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Abstract:

Infertility is regarded as a worldwide problem where male factors account for
approximately 50% of infertility cases. To date, a plethora of causes have been
identified that can contribute to male infertility. Among the identifiable and
potentially curable causes, infection and inflammation of the genital tract are the

most frequent.

Experimental autoimmune epididymo-orchitis (EAEO) is a mouse model of
chronic testicular inflammation characterized by several symptoms reported also
in cases of infertility in men. They include immune cell infiltration, elevation of pro-
inflammatory and pro-fibrotic mediators (e.g. TNF, CCL2, activin A), impairment
of spermatogenesis, destruction of the seminiferous tubule architecture as well
as steroidogenic disturbances and fibrotic remodeling. CCL2 and its receptor
CCR2 are well-characterized as a major chemokine signaling pathway involved
in recruitment of monocytes and macrophages to sites of inflammation, where
they contribute to tissue damage. Activin A, a pleiotropic factor whose production
correlates with the severity of EAEO, has the capacity to modulate expression of

chemokine receptors and ligands, specifically CCR2.

Consequently, this study aimed to investigate how the chemokine network is
changing during testicular inflammation in C57BL/6J (WT) and CCR2 deficient
(Ccr2-/-) mice and how activin A can influence the expression of chemokines and
their receptors. EAEO was induced in WT and Ccr2’- mice and the testes were
collected 50 days from the first immunization. The mRNA expression results show
that the key chemokines and their receptors essential for macrophage trafficking
are increased in EAEO testis, while the deficiency of CCR2 attenuates these
changes. The expression of chemokine/chemokine-receptor-encoding genes
was examined in human testicular biopsies. Accordingly, an increase in
macrophages expressing CCR2 was demonstrated in human testicular biopsies
with impaired spermatogenesis and focal leukocytic infiltrates. Importantly, the
biopsies showing impaired spermatogenesis and concomitant focal leukocytic
infiltration exhibited higher expression of CCL2 and CCR2 than control biopsies
with no signs of inflammation and intact spermatogenesis. Moreover, using an in-

vitro setup where bone marrow derived macrophages were used as a surrogate



for testicular macrophages, it was revealed that activin A serves as an essential
regulator of chemokine network expression. The inhibitor of activin A, follistatin,
ameliorated the effects on the chemokine network. To add, macrophages were
identified as the major cell population in EAEO testis expressing activin A. This

implicates both CCR2 and activin A as potential therapeutical targets.

Alterations in chemokine expression can predispose the affected tissue to
immune cell infiltration, which can in some instances organize into aggregates
that resemble lymph nodes in their structure, composition, chemokine expression
as well as their functionality. Tertiary lymphoid organs (TLO) develop as a
consequence of inflammation, which can be driven by a myriad of causes, such
as infection and autoimmunity. Therefore, in the second part of the study, the
putative development of TLO in the testis and epididymis under inflammatory
conditions was investigated using two mouse models, i.e., sterile EAEO and
acute UPEC-infection. Acute epididymitis is commonly caused by bacteria, where
UPEC is a predominant pathogen. In the UPEC-infection model, different parts
of the epididymis respond differently to the infection, so that the cauda
epididymidis is selectively severely damaged displaying interstitial fibrosis, loss
of epithelial integrity, increase in luminal diameter, immune cell infiltration and
abscess formation. The results revealed that elements of TLO formation were not
found in the EAEO testis, but they were detected in the inflamed cauda
epididymidis. The cauda from EAEO mice and especially from animals infected
with UPEC exhibited multiple elements and immune cells associated with TLO
formation. UPEC-infected cauda epididymides showed the presence of distinct B
and T cell zones, with high endothelial venules (HEV) in the T cell region
containing CXCL13 within their lumen. Importantly, the B cells were proliferating,
highlighting their possible role in performing germinal center reaction activities. In
addition, the clustered immune cells demonstrated a reticular network, which
could provide structural support and influence migration of immune cells and
formation of antibodies. The B and T cells clustered into separate zones and this
was in accordance with the high expression of TLO-related chemokines (Cxcl13,
Ccl19 and Ccl21). Moreover, the genes critical for HEV formation (Tnf, Lta) and
maturation (LtB, Tnfsf14) were elevated. The cauda of EAEO mice also

developed TLO and HEV, but in a less organized manner. Based on these



results, it is speculated that the epididymis is susceptible to TLO formation under
inflammatory conditions. Future studies investigating the impact of TLO

development in the epididymis on male fertility are needed.
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1. Introduction

1.1.Male reproductive tract

The mammalian male reproductive tract consists of one pair of testes,
epididymides, vasa deferentia and ejaculatory ducts, as well as the accessory
sex glands. The testes are the location where spermatogenesis and
steroidogenesis take place. The epididymides are the paired tubes connected to
the testes where spermatozoa mature to acquire their fertilization capacity and
are stored. The accessory sex glands are responsible for production of the
seminal plasma. After the spermatozoa have matured, they travel from the rete
testis in the hilum of the testicle through the efferent ducts and along the length
of the epididymides where they are stored prior to ejaculation. At the time of
ejaculation, the sperm travel through the vas deferens. Production, maturation,
and release of spermatozoa is mainly governed by particular functions of
testicular somatic cells, as well as the epididymal epithelium (Haschek et al.,
2010).

1.1.1. Testis
1.1.1.1. Testicular histology

The major functions of the testis are steroidogenesis and spermatogenesis,
which each occur in distinct compartments. The adult testis is surrounded by a
thick layer of connective tissue, called the tunica albuginea, which extends
inwards into the testis separating it into multiple lobes of tightly packed tubules,
called seminiferous tubules, embedded within a relatively sparse interstitial
tissue. The tubules are surrounded by myoid peritubular cells (PTC), which
provide structural and contractile elements to assist movement of the immotile
spermatozoa into the lumen (Fijak & Meinhardt, 2006; Li et al., 2012; Zhao et al.,
2014). The PTC form one cell layer in rodents, while in humans they form several
layers (Mayerhofer, 2013). The seminiferous tubules are the site for
spermatogenesis and are divided into a basal compartment, where precursors of
spermatozoa, spermatogonia, solely reside, and an adluminal compartment,

where haploid germ cells are produced.



Spermatogenesis is a complex process which involves mitotic divisions to

produce type B spermatogonia from a self-renewing stem cell population, meiotic

divisions by spermatocytes to produce haploid cells followed by maturation into

elongated spermatids in a process called spermiogenesis. The process by which

haploid spermatozoa develop, initiates during puberty and is regulated by an

increase in testosterone. At this stage, spermatogonia enter meiosis for the first

time to produce primary then secondary spermatocytes. This process begins at

the base of the seminiferous tubule epithelium and maturing cells move

progressively into the lumen where haploid stages are found (Fig. 1) (Gilbert,

2000).
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Figure 1. The process of spermatogenesis and spermiogenesis in the testis. Figure created

with BioRender.

The compartmentalization of the seminiferous tubules is established by tight,

adherens and gap junction between neighboring Sertoli cells (Bhushan et al.,

2020) (Fig. 2). The Sertoli cells provide structural and nutritional support for the

developing germ cells and are regarded as “nurse cells” (Petersen & Sdder,

2006). Steroidogenesis takes place in the interstitial space located between the

seminiferous tubules. The pituitary gonadotropin,

luteinizing hormone (LH),

stimulates Leydig cells (LC) to synthesize and release the male sex steroid,



testosterone which acts as a paracrine factor diffusing into the seminiferous
epithelium. Testosterone plays critical roles in maintaining the dynamics of blood-
testis barrier while spermatocytes are transiting through from the basal to luminal
compartment. It is involved in the formation of elongated spermatids by ensuring
that adhesions between Sertoli cells and elongated spermatids are maintained.
Testosterone is also essential for the completion of meiosis in spermatogenesis.
Moreover, it allows for the release of mature spermatozoa which in its absence
would be retained and phagocytized by Sertoli cells (Smith & Walker, 2014).

Testicular macrophages (TM), which are in close physical association with the
Leydig cells, have been implicated in steroidogenesis, whereby they secrete
steroid precursor, 25-hydroxycholesterol (Gu et al., 2022; Hutson, 2006; Nes et
al., 2000). In addition, the Leydig cells do not develop normally in the absence of
TM, and when TM are activated, steroidogenesis is inhibited (Hales, 2002). The
TM are the major immune cell population present in the testis. Besides TM,
dendritic cells, T cells and mast cells also are present in the interstitial space
(Bhushan et al., 2020).

I 2 3 4 5 6 78 91011
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1 Tunica albuginea 7 Tight junctions
2 Seminiferous tubule 8 Sertoli cell
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Figure 2. Histological structure of the mouse testis at low magnification (left) and high
maghnification (right). Azan staining of paraffin-embedded testicular sections from the adult
C57BL6J mouse.

1.1.1.2. The immune system: the innate and adaptive immune
systems

Beyond the structural and chemical barriers that protect from infections, the
iImmune system is composed of two lines of cellular defense, the innate and the
adaptive line, which work together to accomplish the task of fending against
environment threats, such as pathogens. Macrophages and neutrophils are the
two major cellular components of the innate immune system which provide the
first defense in the face of pathogens. Other elements of the innate immune
system include other cells such as mast cells and soluble factors such as the
complement system. When a foreign antigen, such as ones derived from fungi
or bacteria, is encountered, it is recognized via its pathogen-associated molecular
patterns (PAMP). Examples of PAMP include lipopolysaccharides (LPS) from
bacteria and double-stranded ribonucleic acid (RNA) produced during viral
infection. Toll-like receptors (TLR) present on immune cells recognize PAMP
which allows the innate immune cells to secrete a range of pro-inflammatory
mediators such as cytokines like Interleukin (IL)-6 and TNF as well as reactive
oxygen species (ROS). The binding also allows the activated immune cells to
secrete chemokines which allows for rapid recruitment of mmune cells to the site
of infection (Marshall et al., 2018).

The secreted cytokines lead to activation of immature dendritic cells which act as
a bridge between the innate and adaptive immune responses. The adaptive
immune response is essential when the innate immune response fails in
containing the infection. Activated dendritic cells digest the antigen, then they
become highly effective antigen presenting cells (APC) which then carry the
antigens on their major histocompatibility (MHC) protein and travel to the nearest
lymph node and have the capacity to prime and modulate T cell function. The
peptide antigens presented by MHC trigger T-cell receptor (TCR) signaling.
However, costimulatory and coinhibitory receptors present on T cells modulate
T-cell function and determine the fate of the T cell. This antigen presentation

combined with costimulatory signals can lead to T cell activation and
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differentiation. The T cells differentiate primarily into cytotoxic or helper T cells.
While cytotoxic T cells are activated by peptides present on MHC-I on infected
cells, helper T cells are activated by peptides presented by MHC-II found on APC.
B cells are activated when antigens bind to their B cell receptor (BCR), and this
allows the B cells to differentiate and mature into antibody producing cells. Unlike
the immune cells of the innate immune system, B and T cells exhibit immunologic
memory whereby a secondary encounter with the same antigen allows for more
rigorous and faster response (Alberts et al., 2008; Getz, 2005; Marshall et al.,
2018).

1.1.1.3. Testicular immune privilege and role of immune cells

With the exception of the spermatogonia, most spermatogenic cells do not appear
until puberty. The haploid germ cells possess surface antigens that are highly
immunogenic, since they are first formed after the establishment of central
immune tolerance in the body (Fijak & Meinhardt, 2006; Fisher & Hammarberg,
2017). Therefore, protective mechanisms exist to prevent the initiation of an
aggressive immune response that would result in the destruction of these

indispensable germ cells.

The testis, along with the eye, the brain and the placenta, are regarded as
immune privileged sites. The term “immune privilege” was established when
organs transplanted in certain locations were in fact found to be accepted rather
than being rejected by the host (Barker & Billingham, 1978; Fijak & Meinhardt,
2006). When allografts or xenografts of skin and parathyroid glands were
transplanted into the interstitial space of the rat testis, it was noticed that these
grafts survived for a considerable amount of time. Parathyroid grafts placed in
non-immune privileged sites, subdermally near the thoracic wall of under the
renal capsule, were almost immediately rejected. On the other hand, the same
grafts placed in intra-testicular regions survived significantly longer with some
grafts functioning after 100 days of the transplantation (Head et al., 1983). It was
first believed that the blood-testis barrier, formed by the junctions between the
Sertoli cells, was the only player in shielding and protecting the developing germ

cells from the immune system. Although the antigens in the adluminal
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compartment are protected from the immune response, preleptotene
spermatocytes and spermatogonia are not completely sequestered by the blood-
testis barrier, and non-sequestered germ cell antigens can interact with
antibodies outside of the blood-testis barrier (Yule et al., 1988). These egressed
autoantigens promote regulatory T cell-dependent physiological, or peripheral
tolerance. Transient depletion of regulatory T cells in mice during testicular
inflammation results in an immune response against non-sequestered germ cell
antigens, while sequestered antigens are non-tolerogenic (Tung et al., 2017). It
is now well-established that, in addition to the blood-testis barrier, a physiological
and immunological barrier involving active immunosuppressive and tolerogenic
mechanisms maintains the testicular immune privileged status of the testis (Fijak
et al., 2018; Li et al., 2012; Meinhardt & Hedger, 2011; Zhao et al., 2014).

Several cells and molecules are responsible for establishing this complementary
immunological barrier. The TM are one population of testicular immune cells

involved in maintaining immune privilege.

They are divided into two main subclasses: interstitial (CD64"MHCII) and
peritubular (CD64"°MHCII") macrophages (Mossadegh-Keller et al., 2017).
Interstitial macrophages exhibit a close structural and functional association with
LC. The ratio is 1 macrophage present for every 4 to 5 Leydig cells. These TM
possess an anti-inflammatory and immunoregulatory phenotype and exhibit a
reduced capacity to synthesize pro-inflammatory molecules, such as IL-13, IL-6,
CCL2 and TNF, compared with macrophages from other tissues. They also
exhibit immunosuppressive characteristics, as evident by increased IL-10 and
TGF-B secretion, which are known to prevent T cell activation (Fijak et al., 2018;
Kern et al., 1995; Schuppe et al., 2008; Winnall et al., 2011). The peritubular TM,
on the other hand, are in close association with the spermatogonial stem cells
and can influence their differentiation. Given their high MHC Il expression, these
cells are speculated to play a role in tolerance by inducing regulatory T cells
against germ cell auto-antigens (Mossadegh-Keller et al.,, 2017; Tung et al.,
2017).

Dendritic cells present in the interstitial space are of immature phenotype, lacking

costimulatory molecules CD80 and CD86, and they exhibit low T-cell stimulatory



activity under physiological conditions (Rival et al., 2007; Sainio-Pdllanen et al.,
1996; Wang & Duan, 2016). Moreover, immunoregulatory T cells are present in
the testis, including regulatory T cells and natural killer T cells (Fijak et al., 2018;
Wheeler et al., 2011).

The Sertoli cells not only form the blood-testis barrier to protect auto-antigenic
germ cells, but can also produce TGF-B, IL-10, FasL and indolamine 2,3-
dioxygenase (IDO), that support the establishment of an immunosuppressive
niche (Gualdoni et al., 2019; Kaur el al., 2014, Korbutt et al., 2000; Zhao et al.,
2014). The Sertoli cells are also a source of activins, especially activin A, which
inhibits the production of pro-inflammatory cytokines in response to an
inflammatory stimulus (Phillips et al., 2009). Androgens, mainly testosterone
produced by the LC, have immunomodulatory and -protective roles. A blockade
of androgen production in the Leydig cells leads to rapid rejection of intratesticular
allografts (Cutolo, 2009; Head & Billingham, 1985). Testosterone administration
can prevent the accumulation of macrophages and significantly increase the
number of regulatory T cells in mice during testicular inflammation (Fijak et al.,
2011). Moreover, programmed death ligand -1, expressed in the testis, inhibits T
cell activation via programmed death receptor -1 (Cheng et al., 2009). Therefore,
several local mechanisms come together to ensure the maintenance of testicular
immune privilege. However, if this immune tolerance profile is compromised, it
can lead to the disruption of immune privilege in the testis (Fijak & Meinhardt,
2006; McLachlan, 2002; Naz, 2004).

1.1.2. Epididymis
1.1.2.1. Histology of the epididymis

The epididymis is a site for sperm transport, maturation, protection, and storage.
It is a single, highly-convoluted duct, with a complex pseudostratified epithelium
composed of several cell types that is surrounded by a basal lamina and smooth
muscle cells. This thick muscular coat is essential for sperm movement through
the epididymis. The epididymis connects the vas deferens with the efferent ducts.
It is divided into four regions: initial segment, caput, corpus and cauda (Fig. 3)

(De Grava Kempinas & Klinefelter, 2014; Pleuger et al., 2020). Septae present
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between different regions of the epididymis divide it further into discrete
segments, with 10 segments in mice and 19 in rats (Johnston et al., 2005), while
in humans segmentation is less visible (Sullivan & Mieusset, 2016). The
epithelium is lined by several different cell types: narrow, clear, principal, basal,
apical and halo cells. Narrow cells are present only in the initial segment, while
clear cells are also present in other regions of the epididymis. Narrow and clear
cells are considered the major proton-secreting cells. Principal cells are the most
prominent cell type throughout the epididymal duct, and they play a role in fluid
and nutrient exchange and protein secretion. Basal cells are involved in
regulating the microenvironment and ensuring proper communication between
the epididymal lumen and the duct basal regions, while apical cells exert
endocytic functions. Finally, halo cells (T cells) are a minor immune cell subset of
the epididymis (Cornwall, 2009; Shum et al., 2011). Along the length of the
epididymis, from the caput to the cauda, the epithelium decreases in height while
the muscle layers and the lumen increase in size. During the transit through the
epididymis, spermatozoa interact with contents of epididymal epithelium where
they undergo biochemical and physiological modifications such as changes to
their surface proteins as well as post-translational modifications of endogenous
proteins which allows them to acquire progressive motility needed to undergo
hyper activation as well as acquire fertilizing capacity. Once the sperm reach the
cauda they have acquired almost all the necessary structural and functional
alterations needed for fertilization (Cornwall, 2009; De Grava Kempinas &
Klinefelter, 2014)



Caput Initial segment
— .

Figure 3. Histological structure of the mouse epididymis. Azan staining in paraffin-embedded
epididymis sections.

1.1.2.2. Immune cells in the epididymis

The epididymis possesses a blood-epididymis barrier, composed of
physiological, anatomical and immunological elements (Mita et al., 2011). There
are remarkable differences in the immune cell populations, particularly the
mononuclear phagocytes, throughout the epididymis consistent with the
existence of immune tolerance in the proximal regions and immune defense at
distal regions. In mouse models, it has been shown that immune cells are most

prominent in the proximal regions with macrophages predominating and other



leukocytes accounting for <5%. The distal epididymis, on the other hand, has
higher proportions of monocyte-derived cells as well as dendritic cells. It also
contains more lymphocytes with innate immunity like-properties such as natural
killer and y& T cells. In particular, CX3CR1* macrophages, which possess
homeostatic profiles are highly concentrated in the proximal regions, while the
distal regions are heavily populated with pro-inflammatory monocyte-derived
CCR2*MHCII* cells (Pleuger et al., 2020, 2022). From the anatomical point of
view, tight junctions between principal cells restrict movement of molecules and
cells between the lumen and basal epithelium (Mita et al., 2011). The number
and complexity of the tight junctions varies throughout the epididymis and is more
extensive in the proximal regions (Friend & Gilula, 1972). The blood-epididymis
barrier, compromised of the tight junctions along with other factors, seems to be
less effective in preventing autoimmune responses compared to the blood-testis
barrier. This was demonstrated when injection of spermatozoa or testicular germ
cells led to formation of granulomas in the epididymis while no granulomas were
detected in the testis (Itoh et al., 1999). Break down or breach of these two
essential barriers can pave the way for altering the local microenvironment,

eventually leading to infertility.

1.2. Male infertility

Infertility affects 1 out of every 6 couples worldwide (WHO, 2023). Infertility refers
to failure to conceive after 212 months of regular unprotected sexual intercourse
(Countries, 2004; Jequier, 2000). Male infertility can be the consequence of a
myriad of causes, such as genetic mutations, trauma, infection, cancer as well as
autoimmunity (Fijak et al., 2018; Schuppe et al., 2008). Of significant concern are
infections and inflammation affecting the male genital tract, which are regarded
as potentially curable entities and account for 13 - 15% of the cases of male
infertility (Jequier, 2000; Weidner et al., 2013). This could present as urethritis,
prostatitis, seminal vesiculitis, epididymitis, and orchitis, with the latter two causes
being more likely to impair male reproductive function (Fijak et al., 2018; Haidl et
al., 2008; Schuppe et al., 2008). Epididymo-orchitis and epididymitis arise as a

result of infection, usually due to uropathogenic bacteria, or non-infectious
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(sterile) inflammation. Isolated orchitis, most commonly caused by viral
infections, is quite rare (Fijak et al., 2018; Schuppe et al., 2008). The majority of
epididymitis cases most commonly stem from bacterial ascension from the
urethra with Escherchia coli as the predominant pathogen followed by Chlamydia
trachomatis, Neisseria gonorrhoeae and others (Fijak et al., 2018). Patients
usually present with uni- or bilateral scrotal pain and swelling, with more than
40% of patients experiencing isolated pain in the cauda or in the entire
epididymis. The pathological changes include interstitial edema, loss of epithelial
integrity, leukocyte infiltration within the ducts and the interstitial space, along with
fibrosis (Fijak et al., 2018; Pleuger et al., 2020). Severe forms of disease usually
present with abscess formation commonly found in the cauda (Pilatz et al., 2015).
These alterations can impair sperm maturation and secretory functions of the
epididymis and can lead to duct obstruction and oligo- or azoospermia (Fijak et
al., 2018; Pleuger et al., 2020). Given the fact that the testis is also affected in
60% of epididymitis cases, spermatogenesis is also affected (Fijak et al., 2018;
Pilatz et al., 2013). Some patients with unilateral epididymitis exhibit testicular
damage, presenting as destruction of seminiferous tubules, interstitial fibrosis
and a thickened lamina propria that is accompanied by infertility (Osegbe, 1991).
Even after successful antibiotic treatment, up to 40% of patients demonstrate
long-term impaired fertility (Eickhoff et al., 1999; Rusz et al., 2012). After 3
months of antibiotics treatment, about 20% of the patients still exhibit an
epididymal infiltrate, which can be detected via ultrasound or palpation (Fijak et
al., 2018; Weidner et al., 1990).

