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The epididymis is an important male accessory sex organ where sperm motility and fertilization ability develop. When spermatozoa carrying foreign antigens enter the epididymis, the epididymis shows “immune privilege” to tolerate them. It is well-known that a tolerogenic environment exists in the caput epididymis, while pro-inflammatory circumstances prefer the cauda epididymis. This meticulously regulated immune environment not only protects spermatozoa from autoimmunity but also defends spermatozoa against pathogenic damage. Epididymitis is one of the common causes of male infertility. Up to 40% of patients suffer from permanent oligospermia or azoospermia. This is related to the immune characteristics of the epididymis itself. Moreover, epididymitis induced by different pathogenic microbial infections has different characteristics. This article elaborates on the distribution and immune response characteristics of epididymis immune cells, the role of epididymis epithelial cells (EECs), and the epididymis defense against different pathogenic infections (such as uropathogenic Escherichia coli, Chlamydia trachomatis, and viruses to provide therapeutic approaches for epididymitis and its subsequent fertility problems.
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INTRODUCTION

Infertility is the third major issue affecting human health, experienced by ~10–15% of couples when attempting to conceive a baby, among which 50% are related to male factor infertility (1). Infection and inflammation are involved in 13–15% of cases of male factor infertility. However, prevalence rates are up to 30% in regions with limited access to medical care (2, 3). Relevant diseases that can lead to infertility include epididymitis, combined epididymo-orchitis, and rarely, isolated orchitis (4, 5).

Acute epididymitis is one of the most common diseases related to male inflammation. Nicholson et al. have reported its incidence is ~2.5–6.5/100 000 person-years (5, 6). Epididymitis can occur in men of any age. Pilatz et al. (7) investigated 237 patients with acute epididymitis aged 18–97 years and found the highest incidence rate was in the group aged between 48 and 57 years old. Redshaw et al. (8) showed that the annual incidence of acute epididymitis is ~1.2/1,000 boys at the age of two to 13 years, while 43% of epididymitis cases occur among adult men aged 20–30 years. It is well-known that men with epididymitis usually present with impaired semen quality as well as a high number of white blood cells (4, 9, 10). Pilatz et al. (11) found the sperm protein composition changed significantly in patients after epididymitis, which may be one of the factors contributing to subfertility/infertility in men after episodes of epididymitis.

Although conservative antimicrobial therapy is possible in the majority of patients and is usually sufficient to eradicate the pathogen, studies have shown that up to 40% of patients suffer from permanent oligospermia or azoospermia (12). Rusz et al. reported that persistent detrimental effects are not uncommon in patients with acute epididymitis even after a complete bacteriological cure (9). Recent data showed that this was related to pathogen damage, strong fibrotic transformation, and epithelial degeneration (13). However, the research of immunopathological mechanisms related to human epididymitis is hindered due to the limited access to tissue samples (14). Therefore, studies on the epididymis have been largely performed in rats and mice to assess the morphological changes and immune pathways (12). Evidence shows that models mimicking epididymitis have been instructive in a better understanding of the mechanisms of disease initiation and progression (5).

This study describes the immune characteristics of the epididymis and the immune pathways of the epididymitis triggered by various pathogenic infections (E. coli, Chlamydia trachomatis, viruses, etc.) in animal models to explore how the immune related-mechanisms of epididymitis can impair male fertility.



IMMUNE CHARACTERISTICS OF THE EPIDIDYMIS


Structure of the Epididymis

The epididymis is mainly composed of the epididymal tube. The inner layer of the epididymal duct is lined by a pseudostratified columnar ciliated epithelium, and the outer layer is surrounded by a peritubular layer of smooth muscle cells, in which there is interstitial tissue stroma containing the vasculature and lymphatics (15). Epididymis epithelial cells (EECs) are composed of many kinds of epithelial cells, including main cells, basal cells, lymphocyte or halo cells, clear cells, and monocyte phagocytes, among which the monocyte phagocytes include dendritic cells and macrophages (16), as shown in Figure 1.
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FIGURE 1. Schematic diagram showing the immune characteristics of the epididymis in the different regions. The epithelium of the epididymis contains various cell types, including the main cells, basal cells, lymphocyte cells, clear cells, dendritic cells, and macrophages. In the caput, dendritic cells could extend to the tight junction between the epithelial cells, and be particularly active. There are more CD4+ T cells and DN T cells in the caput than in the cauda. Moreover, the immune molecules (such as IDO, actin, defensins, and Bin 1b) are highly expressed in the caput, which together with immune cells provide an environment of the immune tolerance for the neo-antigens of spermatozoa. However, various pathogens coming into the genital tract always activate inflammation in the cauda epididymis. CD8+ T cells in the EECs and M1 macrophages facilitate the clearance of pathogens. Moreover, the B lymphocytes and lymphatics tend to increase toward the caudal region, increasing the ability to respond to ascending infections. IDO, tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase; DN T, CD4-CD8- T; EECs, Epididymis epithelial cells.


The epididymis is divided into distinct segments according to its morphology and function (15). Usually, the epididymis is divided into three regions, including the caput, corpus, and cauda epididymis according to its anatomical structure (17, 18), but sometimes it is divided into four regions (the initial segment, caput, corpus, and cauda) (15, 19).



Blood-Epididymis Barrier

The epididymis has a certain barrier function, which is called the Blood-Epididymis Barrier (BEB). The fully functional BEB consists of anatomical, physiological, and immunological barriers (20). The anatomical barrier is made up of tight junctions, formed from the principal cells' basolateral and apical membranes, which restrict molecules and cells from coming into or out of the lumen. The physiological barrier comprised of transporters and channels, while the immunological barrier is comprised of different immune components inside and outside the tubule/duct (20).

The tight junctions and selective transport by the principal cells can create a high concentration of some molecules in the epididymis, such as carnitine and inositol, which is helpful for sperm storage and maturing (21, 22). In addition to creating a suitable environment for sperm maturation, the BEB also provides an immune-privileged environment for sperm with neoantigens (23).

The BEB, together with the blood-testis barrier, plays a key role in preventing autoimmune responses against antigenic post-pubertal germ cells (20). Compared with the blood-testis barrier, the tight junctions of the epididymis are much less effective (24). Itoh et al. (25) demonstrated that spermatic granulomas were formed after injection of spermatozoa or testicular germ cells into the mice epididymal interstitial space; in contrast, no infiltrate was detected, and spermatic granulomas were not formed in the interstitial space when similar studies were performed in the testis. Alterations in the BEB may also bring about the formation of inflammatory conditions such as sperm granulomas (22). Infection and inflammation also damage the BEB, resulting in loss of the barrier function. Maintaining the integrity of the BEB is essential for sperm maturation and immune privilege (26). Loss of the barrier function opens a pathway for the entry of physiological and immunological components, which can alter the luminal microenvironment and lead to autoimmunity against sperm antigens, finally resulting in male infertility (27).



EECs and TRLs

Toll-like receptors (TLRs) are innate immune pathogen pattern recognition receptors, which can recognize proteins, nucleic acids, and lipids of pathogenic microorganisms invading the body [such as viruses, bacteria, fungi, and protozoa (28)]. In rats, both EECs and immune cells express TLRs throughout the epididymis, which indicates that EECs also play an immune role (29). TLR1-TLR9 mRNA is abundantly expressed in the rat epididymis, while Tlr10 and Tlr11 are less abundantly expressed (30). However, the clear cells in the rat cauda epididymis do not express TLRs5–7 or TLR11 (29). TLRs1–4 are expressed by principal cells in all regions of the rat duct (30). The expression of TLR1-6 in the caput epididymis is similar to those in the testis, while the levels of TLR7, 9, and 11 in the mouse epididymis are higher (31).




IMMUNE CELLS IN THE EPIDIDYMIS


Dendritic Cells

Dendritic cells (DCs) are “professional” antigen-presenting cells that internalize and process allo- and autoantigens (32). The DC maturation state is a key point for balancing tissue tolerance and autoimmunity. Immature DCs have a strong ability to internalize antigens, but their ability to activate T cells is low, while mature DCs is a T cell stimulant (33).

