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Chapter 29

Immunoprivileged Sites: The Testis

Monika Fijak, Sudhanshu Bhushan, and Andreas Meinhardt 

Abstract

The testis is an immunological privileged tissue as evidenced by its ability to support grafts with minimal 
rejection. Immune privilege is essential for the tolerance of neo-antigens from developing germ cells that 
appear after the constitution of self-tolerance, but imposes the paradoxical task of also providing efficient 
protection against pathogens and tumor cells. It is becoming increasingly clear that immune privilege 
cannot be attributed to a single factor such as the sequestration of neo-antigens from the immune system 
behind the blood–testis barrier, but is based on a complex multifaceted interplay between cells and fac-
tors that are essential for the reproductive function of the testis and the testicular immune system. This 
review summarizes the evidence that has accumulated regarding the role of Sertoli cells, androgens, and 
selected population of leukocytes in the maintenance of immune privilege and its perturbation in testicu-
lar inflammatory sub- and infertility.
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The adult mammalian testis is a complex organ that consists of 
two structurally distinct but functionally connected compart-
ments, i.e., the tubular seminiferous epithelium and the intersti-
tial compartment interspersed between the tubules. In the 
seminiferous epithelium, germ cells divide and differentiate to 
form spermatozoa in a process called spermatogenesis. Columnar 
Sertoli cells encompass and nourish the germ cells forming the 
scaffolding structure of the seminiferous epithelium. The con-
tractile myoid peritubular cells form single (rodents) or multiple 
(human) flat layers surrounding the seminiferous tubules. The 
interstitial compartment contains predominantly androgen- 
producing Leydig cells, a considerable number of leukocytes, 
fibrocytes, and the vasculature including lymph vessels draining 
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to renal and paraaortal lymph nodes (1–3). Testosterone secreted 
by the Leydig cells is found in high concentrations in the intersti-
tial fluid. Androgens act in a paracrine fashion directly on peritu-
bular and Sertoli cells, but not on germ cells, providing the most 
striking functional link between both compartments. This stimu-
lation of Sertoli and peritubular cells is essential to complete sper-
matogenesis (4, 5).

The seminiferous epithelium is not vascularized and intercel-
lular transport into the seminiferous epithelium and is restricted 
by a specialized junctional complex, the blood–testis barrier 
(BTB). The BTB is physically formed by the borders of adjacent 
Sertoli cells and separates the seminiferous epithelium into two 
(sub)compartments. Spermatogonia and early primary spermato-
cytes are found in the basal section and are segregated from the 
more advanced meiotic and all post-meiotic germ cells located in 
the adluminal compartment. The BTB is a dynamic structure 
which while allowing the passage of developing germ cells, con-
tinuously maintains its barrier function. This process requires the 
disassembly of junctional complexes above translocating prelep-
totene spermatocytes with the parallel reassembly underneath 
these cells. Besides limiting the intercellular diffusion of mole-
cules, the BTB also serves as an immunologic barrier which blocks 
the entry of leukocytes into the seminiferous epithelium. Why the 
BTB is so efficient in this function is unclear as most proteins 
constituting this barrier (e.g., the junctional adhesion molecules 
(JAM) and nectins) are also found in other epithelial boundaries 
such as the endothelial barrier which can easily be passed by 
migrating leukocytes (for review, see ref. 6).