In addition to infectious causes, non-infectious causes of inflammation of the
testis and epididymis should be considered as causes of infertility. Patients with
seminoma usually present with extensive inflammatory infiltrates (Xavier et al.,
2021). Autoimmune diseases, such as vasculitis and lupus erythematosus, may
affect blood vessels of the testis and epididymis leading to inflammatory diseases
(Nistal & Paniagua, 2008). In addition, mutations of the AIRE gene, encoding a
transcription factor (autoimmune regulator) essential for self-tolerance, can lead
to production of anti-sperm antibodies in some patients (Zou et al., 2021).
Moreover, in 50% of asymptomatic patients presenting with infertility, testicular

leukocytic infiltration was reported. Leukocytic infiltrates were seen in the
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interstitial, peritubular or perivascular compartment. Importantly, the infiltration
was correlated with the destruction of seminiferous tubules, loss of
spermatogenic cells, thickening of the lamina propria and fibrosis. Accurate
diagnosis of sub-acute or chronic orchitis is usually hampered due to the lack of
overt symptoms in most of the patients (Fijak et al., 2018; Schuppe et al., 2008;
Schuppe & Bergmann, 2013). Considering access to tissues is usually hindered
(Chakradhar, 2018), experimental models are indispensable for the
comprehensive understanding of the cellular and molecular mechanisms
involved in the initiation and progression of inflammation and its link to male

infertility.

1.3.Experimental autoimmune epididymo-orchitis (EAEO)

Experimental autoimmune epididymo-orchitis (EAEQO) serves as a model of
autoimmune-based chronic testicular inflammation (Guazzone et al., 2011;
Jacobo et al., 2015; Kohno et al., 1983; Nicolas et al., 2017a; Peng et al., 2022).
The disease shares many features in common with some cases of male infertility.
It is characterized by the production of auto-antibodies against testicular antigens
accompanied by disruption of testicular immune privilege and aspermatogenesis
(Kohno et al., 1983). EAEO can be induced in rodents by active immunization
with testicular homogenate (TH) in complete Freund’s adjuvant (CFA) followed
by Bordetella pertussis toxin injection to boost the immune response (Guazzone
et al., 2011; Jacobo et al., 2015; Kohno et al., 1983; Nicolas et al., 2017a; Peng
et al., 2022). The inflammation mostly affects the seminiferous tubules (Kohno et
al., 1983). The epididymis is also affected, showing atrophy along with
remodeling of the epididymal duct with severe inflammatory and fibrotic changes
reported in the cauda, but not in the caput (Wijayarathna et al., 2020). Interstitial
lymphomononuclear and polymorphonuclear cell infiltrates are found around and
in the seminiferous tubules, composed of macrophages, dendritic cells,
lymphocytes, eosinophils, mast cells and neutrophils (Kohno et al., 1983; Nicolas
et al., 2017a; Rival et al., 2006). This model is also characterized by reduced
testosterone production (Fijak et al., 2011). Later stages of the disease are
accompanied by disruption of the blood-testis barrier, leading to germ cell
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sloughing, necrosis, fibrosis and granuloma-like changes (Kauerhof et al., 2019;
Nicolas et al., 2017a; Pérez et al., 2012).

The critical role of testicular macrophages in EAEO development was
demonstrated when the number of these cells was reduced, leading to
significantly reduced EAEO incidence and severity (Rival et al., 2008). The
phenotype of macrophages present in the testis in EAEO are mostly of a pro-
inflammatory phenotype (Rival et al., 2008). Under the influence of activin A,
which is increased in EAEO, macrophages acquire a pro-fibrotic role and
contribute to the testicular fibrosis by increasing fibronectin, collagen | and
CXCR4 (Peng et al., 2022). In contrast to the immature tolerogenic dendritic cells
found in the normal testis, the dendritic cells present in EAEO are of mature
phenotype, express higher level of MHC class Il molecules and IL-12a mRNA
and are capable of enhancing proliferation of naive T cells (Guazzone et al.,
2011; Rival et al., 2006). The amplification of the autoimmune response can lead
to continuous antigen presentation by dendritic cells to lymphocytes in lymph
nodes and the testis. In the inflamed testis, there is an increase of certain pro-
inflammatory cytokines and chemokines, including TNF, IL-23, IL-17A, IL-6,
CCR2, CCL2 and CXCL12 (Jacobo et al., 2015; Nicolas et al., 2017a; Peng et
al., 2022), as well as activins, which exhibit pro-inflammatory and pro-fibrotic roles
(Nicolas et al., 2017a; Nicolas et al., 2017b).

1.4.Acute bacterial epididymitis model

Epididymitis of infectious origin is commonly caused by uropathogenic E. coli
(UPEC) infection resulting from bacterial ascension in patients (Pilatz et al.,
2015). Taking biopsies from epididymitis patients is not recommended as this
would allow the bacteria to disseminate and lead to irreversible damage (Fijak et
al., 2018). In order to better mechanistically understand how UPEC infection
affects the epididymis, a routinely used murine model can be utilized to mimic
acute bacterial epididymitis. In these studies, UPEC strain CFT073 is inoculated
by injection into the ligated vas deferens, either unilaterally or bilaterally, in adult
mice (Bhushan et al., 2008; Pleuger et al., 2020, 2022). As in humans, the

epididymal regions respond differently to the infection with fundamentally
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disparate immune responses observed. Following the infection, the proximal
regions of the epididymis seem to be largely unaffected, while the cauda is
severely damaged and presents with interstitial fibrosis, loss of epithelial integrity,
increase in luminal diameter, immune cell infiltration and abscess formation. A
massive infiltration of neutrophils and macrophages is observed, especially in the
cauda. An increase of activation factors specific for B and T cell populations
occurs (Pleuger et al., 2020, 2022, Klein et al., 2020). Moreover, there is also an
alteration in production of molecules associated with apoptosis signaling, integrin
and interleukin signaling pathways, as well as inflammation mediated by
chemokine and cytokine signaling pathway, such as TNF, activin A, IL-6, IL-17A,
CCL2, CCL3, and CCL4 (Michel et al., 2016; Pleuger et al., 2022).

1.5.Fibrosis

Sustained inflammation can lead to continuous activation of cytotoxic and repair
pathways causing progressive tissue fibrosis and adverse tissue remodeling that,
in the case of male reproductive tract involvement, can lead to infertility. In EAEO,
there is accumulation of extracellular matrix components and thickening of the
lamina propria in the testis (Lustig et al., 2020; Nicolas et al., 2017a). Collagen
content is increased along with fibronectin. Importantly, levels of collagens and
macrophages expressing fibronectin are also elevated in patients with impaired
spermatogenesis accompanied by leukocytic infiltration compared to biopsies
with intact spermatogenesis (Kauerhof et al., 2019; Peng et al., 2022). In addition,
infection of mice with UPEC leads to an increase of pro-fibrotic markers and
cytokines in the epididymis along with visible fibrotic changes demonstrated by
thickening of the smooth muscle layer and increase of collagen deposits around
tubules. Activin A, increased in testicular and epididymal inflammation, is
postulated to play a major role in the progression of fibrosis, as well as regulation
of chemokines expression which could impact the course of the disease
(Kauerhof et al., 2019; Michel et al., 2016; Peng et al., 2022).
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1.6. Activins

Activins, which are members of the TGF-B family of cytokines, have a role in
regulating spermatogenesis and steroidogenesis, but also in inflammation, tissue
homeostasis and repair (Hedger, 2011; Werner & Grose, 2003; Wijayarathna &
de Kretser, 2016). Activins are homodimers and heterodimers of 3 subunits of
the gonadal hormone, inhibin, linked by single covalent disulfide bond. The type
of activins formed depends on the type of inhibin B subunits (Ba, Bs and Bc). Of
the activins, activin A, a homodimer of Ba subunit, is the best characterized in
terms of regulation and function (Phillips et al., 2009; Tompkins et al., 1998).
Activins were initially studied for their ability to regulate the pituitary gonadotropin,
FSH (follicle-stimulating hormone), which has a vital role in regulating
reproductive processes. In males, FSH is critical for the initiation and
maintenance of spermatogenesis, promoting testicular growth and Sertoli cells
maturation (Nieschlag et al., 1999; Wijayarathna & de Kretser, 2016). Like other
members of the TGF-B family, they exert their function through surface
transmembrane receptors exhibiting intrinsic serine/threonine kinase activities.
The biological activity of activin A is mainly regulated by follistatin (FST), which
binds irreversibly with high affinity to all activins leading to their endocytosis and
lysosomal degradation. Inhibin can also regulate the biological activity of activin
A acting as a competitive antagonist (Gray et al., 2005). The affinity of FST
binding to activin A is almost as strong as activin A binding to its receptors. FST
can bind to other members of the TGF-B superfamily, particularly activin B,
myostatin and bone morphogenetic proteins, but with lower affinity compared to
activin A (Gray et al., 2005; Hedger et al., 2011). Alternative splicing generates
two main forms of FST: (i) FST315 - the main circulating form, and (ii) FST288 -
mostly tissue-bound (Wijayarathna & Hedger, 2019).

1.6.1. Activin A regulates functions of the immune and testicular

cells under normal and inflammatory conditions

Activin A plays essential roles in testicular and epididymal functions. Given its
wide range of functions, activin A can be produced by almost all cell types, but

especially by epithelial, mesenchymal and immune cells (Phillips, 2003). Several

15


https://en.wikipedia.org/wiki/Serine/threonine-specific_protein_kinase

cell types in the testis are regarded as producers of activin A, particularly the
Sertoli cells and TM, but the Leydig cells, PTC and spermatogenic cells also
contribute (Barakat et al., 2008; Hedger, 2011; Kauerhof et al., 2019; Okuma et
al., 2005; Winnall et al., 2011). In the epididymis, there is a gradient of activin A
expression, with very high expression in the caput that decreases gradually
towards the cauda. Epithelial cells and macrophages present in the epididymis

are the major producers of activin A (Wijayarathna et al., 2017).

The Sertoli cells are regarded as a main source of activin A in the testis under
normal conditions, and its expression can be stimulated by activation of TLR/IL-
1 or TNF inflammatory signalling pathways (Hedger & Winnall, 2012; Kazutaka
etal., 2011; Okuma et al., 2005). PTC stimulated with activin A showed increased
production of collagen | and fibronectin (Kauerhof et al., 2019). Activin A can also
stimulate proliferation and collagen production by fibroblasts (Hedger et al.,
1989), and stimulates bone marrow derived macrophages to acquire a pro-fibrotic
profile by expressing CCR2, fibronectin, and matrix metalloproteases (Peng et
al., 2022). Moreover, activin A can inhibit Leydig cells steroidogenesis (Lin et al.,
1989; Mauduit et al., 1991). These actions initiated by activin A are regarded as
driving forces for the development of severe fibrosis (Hardy et al., 2015), which
in case of testicular inflammation is detrimental to testis function (Kauerhof et al.,
2019; Nicolas et al., 2017a; Nicolas et al., 2017b). The ability of IL-1, TNF and
TLR ligands, like lipopolysaccharide (LPS), to potently stimulate activin A in a
plethora of cell types (Antsiferova & Werner, 2012; Arai et al., 2011; Wilson et al.,
2006; Wu et al., 2013), explains the elevated expression of activins in pathologies
of inflammatory origin, such as chronic central nervous system inflammation,
inflammatory bowel disease and rheumatoid arthritis (Hardy et al., 2015; Hedger
et al., 2011; Jones et al., 2004, 2007).

Activin A is increased in the testis and epididymis under inflammatory conditions
and also plays a role in the inflammatory and fibrotic responses (Kauerhof et al.,
2019; Michel et al., 2016; Nicolas et al., 2017b). For example, the extent of
leukocytic infiltration, collagen levels (Kauerhof et al.,, 2019) and the EAEO
severity score correlate with testicular activin A levels in the EAEO model (Nicolas

et al., 2017b). Furthermore, blocking activin A action in EAEO by overexpression
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of FST in mice decreased expression of pro-fibrotic factors in the testis (Peng et
al., 2022). Addition of activin A to the organ cultures of the mouse epididymis,
especially the cauda, caused fibrotic changes that could be reversed by addition
of recombinant FST (Michel et al., 2016).

1.6.2. Activin A influences the expression of several chemokines and

cytokines

Activin A can regulate several members of the chemokine network that display a
crucial role in leukocyte migration under both homeostatic and inflammatory
conditions. The CCL2-CCR2 axis, which regulates macrophage polarization, can
be controlled by activin A. Activin A increases Ccr2 expression in colony
stimulating factor (CSF)1 or CSF2-generated macrophages, but inhibits CCL2
expression (Peng et al., 2022, Sierra-Filardi et al., 2014). Moreover, activin A
enhances the migration of bone marrow derived macrophages along a CCL2
gradient and increases the expression of CXCR4 (Peng et al., 2022). It also
shows potent autocrine effects on immune responses in dendritic cells. Blocking
activin A signaling in dendritic cells using FST after CD40 ligand (CD40L)
stimulation not only enhances cytokine secretion (IL-6, IL-10, IL-12p70, and
TNF), but also upregulates chemokine production (CXCL8, CXCL10, CCLS5,
CCL2) (Robson et al., 2008). Activin A can induce CXCL12 and CXCL14
dependent dendritic cell recruitment to areas of inflammation (Salogni et al.,
2009). On the other hand, activin A can exert an anti-inflammatory action thought
to protect from joint damage by inhibiting the TNF-induced release of CXCL10
(Kuranobu et al., 2020), and it can influence B cell migration by promoting the
production of CXCL13 by T cells (Locci et al., 2016). Furthermore, activin A can
decrease the expression of CXCL9/10 by myeloid cells, which can subsequently

impair cytotoxic T cell infiltration into melanoma sites (Pinjusic et al., 2022).

1.7.Chemokines

cytokines are signaling molecules that exhibit immune modulatory actions

regulating inflammation and affecting cellular activities, such as growth, survival,
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and differentiation (Oppenheim, 2013). Chemokines are a special class of
chemotactic cytokines that can induce immune cell migration and trafficking
(Stone et al., 2017). Chemokine members are divided into 4 groups (CXC, CC,
C and CX3C), depending on the number of amino acids located between the N-
terminal cysteine residues. Their receptors are G-protein-coupled receptors
(GPCR), which are found on several cell types. Because of the similarity in
structure between chemokines, the chemokine network is extremely complex and
redundant (Fig. 4). This enables accurate fine-tuning of leukocyte responses to

various inflammatory stimuli (Stone et al., 2017).

Macrophage Neutrophil T cell B cell

CCR1

CXCR3

Receptor  Ligands
CCR1 CCL3,4,5,6,7.8,
CCR2 CCL2,7,8,12

CCR3 CCL4,5,7,8,11
CCR5 CCL2, 3,4,5,8,11
CCR6 CCL20

CCR7 CCL19, CCL21
CXCR1 CXCL6, 8

CXCR2 CXCL1,2,3,5,6,7,8
CXCR3 CXCL4,9,10,11,13
CXCR5 CXCL13

CX3CR1 CX3cL1

Figure 4. Chemokine network is extremely complex and promiscuous. Scheme
demonstrating the expression of chemokine receptors on macrophages, neutrophils, T and B
cells. The corresponding ligands are also included. Figure created with BioRender.

Chemokines and their receptors are critical elements in regulating the trafficking
of cells to inflammatory sites (Springer, 1994). CCR2 and CCR5 are involved in
both monocyte- and macrophage-mediated recruitment, and in the regulation of
T cell migration and activation (Tokuyama et al., 2005). CCR2 and its main ligand
CCL2, is regarded as one of the key chemokines regulating migration and
infiltration of monocytes/macrophages (Deshmane et al., 2009). CCR1 and its
ligands regulate trafficking of macrophages and neutrophils (Hughes & Nibbs,
2018). The CCR5-binding chemokines, CCL3, CCL4 and CCLS5, play major roles
in recruiting Thl inflammation-promoting T cells and macrophages (Schrum et
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al., 1996). CCR3 and CCR4, on the other hand, are involved in recruitment of
Th2 cells which play a role in inhibition of inflammation (Hughes & Nibbs, 2018).

On the other hand, CXCR2-binding chemokines, CXCL1 and CXCL2, are potent
neutrophil chemoattractants (Girbl et al., 2018). CXCR3 is a chemokine receptor
that is highly expressed on effector T cells and plays a potent role in Thl cell
trafficking and function. CXCL9, CXCL10, CXCL11 are responsible for the
recruitment of effector, CXCR3- positive T cells to inflammatory sites (Groom &
Luster, 2011). CX3CR1 and its ligand CX3CL1 play an important role in monocyte
homeostasis and macrophage polarization and function (Zheng et al., 2013).
Fibroblasts, which are central to promoting lung fibrosis, highly express CXCR4
and its corresponding ligand CXCL12. Exogenous CXCL12 was found to
significantly stimulate the migration and proliferation of fibroblasts, while
potentiating the expression of CXCR4 (Li et al., 2020). CXCR5 and its ligand
CXCL13 play significant roles in B cell trafficking, facilitating the establishment of

lymphoid follicles and germinal center formation (Ghafouri-Fard et al., 2021).

1.7.1. Chemokines in testicular and epididymal physiology and

inflammation

In addition to immune cells, somatic testicular cells, including Sertoli cells, PTC
and Leydig cells produce a number of chemokines and cytokines (Gerdprasert,
2002; Guazzone et al., 2003, 2009; Rival et al., 2007). Chemokines produced by
testicular cells under physiological conditions are mainly involved in maintenance
and migration of spermatogonia (Diao et al., 2018). CCL3, found in both germ
cells and Leydig cells, participates in the regulation of spermatogonial
proliferation (Hakovirta et al., 1994). CCL2 is expressed by PTC and can be
stimulated by many pro-inflammatory mediators and cytokines. Moreover, Leydig
cells express CCL2 when stimulated by IL-13 (Aubry et al., 2000, Gerdprasert et
al., 2002). Sertoli cells also secrete CCL2 in response to TLR agonists (Riccioli
et al., 2006). CXCL10 is expressed in Leydig cells and it has an inhibitory effect
on Leydig cells steroidogenesis. CXCL1 and CXCL10 can be induced in Leydig
cells, PTC and Sertoli cells by pro-inflammatory cytokines (Guazzone et al., 2009;

Hu et al., 1998). Moreover, the only ligand in the CX3C chemokine family,
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CX3CL1, is expressed in Sertoli cells, spermatogonia, pachytene spermatocytes
and elongated spermatids, but to a higher extent in Leydig cells (Habasque,
2003). The epididymis as well acts as source of chemokines under steady state.
Clear cells, under physiological conditions, express chemokines involved in pro-
inflammatory responses such as CCL17, CXCL10, CXCL1l and CXCL31.
Mononuclear phagocytes, which are in close association with clear cells, express
the receptors for these ligands. Given how clear cells are strategically located,
these chemokines can prime mononuclear phagocytes to mount inflammatory

responses (Battistone et al., 2023).

The chemokines secreted by these cells under physiological condition are
necessary for several functions mainly growth and differentiation of cells.
However, an excess of these mediators can have deleterious effects on fertility.
An increase of several pro-inflammatory cytokines especially TNF, IL-183, II-1a
and IL-6 can drastically alter lymphocyte activation and proliferation, destroy
germ cells as well as disrupt spermatogenic cell differentiation and testicular
steroidogenesis (Guazzone et al., 2009; Hedger & Meinhardt, 2003; Mealy et al.,
1990; Oritani et al., 1999). Modulating the chemokine network might represent a
potential strategy to limit or attenuate macrophage and T cell activation in
inflammatory pathologies, including testicular and epididymal inflammatory

disease.

In the testis, increased CCL2, CCR2 and CCR5 can contribute to leukocyte
infiltration in EAEO (Guazzone et al., 2003, 2012; Peng et al., 2022). CCL2, a
crucial chemokine in monocyte migration and extravasation, is increased in
testicular fluid and in the conditioned medium obtained from cultures of TM in
EAEO (Guazzone et al., 2003). Importantly, it was recently shown that mice
deficient in CCR2 demonstrate reduced testicular damage and are protected from
fibrotic remodeling (Peng et al., 2022). Other CC chemokine ligands play a role
in EAEO. High levels of CCL3 and CCL4 in testicular fluid coincide with the onset
of EAEO (Guazzone et al., 2012). The increase in monocyte and T cell recruiting
chemokines correlates with an influx in number of CCR5-induced lymphocytes
infiltrating the EAEO testis (Guazzone et al., 2009) and this is associated with the

severity of testicular lesions (Guazzone et al., 2012). In addition, in the inflamed
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testis, there is an up-regulation of CCR7 and a down-regulation of CCR2 on
dendritic cells, which denotes a migratory phenotype (Rival et al., 2007). In the
epididymis, induction of EAEO increases CCL2 and CX3CL1 in the cauda
(Wijayarathna et al., 2020). The cauda epididymidis is also affected in UPEC
infection and some chemokines are also altered, such as CCL2, CCL3, CCLA4,
CXCL13 and CXCL2 (Pleuger et al., 2022). Moreover, LPS intravasal-
epididymal injection increases pro-inflammatory chemokines by clear cells such
as CXCL10, CXCL1, CXCL2 and CCL5 (Battistone et al., 2020).

