies, suggesting an important role 
for genetic factors in predisposition to sperm antibody 
formation.841,842 A separate subset of antibodies directed 
against steroidogenesis-specific antigens expressed by 
the Leydig cells is associated with polyglandular auto-
immunity, although sperm antibodies also may be found 
in patients with these conditions.843,844

In animal models, sperm antibodies can be induced by 
active immunization with spermatogenic cells or whole 
sperm, or with testicular or epididymal extracts. This 
procedure usually involves the use of adjuvants to boost 
the immune response, but protocols leading to antibody 
formation without adjuvants also have been reported.845 
As in humans, antibodies may develop following exper-
imental vasectomy or vasal obstruction in rats, guinea 
pigs, mice, rabbits, and monkeys.97,332,349,351,352,846,847 The 
strength of the response and its outcomes are very much 
strain-dependent. In some of these experimental models, 

FIGURE 19.16 Sperm antibody binding sites and effects. The 
principal sequelae of antibody binding to spermatozoa are: (1) activa-
tion of immune cells against the sperm via complement or through 
interaction with immunoglobulin Fc receptors on phagocytes leading 
to cytotoxicity; (2) blocking or interfering with surface recognition 
molecules, in particular the egg binding receptors in the postacrosomal 
region; and (3) agglutination caused by cross-linking of sperm by mul-
tivalent antibody which may impede the ability of sperm to swim 
freely in the female tract.
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the formation of antibodies is associated with the devel-
opment of orchitis and variable degrees of damage to 
the seminiferous epithelium, an outcome that is rarely, 
if ever, observed in humans under the same conditions.

Measurement and Clinical Significance of Sperm 
Antibodies

There has been considerable debate regarding the clini-
cal significance of sperm antibodies or, perhaps more pre-
cisely, the tests used to measure them. Although antibody 
levels in seminal plasma or even blood are frequently 
quantified, it has been suggested that only antibodies that 
are actually bound to the sperm, and more specifically 
the anterior portion of the sperm, should be considered 
to be of real significance, and then only when a majority 
of the sperm are affected.2,835,848,849 Hence, studies that use 
tests that detect sperm bound antibodies (e.g. agglutina-
tion and immunobead binding tests) are most likely to 
provide reliable results.834,850,851 Although IgG can cross 
the reproductive tract epithelium at sites such as the rete 
testis to bind to sperm,852 it also has been argued that only 
IgA antibodies are evidence of a specific mucosal immune 
response and should be considered of greater prognostic 
value in semen samples. The most rigorous approach to 
this issue involves confirmation that the antibody binding 
has functional consequences using a sperm function test, 
such as the mucus penetration assay, before accepting the 
pathological significance of the antibodies.2,835,849

Even allowing for the variation in methods employed, 
it appears that populations vary widely in the incidence 
of sperm antibodies. This may be due in part to genetic 
differences in susceptibility to antibody formation, 
although the prevalence of reproductive tract infections 
in the population and a lack of suitable treatment options 
are probably a stronger determinant. In developed 
nations, the incidence of sperm antibodies is around 
5–10% of all infertility cases.2,3 On the other hand, in 
parts of central Africa where treatment for reproductive 
tract infection is limited, or there is a reliance on self-
medication and alternative therapies, the incidence of 
sperm antibodies among infertile populations is much 
higher.853 In considering these figures, it also should be 
borne in mind that sperm antibodies may be present in 
the semen or blood of men of proven normal fertility.854 
Moreover, in the absence of any other underlying cause 
being evident, the presence of sperm antibodies tends to 
be assumed to be the cause of the infertility. It is quite 
possible that the incidence of infertility due primarily 
to sperm antibody reactions is lower than these values 
might suggest. While treatment with high dose cortico-
steroids has been used with limited success in the past 
to treat sperm antibodies, sperm washing coupled with 
intrauterine insemination, in vitro fertilization or intra-
cytoplasmic sperm injection are the current methods of 
choice.834,837

Equally serious for the infertile couple is the devel-
opment of sperm antibodies in the female tract. While 
largely outside the scope of this review, it is important 
to recognize that histocompatibility differences between 
partners may create potential problems for sperm sur-
vival and successful fertilization.855–857

Autoimmune Orchitis

The Etiology of Orchitis
In humans, isolated orchitis is usually associated 

with viral infections, most commonly postpubertal 
mumps.858–863 Nonviral causes include mycobacteria 
(e.g. Mycobacterium leprae and M. tuberculosis) and para-
sites, such as Filariasis and Malaria. Bacterial orchitis is 
usually caused by retrograde ascent of urethral patho-
gens, such as E. coli, Chlamydia trachomatis, and Neisse-
ria gonorrhoeae, and is almost invariably associated with 
inflammation of the epididymis (epididymo-orchitis). In 
both clinical and experimental models of infectious orchi-
tis,313,603,864 the immunological response to the infection 
may cause collateral damage to testicular cells, causing 
obstruction, fibrosis, and displacement or ischemia, and 
increases the risk of subsequent autoimmune reactions 
against testicular antigens. Autoimmune orchitis may 
also develop as a consequence of neoplasia, in response 
to an external antigenic challenge (e.g. vasectomy or 
active immunization), or may arise spontaneously, in the 
sense that no obvious cause can be discerned.859,860,865 
Whereas infectious orchitis resolves once the infection 
has been cleared, autoimmunity may lead to chronic 
inflammatory disease. In contrast with the incidence of 
sperm autoantibodies, however, autoimmune reactions 
against spermatogenic cells within the testis appear to 
be comparatively rare among most human populations.

While there are several animal models of spontaneous 
autoimmune orchitis, generally attributable to genetic or 
epigenetic causes, in the mink,866 rats,867 and dogs,868 
the incidence of such events have been difficult to estab-
lish in humans, given that the autoimmune event and 
its diagnosis might be separated by many years. There 
is evidence for immune complex formation in the base-
ment membrane of the seminiferous epithelium,869–871 
and a high prevalence of asymptomatic testicular inflam-
matory lesions,4,5 among infertile men. The problem lies 
in establishing whether these lesions are evidence of a 
past autoimmune reaction or secondary to inflammation 
from other causes. The testis is one of the organs that is 
affected in PGA syndromes, which are caused by failure 
of normal mechanisms of tolerance,166,167,872 suggesting 
that other genetic causes for autoimmune orchitis may 
exist. There is some evidence of an association of orchi-
tis with other autoimmune inflammatory diseases, par-
ticularly vasculitis (inflammation of the blood vessels) 
in men.873 A genetic predisposition for development of 
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autoimmunity may require a secondary trigger, in the 
form of a precipitating infection, physical trauma to the 
reproductive tract or other inflammatory event, in order 
to proceed to actual autoimmune orchitis.

Experimental Autoimmune Orchitis
Several experimental animal models of autoimmune 

orchitis have been extensively studied by a number 
of groups, seeking to understand testicular immuno-
physiology and the causes of autoimmune infertil-
ity.155,311,313–315,331,845,874,875 Most of these models involve 
immunization with testicular antigens, including sper-
matogenic cell, somatic cell, and extracellular matrix 
antigens, using complete adjuvants (containing active 
or inactivated microbial agents), or adoptive transfer of 
lymphocytes from animals with on-going autoimmune 
orchitis. However, at least one model of induced orchitis 
involving subcutaneous injection of syngeneic (geneti-
cally identical) spermatogenic cells into a susceptible 
strain of mice has been described.876,877 A particularly 
interesting model of orchitis development occurs sub-
sequent to vasectomy in some animals. Whereas vasec-
tomy leads to sperm antibody formation alone in most 
strains of rats and mice, vasectomy results in a rapid 
progression to full-blown orchitis in the Lewis rat,349–351 
and SWR/J mouse.878 Similar responses to vasectomy 
or epididymal obstruction have been observed in the 
rabbit,879 guinea pig,880 and rhesus monkey.881 Finally, 
removal of the thymus gland around postnatal day three 
in mice causes polyglandular autoimmunity, which can 
include autoimmune orchitis similar to that found in 
humans,155,874,875 indicating that immunoregulation by 
T cells is involved in the normal protection of at least 
some testis-specific antigens. These models have been 
crucial to the development of our concepts of the control 
of immune responses in the testis.

The majority of research has been focused upon 
autoimmune reactions to the germ cells, but testicular 
autoimmune disease also may involve the somatic cells. 
Autoimmune polyglandular diseases, most notably 
Addison’s disease, are associated with specific immune 
reactions to steroidogenic cells throughout the body, 
including Leydig cells, thereby leading to hypogonad-
ism.843,882 This autoimmunity primarily involves reac-
tions against the steroidogenic enzymes and hormone 
receptors,883,884 although spermatogenic cell autoanti-
bodies are commonly observed, as well.844

Although the models of experimental autoimmune 
orchitis differ in respect of the method of induction, 
there are common features in the progression of disease, 
which are summarized here. The onset of autoimmune 
orchitis in animals generally involves the appearance 
of testicular antibodies and immune complexes, fol-
lowed by infiltration and activation of macrophages, 
dendritic cells and effector lymphocytes, invasion of the 

seminiferous tubules, sloughing of germ cells and focal 
necrosis, accumulation of neutrophils and/or eosino-
phils, and finally aspermatogenesis.311,314,331,885–887 The 
epididymis and vas deferens are frequently involved. 
In adoptive transfer studies in mice, it was shown that 
CD4+ T cells, but not antibody, can transfer orchitis from 
one animal to another, clearly implicating a cellular 
rather than humorally-mediated mechanism of disease 
development.267,268,864 In adoptive transfer, moreover, 
the early disease almost invariably occurs in the region 
where the seminiferous tubules connect to the rete tes-
tis,267,268 consistent with the fact that this is where access 
to the antigens of spermatogenesis is likely to be great-
est,64,73,267 and there is a greater concentration of MHC 
class II positive macrophages.267,268,314,331,888 In the adju-
vant-free model of induced orchitis, a similar pattern of 
disease initiation has been observed in this region.889 
Active immunization protocols using adjuvant, on the 
other hand, cause a more widespread induction of dis-
ease throughout the testis.267,311

Progression of autoimmune orchitis is marked by 
expansion and activation of the testicular dendritic cell 
and macrophage populations, which remain elevated 
throughout the course of the disease.292,887 Increases in 
IL17-producing CD4+ Th17 cells and CD8+ T cells, and 
even Treg cells have been observed during the onset of 
autoimmune orchitis in the rat, and persist through the 
chronic phase, indicating that interaction between these 
cell subsets may determine the course of the disease.885,886 
Several immunodominant antigens have been identified 
in the rat, and include antigens that are not specific to 
the testis.291 The pro-inflammatory cytokines, TNF and 
IFNγ, FAS and FASL, and NOS2 have been identified as 
potential causative factors in the development of orchitis, 
principally by stimulating antigen-presentation activity 
and spermatogenic cell apoptosis.595,890–894 Although IL6 
production by testicular macrophages increased dur-
ing experimental autoimmune orchitis in rats,895 and 
was implicated in the disruption of the inter-Sertoli cell 
tight junctions,896 administration of IL6 has been shown 
to inhibit the progression of orchitis in LPS-resistant 
mice.897 The progression of orchitis may also be inhibited 
by IL10 and by androgens.898,899 The crucial requirement 
in the development of orchitis is to overcome the normal 
mechanism of systemic tolerance to testicular antigens, 
as well as the local immunoregulatory mechanisms.