The maturation process of DCs includes a decrease in endocytic capacity and an increase in the major histocompatibility complex and chemokine receptors (34). Upon receiving an activated signal associated with inflammation, an immature DC will turn into a mature DC and then produce many inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-20, IL-23, and TNF-related apoptosis-inducing ligand (35). In addition, mature DCs will induce T-cell proliferation and polarize T cells toward Th17 and Th1 (36). The physiological role of epididymal DC is to regulate the complex interactions between immune tolerance and activation, which is a balance point in determining male fertility (34, 37).

Da Silva et al. (38) found that DCs in the mouse epididymis form a dense dendritic network in the basal area of the epididymal epithelium and are highly active within the proximal caput, with its protuberance extending through the epithelium. They also reported a previously unrecognized dense network of dendritic cells (CD11c+ CD103+ eDCs and CD11c+ CD103– eDCs) located at the base of the mouse epididymal epithelium, which displayed strong antigen-presenting and cross-presenting capabilities in vitro. DCs could collect antigens within the epididymal lumen and present them to the CD4+ T cells, thus regulating immunological reactions to spermatozoa and pathogens (39).

The conventional DCs in the murine epididymis are usually divided into cDC1 and cDC2 (40). The cDC1 type specifically deals with the cross-presentation of antigens (41), while cDC2 are mainly involved in T helper cell type responses (42). Voisin et al. (40) studied DC populations in the murine epididymis and found that cDCs1 account for 0.35 and 0.2% of the caput and cauda epididymis cells, respectively (P < 0.05) and that the cDC2 occupy 0.5% of the caput cells and 0.1% of the cauda cells (P < 0.001).

Wang et al. (37) showed that the number of CD11c+ DCs is relatively low in normal human epididymis unlike a dense network of CD11c+ DCs localized in the mouse epididymis. They concluded that the epididymis might have three phenotypically and functionally distinct subsets of DCs according to human and mouse data. They found that tolerogenic DC can: recognize normal sperm antigens; that immunogenic DCs detect and clear out abnormal sperm cells and exotic pathogens; and that inflammatory DCs: recruit Th17/Th1 cells (37).



Macrophages

Macrophages are the main phagocytes in tissue and can be specified for the detection, phagocytosis, and destruction of bacteria and other harmful organisms. They can also present antigens to T cells and initiate inflammation by releasing cytokines. Macrophages can be subcategorized as classical (M1) and alternative (M2) macrophages (43). M1 are characterized by a very high expression of pro-inflammatory cytokines (IL-6, TNF-α, and IL-12) and the production of reactive oxygen species and nitric oxide, which facilitates the clearance of microbial pathogens (44). In contrast, M2 are defined by high secretion of anti-inflammatory cytokines [IL-10, transforming growth factor-β (TGF-β)] and low expression of pro-inflammatory cytokines (IL-12, TNFα) (45). Therefore, M1/M2 polarization could affect the fate of inflamed or injured organs (46).

Macrophages are the most abundant immunocompetent cells in the murine epididymis (47). Macrophages are located chiefly in the interstitial and peritubular regions of the epididymis. Macrophages in the interstitial regions of the epididymis could express major histocompatibility complex class II antigens, which are necessary for antigen presentation to T cells (48). In contrast, most macrophages in the peritubular regions of the epididymis lack major histocompatibility complex class II expression, which is a common feature of mucosal epithelia (49). Da Silva et al. (38) reported that a network of mononuclear phagocytes (MPs) expressing macrophage and dendritic cell markers such as CD11c, F4/80, and CX3CR1, lines the base of the mouse epididymal tubule. Both macrophages and DCs are “professional” antigen-presenting cells, and play a complex dual role in the epididymis. On the one hand, they could inhibit responses to sperm antigens under normal conditions, but on the other hand, they might activate inflammatory responses to pathogens during infection (16, 34).



Lymphocyte

Lymphocytes present in the rat epididymal epithelium are often referred to as halo cells, which are named for the circular light-stained cytoplasm around the nucleus under light microscopy (50). Lymphocytes in the epididymis mainly consist of helper T lymphocytes (CD4+), cytotoxic T lymphocytes (CD8+), and B lymphocytes. CD4+ T cells are mainly located in the human epididymal stroma, while CD8+ T cells are the major lymphocytes within the epididymal epithelium (49). Voisin et al. used a single-cell isolation technique and observed that the numbers of CD4+ T cells were approximately equal in the murine caput and cauda epididymides (1.1 and 1%, respectively); the numbers of CD8+ T lymphocytes were similar as well between the caput and cauda (1.4 and 1.05%, respectively); however, the number of B lymphocytes in the cauda epididymis of was significantly higher than in the caput (0.7 and 0.35%, respectively) (40).

Surprisingly, natural killer and natural killer T cells were not detected in the murine epididymis (40). Given the very low incidence of epididymal tumors in humans (51), other populations or mechanisms may be involved in the anti-tumor effect in the epididymis (40). Voisin et al. (40) have described a new antigen-specific regulatory T cell population in the murine epididymis: double-negative (DN) T cells and found they were mainly located in the caput epididymis. This kind of cell has a strong cytotoxic effect on leukemia and lymphoma cell lines, but it does not affect normal cells. This supports the hypothesis that DN T cells could replace natural killer cells in the epididymis to prevent tumorigenesis (40).

Lymphocytes change in the epididymis at different ages (52). In young adult animals, the lymphocytes consist of helper T lymphocytes (CD4+) and cytotoxic T lymphocytes (CD8+), but there are no B lymphocytes, which indicate that immunoglobulin is not produced in the epididymis under normal conditions (52). A study of old brown Norwegian rats showed that B lymphocytes were rare in the epididymis epithelium of young rats, fewer than 1% of the total number of immune cells, but they were occasionally found in the epididymis epithelium of older rats, accounting for ~5% of the total number of immune cells (53). The author postulated that the accumulation of damaged epithelial cells and antigens of germ cell origin, leaking through a dysfunctional blood-epididymis barrier, might contribute to the active recruitment of immune cells with age (53).



Basal Cell

Basal cells (BCs) are present in the epididymal epithelium of all mammalian species and are located in the basal region. Several manuscripts have reported BCs in the epididymis are similar to peritubular macrophages in their ultrastructural and antigenic aspects, and presumed that epididymal BCs from primates and rodents might originate from circulating progenitors and play some immunological role (54, 55). However, a recent article reported that mouse BCs have similar morphological features compared to those of adjacent epithelial cells, and the authors proposed that BCs originate from the non-differentiated columnar epithelial cells instead of the MP system (56). Mammalian BCs not only have a hypothesized scavenger function but are also regarded as luminal sensors to regulate the activity of principal and clear cells (57).



Other Cells

The γδ T cells are typical mucosal cells and have recently been identified in the stroma and epididymal epithelium of the murine epididymis (40). The γδ T cells account for only a minor population of the T cells in the peripheral blood and lymphoid tissues in both mice and humans, but they are abundant in epithelial tissue (58). Epithelial γδ T cells exhibit tissue-specific restricted TCRs and show innate-like properties (59). Daley et al. (60) found that γδT cells could disable the immune system response against human pancreatic ductal adenocarcinoma. Considering the characteristics of the epididymis, γδT cells could also disable the immune system against sperm.




INNATE IMMUNE MOLECULES


Indoleamine 2,3-Dioxygenase

Indoleamine 2,3-dioxygenase (IDO) is an intracellular enzyme that catalyzes tryptophan to N-formalkynurenine, which is the first and key step in the kynurenine pathway (61). IDO is a ubiquitously expressed cytoplasmic protein typically activated by interferons (IFNs) (62). IDO has two main functions: one is to deplete tryptophan in an enclosed environment (such as in the epididymal duct lumen) to prevent bacterial or viral infection, and the other is to suppress T-cell-mediated immune responses against self-antigens, fetal antigens, or allogeneic antigens (63). IDO has been proven to suppress many kinds of immune responses, such as the regulation of tissue tolerance and the maintenance of immune privilege (64, 65).