1.8.Lymphoid chemokines

Lymphoid organs are classically divided into primary and secondary organs.
Primary lymphoid organs, including the bone marrow and thymus, are
responsible for lymphocyte generation, while SLO including the spleen, tonsils,
lymph nodes as well as mucosa-associated lymphoid tissue (such as in the lung
and the gastrointestinal tract), are recognized as the hub for adaptive immune
response where immune cells become functionally activated and specialized.
These immune cells are introduced to different antigens, which subsequently
allows them to differentiate into effector and memory T cells that are critical for
antigen encounter and subsequent elimination of the antigen if needed (Bery et
al., 2022; Ruddle, 2020).

CCL19, CCL21 and CXCL13, referred to as lymphoid chemokines, are expressed
in secondary lymphoid organs (SLO), such as the lymph nodes, spleen and
Peyer’s patches, contributing to lymphoid tissue microanatomical organization
(Luther et al., 2002). Chemokine ligands, CCL19 and CCL21, which are produced
by stromal cells, bind to CCR7 on T cells and dendritic cells and allow T cells to
reside in the paracortical area of SLO. CXCL13, on the other hand, is produced
by follicular dendritic cells and is involved in B cell attraction and germinal center
formation, which is a site essential for high affinity antibody production. B cells
are primarily found in regions known as lymphoid follicles (Drayton et al., 2006;
Forster et al., 1996; Lalor & Segal, 2010). These chemokines mentioned above,
which play essential roles in SLO formation, can also be expressed during
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inflammation driving the ectopic organization of immune cells and stromal
elements into structured aggregates called tertiary lymphoid organs (Ruddle,
2020).

1.9.Tertiary lymphoid organs (TLO)

In addition to primary and secondary, a third type of lymphoid organs - termed
tertiary lymphoid organs (TLO) - was first coined in 1992 (Picker & Butcher, 1992)
to describe tissues that normally contain few lymphoid elements and in the
presence of an inflammatory trigger become organized to perform functions
analogous to SLO. Initially, there were only few mentions of TLO, as the concept
that inflammation could lead to development of an organized accumulation of
cells resembling a lymph node was not immediately accepted. At that time,
inflammation was classically regarded as a response embodied by the four
clinical characteristics (heat, pain, redness, and swelling) (Ley, 2001). The
description of inflammation was not dependent on the histological and functional

characteristics observed in the tissue.

A series of studies conducted in the 1990s revolving around the lymphotoxins led
to wider acceptance of the existence of TLO. Mice deficient in lymphotoxin-alpha
(LTa) lacked lymph nodes (De Togni et al., 1994), while mice with overexpression
of LTa developed sites resembling lymph nodes in the pancreas, kidney and skin
(Kratz et al., 1996). Since then, the occurrence of TLO driven by inflammation
has been described in almost every organ, including the pancreas, lung, kidney,
skin, brain, gut, liver, joints, artery, placenta, salivary and lacrimal glands, thymus,
vagina, blood vessels, heart, testis, and ovaries (Drayton et al., 2006; Neyt et al.,
2012; Pipi et al., 2018; Ruddle, 2020). However, some tissues have been
reported to be more susceptible to TLO formation than others (Chen et al., 2002).
Their occurrence in the epididymis was never reported before and they have not

been well characterized in the testis (Sakai et al., 2014).
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1.9.1. Organization and characteristics of SLO and TLO

The SLO is a highly organized encapsulated structure and is embedded in
stromal reticular networks. It is clearly separated into T and B cell zones, which
contain germinal centers (GC). It is highly vascularized and comprises lymphatic
vessels, which permit collected lymph and cellular contents to enter the SLO as
well as high endothelial venules (HEV), specialized blood vessels, which facilitate
naive and central memory T and B cell homing to the tissue (Bery et al., 2022;
Neyt et al., 2012). Its functions include sampling antigens from blood and lymph,
permitting dendritic cells to enter and allowing T and B cells, which have
encountered antigen, to proliferate and differentiate (Turley et al., 2010). SLO
develop in a predefined place before birth and this is governed by a lymphoid
tissue inducer cell interacting with a lymphoid tissue organizer via lymphotoxin
beta receptor (LTBR), which allows the latter cell to express adhesion molecules
in addition to the chemokines CCL19, CCL21 (T cell ligands) and CXCL13 (B cell
chemoattractant). Local fibroblasts receive an initial signal to start producing
CXCL13 attracting the lymphoid tissue inducer (Van De Pavert et al., 2009).
Following the interaction, lymphoid tissue organizer develops into follicular
dendritic cells (FDC) and fibroblastic reticular cells (FRC) permitting the conduit
framework to develop. Production of lymphangiogenetic growth factors allows

lymphatic vessels to form (Vondenhoff et al., 2009).

Unlike SLO, which are developmentally pre-programed, TLO lack a capsule and
do not form at pre-determined locations. They can be induced by inflammation
resulting from infection, autoimmunity, cancer, aging as well as allograft rejection
(Drayton et al., 2006; Ruddle, 2020). TLO follows similar pathways to those
utilized by the SLO (Neyt et al., 2012). Overexpression of LTa, CCL21 or CXCL13
can induce the formation of TLO (Chen et al., 2002; Drayton et al., 2003; Neyt et
al., 2012). In addition, LTa plays a role in developing stromal cells into FDC and
HEV (McDonald et al., 2005; Neyt et al., 2012). The TLO can form in an antigen-
dependent or -independent manner (Sato et al., 2023). It is believed that once
the antigen exposure is cleared, TLO formation is resolved (Drayton et al., 2006).
A very recent study, however, showed that loss of NOTCH signaling in mice can
modify arterial endothelial cells shifting their identity to a HEV-like phenotype.
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This was associated with the spontaneous formation of TLO in multiple organs,
such as kidney, liver and lung (Fleig et al., 2022). At this stage of research,
several studies are still needed to delineate the mechanisms that allow TLO
development and maintenance in an antigen-independent manner (Sato et al.,
2023).

Inflammation that allows TLO development is mainly driven by innate immune
cells, specifically neutrophils, natural killer cells, dendritic cells and macrophages,
which can prime endothelial cells and stromal cells (e.qg. fibroblasts). Stromal cells
once primed can release chemokines CCL19, CCL21, and CXCL13 that mediate
further immune cell recruitment and spatial organization within the forming TLO
(Bery et al., 2022; Ruddle, 2020). The extent of TLO organization depends on the
inflammatory stimulus, the tissue type, and where they develop (Sato et al.,
2023). This ectopic organ first appears as loose B cell- T cell clusters, mostly
intermingling, but occasionally forming clearly segregated zones of B cells and T
cells, as observed in SLO (Fig. 5).

Mature Immature
SLO TLO TLO

B cell
T cell
> HEV
B cell zone containing GC

T cell zone containing HEV

Figure 5. Comparison between secondary lymphoid organ (SLO) and tertiary lymphoid
organ (TLO). Both mature TLO and SLO are divided into distinct zones of T and B cells. While
an SLO is capsulated, a TLO lacks a capsule. The B cells are proliferating in the germinal center
(GC) and are capable of producing high affinity class switched B cells and plasma cells. The T

24



cell zone is rich in CCL19 and CCL21 and contains high endothelial venule (HEV). An immature
TLO, on the other hand, includes the elements of a TLO but is not well organized and lacks a
clear GC. Note: the SLO schematic acts as a representation of a lymph node and not a spleen as
the spleen, although regarded as an SLO, lacks the presence of HEV. Figure created using Bio
Render.

This compartmentalization of B and T cells is achieved by chemokine gradients
of B cell chemoattractants (CXCL13) and T cell ligands (CCL19 and CCL21). An
early form of TLO can be differentiated during acute inflammation, where it
generally contains few granulocytes and contains B and T cells (Borregaard,
2010). Later advanced mature stages of TLO include the presence of CD21+
FDC within the B cell areas. (Bery et al., 2022; G. Jones et al., 2016; Ruddle,
2020). Finally, FDC allow for an activation of GC reactions in the B cell areas,
which are then responsible for the production of high affinity antibody secreting
plasma cells and memory B cells. The immune cells are recruited by HEV, which
develop from activated endothelial cells (Fig. 5) (Bery et al., 2022; Drayton et al.,
2006; Jones et al., 2018; Neyt et al., 2012; Ruddle, 2020).

1.9.2. High endothelial venules (HEV) in inflammatory conditions

HEV are regarded as specialized portals adapted for the trafficking of large
numbers of lymphocytes. HEV are formed by cuboidal endothelial cells, have a
thick basal lamina made of fibronectin, collagen IV, and laminins and are
enclosed by concentric layers of fibroblastic reticular cells (FRC). Within their
lumen they contain numerous lymphocytes and accumulate chemokines, such as
CCL21, CCL19, CXCL10, CXCL12 and CXCL13 (Blanchard & Girard, 2021,
Girard & Springer, 1995). HEV are found in all SLO except those of the spleen.
They are fully integrated in organs during embryogenesis. Under homeostatic
conditions, they act as guardians regulating the outcome of the immune response
where they are responsible for delivering naive and memory lymphocytes from
the blood stream to lymphoid organs. Lymphocytes circulating in the blood
directly enter a lymph node via HEV, where they scan antigen-presenting cells
(Blanchard & Girard, 2021; Girard & Springer, 1995; Hayasaka et al., 2010). The

immune cells roll on the surface of the HEV by binding via L-selectin to 6-sulfo
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sialyl Lewis X motifs present on the HEV cells. They interact with chemokines
presented by heparin sulfate on the HEV luminal surface. Chemokine receptor-
ligand binding activates lymphocyte integrins which mediate firm binding, leading
to arrest of the lymphocytes followed by transmigration across the HEV
endothelium and allowing them to enter the lymphoid tissue (Blanchard & Girard,
2021; Girard & Springer, 1995).

These specialized blood vessels can also develop postnatally in non-lymphoid
organs during chronic inflammation driven by autoimmunity, infection and
allografts. Their appearance in non-lymphoid organs was first reported in the
synovium of rheumatoid arthritis patients (Freemont et al., 1983). They are
commonly observed when pronounced infiltration is present and are frequently
associated with TLO. HEV are regarded as critical for the maintenance and
function of TLO (Blanchard & Girard, 2021). Several mechanisms related to the
development of HEV in lymphoid organs under physiological conditions seem to
also be involved in HEV formation in ectopic locations. A series of studies showed
that stimulation of tumor necrosis factor receptor 1 (TNFR1) signaling pathway
can lead to the formation of MECA-79 (Mouse Endothelial Cell Antigen-79)
positive HEV. MECA-79 is a highly specific HEV sulfated antigen. The activation
of LTBR signaling is required for HEV to acquire mature phenotypes with
improved ability to capture L-selectin-expressing lymphocytes (Fig. 6) (Drayton
et al., 2003; Sacca et al., 1998).

Normal Immature Mature -
venule HEV HEV Immune cells
=== Pericyte

/ﬁ\\ TNF \Tazh =m= Endothelial cell
K y_>uas Tnfsf14 (7 7 FRC
TNFR1 —| ®  High endothelial cells
LTBR g, .
N/ 7= Extracellular matrix

26



Figure 6. Mechanisms involved in the ectopic formation of High endothelial venule (HEV).
HEV develop from post-translation modifications of normal venules. Normal venules lacking
MECA-79 can recruit few immune cells. Under inflammatory conditions, triggering of the TNFR1
pathway via LTa3 changes the normal vessel into an immature HEV still displaying flat endothelial
cells. Prolonged inflammatory signals can stimulate the LTBR pathway, which allow the HEV to
acquire a mature phenotype. A mature HEV possesses cuboidal endothelial cells, is enclosed by
concentric layers of fibroblastic reticular cells (FRC) and is also capable of recruiting massive
amounts of lymphocytes compared to its predecessors. Figure created using Bio Render.

Lymphocytes, especially CD4+T cells, play major roles in induction of HEV
formation. HEV forming as a result of ectopic expression of CCL21 are lost when
lymphocytes are experimentally depleted, but are restored when CD4+T cells are
transferred to the mice (Blanchard & Girard, 2021; Marinkovic et al., 2006).

1.9.3. TLO function

The function and clinical relevance of TLO are context-dependent. TLO seems to
develop to accommodate an increased demand for a localized immune response
(Neyt et al., 2012). Understanding the prognosis of TLO formation in different
disease conditions is necessary to formulate future experimental manipulation
strategies. The formation of TLO can be induced when it provides a benefit or

limited when it is detrimental.

In the context of cancer, the presence of TLO is often associated with a better
outcome. Patients, who develop TLO show higher survival rates, lower relapses
and in some cases respond better to immunotherapy (Cabrita et al., 2020;
Sautes-Fridman et al., 2019; Schumacher & Thommen, 2022; Vanhersecke et
al., 2021). The presence of a TLO in the vicinity of the cancer shortens the time
for priming T and B cells to generate efficientimmune responses as this bypasses
the need to traffic to the lymph nodes. Moreover, the presence of a TLO may
strengthen, diversify and amplify the immune responses generated against the
tumor antigens as there is a higher chance of antigen encounter with
lymphocytes. Likewise, lymphocytes fighting against cancer may have better
survival as they are located in an environmental niche that supports their survival
(Sautés-Fridman et al., 2019; Schumacher & Thommen, 2022). Patients with

27



seminoma, a germ cell tumor, have HEV-like vessels that are likely contributing

to T cell recruitment (Sakai et al., 2014).

In cases of autoimmune diseases, the presence of TLO is associated with
breaking of self-tolerance, progression of the disease and a worse outcome due
to their ability to act as sites of antigen-presentation (Pipi et al., 2018). In
rheumatoid arthritis, TLO support the local production of anti-citrullinated
protein/peptide antibodies, which are highly specific markers of rheumatoid
arthritis and predict a poor prognosis (Humby et al., 2009). Moreover, the kidneys
of patients with systemic lupus erythematosus contain GC that support in situ
antibody production, clonal expansion and somatic hypermutation (Chang et al.,
2011). TLO can contribute to the progression of Sjogren's syndrome, an
autoimmune disease that affects the body's moisture-producing glands, where
they are involved in increased production of auto-antibodies by B cells in the

salivary gland (Salomonsson & Wahren-Herlenius, 2003).

In the context of infections, TLO develop quickly and are considered essential for
providing protective immune responses (Sato et al., 2023). Mice experimentally
lacking SLO develop TLO in response to influenza infection, facilitating clearance
of the virus and enhanced survival (Moyron-quiroz et al., 2004; Sato et al., 2023).
In addition, TLO that develop due to influenza infection promote local antibody
production, thereby providing efficient protection. Infection with Mycobacterium
tuberculosis leads to granuloma formation followed by TLO development in
murine models (Kahnert et al., 2007). Patients with latent tuberculosis develop
TLO and patients with reactivated tuberculosis usually lack TLO (Ulrichs et al.,
2005). TLO also form in response to fungal infections such as Pneumocystis
jirovecii resulting in a lower fungal burden in mice (Eddens et al., 2017). Infection
with Helicobacter pylori, on the other hand, can induce the formation of TLO, but
this was associated with gastritis and development of mucosal associated

lymphoma in mice (Shomer et al., 2003).
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1.10. Aims and hypotheses of the study

The fact that infiltration of immune cells leads to testicular and epididymal
destruction during inflammatory response, paving the way for infertility, highlights
the importance of understanding the mechanisms that govern leukocyte

migration and attraction in these tissues (Fijak et al., 2018; Loveland et al., 2017).

EAEO is a model of chronic testicular inflammation and it shares many similar
pathological features reported in some patients with infertility. CCR2 and its
ligand CCL2 are increased in EAEO testis and mice deficient in CCR2 are
protected from EAEO induced damage (Peng et al., 2022). Activin A, which is
also elevated in testicular inflammation, induces CCR2 expression and migration
of macrophages. Moreover, there is a positive correlation between the severity of
disease and testicular activin A concentration. Importantly, inhibition of activin A
bioactivity by overexpression of follistatin reduces EAEO-induced testicular
damage (Peng et al., 2022; Nicolas el al., 2017a, Nicolas et. Al 2017b).

In many instances, disturbances in homeostasis, accompanied by alterations in
the chemokine network can drive the formation of organized immune cell
infiltrates. Tertiary lymphoid organs develop ectopically in non-lymphoid locations
during inflammation and they resemble secondary lymphoid organs in their
structure, vasculature, chemokine expression and functionality. Sustained
inflammation can trigger the formation of these ectopic structures in certain
locations (Neyt et al., 2012; Sato et al., 2023; Schumacher & Thommen, 2022).
However, their occurrence in the male reproductive tract has not been previously
reported. The testis and epididymis are prone to insults, where infection and
inflammation are causes of concern (Jequier, 2000; Weidner et al., 2013). The
testis and the epididymis respond differently to inflammation (Fijak el al., 2018).
In addition, the individual regions of the epididymis react differently to
inflammation. While the proximal regions of the epididymis remain unaffected in
presence of bacterial infection, the cauda epididymidis is severely damaged and
presents with interstitial fibrosis, loss of epithelial integrity, increase in luminal
diameter, immune cell infiltration and abscess formation (Pleuger et al., 2020,
2022, Klein et al., 2020).

29



Therefore, the aims of this thesis are:

(1) to investigate how the chemokine network responds during testicular

inflammation in normal wild-type and CCR2-deficient (Ccr27) mice;

(2) to elucidate how activin A influences the expression of chemokines and their
receptors; and

(3) to examine the potential formation of tertiary lymphoid organs fueled by

inflammatory responses in the testis and epididymis.
The following hypotheses were examined:

¢ Disruption of the chemokine network paves the way for the destruction of
the testis, but depletion of CCR2 signaling can ameliorate tissue damage
and preserve fertility.

e Systemic and testicular activin A are increased in EAEO and regulate
chemokine and chemokine receptor expression, with detrimental

outcomes.

e Disturbances in the chemokine network driven by inflammatory stimuli can

induce tertiary lymphoid organs to develop in the male reproductive tract.
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2. Methods

2.1. Methods
2.1.1. Animals

10- to 12-week-old male wild-type (WT) C57BL/6J and B6.129P2-
Ccr2imiMae/tmiMae (Ccr2-7) mice were purchased from Charles River Laboratories,
Sulzfeld, Germany. The mice were housed in specific pathogen-free (SPF)
conditions under 12 h light/dark cycle, 20—22 °C ambient temperature and 50 *
5% relative humidity at the animal facility of Justus Liebig University, Giessen.
The mice were supplied with autoclaved water and food ad libitum. All
experiments involving animals were carried out in strict accordance with the
recommendations for the Care and Use of Laboratory Animals of the German
animal welfare law. Animal experiments were approved by the responsible local
ethics committee for animal care (Regierungspraesidium Giessen Gl 58/2014 —
Nr. 735-GP and V54 — 19 ¢ 20 15 h 01 GI120/25 Nr. G60/2017 and Nr. G71/2019)
and were performed in strict accordance with the German animal welfare law and
the European legislation for the protection of animals used for scientific purposes
(2010/63/EU). Mice were euthanized using isoflurane inhalation followed by
cervical dislocation. Testis, epididymis, bone (femur and tibia) and blood were

collected.

2.1.2. Induction of EAEO

EAEO was induced in 10- to 12-week-old male WT C57BL/6J and B6.129P2-
Ccr2imiMae/tmiMae (Ccr2/-) mice as described previously (Nicolas et al., 2017a;
Peng et al.,, 2022). Briefly, mice (n = 6) were immunized with testicular
homogenate mixed at 1:1 ratio with complete Freund’s adjuvant (CFA) containing
heat killed Mycobacterium tuberculosis. Testicular homogenate was obtained
from decapsulated WT C57BL/6J mice testis in sterile 0.9% NaCl using a Potter
S homogenizer. Each animal was immunized with a total volume of 200 pl of the
prepared mixture by four s.c. injections on the back in the area of the shoulders
and the hind limbs in the proximity of the lymph nodes. This was followed by i.p

injection of 100 ng Bordetella pertussis toxin in 100 yl Mundz Buffer (25 mM Tris,
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0.5 M NaCl, 0.017% Triton X-100, pH 7.6). Mice were immunized using this
protocol three times, 14 days apart (Fig. 7).
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Figure 7. Scheme representing the time points for EAEO induction and organ collection in
C57BL6/J (WT) and Ccr2” mice. Mice were immunized with testis homogenate (TH) in
Complete Freund’s Adjuvant (CFA) three times, 14 days apart. Testis, epididymis and blood were
collected at day 50 after first immunization. Adjuvant control mice received CFA in NaCl without
TH. Untreated age-matched control mice were also included.

Mice received analgesia in form of tramadol (STADApharm GmbH, Bad Vilbel,
Germany) in drinking water (2.5 mg/ml) starting 24 h before each immunization
and for 3 following days. Age-matched untreated and adjuvant control mice were
also included. Adjuvant control mice were immunized with 0.9% NaCl instead of
testicular homogenate following the same scheme. During immunization, mice
were anesthetized by inhalation of 3-5% isoflurane and all efforts were made to
minimize suffering. 50 days after the first immunization, animals were euthanized
by inhalation of 5% isoflurane followed by cervical dislocation and the testis,
epididymis and blood (using cardiac puncture) were collected. The blood was
allowed to clot and then centrifuged at 1000 x g for 15 min at 4 °C. Sera were
collected and stored at -80 °C for further analysis. The collected testis and
epididymis were weighed, and either snap-frozen in liquid nitrogen or fixed in

Bouin’s solution for embedding in paraffin.