Typically, immunological events induced in one testis 
can lead to damage in the contralateral testis, a condi-
tion sometimes called sympathetic orchiopathia. Such 
responses have been observed following a unilateral 
physical or toxic insult,900,901 infection with E. coli or other 
pathogens,902,903 and ischemia or ischemia-reperfusion 
injury.746–748,904 This is usually attributable to generation 
of autoreactive lymphocytes and antibodies caused by 
events in one testis traveling to the other testis to initiate 
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disease, in a manner comparable to adoptive transfer of 
autoimmunity from one animal to another.

The precise reasons why some animal strains are more 
susceptible to the development of autoimmune orchitis 
remain to be fully explained, but it is obvious that sus-
ceptibility to autoimmune reactions to sperm and testis 
antigens is genetically determined.905,906 Clinically, there 
is an association between sperm antibodies and other 
autoimmune antibodies,841,842 and the development of 
sperm antibodies following vasectomy is strongly asso-
ciated with the MHC.907 In mice, specific orchitis sus-
ceptibility genes have been mapped to both MHC and 
non-MHC regions, and the loci linked to development of 
orchitis also have been shown to govern susceptibility to 
other autoimmune diseases, such as encephalomyelitis 
and diabetes.908,909

Autoimmunity in the Epididymis, Vas Deferens, 
and Prostate

Clinically, epididymitis is the most common intra-
scrotal inflammation, manifesting as pain, nodules, 
edema, urinary difficulties, fever, urethral discharge, 
and/or infertility, although it also can be asymptomatic. 
Acute epididymitis is most commonly due to retrograde 
ascent of urethral pathogens and sexually-transmitted 
bacterial infections—most notably C. trachomatis and 
N. gonorrhoeae, but also Ureaplasma urealyticum, E. coli, 
Enterococcus faecalis, and Pseudomonas aeruginosa.860 
Less frequently, systemic bacterial infections, such as 
M. tuberculosis, Haemophilus influenzae type B, and Sal-
monella, or nonbacterial infections, such as cytomega-
lovirus and filariasis, may be responsible, especially in 
children or immunocompromised individuals. Epididy-
mitis also may have noninfectious origins in various 
medical procedures, the arrhythmia drug amiodarone, 
trauma, physical stress, vasectomy, urinary reflux, neo-
plasia, postinfectious and systemic inflammation, vascu-
litis, and systemic autoimmunity.11,12,860,910,911 Vasitis is 
relatively rare and is usually caused by injury, bacterial 
infection, and following surgical manipulation, postva-
sectomy or following prostatectomy.912 It may present as 
pain or be asymptomatic. If the inflammatory response 
in the epididymis or vas deferens is severe enough, this 
can lead to damage to the mucosal epithelium and/or 
obstructive lesions that may inhibit fertility. Prostatitis 
and vesiculitis are most commonly caused by bacterial 
infections, although antibiotic-resistant chronic prosta-
titis/chronic pelvic pain has suspected inflammatory, 
probably autoimmune, origins.10,860,910,911

Epididymitis is much more frequent than isolated 
orchitis, which may be a reflection of closer proximity to 
the external environment. However, different immuno-
regulatory mechanisms in the two organs may also be a 
contributing factor. Experimental evidence suggests that 

the epididymis may be more susceptible to inflammation 
and subsequent leukocytic infiltration than is the testis. 
For example, infiltration of lymphocytes and neutro-
phils into the interstitial tissue are frequently observed 
in the epididymis and vas deferens, but rarely in the tes-
tis, of aging mice.913 In mice injected intravenously with 
Bordetella pertussis and adjuvant, neutrophils invade the 
stroma of the epididymis, vas deferens and accessory 
glands, but the testis is not affected.914 In the alympho-
plastic (aly) mouse, eosinophils and macrophages spon-
taneously accumulate in the stroma of the epididymis 
and vas deferens, but not the testis.915

Experimentally, epididymitis can be induced by ret-
rograde inoculation with bacteria, such as E. coli, via the 
vas deferens, which leads to epididymitis, vasitis and 
orchitis, but is complicated by the presence of the bacte-
ria itself.95,809,916–918 Noninfectious models of epididymitis 
involve active immunization, neonatal thymectomy, and 
vasectomy. Epididymitis (actually epididymo-orchitis) 
and vasitis can occur following active immunization with 
testicular extracts in the presence of suitable adjuvants  
in rats, mice and guinea-pigs.267,314,331 Passive transfer  
of T cells from mice immunized in this manner also leads 
to epididymitis, with testicular involvement initially 
confined to the region around the rete testis and the 
efferent ducts.267,268,890 Subcutaneous injection of syn-
geneic testicular spermatogenic cells into mice in the 
absence of adjuvant causes orchitis without epididy-
mitis,876 but passive transfer of the lymphocytes from 
these mice after stimulation in vitro, favors the induc-
tion of epididymitis.919,920 In other words, the transfer 
of T cells activated specifically against spermatogenic 
antigens selectively induces epididymitis in nonimmu-
nized mice.889 Removal of the thymus at 3 days of age 
in mice, which abrogates peripheral tolerance mediated 
by regulatory T cells,921 initially causes epididymovasi-
tis in the postpubertal period, followed by an increasing, 
but always smaller, incidence of orchitis many weeks 
later.874,922 Likewise, mice with a targeted deletion of the 
immunoregulatory AIRE transcription factor developed 
sperm antibodies and leukocytic infiltrates in the epidid-
ymis, without orchitis.923 Vasectomized A/J mice that 
have been immunized with syngeneic testicular sper-
matogenic cells develop epididymitis independent of 
orchitis,924,925 suggesting that the epididymis can be the 
primary site of immune reactions following vasectomy, 
as well. The epididymis is also more susceptible than 
the testis to spermatic granuloma formation in humans 
and in experimental mice.926,927 Taken altogether, these 
observations highlight a greater susceptibility of the 
epididymis to inflammation, relative to the testis, when 
responses to spermatogenic antigens occur. Accordingly, 
detailed studies in mice have established that the immu-
nogenetics underlying susceptibility to autoimmune 
orchitis and epididymitis are quite distinct.906
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Infection and inflammation in the epididymis is charac-
terized by infiltration of macrophages, lymphocytes and 
neutrophils into the interstitial and peritubular zones, as 
well as the epididymal epithelium.95,99,331,332,845,874,922,925,928 
The consequences include reduced sperm productivity 
and function, increased sperm antibody formation, as 
well as damage to the epithelium and potential obstruc-
tion of the epididymal duct. Similar responses in the vas 
deferens and accessory glands may interfere with semi-
nal fluid production and sperm transport. As in the testis, 
these disruptions of function may be due to the actions of 
the activated immune cells, but may also be due to altered 
epithelial cell or stromal cell function, through the activa-
tion of TLR signaling pathways, pro-inflammatory cyto-
kines and other inflammatory mediators. Importantly, 
ongoing inflammation in these tissues, regardless of the 
cause, may be a source of chronic pelvic or perineal dis-
comfort or pain.

IMMUNE PRIVILEGE IN THE MALE 
REPRODUCTIVE TRACT

Based on the data as outlined in previous sections, 
it is evident that the testis is an immunological target, 
and that autoimmune responses to spermatogenic anti-
gens will occur given the right conditions, prompting 
the question: What are the normal systems that exist within 
the testis to prevent or regulate development of autoimmunity 
there? In other words, what is the functional and physiologi-
cal basis of “immune privilege” in the testis? The concept 
of immunological privilege has generally been used by 
immunologists to describe tissues that are not readily 
accessible to antigen-presenting cells and circulating 
lymphocytes or that have deficient lymphatic drain-
age to local lymph nodes, such as the brain, the ante-
rior chamber of the eye and the placenta.37,873,929 Neither  
of these properties applies to the testis, and the most 
common misconception centers on the role of the blood–
testis barrier.

The Immunological Role of the Blood–Testis 
Barrier

The actual location of the blood–testis barrier lies 
in tight occluding junctional specializations (zonulae 
occludens) between adjacent Sertoli cells in the seminif-
erous epithelium (Figure 19.2).16,17 These elaborate junc-
tions are quite distinct in organization from the normal 
adhering junctions and gap junctions found in most epi-
thelia and are assembled at the time of puberty to form 
a complete seal separating the basal and adluminal com-
partments of the epithelium.15,866 Their primary role is to 
create a unique physiological environment for the mei-
otic and postmeiotic germ cells, and all spermatogenic 

cells beyond the leptotene or zygotene spermatocyte 
stage are completely surrounded by the cytoplasm of 
adjacent Sertoli cells and are entirely dependent upon 
these cells for their support and regulation.72,77,930,931 The 
process of movement of the spermatogenic cells them-
selves through the junctions during spermatogenesis 
does not involve a breach of junctional integrity.72,931 
Indeed, loss of barrier function is a precipitating factor 
in many forms of testicular failure, including spermato-
genic damage during inflammation and infection.

A broader definition of the blood–testis barrier beyond 
the concept of a physiological barrier incorporates protec-
tion of the spermatogenic cells from harmful influences. 
Some definitions of the blood–testis barrier, therefore, 
also include the efflux-pump barrier system involving 
drug-transport proteins, such as p-glycoprotein and the 
multidrug resistance associated protein-1, on the capil-
lary endothelium, peritubular myoid cells, and the basal 
aspect of the Sertoli cells.932,933 While these elements may 
certainly be important for protection of the testis against 
toxic agents, their contribution to immunoregulation is 
likely to be marginal.