Britan et al. (66) reported that IDO is highly expressed in the mouse caput epididymis and is mainly secreted by the principal and apical cells. The drosophila mothers against the decapentaplegic protein 2/3/4 signaling pathway activated by activin A, and could regulate the expression of IDO, suggesting that activin A may be an activator of IDO expression in the mouse proximal epididymis (67). Moreover, these immune regulators may induce a tolerogenic circumstance in DCs and T cells (67, 68). Jrad-Lamine et al. (69) have shown that pro-inflammatory cytokine expression is increased in the caput epididymitis of IDO-deficient mice. IDO-deficient mice possess significantly greater numbers of morphologically defective spermatozoa compared with wide-type controls. We propose that IDO activity, on the one hand, controlled the level of epididymal leukocytes and, on the other, regulated the involvement of the epididymal proteasome in clearing defective transiting spermatozoa (69).



Defensins

Defensins are not only important regulatory molecules in the biological immune system but are also important antimicrobial peptides with direct bactericidal functions (70). Multiple beta-defensins have been found in the epididymis of humans and mice with region-specific expression patterns, showing bacteria-killing activity and the promotion of sperm motility (71, 72).

Bin1b, exclusively expressed in the rat caput region of the epididymis, is a natural epididymis-specific antimicrobial peptide and can promote immature sperm to obtain motility (73). The specific expression of β-defensin 126 in the cattle epididymal tail can promote the acquisition of motility of epididymal sperm (74). Yenugu et al. (75) found that human and macaque sperm associated antigen 11 is involved in the mechanism of epididymal sperm maturation and host defense. Human β-defensin 114 can regulate lipopolysaccharide mediated inflammation and prevent the loss of sperm motility (76). Lack of human β-defensin 1 can lead to male infertility, which is manifested by poor sperm motility and reproductive tract infections (77).



Other Immune Molecules

The TGF-β superfamily comprises more than 30 members, including TGF-β isoforms, bone morphogenetic proteins, growth and differentiation factors, activins/inhibins, NODAL, and the anti-Müllerian hormone (78). Three isoforms of TGF-β have been identified in mammals: TGF-β1, TGF-β2, and TGF-β3. A recent study has revealed that TGF-β signaling in DCs is required for immunotolerance to sperm located in the epididymis, and that male mice lacking TGFβ signaling in DCs would develop severe epididymal inflammation (34). Voisin et al. (79) showed that EECs expressed the three TGF-β isoforms in all regions of the murine epididymis in pre-pubertal to adult mice, which indicated that the epididymal epithelium plays an active role in establishing a pro-tolerogenic environment necessary for the survival of immunogenic spermatozoa.

Activin A, a member of the TGF-β superfamily, is an important regulator of testicular and epididymal development and function, as well as inflammation and immunity (67). In the adult murine reproductive tract, activin A mRNA levels are highest in the caput epididymis and decrease progressively toward the distal vas deferens (80, 81). IL-10, a key effector regulatory cytokine, is located in the principal cells of the murine epididymal epithelium and may be involved in the protection of spermatozoa from autoimmune reactions (82). There are many other antimicrobial proteins (such as cathelicidins, mucins, lactoferrin, and chemokines) involved in the innate defense of EECs (83, 84).




CHARACTERISTICS OF EPIDIDYMIS IMMUNITY

In contrast to the immunologically privileged testis, the epididymis does not support prolonged allogeneic graft survival (85). Furthermore, epithelial tight junctions of the rodent epididymis may not be as effective as those of the blood-testis barrier, and direct interactions between intra-epithelial immune cells and either sperm antigens or ascending pathogens is possible (71). Therefore, the epididymis is more prone to inflammation and autoimmune responses than the testis.

It is worth noting that the type and number of immune cells and innate immune molecules are most abundant in the murine epididymis head (40, 72). However, the distribution of epididymal lymphatics tends to increase toward the murine caudal region (86). It is widely accepted that immune tolerance exists in the caput epididymis, but pro-inflammatory circumstances prefer the cauda epididymis, as shown in Figure 1. Moreover, the closer the epididymis is to the testis, the lower the probability of inflammation, and the farther the testis is from the epididymis, the greater the odds of inflammation and its deleterious effect on reproduction (87). Epididymal immunity is based on a finely tuned equilibrium between efficient immune responses to pathogens and strong tolerance to spermatozoa (83).



IMMUNE PATHWAYS OF THE EPIDIDYMITIS CAUSED BY DIFFERENT PATHOGENS

Although epididymitis can occur in men of any age, the majority of epididymitis cases occur in men aged 20–39 and they are most often associated with sexually transmitted diseases (5). Chlamydia trachomatis and Neisseria gonorrhea account for ~50% of cases of epididymitis associated with chlamydia and gonorrhea in men <39 years of age. After 39 years of age, the most common aetiologic agent responsible for epididymitis is Escherichia coli and other coliform bacteria found in the gastrointestinal tract (88). Weidner et al. (89) reported that enteric pathogens mainly occur in patients older than 35 years, sexually transmitted pathogens like Chlamydia trachomatis and Neisseria gonorrhoeae are often responsible in patients under 35 years. The different pathogens have different susceptible populations, and they have different inflammatory immune mechanisms. Therefore, it is helpful to understand the immune response of various pathogens for the treatment of epididymitis.



BACTERIAL INFECTION (UROPATHOGENIC ESCHERICHIA COLI)

Uropathogenic Escherichia coli (UPEC) is one of the most common causes of acute epididymitis, which is usually due to the retrograde progression of urethral pathogens and sexually transmitted bacterial infections (90). Silva et al. (91) reported that experimental epididymitis induced in rats by Gram-negative (LPS) and Gram-positive bacterial products resulted in differential patterns of acute inflammation in the cauda epididymis. LPS elicited a strong inflammatory reaction, as reflected by the upregulation of the levels of mRNA for seven inflammatory mediators (IL-1b, TNF, IL-6, Interferon-gamma, IL-10, nitric oxide synthase 2, and nuclear factor-kappa-B inhibitor alpha), and the tissue concentrations of six cytokines/chemokines (IL-1a, IL-1b, IL-6, IL-10, CXCL2, and CCL2) within the first 24 h post-treatment (91).

Cheng et al. (92) found that the mouse epididymis infected by E. coli could activate TLR4 and TLR5 in the epididymis head epithelial cells and macrophages and induce the production of pro-inflammatory cytokines through the classical inflammatory NF-kappa B signaling pathway. Meanwhile, the natural immune response induced by UPEC in the epididymis of TLR4 and TLR5 knockout mice (TLR4−/−, TLR5−/−) was significantly lower than that induced in the wild-type mice (92), as shown in Figure 2. Although UPEC also activates TLR11, TLR11 cannot initiate innate immune responses in humans because there is no functional TLR11 (93). Moreover, UPEC induced the production of type 1 interferons by EECs through the activation of interferon regulatory factor 3 (92).
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FIGURE 2. The signaling pathways in the epididymitis induced by UEPC. The signaling pathway mainly includes two parts: (1) UPEC could activate TLR4 and TLR5 on epithelial cells and macrophages and induce the production of pro-inflammatory cytokines through the classical inflammatory NF-kB signaling pathway. (2) Epididymal cells can also limit pathogen infections by secreting defensins after infection with UPEC. UPEC, uropathogenic Escherichia coli; TLR4, toll like receptor 4; TLR5, toll like receptor 5; MyD 88, myeloid differentiation factor 88; NF-kB, nuclear factor kappa B; IL-1, interleukin-1; IL-6, interleukin-6; IL-10, interleukin-10; TNF, tumor necrosis factor.