2.1.3. Induction of acute bacterial epididymitis

This part was completed in collaboration with project 9 of the International
Research Training Group (Molecular Pathogenesis of Male Reproductive
Disorders).
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Uropathogenic E. coli (UPEC) strain CFT073 (Welch et al., 2002) was provided
by the Institute of Medical Microbiology (Justus-Liebig-University Giessen,

Germany).

To elicit an ascending infection, vasa deferentia were bilaterally ligated followed
by an intravasal injection of 5 pl sterile 0.9% NaCl containing 1-2 x 10° colony
forming units proximal to the ligation using a Hamilton syringe (Pleuger et al.,
2022). Control ‘'sham’ mice were subjected to the same surgical procedure, but
with an intravasal injection of 5 pul sterile 0.9% NaCl without bacteria. Mice were
sacrificed at different time points after the infection (1, 3, 5, 7, 10, 14, 21 and 28
days) by isoflurane inhalation followed by cervical dislocation (Fig. 8). For each

time point, three mice were used per experimental approach.
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Figure 8. Scheme representing the time points for organ collection following UPEC
infection in C57BL6/J (WT) strain. Mice were intravasally injected with UPEC or saline alone
(sham) after ligation of the vas deferens. Testis, epididymis and blood were collected at 1, 3, 5,
7,10, 14, 18, 21 and 28 days after UPEC or saline injection.

2.1.4. Paraffin embedding of tissues

Collected organs were fixed in Bouin’s solution for 2 h. After fixation, organs were
washed using 70% ethanol and subsequently dehydrated in an increasing
ethanol series (70%, 96% and 100%) for more than 2 h in each ethanol gradient.
Afterwards, organs were transferred into benzoic acid methyl ester (>99%) for 2
h and this step was followed by incubation in xylol for 2 h. After that, organs were
transferred into a mixture of xylol and paraffin (1:1) for 1 h at 60 °C. Subsequently,
organs were transferred to pre-warmed liquid paraffin at 60 °C overnight. Finally,

the tissues were embedded in paraffin wax
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2.1.5. Azo-carmine and aniline blue (azan) staining

Azan staining was used to evaluate the histology and collagen content (Kikui &
Miki, 1995) in the tissues. 8 um thin paraffin sections were deparaffinized in
xylene (10 min, 2 changes) and incubated in 100% ethanol (10 min, 2 changes).
After that, the sections were rehydrated through a series of decreasing ethanol
concentrations from 96% to 50%, and then rinsed in distilled water. Sections were
stained for 5 min in aniline alcohol (0.1% aniline oil in 90% ethanol). After rinsing
the sections in distilled water, they were stained with preheated azo-carmine G
solution (0.1% azo-carmine G, 1% acetic acid in distilled water) for 10 — 15 min.
The sections were washed with distilled water and then differentiated for 1 min in
aniline alcohol followed by 1% glacial acetic acid in 96% ethanol for one minute
and then washed again with distilled water. The sections were then placed for 2
h in 5% phosphotungstic acid to stain connective tissues. After rinsing, the
sections were stained for 2 h in aniline blue-orange mixture (0.5% aniline blue,
2% Orange G, 8% glacial acetic acid). The sections were differentiated in 96%
ethanol. Finally, sections were dehydrated in isopropanol and xylene and then
mounted on glass slides using Eukitt Quick hardening mounting medium and
glass coverslips.

2.1.6. Human testicular biopsies

Bouin’s-fixed paraffin-embedded human testicular biopsies and cyrosections
were provided by the Giessen Testicular Biopsy Repository (courtesy of Profs.
Hans-Christian Schuppe, Daniela Fietz). The specimens were obtained from
infertile men with non-obstructive azoospermia and a histological diagnosis of
focal inflammatory lesions associated with disturbed spermatogenesis (Schuppe
and Bergmann, 2013). Biopsies from patients with obstructive azoospermia, i.e.
intact spermatogenesis without any signs of inflammation, served as controls.
Written informed consent was obtained from all men undergoing testicular biopsy.

The study was approved by the local institutional review board (Ref. No. 100/07).
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2.1.7. Immunofluorescence localization of activin A with

macrophage and T cell markers in mouse testis

Double staining for activin A and F4/80 (a universal macrophage antigen) or
activin A and CD3 (a universal T cell antigen) was performed. 8 um paraffin
sections were deparaffinized in xylene, rehydrated in decreasing series of ethanol
and then rinsed in distilled water. Antigen retrieval was performed using pre-
warmed (37 °C) proteinase K antigen retrieval solution (20 ug/ml Proteinase K,
2.5% Glycerol, TE buffer (50 mM Tris Base, 1 mM EDTA, 0.5% Triton X-100)
pH 8.0) for 3 min. After antigen retrieval, slides were washed in 1X TBS (10X
TBS: 15 mM Tris-HCI, 137 mM NaCl, pH 7.6) buffer. Sections were then
processed using MaxFluorTM Mouse on Mouse Fluorescence Detection Kit
(MaxFluor 488) following the manufacturer’s instructions. Briefly, sections were
blocked with ready-to-use protein blocking solution for 10 min, then with the
MaxMOM blocking reagent for 1 h at room temperature (RT). Sections were
washed with 1X TBS and incubated with the mouse anti-mouse activin A and rat
anti-mouse F4/80 or CD3 antibodies, all diluted in 1X TBS and incubated
overnight at 4 °C. Sections were then washed with 1X TBS and incubated with
the Fluorescence Signal Enhancer for 30 min, washed again and incubated for 1
hin dark at RT with the MaxFluor 488 labeled linker concentrate and AF546 goat
anti-rat IgG diluted in the fluorescent diluent. The slides were then washed with
1X TBS. To reduce auto-fluorescence, sections were incubated with 0.3% Sudan
Black B in 70% ethanol for 5 min. Finally, slides were washed and mounted with
coverslips in ProLong Gold Antifade mountant with DAPI. One section of each
sample served as a negative control and was incubated with the antibody diluent
in place of the primary antibody and showed no immunofluorescence signal.
Fluorescence images were taken using confocal laser scanning microscope 710
(Carl Zeiss, Gottingen, Germany). The number of triple positive cells in the
testicular sections was counted in fields chosen randomly. Each section was

quantified by two observers.

35



2.1.8. Immunofluorescence staining of macrophages and CCR2 in
human testicular sections

Double immunofluorescence staining for CCR2 and CD68 (a universal human
macrophage antigen) was performed on human testicular sections. 5 um paraffin
sections were deparaffinized in xylene, rehydrated in decreasing series of ethanol
and then rinsed in distilled water. Antigen retrieval was performed using pre-
warmed (37 °C) working proteinase K antigen retrieval solution (0.6 units/ml in
TE buffer) for 3 min. Afterwards, slides were washed in 1X TBS buffer and
blocked using 10% normal goat serum (NGS), 5% bovine serum albumin (BSA)
in TBS for 1.5 h. Finally, sections were then incubated with mouse anti- human
CD68 and rabbit anti - human CCR2 antibodies in 1X TBS overnight at 4 °C. Next
day, slides were washed in 1X TBS and incubated with AF546 goat anti-rabbit
IgG and AF488 goat anti-mouse 1gG F(ab)2, both diluted in 1X TBS for 1.5 h in
dark at RT. Sections were then washed and incubated with 0.3% Sudan Black B
in 70% ethanol for 5 min. Subsequently, slides were washed once more and
incubated with DAPI diluted 1:1000 in 1X TBS for 20 min. Finally, the slides were
washed once again and mounted with ProLong Gold Antifade mountant. One
section of each sample served as a negative control and was incubated with the
antibody diluent in place of the primary antibody and showed no
immunofluorescence signal. Fluorescence images were taken using confocal
laser scanning microscope 710. The number of triple positive cells in the testicular
sections was counted in fields chosen randomly. Each section was quantified by

two observers.

2.1.9. Immunofluorescence staining to detect cells and other
elements involved in the formation tertiary lymphoid organs
(TLO) in mouse tissues

In order to examine the presence of cells and factors important for TLO
composition, tissues were stained for several specific makers (Table 1). The
sections were deparaffinized and rehydrated as mentioned above, unspecific
binding sites were blocked and a panel of specific antibodies was utilized (Table

1). After adding the appropriate secondary antibodies and washing, 0.3% Sudan
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black in 70% ethanol was added to the sections for 5 min before finally washing

the slides and mounting with ProLong Gold Antifade Mountant containing DAPI.

All antibodies were diluted in 1X TBS. One section of each sample served as a

negative control and was incubated with the antibody diluent in place of the

primary antibody and showed no immunofluorescence signal.

Table 1. List of blocking

reagents,

antigen retrieval

combination of antibodies used for staining of TLO elements.

method and

Antibodies Blocking Antigen retrieval buffer Notes
Rat anti- mouse |10% NGS | Proteinase K solution (0.6

CD3e, rabbit anti- | and 5% BSA | units/ml in TE buffer pH 8.0) for 3

mouse CD19 min

Rabbit anti- mouse | 10% NGS | Proteinase K solution

CD45 and 5% BSA

Rabbit anti-mouse

10% NGS

Citrate buffer (10 mM, pH 6.0) for

Citrate Buffer

CD19, rat anti- and 5% BSA | 3 min in microwave at full power | (87.4 mM

mouse CD3e rat anti- sodium citrate

mouse MECA-79 dehydrate,

Alexa Fluor 647- 12.6 mM citric

conjugated acid, pH 6.0)

Rat anti-mouse | 10%BSA Citrate buffer

MECA-79, goat anti-

mouse CXCL13

Rabbit  anti-mouse | MaxMOM Proteinase K solution MaxFluorTM

CD19, mouse anti- | blocking Mouse on

mouse PCNA reagent Mouse
Fluorescence
Detection  Kit
(MaxFluor

488) was used
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Rabbit- anti mouse | 10%BSA Proteinase K solution
CD45, goat anti-
mouse PDPN

Rabbit anti-mouse | 10% NGS | Proteinase K solution
CD19, rat anti-mouse | and 5% BSA
F4/80

2.1.10. Immunofluorescence staining of plasma cells and IgA in

mouse tissues

Frozen epididymal sections (10 ym) from adult mice were fixed in ice-cold
methanol for 10 min and washed with 1X TBS 3 times for 5 min. Subsequently,
slides were blocked with 10% NGS and 5% BSA in TBS at RT for 1.5 h.
Afterwards, slides were incubated with a rat anti-mouse CD138 antibody. Next
day, sections were washed with 1X TBS and incubated with AF546 goat anti-rat
IgG at RT for 1 h. After washing, an FITC conjugated anti-mouse IgA antibody
was then added for 4 h before finally washing the slides and mounting with
ProLong Gold Antifade Mountant containing DAPI. One section of each sample
served as a negative control and was incubated with the antibody diluent in place
of the primary antibody and showed no immunofluorescence signal.

2.1.11. Generation of bone marrow-derived macrophages

In order to generate bone marrow derived macrophages (BMDM), BM progenitor
cells were isolated from femurs and tibias of 8-10 weeks old WT male mice.
Briefly, the tibia and femur were dissected using sterile instruments and muscles
were removed. The bones were washed multiple times in ice cold Dulbecco’s
phosphate buffered saline (DPBS). The femur and tibia were separated from
each other at the knee joint and were placed in DPBS containing 50 pg/mi
gentamicin. Both ends of the femur and tibia were removed, and then the cells
were flushed out with PBS containing gentamicin using a syringe with a needle

(femur — 24G, tibia - 30G). Progenitor cells were filtered through a 70 pum strainer.
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The cells were centrifuged at 300 x g for 10 min. The supernatant was discarded
and red blood cells were lysed by the addition of RBC lysis buffer for 5 min at RT.
The pellet was resuspended in complete RPMI-1640 (containing 10% FBS, 1%
penicillin/ streptomycin, 1% non-essential amino acids, 1 mM sodium pyruvate,
10 mM HEPES and 50 uM B-mercaptoethanol) and centrifuged again for 10 min
at 300 x g. Finally, the cells were diluted in complete RPMI-1640 and counted
using a Blrker chamber. 1 x 108 cells/ well were seeded in 6 well plates in a
volume of 2 ml of complete RPMI-1640 for 5 or 6 days. BMDM were generated
by using 50 ng/ml mouse recombinant macrophage-colony stimulating factor (M-
CSF). Moreover, the cells were stimulated with 50 ng/ml human recombinant
activin A or left untreated. After three days of culture, media were changed and
M-CSF and activin A were replaced. The supernatants were collected for protein
analysis using a Proteome Profiler assay. Cells were used either for RNA
isolation (6-day culture) or for co-culture with T cells (5-day culture).

2.1.12. Bulk RNA sequencing

A previously published transcriptomic dataset from BMDMs treated with activin
A, which was generated in previous study and is available in the GEO database
under accession code GSE210004 (Peng et al., 2022), was used to analyze the
chemokine expression changes in BMDMs after activin A treatment. RNA
sequencing was performed by Dr. Stefan Ginther at ECCPS Bioinformatics and
Deep Sequencing Platform in Max Planck Institute for Heart and Lung Research
(Bad Nauheim, Germany). The detailed method for Bulk RNA sequencing can be
found in (Peng et al., 2022).

2.1.13. Isolation of T cells

Spleens obtained from 8-10 weeks old WT male mice were placed in a Petri dish
and splenocytes were flushed out by injecting the tissue with DPBS. The cell
suspension containing splenocytes was aspirated using a syringe and filtered
through a 100 um strainer. After centrifugation (300 x g) and red blood cell lysis

as mentioned above, cells were washed in PBS and centrifuged again for 10 min.
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The obtained cell pellet was resuspended in sterile MACS Quant buffer (0.5%
BSA + 2 mM EDTA in DPBS) and the cells were counted. T cells were isolated
by negative selection using a mouse Pan T Cell Isolation Kit Il according to the
manufacturer’s instructions. This antibody cocktail labels unwanted cells, while T
cells are left unstained and can be used for subsequent cell culture. A maximum
of 1 x 108 splenocytes were used. The splenocytes were resuspended in MACS
Quant buffer and were filtered using 30 um strainer before proceeding with the
magnetic cell isolation. A biotin-labeled antibody cocktail (containing cocktail of
biotin-conjugated monoclonal antibodies against CD11b, CD11c, CD19, CD45R
(B220), CD49b (DX5), CD105, Anti-MHC class Il, and Ter-119), was added and
the cell suspension was incubated for 5 min at 4 °C. This labels all cells except T
cells. Afterwards MACS Quant buffer and magnetic anti-biotin microbeads were
added and incubated for 10 min at 4 °C. The cells were then subjected to
magnetic cell separation using MidiMACS™ Separator and LS columns. The LS
column was placed in magnetic field of the separator. The column was rinsed
with MACS Quant Buffer before the cell mixture was added to the column and
the flow through containing the T cells was collected. The column was washed
with MACS Quant Buffer. T cell purity (defined as CD45*CD3*) was evaluated
after T cell isolation and staining with appropriate antibodies (anti-CD45
VioGreen and anti-CD3¢e APC) by flow cytometry using MACS Quant 10 flow
cytometer. The purity of T cells ranged between 94 - 97%.

2.1.14. T cell stimulation

Isolated T cells were co-cultured with BMDM. 96 well flat - bottomed plates were
coated with 50 ul 10 pg/ml anti-mouse CD3 antibody in PBS overnight at 4 °C.
The following day, the wells were washed with 200 pl DPBS three times. 2 x 10°
T cells in 200 pl complete RPMI-1640 were added to each well containing 1ug/
ml anti-mouse CD28 antibody. T cells were cultured for 2 days before they were

collected, counted and used for co-culture with BMDM.
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2.1.15. Co-culture of T cells and BMDM

1 x 10° activated T cells diluted in 200 pl complete RPMI-1640 were added to 5
day old cultures of BMDM. T cells and BMDM were co-cultured for 2 days. In
order to block cytokine secretion, the cells were stimulated with cell stimulation
cocktail (CSC), a cocktail of phorbol 12-myristate 13-acetate (PMA) and
ionomycin used for polyclonal cell activation, for 6 h and addition of brefeldin A,
protein transport inhibitor, during the last 5 h of culture. No CSC or brefeldin A
were added for the collection of the conditioned media from co-culture

experiments.

2.1.16. Flow cytometry staining (co-culture)

Co-cultured cells were collected for flow cytometry analysis. 1 x 10° cells were
diluted in 1 ml DPBS and stained with 1 pl Fixable Viability Dye eFluor 450 for 30
min at 4 °C in the dark. Cells were centrifuged for 10 min at 300 x g. Cell surface
staining using anti-mouse CD45 VioGreen and anti-mouse CD3e APC
conjugated antibodies was performed in a total volume of 50 ul MACS Quant
Buffer for 20 min at 4 °C in the dark (Table 2). After that, MACS Quant buffer was
added to the staining reaction. The cells were then centrifuged at 300 x g for 10
min and the pellet was resuspended in MACS Quant buffer and Inside Fix (Inside
Stain Kit) for 20 min at RT in the dark to fix the cells. The cells were centrifuged
at 300 x g for 5 min, washed with MACS Quant buffer and then centrifuged again.
Inside Perm solution was added to permeabilize the cells and the cells were
centrifuged once more for 5 min. After that, cells were stained with the cytokine
antibodies (anti-TNF PerCP/Cy5.5 and anti-IFNy PE) resuspended in 100 pl
Inside Perm for 10 min at RT in the dark (Table 2). Subsequently, Inside Perm
was added, cells were centrifuged and then resuspended in 100 pl MACS Quant
buffer for measurement by flow cytometry (MACSQuant Analyzer 10). Data was
analyzed using FlowJo V10 software. After gating out cell debris, doublets and
nonviable cells, the cell population of interest was selected according to isotype

or negative controls.
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Table 2. Antibody panel used for flow cytometry analysis of murine T cells
from co-culture setting.

Laser Filter Channel Antibody and/or

fluorescent label

Violet 405 nm | 450/50 nm V1 Fixable Viability Dye
eFluor™ 450

525/50 nm V2 anti-CD45
VioGreen
Blue 488 nm 585/40 nm B2 anti-IFNy PE
655-730 nm B3 anti-TNF

PerCP/Cy5.5

Red 638nm 655-730 nm R1 anti-CD3¢ APC
2.1.17. Flow cytometry staining of cell suspension from cauda
epididymis

Cauda epididymides were digested in DPBS containing 1.5 mg/ml collagenase A
for 45 min at 37 °C in a heat block with shaking. After that, the cell suspension
was vortexed and using a syringe with 20G needle filtered through 70 um strainer.
Afterwards, DPBS was added and the cells were centrifuged for 10 min at 300 x
g. 1 x 10° cells were diluted in 1 ml DPBS and stained with 1 pl Fixable Viability
Dye eFluor 450 for 30 min at 4 °C in the dark. Cells were centrifuged and
incubated with mouse FcR blocking reagent for 10 min at 4 °C. This was followed
by staining with appropriate antibodies for 20 min at RT in the dark (Table 3).
Cells were centrifuged and then resuspended in 200 - 300 ul MACS Quant buffer
for flow cytometry measurement (MACSQuant Analyzer 10). Data was analyzed

by using FlowJo V10 software.
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Table 3. Antibody panel used for flow cytometry analysis of murine B cells
in the epididymis

Laser Filter Channel Antibody and/or
fluorescent label
Violet 405 nm | 450/50 nm V1 Fixable Viability Dye
eFluor™ 450
525/50 nm V2 anti-CD45 VioGreen
Blue 488 nm 585/40 nm B2 anti-CD3¢ PE
655-730 nm B3 anti-CD45R PE-
Vio615
750 nm LP B4 anti-CD19 PE-Vio770
Red 638 nm 655-730 nm R1 anti-CD138 APC
2.1.18. Proteome Profiler Mouse Chemokine Array

Conditioned media from BMDM and T cell co-cultures were collected and the
expression levels of selected mouse chemokines were analyzed using a Mouse
Chemokine Array Kit according to the manufacture’s protocol. Mouse Chemokine
Array is a rapid and sensitive proteome profiler assay to simultaneously detect
25 chemokines (CCL2, CCL3/CCL4, CCL5, CCL6, CCL8, CCL9, CCL11,CCL12,
CCL21, CCL22, CCL27, CCL28, CXCL1, CXCL2, CXCL9, CXCL10, CXCL11,
CXCL12, CXCL13, CXCL16, CX3CL1, Complement Component C5, Chemerin,
IL-16 and LIX) in conditioned media, cell and tissue lysates, and serum samples.
Briefly, Array Buffer 6 (blocking buffer) was added into each well of the 4-well
multi-dish along with the nitrocellulose membrane, captured with 25 different
antibodies which are printed in duplicate on the nitrocellulose membrane, and
incubated for 1 h at RT in a shaker. The conditioned media from the co-culture
experiments were mixed with the detection cocktail containing biotinylated
antibodies and incubated at RT for 1 h. After aspiration of the Array Buffer 6 from
the multi-dish, the prepared samples were added and incubated on a shaker
overnight at 4 °C. The membranes were then washed three times with wash

buffer on a shaker and streptavidin-HRP conjugate diluted in Array Buffer 6 was
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added and incubated for 30 min at RT. The membranes were washed and Chemi
Reagent Mix was added onto each membrane and incubated for 1 min at RT
before detecting the chemiluminescence signals on membranes using Fusion Fx
Imaging System. The average signal intensity of the spot duplicates was
determined, as follows. For each chemokine spot, the mean of background signal
was subtracted from the averaged integrated pixel density. The final signal
density was calculated by dividing the averaged integrated pixel density of each

chemokine spot by the averaged integrated pixel density of the reference spots.

2.1.109. RNA isolation from mouse testis, epididymis, BMDM and

human testicular biopsies

Total RNA was isolated from frozen mouse testis using the RNeasy Fibrous
Tissue Mini Kit and from mouse epididymis, BMDM and human testicular biopsies
using the RNeasy Mini Kit according to the manufacturer’s instructions.

Briefly, about 10 mg of each frozen mouse testis and epididymis or human testis
was homogenized in 350 ul RLT lysis buffer containing 1% B-mercaptoethanol
using stainless steel beads and a tissue lyser at 30 oscillations/ second for a
minimum of 3.5 min. The lysates were collected after centrifugation for 3 min at
20,000 x g.

For BMDM, the cell pellet was collected in 350 ul RLT Lysis buffer containing 1%
B-mercaptoethanol. Equal volume of 70% ethanol was added and then
transferred to RNeasy mini spin column. Columns were centrifuged at 14,000 x
g for 1 min and washed with RW1 wash buffer DNase digestion was performed
to get rid of genomic DNA (gDNA) on column using RNAase-Free DNase Set for
30 min at RT. Columns were washed once more with RW1 buffer, twice with RPE
buffer to precipitate RNA, followed by centrifugation for 2 min at 14,000 x g. RNA
was eluted in 20 — 30 yl RNase free water after centrifugation for 1 min at 14,000

X g. RNA concentration and quality was determined using NanoDrop ND2000.
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2.1.20. Reverse cDNA transcription

RNA isolated from human testicular samples and mouse BMDM, testis and
epididymis was reverse transcribed, as follows. 1 pg RNA was mixed with 2 pl 10
pM oligo dT and RNase-free water to final volume of 22 pl. The mixture was
heated for 10 min at 70 °C and then cooled on ice. A master mix was prepared
as follows: 8 ul M-MLV 5x RT buffer, 2 ul ANTP (10mM), 1 yl recombinant RNasin
ribonuclease inhibitor, and 7 pl of RNase free water. 22 pl of prepared RNA —
oligo dT reaction was mixed with 18 pl of master mix before adding 1 pl of M-MLV
reverse transcriptase (RNase (H-), point mutant) to each sample. Reverse
transcription was performed at 42 °C for 75 min. The enzyme was inactivated at

72 °C for 15 min and cDNA samples were stored at -20 °C for further analysis.

Note: RNA from UPEC-infected cauda epididymides was already isolated by
Dingding Ai, a PhD student working in our lab on P9 from IRTG, on the UPEC

model. | used this RNA for subsequent analysis.

2.1.21. Testing for presence of genomic DNA contamination and

for successful cDNA synthesis

The isolated RNA was checked for presence of contaminating gDNA and the
generated cDNA was checked for successful reverse transcription by
amplification of B-actin. Briefly, a master mix was prepared containing the
following: 5 ul 5X Green Go Taq Flexi buffer, 2 pl MgCI2 (25 mM), 0.5 pl dNTPs
(10 mM), 0.25 pl Go Taq Flexi polymerase and 0.5 pl of each B-actin forward and
reverse primer (10 pM), 15.25 pl distilled water. 1 pl of RNA or cDNA was added
to 24 pl of the master mix and PCR was run on a PCR thermocycler for 25 cycles

as presented in Table 4.
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Table 4. PCR program for B-actin amplification.

Cycles Step Time Temperature
°C)
1x Denaturation | 4 min 94
25x Denaturation | 40 sec 94
Annealing 40 sec 55
Elongation 40 sec 72
1x Inactivation | 10 min 72

The amplified products obtained from the PCR reaction were examined by using
an agarose gel. Briefly, 1.5% agarose gels were prepared by dissolving agarose
in 1X TAE buffer (10X TAE buffer: 40 mM Tris base, 20 mM acetic acid, 1 mM
EDTA, pH 8.0) in the microwave. After cooling, a few drops of ethidium bromide
(250 pg/ ml) were added to the agarose solution and gels were cast. The
amplified PCR products were mixed with 1X Blue/orange DNA loading dye and
were loaded next to a 100 bp DNA ladder. Gels were run in 1X TAE buffer at 110
V. The gel was examined using a UV transilluminator and photographed in a Gel
Jet Imager 2000 documentation system. Successfully reverse transcribed cDNA

samples showed a band with a B-actin amplification product of 156 bp. RNA

samples showed no PCR product as expected (Fig. 9).
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Figure 9. Representative agarose gel demonstrating successful digestion of genomic DNA
and cDNA synthesis. Total RNA was isolated from untreated, adjuvant-control and EAEO
mouse testis. The PCR products were amplified using B-actin primers. The representative
agarose gel of PCR amplicons for 3-actin in RNA samples showed no product amplification for 8
-actin in untreated (lane 1, 2), adjuvant-control (lane 3, 4) and EAEO testis (lane 5, 6, 7), which
indicated no genomic DNA contamination. The cDNA from the respective RNA samples showed
a B-actin band in untreated (lane 9, 10), adjuvant (lane 11, 12) and EAEO testis (lane 13, 14, 15),
which indicated that cDNA was successfully reverse transcribed. Splenocytes (lane 16) was used
as a positive control (PC) and a negative control (NC) containing RNase-free water (lane 8)
instead of RNA or cDNA template. 100 bp DNA ladder was used. The amplicon size of $-actin is
156 bp.

2.1.22. Quantitative RT - PCR (QRT-PCR)

gRT-PCR was performed using the CFX96 Touch real-time PCR detection
system. The master mix was prepared, as follows: 10 ul 2 X iTag Universal SYBR
Green supermix, 0.5 ul of 10 pM forward and reverse primers and 8 ul RNase
free water. 1 pl cDNA was used for the g-PCR. Relative gene expression was
calculated using the 2-24Ct method (Livak & Schmittgen, 2001). The relative
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expression (RE) was normalized to GAPDH for human testicular samples, to Hprt

for mouse BMDM and to Rplpo for mouse epididymis.

Note: Results for relative expression of Tnf in UPEC-infected cauda epidiymides

(all days excluding 21 and 28) were determined by Dingding Ai.

Table 5. gRT-PCR conditions

Number of cycles | Step Temperature Time
1 Denaturation 95 30
45 Denaturation 95 15
Annealing 55, 60 or 65 30
Elongation 72 30
Melt curve Dissociation 50 - 95 5

A melting curve analysis allowed for assessing the specificity of the qRT-PCR
assay. A single distinct peak in the plot indicates that the amplified double-
stranded DNA product is specific. A representative melting curve is shown in Fig.
10, which indicates a single specific peak for CCR5 product during the
amplification by gRT-PCR.
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Figure 10. Representative melting curve for CCRS5 transcript using as a template cDNA
from mouse bone marrow cells. Single peak represents single amplicon at 78°C.

Primer efficiency was validated by performing dilution series of cDNA samples

and by generating a linear standard curve (Fig. 11). Primer efficiencies were 90%
- 110% and R2>0.98.
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Figure 11. Representative qRT-PCR standard curve of CCR5 primer by using cDNA
template from mouse bone marrow cells. Dilutions (0, 1/10, 1/100, 1/1000) of cDNA were used
as the template for qRT-PCR reaction (triplicates). A standard linear curve was generated by

plotting Cq values against the log of dilution series. Primer efficiency for CCR5 was 98.3 % and
R2=10.991.
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2.1.23.

expression by PCR array in mouse testis

Screening of chemokines and receptors mRNA

RNA isolated from the mouse testis was used to analyze the mRNA expression
of chemokines and their receptors using a Mouse Chemokines & Receptors RT?
Profiler PCR Array. This array profiles the expression of 84 selected genes that
encode chemokines and their receptors. RT? Profiler PCR Arrays 96-well plates
contain customizable primer assays for 84 genes of interest (Table 6). In addition
to selected primers for the genes of interest, the array includes 5 different
housekeeping genes (Actb, B2m, Gapdh, Gusb and Hsp90ab1l) (Table 6).

Table 6. List of gene included in Mouse Chemokines & Receptors RT2
Profiler PCR Array

UniGene GenBank [Symbol Description

Mm.247623 NM_007577 (C5arl Complement component 5a receptor 1
Mm.258105 NM_021609 |Ccbp2 Chemokine binding protein 2
Mm.1283 NM_011329 [Ccll Chemokine (C-C motif) ligand 1
Mm.4686 NM_011330 [Ccl1l Chemokine (C-C motif) ligand 11
Mm.867 NM_011331 [Ccl12 Chemokine (C-C motif) ligand 12
Mm.41988 NM_011332 (Ccl17 Chemokine (C-C motif) ligand 17
Mm.424740 NM_011888 [Ccl19 Chemokine (C-C motif) ligand 19
Mm.290320 NM_011333 (Ccl2 Chemokine (C-C maotif) ligand 2
Mm.116739 NM_016960 (Ccl20 Chemokine (C-C motif) ligand 20
Mm.12895 NM_009137 [Ccl22 Chemokine (C-C motif) ligand 22
Mm.31505 NM_019577 (Ccl24 Chemokine (C-C motif) ligand 24
Mm.7275 NM_009138 [Ccl25 Chemokine (C-C motif) ligand 25
Mm.376459 l;lll\/lz_001013 Ccl26 Chemokine (C-C motif) ligand 26
Mm.143745 NM_020279 (Ccl28 Chemokine (C-C motif) ligand 28
Mm.1282 NM_011337 [Ccl3 Chemokine (C-C motif) ligand 3
Mm.244263 NM_013652 [Ccl4 Chemokine (C-C motif) ligand 4
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Mm.284248 NM_013653 [Ccl5 Chemokine (C-C maotif) ligand 5

Mm.137 NM_009139 (Ccl6 Chemokine (C-C maotif) ligand 6

Mm.341574 NM_013654 (Ccl7 Chemokine (C-C motif) ligand 7

Mm.42029 NM_021443 (Ccl8 Chemokine (C-C motif) ligand 8

Mm.416125 NM_011338 [Ccl9 Chemokine (C-C motif) ligand 9

Mm.274927 NM_009912 |Ccrl Chemokine (C-C motif) receptor 1

Mm.8021 NM_007721 |Ccrl0 Chemokine (C-C motif) receptor 10

Mm.423532 NM_007718 (Ccrlll Chemokine (C-C motif) receptor 1-like 1

Mm.6272 NM_009915 |Ccr2 Chemokine (C-C motif) receptor 2

Mm.57050 NM_009914 (Ccr3 Chemokine (C-C motif) receptor 3

Mm.1337 NM_009916 (Ccrd Chemokine (C-C motif) receptor 4

Mm.14302 NM_009917 |Ccr5 Chemokine (C-C motif) receptor 5

Mm.8007 NM_009835 (Ccr6 Chemokine (C-C motif) receptor 6

Mm.2932 NM_007719 (Ccr7 Chemokine (C-C motif) receptor 7

Mm.442098 NM_007720 |Ccr8 Chemokine (C-C motif) receptor 8

Mm.440604 NM_009913 |Ccr9 Chemokine (C-C motif) receptor 9

Mm.269254 NM_145700 (Ccrll Chemokine (C-C motif) receptor-like 1

Mm.7336 NM_017466 (Ccrl2 Chemokine (C-C motif) receptor-like 2

Mm.5196 NM_008153 Cmkirl Chemokine-like receptor 1

Mm.272746  |NM_027022 Cmtm2a goﬁii_riiil:qeg 2'AI\\/IARVEL transmembrane domain
Mm.390108  |NM_024217 Cmtm3 ((::O%Zi-riiilgeg ; MARVEL transmembrane domain
Mm.383258  |NM_153582 [Cmtm4 ((::O%Zi-riiilgeg . MARVEL transmembrane domain
Mm. 41614 NM_026066 [Cmtm5 c(::o%gi_r!iil:% . MARVEL transmembrane domain
Mm. 28858 NM_026036 (Cmtm6 E;(nlzzi-rl]iilﬁ]eg 3 MARVEL transmembrane domain
Mm.103711 NM_009142 |Cx3cl1 Chemokine (C-X3-C motif) ligand 1

Mm.44065 NM_009987 |Cx3crl Chemokine (C-X3-C) receptor 1

Mm.21013 NM_008176 [Cxcll Chemokine (C-X-C motif) ligand 1
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Mm.877 NM_021274 |Cxcl10 Chemokine (C-X-C motif) ligand 10
Mm.131723 NM_019494 (Cxcl11 Chemokine (C-X-C motif) ligand 11
Mm.303231 NM_021704 [Cxcl12 Chemokine (C-X-C motif) ligand 12
Mm.10116 NM_018866 [Cxcl13 Chemokine (C-X-C motif) ligand 13
Mm.30211 NM_019568 [Cxcl14 Chemokine (C-X-C motif) ligand 14
Mm.64326 NM_011339 [Cxcl15 Chemokine (C-X-C motif) ligand 15
Mm.425692 NM_023158 [Cxcl16 Chemokine (C-X-C motif) ligand 16
Mm.4979 NM_009140 [Cxcl2 Chemokine (C-X-C motif) ligand 2
Mm.244289  [NM_203320 [Cxcl3 Chemokine (C-X-C motif) ligand 3
Mm.4660 NM_009141 (Cxcl5 Chemokine (C-X-C motif) ligand 5
Mm.766 NM_008599 (Cxcl9 Chemokine (C-X-C motif) ligand 9
Mm.337035 NM_ 178241 |Cxcrl Chemokine (C-X-C motif) receptor 1
Mm.234466 NM_009909 [Cxcr2 Chemokine (C-X-C motif) receptor 2
Mm.12876 NM_009910 [Cxcr3 Chemokine (C-X-C motif) receptor 3
Mm.1401 NM_009911 (Cxcr4 Chemokine (C-X-C motif) receptor 4
Mm.6246 NM_007551 [Cxcr5 Chemokine (C-X-C motif) receptor 5
Mm.124289 NM_030712 [Cxcr6 Chemokine (C-X-C motif) receptor 6
Mm.6522 NM_007722 |Cxcr7 Chemokine (C-X-C motif) receptor 7
Mm.6393 NM_010045 Darc Duffy blood group, chemokine receptor
Mm.56951 NM_013521 [Fprl Formyl peptide receptor 1
Mm.391108 ggl,\/ll_001025 Gprl7 G protein-coupled receptor 17
Mm.3879 NM_010431 Hifla Hypoxia inducible factor 1, alpha subunit
Mm.240327 NM_008337 |Ifng Interferon gamma

Mm.10137 NM_010551 (116 Interleukin 16

Mm.222830 NM_008361 |ll1b Interleukin 1 beta

Mm.276360 NM_021283 |14 Interleukin 4

Mm.1019 NM_031168 (II6 Interleukin 6

Mm.262106 NM_008401 |tgam Integrin alpha M

Mm.1137 NM_008404 |ltgb2 Integrin beta 2
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Mm.196581 NM_011949 Mapkl Mitogen-activated protein kinase 1
Mm.311337 NM_011951 Mapk14 Mitogen-activated protein kinase 14
Mm.332490 NM_019932 |Pf4 Platelet factor 4

Mm.293614 NM_023785 |Ppbp Pro-platelet basic protein

Mm.289739 NM_178804 Slit2 Slit homolog 2 (Drosophila)

Mm.248380 NM_011577 [Tgfbl Transforming growth factor, beta 1
Mm.87596 NM_011905 [TIr2 Toll-like receptor 2

Mm.38049 NM_021297 [Tir4 Toll-like receptor 4

Mm.1293 NM_013693 [Tnf Tumor necrosis factor

Mm.287977 NM_138302 [Tymp Thymidine phosphorylase

Mm.190 NM_008510 [Xcl1 Chemokine (C motif) ligand 1

Mm.390241 NM_011798 [Xcrl Chemokine (C motif) receptor 1

Mm.328431 NM_007393 |Actb Actin, beta

Mm.163 NM_009735 B2m Beta-2 microglobulin

Mm.343110 NM_008084 |Gapdh Glyceraldehyde-3-phosphate dehydrogenase
Mm.3317 NM_010368 |Gusb Glucuronidase, beta

Mm.2180 NM_008302 [Hsp90ab1 rl;ﬁit]bser:olck protein 90 alpha (cytosolic), class B

Moreover, one well was used for genomic DNA control to detect non-transcribed
genomic DNA contamination with a high level of sensitivity, 3 wells contained
reverse-transcription controls to test the efficiency of the reverse-transcription
reaction and additional 3 wells incorporated positive PCR controls, which consists
of a predispensed artificial DNA sequence. This control is needed to estimate the

efficiency of the polymerase chain reaction itself.

Testicular RNA was subjected to genomic DNA elimination step according to the
protocol for RT? First Strand Kit, which contains a proprietary buffer to eliminate
any residual genomic DNA contamination in RNA samples. Briefly, 1 uyg RNA was
treated to digest genomic DNA. 2 ul buffer GE was used and RNase-free water
was added to a final volume of 10 pl. The reaction mixture was incubated for 5

min at 42 °C and placed on ice for at least one minute. Reverse transcription mix
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was prepared as follows: 4 ul 5X buffer BC3, 1 pl control P2, 2 pul RE3 reverse
transcriptase mix, 3 pl RNase-free water. 10 pl of the reverse transcriptase mix
was added to 10 pl genomic DNA elimination mix. This was followed by
incubation at 42 °C for 15 min. The reaction was stopped by incubating at 95 °C
for 5 min, followed by adding 91l RNase-free water. Before proceeding with the
PCR, the generated cDNA was checked for successful reverse transcription by
B-actin amplification as mentioned above. The PCR components mix was
prepared as follows: 1350 pl 2X RT? SYBR Green Mastermix, 102 pl cDNA, 1248
pl RNase-free water. 25 pl of PCR components mix was added to each well of

the 96-well array plate.

Based on the preliminary results obtained from the Mouse Chemokines &
Receptors RT2 Profiler PCR Array, a customized PCR array was also used to
assess the relative expression of 27 selected chemokines and receptors (Ccrl,
Ccr2, Ccr3, Ccr5, Ccr6, Ccrl0, Cx3crl, Cx3cll, Ccll, Ccl3, Ccl4, Ccl5, Ccl6,
Ccl7, Ccl8, Ccl9, Ccl11, Ccl12, Ccl22, Cxcr3, Cxcr5, Cxcll, Cxcl4, Cxcl9 Cxcl13,
Cxcl14 and Cxcl16) that were changed more than three-fold in EAEO testis
compared to adjuvant controls. Relative gene expression was calculated using
the 2-22Ct method as mentioned above. The relative expression was normalized

to B-actin.

2.1.24. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad
Software, San Diego, USA). All data are presented as mean + standard error of
mean (SEM) and were tested for normal distribution and equal variance.
Statistical differences between two groups was determined using student’s t-test
(Gaussian distribution) or Mann Whitney test (non-parametric distribution).
Differences between multiple groups were determined using one-way or two-way
Analysis of Variance (ANOVA) followed by Tukey’s comparisons test (Gaussian
distribution) or Kruskal-Wallis test followed by Dunn’s multiple comparisons test
(non-parametric distribution). p-values <0.05 were considered as significantly

different.
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3. Results

3.1.The chemokine network was altered in EAEO testis

Induction of EAEO in WT mice led to destruction of the seminiferous tubules and
severe alteration of the testicular morphology, as previously reported (Kauerhof
et al., 2019; Nicolas et al., 2017a; Peng et al., 2022). The atrophic seminiferous
tubules displayed sloughing of germ cells and thickened lamina propria

accompanied by extensive interstitial fibrosis and immune cell infiltration (Fig.
12).

untreated adjuvant

AT

Figure 12. EAEO damages the testicular architecture. Representative photomicrographs of
azan stained paraffin sections from untreated (A, D), adjuvant control (B, E) and EAEO (C, F)
testis in WT mice 50 days from the immunization.

In order to determine whether EAEO affects the expression of chemokines and
their receptors in the testes, an initial mMRNA screen using a RT? Profiler PCR
Array was performed. A preliminary analysis of 84 chemokine and chemokine
receptor related genes (Fig. 13) was performed on one EAEO and one adjuvant
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control testis. This preliminary analysis was performed in order to select from the

chemokines which would be of interest to investigate in EAEO testis.
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Figure 13. Expression of several chemokines and their receptors was altered in EAEO
testis. Heatmap generated from the analysis of MRNA expression of one EAEO and one adjuvant
control testis 50 days from the immunization using the Mouse Chemokines & Receptors RT2
Profiler PCR Array profiling the expression of 84 genes encoding selected mouse chemokines
and their receptors. The numbers represent the log2 fold change (FC) from control.

A total of 27 genes that were more than 3-fold changed and identified as
important for macrophage and T cell trafficking were selected for further analysis
using a customized RT? Profiler PCR Array (Table 7). Cxcr5 (-1.53 fold
regulation) was selected because it is the receptor for Cxcl13, which was the
gene with the largest increase among the 84 genes analyzed. Ccl2, Cxcl12 and
Cxcr4, which changed by more than 3-fold and are essential for macrophage
trafficking, were not selected as they had been assessed previously in published

studies from our lab (Peng et al., 2022).

Table 7. List of genes selected for further analysis using a customized RT?
Profiler PCR Array

Gene
Symbol log2FC
Cxcl13 63.05
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Ccl6 36.57
Ccl7 17.14
Cxcr3 15.15
Ccr2 15.06
Ccrl0 14.03
Ccr3 13.91
Ccl4 12.45
Ccrl 12.31
Ccl9 11.34
Ccrbs 10.13
Ccl12 8.05
Cxcll 7.74
Ccl8 7.71
Pf4 7.44
Cxcl9 6.8
Ccl5 5.97
Cxcl14 5.88
Ccl11 5.23
Ccl3 4.44
Cxcl16 4.37
Ccll 4,15
Cx3crl 3.96
Cx3cl1 3.85
Ccl22 3.65
Cxcrb -1.53
Ccrb -3.91

The mRNA expression of CC chemokine receptors (Ccrl, Ccr2, Ccr3 and Ccrb),
known to be expressed on macrophages and T cells (Fig. 14), was significantly
increased in EAEO testis as compared to control samples. Moreover, mRNA
expression of the respective ligands, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, Ccl8, Ccl9,
Cclll, Ccll2 and Ccl22 (Hughes and Nibbs, 2018), was also significantly

elevated in EAEO testis in comparison to controls.
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Figure 14 Expression of CC chemokines responsible for macrophages and T cell
chemotaxis increased in EAEO WT testis. Relative expression (RE) of Ccrl, Ccr2, Ccr3, Ccr5,
Ccr6, Ccrl0, Ccll, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, Ccl8, Ccl9, Cclll, Ccl12 and Ccl22 mRNA was
analyzed by a customized Mouse Chemokines & Receptors RT? Profiler™ PCR Array in
untreated, adjuvant control and EAEO testis from WT mice 50 days from the immunization and
normalized to B-actin (n = 6; mean + SEM). Statistical analyses used Kruskal-Wallis test followed
by Dunn’s multiple comparison test or one-way ANOVA followed by Tukey’s multiple comparison
test (*P<0.05, *P<0.01, ***P<0.001, ****P<0.0001).

Furthermore, mRNA expression of Cx3crl and its ligand Cx3cll, which are

essential for migration and adhesion of macrophages (Bazan et al., 1997) was

significantly increased in EAEO testis as compared to control testis (Fig. 15). The

MRNA expression of Cxcr3, a member of the CXC chemokine receptors, which

plays a key role in T cell trafficking (Hughes and Nibbs, 2018), as well its ligands

Cxcl4 and Cxcl9 was significantly increased in EAEO testis as compared to
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control groups. The mRNA expression of other members of the CXC chemokine
ligand family involved in monocyte and T cell migration and in angiogenesis,

including Cxcl1, Cxcl14 and Cxcl16 was significantly increased as well (Fig. 15).
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Figure 15. Expression of CXC and CX3C chemokines was altered in EAEO WT testis.
Relative expression (RE) of Cxcr3, Cxcr5, Cx3crl, Cx3cl1, Cxcll, Cxcl4, Cxcl9, Cxcl13, Cxcll4
and Cxcl16 mRNA was analyzed by customized Mouse Chemokines & Receptors RT? Profiler™
PCR Array in untreated, adjuvant control and EAEO testis from WT mice 50 days from the
immunization and normalized to 8-actin (n = 6; mean + SEM). Statistical analyses used Kruskal—
Wallis test followed by Dunn’s multiple comparison test or one-way ANOVA followed by Tukey’s
multiple comparison test (*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001).

The mRNA expression of receptors involved in B -cell (Ccr6, Cxcr5) and T -cell
(Ccr4, Ccr6) trafficking was decreased in EAEO testis as compared to controls
(Fig. 13, 14, 15). The mRNA expression of ligand for Cxcr5 - Cxcl13, was more
than 100-fold increased in EAEO testis compared to control testis (Fig. 15).
Relative expression of Ccl1, a ligand for Ccr8 expressed on T cells, as well as
Ccrl10, important for homing of plasma cells, was not significantly changed (Fig.

15). These results indicate enhanced expression of the chemokine—chemokine
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receptor axis involved in monocyte/macrophage and T cell migration and thus

enhanced trafficking of these immune cells to the inflammatory site.

3.2.Chemokines responsible for macrophage trafficking, specifically
CCR2, were highly elevated in human testicular biopsies with

impaired spermatogenesis and focal leukocytic infiltrates

In order to define the clinical relevance of the findings from the mouse model
outlined in the previous section, the expression of chemokines and their receptors
involved in the trafficking of monocytes/macrophages and T cells was evaluated
in human biopsies with diagnosed signs of testicular inflammation. The mRNA
expression of the monocyte/macrophage chemoattractant CCL2 and its receptor
CCR2 was significantly increased by 10- and 5-fold, respectively, in human
biopsies with impaired spermatogenesis and focal leukocytic infiltrates compared
to biopsies with intact spermatogenesis lacking leukocyte infiltration (controls)
(Fig 16). Notably, the comparison of mMRNA expression levels of all chemokine
receptors analyzed in mouse testis revealed that Ccr2 shows the highest
expression (above 30 - fold increase) in EAEO WT testis (Fig 14). Consistent
with the mouse data, CCR1, CCR5 and CXCL13 mRNA expression were
significantly increased in the testis of patients with disturbed spermatogenesis
(Fig. 16).

CCR1 CCR2 CCR5 CCL2 CXCL13
N S— —kkk —kkk 3 S —kkk

40 " 40 T 501 L] 1501

I
o
1

40 1

w
o
1

301 301
1004

30 ] control

204 . 204 E leukocyte infiltration
. 201

mMRNA RE
N
o

501
.
]

Figure 16. Expression of chemokines involved in macrophage trafficking was increased in
human testicular biopsies with focal leukocyte infiltrates. Relative expression (RE) of CCR1,
CCR2, CCR5, CCL2 and CXCL13 mRNA was determined by gqRT-PCR in human testicular
biopsies with impaired spermatogenesis and focal leukocytic infiltrates (n = 17, except for CCR1
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n = 14) and control testicular samples with normal spermatogenesis and no signs of inflammation
(n =9, except for CCR1 n = 8), normalized to GAPDH; (mean + SEM). Statistical test used Mann-
Whitney test (*P<0.05, **P<0.01, ***P<0.001).

Considering that CCR2 was significantly increased in EAEO testis as well as in
human testicular biopsies accompanied by leukocytic infiltration, it was of interest
to examine the identity of cells expressing CCR2 in inflammatory conditions.
Histology of biopsies with impaired spermatogenesis showed that immune cell
infiltrates were present in several locations (in interstitial space, inside tubule)
and patterns (scattered, diffuse) in the testis (Fig. 17).

Figure 17. Hematoxylin & Eosin staining of representative human testicular biopsies. Intact
spermatogenesis and no signs of inflammation (A) and biopsies with impaired spermatogenesis
and leukocyte infiltrates (B, C, D, E, F). Arrows and broken lines highlight the presence of immune
cell infiltration.

Immunofluorescence staining of testicular macrophages (CD68*) in combination
with  CCR2 in human biopsies revealed that, in sections showing intact
spermatogenesis, the majority of CD68* cells were negative for CCR2 (Fig. 18A).
However, in human testicular biopsies with signs of inflammation, CCR2
expression was visibly increased and CD68* macrophages expressing CCR2

were located within interstitial spaces and peritubular niches (Fig. 18B, C, D, E,
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G) and, in some patients, within the seminiferous tubules (Fig. 18B). In sections

displaying severe fibrosis, the macrophages did not show CCR2 expression (Fig.
18F).
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Figure 18. Macrophages expressing CCR2 were increased in human testicular biopsies
with focal leukocytic infiltrates. Immunofluorescence staining of macrophages (CD68, green)
and CCR2 (red) and DAPI fluorescence (blue) of representative human testicular biopsies
showing intact spermatogenesis and no signs of inflammation (A) and biopsies with impaired
spermatogenesis and leukocytic infiltrates (B, C, D, E, F). Arrows point to macrophages positive
for CCR2. Scale bars represent 50 ym. Negative control sections were incubated only with the
antibody diluent in place of the primary antibody and showed no immunofluorescence signal.
Quantification of CD68+CCR2+ macrophages determined by counting of triple positive
immunofluorescence stained cells (CD68, green; CCR2, red; DAPI, blue) in paraffin sections from
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human testicular biopsies (G; n = 3 - 5 £ SEM). Statistical analysis was performed using the Mann-
Whitney test (*P<0.05).

3.3.In the absence of CCR2, EAEO-induced alterations in the expression
of chemokines and their receptors involved in macrophage and T

cell migration were reduced

Since the results in EAEO testis and human testicular biopsies containing focal
inflammatory infiltrates showed increased expression of chemokines, especially
CCRZ2, it became of interest to elucidate the importance of CCR2 signaling in the
recruitment of immune cells to the testis and expression of chemokines and their
receptors during testicular inflammation. In order to do so, the expression of
previously analyzed molecules was examined in EAEO mice deficient for Ccr2,
which exhibit defective monocyte macrophage infiltration. Absence of CCR2
protected mice from the destructive characteristics of EAEO and demonstrated

decreased testicular inflammatory responses (Fig. 19) (Peng et al., 2022).

untreated adjuvant EAEO
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Figure 19. CCR2 deficiency protected the testis from inflammation. Representative
photomicrographs of azan staining in paraffin sections from untreated (A, D), adjuvant control (B,
E) and EAEO (C, F) testis in Ccr2’- mice 50 days from the immunization.

EAEO testis from Ccr2-- mice exhibited lower mRNA expression of Ccrl, 2, 3,5
and 10 along with some of their ligands Ccl4, Ccl5 and Ccl1l1l compared to WT
EAEO testis (Fig. 20). In contrast, Ccr6 mRNA expression was not significantly
changed in absence of Ccr2 in EAEO testis as compared to WT EAEO controls.
Ablation of Ccr2 significantly downregulated the mRNA expression of Ccr2
ligands Ccl8 and Ccl12, but not Ccl7 in EAEO testis. In the absence of Ccr2,
MRNA expression of Ccl22, produced by macrophages, was significantly
downregulated in EAEO testis. The ablation of Ccr2 did not affect the mRNA
expression of Ccll nor Ccl3, Ccl6 and Ccl9, ligands for Ccrl. The expression of
Cx3crl and its ligand Cx3cll was significantly downregulated in Ccr2”/- EAEO
testis compared to WT EAEO mice. The mRNA expression of Cxcr3 as well as
its ligand Cxcl4, but not Cxcl9, was significantly decreased in the absence of
Ccr2. Chemokines known to be secreted by macrophages, Cxcl13 and Cxcl16,
but not Cxcll or Cxcl14 demonstrated lower mRNA expression in Ccr2’- EAEO
testis compared to WT EAEO testis. Finally, the relative expression of Cxcr5 (the
receptor for Cxcl13) was not significantly changed. These data indicate that
CCR2 signaling is required for the recruitment of macrophages and T cells to the

testis during inflammatory conditions.
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Figure 20. Expression of macrophage and T cell chemokines was reduced in EAEO testis
in the absence of CCR2 signaling. Relative expression (RE) of Ccrl, Ccr2, Ccr3, Ccr5, Ccr6,
Ccrl0, Ccl1, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, Ccl8, Ccl9, Ccl11, Ccl12, Ccl22, Cx3crl, Cx3cll, Cxcr3,
Cxcr5, Cxcll1, Cxcl4, Cxcl9, Cxcll13, Cxcl14 and Cxcl16 mRNA was determined using customized
Mouse Chemokines & Receptors RT? Profiler™ PCR Array in untreated, adjuvant control and
EAEO testis from WT and Ccr2~~mice 50 days from the immunization and normalized to B-actin
(n = 6). The results are presented as a heatmap. For simplicity, statistical analysis displayed in
the heatmap are limited to between EAEO group from WT and Ccr2”, however, the statistical
analysis was performed on whole data sets from all investigated groups (untreated, adjuvant

control and EAEOQO) using two-way ANOVA followed by Tukey’s test (*P<0.05, **P<0.01,
***P<0.001, ***P<0.0001).

3.4.Activin A altered expression of chemokines involved in macrophage
trafficking

Recently, we have demonstrated that activin A plays an active role in the
testicular inflammatory response and fibrotic remodeling and is able to induce
CCR2 expression in macrophages (Nicolas et al., 2017a; Nicolas et al., 2017b;
Kauerhof et al., 2019, Peng et al., 2022). Based on these observations, the direct

effect of activin A on macrophages using an established in-vitro culture of bone
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marrow-derived macrophages (BMDM) acting as a surrogate of testicular
macrophages (TM) was investigated (Peng et al., 2022) (Fig. 21A). Although
BMDM and TM mostly display similar gene expression profiles when not
stimulated, differences exist between the two. TM display IL-10 expression as
opposed to BMDM when not stimulated. TM exhibit reduced pro-inflammatory
responses following LPS stimulation as evident by their lower expression of TNF-
a, IL-18 and IL-6 compared to BMDM. Stimulation of TM seems to favor an
alternatively activated phenotype over classically activated phenotype. BMDM,
on the other hand, are capable of being classically activated as well as being

alternatively activated (Winnall et al., 2011).

Whole transcriptomic analysis of previously generated dataset (GSE210004;
Peng et al. 2022) revealed that activin A regulated the expression of multiple
chemokine receptors and their ligands in BMDM (Fig. 21B, C). Dr. Stefan
Gunther (ECCPS Bioinformatics and Deep Sequencing Platform, Max Planck
Institute for Heart and Lung Research, Bad Nauheim, Germany) performed the
analysis. In the presence of activin A during BMDM differentiation, gene
expression of Ccrl, Ccr2, Ccr5 and Cx3crl was elevated. In contrast,
chemokines Ccl2, Ccl3, Ccl4, Ccl6, Ccl7, Ccl8, Ccll2 and Ccl22 were
downregulated (Fig. 21B, C). Upon activin A treatment, CXC ligands Cxcl9 and
Cxcl14 were upregulated, but their receptor Cxcr3 was downregulated. These
effects were abolished by addition of follistatin (FST). Notably, untreated (CTRL),
FST-alone or FST + activin A-treated BMDM showed similar gene expression
levels, which differed from those in activin A-treated BMDM (Fig. 21B). These
results indicate an important role of activin A in the regulation of the chemokine

network in the macrophages.
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Figure 21. Activin A altered expression of chemokines involved in macrophage trafficking.
Experimental design for BMDM generation and in-vitro treatment, created using BioRender (A).
Heatmap from whole transcriptomic analysis of the previously generated dataset (GSE210004;
Peng et al. 2022). Bone marrow progenitor cells from WT mice were treated with M-CSF and
were left untreated or treated with 50 ng/ml activin A (Act), 250 ng/ml FST288 (FST), or a
combination of both (Act+FST). (B). Heat map showing expression of the top 50 differentially
expressed genes (DEGs) enriched for the term “Chemokine signaling pathway” in CTRL, Act,
Act+FST, and FST groups (based on false discovery rate>0.05 and minimal count humber>5)
from the KEGG pathway database presented with Z-score normalization. Relative expression
(RE) of Ccr5, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, Ccl8, Ccl12, Cxcll, Cxcl2, Cxcll4 and Cxcl16 mRNA
measured by gRT-PCR (C) in activin A-treated BMDM or BMDM without activin A treatment
(control) and normalized to expression of Hprt. (n=6; mean + SEM). Statistical test used: Mann-
Whitney test or student’s t-test (*P<0.05, **P<0.01).

3.5.Activin A indirectly suppressed the pro-inflammatory profile of T
cells

Activin A is a major regulator of macrophage development and function and is
also secreted by macrophages (Hedger & de Kretser, 2013). In the testis, activin
A secreted by macrophages can influence other immune cells, such as T cells,
which are anatomically located in very close proximity to testicular macrophages
(Han et al., 2016; Locci et al., 2016; Morianos et al., 2019; Semitekolou et al.,
2009). For this reason, the effects of activin A on chemokine expression in a co-
culture of isolated T cells with BMDM were further investigated (Fig. 22, 23). The
purity of the isolated T cells used in the co-culture ranged between 94 - 97% (Fig.
22).
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Figure 22. Representative flow cytometry plots of CD3* T cells before (A) and after
enrichment (B) using a mouse Pan T Cell Isolation Kit Il. Histogram showing the percentages
of T cells before and after enrichment using mouse Pan T Cell Isolation Kit Il (C) (n=6, mean %
SEM).
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Figure 23. Co-culture of T cells with BMDM. Experimental setting for generation of BMDM and
co-culture with T cells. Enriched T cells were added to 5-day-old activin A-treated or untreated
BMDM (control) and were co-cultured for 2 days. Figure created with BioRender.

Conditioned media collected from T cells co-cultured with activin A-treated
BMDM were applied to a proteome profiler assay, which semi-quantitatively
measures released chemokines. Secretion of CCL2, CCL3/4, CCL12, ligands
that mainly bind to CCR1 and CCR2, and CXCL2 was significantly lower in the
conditioned media from T cells co-cultured with activin A-treated BMDM as
compared to co-culture with untreated BMDM (Fig. 24). In contrast, the levels of
CXCL16, a chemokine involved in the attraction of T cells, were higher in
presence of activin A in co-culture. Treatment of BMDM with activin A had no
influence on the production of CCL5, CCL6, CCL8 and CCL9 in co-culture with T
cells (Fig. 24).
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Figure 24. Activin A altered chemokine expression in co-cultures of T cells and BMDM.
Representative dot blot membrane incubated with conditioned media from co-cultures of T cells
with activin A-treated BMDM or untreated BMDM (A). Profiles of integrated pixel density divided
by reference pixel density (B) obtained using a chemiluminescence imaging system and image
analysis software (ImageJ software). (n = 3; mean = SEM). Statistical analysis used: unpaired t-
tests (*P<0.05, **P<0.01).

T cells co-cultured with activin A-treated BMDM were analyzed using flow
cytometry for the induction of pro-inflammatory cytokines. T cells co-cultured with
activin A-treated BMDM showed significantly lower induction of pro-inflammatory
cytokine TNF compared to T cells cultured with untreated BMDM. In contrast,
production of IFN-y was decreased although this decrease was not significant
(Fig. 25A, B). The importance of macrophages for the effect of activin A on the
production of TNF and IFN-y by T cells was confirmed during stimulation of T
cells by activin A alone, where no effect on the induction of both cytokines was
observed (Fig.25C, D). These results suggest that activin A related effects on

TNF production by T cells are directed through macrophages.
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Figure 25. Activin A indirectly decreased the pro-inflammatory profile of T cells.
Representative flow cytometry plots for TNF* and IFNy* CD3* T cells co-cultured with activin A-
treated or untreated BMDM (A). Percentages of TNF* and IFNy* CD3* T cells (B) were
determined after gating out doublets and nonviable cells (n = 7; mean + SEM). Statistical test
used: Student’s t-test (*P<0.05). Representative flow cytometry plots for TNF* and IFNy* CD3* T
cells cultured with or without activin A (C). Percentages of TNF* and IFNy* CD3* T cells (D) were
determined after gating out doublets and nonviable cells (n = 7; mean + SEM). Statistical test
used: Student’s t-test (*P<0.05).
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3.6.Macrophages expressing activin A were increased in EAEO testis

Given that activin A can influence chemokine expression and is implicated in
EAEO development and progression (Nicolas et al., 2017a; Kauerhof el al., 2019;
Peng et al., 2022), it was of interest to explore the identity of cells expressing
activin A in EAEO testis. A double immunofluorescence staining of activin A with
macrophage (F4/80) or T cell (CD3) markers was performed in testis sections.
Activin A staining in untreated and adjuvant control WT testis was observed in
the cytoplasm of Sertoli cells, and interstitial and peritubular macrophages (Fig.
26A, C, D). However, in EAEO testis, activin A staining was not present in all
seminiferous tubules, in contrast to tubules in normal testis. Interstitial
macrophages expressing activin A were markedly increased in EAEO testis.
Some macrophages could also be seen inside the seminiferous tubules and
these were also positive for activin A (Fig. 26B, E, J). In Ccr2- EAEO mice, on
the other hand, macrophages expressing activin A were visibly reduced when
compared to WT EAEO testis. (Fig. 26H, I).
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Figure 26. Macrophages expressing activin A were increased in EAEO testis.
Representative photomicrographs of macrophages (F4/80, red), activin A (green) and DAPI (blue)
fluorescence in paraffin sections of untreated (C), adjuvant control (A, D) and EAEO (B, E) testis
from WT mice and untreated (F), adjuvant control (G) and EAEO (H, I) testis from Ccr2/- mice 50
days from the immunization. Arrows and dotted lines point to triple-labelled macrophages.
Negative control sections were incubated only with the antibody diluent in place of the primary
antibody. Quantification of F4/80+activin A+ positive macrophages (J) determined by counting of
triple positive immunofluorescence stained cells (activin A, green; F4/80, red; DAPI, blue) in
paraffin sections of untreated, adjuvant control and EAEO testes from WT mice (n =3 - 5 + SEM);
statistical analysis was performed using Kruskal-Wallis test (followed by Dunn’s multiple
comparison test) (*P<0.05).

3.7.T cells expressing activin A were increased in EAEO testis

Some of the cells positive for activin A in the interstitial space of EAEO testis were
not labelled by F4/80 and were checked to see if they could be T cells. Double
immunofluorescence of activin A with CD3 revealed that T cells positive for activin
A were present in the testis in the absence of inflammation (Fig 27A, B). EAEO
testis, on the other hand, showed that T cells expressing activin A were increased
in the interstitial space (Fig. 27C, I). In mice deficient for CCR2, T cells expressing

activin A were visibly reduced when compared to WT EAEO testis (Fig. 26F, G).
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Figure 27. T cells expressing activin A were increased in EAEO testis. Representative
photomicrographs of T cells (CD3, red), activin A (green) and DAPI (blue) fluorescence staining
in paraffin sections of untreated (A), adjuvant control (B) and EAEO (C) testis from WT mice and
untreated (D), adjuvant control (E) and EAEO (F, G) testis from Ccr27- mice 50 days from the
immunization. Arrows point to triple-positive T cells. Negative control sections were
incubated with the antibody diluent in place of the primary antibody. Quantification of CD3+activin
A+ positive T cells (1) determined by counting of triple positive immunofluorescence stained cells
(activin A, green; CD3, red; DAPI, blue) in paraffin sections of untreated, adjuvant control and
EAEO testes from WT mice (n = 3 - 5 £+ SEM); statistical analysis was performed using Kruskal—
Wallis test (followed by Dunn’s multiple comparison test) (*P<0.05).
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3.8.B cells were present in EAEO testis

The data from the PCR array revealed that, out of all 84 genes analyzed, Cxcl13
MRNA demonstrated the highest fold-increase (100-fold) in comparison to
adjuvant control testis. CXCL13 is commonly regarded as a chemoattractant for
B cells to lymphoid organs and inflamed sites (Harrer et al., 2022). Therefore, the
presence of B cells was investigated in EAEO testis. In contrast to EAEO testis,
B cells were not detected in adjuvant or untreated controls (Fig. 28A, B, C). In
EAEO testis, B cells were detected as single cells or clusters in the interstitial

space (Fig 28C). Knockout of Ccr2 reduced the number of B cells in the EAEO
testis relative to controls (Fig. 28F, G).
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Figure 28. B cells were present in EAEO testis. Representative photomicrographs of B cells
(CD19, green) and DAPI (blue) fluorescence staining on paraffin sections of untreated (A),
adjuvant control (B) and EAEO (C) testis from WT and untreated (D), adjuvant (E) and EAEO (F,
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G) testis from Ccr2- mice 50 days from the immunization. Arrows and dotted lines point to B cells.
Negative control sections were incubated with the antibody diluent in place of the primary
antibody.

3.9.High endothelial venules (HEV) were not present in EAEO testes but

were found in the inflamed epididymis

Given the observation that CXCL13 was elevated and B cell clusters were found
in the inflamed testis, it was hypothesized that high endothelial venules (HEV)
may be involved in the recruitment of B cells. In EAEO testis, MECA-79 (a marker
for HEV) was not detected (Fig. 29). However, in the terminal part of the cauda
epididymidis of EAEO mice, immune cell filtrates were present along with fibrotic
remodeling affecting the tissue (Fig. 30C). In this part of the epididymis, MECA-

79+ HEV were detected, associated with clusters of B cells (Fig. 29).

untreated adjuvant EAEO
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Figure 29. HEV were present in EAEO cauda epididymides. Representative photomicrographs
of B cells (CD19, green), HEV (MECA-79, red) and DAPI (blue) fluorescence staining in paraffin
sections of untreated (A), adjuvant (B), EAEO epididymides (C, D) and EAEO testis (E) from WT
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mice 50 days from the immunization. Arrows point to MECA-79* HEV. Negative control sections
were incubated with the antibody diluent in place of the primary antibody.
untreated adjuvant

@

Figure 30. EAEO caused immune cell infiltration and fibrotic remodeling in cauda
epididymidis. Representative photomicrographs of azan staining in paraffin sections of untreated
(A), adjuvant control (B) and EAEO (C) cauda epididymides from WT mice 50 days from the
immunization. Arrows indicates immune cell infiltrate. Magnification bar 100um.

3.10. T and B cell clusters were present in EAEO cauda
epididymides

Since B cells along with HEV were reported in the epididymis of EAEO mice, the
presence of other TLO-related elements in the epididymis during inflammation
was analyzed. A classical aspect of TLO is the presence of clusters of B cells
next to the T cell areas (Ruddle, 2016). Staining of T cells and B cells revealed
that clusters of both cell populations next to each other were only found in the
EAEO cauda epididymidis, but not in the testis of EAEO mice (Fig. 31).

testis cauda epididymidis cauda epididymidis

/CD3/DAPI
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EAEO

Figure 31. B and T cell clusters are detected in EAEO cauda epididymidis. Representative
photomicrographs of CD19 (green), CD3 (red) and DAPI (blue) fluorescence staining in paraffin
sections of EAEO testis (A) and cauda epididymidis (B, C) from WT mice 50 days from the
immunization.

Clusters of B cells and T cells could only be found in the cauda epididymides, but

not in the caput or corpus of the epididymis (Fig. 32).

Caput
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Figure 32. 50 days after first immunization only the cauda epididymidis shows the
presence of B and T cell infiltrates. Representative photomicrographs of B cells (CD19, green),
T cells (CD3, red) and DAPI (blue) in paraffin sections from caput (A), corpus (B) and cauda (C)
epididymides from WT mice 50 days from the immunization.

Subsequently, B cell numbers were determined by flow cytometry, and an
increase in B cells (CD19*CD45R"*) in some EAEO cauda epididymides was
noted, but this was highly variable (Fig. 33).
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Figure 33. B cells were variably increased in EAEO cauda epididymidis. Proportions of
immune cells (CD45%) and B cells (CD19*CD45R*) were determined in untreated, adjuvant control
and EAEO WT epididymides 50 days from the immunization using flow cytometry after gating out
doublets and nonviable cells. (n = 3 - 4; mean £ SEM). Statistical analysis used Kruskal-Wallis
test followed by Dunn’s multiple comparison test.

3.11. Elements of TLO were present in the EAEO cauda epididymidis

In addition to the presence of B and T cell clusters and HEV (MECA-79%) in the
inflamed epididymis (Fig 29, 31), the maturation stage of the TLO was
determined. Proliferating B cells are indicators of a mature TLO, which are
capable of producing high affinity antibodies (Sato et al., 2023). However,
proliferating clusters of B cells were not detected in the EAEO cauda, as detected
by PCNA staining (Fig. 34B). Macrophages (F4/80*) were found surrounding the
B cell clusters (Fig. 34C). These macrophages could act as antigen-presenting
cells and influence survival and proliferation of B cells (Shabgah et al., 2019). The
presence of lymphoid stromal cells were detected using podoplanin (PDPN) as a
marker (Astarita et al., 2012). Lymphoid stromal cells provide structural support
and spatial arrangement of lymphoid immune cells as well as a reticular network
for the lymphoid organ (Astarita et al., 2012; Cinti & Denton, 2021; Mittal et al.,
2013). Podoplanin-positive cells were found in the interstitial space between the
cauda tubules in the EAEO epididymis (Fig. 34D). However, podoplanin was not
expressed within the B cell clusters, indicating that a reticular network had not
developed in the lymphoid aggregates present in EAEO cauda epididymidis.
These results reveal that the lymphoid aggregates present in EAEO cauda
epididymidis contains only some elements necessary for TLO formation and do
not represent fully-developed TLO
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Figure 34. Elements of TLO were detected in EAEO cauda epididymides. Representative
photomicrographs of B cells (CD19, green), HEV (MECA-79, yellow) and DAPI (blue) (A), B cells
(CD19, green), proliferating cells (PCNA, red) and DAPI (blue) (B), B cells (CD19, green),
macrophages (F4/80, orange) and DAPI (blue) (C) podoplanin (PDPN, green), immune cells
(CD45, red) and DAPI (blue) (D) fluorescence staining in paraffin sections of EAEO cauda
epididymidis from WT mice 50 days from the immunization.

3.12. Several TLO related chemokines and HEV associated genes

were increased in EAEO cauda epididymidis

Correct compartmentalization of B and T cells within lymphoid organs and tissues
is achieved partially by the presence of a gradient of the chemokines CCL19 and
CCL21 (T cell ligands) and CXCL13 (B cell chemoattractant) (Neyt et al., 2012;
Ruddle, 2020). B and T cell clusters found in EAEO cauda epididymides were not
well-segregated in all epididymis investigated (n = 5) and were mostly present as
B and T cells intermingling together (Fig. 31C). Determination of the mRNA
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expression related to TLO chemokines revealed that Cxcl13 was significantly
increased in EAEO cauda epididymides as compared to adjuvant controls (Fig
35). mMRNA expression of Ccll9 and Ccl21, on the other hand, was not
significantly increased in EAEO cauda epididymides compared to adjuvant
controls. These results suggest that the inefficient compartmentalization of B and
T cells could be a consequence of the low expression of the chemokines Ccl19
and Ccl21.

Considering that HEV were also present in EAEO cauda epididymides, analysis
of the factors leading to their ectopic formation was performed. HEV develop from
normal venules by the stimulation of the TNFR1 signaling pathway via a
homotrimer of lymphotoxin (LT) a and/or TNF. Transformation into a mature HEV
is achieved by stimulation of the LT receptor (R) via a heterotrimer of LTa and
LTP as well as TNFSF14 (Blanchard & Girard, 2021). Relative expression of Lta
and Tnf was significantly increased in EAEO cauda in comparison to untreated
controls (Fig. 35). On the other hand, other factors responsible for HEV
maturation were not significantly increased in the EAEO cauda epididymidis
compared to the untreated cauda epididymidis (Fig. 35). mMRNA expression of
LiB was increased in most EAEO cauda epididymidis, but the response was
highly variable. mMRNA expression of Tnfsf14 was significantly elevated in EAEO
cauda epididymides compared to adjuvant controls. These results suggest that
factors essential for HEV formation are expressed in EAEO cauda epididymidis,

but not all factors responsible for HEV maturation are present.
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Figure 35. Expression of TLO related chemokines and HEV related genes was increased in
EAEO cauda epididymidis. Relative expression (RE) of Ccl19, Ccl21, Cxcl13, Tnf, Lta, LtB and
Tnfs14 mRNA was measured by gRT-PCR in untreated, adjuvant and EAEQO cauda epididymides
from WT mice 50 days from the immunization and normalized to Rplpo (n = 3 - 7; mean + SEM).
Statistical test used was Kruskal-Wallis test followed by Dunn’s multiple comparison test or one-
way ANOVA followed by Tukey’s multiple comparison test (*P<0.05).

3.13. TLO-related chemokines and HEV-related genes were

increased in UPEC-infected cauda epididymides

Considering the immature stages of TLO were found in the inflamed cauda
epididymis in the EAEO model, whether TLO also develop in the cauda
epididymidis during acute infection was checked. A commonly used mouse
model of acute UPEC-induced epididymitis was investigated (Pleuger et al.,
2022). Relative expression of several parameters involved in TLO formation was

monitored in the cauda epididymides from UPEC-infected and sham operated
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mice during the course of infection (d1, 3, 5, 7, 10, 14, 18, 21, and 28 days post-
UPEC inoculation). An initial rise in TLO related chemokines (Cxcl13, Ccl19 and
Ccl21) was observed within 5 days, however this was variable and not statistically
significant (Fig. 36). A significant peak of Ccl19 and Ccl21 mRNA was observed
by 14 days compared to sham control mice, and while the expression of Cxcl13
also appeared to increase, this was not significant at this time-point due to
variable results. The expression of Ccl21 reached another peak at 21 days, and
Ccl19 and Cxcl13 were again significantly elevated at 28 days post-UPEC
infection (Fig. 36). These results suggest that possible B and T cell recruitment
takes place at time points after UPEC infection, mainly between 14 and 28 days

following the initial inoculation.
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Figure 36. mRNA expression of TLO related genes was increased in UPEC-infected cauda
epididymides. Relative expression (RE) of Ccl19, Ccl21 and Cxcl13 mRNA was measured by
gRT-PCR in sham and UPEC-infected cauda epididymides 1, 3, 5, 7, 10, 14, 18, 21 and 28 days
post- UPEC infection and normalized to Rplpo (n = 3; mean + SEM at each time-point). Statistical
analysis used two-way ANOVA followed by Tukey’s test (**P<0.01, ***P<0.001, ****P<0.0001).

HEV formation and maturation-related genes, Tnf, Lta, LtB, Tnfsf14, displayed a
peak of expression at 7 days post UPEC-infection and then declined by day 10
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(Fig. 37). Another significant peak of L{3 was observed at 28 days from the
infection. These results suggest that, starting from 7 days post-UPEC infection,
HEV begin to develop and mature, prior to the peak in TLO-related chemokines,

presumably to facilitate movement of immune cells to the UPEC-infected cauda

epididymidis.
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Figure 37. mRNA expression of HEV related genes was increased in UPEC-infected cauda
epididymidis. Relative expression (RE) of Tnf, Lta, Lt and Tnfsl4 mRNA was measured by
gRT-PCR in sham and UPEC-infected cauda epididymides 1, 3, 5, 7, 10, 14, 18, 21 and 28 days
post-UPEC infection and normalized to Rplpo (n = 3; mean + SEM). Statistical test used two-way
ANOVA followed by Tukey’s test (**P<0.01, ***P<0.001, ****P<0.0001).

3.14. UPEC-infected cauda epididymides showed the presence of

abscesses as well as aggregates resembling lymphoid structures

Examining the histology of the cauda epididymidis revealed that immune cell
infiltrates were seen peripherally by 5 days post-UPEC infection (Fig. 38B).
Fibrosis could be seen 5 days post-infection. Massive immune cell infiltrates
(abscesses) were detected in the cauda starting from day 7 post-infection (Fig.

38C). This was consistent with the mRNA expression data that all investigated
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HEV related genes were significantly increased by 7 days post-UPEC infection,
(Fig. 37). At 14 days post-UPEC infection, the number of cellular aggregates
increased (Fig. 38D). At 28 days post-UPEC infection, infiltrates were still visible,

but were smaller in size (Fig. 38E).
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Figure 38. UPEC infection leads to the formation of abscesses and lymphoid aggregates
resembling lymphoid structures in cauda epididymides. Representative photomicrographs of
Azan staining in paraffin sections from cauda epididymides 1 day (A), 5 (B), 7 (C), 14 (D) and 28
days (E) post-UPEC infection (P.1.). Arrows point to the location of immune cell infiltrates.

3.15. At 5 days post-UPEC infection, the cauda epididymidis did not

show the presence of TLO-related parameters

Based on the mRNA results and histological examination, three time points (5,
14 and 28 days post-UPEC infection) were examined for the presence of TLO-
related parameters. Although the presence of first immune cell infiltrates at the
periphery of the cauda was observed by 5 days post-UPEC infection, no HEV
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were observed (Fig. 39A). Small B cell clusters were surrounded by

macrophages, but no T cell clusters were visible (Fig. 39B and C).

CD45/ /DAPI /CD3/DAPI /F4/80/

Figure 39. At 5 days post-UPEC infection the cauda epididymidis did not reveal the
presence of TLO-related elements. Representative photomicrographs of immune cells (CD45,
red), HEV (MECA-79, yellow) and DAPI (blue) (A), B cells (CD19, green), T cells (CD3, pink) and
DAPI (blue) (B), B cells (CD19, green), macrophages (F4/80, orange) and DAPI (blue) (C)
fluorescence staining in paraffin sections from cauda epididymidis 5 days post-UPEC infection.

3.16. At 14 days post-UPEC infection, the cauda epididymidis
showed the presence of infiltrates, HEV and early stages of TLO

formation

Based on the mRNA expression of TLO-related chemokines, the cauda
epididymides were examined at 14 days post-UPEC infection for the presence of
TLO-related elements. Immunostaining revealed that B and T cells were present
in close proximity to the cellular aggregates (Fig. 40A). The majority of the B and
T cells present at this stage were mostly intermingled (Fig. 40Ai), with only a few
separated small clusters (Fig. 40Aii). The B cells were not proliferating, based
on PCNA staining (Fig. 40C) and were surrounded by macrophages (Fig. 40D).
Staining for MECA-79 identified many HEV surrounding the cellular aggregates
(Fig. 40B) that contained immune cells within their lumen (Fig. 40Bi, Bii). It was
clearly visible, using staining of consecutive section staining, that most of the
CDA45" stained immune cells were not B or T cells and that the abscesses did
not contain any B or T cells at 14 days post-infection (Fig. 39A, B). The

immunofluorescence staining combined with the mRNA results indicate that HEV
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could be implicated in the formation of cellular aggregates and early stages of

TLO present in the cauda at day 14 post-infection.
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Figure 40. At 14 days post-UPEC infection, the cauda epididymidis revealed the presence
of cellular aggregates, HEV and early TLO formation. Representative photomicrographs of B
cells (CD19, green), T cells (CD3, pink) and DAPI (blue) (A, Ai, Aii), immune cells (CDA45, red),
HEV (MECA-79, yellow) and DAPI (blue) (B, Bi, Bii), B cells (CD19, green), proliferating cells
(PCNA, red) and DAPI (blue) (C) B cells (CD19, green), macrophages (F4/80, orange) and DAPI
(blue) (D) fluorescence staining in paraffin sections from cauda epididymidis 14 days post- UPEC
infection. Images Ai, Aii, Bi and Bii show the magnified areas identified by the white boxes in part
A and B, respectively.
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3.17. At 28 days post-UPEC infection, the cauda epididymidis

showed signs of advanced TLO

At 28 days post-UPEC infection, the cauda epididymides revealed the presence
of more organized B and T cell clusters (Fig. 41B). In comparison to 14 days
post-UPEC infection, large cellular aggregates were absent, as confirmed by
staining for immune cells, B cells and T cells in consecutive tissue sections.
Almost all immune cell clusters detected 28 days post-UPEC infection were
organized clusters of B and T cells (Fig 41A, B). Importantly, HEV were localized
within the T cell zones (Fig. 41C, D) and contained CXCL13 within their lumen
(Fig. 41E). The B cells were proliferating, suggesting the presence of active
germinal centers (Fig. 41F). In order to check whether the proliferating B cells
were involved in germinal center reaction activities, the presence of isotype-
switched B and plasma cells was analyzed. IgA isotype-switched B cells (IgA*)
and plasma cells (CD138*IgA*) were detected in the UPEC-infected cauda
epididymides at day 21 post-UPEC infection (Fig. 41G). Moreover, the immune
cell clusters contained podoplanin, the marker for stromal lymphoid cells (Fig.
41H). The B cell clusters were surrounded by F4/80+ macrophages (Fig. 41l).
Immune cell infiltrates composed of B and T cells could only be seen in the cauda
epididymides post-UPEC infection and not in the caput or corpus of the
epididymis (Figure 42). These results demonstrate that the immune cell clusters
are in fact organized lymphoid structures, which displayed advanced

characteristics of a TLO.
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Figure 41. At 28 days post-UPEC infection, the cauda epididymides contained organized
TLO. Representative photomicrographs of immune cells (CD45, red) and DAPI (blue) (A), B cells
(CD19, green), T cells (CD3, pink), HEV (MECA-79, yellow) and DAPI (blue) (A, C, D), HEV
(MECA-79, yellow), CXCL13 (green) and DAPI (blue) (E), B cells (CD19, green), proliferating
cells (PCNA, red) and DAPI (blue) (F), plasma cells (CD138,pink), IgA (turquoise) and DAPI (blue)
(G), podoplanin (PDPN, green), immune cells (CD45, red) and DAPI (blue) (H), B cells (CD19,
green), macrophages (F4/80, orange) and DAPI (blue) (I) fluorescence staining in paraffin
sections from cauda epididymidis 28 days post-UPEC infection. (H) is a section from 21 days
post-UPEC infection. All the remaining sections are from 28 days post-UPEC infection. Panel C
shows the magnified area identified by the white box in part B. Panel D show the magnified area
identified by the white box in panel C.

Initial segment-caput Caput-corpus
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Figure 42. At 28 days post-UPEC infection, only the cauda epididymidis contained B and
T cell clusters. Representative photomicrographs of B cells (CD19, green), T cells (CD3, pink)
and DAPI (blue) in paraffin sections from initial segment-caput (A), caput and corpus (B) and
cauda (C) epididymidis 28 days post-UPEC infection.

3.18. B cells and plasma cells were increased in the UPEC-infected

cauda epididymidis

Using flow cytometry, the percentage of immune cells, B cells and plasma cells
at different time points post-UPEC infection was determined. The cauda
epididymides exhibited a significant increase in immune cell numbers at day 10,
14 and 28 post-UPEC infection compared to sham control mice (Fig. 43). At 14
days post-infection, the cauda showed the highest increase in the immune cell
percentage, consistent with the histopathological findings and the
immunofluorescence staining, showing the presence of cellular aggregates (Fig.
40B). At all investigated time-points, an increase in B cell nhumbers was

documented, showing statistical significance at day 10 and 28 post- UPEC
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of CD45+ cells

%

infection (Fig. 43). Furthermore, a significant increase in plasma cells
(CD138*CD45R") was detected at 28 days post-infection (Fig. 43).
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Figure 43. Immune cells, B cells and plasma cells were increased in UPEC-infected cauda
epididymides. Percentages of immune (CD45*) (A), B (CD19*CD45R*) (B) and plasma
(CD138*CD45R") (C) cells were determined in sham and UPEC-infected cauda epididymides
using flow cytometry after gating out doublets and nonviable cells. (hn = 4 - 7; mean + SEM).
Statistical analyses used multiple unpaired t-test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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4. Discussion:

These studies indicate that key chemokines and their receptors, essential for T
cell and macrophage trafficking were upregulated in EAEO testis, while in the
absence of CCR2, these changes were attenuated. Consistently, an increase in
macrophages expressing CCR2 in human testicular biopsies with impaired
spermatogenesis and focal leukocytic infiltrates was demonstrated. Moreover,
activin A was established as an essential regulator of expression of chemokines
and their receptors in BMDM. Macrophages were identified as major cell
population in inflamed testis expressing activin A, implicating macrophages and
activin A both as potential therapeutical targets. Considering that chemokine
ligands and receptors especially CCR2 have been proven to play a pathological
role in exacerbating inflammation in many disease models (Baran et al., 2007;
Guazzone et al., 2009; Stankovic et al.,, 2009; Dhaiban, 2020) as well as in
testicular inflammation, in addition to the ability that activin A can increase the
expression of CCR1, CCR2 and CCR5 - chemokines involved in macrophages

recruitment- then targeting activin A could prove beneficial.

In addition, it was investigated if the alteration of chemokine networks in
epididymo-orchitis can drive the formation of organized immune cell infiltrates,
called tertiary lymphoid organs (TLO). Interestingly, the elements of TLO were
not found in the inflamed testis, but they were detected in the inflamed epididymis,
specifically the cauda. The cauda from mice with EAEO, and especially ones
infected with UPEC, showed the presence of multiple elements and immune cells
associated with TLO formation. Future studies investigating the impact of TLO

development in the epididymis on male fertility are needed.

4.1.Chemokines associated with macrophage and T cell recruitment
were altered in EAEO testies and in human testicular biopsies with
leukocyte infiltration and CCR2 deficiency decreased such

alterations.

EAEO serves as a model of chronic testicular inflammation, which is

characterized by several key symptoms, also reported in men, including immune
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cell infiltration, elevation of pro-inflammatory mediators (e.g. TNF, activin A),
impairment of spermatogenesis, destruction of seminiferous tubules as well as
steroidogenic disturbances and fibrotic remodeling (Fijak et al., 2018; Jacobo et
al., 2015; Kauerhof et al., 2019; Nicolas et al., 2017a; Nicolas et al., 2017b; Peng
et al., 2022; Schuppe et al., 2017; Schuppe & Bergmann, 2013). Macrophages,
which are the most prominent immune cell population in the testis, are involved
during EAEO in the secretion of pro-inflammatory cytokines, the most important
of which are TNF and IL-6, as well as the chemokine CCL2 (Guazzone et al.,
2003; Rival et al., 2006; Suescun et al., 2003). Previous reports demonstrated
that testicular expression of the chemokines CCL2, CCL3, CCL4 and CXCL12
and the chemokine receptors CCR2, CCR5, CCR7 and CXCR4 was increased
during EAEO (Guazzone et al., 2003, 2009, 2012; Rival et al., 2007; Peng et al.,
2022;). Therefore, it was of interest to perform a more comprehensive
examination of the chemokine networks and define the potential target cells and
molecules affecting their expression during testicular inflammation. The results
established that Ccrl, Ccr2, Ccr3, Ccrb5, Cxcr3 and Cx3crl as well as most of
their respective ligands (Ccl6, Ccl7, Ccl8, Ccl9, Ccl12, Ccl22, Cxcl4, Cxcl9,
Cxcl13, Cx3cll) were all significantly increased in EAEO testis in comparison to
controls. Interestingly, testis from EAEO mice deficient for Ccr2, with reduced
macrophage infiltration, exhibited significantly lower mRNA expression of the
above mentioned chemokine receptors as well as some of their ligands (Ccl8,
Ccl12, Cxcl4, Cxcl13, Cx3cll). In line with this indication, Ccr2”- EAEO mice
demonstrated reduced testicular damage and were protected from fibrotic
remodeling due to reduced number of immune cells expressing extracellular
matrix proteins (Peng et al., 2022). This was also in accordance with reports
demonstrating reduced inflammation in Ccr2-deficient mice (Boniakowski et al.,
2018; Flegar et al.,, 2021; Tokuyama et al., 2005). Besides the very well
investigated CCL2/CCR2 axis, other chemokines also are known to be implicated
in the pathogenesis of several inflammatory and autoimmune diseases, including
multiple sclerosis and rheumatoid arthritis (Flegar et al., 2021; Hao et al., 2020;
Moore et al., 2001). White matter lesions from patients with multiple sclerosis, as
well as from experimental models of this disease, exhibit high levels of CCL2,
CCL3, CCL4, CCL5, CCL7, CCL8 and CXCL9 (Dhaiban, 2020). Moreover,

CXCRS is implicated in the recruitment of T cells to inflamed skin as well in the
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progression of multiple sclerosis (Flier et al., 2001; Heng et al., 2022; Mahad et
al., 2002; Sindern et al., 2002). During the course of experimental inflammatory
arthritis, CCR1 and CXCR2 were involved in neutrophil recruitment into the joint
(Chou et al.,, 2010). In a mouse model of multiple sclerosis demyelination,
infiltration of immune cells and secretion of pro-inflammatory mediators were
suppressed by deletion of the Ccr5 gene (Gu et al., 2016). Moreover, CCL2,
CX3CR1 and CCR5 have been reported to play roles in bone marrow
monocytosis and their inhibition altered the incidence of atherosclerosis in mice
(Combadiere et al., 2008). CXCL13, a B cell chemoattractant, is regarded as a
biomarker of multiple sclerosis severity and was shown to be involved in disease
progression and in Thl7-induced experimental autoimmune encephalomyelitis
(Alvarez et al., 2013; Dhaiban, 2020; Khademi et al., 2011).

Most of the above-mentioned chemokines are considered as key regulators of
macrophage trafficking to sites of inflammation and hence their depletion or
inhibition could protect the testis from macrophage-induced damage. Testicular
resident macrophages, a major cohort of testicular immune cells, display
immunosuppressive characteristics and are regarded as sentinels in maintaining
immune privilege (Fijak and Meinhardt, 2006; Han et al., 2016; Bhushan and
Meinhardt, 2017; Meinhardt et al., 2022). Based on studies in rodent models,
testicular resident macrophages are principally divided into (i) peritubular,
surrounding the seminiferous tubules adjacent to the spermatogonial stem cell
niche, and (ii) interstitial, which are in general in close contact with Leydig cells
(DeFalco et al., 2015; Meinhardt et al., 2022). On the other hand, macrophages
derived from peripheral circulating monocytes and frequently recruited to the sites
of injury exhibit functional plasticity. They are capable of releasing proteolytic
enzymes and can recruit other immune cells, such as B and T cells, to induce an
immune response cascade and further tissue damage or recovery (Saradna et
al., 2018).

In studies described in this thesis, it was revealed that CD68* macrophages
express CCR2 in human testis with impaired spermatogenesis, but not in testis
with intact spermatogenesis. In accordance with the analysis in EAEO testis,
there was also a significant mRNA increase in CCR1, CCR5, CCR2 and its ligand

CCL2 as well as CXCL13 in biopsies of patients with impaired spermatogenesis
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associated with focal leukocytic infiltration. The human testicular sections
examined displayed different degrees of spermatogenesis impairment and
immune cell infiltration. Both, peritubular and interstitial CCR2* macrophages
were seen in areas showing discrete inflammatory signs and tubular damage. In
addition, almost all macrophages observed to be phagocytosing spermatozoa
(‘spermiophages’) in the lumen of damaged seminiferous tubules were positive
for CCR2, indicating their migratory properties. Regions with dense peritubular
lymphocytic infiltrates, involving the lamina propria as well as adjacent blood
vessels, contained a large proportion of macrophages positive for CCR2. In
sections with extensive spermatogenic damage accompanied by prominent
fibrosis, macrophages were present, but were negative for CCR2. Other
chemokines, such as CCL5 and CXCL13, as well as pro-inflammatory cytokines
(IL-17A), were found to be increased in human biopsies with disturbed
spermatogenesis and concomitant focal inflammatory infiltrates (Klein et al.,
2016). The recruitment of CCR2*" macrophages to sites of inflammation mediates
collateral tissue damage and this has been shown in multiple organs such as the
gut, brain and liver in murine models (Abid et al., 2019; Francis et al., 2017;
Kuroda et al., 2019; Miura et al., 2012; Moore et al., 2001). The recruitment of
CCR2* macrophages to the inflamed testis could also implicate these
macrophages in the active destruction of germ cells as is seen in other disease

models.

4.2.Activin A modulated chemokine expression in-vitro and was

expressed by macrophages in cases of testicular inflammation.

In several earlier studies, activin A was found to be a key modulator of
inflammation, immunity and fibrosis by regulating expression of chemokines
(Hedger, 2011; Locci et al., 2016; Phillips, 2003; Salogni et al., 2009). A recent
study from our laboratory identified activin A as an inducer of CCR2 and CXCR4
in macrophages and a critical regulator of testicular fibrosis (Peng et al., 2022). It
became of interest to focus on the potential influence of activin A on other
members of the chemokine network. It was revealed that, in BMDM, activin A
increased the expression of Ccr2 and Ccr5, chemokine receptors significantly
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upregulated in inflamed mouse and human testis. Furthermore, blocking of activin
A action in M1 polarized macrophages significantly reduced CCR2 expression in
mice (Sierra-Filardi et al., 2011b). Altogether, the data indicate that activin A
affects the recruitment of immune cells to the testis especially macrophages by
modulating expression of chemokine receptors. Notably, in previous studies,
activin BA subunit expression was increased in mouse and human testis with
signs of inflammation, defined as leukocytic infiltration accompanying impaired
spermatogenesis, and correlated with the severity of the disease (Kauerhof et al.,
2019; Nicolas et al., 2017b; Peng et al., 2022). Antagonizing activin A action by
exogenous FST showed positive therapeutical effects in rheumatoid arthritis,
inflammatory bowel disease and allergy (de Kretser et al., 2012; Dohi et al., 2005;
Hardy et al., 2006; Hedger & de Kretser, 2013; Yamada et al., 2014). These
findings further corroborate the importance of activin A in the development and
progression of testicular inflammation and the potential beneficial role of FST in

suppressing its activity.

While stimulating the expression of the previously mentioned chemokine
receptors, activin A downregulated the expression of their ligands (Ccl2, Ccl3,
Ccl4, Ccl6, Ccl7, Ccl8, Ccl12 and Ccl22) in BMDM. These opposite regulatory
effects of activin A on the expression of chemokine receptors and their ligands
demonstrate its dual role in inflammation, where it can increase the expression
of the receptors to enhance the responsiveness of the cells to the ligands, while
downregulating the ligands themselves (Peng et al., 2022; Sierra-Filardi et al.,
2011b). Activin A triggers indirect effects on T cells as well. Culturing T cells with
activin A-treated BMDM decreased TNF induction by the T cells. Conditioned
media obtained from the co-culture of T cells with activin A-treated BMDM
demonstrated a decrease in key pro-inflammatory chemokines, such as CCL2,
6, 8 and 12. Earlier studies demonstrated that macrophages can suppress T cells
and even decrease their TNF production (Hilhorst et al., 2014; Huber et al., 2010).
This was also revealed in the present study, where the basal levels of both
measured cytokines were shown to be much lower in the co-culture of T cells with
BMDM as compared to T cells alone. Addition of activin A-treated BMDM to the
co-culture further attenuated the pro-inflammatory cytokine induction of T cells. It

is worth mentioning that changes in the TNF or IFN-y induction were not observed
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during culture of T cells with activin A alone. Although previous reports have
shown that activin A itself can reprogram the phenotype of T cells, it should be
noted that the effects reported by activin A, as it is the case for many other
immune cell modulators, are highly context- and time-dependent (Hedger & de
Kretser, 2013). For example, activin A can suppress antigen-specific Th2
responses, which protect against allergic airway disease as well as inhibit Th17

cells in neuroinflammation (Morianos et al., 2020; Semitekolou et al., 2009).

Macrophages are identified as a source of cells expressing activin A. Given the
potent effect of activin A on the expression of chemokines, this implicates
macrophages in the development and progression of autoimmune orchitis by
their ability to secrete activin A and subsequently attract more immune cells to
the damaged testis. Macrophages expressing activin A have been shown to play
a role in the progression of other autoimmune-based diseases (Kadiombo et al.,
2017; Ota et al., 2003; Palacios et al., 2015).

This study raises the possibility that testicular macrophages are an important
source of chemokines and chemokine receptors involved in the trafficking of
immune cells to sites of injury and are implicated in the pathology of murine
autoimmune orchitis as well as in human testicular inflammation. Macrophages
can also express activin A, which can regulate chemokine expression and hence
modulate the immune cell trafficking in testicular inflammation. This highlights
macrophages expressing activin A and/or CCR2 as an attractive target for

ameliorating testicular inflammation.

4.3.Tertiary lymphoid organs (TLO) and high endothelial venules (HEV)
developed in the epididymis in response to local inflammatory

stimuli.

Unresolved inflammation in response to pathological stimuli can disrupt the
homeostasis established in a tissue. Under some circumstances, this process
can allow the infiltrating immune cells along with local cells to organize into
structures that resemble lymphoid tissues. These well-organized ectopic immune
cell aggregates are termed TLO and can develop postnatally in non-lymphoid

organs, usually driven by inflammation, which could be the consequence of
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cancer, infection, autoimmunity, aging or allograft transplantation. TLO not only
exhibit a similar composition to SLO, but also share their functionality. The
structure and complexity of a TLO varies depending on the strength of the
inflammatory stimuli as well as the type of tissues in which they develop (Neyt et
al., 2012; Sato et al., 2023; Schumacher & Thommen, 2022). In comparison to
lymph nodes, TLO exhibit higher plasticity and changeability. TLO could be
simple in structure, where they are composed of intermingling B and T cell zones.
These aggregates could also coalesce into clear separate zones of B and T cells
as a result of CXCL13, CCL19 and CCL21 gradients. They could encompass a
germinal center capable of producing high affinity antibodies by memory B cells
and plasma cells, contain mature HEVs that accumulate chemokines in their
lumen and would be supported by reticular conduits (Neyt et al., 2012; Ruddle,
2020; Sato et al., 2023; Schumacher & Thommen, 2022). In this study, the
elements specific for TLO formation were detected in the inflamed cauda
epididymidis, but not in the testis. This is the first study reporting TLO formation
in the epididymis, which was driven by inflammatory signals from autoimmune
reactions and infection, where the latter was able to lead to the development of

more organized TLO.

In this study, neither HEV nor fully formed TLO were detected in EAEO testis by
50 days after the first immunization. However, elevated levels of Cxcl13 and focal
B cell clusters were found in EAEO testis. The absence of TLO in the inflamed
testis could stem from the immune privileged status of testis, where an
immunosuppressive environment predominates (Fijak & Meinhardt, 2006;
Hedger & Meinhardt, 2003). However, the appearance of HEV expressing ICAM-
1 has been reported before in the testis and they have been implicated in the
recruitment of cytotoxic T lymphocytes in testicular seminoma (Sakai et al., 2014).
In addition, the presence of follicular-like structures composed of separate zones
of B cells and T cells and containing dendritic cells have been detected in
testicular germ cell tumours (Fietz et al., 2022; Klein et al., 2016). Although
inflammation is regarded as a hallmark precursor for TLO formation, it can be
speculated that a threshold of inflammation needs to be exceeded to allow TLO
to properly organize. Furthermore, some tissues are more susceptible to TLO

formation, and the complexity of the TLO that form depends on the local
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microenvironment as well as the strength of the inflammatory stimuli (Chen et al.,
2002; Sato et al., 2023). Given these facts, it can be speculated that a stronger
inflammatory stimulus might be needed for TLO to develop in the testis compared
to the epididymis. Another possibility could be that TLO could have developed at
earlier timepoints from the immunization, but have resolved by 50 days from the

immunization.

In this study, two different models of inflammatory disease (sterile autoimmune
and acute infection) were investigated for their capacity to induce TLO formation
in the epididymis. Both models demonstrate inflammation as a central trigger of
damage. Previous studies have shown that the cauda epididymidis is more
susceptible to infection/inflammation-derived tissue damage compared to the
proximal regions (Klein et al., 2020; Pleuger et al., 2022; Wijayarathna et al.,
2020). Accordingly, in both models investigated in this study (EAEO and UPEC
infection), elements and cells related to TLO formation were present in the cauda
epididymidis only and not in other parts of the epididymis. The absence of TLO
in the more proximal caput and corpus, could stem from the microenvironmental
differences observed in the different regions of the epididymis. The cauda
epididymidis is better equipped to mount an intense immune response compared
to the proximal epididymis, which exhibits a more tolerogenic environment as is
present in the testis. Unlike the cauda, the caput is enriched with
immunomodulatory factors (Pleuger et al., 2022). While the proximal regions are
heavily populated with resident macrophages, the distal parts especially the
cauda is relatively rich with cells with innate-like characteristics (yd T cells,
dendritic cells and natural killer cells) as well as different subclasses of dendritic
cells that could influence the initial induction, maturation and maintenance of TLO
(Pleuger et al., 2022; Ruddle, 2020). Furthermore, the macrophages present in
the cauda are more pro-inflammatory in function or display dendritic cell
phenotypes that exhibit higher expression of phagosome-, antigen processing-
and antigen presenting-related genes compared to other epididymal regions
(Battistone et al., 2020; Mendelsohn et al., 2020). Compared to the proximal
regions, the cauda contains less molecules with tolerogenic and
immunosuppressive properties (Battistone et al., 2020; Jrad-Lamine et al., 2013).

These differences that exist between the proximal and distal regions of the
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epididymis could be explained by the fact that the distal parts are needed to
combat ascending infections through a robust inflammatory response and
possibly to limit the spread of the infection to other parts (Wijayarathna et al.,
2020). To add, 10 days post-UPEC infection, increases in pro-inflammatory
cytokines (e.g. ll-1a, 1I-6, 1I-17) and chemokines (e.g. Ccl2, Ccl3, Cxcl13) can only
be seen in the cauda and not the caput. Moreover, it was observed that UPEC
tends to persist in the cauda longer and in greater numbers compared to other
parts of the epididymis. Considering the cauda harbors the immunogenic
spermatozoa, a damage to the epithelial barrier could provide the needed fuel for
the adaptive immune response (Pleuger et al., 2022). When combining all these
factors together, this might explain why the cauda develops TLO as a

consequence of inflammation, while other parts of the epididymis do not.

EAEO cauda epididymides showed the presence of clusters of B cells nextto T
cells along with HEV. The observed clusters were not clearly defined and were
mostly intermingled. Although only very few of these B cells were proliferating,
the increase in the TLO-related chemokines, especially Cxcl13, was apparently
sufficient to allow the B cells to cluster in a specific location. The HEV that
developed were not associated with huge immune cell aggregates, which were
observed in the UPEC-infected cauda epididymidis. The TLO present in the
EAEO cauda exhibited properties of a simple early stage TLO rather than a
random immune cell infiltration. Distinguishing early TLO forms from lymphocyte
infiltration is possible by determining the B cell: T cell ratio, which is higher in
TLO. T cell infiltration is usually observed in multiple inflamed organs, but
infiltrating B cells are almost exclusively associated with TLO in the tumor
microenvironment (Sato et al., 2005). In addition, in early forms of TLO, very few
immune cells were seen proliferating in contrast to a random immune cell

infiltration in inflamed kidney models (Sato et al., 2020).

In comparison to the EAEO cauda, UPEC-infected cauda epididymides,
displayed TLO that are complex and more closely resemble a lymph node in
structure, especially at 28 days post- UPEC infection. The availability of tissues
from multiple time points of the UPEC infection allowed for a detailed investigation
of factors essential for TLO induction. In this model, an increase in the relative

expression of TLO-related chemokines as well as TNF/lymphotoxin family
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members preceded the gradual organization of TLO. TLO formation was not
detected histologically at 5 days post- UPEC infection, while at day 14, a sharp
increase in TLO-related chemokines was reported and very small clusters of B
and T cell zones were observed, although the B cells were not proliferating. By
28 days post- infection, clear B and T cell zones as well as HEV were observed
in the T cell region, containing CXCL13 within their lumen. Importantly, the B cells
present were proliferating, which raises the possibility of a germinal center
formation. The presence of a germinal center was indirectly investigated by
examining the capacity of these TLO to activate the molecular machinery to
sustain in situ differentiation of class-switched antibody-producing B cells. The
presence of IgA isotype-switched B cells and plasma cells was detected in UPEC-
infected epididymis. Furthermore, the present immune cells exhibited a reticular
network, which could provide structural support and influence migration of
immune cells and formation of antibodies (Astarita et al., 2012; Cinti & Denton,
2021). The separation into B and T cells zones was possible because of the high
expression of genes essential for ectopic lymphoid organogenesis. TLO-related
chemokines, Ccl19, Ccl21 and Cxcl13, were upregulated at multiple time points
following the infection. The expression levels of inflammatory cytokines like TNF,
chemokines such as CCL19, CCL21 and CXCL13, as well as lymphotoxins LT3
and LTa, can influence TLO formation, its degree of complexity and further
generation of germinal center (Bugatti et al., 2011; Krautler et al., 2012; Manzo
et al.,, 2005; Thaunat et al., 2005; Weyand & Goronzy, 2003). This gradual
increase in the complexity and structure demonstrates that TLO are highly plastic
and interchangeable and their complexity and organization depends on the local
microenvironment and the strength of the inflammatory stimuli (Sato et al., 2023).
This plasticity and variability in TLO structure has also been reported in other
studies. Kidneys from patients with mild pyelonephritis damage showed TLO with
no distinct B and T cells zones, while in highly destroyed areas, TLO were clearly
separated into B and T cells, a germinal center is active, and follicular dendritic
cells were present (Sato et al., 2020). Furthermore, kidneys from aged mice
display early stages of TLO, whereas kidneys from mice with polynephritis
exhibited complex TLO composition (Sato et al., 2020). To add, aged mice
develop spontaneous TLO in their bladders driven by age associated

inflammation and these sites serve for B cell recruitment, activation, and
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differentiation into plasma cells (Ligon et al., 2020) . Moreover, in a mouse model
of spontaneous type 1 diabetes, the pancreas initially (8 weeks after induction of
model) shows infiltrates that are not organized and lack HEV; however, after 20
weeks the infiltrates exhibit higher degree of organization, exhibit
compartmentalization of B and T cells and show HEV. However, after the islet
destruction, the TLO disappears in structure (Penaranda et al., 2010). These
studies could also explain why varying complexities and morphology of TLO are
detected in response to EAEO as opposed to UPEC infection. In the UPEC model
examined, 28 days from the infection, advanced stages of TLO structures could
still be seen in the cauda epididymidis. Based on the additional increase in the
relative expression of TLO-related chemokines as well as some HEV-related
mediators (28 days post-UPEC infection), one can speculate that further TLO

may develop before they start to dissipate.

The presence of HEV in EAEO cauda epididymidis was associated with TLO
elements. In UPEC-infected cauda, HEV were surrounding cellular aggregates
that were detected starting from day 7 post-UPEC infection, before TLO have
formed. The appearance of HEV has been reported in multiple sites under
different inflammatory conditions, such as chronic Helicobacter gastritis,
inflammatory bowel disease, pancreatitis, rheumatoid arthritis, multiple sclerosis
as well as testicular seminoma (Blanchard & Girard, 2021; