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ABSTRACT
Background: The interface between the epididymis and the immune system is implicated in many male reproductive pathologies.

The resident immune cell populations and immune-environment within the epididymis are significantly different from the testis,

which is an immune-privileged site. Moreover, the immune cell subsets and immunological responses between different regions of

the epididymis vary considerably. The cauda epididymis is more susceptible to autoimmune responses than the caput in rodent

models of active immunization or suppressed immune tolerance, and in men with congenital or physical damage to the reproductive

tract. Activins are members of the transforming growth factor-b family of cytokines that are crucial for testis and epididymal develop-

ment; however, they also have complex immunoregulatory properties and may play an essential role in the regulation of immunity

in the reproductive tract.

Materials and methods: Our recent research and relevant publications by other researchers identified following a PubMed search

are reviewed.

Results: The caput epididymis displays elevated endogenous expression of activins A and B and the immunoregulatory gene, indo-

leamine-2,3-dioxygenase, co-existing with an extensive population of intra-epithelial and interstitial macrophages and dendritic

cells, which appear to be involved in regulating tolerance against sperm antigens. The caput is also relatively resistant to inflamma-

tory damage caused by autoimmunity or bacterial infection, but the cauda, which exhibits low activin expression and high levels of

the activin-binding protein, follistatin, is highly susceptible to inflammatory damage. Paradoxically, inflammation in the cauda

induces increased activin production, and inhibition of activin activity reduces inflammatory responses. Studies using mouse models

with altered levels of activins and follistatin indicate a relationship between the activins and genes involved in inflammation and

immunoregulation.

Conclusion: The existing data indicate that activins play a complex role in controlling inflammation and immunity in the epi-

didymis and vas deferens.

BACKGROUND AND CLINICAL SIGNIFICANCE
The steady increase in male infertility is a major global concern

(Winters & Walsh, 2014; Dadhich et al., 2015; Szkodziak et al.,

2016). It is important to note that approximately 40% of cases are

of unknown aetiology (Gudeloglu et al., 2014; Ho et al., 2015).

Current research on infertility mostly focuses on the testicular

and spermatogenic origins, whereas studies on the role of the

rest of the male reproductive tract have been relatively sparse.

The epididymis is indispensable for maintaining male fertility,

as it is the organ where spermatozoa released from the testis

gain the ability to fertilize an oocyte in order to produce an

embryo (Bedford, 1966; Robaire et al., 2006). Importantly, there

is increasing evidence that the epididymis is also a site where

peripheral tolerance to the immunologically foreign spermato-

zoa, which develop long after central tolerance created by dele-

tion of autoreactive lymphocytes during the perinatal period has

been established, may be induced or enhanced (Hedger, 2011;

Jrad-Lamine et al., 2013). Failure of immune tolerance against

spermatozoa leads to the development of sperm autoantibodies,

and potentially more aggressive autoimmune responses (e.g.

autoimmune epididymo-orchitis). In fact, sperm autoimmunity

is a considerable problem, with 5–10% of male infertility cases

being attributed to sperm antibodies (Hedger, 2015; Lotti et al.,

2018), while inflammatory lesions can be found in the testes of a
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substantial proportion of men with idiopathic infertility (Suomi-

nen & Soderstrom, 1982; Schuppe et al., 2008). Immunological

events in the epididymis and vas deferens can have detrimental

effects on spermatogenesis and fertility, and even systemic

inflammation inhibits male reproduction (Gregory & Cyr, 2014;

Fijak et al., 2018). Consequently, discovering the factors that are

fundamental to the regulation of the unique immunological

milieu of the epididymis would shed light on many factors con-

tributing to male infertility.

THE IMMUNOLOGICAL ENVIRONMENT OF THE
EPIDIDYMIS
The immunological environment of the epididymis appears to

be considerably different from that of the immune-privileged

testis (Head et al., 1983; Hedger, 2011). In the testis, the major

defences against sperm autoimmunity are the blood–testis bar-

rier, which consists of highly specialized occluding and tight

junctions between adjacent Sertoli cells, and local immunosup-

pressive and immunoregulatory mechanisms involving the

Sertoli cells and intra-testicular mononuclear phagocytes

(macrophages and dendritic cells) (Meinhardt & Hedger, 2011;

Kaur et al., 2014). Crucially, these mechanisms ensure that cells

of the immune system and their secretions are largely excluded

from the seminiferous epithelium, and that the activity of poten-

tially autoreactive lymphocytes within the interstitial compart-

ment is tightly constrained. Although mature spermatozoa

spend a considerably long period of time within the epididymal

duct, the blood–epididymis barrier comprising tight junctions

between the adjacent epithelial cells is not as robust as the

blood–testis barrier, and numerous immune cells are found

within the epithelium (Reid & Cleland, 1957; Serre & Robaire,

1999; Hedger, 2011). Studies in transgenic or experimentally

induced rodent models of reduced tolerance suggest that

autoimmune inflammation initially occurs in the epididymis

and vas deferens (epididymo-vasitis), and subsequently extends

to include the testis (orchitis) (Tung et al., 1987; Hubert et al.,

2009). Moreover, passive transfer of lymphocytes from mice that

had been immunized against syngeneic spermatogenic cells

from the testis favoured the induction of epididymitis in the

recipient mice (Itoh et al., 1992). These studies suggest that the

epididymis and vas are more susceptible to inflammation and

autoimmunity than the testis. Furthermore, the incidence of

sperm antibodies in infertile men with obstructive azoospermia,

epididymal malformation or surgically induced vasectomy

increases with increasing distance of the site of damage from the

testis (de Kretser et al., 1998). As a result, 80% of vasectomized

men will develop sperm antibodies, but damage in the caput is

only rarely associated with sperm antibody formation. Studies of

autoimmune and bacterial epididymo-orchitis in experimental

rodents immunized against testicular or spermatogenic antigens

indicate that inflammatory responses, leucocytic infiltrates,

epithelial damage and fibrosis are much more severe in the

cauda than in the caput epididymis (Kohno et al., 1983; Michel

et al., 2016). In mice lacking a key inflammatory adaptor protein,

Myd88, inflammation and damage to the epididymis in response

to infection by uropathogenic bacteria was considerably

reduced, indicating that it is the inflammation, rather than the

infection itself, that causes the damage (Michel et al., 2016).

Overall, existing data indicate that both effective inflammatory

responses and immunoregulatory mechanisms are operational

in the epididymis, but they are highly regionalized in their prop-

erties and efficacy (Hedger, 2011).

Although the seminiferous epithelium is devoid of immune

cells (Hedger, 2011), multiple cell types of immunological

importance are found throughout the epididymal epithelium,

mainly located around the base of the epithelial cells or as halo

cells between epithelial cells (Reid & Cleland, 1957; Serre &

Robaire, 1999; da Silva et al., 2011; Voisin et al., 2018). Immune

cells are found in the peritubular layer and interstitium as well

(Nashan et al., 1989; Flickinger et al., 1997; Marchlewicz, 2001;

da Silva et al., 2011). Epididymal immune cells are mainly

mononuclear phagocytes (macrophages, dendritic cells) and T

lymphocyte subsets, including cd T cells, although studies by

Voisin et al. (2018) and Serre & Robaire (1999) also support the

presence of B lymphocytes within the organ.

Macrophages and dendritic cells, which are professional anti-

gen-presenting cells capable of modulating immune responses

by directing the maturation of antigen-specific T lymphocytes

(Munn & Mellor, 2007), are found throughout the epididymis,

but are especially numerous in the caput (da Silva et al., 2011).

In the regions of the caput most proximal to the testis in the

mouse, especially the initial segment, large numbers of these

mononuclear phagocytes produce elaborate cytoplasmic exten-

sions between the epithelial cells and even can extend into the

lumen of the epididymal duct (da Silva et al., 2011). This sug-

gests that these cells are particularly active in this region. Certain

subsets of dendritic cells in the epididymis express markers

associated with a tolerance-inducing phenotype, such as CD103

(da Silva et al., 2011). Likewise, cells with dendritic cell morphol-

ogy and a potentially tolerogenic phenotype are present in the

human caput in the absence of inflammation (Duan et al.,

2016). It is possible that these cells play a role in preventing

sperm autoimmunity (Guiton et al., 2013). Overall, the number

and structural prominence of intra-epithelial and interstitial

immune cells of all types is much greater in the caput than either

in the corpus or in the cauda, and this needs to be considered in

conjunction with the quantitatively different responses of the

caput and cauda to immunological challenges, as discussed

above.

IMMUNOREGULATORY PROTEINS IN THE EPIDIDYMIS
The epididymis expresses a range of immunoregulatory pro-

teins, including, but not limited to, the b-defensins (Yamaguchi

et al., 2002; Ribeiro et al., 2016), cyclooxygenase-2 (Stanfield &

Khan, 2003), indolamine 2,3-dioxygenase-1 (Jrad-Lamine et al.,

2011; Wijayarathna et al., 2017) and transforming growth factor-

b superfamily members (Desai et al., 1998; Bomgardner et al.,

1999; Winnall et al., 2013; Wijayarathna et al., 2017).

Indolamine 2,3-dioxygenase (IDO) is an intracellular enzyme

involved in tryptophan catabolism via the kynurenine pathway

and is capable of inhibiting microbial growth and causing T-cell

suppression (Munn & Mellor, 2007). This enzyme is produced by

immune cells, including macrophages and dendritic cells (Chen,

2011), and is involved in the development of regulatory T cells

(Treg cells) responsible for maintaining peripheral tolerance

(Munn & Mellor, 2007; Pallotta et al., 2011). The major gene

encoding IDO, Ido1, is differentially expressed in the mouse epi-

didymis, with very high levels in all regions of the caput epi-

didymis, except the initial segment (Britan et al., 2006; Jrad-

Lamine et al., 2011; Wijayarathna et al., 2017). In addition to the
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immune cells, the principal cells and the apical cells of the caput

epithelium highly express this enzyme (Britan et al., 2006). The

coincidence of the pattern of expression of this immunoregula-

tory enzyme, and the large numbers of mononuclear phagocytes

with tolerogenic phenotype, suggests that IDO and its associated

kynurenine metabolites are involved in inducing or maintaining

a tolerogenic response towards epididymal spermatozoa when

they enter the caput from the testis (Jrad-Lamine et al., 2013).

Members of the transforming growth factor-b (TGFb) family

are well-known immunoregulatory cytokines, with both pro-

inflammatory and anti-inflammatory/tolerogenic activities

(Hedger & de Kretser, 2013; Chen & ten Dijke, 2016). The TGF-b
isoforms (TGF-b1-3) are produced as latent propeptides that

need to be activated by proteolytic cleavage at their site of

action. The TGF-bs and their receptors are differentially

expressed in the epididymis, principally in the corpus and cauda

(Desai et al., 1998; Bomgardner et al., 1999; Henderson et al.,

2006). It has been shown that TGF-b can induce IDO in plasma-

cytoid dendritic cells, to regulate their tolerogenic phenotype

and production of Treg cells (Pallotta et al., 2011). Furthermore,

suppression of TGF-b signalling due to deletion of an essential

receptor subunit, Tgfbr2, in murine dendritic cells led to a dis-

ruption of immune tolerance within the epididymis, causing

extensive luminal leucocytosis and antisperm-antibody forma-

tion (Pierucci-Alves et al., 2018).

The activins, which are members of the TGFb superfamily with

potent immunomodulatory properties, are highly expressed in

the caput epididymis (Winnall et al., 2013; Wijayarathna et al.,

2017). Our recent studies have provided evidence on the role of

the activins in regulating the immunological environment as

well as other epididymal functions of the epididymis, as will be

described in the remainder of this review.

BIOLOGY OF THE ACTIVINS AND FOLLISTATIN AND
THEIR EFFECTS ON THE IMMUNE SYSTEM
Activins are homodimeric or heterodimeric proteins com-

posed of the b-subunits (INHBA or INHBB) of inhibin, linked by

disulphide bonds (Hedger & de Kretser, 2013). The dimerization

of INHBA subunits, encoded by the gene Inhba, produces activin

A, whereas the INHBB dimer, encoded by Inhbb, is activin B

(Vale et al., 1986; Robertson et al., 1987; Nakamura et al., 1992).

Sequence homology between activins A and B is approximately

65% (Mason et al., 1986), but both activins are highly conserved

across species, displaying >97% conservation between human

and predicted marsupial, monotreme and bird sequences,

implying a high degree of functional importance.