There are several lines of evidence that the blood–
testis barrier does not account for all the manifestations 
of immune privilege in the testis. Studies have shown 
that spermatogenic cell autoantigens are not confined 
behind the Sertoli cell tight junctions, and are expressed 
by spermatogonia and the early spermatocytes.934 More-
over, there is clear evidence that the barrier is incom-
plete in the epithelium of the rete testis. Significantly, 
orchitis can be passively transferred to naïve mice 
by lymphocytes from mice with active autoimmune 
orchitis.267,268,919 In many seasonally breeding species, 
annual regression of both the later spermatogenic cells 
and blood–testis barrier occurs without inducing overt 
inflammation or autoimmunity.72,866 Finally, the blood–
testis barrier cannot explain the enhanced survival of 
grafts within the interstitial tissue.14,266 On balance, the 
data lead to the conclusion that the blood–testis barrier 
does not prevent exposure of germ cell antigens to the 
immune system, indeed antibodies and lymphocytes 
specific for spermatogenic antigens may be a normal fea-
ture of the circulating immune repertoire.854 Although 
the sequestration of a large proportion of the antigenic 
burden behind the blood–testis barrier no doubt plays a 
role in this process, it cannot be the primary explanation 
for functional immune privilege in the testis.

Evidence from Transplantation Studies

Perhaps the most intriguing aspect of immune 
responses in the male tract is the observation that 
allografts and even xenografts into the testicular inter-
stitial tissue outside the blood–testis barrier are pre-
served for extended periods of time, possibly even 
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indefinitely.14,266,935–937 This enhanced survival is not 
simply due to the reduced ambient temperature of the 
testis, as grafts to the equally hypothermic skin of the 
ear are not preserved,266 while grafts continue to survive 
in testes that have been translocated to the abdominal 
cavity.266,936,937 Moreover, the efferent lymphatics of 
the testis do not show any evidence of functional defi-
ciency.13 However, intratesticular parathyroid allografts 
fail to survive in rats sensitized against the donor anti-
gens, while long-established intratesticular allografts are 
rapidly rejected following active immunization of the 
recipient with donor tissue.14 These observations led to 
the hypothesis that local immunoregulation mechanisms 
are responsible for graft survival, and, more specifically, 
that the inductive phase of the immune response is sup-
pressed within the testis and/or its draining lymph 
nodes. In other words, the immune system may be 
unable to recognize and/or respond to foreign antigens 
within the testicular environment.

It should be noted that studies on graft survival in the 
testes of laboratory rodents have been very successful, 
but the data in other species are less consistent. Similar 
transplant studies in the ram and cynomolgus monkey 
have proven unsuccessful.938,939 Moreover, the type of 
graft also may be a factor. Selawry and colleagues were 
able to demonstrate survival of pancreatic islet allografts 
or xenografts in abdominally-located testes, but not in 
scrotal testes, of the rat.937 Whether these differences in 
outcome are due to differences in testicular architecture, 
differences in lymphatic organization or vascularization, 
the size, health, and type of graft, the underlying immu-
nogenetics of the donor and host, effectiveness of local 
immunoregulatory mechanisms, species differences 
in systemic immunity, or even the surgical procedures 
employed, remains to be answered.

Evidence suggests that testicular tissue and some tes-
ticular cells, in particular, have inherent characteristics 
that may make them more amenable to transplanta-
tion.30,940,941 However, just as intratesticular grafts pro-
duce different outcomes in different studies, studies on 
transplantation of testicular tissue have met with vari-
able degrees of success. Early observations were that 
fetal and postnatal testis tissues are viable as grafts 
under the kidney capsule of outbred rats, but that adult 
testis tissue is quickly rejected.941,942 Perhaps surpris-
ingly, transplantation of fragments of intact testicular 
tissue from numerous species under the skin of immu-
nodeficient mice tends to be extremely successful, with 
vascularization, normal steroidogenesis and even com-
plete spermatogenesis becoming established, although 
there is no exit for the spermatozoa that are produced.943 
The ability of spermatogenesis to occur in such grafts is 
probably related to the reduced temperature of the skin, 
but immunocompromised recipient animals are gener-
ally required to avoid rejection responses. On the other 

hand, adult testis allografts have been observed to sur-
vive under the kidney capsule in immunocompetent 
mice,489 and allogeneic transplantation of spermatogenic 
cells, which were subsequently able to undergo normal 
spermatogenic development, have been successfully per-
formed in several domestic species with intact immune 
systems.944–946 Kimmel and colleagues observed that 
human testis xenografts to the murine kidney failed to 
survive in intact mice, but survival was possible in recip-
ient mice with an inactivating deletion of MHC class II 
expression, thereby implicating a CD4+ T cell-mediated 
rejection process.947 Discovering the reasons why dif-
ferent models produce such widely different outcomes 
may provide a better understanding of the fundamental 
requirements for immunological privilege in the testis.

Immune Tolerance and Immunoregulation

It has become increasingly apparent that central and 
peripheral immune tolerance contributes to testicular 
immune privilege. This was first indicated by the fact 
that hypogonadism and sperm autoimmunity are fre-
quently associated with the PGA syndromes, type 1 and 
2, which are due to a mutation in the AIRE transcrip-
tion factor that controls thymic antigen expression dur-
ing immune development,166 and a defect in regulatory 
T cell function,167 respectively. Mice with a deletion of 
AIRE develop sperm antibodies and inflammatory 
lesions in the epididymis (O’Bryan MK, personal com-
munication).923 Exposure to testicular antigens during 
maturation of the immune system has been shown to 
reduce the severity of induced autoimmune orchitis in 
adult genetically-immunodeficient mice that have had 
their immune system re-constituted.948 Moreover, the 
cluster of autoimmune endocrinopathies induced by 
thymectomy at 3 days of age in mice and rats frequently 
includes orchitis.155,872,874,875,922 These disease models in 
humans and rodents establish a link between testicular 
autoimmunity and failure of tolerance, more precisely, 
a shift in the balance between autoreactive T cells and 
specific regulatory T cells.

Suppressor or regulatory T cells have experienced a 
major revival in interest in recent times, with most atten-
tion directed toward the CD4+CD25+FOXP3+ Treg cell 
subset, but there is also evidence for CD8+ regulatory T 
cell populations.949,950 As would be expected, Treg cells 
can be found in both the normal and inflamed testis,310,885 
even if their actual role in the testis has yet to be firmly 
established. Nonetheless, several studies indicate that 
exposure of T cells to the testis environment induces an 
immune deviation response, that is, a switch from cell-
mediated (Th1) type immunity to a Th2/Treg response 
that is predominantly immunoregulatory and tolero-
genic (Figure 19.7). Injection of soluble antigen into the 
testis produces specific suppression of T cell-mediated 
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responses against the injected antigens.951–953 Studies on 
pancreatic islet cell allografts in the mouse testis indi-
cate that activated or memory T cells directed against 
graft antigens are destroyed when they enter the testis 
environment and that graft antigen-specific Treg cells 
are preferentially produced.954,955 Isolation of a CD4+ T 
cell line that was able to downregulate the development 
of adoptive transfer of autoimmune orchitis in mice 
has been reported,956 and a crucial role for Treg cells 
in controlling the development of orchitis in response 
to vasectomy also has been demonstrated in mice.957 A 
substantial increase in evidence linking Treg cells and 
other regulatory T cell subsets to the control of testicular 
immune responses can be anticipated in the near future.

FAS Ligand
In 1995, Bellgrau and colleagues489 reported that 

expression of FASL was expressed by mouse Sertoli 
cells, and that mice deficient in either FASL or its recep-
tor, FAS, did not show evidence of testicular immune 
privilege. In this study, FAS-FASL interaction was impli-
cated in the prevention of antigen-specific responses 
within the testis, and subsequently, in other immune-
privileged or immune-deficient sites.958 It was proposed 
that T cells entering the testis and becoming activated 
by exposure to their respective antigen are immediately 
killed by interaction between FAS on their surface and 
FASL, either expressed on, or secreted by, the Sertoli 
cells. While this was an attractive hypothesis, a number 
of concerns regarding the FASL expression hypothesis as 
an overarching explanation for immune privilege arose. 
Several groups found that expression of FASL did not 
confer immunoprotection in their own studies in the 
testis or in other tissues, and in fact caused quite viru-
lent inflammatory reactions in some cases.959,960 FASL 
also appeared to be expressed at relatively high levels 
in epithelia of human tissues not generally thought of as 
immunologically privileged, such as the esophagus and 
lung.961 Finally, Kimmel and colleagues reported being 
unable to detect FASL expression at all in normal human 
testes which had been flushed of all peripheral blood cell 
contamination prior to collection of RNA.947

The role of FASL in normal testis function or immu-
nophysiology still remains unresolved. Several stud-
ies have suggested that, although FASL mRNA can be 
detected in Sertoli cells using very sensitive methods 
such as RT-PCR, the protein is not significantly expressed 
by the Sertoli cells in the normal adult testis, and in fact 
it may only be the spermatogenic cells that express the 
ligand constitutively.492,959,962 In the immature rat and 
porcine testis FASL protein has been detected in Sertoli 
cells by immunohistochemistry,490,963 but the specificity 
of FASL antisera used for this purpose has been chal-
lenged in at least one major review of the issue.491 While 
it appears certain that modulation of FAS and FASL in 

the seminiferous epithelium plays an important role in 
regulating spermatogenic cell apoptosis, particularly in 
various testicular damage models,490,772,964 a crucial role 
in maintaining immune privilege in the testis remains 
doubtful on the weight of evidence.

Major Histocompatibility Complex Expression in 
the Testis

Most studies have reported a characteristic absence of 
expression of both MHC class I and class II proteins on 
the cells of the seminiferous epithelium under normal 
conditions.67,68,230,232,266,267,315,965–967 This suggests that 
spermatogenic cells may be able to avoid direct recogni-
tion by CD4+ and CD8+ T cells, which might be important 
for reducing the potential for antigen-specific immune 
responses in the seminiferous epithelium. On the other 
hand, there are some data to indicate that mRNA and 
protein for both MHC class I and class II molecules are 
expressed in human spermatozoa,968–970 suggesting that 
mRNA present in the spermatogenic cells may be trans-
lated into protein at some time after they are released 
from the testis. This delayed expression of MHC mol-
ecules may play a role in protection of the sperm against 
infection or immune cells in the reproductive tract.

In contrast to the seminiferous epithelium, both MHC 
class I and II proteins are expressed in the testicular 
interstitial tissue. As would be expected, MHC class I 
expression is found on most interstitial cells, including 
the Leydig cells.230,965 In the rat and human, testicular 
macrophages and dendritic cells express MHC class II 
throughout the interstitium,239,246,266,965 but studies on 
the mouse testis indicate that expression of MHC class 
II is concentrated on cells in regions adjacent to the rete 
testis.267,268 A greatly reduced number of MHC class 
II positive cells in the ram testis is consistent with the 
relatively low number of resident macrophages in this  
species.68 In light of all the observations, however, it 
appears unlikely that a lack of MHC class II-positive 
antigen-presenting cells is a contributing factor in tes-
ticular immune privilege. Differences in the distribution 
of such cells, however, may be reflected in differences 
in susceptibility and development of autoimmune reac-
tions between species, or possibly even between different 
strains. During the development of experimental auto-
immune orchitis, which requires overcoming periph-
eral tolerance to intratesticular antigens, MHC class II  
expression and the cells bearing these molecules— 
dendritic cells and macrophages—are increased within 
the testis and in the draining lymph nodes.292,887

The nonclassical MHC class I genes, HLA-G and 
HLA-E, are associated with suppression of the adaptive 
immune response.169,971 The soluble form of the HLA-G 
molecule has been localized by immunohistochemistry 
to Sertoli cells, spermatocytes, spermatids and some 
interstitial cells in the rhesus monkey testis,972,973 and 
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expression of HLA-G and HLA-E has been detected in 
isolated human spermatogenic cells.970 More recently, 
HLA-G has been detected in the seminiferous tubules 
and efferent duct epithelium of the human testis.974 
This molecule is associated with the placenta in protect-
ing fetal alloantigens from the maternal immune sys-
tem,169,972 and its soluble form has been implicated in 
apoptosis of alloreactive CD8+ T cells.971 Its significance 
to the testis is entirely unknown at this time.

Immunological Responses in the Testis
It is evident that maintenance of peripheral tolerance 

is important for testicular immune privilege, and that 
loss of tolerance to testicular antigens leads to autoim-
munity and testicular damage. Obviously, the MHC class 
II-expressing antigen-presenting cells of the testis must 
play a crucial role in this process, by creating a tolero-
genic environment. The balance of data suggest that the 
majority of dendritic cells and macrophages in the mouse 
display reduced expression of MHC class II molecule and 
the regulatory CD80/CD86 co-receptors,267,271 suggesting 
that they may be more likely to promote tolerance, but 
this does not appear to be true for the rat.266,272 However, 
expression of other co-regulatory ligands and receptors, 
for example CD40LG or inhibitory variants of CD80/
CD86,975 have yet to be investigated in these cells. On the 
other hand, it is well-established that the macrophages 
of the rat and mouse display the anti-inflammatory/
immunosuppressive M2 phenotype, manifesting as pref-
erential production of immunosuppressive cytokines, 
such as IL10, and a reduced capacity for T cell activa-
tion.269,270,275,287,288 This suggests that the predominantly  
immunosuppressive phenotype of the testicular  
macrophages is a critical element in maintaining testicu-
lar immune privilege, and that deviation of the macro-
phage and dendritic cell phenotype toward support of 
cell-mediated immunity is an essential event leading to 
autoimmune orchitis.272,292,887,893

Based on the existing evidence, it can be proposed that 
circulating CD4+ effector T cells entering the testis are inac-
tivated, deleted, or made tolerogenic by the resident anti-
gen-presenting cell population. This model of tolerance in 
the testis is consistent with the presence in the testicular 
interstitial tissue of Treg cells,310,885 but also of NK and NK 
T cells (Hedger MP and Aridi DZ, unpublished data).70 
Cells of the NK lineage are able to modulate dendritic cell 
activity to control adaptive immune responses.976–978 These 
cells play a key role in promoting graft survival,149,168 and 
have been implicated in the generation of CD8+ regula-
tory/suppressor T cells in another immune privileged site, 
the anterior chamber of the eye.150,979,980 Consequently, it 
is anticipated that intratesticular NK and NK T cells are 
involved in production of regulatory/suppressor T cells 
specific to the testis. Finally, a role for γδ T cells, a minor 
subset of T cells that possess an alternate TCR structure, 

has been invoked in suppressing autoimmune reactions 
in bacterial-induced autoimmune orchitis in the mouse, in 
part through production of IL10 and TGFβ.313,903 This lym-
phocyte subset also appears to be involved in maintaining 
immune privilege in the eye.981

Testicular Immunoregulatory Mechanisms

Immune privilege, in the classical sense of providing 
extended graft protection, is restricted to a small number 
of tissues, so there must be some specific properties of the 
testis that create an environment where adaptive immu-
nity is so closely regulated. Historically, the spermato-
genic cells and Leydig cells have been implicated,982,983 
as they are cell types with functions that are unique to 
the testis. Early studies showed that spermatogenic cells 
can inhibit lymphocyte activity in vitro and in vivo.983,984 
More recently, Cheng and colleagues reported that the 
CD80/CD86 variant T cell regulator, programmed death-1 
ligand-1 (PD-L1 or B7-H1), is expressed on murine sper-
matocytes and spermatids, and supports the survival of 
intratesticular pancreatic islet allografts.985 However, con-
tact between T cells and these cells behind the blood–testis 
barrier is unlikely, and complete disruption of spermato-
genesis by translocation of the testis to the abdominal cav-
ity does not appear to abrogate survival of intratesticular 
allografts or xenografts.266,937,986 Nonetheless, even if the 
spermatogenic cells do not play a direct role in immuno-
regulation, it remains possible that these cells play a role 
by stimulation of immunoregulatory functions of the Ley-
dig cells, and more importantly, the Sertoli cells.

The Role of the Sertoli Cell
There is little doubt that the Sertoli cell possesses 

unique immunoregulatory properties. Sertoli cells from 
immature rat, murine or porcine testes display extended 
survival as allografts or xenografts, and co-transplantation 
of Sertoli cells or testis cell mixtures containing these cells 
confers increased survival on a number of cell and tissue 
allografts and xenografts, including neural cells, pan-
creatic islets and skin.987–990 Such procedures have even 
been used for protection of islet transplants in humans, 
with some success and controversy.991 Although the 
immunoprotective properties of the Sertoli cells appear 
to be dependent upon their number and ability to form 
intercellular tight junctions and tubule-like structures, 
survival of co-transplanted cells adjacent to, but outside, 
these structures indicates that the protective mechanism 
does not require the creation of a physical barrier.992  
Protection appears to be an inherent property of the Sertoli 
cell, involving factors expressed on the surface or secreted 
from the cell (Figure 19.17).

Sertoli cells express comparatively low levels of 
classical MHC antigens, and produce the nonclassical 
MHC class I antigen, HLA-G, which would enhance 



19. THE IMMUNOPHYSIOLOGY OF MALE REPRODUCTION856

3. MALE REPRODUCTIVE SYSTEM

their potential to avoid detection by T cells and subse-
quent immune activation.230,967,972,993 On the other hand, 
expression of ICAM1 and VCAM1 by the Sertoli cells 
suggests that these cells can selectively bind and interact 
directly with circulating lymphocytes.477,994 Mouse Ser-
toli cells increase expression of PD-L1, but not positive 
co-stimulatory molecules, in response to IFNγ in vitro.594 
Human Sertoli cells were found to suppress MHC class II 
and inflammatory gene expression in human endothelial 

cell cultures stimulated with INFγ or TNF, and to inhibit 
the ability of these cells to stimulate spleen lympho-
cyte proliferation.995 Finally, Sertoli cells are similar to 
macrophages in that they possess an enormous capac-
ity for phagocytosis of senescent cells, cell debris, and 
other potentially antigenic complexes. Together with 
the inherent ability of the Sertoli cell to provide a highly 
supportive environment for cell growth and differentia-
tion,996 these characteristics no doubt all contribute to 
the unique graft-protecting abilities of the Sertoli cell.

Sertoli cells express and secrete a wide range of immu-
noregulatory molecules, several of which have been 
implicated in graft protection or immune privilege.997 
Studies have shown that Sertoli cells secrete lympho-
cyte-inhibiting activity in culture,998,999 and are major 
sites of production of both TGFβ and activin A.224,225 
Production of TGFβ1 by co-transplanted Sertoli cells has 
been implicated in protection of syngeneic transplants of 
pancreatic islets in streptozotocin-induced diabetic rats 
and nonobese diabetic mice.990,1000 There is evidence that 
FASL expression on the Sertoli cell may enhance graft 
survival, as well.988,1000,1001 Sertoli cells produce several 
complement inhibitors, as well as inhibitors of granzyme 
B, which is a lytic molecule produced by cytotoxic lym-
phocytes.1002–1004 Furthermore, IL6, which is secreted by 
the Sertoli cell under hormonal control, has a number of 
immunoregulatory properties, stimulating the produc-
tion of anti-inflammatory cytokines by T cells,125 and 
inhibiting the maturation of dendritic cells from circulat-
ing monocytes.234 Cultured murine Sertoli cells progres-
sively produce indoleamine 2,3-dioxygenase (IDO), an 
enzyme which catalyzes the metabolism of tryptophan, 
and which has been shown to stimulate dendritic cell-
initiated tolerance,1005 and to stimulate the development 
of Treg cells in tumors and in pregnancy.1006,1007 Silenc-
ing of IDO with si-mRNA inhibited the ability of these 
cells to reduce diabetes in non-obese diabetic mice.1006 
Finally, mice with a Sertoli cell-specific deletion of the 
androgen receptor have a defective blood–testis barrier, 
the testis becomes infiltrated by macrophages, neutro-
phils, plasma cells, and eosinophils, and they develop 
antibodies against spermatogenic cells.1008 This suggests 
that loss of androgen regulation in the Sertoli cell leads 
to a loss of testicular immune privilege.