Epididymal cells can also limit pathogen infection by secreting defensins after infection with UPEC in the mouse model (34). Gene expression of defensin b2, defensin b21, and defensin 27 in the caput epididymis decreased in the LPS-induced rat epididymitis (94), while the gene expression of defensin b29, defensin b41, and defensin b42 remained unchanged after the treatment (95). Biswas et al. (96) demonstrated that the expression of defensins and sperm associated antigen 11 genes increased in the epididymis and testes in a UPEC induced rat epididymo-orchitis model. The recombinant defensin 21 significantly decreased the bacterial load in the epididymis and testis and proved to be more effective than gentamycin. Moreover, overexpression of Bin1b helps mice to resist E. coli-induced epididymitis (97).

Epididymitis also results in long-term problems in patients, such as the irreversible development of ductal obstructions and fibrotic tissue remodeling, even if full antibiotic treatment is provided (98). In the chronic UEPC murine epididymitis, the main pathological changes are dominated by lymphocytes, plasma cells, interstitial fibrosis (99), and even dead UEPC were able to disrupt testicular architecture after epididymal injection in the rat model (100). However, the mechanisms for this are unclear and need to be characterized in the future.



IMMUNE RESPONSE INDUCED BY CHLAMYDIA TRACHOMATIS

Chlamydia trachomatis (CT) is the most common sexually transmitted pathogen in high-income countries (101, 102) and is the most common etiology of STIs among sexually active males 14 to 35 years of age (88). Ito et al. (103) examined different microorganisms in men younger than 40 years of age with acute epididymitis and found that CT is a major pathogen (28%) while the prevalence of genital mycoplasmas (5%) and ureaplasmas were lower (5%). Screening for CT is advocated to control the transmission of chlamydia in sexually active young adults (104). However, there is an opposing option posited by another study, in which a population-based test for urogenital C trachomatis infection did not reduce the long-term risk of reproductive complications in women or epididymitis in men (105).

Approximately 50% of CT infections in men are asymptomatic (106, 107). The most important profile of a CT infection is a local immune response. First, the immune cells are recruited to the site of the infection and secrete pro-inflammatory cytokines such as interferon-γ (IFN-γ) (108, 109). IFN-γ has a dual function of inhibiting the growth of CT (110) in mice and inducing Th1 immune responses in CT-infected women (111). Studies have shown that IFN-γ activates host cells to restrict intracellular growth of CT by induction of IDO (112), as shown in Figure 3. The depletion of tryptophan by IDO has been proved to deprive CT of 5-hydroxytryptophan, which is essential for its differentiation into an infectious elementary body (112, 113). If IFN-γ is removed from the host cell, tryptophan synthesis will subsequently recover, and CT quickly forms into an infectious elementary body (114). In addition, CT infection of murine epithelial cells can induce the secretion of pro-inflammatory cytokines such as IL-1, Il-6, and TNF-α (115).


[image: Figure 3]
FIGURE 3. The protective mechanism against CT infection in the epididymis. Interferon γ plays a functional role in inhibiting the growth of CT by induction of IDO, which prevents the CT from differentiating into infectious EBs. Furthermore, CT infection can induce the production of pro-inflammatory cytokines, such as IL-1, Il-6, and TNFα. IDO, tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase; EBs, elementary bodies; IL-1, interleukin-1; IL-6, interleukin-6; TNFα, tumor necrosis factor alpha.


The most important features of CT infection are its chronic nature and the presence of a mild inflammation that remains subclinical in most individuals (116). Recognition of CT antigens is associated with TLR2, TLR4, and other CT antigens and pathogen recognition receptors (PRRs), which will induce a local secretion of cytokines/chemokines and consequently provoke chronic inflammation (116). This chronic inflammation can lead to cell proliferation, tissue remodeling, and scarring in the male genital tract (108).



INDUCTION OF ANTIVIRAL IMMUNE RESPONSES IN EPIDIDYMAL EPITHELIAL CELLS

Viruses can be divided into DNA viruses and RNA viruses. DNA viruses that can infect the male reproductive system include adeno-associated virus, cytomegalovirus, herpes simplex virus (HSV), hepatitis B virus, human papillomavirus, etc. (117). RNA viruses include mumps virus, enterovirus (enterovirus), human immunodeficiency virus (HIV), hepatitis C virus, etc. (118).

Mumps virus is the most common RNA virus that causes viral orchitis. The orchitis caused by Mumps virus is usually accompanied by viral epididymitis, and it severely impairs male fertility (119). Park et al. (120) investigated 18 patients with mumps orchitis and found 13 patients (72.2%) were accompanied with epididymitis. HSV-2 is the most common DNA virus that infects the male genitals, but most patients infected with HSV-2 have no obvious symptoms (121). The epididymis is a major target and reservoir of HIV (122). Pilatz et al. (11) investigated the etiology of acute epididymitis and found that viral epididymitis seems a rare condition.

Viral infections of the epididymis may sexually spread pathogens (123, 124). Different virus types that can infect the epididymis are associated with male infertility (123). Therefore, understanding the mechanisms underlying epididymal innate antiviral responses would aid in the development of preventive and therapeutic strategies against viral infections of the epididymis (58).

The mouse EECs abundantly express viral sensors TLR3, the retinoic acid-inducible gene I (RIG-I), and DAI (31). TLR3 and retinoic acid-inducible gene I in EECs can be activated by synthetic double stranded RNA polyinosinic-polycytidylic acid, then significantly induce the expression of inflammatory cytokines (TNF-α and Monocyte chemokine-1, IFN-α and IFN-β) in EECs; the signaling pathway of DNA sensors can be initiated by HSV60 (31). HSV60 can significantly increase the expression of IFN-β, but not TNF-α and Monocyte chemokine-1 (31). Brown et al. (125) also showed that TLR3 and retinoic acid-inducible gene I-like receptors are enriched in human EECs from the corpus and cauda regions. Moreover, paired box 2, which was implicated in regulating antiviral response pathways, is required for basal expression of the DNA sensor, Z-DNA binding protein, and type I interferon, in caput but not in cauda cells (125).



CONCLUSION

Epididymitis is one of the common causes of male infertility. Persistent detrimental effects are common even after a complete bacteriological cure. This is related to the immune characteristics of the epididymis itself. Here, we elaborated on the distribution and role of the epididymis immune cells and the mechanisms of epididymis defenses against different pathogenic microbial infections. The purpose of this manuscript is to provide guidance for understanding the immune environment of the epididymis and to guide future therapeutic approaches to treating epididymitis. However, human data on different causes of acute epididymitis is spare, so more research is needed in the future.



AUTHOR CONTRIBUTIONS

HZ and CY wrote the article and performed literature searches and data compilation. CH and CM performed the necessary literature searches and data compilation. AL revised the article and gave valuable suggestions. DH designed the review and checked and approved the submitted manuscript. All authors have read and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 81771575) and the Independent Innovation Foundation of Tongji Medical College of Huazhong University of Science and Technology (No. 5003510033).



REFERENCES

 1. World Health Organization. WHO Bulletin. Geneva: World Health Organization (2010). p. 881–2.

 2. Ahmed A, Bello A, Mbibu NH, Maitama HY, Kalayi GD. Epidemiological and aetiological factors of male infertility in northern nigeria. Niger J Clin Pract. (2010) 13:205–9. doi: 10.1007/s00063-010-1076-9

 3. Eke AC, Okafor CI, Ezebialu IU. Male infertility management in a nigerian tertiary hospital. Int J Gynaecol Obstet. (2011) 114:85–6. doi: 10.1016/j.ijgo.2011.01.023

 4. Schuppe HC, Pilatz A, Hossain H, Diemer T, Wagenlehner F, Weidner W. Urogenital infection as a risk factor for male infertility. Dtsch Arztebl Int. (2017) 114:39–346. doi: 10.3238/arztebl.2017.0339

 5. Fijak M, Pilatz A, Hedger MP, Nicolas N, Bhushan S, Michel V, et al. Infectious, inflammatory and 'autoimmune' male factor infertility: how do rodent models inform clinical practice? Hum Reprod Update. (2018) 24:416–41. doi: 10.1093/humupd/dmy009

 6. Nicholson A, Rait G, Murray-Thomas T, Hughes G, Mercer CH, Cassell J. Management of epididymo-orchitis in primary care: results from a large UK primary care database. Br J Gen Pract. (2010) 60:e407–22. doi: 10.3399/bjgp10X532413

 7. Pilatz A, Hossain H, Kaiser R, Mankertz A, Schüttler CG, Domann E, et al. Acute epididymitis revisited: impact of molecular diagnostics on etiology and contemporary guideline recommendations. Eur Urol. (2015) 68:428–35. doi: 10.1016/j.eururo.2014.12.005

 8. Redshaw JD, Tran TL, Wallis MC, deVries CR. Epididymitis: a 21-year retrospective review of presentations to an outpatient urology clinic. J Urol. (2014) 192:1203–7. doi: 10.1016/j.juro.2014.04.002

 9. Rusz A, Pilatz A, Wagenlehner F, Linn T, Diemer T, Schuppe HC, et al. Influence of urogenital infections and inflammation on semen quality and male fertility. World J Urol. (2012) 30:23–30. doi: 10.1007/s00345-011-0726-8

 10. Lang T, Dechant M, Sanchez V, Wistuba J, Boiani M, Pilatz A, et al. Structural and functional integrity of spermatozoa is compromised as a consequence of acute uropathogenic E. coli-associated epididymitis. Biol Reprod. (2013) 89:59. doi: 10.1095/biolreprod.113.110379

 11. Pilatz A, Lochnit G, Karnati S, Paradowska-Dogan A, Lang T, Schultheiss D, et al. Acute epididymitis induces alterations in sperm protein composition. Fertil Steril. (2014) 101:1609–17.e1–5. doi: 10.1016/j.fertnstert.2014.03.011

 12. Michel V, Pilatz A, Hedger MP, Meinhardt A. Epididymitis: revelations at the convergence of clinical and basic sciences. Asian J Androl. (2015) 17:756–63. doi: 10.4103/1008-682X.155770

 13. Stammler A, Hau T, Bhushan S, Meinhardt A, Jonigk D, Lippmann T, et al. Epididymitis: ascending infection restricted by segmental boundaries. Hum Reprod. (2015) 30:1557–65. doi: 10.1093/humrep/dev112

 14. Chakradhar S. Puzzling over privilege: how the immune system protects-and fails-the testes. Nat Med. (2018) 24:2–5. doi: 10.1038/nm0118-2

 15. De Grava Kempinas W, Klinefelter GR. Interpreting histopathology in the epididymis. Spermatogenesis. (2015) 4:e979114. doi: 10.4161/21565562.2014.979114

 16. Da Silva N, Smith TB. Exploring the role of mononuclear phagocytes in the epididymis. Asian J Androl. (2015) 17:591–6. doi: 10.4103/1008-682X.153540

 17. Wang H, Kumar TR. Segment- and cell-specific expression of D-type cyclins in the postnatal mouse epididymis. Gene Expr Patterns. (2012) 12:136–44. doi: 10.1016/j.gep.2012.01.003

 18. Légaré C, Sullivan R. Differential gene expression profiles of human efferent ducts and proximal epididymis. Andrology. (2020) 8:625–36. doi: 10.1111/andr.12745

 19. Domeniconi RF, Souza AC, Xu B, Washington AM, Hinton BT. Is the epididymis a series of organs placed side by side? Biol Reprod. (2016) 95:10. doi: 10.1095/biolreprod.116.138768

 20. Mital P, Hinton BT, Dufour JM. The blood-testis and blood-epididymis barriers are more than just their tight junctions. Biol Reprod. (2011) 84:851–8. doi: 10.1095/biolreprod.110.087452

 21. Johnston DS, Turner TT, Finger JN, Owtscharuk TL, Kopf GS, Jelinsky SA. Identification of epididymis-specific transcripts in the mouse and rat by transcriptional profiling. Asian J Androl. (2007) 9:522–7. doi: 10.1111/j.1745-7262.2007.00317.x

 22. Gregory M, Cyr DG. The blood-epididymis barrier and inflammation. Spermatogenesis. (2014) 4:e979619. doi: 10.4161/21565562.2014.979619

 23. Cyr DG, Dufresne J, Gregory M. Cellular junctions in the epididymis, a critical parameter for understanding male reproductive toxicology. Reprod Toxicol. (2018) 81:207–19. doi: 10.1016/j.reprotox.2018.08.013

 24. Hedger MP. Immunophysiology and pathology of inflammation in the testis and epididymis. J Androl. (2011) 32:625–40. doi: 10.2164/jandrol.111.012989

 25. Itoh M, Xie Q, Miyamoto K, Takeuchi Y. Major differences between the testis and epididymis in the induction of granulomas in response to extravasated germ cells. I. A light microscopical study in mice. Int J Androl. (1999) 22:316–23. doi: 10.1046/j.1365-2605.1999.00186.x

 26. Smith TB, Cortez-Retamozo V, Grigoryeva LS, Hill E, Pittet MJ, Da Silva N. Mononuclear phagocytes rapidly clear apoptotic epithelial cells in the proximal epididymis. Andrology. (2014) 2:755–62. doi: 10.1111/j.2047-2927.2014.00251.x

 27. Dubé E, Cyr DG. The blood-epididymis barrier and human male fertility. Adv Exp Med Biol. (2012) 763:218–36. doi: 10.1007/978-1-4614-4711-5_11

 28. Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity. Cell. (2020) 180:1044–66. doi: 10.1016/j.cell.2020.02.041

 29. Palladino MA, Savarese MA, Chapman JL, Dughi MK, Plaska D. Localization of Toll-like receptors on epididymal epithelial cells and spermatozoa. Am J Reprod Immunol. (2008) 60:541–55. doi: 10.1111/j.1600-0897.2008.00654.x

 30. Palladino MA, Johnson TA, Gupta R, Chapman JL, Ojha P. Members of the toll-like receptor family of innate immunity pattern-recognition receptors are abundant in the male rat reproductive tract. Biol Reprod. (2007) 76:958–64. doi: 10.1095/biolreprod.106.059410

 31. Zhu W, Zhao S, Liu Z, Cheng L, Wang Q, Yan K, et al. Pattern recognition receptor-initiated innate antiviral responses in mouse epididymal epithelial cell. J Immunol. (2015) 194:4825–35. doi: 10.4049/jimmunol.1402706

 32. He Z, Zhu X, Shi Z, Wu T, Wu L. Metabolic regulation of dendritic cell differentiation. Front Immunol. (2019) 10:410. doi: 10.3389/fimmu.2019.00410

 33. Rhodes JW, Tong O, Harman AN, Turville SG. Human dendritic cell subsets ontogeny, and impact on HIV infection. Front Immunol. (2019) 10:1088. doi: 10.3389/fimmu.2019.01088

 34. Pierucci-Alves F, Midura-Kiela MT, Fleming SD, Schultz BD, Kiela PR. Transforming growth factor beta signaling in dendritic cells is required for immunotolerance to sperm in the epididymis. Front Immunol. (2018) 9:1882. doi: 10.3389/fimmu.2018.01882

 35. Kemp TJ, Elzey BD, Griffith TS. Plasmacytoid dendritic cell-derived IFN-alpha induces TNF-related apoptosis-inducing ligand/Apo-2L-mediated antitumor activity by human monocytes following CpG oligodeoxynucleotide stimulation. J Immunol. (2003) 171:212–8. doi: 10.4049/jimmunol.171.1.212

 36. Duan YG, Yu CF, Novak N, Bieber T, Zhu CH, Schuppe HC, et al. Immunodeviation towards a Th17 immune response associated with testicular damage in azoospermic men. Int J Androl. (2011) 34:e536–45. doi: 10.1111/j.1365-2605.2010.01137.x

 37. Wang P, Duan YG. The role of dendritic cells in male reproductive tract. Am J Reprod Immunol. (2016) 76:186–92. doi: 10.1111/aji.12536

 38. Da Silva N, Cortez-Retamozo V, Reinecker HC, Wildgruber M, Hill E, Brown D, et al. A dense network of dendritic cells populates the murine epididymis. Reproduction. (2011) 141:653–63. doi: 10.1530/REP-10-0493

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

 40. Voisin A, Whitfield M, Damon-Soubeyrand C, Goubely C, Henry-Berger J, Saez F, et al. Comprehensive overview of murine epididymal mononuclear phagocytes and lymphocytes: unexpected populations arise. J Reprod Immunol. (2018) 126:1–17. doi: 10.1016/j.jri.2018.01.003

 41. den Haan JM, Lehar SM, Bevan MJ. CD8+. but not CD8−. dendritic cells cross-prime cytotoxic T cells in vivo. J Exp Med. (2000) 192:1685–96. doi: 10.1084/jem.192.12.1685

 42. Schlitzer A, McGovern N, Ginhoux, F. Dendritic cells and monocyte-derived cells: two complementary and integrated functional systems. Semin Cell Dev Biol. (2015) 41:9–22. doi: 10.1016/j.semcdb.2015.03.011

 43. Arora S, Dev K, Agarwal B, Das P, Syed MA. Macrophages: their role, activation and polarization in pulmonary diseases. Immunobiology. (2018) 223:383–96. doi: 10.1016/j.imbio.2017.11.001

 44. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol. (2008) 8:958–69. doi: 10.1038/nri2448

 45. Bhushan S, Meinhardt A. The macrophages in testis function. J Reprod Immunol. (2017) 119:107–12. doi: 10.1016/j.jri.2016.06.008

 46. Kabat AM, Pearce EJ. Inflammation by way of macrophage metabolism. Science. (2017) 356:488–9. doi: 10.1126/science.aan2691

 47. Nashan D, Malorny U, Sorg C, Cooper T, Nieschlag E. Immuno-competent cells in the murine epididymis. Int J Androl. (2015) 12:85–94. doi: 10.1111/j.1365-2605.1989.tb01289.x

 48. Da Silva N, Barton CR. Macrophages and dendritic cells in the post-testicular environment. Cell Tissue Res. (2016) 363:97–104. doi: 10.1007/s00441-015-2270-0

 49. Yakirevich E, Yanai O, Sova Y, Sabo E, Stein A, Hiss J, et al. Cytotoxic phenotype of intra-epithelial lymphocytes in normal and cryptorchid human testicular excurrent ducts. Hum Reprod. (2002) 17:275–83. doi: 10.1093/humrep/17.2.275

 50. Flickinger CJ, Bush LA, Howards SS, Herr JC. Distribution of leukocytes in the epithelium and interstitium of four regions of the Lewis rat epididymis. Anat Rec. (1997) 248:380–90.

 51. Yeung CH, Wang K, Cooper TG. Why are epididymal tumours so rare? Asian J Androl. (2012) 14:465–75. doi: 10.1038/aja.2012.20

 52. Serre V, Robaire B. Segment-specific morphological changes in aging brown norway rat epididymis. Biol Reprod. (1998) 58:497–513. doi: 10.1095/biolreprod58.2.497

 53. Serre V, Robaire B. Distribution of immune cells in the epididymis of the aging brown norway rat is segment-specific and related to the luminal content. Biol Reprod. (1999) 61:705–14. doi: 10.1095/biolreprod61.3.705

 54. Yeung CH, Nashan D, Sorg C, Oberpenning F, Schulze H, Nieschlag E, et al. Basal cells of the human epididymis–antigenic and ultrastructural similarities to tissue-fixed macrophages. Biol Reprod. (1994) 50:917–26. doi: 10.1095/biolreprod50.4.917

 55. Holschbach C, Cooper TG. A possible extratubular origin of epididymal basal cells in mice. Reproduction. (2002) 123:517–25. doi: 10.1530/reprod/123.4.517

 56. Shum WW, Smith TB, Cortez-Retamozo V, Grigoryeva LS, Roy JW, Hill E, et al. Epithelial basal cells are distinct from dendritic cells and macrophages in the mouse epididymis. Biol Reprod. (2014) 90:90. doi: 10.1095/biolreprod.113.116681

 57. Arrighi S. Are the basal cells of the ammalian epididymis still an enigma? Reprod Fertil Dev. (2014) 26:1061–71. doi: 10.1071/RD13301

 58. Nielsen MM, Witherden DA, Havran WL. γδ T cells in homeostasis and host defence of epithelial barrier tissues. Nat Rev Immunol. (2017) 17:733–45. doi: 10.1038/nri.2017.101

 59. Witherden DA, Johnson MD, Havran WL. Coreceptors and their ligands in epithelial γδ T cell biology. Front Immunol. (2018) 9:731. doi: 10.3389/fimmu.2018.00731

 60. Daley D, Zambirinis CP, Seifert L, Akkad N, Mohan N, Werba G, et al. γδ T cells support pancreatic oncogenesis by restraining αβ T cell activation. Cell. (2016) 166:1485–99.e15. doi: 10.1016/j.cell.2016.07.046

 61. Taylor MW, Feng GS. Relationship between interferon-gamma, indoleamine 2,3-dioxygenase, and tryptophan catabolism. FASEB J. (1991) 5:2516–22. doi: 10.1096/fasebj.5.11.1907934

 62. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nat Rev Immunol. (2004) 4:762–74. doi: 10.1038/nri1457

 63. Dai X, Zhu BT. Indoleamine 2,3-dioxygenase tissue distribution and cellular localization in mice: implications for its biological functions. J Histochem Cytochem. (2010) 58:17–28. doi: 10.1369/jhc.2009.953604

 64. Mellor AL, Munn DH. Creating immune privilege: active local suppression that benefits friends, but protects foes. Nat Rev Immunol. (2008) 8:74–80. doi: 10.1038/nri2233

 65. Xu H, Zhang GX, Ciric B, Rostami A. IDO: a double-edged sword for T(H)1/T(H)2 regulation. Immunol Lett. (2008) 121:1–6. doi: 10.1016/j.imlet.2008.08.008

 66. Britan A, Maffre V, Tone S, Drevet JR. Quantitative and spatial differences in the expression of tryptophan-metabolizing enzymes in mouse epididymis. Cell Tissue Res. (2006) 324:301–10. doi: 10.1007/s00441-005-0151-7

 67. Wijayarathna R, Hedger MP. Activins, follistatin and immunoregulation in the epididymis. Andrology. (2019) 7:703–11. doi: 10.1111/andr.12682

 68. Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, Bianchi R, et al. Indoleamine 2,3-dioxygenase is a signaling protein in long-term tolerance by dendritic cells. Nat Immunol. (2011) 12:870–8. doi: 10.1038/ni.2077

 69. Jrad-Lamine A, Henry-Berger J, Gourbeyre P, Damon-Soubeyrand C, Lenoir A, Combaret L, et al. Deficient tryptophan catabolism along the kynurenine pathway reveals that the epididymis is in a unique tolerogenic state. J Biol Chem. (2011) 286:8030–42. doi: 10.1074/jbc.M110.172114

 70. Meade KG, O'Farrelly C. β-Defensins: farming the microbiome for homeostasis and health. Front Immunol. (2018) 9:3072. doi: 10.3389/fimmu.2018.03072

 71. Guiton R, Voisin A, Henry-Berger J, Saez F, Drevet JR. Of vessels and cells: the spatial organization of the epididymal immune system. Andrology. (2019) 7:712–8. doi: 10.1111/andr.12637

 72. Yamaguchi Y, Nagase T, Makita R, Fukuhara S, Tomita T, Tominaga T, et al. Identification of multiple novel epididymis-specific beta-defensin isoforms in humans and mice. J Immunol. (2002) 169:2516–23. doi: 10.4049/jimmunol.169.5.2516

 73. Li P, Chan HC, He B, So SC, Chung YW, Shang Q, et al. An antimicrobial peptide gene found in the male reproductive system of rats. Science. (2001) 291:1783–5. doi: 10.1126/science.1056545

 74. Fernandez-Fuertes B, Narciandi F, O'Farrelly C, Kelly AK, Fair S, Meade KG, et al. Cauda epididymis-specific beta-defensin 126 promotes sperm motility but not fertilizing ability in cattle. Biol Reprod. (2016) 95:122. doi: 10.1095/biolreprod.116.138792

 75. Yenugu S, Hamil KG, French FS, Hall SH. Antimicrobial actions of human and macaque sperm associated antigen (SPAG). 11 isoforms: influence of the N-terminal peptide. Mol Cell Biochem. (2006) 284:25–37. doi: 10.1007/s11010-005-9009-2

 76. Yu H, Dong J, Gu Y, Liu H, Xin A, Shi H, et al. The novel human β-defensin 114 regulates lipopolysaccharide (LPS)-mediated inflammation and protects sperm from motility loss. J Biol Chem. (2013) 88:12270–82. doi: 10.1074/jbc.M112.411884

 77. Diao R, Fok KL, Chen H, Yu MK, Duan Y, Chung CM, et al. Deficient human β-defensin 1 underlies male infertility associated with poor sperm motility and genital tract infection. Sci Transl Med. (2014) 6:249ra108. doi: 10.1126/scitranslmed.3009071

 78. Hinck AP, Mueller TD, Springer TA. Structural biology and evolution of the TGF-β family. Cold Spring Harb Perspect Biol. (2016) 8:a022103. doi: 10.1101/cshperspect.a022103

 79. Voisin A, Damon-Soubeyrand C, Bravard S, Saez F, Drevet JR, Guiton R. Differential expression and localisation of TGF-β isoforms and receptors in the murine epididymis. Sci Rep. (2020) 10:995. doi: 10.1038/s41598-020-57839-5

 80. Winnall WR, Wu H, Sarraj MA, Rogers PA, de Kretser DM, Girling JE, et al. Expression patterns of activin, inhibin and follistatin variants in the adult male mouse reproductive tract suggest important roles in the epididymis and vas deferens. Reprod Fertil Dev. (2013) 25:570–80. doi: 10.1071/RD11287

 81. Wijayarathna R, Sarraj MA, Genovese R, Girling JE, Michel V, Ludlow H, et al. Activin and follistatin interactions in the male reproductive tract: activin expression and morphological abnormalities in mice lacking follistatin 288. Andrology. (2017) 5:578–88. doi: 10.1111/andr.12337

 82. Veräjänkorva E, Pöllänen P, Hänninen A, Martikainen M, Sundström J, Antola H. Il-10 is highly expressed in the cryptorchid crypt epididymal epithelium: a probable mechanism preventing immune responses against autoantigenic spermatozoa in the epididymal tubule. Int J Androl. (2002) 25:129–33. doi: 10.1046/j.1365-2605.2002.00336.x

 83. Voisin A, Saez F, Drevet JR, Guiton R. The epididymal immune balance: a key to preserving male fertility. Asian J Androl. (2019) 21:531–9. doi: 10.4103/aja.aja_11_19

 84. Collin M, Linge HM, Bjartell A, Giwercman A, Malm J, Egesten A. Constitutive expression of the antibacterial CXC chemokine GCP-2/CXCL6 by epithelial cells of the male reproductive tract. J Reprod Immunol. (2008) 79:37–43. doi: 10.1016/j.jri.2008.08.003

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

 86. Hirai S, Naito M, Terayama H, Ning Q, Miura M, Shirakami G, et al. Difference in abundance of blood and lymphatic capillaries in the murine epididymis. Med Mol Morphol. (2010) 43:37–42. doi: 10.1007/s00795-009-0473-8

 87. de Kretser DM, Huidobro C, Southwick GJ, Temple-Smith PD. The role of the epididymis in human infertility. J Reprod Fertil Suppl. (1998) 53:271–5.

 88. Trojian TH, Lishnak TS, Heiman D. Epididymitis and orchitis: an overview. Am Fam Phys. (2009) 79:583–7. doi: 10.1186/1471-2296-10-23

 89. Weidner W, Garbe C, Weissbach L, Harbrecht J, Kleinschmidt K, Schiefer HG, et al. Initial therapy of acute unilateral epididymitis using ofloxacin II. andrological findings. Urologe A. (1990) 29:277–80.

 90. McConaghy JR, Panchal B. Epididymitis: an overview. Am Fam Phys. (2016) 94:723–6.

 91. Silva EJR, Ribeiro CM, Mirim AFM, Silva AAS, Romano RM, Hallak J, et al. Lipopolysaccharide and lipotheicoic acid differentially modulate epididymal cytokine and chemokine profiles and sperm parameters in experimental acute epididymitis. Sci Rep. (2018) 8:103. doi: 10.1038/s41598-017-17944-4

 92. Cheng L, Chen Q, Zhu W, Wu H, Wang Q, Shi L, et al. Toll-like receptors 4 and 5 cooperatively initiate the innate immune responses to uropathogenic Escherichia coli infection in mouse epididymal epithelial cells. Biol Reprod. (2016) 94:58. doi: 10.1095/biolreprod.115.136580

 93. Zhang D, Zhang G, Hayden MS, Greenblatt MB, Bussey C, Flavell RA, et al. A toll-like receptor that prevents infection by uropathogenic bacteria. Science. (2004) 303:1522–6. doi: 10.1126/science.1094351

 94. Biswas B, Yenugu S. Antimicrobial responses in the male reproductive tract of lipopolysaccharide challenged rats. Am J Reprod Immunol. (2011) 65:57–68. doi: 10.1111/j.1600-0897.2010.00937.x

 95. Cao D, Li Y, Yang R, Wang Y, Zhou Y, Diao H, et al. Lipopolysaccharide-induced epididymitis disrupts epididymal beta-defensin expression and inhibits sperm motility in rats. Biol Reprod. (2010) 83:1064–70. doi: 10.1095/biolreprod.109.082180

 96. Biswas B, Bhushan S, Rajesh A, Suraj SK, Lu Y, Meinhardt A, et al. Uropathogenic Escherichia coli (UPEC). induced antimicrobial gene expression in the male reproductive tract of rat: evaluation of the potential of defensin 21 to limit infection. Andrology. (2015) 3:368–75. doi: 10.1111/andr.12012

 97. Fei Z, Hu S, Xiao L, Zhou J, Diao H, Yu H, et al. mBin1b transgenic mice show enhanced resistance to epididymal infection by bacteria challenge.Genes Immun. (2012) 13:45–51. doi: 10.1038/gene.2012.13

 98. Michel V, Duan Y, Stoschek E, Bhushan S, Middendorff R, Young JM, et al. Uropathogenic Escherichia coli causes fibrotic remodelling of the epididymis. J Pathol. (2016) 240:15–24. doi: 10.1002/path.4748

 99. Nashan D, Jantos C, Ahlers D, Bergmann M, Schiefer HG, Sorg C, et al. Immuno-competent cells in the murine epididymis following infection with Escherichia coli. Int J Androl. (1993) 16:47–52. doi: 10.1111/j.1365-2605.1993.tb01152.x

 100. Lucchetta R, Clavert A, Meyer JM, Bollack C. Acute experimental E. coli epididymitis in the rat and its consequences on spermatogenesis. Urol Res. (1983) 11:17–20. doi: 10.1007/BF00257715

 101. Frikh M, Mrimar N, Kasouati J, Hamzaoui A, Maleb A, Lemnouer A, et al. Prevalence and role of IgG anti-Chlamydia trachomatis in a population of infertile men in Morocco. Prog Urol. (2019) 29:612–8. doi: 10.1016/j.purol.2019.08.261

 102. Hocking JS, Temple-Smith M, Guy R, Donovan B, Braat S, Law M, et al. Population effectiveness of opportunistic chlamydia testing in primary care in Australia: a cluster-randomised controlled trial. Lancet. (2018) 392:1413–22. doi: 10.1016/S0140-6736(18)31816-6

 103. Ito S, Tsuchiya T, Yasuda M, Yokoi S, Nakano M, Deguchi T. Prevalence of genital mycoplasmas and ureaplasmas in men younger than 40 years-of-age with acute epididymitis. Int J Urol. (2012) 19:234–8. doi: 10.1111/j.1442-2042.2011.02917.x

 104. Workowski KA, Bolan GA. Sexually transmitted diseases treatment guidelines 2015. MMWR Recomm Rep. (2015) 64:1–137. doi: 10.1016/j.annemergmed.2011.04.006

 105. Andersen B, van Valkengoed I, Sokolowski I, Móller JK, Østergaard L, Olesen F. Impact of intensified testing for urogenital Chlamydia trachomatis infections: a randomised study with 9-year follow-up. Sex Transm Infect. (2011) 87:156–61.

 106. Gonzales GF, Muñoz G, Sánchez R, Henkel R, Gallegos-Avila G, Díaz-Gutierrez O, et al. Update on the impact of Chlamydia trachomatis infection on male fertility. Andrologia. (2004) 36:1–23. doi: 10.1046/j.0303-4569.2003.00594.x

 107. Moazenchi M, Totonchi M, Salman Yazdi R, Hratian K, Mohseni Meybodi MA, Ahmadi Panah M, et al. The impact of Chlamydia trachomatis infection on sperm parameters and male fertility: a comprehensive study. Int J STD AIDS. (2018) 29:466–73. doi: 10.1177/0956462417735245

 108. Redgrove KA, McLaughlin EA. The role of the immune response in Chlamydia trachomatis infection of the male genital tract: a double-edged sword. Front Immunol. (2014) 5:534. doi: 10.3389/fimmu.2014.00534

 109. Xu H, Su X, Zhao Y, Tang L, Chen J, Zhong G. Innate lymphoid cells are required for endometrial resistance to Chlamydia trachomatis infection. Infect Immun. (2020). 88:e00152-20. doi: 10.1128/IAI.00152-20

 110. Coers J, Bernstein-Hanley I, Grotsky D, Parvanova I, Howard JC, Taylor GA, et al. Chlamydia muridarum evades growth restriction by the IFN-gamma-inducible host resistance factor Irgb10. J Immunol. (2008) 180:6237–45. doi: 10.4049/jimmunol.180.9.6237

 111. Bakshi RK, Gupta K, Jordan SJ, Chi X, Lensing SY, Press CG, et al. An adaptive Chlamydia trachomatis-specific IFN-γ-producing CD4+. T cell response is associated with protection against chlamydia reinfection in women. Front Immunol. (2018) 9:1981. doi: 10.3389/fimmu.2018.01981

 112. Somboonna N, Ziklo N, Ferrin TE, Hyuk Suh J, Dean D. Clinical persistence of Chlamydia trachomatis sexually transmitted strains involves novel mutations in the functional αββα tetramer of the tryptophan synthase operon. mBio. (2019) 10:e01464-19. doi: 10.1128/mBio.01464-19

 113. Virok DP, Raffai T, Kókai D, Paróczai D, Bogdanov A, Veres G, et al. Indoleamine 2,3-dioxygenase activity in Chlamydia muridarum and Chlamydia pneumoniae infected mouse lung tissues. Front Cell Infect Microbiol. (2019) 9:192. doi: 10.3389/fcimb.2019.00192

 114. Leonhardt RM, Lee SJ, Kavathas PB, Cresswell P. Severe tryptophan starvation blocks onset of conventional persistence and reduces reactivation of Chlamydia trachomatis. Infect Immun. (2007) 75:5105–17. doi: 10.1128/IAI.00668-07

 115. Johnson RM. Murine oviduct epithelial cell cytokine responses to Chlamydia muridarum infection include interleukin-12-p70 secretion. Infect Immun. (2004) 72:3951–60. doi: 10.1128/IAI.72.7.3951-3960.2004

 116. Mackern-Oberti JP, Motrich RD, Breser ML, Sánchez LR, Cuffini C, Rivero VE. Chlamydia trachomatis infection of the male genital tract: an update. J Reprod Immunol. (2013) 100:37–53. doi: 10.1016/j.jri.2013.05.002

 117. Bezold G, Politch JA, Kiviat NB, Kuypers JM, Wolff H, Anderson DJ. Prevalence of sexually transmissible pathogens in semen from asymptomatic male infertility patients with and without leukocytospermia. Fertil Steril. (2007) 87:1087–97. doi: 10.1016/j.fertnstert.2006.08.109

 118. Oliva A, Multigner L. Chronic epididymitis and grade III varicocele and their associations with semen characteristics in men consulting for couple infertility. Asian J Androl. (2018) 20:360–5. doi: 10.4103/aja.aja_78_17

 119. Emerson C, Dinsmore WW, Quah SP. Are we missing mumps epididymo-orchitis? Int J STD AIDS. (2007) 18:341–2. doi: 10.1258/095646207780749754

 120. Park SJ, Kim HC, Lim JW, Moon SK, Ahn SE. Distribution of epididymal involvement in mumps epididymo-orchitis. J Ultrasound Med. (2015) 34:1083–9. doi: 10.7863/ultra.34.6.1083

 121. Ahmed HJ, Mbwana J, Gunnarsson E, Ahlman K, Guerino C, Svensson LA, et al. Etiology of genital ulcer disease and association with human immunodeficiency virus infection in two tanzanian cities. Sex Transm Dis. (2003) 30:14–9. doi: 10.1097/00007435-200302000-00004

 122. Shehu-Xhilaga M, Kent S, Batten J, Ellis S, Van der Meulen J, O'Bryan M, et al. The testis and epididymis are productively infected by SIV and SHIV in juvenile macaques during the post-acute stage of infection. Retrovirology. (2007) 4:7. doi: 10.1186/1742-4690-4-7

 123. Borges ED, Vireque AA, Berteli TS, Ferreira CR, Silva AS, Navarro PA. An update on the aspects of zika virus infection on male reproductive system. J Assist Reprod Genet. (2019) 36:1339–49. doi: 10.1007/s10815-019-01493-y

 124. Spornraft-Ragaller P, Varwig-Janßen D. Sexually transmitted infections and male fertility. Hautarzt. (2018) 69:1006–13. doi: 10.1007/s00105-018-4300-9

 125. Browne JA, Leir SH, Eggener SE, Harris A. Region-specific innate antiviral responses of the human epididymis. Mol Cell Endocrinol. (2018) 473:72–78. doi: 10.1016/j.mce.2018.01.004

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhao, Yu, He, Mei, Liao and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-11-02115-g003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Immune Characteristics of the Epididymis and the Immune Pathway of the Epididymitis Caused by Different Pathogens



		Introduction



		Immune Characteristics of the Epididymis



		Structure of the Epididymis



		Blood-Epididymis Barrier



		EECs and TRLs







		Immune Cells in the Epididymis



		Dendritic Cells



		Macrophages



		Lymphocyte



		Basal Cell



		Other Cells







		Innate Immune Molecules



		Indoleamine 2,3-Dioxygenase



		Defensins



		Other Immune Molecules







		Characteristics of Epididymis Immunity



		Immune Pathways of the Epididymitis Caused by Different Pathogens



		Bacterial Infection (Uropathogenic Escherichia Coli)



		Immune Response Induced by Chlamydia Trachomatis



		Induction of Antiviral Immune Responses in Epididymal Epithelial Cells



		Conclusion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

The Immune Characteristics of the
Epididymis and the Immune
Pathway of the Epididymitis

Caused by Different Pathogens





OPS/images/fimmu-11-02115-g001.gif





OPS/images/fimmu-11-02115-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