Similar to the other TGF-b superfamily members, the acti-

vins act via a serine/threonine kinase signalling pathway

(Mathews & Vale, 1991). Activins bind to one of the type II

cell surface receptors, either ACVR2A or ACVR2B, which in

turn dimerize with a type I receptor (Wrana et al., 1994; Tsu-

chida et al., 2004). Activin A acts via a type I receptor known

as ALK4 (ACVR1B), whereas activin B acts via both ALK4 and

ALK7 (ACVR1C) (Tsuchida et al., 2004). Activation of these

receptors induces phosphorylation of SMAD2 and/or SMAD3,

leading to the formation of heteromeric transcription factor

complexes with SMAD4, which are then translocated into the

nucleus (Lin et al., 2006). During inflammation, activins can

act via the mitogen-activated protein (MAP) kinase pathway

as well (Hedger & de Kretser, 2013). It is generally believed

that activin B is a weak agonist of activin A, but this may

need to be re-assessed (Thompson et al., 2004).

The key difference between the activins and the canonical

TGF-bs is that activins are cleaved from their propeptide during

secretion and are inherently bioactive in biological fluids (Wal-

ton et al., 2012). The biological activity of the activins is regu-

lated by inhibin, which is a heterodimer of an INHA subunit

encoded by the Inha gene, and either an INHBA or INHBB sub-

unit (Ling et al., 1985), and by an endogenous activin-binding

protein, called follistatin (FST) (Robertson et al., 1987; Ueno

et al., 1987). The INHA subunit competes for the INHBA/INHBB

subunits, thereby limiting the amount of activins produced by

the cell. Inhibin also binds to the activin receptors as a competi-

tive antagonist (Wijayarathna & de Kretser, 2016).

Follistatin is a monomeric polypeptide with high-affinity bind-

ing domains for both activins and heparan sulphate proteogly-

cans present on cell surfaces (Robertson et al., 1987; Ueno et al.,

1987). Alternative splicing of the Fst gene results in two follistatin

isoforms: FST315, the principal circulating form, and FST288,

which is largely tissue-bound (Inouye et al., 1991; Sugino et al.,

1993; Lerch et al., 2007). Binding of activin to follistatin is essen-

tially irreversible, and leads to endocytosis and eventual lysoso-

mal degradation (Hashimoto et al., 1997).

Initially recognized for their function in releasing follicle-stim-

ulating hormone (FSH) from the anterior pituitary, activins are

now known to regulate a broad range of biological functions

associated with cellular differentiation, proliferation and survival

(de Kretser et al., 2012). Activins are produced by a variety of

epithelial and mesenchymal cell types in tissues throughout the

body, including the anterior pituitary (Ling et al., 1987), the male

reproductive system (Okuma et al., 2006; Archambeault & Yao,

2010; Mithraprabhu et al., 2010; Wijayarathna et al., 2017) and

the immune system (Jones et al., 2000; Wu et al., 2013).

Activin A is an important inflammatory and immunoregula-

tory cytokine. During inflammation, its synthesis is stimulated

via Toll-like receptor ligands, and other inflammatory mediators,

particularly interleukin-1 (IL1) (Jones et al., 2007; Hedger et al.,

2011). Activin A is known to modulate the immune response by

acting on macrophages and dendritic cells, T and B lymphocytes

and granulocytes, and plays key roles in promoting and regulat-

ing inflammation, immunity and fibrosis in a number of disease

models (Hedger et al., 2011; Hedger & de Kretser, 2013). Activin

B has received much less attention, because it has been per-

ceived as a weak agonist of activin A, and its regulation and func-

tional properties are poorly understood.

DISTRIBUTION OF ACTIVINS AND FOLLISTATIN (AND
THEIR RECEPTORS) IN THE MALE REPRODUCTIVE
TRACT
Studies conducted on adult mice have shown that the activins

and their inhibitors, follistatin and inhibin, show regionalized

expression throughout the male reproductive tract. Inha mRNA

is most abundant within the testis and is barely detectable in the

rest of the male reproductive tract (Winnall et al., 2013; Wija-

yarathna et al., 2018a). Inhba and Inhbb are expressed most

abundantly within the caput region of the epididymis, and

expression gradually declines towards the distal epididymis and

vas deferens. Fst, on the other hand, is relatively low in abun-

dance within the proximal regions of the reproductive tract, but

is highly expressed within the vas deferens. The distribution of
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activin and follistatin proteins in the male reproductive tract, as

shown by immunohistochemical staining and specific ELISA

measurements, is consistent with the pattern of mRNA expres-

sion (Winnall et al., 2013; Wijayarathna et al., 2017). Epithelial

cells of the epididymis, and a few interstitial cells that are most

likely to be macrophages, are the main source of activins within

the epididymis (Wijayarathna et al., 2017). Conversely, epithelial

cells lining the vas deferens are the major source of follistatin

within this organ (Wijayarathna et al., 2017), which actually

shows the highest level of Fst288 mRNA expression of any other

murine tissue (Wu et al., 2012).

Activin receptor mRNA (Acvr1b, Acvr2a and Acvr2b) shows the

highest level of expression in the corpus epididymis, with rela-

tively low levels of expression in the testis and caput (Winnall

et al., 2013). Overall, these data indicate that the major site of

production of the activins in the male tract is the caput epi-

didymis, and that increasing expression of follistatin may serve

to inhibit activin action in the more distal regions of the epi-

didymis and vas deferens.

STUDIES ON ACTIVIN ACTION IN MALE
REPRODUCTION AND DEVELOPMENT
The role of activin in testicular development has been well-

studied. During embryonic and early postnatal life, activin A, in

particular, acts as a regulator of Sertoli cell proliferation and

germ cell development via autocrine and paracrine mechanisms

(Mithraprabhu et al., 2010; Mendis et al., 2011). Mice lacking

activin A (Inhba�/�) do not survive birth due to maxilofacial

defects (Matzuk et al., 1995a), but the absence of activin A dur-

ing embryonic development leads to a decrease in Sertoli cell

proliferation, and reduced testicular weight at term (Mendis

et al., 2011). However, the germ cell numbers in these mice were

doubled compared to wild-type littermates, highlighting the

importance of activin A in modulating the balance between Ser-

toli and germ cell number (Mendis et al., 2011). In addition, acti-

vin A also contributes to the expansion of the testis cords in

mice during foetal life (Archambeault & Yao, 2010). Postnatally,

the absence of activin A in mice that have the Inhba gene

replaced by a Inhbb transgene (InhbaBK/BK), and therefore can

only produce activin B, produces a smaller testis size and a delay

in testicular maturation (Brown et al., 2000). It was shown that

activin A regulates the transition of type A spermatogonia into

spermatocytes in these mice, a role that could not be entirely

compensated for by activin B (Mithraprabhu et al., 2010).

In addition to its roles in testicular development, activin A has

been shown to be important in the morphogenesis of the Wolf-

fian duct into the epididymis (Tomaszewski et al., 2007). It was

demonstrated that the coiling of the anterior region of the Wolf-

fian duct, which normally begins at embryonic day 15.5, and is

completed during early postnatal life, did not occur in Inhba�/�

mice lacking activin A by the time of birth.

ACTIVIN-DEFICIENT MOUSE MODELS
In order to elucidate the roles of activin A in the epididymis

and vas deferens, we investigated two mouse models with alter-

ations in the Inhba gene. Since Inhba�/� mice die at birth (Mat-

zuk et al., 1995a), we used heterozygous Inhba+/� mice, which

show a 50% reduction in serum and tissue activin levels, to study

the effects of activin A in the adult. It was shown that 50% of nor-

mal activin levels were sufficient to maintain epididymal

structure and function in the adult, as the Inhba+/� mice were

comparable to their wild-type littermates in their epididymal

morphology, overall epididymal gene expression and fertility

(Wijayarathna et al., 2018b).

As a model of complete activin A deficiency, the InhbaBK/BK

mouse, in which the Inhba gene locus has been replaced by the

Inhbb gene, was utilized (Brown et al., 2000). Consistent with

the previously reported nine-day delay in testicular maturation

in these mice, the development of the epididymis and vas defer-

ens was incomplete at six weeks of age, but by eight weeks, the

epididymis and vas deferens were largely indistinguishable from

wild-type (Wijayarathna et al., 2017). This indicated that activin

B was able to compensate for the lack of activin A in epididymal

development and maturation, although the process was delayed.

Further studies using the embryonic stages of the InhbaBK/BK

mouse model could help determine whether the complete

absence of activin A leads to a lack of epididymal coiling during

foetal life, similar to the Inhba�/� mouse, as reported by Tomas-

zewski et al. (2007). Furthermore, early postnatal developmental

studies using the InhbaBK/BK mouse could help identify the role

of activin B in regulating the progression of coiling in the

absence of activin A, despite the developmental lag.

RESPONSES TO REDUCED FOLLISTATIN – THE
TGHFST315 MOUSE
Mouse models with follistatin deficiency can be utilized in

order to study the effects of excessive activin action. However,

follistatin-null mice die at birth due to defects in respiratory

musculature (Matzuk et al., 1995b). Consequently, TghFST315

mice lacking the more effective FST288 isoform, but expressing a

human transgene encoding human FST315 (Holdsworth-Carson

et al., 2014), were used to study the effects of reduced follistatin

on the adult murine epididymis and vas deferens (Wijayarathna

et al., 2017). In this study, it was identified that TghFST315 mice

showed a decrease in epididymal ductal diameter, especially in

the corpus region, and a thicker peritubular smooth muscle layer

in the cauda, compared to their wild-type littermates producing

normal levels of endogenous follistatin. Interestingly, epididymal

activin A expression was elevated in these mice, particularly in

the caput region (Fig. 1). The proximal vas deferens showed

much more significant coiling than normal, a feature normally

characteristic of the epididymis and known to be regulated by

activin A (Tomaszewski et al., 2007). Although severe immune

cell infiltrates and inflammatory damage are found within the

oviduct and uterus in female TghFST315 mice (Holdsworth-Car-

son et al., 2014), no immune cell infiltrates or evidence of

inflammation were detected in the male tract.

REGULATION OF ACTIVIN AND FOLLISTATIN – THE
INHIBIN-NULL (INHA�/�) MOUSE
Mice lacking the inhibin a-subunit (Inha�/�) were used in

order to study the effects of elevated activin on the epididymis

and vas deferens. It has been shown that activin over-production

leads to testicular stromal tumours in these mice, as early as four

weeks of age (Matzuk et al., 1992). Following tumour develop-

ment, serum and testicular activin levels show an exponential

rise (Matzuk & Bradley, 1994; Wijayarathna et al., 2017). This is

associated with regression of the Leydig cells and almost com-

plete loss of androgen production, leading to regression of the

epididymal duct and vas deferens. Interestingly, the epididymal
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activin A and B protein and mRNA levels were comparable to

those of wild-type littermates, despite the massive increase in

both activin protein and mRNA in the testis and loss of androgen

support (Wijayarathna et al., 2018a). This indicates that there is

minimal transfer of activins from the testis to the epididymis via

either the efferent ducts or the circulation, confirming that epi-

didymal activin is locally produced, and also highlights the fact

that the inhibin a-subunit is not a major regulator of activin in

the epididymis. This also suggests that activin production in the

epididymis is not entirely dependent upon androgens from the

testis, although the data were somewhat equivocal regarding this

possibility.

THE RELATIONSHIP BETWEEN ACTIVIN AND
IMMUNOREGULATION
As outlined previously, the caput epididymis is a site of rel-

atively high endogenous activin production and is associated

with a tolerogenic environment and resistance to inflamma-

tory damage caused by autoimmunity or bacterial infection.

In contrast, the cauda exhibits low endogenous activin

expression and high levels of the activin-binding protein, fol-

listatin and very strong inflammatory responses, which can

lead to fibrosis and severe damage to the epididymal duct. In

a murine model of epididymal bacterial infection in vivo,

there was a dramatic increase in activin A production in the

cauda, but only a small increase in the caput (Michel et al.,

2016). Furthermore, addition of activin A induced fibrotic

damage in whole organ cultures of the mouse epididymis,

which could be inhibited by follistatin. These dramatic differ-

ences in the response of the caput and cauda to immune

challenges suggest that endogenous activins in the caput play

a role in immunoregulation, which presumably involves

their known anti-inflammatory/tolerogenic properties (Hedger

et al., 2011; Hedger & de Kretser, 2013). Conversely, the

pathological increase in activin A in the cauda, which nor-

mally is exposed to minimal endogenous activin, appears to

enhance the inflammatory and fibrotic responses to infection.

Studies using the above-mentioned mouse models with genet-

ically altered levels of activins or follistatin have been useful in

identifying how the activins may modulate certain immunoregu-

latory genes. Importantly, Ido1, which shows a similar regional

expression pattern to both Inhba and Inhbb within the epi-

didymis, was increased in response to a rise in Inhba expression

within the caput of the TghFST315 mouse (Fig. 1) (Wijayarathna

et al., 2017). Ido1 expression is stimulated via the SMAD2/3/4

signalling pathway, which is activated by both activins and the

TGF-bs (Pallotta et al., 2011). This suggests, but does not con-

firm, that activin promotes Ido1 expression, rather than simply

being co-expressed, in the caput. It is significant, moreover, that

the regional pattern of Ido1 expression follows that of the acti-

vins, which are constitutively biologically active, and not that of

the TGF-b subtypes, which are produced as latent precursors. It

was noted that Ido1 did not decrease in response to reduced

activin levels in the Inhba+/� mice, indicating that 50% of normal

activin A, possibly in combination with activin B, is sufficiently

robust to maintain Ido1 expression in the caput epididymis

(Wijayarathna et al., 2018b).

We have examined the regional expression pattern of several

other immunoregulatory genes, interleukin-1b (Il1b), Il6, Il10,

Tgfb1, monocyte chemoattractant protein-1 (Ccl2), tumour

necrosis factor (Tnf) and cyclooxygenase-2 (Cox2) in the epi-

didymis and vas deferens of normal wild-type C57/Bl6 mice

(Fig. 2). The expression levels of most inflammatory cytokines

Il1b, Il6, Il10, Ccl2 and Tnf were very low (Ct values > 28), as

expected, and showed no clear relationship with the activins.

Tgfb1 was highly expressed in most regions of the reproductive

tract, except the cauda epididymis. Cox2 expression was closely

correlated with Fst and was highly abundant in the vas deferens,

which may suggest that expression of this gene has an inverse

relationship with the activins under normal conditions. While

the expression of these genes was not significantly affected

by the moderate increase or decrease in activin A in either

the TghFST315 mouse model and Inhba+/� mouse model

(Wijayarathna et al., 2017, 2018b), it remains to be determined

Figure 1 Comparative expression of Inhba (A) and Ido1 (B) in the male reproductive tract of TghFST315 mice and their wild-type littermate controls. Pr.

vas: proximal vas deferens (D) vas: distal vas deferens. Values with the same letter superscript are not significantly different at p > 0.05. Pearson correlation

of Ido1 and Inhba expression in the caput (C) and cauda (D) of TghFST315 mice (open circles) and controls (closed circles). These figures have been re-

drawn from data published in Wijayarathna et al. (2017).
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how these genes may respond to larger alterations in activin

activity in the male reproductive tract.

FUTURE STUDIES AND HYPOTHESES
The studies described in this review indicate that the activins

and their binding protein follistatin play important region-speci-

fic roles in the epididymis and vas deferens, including regulation

of the structure and function of the epididymal duct, and local

immune responses (Fig. 3). The factors that regulate the regional

expression pattern of activin and follistatin in these tissues

remain to be determined. The data from the Inha null mouse

clearly indicate that activin in the caput epididymis is not

derived from the testis (Wijayarathna et al., 2018b), but regula-

tion by the presence of sperm or other testicular lumicrine fac-

tors may be involved (Xu et al., 2011). The role of testicular or

circulating androgens also remains to be determined. Finally,

while the circumstantial evidence is compelling, formal proof

that the activins are directly involved in immunoregulation in

the epididymis is still required. Since the complete absence of

activin A results in neonatal lethality, epididymal-specific

knockouts of the activins would be useful research tools for

this field. For example, caput-specific deletions of Inhba and/

or Inhbb would most likely cause disruption to the immune-

environment of the epididymis. Such models could also cast

further light on the role of the activins in epididymal develop-

ment and the functions of the epididymis in supporting sperm

maturation.
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