The Role of the Leydig Cell and Androgens
It seems likely that Leydig cells actually promote 

inflammation-related responses of the testis, as these 
cells produce several inflammatory mediators constitu-
tively (MIF, NOS2) or in response to inflammatory stim-
uli (IL1, IL6, and CCL2).226,276,278,285,390–392,503,504,641,1009 
These cells also play a central role in the regulation of 
interstitial fluid formation in both hCG-hyperstimula-
tion and LPS-induced inflammation through control of 
endothelial cell permeability.397,1010,1011 Conversely, early 

FIGURE 19.17 Intercompartmental interactions regulating ste-
roidogenesis, spermatogenesis and immune responses in the adult 
testis. Within the seminiferous epithelium, the Sertoli cell supports and 
regulates spermatogenesis, through production of cytokines, including 
interleukin-1α (IL1α), IL6, and activin. Production of these cytokines 
is stimulated by the presence of the spermatogenic cells. Spermato-
genic cells also produce tumor necrosis factor (TNF) and NO, which 
regulate Sertoli cell functions, such as the maintenance of the blood–
testis barrier. Sertoli cells possess a number of immunosuppressive 
activities, which include expression of indoleamine 2,3-dioxygenase 
(IDO), HLA-G, programmed death-1 ligand-1 (PD-L1), and FAS ligand 
(FASL). Spermatogenic antigens released from the seminiferous epi-
thelium, together with local production of immunoregulatory mol-
ecules, including IL10, transforming growth factor-β (TGFβ), activin, 
prostaglandins/leukotrienes (PG/LT), and lyso-glycerophosphatidyl-
cholines (lyso-GPCs), create an environment that promotes tolerogenic 
responses (alternatively activated resident macrophages, Treg cells) 
and innate immunity (NK cells, cytotoxic T cell), while inhibiting cell-
mediated immunity (helper T cells). Leydig cells are responsible for 
recruiting macrophages into the testis and may have further immuno-
modulatory actions through production of androgens, and other mol-
ecules with immunoregulatory actions, such as prostaglandins (PGs). 
DC, dendritic cells; NK, NK cells: CTL, cytotoxic lymphocytes; Th, 
helper T cells; Treg, regulatory T cells.
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studies established that mouse Leydig cells, but not other 
testicular cells, bound to lymphocytes, macrophages and 
eosinophils specifically in vitro,1012,1013 and that the pres-
ence of rat or mouse Leydig cells could inhibit lympho-
cyte proliferation responses in vitro.982 This binding may 
have been due, at least in part, to a variant of VCAM1 
expressed on the Leydig cell surface,1014 while inhibi-
tion of lymphocytes by Leydig cells in vitro appears 
to involve both direct contact and secretion of soluble 
inhibitory factors.1015 The Leydig cell-secreted cytokine, 
MIF, is a potent inhibitor of cytotoxic T cell and NK cell 
activity,1016–1018 and it may be that a function of this cyto-
kine in the testis is to restrain cell killing in the absence 
of an overt immunological challenge. However, the most 
significant role of the Leydig cells in mediating immune 
control of the testis may lie in their ability to facilitate 
recruitment of resident macrophages in the testis (Figure 
19.17).69,226,293,296 Junctional specializations between Ley-
dig cells and resident macrophages mediate close physi-
cal attachment of these cells in the normal testis,240,244 
and the immunoregulatory significance of these interac-
tions has yet to be explored in any detail.

The principal endocrine function of the Leydig cell 
is the production of testosterone, and concentrations of 
this androgen are extremely high within the testicular 
interstitial tissue.79,80 There is some evidence in vitro that 
androgens are able to regulate lymphocyte-mediated 
immunity by stimulating the production of IL10 by CD4+ 
T cells, and stimulating the induction or proliferation of 
Treg cells.197,210,213,214,899 A more general effect of andro-
gens on the Th1/Th2 cytokine balance was demonstrated 
by the fact that administration of testosterone to hypogo-
nadal men stimulated baseline IL10 levels and inhibited 
IL1β and TNF levels in serum.1019 However, in vivo evi-
dence for local immunoregulation by androgens in the 
testis is conflicting. Androgens do not appear to directly 
regulate macrophage or lymphocyte numbers,226,227,295 
and manipulation of Leydig cell function and androgen 
production by a number of methods had no effect on sur-
vival of parathyroid or pancreatic cell allografts in the 
rat testis.935,936,986,1020 On the other hand, treatment with 
exogenous testosterone suppressed the progression of 
autoimmune orchitis in rats, by reducing the intrates-
ticular accumulation of macrophages and CD4+ T cells, 
and pro-inflammatory/Th1 cytokine expression, while 
increasing the number of Treg cells.899

Treatment with estrogen of the recipient rats prior 
to placement of parathyroid allografts was found to 
abrogate graft survival in the normal scrotal testis.266 
The problem with interpreting this finding is that estro-
gen inhibits androgen production by the Leydig cell, 
but probably has direct effects on immune responses 
and graft rejection in the testis as well. Estrogens reg-
ulate dendritic cell differentiation and activity,217,218 
and overexpression of CYP19A, leading to an elevated 

estrogen-to-androgen ratio causes progressively severe 
inflammation in the mouse testis, with massive prolif-
eration and activation of intratesticular macrophages 
and testicular damage.1021 Overall, it remains difficult to 
say what important role androgens and estrogens may 
play in regulating immune responses in the testis. More-
over, it should be noted that in addition to steroids, Ley-
dig cells produce several other factors with lymphocyte 
regulating activity. These include the antiproliferative 
pro-opiomelanocortin peptides,223,1022 and MIF, which 
notwithstanding its pro-inflammatory functions, inhib-
its the cell killing activity of cytotoxic T cells and NK 
cells.1016–1018

Soluble Immunosuppressive Activities and 
Bioactive Lipids

Rat testicular interstitial fluid is a potent inhibitor of 
T cell activation responses in vitro, in spite of the pres-
ence of substantial levels of locally-produced IL1, clearly 
indicating that soluble immunosuppressive factors are a 
principal influence on lymphocytes circulating through 
the interstitial tissue.965,1023 Similar inhibitory effects 
on lymphocytes in vitro have been observed using 
whole testis extracts from mice.1024 Early investigations 
established that this inhibition could not be attributed 
to androgens,1023,1025 or to other candidate molecules 
known to be present in testicular interstitial fluid, such 
as PGE2,1026 TGFβ family members,274,1027 or IL10.1028

Purification of this activity established that the lym-
phocyte inhibition was due to the presence of several 
lyso-glycerophosphatidylcholines (lyso-GPCs) in the 
interstitial fluid.1029 These molecules are produced by the 
cleavage of a single fatty acid chain from plasma mem-
brane phosphocholine-containing phospholipids via the 
action of PLA2, and are known to possess potent anti-
inflammatory and immunoregulatory functions (Figure 
19.12).1030 The actual mechanisms have proven difficult 
to study because lysophospholipids are cytotoxic at 
high concentrations.1031 It still remains to be established 
whether the effects of lyso-GPCs on T-cell activity at 
physiological concentrations are mediated by a specific 
receptor, a direct physical interaction with the cell mem-
brane, or both. However, it has been demonstrated that 
these lyso-GPCs are specific ligands for CD1D-restricted 
T cells, suggesting a role for these molecules in control-
ling NK T-cell responses and activity in the testis.1032 
Other lysophospholipds, such as lysophosphatidic  
acid and sphingosine-1-phosphate, for which G protein-
coupled receptors are already known, have been impli-
cated in regulating spermatogenesis and spermatogenic 
cell survival.1033 The production, regulation, and activity 
of these molecules within the testis certainly deserve fur-
ther study.

Prostanoids, which are derived from arachidonic 
acid cleaved from plasma membrane phospholipids by 
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the action of PLA2, are widely produced throughout the 
testis due to the promiscuous expression of PTGS2 and 
PTGS1.615 In culture, Sertoli and/or Leydig cells can pro-
duce all the classes of prostanoids: PGE2, PGF2α, PGD2, 
PGI2 and TxA.425,617,1034,1035 In the adult rat testis, PGE2 and 
PGF2α predominate, with PGD2 detected at much lower 
levels; there is no comparable data for TxA or PGI2.1036 
Direct evidence for the role of prostanoids in regulating 
testicular inflammation and immunity, however, is slight.

In macrophages from other tissues, PGE2 has been 
shown to reduce pro-inflammatory activity and promote 
an alternatively activated (M2) macrophage functional 
phenotype.1037–1039 Studies by Kern and colleagues con-
firmed that the addition of the broad PTGS inhibitor, 
indomethacin, to cultures of rat testicular macrophages 
stimulated their production of IL1β, IL6 and TNF in 
response to LPS-stimulation and blocked their inhibi-
tory effect on peripheral blood lymphocyte proliferation 
in vitro.269,277 It was suggested that PGE2 might be respon-
sible for the testicular macrophage phenotype that favors 
immune privilege. Working against this hypothesis, tes-
ticular macrophages produce little PGE2 under normal 
conditions, and blocking PTGS2 activity in vivo or in vitro 
did not affect the production of pro-inflammatory cyto-
kines in the testis in response to LPS.276,615,619 However, 
chronic inhibition of PTGS2 did inhibit interstitial fluid 
formation in rat normal testes, even though this treat-
ment ameliorated the loss of fluid that usually occurs 
during LPS-induced inflammation.619 These data indicate 
that prostanoids are involved in control of vascular tone 
in the normal and inflamed testis. This suggests that the 
use of anti-inflammatories by men with marginal fertility 
might need to be considered as a factor when undertaking 
assisted reproductive therapies.

Spermatogenic Cell and Testis Transplantation

Since the pioneering work of Brinster and col-
leagues,1040 the restoration of fertility in mice with 
congenital or chemically-induced absence of spermato-
genesis, through transfer of isolated spermatogonial stem 
cells from fertile donors is now routine. This procedure 
usually involves injection of spermatogonia directly into 
the rete testis or efferent ducts of the recipient. Cross-
species transplantation has only been fully successful 
in the case of rat spermatogonia to the mouse testis,1041 
although spermatogonial proliferation and even partial 
spermatogenesis in the murine testis has been observed 
for a range of species, including the human.1042,1043 Sper-
matogenic development of transplanted stem cells in 
the testis of species other than the mouse also has been 
achieved, including rat into rat,1044 and mouse into rat, 
bovine or monkey testes.1045,1046 Successful transplanta-
tion of Sertoli cells1047,1048 and Leydig cell stem cells1049 
have been reported in mice, using similar protocols.