Immune privilege defines sites in the body which tolerate 
experimentally or naturally introduced antigens by prompting an 
inflammatory response. Such sites include the placenta, the ante-
rior chamber of the eye, the brain, and the male gonad. It has 
long been assumed that the BTB constitutes the principle cause 
of immune-privileged status of the testis. This is due to its ability 
to sequester various neo-autoantigens expressed by the meiotic 
and haploid germ cells that appear for a long time after the estab-
lishment of self-tolerance, namely during puberty. However, the 
protection of autoantigenic cells by the BTB from the immune 
system has now been shown to represent only one of many con-
tributors that establish the special immune environment of the 
testis (7, 8). Convincing evidence for the presence of alternative 
sources to the BTB has been found from mouse allografts which 
when transplanted into the interstitial area of the testis, a region 
where no physical separation from the immune system and effi-
cient lymphatic drainage exists, survived considerably longer than 
grafts transplanted into non-immune-privileged sites (1, 9). 
Similarly, germ cells that leaked into the interstitium during 
trauma experiments were not attacked by the testicular immune 
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system (10), although very recent data suggest that injury-induced 
testicular autoimmunity is dependent on the mouse strain (11). 
Moreover, with the onset of puberty, neo-autoantigens have been 
found in the basal compartment of the seminiferous epithelium, 
on early primary spermatocytes before the cells traverse the BTB 
(12, 13). Paradoxically, the breakdown of the BTB with its subse-
quent leukocytic infiltration of the tubules can be found in human 
biopsy specimens from cases of idiopathic infertility and in mod-
els of testicular inflammation (14–16). Interestingly, gene array 
studies found that inflammation-related genes such as cytokines 
also increased in human spermatogenic failure comparable to the 
signature known from inflammation-related pathologies (17). 
Besides immune cell activation and migration, cytokines also reg-
ulate junctional protein expression. Mechanistically, elevated lev-
els of IL-1a, TNFa, NO, and transforming growth factor 
(TGF)-b, which are found in systemic and local testicular inflam-
mation (82, 83), have been shown to perturb the assembly of the 
tight junctions in cultured Sertoli cells by downregulating the 
expression of barrier protein components, altering proteinase/
antiprotease activity adjacent to the junctions, and modulating 
the cytoskeleton (84, 85). Studies have also shown that the MAP 
kinases Jnk, p38, and Erk1/2 are critical intermediates in the 
regulation and maintenance of the BTB (86). On balance, the 
data emphasize the view that a delicate cytokine balance is impor-
tant for BTB function.

Besides their nutritional role in spermatogenesis and in BTB for-
mation, there is now increasing evidence that suggests an impor-
tant immunoregulatory function for Sertoli cells. Characterized 
by their ability to suppress immune function and thus protect the 
seminiferous epithelium from harmful immune reactions, Sertoli 
cells also produce a number of immunoregulatory mediators 
among which, TGF-b is thought to play a major role in immuno-
suppression. This is best demonstrated in co-transplantation stud-
ies where TGF-b from Sertoli cells favors Th2 over Th1 responses 
and be doing so protects pancreatic islets from allo- and autoim-
mune graft destruction in rodents (18). In vitro lymphocytes cul-
tured with Sertoli cell secretions strongly reduce IL-2 release and 
the Sertoli cell product serpina3n effectively inhibits granzyme 
B-mediated apoptosis (19, 20). On the other hand, lymphocyte 
apoptosis can be induced by rat Sertoli cells which express FasL 
and TGF-b1, indicating a potential mechanism by which lympho-
cyte access to the seminiferous epithelium can be prevented (21). 
The Fas/FasL system is established as an inducer of extrinsic cell 
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death in cell-mediated cytotoxicity, peripheral immune regulation, 
immune privilege, and “counterattack” of malignant tumor cells 
against the host immune system. Fas (APO-1/CD45) is a type I 
membrane bound protein, while its ligand FasL is a type II trans-
membrane protein that can be converted into soluble form and 
subsequently released by metalloproteinases (22). In the adult 
testis, Fas is mainly expressed in germ cells and in some Sertoli 
cells (23), and has been considered to be one of the most impor-
tant mechanisms in immunological homeostasis of the testis. 
Supporting evidence for this proposition can be found in the 
increased expression of Fas/FasL in inflamed and degenerated 
testis. Similar expression can be found in testes with Sertoli cell-
only syndrome and maturation arrest (24, 25), linking Fas/FasL 
with apoptotic elimination of germ cells (26). It has also emerged 
that communication between germ cells and Sertoli cells involves 
mechanisms that overlap with the inflammatory processes which 
are linked to recognition of infection. Unquestionably, these net-
works play a critical role in spermatogenic disruption caused by 
inflammation and infection (27).

Dendritic cells (DC) are a bone marrow-derived highly special-
ized heterogeneous population of antigen-presenting cells (APC) 
that initiate and regulate immune responses. DC not only initiate 
immunity by the activation of naïve B and T cells, but also toler-
ize T cells to antigens, thereby minimizing autoaggressive immune 
responses (28). DC function is dependent on their maturation 
stage. Within tissues, immature DC differentiate and become 
active in the uptake and processing of antigens, but show a very 
low T-cell stimulatory capacity. Upon appropriate stimulation, 
DC undergo maturation which leads to an upregulation of major 
histocompatibility complex (MHC) class II, co-stimulatory mol-
ecules CD80/CD86, the production of IL-12, TNF-a, and alter-
ations in migratory behavior (29, 30).

Testicular DC have received little attention despite the pos-
sibility that they may play an important role in testicular immune 
privilege and autoimmune-based male infertility. Although the 
presence of DC in the normal testis of mice (31, 32), rats (33), 
and humans (34, 35) has been previously reported, it is only 
recently with the use of newly available antibodies against 
DC-specific markers (Ox62 and CD11c) that there has been an 
unequivocal demonstration of the existence of testicular DC (36). 
DC numbers were found to be roughly one tenth of those of 
macrophages in rat testis and orchitis (37). Expression patterns of 
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the co-stimulatory molecules CD80 and CD86 suggest that 
DC-triggered activation of naïve T lymphocytes may eventually 
occur in the normal rodent testis (38). A supposition is supported 
by the finding that, compared with DC from untreated animals, 
DC from orchitis (EAO) animals enhanced naϊve T-cell prolifera-
tion in vitro. Although the role of DC in the testis is far from 
being understood, these results suggest that DC in unaffected 
testis are functionally tolerogenic and not in an immature state. 
When faced with a challenge as in experimental autoimmune 
orchitis (EAO), however, they develop a mature immunogenic 
state, ready to transfer to draining lymph nodes and amplify 
immune responses against testicular antigens (38).

The mechanism of how DC participate in the activation of 
autoimmune response in the testis and the subsequent damage of 
testicular tissue could be explained by the “danger model” (39). 
This model proposes that stressed and necrotic cells release 
“danger” signals, mostly in the form of heat shock proteins (Hsp), 
that enhance the maturation of DC which in turn can trigger 
autoimmunity (40). With the identification of Hsp 60 and 
Hsp70 as testicular autoantigens in EAO (41), we hypothesize 
that immature DC, normally involved in maintaining immune 
privilege, mature under inflammatory pathological conditions 
and overcome immune privilege/tolerance by the local activation 
and expansion of autoreactive T cells. In EAO, DC maturation 
may be enhanced by the increased levels of TNF-a as this cytokine 
is known to serve as an important factor influencing the matura-
tion and migration of DC in inflamed tissue (42, 43).

Representing the largest population of leukocytes in the testis, 
macrophages are found exclusively in the interstitium of the nor-
mal mammalian testis and have been shown to play a central role 
in the establishment and maintenance of the immune privilege of 
the testis. This pivotal role of macrophages was first indicated in 
studies where isolated testicular macrophages were found to 
exhibit immunosuppressive characteristics and an inhibited capac-
ity to produce IL-1b, IL-6, and TNF-a (44–46). Testicular mac-
rophages are a heterogeneous mix, the largest group ED2+ positive 
macrophages have a substantially reduced ability to mount immune 
responses. Being mainly trophic in function, their immune regula-
tory tasks preserve immune privilege (47). In contrast, the small 
subset of ED1+ “inflammatory” macrophages/monocytes is able 
to respond to LPS challenge with increased expression of immune 
mediators such as MCP-1 and iNOS (48, 49). The importance of 
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the ED1+ subgroup is illustrated by the observation that these 
cells are able to migrate into the acute and chronically inflamed 
testis thus shifting the macrophage balance, and hence the spec-
trum of produced cytokines, in favor of an inflammatory response 
with the potential to overcome the immune privilege (37, 42, 48, 
49). Recent studies suggest that the presence of a third mac-
rophage population in mouse testis requires IL-13 stimulation for 
its immunosuppressive function (50).

In contrast to other immune-privileged organs such as the ante-
rior chamber of the eye, the testis is well connected to afferent 
lymph nodes, which excludes the possibility that restricted access 
of T cells accounts for the presence of immune privilege. 
Approximately 15% of the immune cells in the normal adult rat 
testis have been shown to be T lymphocytes, predominantly 
CD8+ T cells, whereas B cells are not present (51–53). T-cell 
numbers are directly and indirectly (via macrophages) regulated 
by Leydig cells, a process that appears to involve testosterone and 
lymphocyte receptor molecule VCAM-1 (51, 53–55). There is 
clear evidence that lymphocyte numbers increase in the testes of 
men with infertility and sperm autoimmunity (56, 57) as in rodent 
models of EAO (58). In EAO, the number of CD4+ and CD8+ 
effector T lymphocytes dramatically increase at the onset of dis-
ease. However, during disease progression, CD4+ effector cells 
decline in number suggesting an involvement in maintenance of 
the chronic phase of EAO, while the CD8+ subset remains 
unchanged (59). Interestingly, both subsets contain regulatory T 
cells (Tregs) which can induce apoptosis of APC such as DC, 
macrophages, and B cells, and inhibit their activation and func-
tion. In this way they can regulate any subsequent innate and/or 
adaptive immune response (60). The critical role of T cells is fur-
ther emphasized by the involvement of surveying CD8+ memory 
T cells in immunosuppressive mechanisms which are present at 
immune-privileged sites (61). Taken as a whole, these observa-
tions suggest that testicular immune privilege and its disturbance 
may be at least, partly attributable, to a localized phenomenon 
which affects T-cell activation and maturation events. However, 
the situation appears to be further complicated by the finding that 
increased numbers of Treg fail to effectively suppress inflamma-
tion in EAO (59). Potential explanations for the manner in which 
various mechanisms of immune regulation by Treg may have been 
lost are inadequate numbers of Treg cells, a Treg cell intrinsic 
functional defect, or the presence of pathogenic T effector cells 
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resistant to Tregs control (62). Moreover, Treg function can be 
impaired by high levels of TNF-a, IL-6, and IL-12 that are pres-
ent in EAO rats (38, 63).

Testosterone, the main androgen produced by Leydig cells, has 
long been acknowledged as the crucial hormone for the initiation 
and maintenance of spermatogenesis. Recent findings, accumu-
lated from both clinical and experimental studies, also strongly 
indicate an immunosuppressive role that appears to act on multiple 
levels. Testosterone treatment of macrophages causes a decrease in 
Toll-like receptor 4 (TLR4) expression with concomitant loss of 
sensitivity to the TLR4 ligand LPS. An observation that is sup-
ported by the finding that castration leads to enhanced synthesis 
of TLR4 on macrophages and elevated susceptibility to septic 
shock (64). Although classical androgen receptors do not appear 
to be expressed by macrophages, studies by Benten at al. suggest 
the existence of non-genomic cell surface receptors for testoster-
one (65). This could explain how testosterone downregulates the 
stimulated activation of pro-inflammatory transcriptional regula-
tors, cytokines (IL-1, IL-6, and TNF-a), and adhesion molecules 
in isolated macrophages and non-immune cells (66–70). The pur-
ported immunosuppressive role of androgens is further substantiated 
by the finding that men receiving acyline, a gonadotropin-releas-
ing hormone antagonist, show a significantly reduced percentage 
of CD4+CD25+ Treg cells, decreased mitogen-induced CD8+ 
T-cell IFN-g expression, and increased percentage of NK cells in 
their peripheral blood (71). Suggesting that testosterone may help 
to maintain the physiological balance between autoimmunity and 
tolerance by controlling the number and activity of the Treg 
population.

Direct evidence for a link between testosterone levels and tes-
ticular immune privilege was found when rats pretreated with 
estrogen to suppress Leydig cell testosterone production rapidly 
rejected intratesticular allografts, whereas they were tolerated for 
much longer period in untreated controls (33). These studies indi-
cate that the uniquely high local testosterone concentration in the 
testis, tenfold above the serum levels, must also be considered a 
pertinent contributor to the maintenance of testicular immune 
privilege. This is further underlined by own unpublished results 
which show that testosterone replacement during the development 
of EAO in rats significantly reduces the condition’s characteristic 
pathological symptoms such as leukocytic infiltrations and elevated 
pro-inflammatory mediators (TNF-a, IL-6, and MCP-1).

6. The Immuno
suppressive 
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Despite its status as an immune-privileged organ, testicular function 
can be impaired by local and systemic infection and inflammation. 
Disruption of the prevailing immune status affects both steroido-
genesis and spermatogenesis and can lead to temporary or some-
times permanent infertility. Orchitis alone is a rare entity and mainly 
seen as a consequence of systemic viral infection of paramyxovirus 
(mumps orchitis) and human immunodeficiency virus (HIV). The 
most common complication of the mumps virus is testicular atro-
phy (72). Bacterial infection of the testis is usually observed as a 
combined epididymo-orchitis caused by sexually transmitted dis-
eases or ascending urinary tract infections. The most common 
sexually transmitted causes of epididymo-orchitis being Neisseria 
gonorrhoeae, Chlamydia trachomatis, and Ureaplasma urealyticum, 
while Escherichia coli, Pseudomonas aeruginosa, and Enterobacter aero-
genes are the most frequently encountered urinary tract pathogens.

The innate immune response against invading microorganism 
depends on the recognition of conserved molecules by the Toll-
like receptors (TLR). TLR sense characteristic microbial patterns 
such as double-stranded viral RNA (TLR3) or bacterial molecules 
like lipopolysaccharide (TLR4) and peptidoglycan (TLR6). This 
leads to the activation of signaling pathways which ultimately 
triggers the secretion of pro-inflammatory cytokines or the expres-
sion of anti-viral response genes depending on the type of stimu-
lated TLR (73). Recently, TLR expression was found in all 
testicular cells, with testicular macrophages, Sertoli cells, and DC 
showing the broadest range of TLR expression (74–76). This 
finding strengthens the view that not only immune cells, but also 
Sertoli cells have an eminent role in protecting the testis from 
bacterial and viral infections. Further corroboration was found 
when mouse Sertoli cells were challenged with TLR2–TLR5 
ligands in vitro resulted in strong anti-inflammatory and anti-viral 
responses in the form of the upregulation of IL-1a, IL-6, INF-a, 
and INF-b, while germ cells responded weakly (77–80).

There is no compelling evidence to suggest that the immune 
system of the testis and its reproductive function are separate enti-
ties. On the contrary, a dual function of cells and factors in both 
systems is becoming increasingly apparent. The extent of this over-
lap is exemplified by the Sertoli cells which were originally known 
only for their association with the reproductive function of the 
testis, but are now also recognized as important contributors to 
the maintenance of immune privilege and host defense. Conversely, 
a classical immune cell, like the macrophage, in the testis is capable 
of influencing essential reproductive functions such as testoster-
one secretion in Leydig cells (81). The insights of the synergistic 
importance in the testis of the immune system, spermatogenesis, 
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and steroidogenesis present a peek into what promises to be a fas-
cinating new and emerging field of investigation.
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