Studies on spermatogenic stem cell transplantation 
generally employ a histocompatible or immunodefi-
cient recipient. Allogeneic transplantation has been 
performed in a number of domestic animals and in 
monkeys with intact immune systems, causing minor 
inflammatory complications, but with some degree of 
success.1050–1052 Transplantation of rat spermatogenic 
stem cells into immunocompetent mice, producing epi-
didymal spermatozoa in a small number of animals, 
has also been reported.1053 A characteristic feature of 
transplantation in immunologically intact animals 
appears to be an increase in peritubular macrophages 
and macrophage invasion into the seminiferous epi-
thelium and tubule lumen.1054,1055 Whether these cells 
may be serving an immunoprotective function, or are 
simply responding to an inflammatory stimulus from 
degenerating spermatogenic cells, is unclear. In a lim-
ited study of the immunological parameters affecting 
spermatogonial transplantation,33 Kanatsu-Shinohara 
and colleagues found that allogeneic transplantation 
of mouse spermatogonia was only partially success-
ful, with arrest at the round spermatid stage in highly 
disorganized tubules, mononuclear cell infiltration in 
the interstitial tissue and eventual rejection after sev-
eral months. Mature spermatozoa and successful natu-
ral mating was able to be achieved by the use of donor 
stem cells from immature testes and treatment of the 
recipient animal with anti-CD4 and anti-CD8 antibod-
ies or the immunosuppressive agent, rapamycin, to 
inhibit T cell activity.

The available data suggest that spermatogonial stem 
cell transplantation can be performed across allogeneic 
and xenogeneic barriers without rejection, but that 
the preparation of the donor cells and recipient and 
the transfer procedure itself may affect the outcome. 
This appears comparable to the variable success expe-
rienced in studies on engraftment into the interstitial 
tissue. It is not yet clear what the critical factors may 
be, but it should be noted that the spermatogonial 
cells normally are injected via the rete testis or effer-
ent ducts, and into testes that lack mature germ cells. 
The rete testis is the most susceptible region of the tes-
tis for initiation of autoimmune reactions.267,268,888 It is 
possible that the cytotoxic treatments used to deplete 
the endogenous spermatogenic cells may increase the 
risk of graft failure and rejection, or that the lack of 
endogenous spermatogenic cells may contribute to an 
absence or failure of tolerance to these cells, or altera-
tions in the local immunoprotective environment. 
Possibly the most important factor that requires inves-
tigation is the composition of the spermatogonial cell 
preparation itself, and the degree to which it might be 
“contaminated” with resident testicular macrophages 
or Sertoli cells, as these have potent immunoregulatory 
properties.
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The Definition and Significance of Testicular 
Immune Privilege

The original definition of immune privilege specifi-
cally applied to tissues where normal rejection responses 
against foreign tissue grafts, specifically allografts or 
xenografts, are reduced or prevented,37,929 but the term 
is most commonly used to refer to a site where lym-
phatic drainage is deficient or access by immune cell 
is restricted. Sequestration of antigens of the central 
nervous system behind the blood–brain barrier is usu-
ally considered to be the best example of this.1056 How-
ever, these are principally functional definitions, which 
emerged prior to discovery of the cellular and molecu-
lar mechanisms underlying immunological tolerance 
and the regulation of immunity. A more contemporary 
definition of immune privilege, which encompasses 
both of these traditional concepts as well as more recent 
immunophysiological principles, can be stated as “the 
extended survival of cells expressing antigens that under 
normal circumstances should provoke an immune 
response, as well as the mechanisms that contribute to 
this survival”.1057

It appears that testicular immune privilege is depen-
dent upon a number of overlapping mechanisms: (1) 
maintenance of central and peripheral tolerance, (2) the 
blood–testis barrier, (3) reduced immunogenicity of the 
testicular cells, (4) the anti-inflammatory phenotype of 
the resident macrophages, (5) immunosuppressive prop-
erties of the Sertoli cells and Leydig cells, and (6) local 
production of immunoregulatory/immunosuppres-
sive cytokines, steroids and other bioactive lipids. The 
existence of multiple mechanisms may help to explain 
why orchitis and testicular autoimmunity affects only 
a minor subset of patients with PGA syndromes, and 
are not universally induced by day 3 postthymectomy 
in rats and mice. Moreover, based on the evidence from 
transplantation studies, it would appear that the ability 
of antigens within the testis to evade the immune sys-
tem is not an absolute property of the testis or its drain-
ing lymph nodes, but is provisional upon certain criteria 
being met, such as the absence of testicular damage or 
other precipitating events. Tissues traditionally identi-
fied as being immunologically privileged, such as the 
testis and anterior chamber of the eye, may simply lie 
at one extreme of a range, as many of the mechanisms 
implicated in testicular immune privilege also exist to 
a more or lesser extent in most tissues. It might be most 
appropriate to think of immune privilege as simply a 
manifestation of a particularly effective immunoregu-
latory environment. The need for enhanced immuno-
regulation in tissues such as the testis or the eye may 
be related to the burden of the autoantigens present, 
and/or the need to prevent active inflammation causing 
damage to particularly susceptible tissues. While it is 

debatable whether autoimmunity to spermatogenic cells 
is more catastrophic to the organism than autoimmune 
gastritis, diabetes or thyroiditis, there must have been 
considerable evolutionary selection pressure applied 
to ensure that the immune system was restrained from 
attacking the post-meiotic germ cells the moment that 
they appeared during sexual maturation.

Immunology of the Epididymis and Vas Deferens

In contrast to the testis, the remainder of the male 
reproductive tract does not appear to be immunologi-
cally privileged, at least not in terms of extended graft 
survival.1058,1059 This raises the question as to how sperm 
are able to continue to evade the immune system once 
they leave the testis environment. It is evident that the 
epithelial tight junctions of the epididymis and vas defer-
ens are not as elaborate or effective as those of the blood–
testis barrier.72,86,91–93 Moreover, leukocytes—dendritic 
cells, macrophages and CD8+ T cells, in particular—are 
commonly found within the epithelium of these tissues 
and appear to be able to have contact with the luminal 
contents.65,96,98,102,334 Nonetheless, the fact that auto-
antigenic sperm can survive within the epididymis for 
considerable periods of time without eliciting an autoim-
mune response indicates that effective immunoregula-
tory mechanisms must be in operation.101

In general, the epididymis and vas deferens appear 
to be significantly more susceptible to inflammation and 
autoimmunity than the testis. Immune cell infiltrates are 
much more likely to appear in the epididymis than the 
testis in aging mice, in mice injected with B. pertussis and 
adjuvant, in mice with the alymphoplasia mutation, and 
in mice with a deletion of the AIRE transcription fac-
tor.913–915,923 In addition, epididymitis or epididymovasi-
tis precedes orchitis in the day 3 thymectomized mouse 
model, and following transfer of lymphocytes from mice 
immunized against spermatogenic cell antigens.267,874,876 
These observations suggest that the epididymis and vas 
deferens may be much more reliant on maintenance of 
tolerance to protect the sperm from immunological dam-
age, compared with the testis.

Investigation of the incidence of sperm antibodies in 
men with obstructive azoospermia, congenital absence 
of the vas or following vasectomy indicated that lesions 
in the caput epididymis are associated with negligible 
antibody formation, whereas 66–100% of patients with 
obstructions in the cauda epididymis or postvasectomy 
had sperm antibodies (Figure 19.15).348 This clearly indi-
cates that obstruction or damage to the epididymis and 
vas deferens is a potent inducer of sperm autoimmunity, 
but that proximity to the testis reduces the severity of the 
response. Expression of inflammatory and immunoregu-
latory molecules and the distribution of immune cells in 
the epididymis and vas deferens is highly regionalized. 
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Specifically, there is a much greater number of dendritic 
cells, macrophages and T cells in the proximal epididy-
mis, than in the more distal epididymis and vas deferens, 
and the dendritic cells appear to be more active.96,98,102 
Recently, it has been discovered that the immunoregula-
tory enzyme, IDO, is highly expressed in this region of 
the epididymis, and pro-inflammatory cytokine expres-
sion is higher than normal in the caput epididymis of 
IDO-deficient mice.1060,1061 Moreover, IDO is regulated 
through the SMAD2/3/4 signaling pathway that is acti-
vated by activin A,1005 and activin A levels are also high-
est in this region of the epididymis.789 It can be proposed 
that activin A may drive IDO expression in the proximal 
epididymis, and together these immunoregulatory pro-
teins induce a tolerogenic program in the intraepithe-
lial dendritic cell and T cell populations. Although this 
hypothesis still remains to be confirmed, this would pro-
vide an effective mechanism for promoting tolerance to 
sperm antigens as they emerge from the immune privi-
leged environment of the testis. The activity of Treg cells 
has been shown to control the pattern and severity of 
autoimmune responses to vasectomy in mice.957

Within the wider mucosal immune system, there is evi-
dence that epithelial cells themselves can present antigen 
to activate immunosuppressive/regulatory T cell func-
tion,188,1062,1063 and in this regard it is relevant that the 
principal cells of the epididymis are constantly absorbing 
large quantities of luminal fluid and its contents, includ-
ing spermatozoa.1064,1065 There is evidence that these cells 
also produce IL10.809,1066 Moreover, epithelial cells of the 
epididymis and vas deferens express the glycosylphos-
phatidylinositol–anchored protein, CD52,1067 which is a 
co-stimulatory molecule for Treg cell development,1068 
but may also play a role in protecting sperm against 
complement-mediated damage.1069,1070 Consequently, 
removal of defective sperm from the epididymal lumen 
by the principal cells and presentation of their antigens 
to the intraepithelial lymphocytes might present an addi-
tional mechanism for controlling sperm autoimmunity in 
the epididymis, and possibly the vas deferens as well.

In addition to the tolerogenic mechanisms shared with 
the common mucosal system, there is evidence of other 
immunoregulatory mechanisms that may be more spe-
cific to the male reproductive tract. For example, immu-
nosuppressive factors produced by the testis may diffuse 
into the epididymal fluid, and contribute to the unique 
immunoregulatory environment of the caput epididy-
mis.348 Modifications of the sperm surface membrane 
by epididymal secretions may act to obscure sperm 
antigens,85 and expression of immunoregulatory mol-
ecules on the surface of the sperm itself, which include 
classical and nonclassical MHC antigens,968,970 a CD4-
like MHC ligand,1071,1072 bacterial and viral TLRs,451,802 
and FASL,492 also may play a role in evading immune 
responses in the epididymis and vas deferens.

Immunoregulation by Seminal Plasma

Seminal plasma is profoundly immunosuppressive, 
as defined by the ability to inhibit various T cell and NK 
cell activities in vitro.1073,1074 This immunosuppressive 
activity has been proposed to play a role in preventing 
lymphocyte responses against sperm autoantigens in the 
male and female reproductive tracts,856,1075 and, more 
recently, to prime the female immune system to tolerate 
paternal antigens on the developing fetus.1076 The activ-
ity can been attributed to a number of specific and non-
specific factors, including prostasomes,1077,1078 oxidized 
polyamines,1079 prostaglandins of the E series,1074,1080 
nonspecific lymphocyte-suppressing proteins,1081,1082 
and immunoregulatory cytokines.817,818,1083–1085

Prostasomes are multilaminar vesicles secreted by the 
normal prostate, and are a major component of human 
semen.1078 Pure preparations of prostasomes inhibit 
mitogen-induced T cell proliferation and inhibit macro-
phage phagocytic activity in vitro.1077 The complement 
inhibitors, CD46, CD55 and CD59, have been found on 
the surface of prostasomes.1086,1087 Seminal plasma also 
contains very high concentrations of the polyamines, 
spermine and spermidine.1079 These polyamines are not 
immunosuppressive themselves, but are converted to 
their oxidized forms that are inhibitory of cell growth 
by the action of polyamine oxidase, an enzyme found in 
serum used in culture media.1088 Oxidized polyamines 
are unstable and rapidly metabolized to the cytotoxic 
molecules, acrolein and putrescine.1089 Prostasomes and 
polyamines are responsible for much of the apparent 
immunosuppressive activity of the ejaculate measured 
using lymphocyte cultures, but whether these factors 
have any physiological significance in terms of control-
ling immune responses in vivo remains speculative.1090 
On the other hand, following removal of the prosta-
somes and inactivation of polyamine activity in human 
seminal plasma samples from infertility clinic patients 
an inverse relationship between T cell inhibitory activ-
ity and the incidence autoimmune infertility associated 
with sperm antibodies has been observed.1091

Human seminal plasma contains extraordinarily high 
concentrations of PGE2, PGE1 and their 19-hydroxylated 
forms.1092,1093 Aside from their well-characterized effects 
on vascular permeability and smooth muscle contractil-
ity, these hormones inhibit T cell proliferation, NK cell  
cytotoxicity and the pro-inflammatory activities of 
macrophages and T cells.609,1094 They are produced 
throughout the male reproductive tract: the prosta-
glandins in seminal plasma largely come from the sem-
inal vesicles, although the vas deferens also may be a 
major source because this tissue expresses extremely 
high levels of COX2 under normal conditions.614,801 
Following removal of the prostasomes and inhibition 
of polyamine oxidation, prostaglandins appear to be 
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responsible for most of the immunosuppressive activ-
ity of human seminal plasma.284,818 Seminal plasma 
PGE2 has been implicated in the promotion of tolero-
genic responses in dendritic cells and the production 
of Treg cells.1076,1095

The cytokines with immunosuppressive/immu-
noregulatory activity that have been positively iden-
tified in human seminal plasma are TGFβ1 and 
TGFβ2,1083,1085,1096 IL10,817,1084,1097 and the activins, A and 
B.1098,1099 The TGFβ in seminal plasma is derived from 
the distal tract, comprising the seminal vesicles and/or 
the prostate gland.1096 IL10 is a product of monocyte/
macrophages and T cells, but epithelial cells of the male 
tract are also a potential source of this cytokine.809,1066 
Although activin A subunit mRNA and protein is 
expressed in the human and mouse prostate,537,1100 
activin A levels in human seminal plasma are effec-
tively eliminated by vasectomy, indicating a principally 
testicular or, more likely, epididymal origin.789,1098 The 
most abundant and effective of the immunosuppres-
sive cytokines in seminal plasma is TGFβ1, by a consid-
erable margin.818,1091,1101

A positive relationship between the level of immuno-
suppressive activity in human seminal plasma and the 
presence of sperm antibodies has been observed,818 but 
the actual relationship between immunosuppressive 
molecules in seminal plasma and immunological infer-
tility in men remains to be established. It also should be 
borne in mind that these molecules have direct effects 
on the epithelia, stroma and leukocytes of the female 
genital tract.1101,1102 Animal studies show an intense but 
transient inflammatory response in the endometrium 
at mating stimulated by seminal plasma and one con-
sequence of this inflammatory response is the induc-
tion of a state of hyporesponsiveness to paternal MHC 
class I antigens.1103 Insemination is causally linked to 
the activation and expansion of populations of lympho-
cytes mediating active immune tolerance at the embryo 
implantation site, specifically Treg cells, a process in 
which seminal plasma TGFβ1 and PGE2 have been 
particularly implicated.857,1101,1103 Semen may therefore 
play a critical role in providing the antigenic and envi-
ronmental signals necessary to initiate an appropriate 
maternal immune response to the conceptus during 
pregnancy.

Other immunosuppressive/immunoregulatory mol-
ecules that are neither prostaglandins nor cytokines, 
have been detected in seminal plasma or accessory 
gland secretions from various species.1081,1082 Some of 
these molecules have been identified, including the pro-
tein clusterin and a prostatic steroid binding protein in 
rats,1104,1105 IgA,816 and soluble HLA-G.974 The actual 
significance of these molecules in immune regulation 
and autoimmune fertility requires further functional 
characterization.

INNATE IMMUNITY IN THE MALE 
REPRODUCTIVE TRACT: THE RESPONSE 

TO INFECTIONS AND TUMORS

If the male reproductive tract, and the testis in par-
ticular, is a site of reduced antigen-specific immune 
responses, then the question must be asked: How does 
the genital tract avoid recurrent infections or the development 
of tumors? Interest in the question has been stimulated 
by the fact that the male reproductive tract is a major 
site of transmission of human immunodeficiency virus 
(HIV),1106 and by the observation that relapsing lym-
phoblastic leukemia in the testis following treatment is 
a frequent problem in male patients.1107 While the pro-
gression of HIV in the male reproductive tract is very 
poorly defined, destruction of the spermatogenic cells is 
a characteristic feature of HIV infection in men.1108 The 
testis is also suspected to be a sanctuary where HIV may 
be able to take refuge during therapy, possibly behind 
the blood–testis barrier, thereby subverting therapeutic 
effectiveness.1109,1110 Studies by Jahnukainen and col-
leagues in rats have suggested that testicular relapse 
of leukemia may be due to the unique immunoregula-
tory environment of the testis and, specifically, the abil-
ity of Leydig cells to bind lymphocytes.1111 Moreover, it 
appears that the immunological protection in the tes-
tis is extended not just to spermatogenic cell antigens 
and graft antigens, but also to tumor-specific antigens 
that would induce immune reactions elsewhere in the 
body.1112

As a result of these and other observations, it has been 
suggested that virally or tumorigenically transformed 
cells might be able to evade both the immune system 
and cytotoxic drugs by ‘hiding-out’ in the testis. The 
reality is, however, that infection of the testis is relatively 
rare compared with the remainder of the genital tract,860 
and testicular tumors are no more frequent than tumors 
in other parts of the body.1113 Moreover, when they do 
occur, testicular tumors are accompanied by the expected 
mononuclear cell infiltrates, which are related to the 
size, progression and type of the tumor.312,316 The effec-
tive deficiency in adaptive immune responses within the 
testis, therefore, implies that innate (pathogen-specific) 
immunity might have increased importance for deal-
ing with tumors and infected cells at this site. Hypo-
thetically, relying principally on mechanisms of innate 
immunity to provide protection against infections and 
tumors reduces the risk that inflammation will lead to 
antigen-specific immune responses and subsequent 
autoimmune damage to fertility. There is some justifica-
tion for this assumption, based on studies of the male 
reproductive tract and from analogy with the rest of the 
common mucosal system. The mechanisms responsible 
broadly fall into cell-mediated responses and secreted 
molecules.
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Cellular Responses

Although the environment of the male reproduc-
tive tract tends toward suppression of antigen-specific 
immunity and maintaining tolerance, these tissues 
are densely populated by effector cells involved in 
innate immunity, specifically macrophages and lym-
phocytes expressing CD8, which is expressed by both 
cytotoxic T cells and NK cells.65,66,70,96,98,227,334,354,357 Sig-
nificantly, NK cells are able to recognize and destroy 
infected or transformed cells without prior immuni-
zation, and so can act independently of the adaptive  
immune response. In addition to the testicular mac-
rophages, both the Sertoli cell and Leydig cell are 
able to recognize and respond to bacterial pathogens  
directly,376,386,387,390,392,994 through expression of specific 
TLRs on their surface. The importance of the TLRs in  
protecting against infection in the male reproductive 
tract is indicated by the fact that pathogens can increase 
their virulence by subverting the function of these mol-
ecules, for example, in the case of uropathogenic strains 
of E. coli.275,436 Suppression of TLR expression through-
out the male reproductive tract also appears to be a 
strategy utilized by HIV to evade immunity.784

All mucosa protect themselves through a number of 
nonimmunological mechanisms that support the integ-
rity of the epithelial barrier. These include: tight junctions 
that restrict passage between cells, secretion of mucins 
and other antigenically inert molecules, control of local 
pH, recruitment of phagocytes (macrophages and neu-
trophils) to the epithelium, and production of lysozyme, 
ROS, proteases, complement components and antimi-
crobial cytokines, and peptides.162,182,190,1063 It could be 
productive to investigate the role of these processes in 
resisting infection in the male reproductive tract.

Secreted Factors

Immunoglobulins
Immunoglobulin A is found in the fluid of all tissues 

of the male reproductive tract, but as vasectomy does 
not substantially alter IgA levels in semen, it appears 
that most comes from the urethra and accessory glands; 
more specifically, from the prostate gland.1114–1116 Plasma 
cells secreting IgA have been found in the urethral 
gland,354,1117 but most IgA in the reproductive tract is 
believed to be derived initially from the circulation.190,355 
Production of secretory component by the prostatic epi-
thelium, which is required for transport of IgA across 
the mucosa, is androgen regulated.1116 In men, bacterial 
infection of the reproductive tract is associated with a 
large increase in secretion of IgA in prostatic fluid.1114 
This anti-inflammatory immunoglobulin presumably 
plays an important first line of defense against infection 
in the male reproductive tract.

Interferons
These molecules possess a range of immunoregulatory 

and antiviral actions, including suppression of viral prolif-
eration, cytotoxicity and, in the case of the type 2 interferon, 
IFNγ, stimulation of MHC class I and class II expres-
sion.115,1118 The viral pathogen receptor, TLR3, which acts 
via the TICAM1 adaptor protein to induce production of 
type 1 interferons, is expressed by testicular macrophages, 
Sertoli cells, Leydig cells, peritubular cells and spermato-
genic cells, and by epithelial cells of the epididymis and 
vas deferens.438,441,442,450,451 In the testis, activation of TLR3 
increases interferon production and interferon-inducible 
genes involved in viral protection in Sertoli cells, Leydig 
cells, and even spermatogenic cells.438–440,450,451,597 Inter-
feron production may also be induced through activation 
of TLR4. Testicular macrophages produce type 1 interfer-
ons constitutively, but viral infections upregulate their 
expression in both macrophages and somatic cells of the 
testis.591,592 The strongest interferon response to infection 
occurs in the Leydig and Sertoli cells, but only the Leydig 
cells appear to express IFNγ under such conditions.

Defensins
Defensins are small (3–4 kDa) positively-charged anti-

microbial peptides, which are able to disrupt bacteria, 
fungi, parasites, and some enveloped viruses by form-
ing multimeric pores in the cell membranes of these 
pathogens.1119 The defensins belong to one of two fami-
lies, the α- and β-defensins (DEFA and DEFB).1120 The 
β-defensins are produced by most mucosal epithelial 
tissues, but appear to be preferentially expressed in the 
urogenital tract, particularly in the testis and epididymis 
in the male, and their production is stimulated by TLR 
ligands and cytokines.1121,1122 Genes encoding these pep-
tides are expressed in discrete clusters along the length 
of the male reproductive tract,794,1123 and a number of 
epididymal-specific β-defensins have been identified in 
the mouse and the rat.1124–1126 Several of the β-defensins 
appear to be required for normal sperm maturation or 
for maintaining sperm motility in the epididymis, so 
that changes in their expression during infection also 
may contribute to sperm dysfunction.808,1124,1127

IMPLICATIONS, APPLICATIONS, AND 
THE NEXT 10 YEARS

This review has concentrated almost exclusively 
upon inflammation and immunity in the male reproduc-
tive tract as a means to understanding immune-based 
infertility and the impact of infection and inflammation 
on male reproduction. However, these processes have 
broader implications relevant to other areas of research 
and, in this last section, applications to clinical issues of 
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contraceptive development, transplantation medicine 
and chronic pain are briefly highlighted.

Immunocontraception

Conceptually, immunocontraception involving a vac-
cine that targets sperm antigens or reproductive hor-
mones has the advantages of a potentially high degree 
of specificity and convincing proof-of-principle from the 
many patients with pre-existing autoimmune infertil-
ity. Although vaccines against gonadotropins actually 
have been trialed,1128 it is unlikely that such an approach 
would be readily applicable to contraception in men. 
Other contraceptive vaccine studies have concentrated 
on antigens involved in critical sperm functions.1129,1130 
Such approaches raise concerns related to safety, efficacy 
and reversibility, but progress has been impeded largely 
by the issue of variability of immune responses after 
vaccination.1131 Genetic differences in immune response 
genes in the human population and the complexity 
of the immune system itself might make it difficult to 
develop a single vaccine that works effectively enough 
in all men to compete with currently available hormone-
based approaches to contraception. Another concern 
would be the risk of inducing more widespread autoim-
mune disease, since there is an established relationship 
between sperm autoimmunity and autoimmunity in 
general.841,842 Furthermore, it may be difficult to develop 
a contraceptive vaccine that is entirely reversible. None-
theless, the targeting of critical reproductive antigens 
to control fertility is a very attractive idea, which will 
most likely continue to engage reproductive immunolo-
gists. Most benefit from such studies may come from 
the identification and characterization of molecules 
with crucial functions in fertility which might be used 
as molecular targets for other drug agents that are not 
nonimmunologically-based.

Transplantation Medicine and Immunotherapy

One of the most obvious potential benefits from under-
standing the principles of immunoregulation as they per-
tain to the male reproductive tract is the possibility that 
these mechanisms might be applicable to controlling 
immunity at other sites. If there are immunoregulatory 
mechanisms that are more or less unique to the testis, for 
example, where extended graft survival has already been 
shown to be feasible, then elucidation of these mecha-
nisms has the potential to lead to entirely novel methods 
of reducing graft rejection in general. The current meth-
ods used in transplantation medicine involve broad spec-
trum immunosuppressives, principally cyclic peptides of 
fungal origin that interfere with T cell signaling and pre-
vent proliferation of these immune cells in a nonselective 
manner.1132,1133 These drugs have considerable harmful 

side-effects, such as generalized immune suppression, 
nephrotoxicity and inherent tumorigenicity,1134,1135 and 
require close monitoring and adjustment for the remain-
der of life. They also have damaging effects on testicular 
steroidogenesis and spermatogenesis.1136,1137 Real alterna-
tives or adjuncts to these agents, based on more physiolog-
ical regulatory principles, would definitely be desirable. In 
particular, the unique immunological properties of the Ser-
toli cell raise hopes of an exciting new therapeutic oppor-
tunity in cell-based gene therapy.989,1138 Such applications 
could include, not only the use of ectopic Sertoli cells to 
support pancreatic islet engraftment, for example, but also 
the employment of genetically-engineered Sertoli cell lines 
for delivery of therapeutic proteins. Time will tell if such a 
cell-based gene therapy approach is clinically viable.

Sterile Inflammation and Chronic Pain

An important concept that has arisen from studies 
on inflammatory pathways and immunity in normal 
male reproduction is the realization that dysregulation 
of these processes may be a cause of sterile, antibiotic-
resistant inflammation and chronic pain. Chronic pelvic 
and perineal pain is normally associated with epidid-
ymo-orchitis, vasitis and/or prostatitis.10–12,860,910,912 
These conditions are usually due to infection or physi-
cal damage, but the ongoing production of endogenous 
ligands and danger signals, autoimmunity or alterations  
in regulatory signaling may cause inflammation to  
persist long after the infection has cleared or the trauma 
has been repaired.10,12,1139 Prostatic hyperplasia and 
tumors also may be a cause, and inflammation may 
arise spontaneously in a susceptible subpopulation of 
patients. These chronic inflammatory pain conditions 
are poorly understood, and frequently difficult to treat.12 
Treatment alternatives are limited to standard anti-
inflammatory and pain-alleviating measures, and the 
actual mechanisms involved are not well-characterized. 
Several prostanoids, including PGE2 and PGI2, have 
pain-inducing properties,1140 and there is an associa-
tion between chronic pelvic pain and production of the 
pro-inflammatory cytokines, IL1β, TNF, IL8 and IFNγ, in 
particular,1139,1141 but research in this area is still in need 
of a rational hypothetical background. Given that these 
conditions are so poorly understood, extremely debili-
tating and frequently untreatable, they provide a real 
 opportunity for effective future investigations.

CONCLUSION

In summary, the need for a close functional relation-
ship between the male reproductive and immune sys-
tems is self-evident. Spermatogenic cells are susceptible 
to immunological responses and activation of immunity 
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against sperm or other elements of the reproductive tract 
can lead to androgen insufficiency, infertility or chronic 
inflammation. Inflammation and immune activation 
directly inhibit the hypothalamic-pituitary-Leydig cell 
axis at several levels, interfere with essential interac-
tions between the Sertoli cells and spermatogenic cells 
and increase the potential for sperm antibody formation, 
a major cause of infertility in men. Nonetheless, sper-
matogenic cells normally are ignored by the immune 
system, as are grafts of foreign tissue placed within the 
testicular capsule. Traditional explanations for the pro-
tection of these cells, based on ‘immune privilege’ of the 
testis maintained by the blood–testis barrier or by exclu-
sion of immune cells, are not consistent with either the 
histological organization of the reproductive tract or 
modern concepts of immunoregulation. A more realis-
tic understanding of the control of immune responses 
in the male reproductive tract encompasses the activity 
of immunoregulatory macrophages and lymphocytes 
and peripheral tolerance, as well as active suppression 
of antigen-specific immunity by somatic cells involving  
regulatory cytokines, androgenic steroids and other 
anti-inflammatory and immunosuppressive factors. 
Dysregulation of this normal environment caused by 
infection, local or systemic inflammation, toxic insult, 
active immunization or deletion of regulatory T cells 
may activate the circulating immune cells, leading to 
a range of effects from temporary disturbance of sper-
matogenesis and steroidogenesis, all the way through 
to the creation of testis-reactive T cells and autoim-
munity. Equally important for maintaining fertility, it 
appears that the restraints on antigen-specific immu-
nity in the male reproductive tract are counterbalanced 
by enhanced local innate immune mechanisms and 
conventional mucosal immunity. In fact, it is increas-
ingly evident that inflammatory signaling pathways are 
fundamental to the control of normal functions of the 
seminiferous epithelium, and possibly other functions 
throughout the male reproductive tract. Studies also 
suggest that establishment of male reproductive func-
tion is linked to the normal development of the local 
immune environment.

This review is intended to establish the concept that 
normal male reproductive function and the response to 
disease represent different facets of the same regulatory 
environment, involving complex interactions between 
somatic cells, resident immune cells and the circulating 
cellular elements of the immune system. The use of the 
term immunophysiology is intended to reflect this con-
flation of immunology and organ function. Unraveling 
these processes has obvious importance for issues related 
to male reproduction, such as autoimmune infertility, 
germ cell and testis transplantation, reproductive tract 
infection and chronic inflammatory pain. There is still a 
long way to go in order to understand these interactions 

completely, and how they impact upon health and phys-
iology. Many unanswered questions remain, including:
  

 •  What are the local factors that regulate recruitment 
and functional modulation of macrophages and 
dendritic cells in the testis and downstream 
reproductive tract?

 •  What are the specific roles of T cell subsets in 
protecting intratesticular and sperm antigens?

 •  What is the relative contribution of local 
immunosuppressive mechanisms, such as the lyso-
GPCs, toward this protection?

 •  What are the molecular details of inflammatory 
signaling in the seminiferous epithelium, and how 
do these impact upon reproductive health?

 •  What is the real clinical significance of leukocytes, 
cytokines and antibodies in semen?

 •  What are the mechanisms that regulate passage 
through the various testicular compartments, 
including the testicular capillaries and blood–testis 
barrier?

  

It is certain that the dramatic increase in interest, 
awareness and research activity in this area of male repro-
ductive biology clearly means that there will be consid-
erable new discoveries in the near future, with exciting 
and perhaps even totally unexpected implications and 
benefits. Indeed, such studies are crucial, in light of the 
increasing incidence of idiopathic male reproductive 
disorders,1142 established and emerging infections with 
reproductive tract involvement (severe acute respira-
tory syndrome, resistant strains of tuberculosis),863 and 
the resurgence of preventable diseases, such as mumps 
orchitis,858 that threaten male fertility and reproductive 
health.
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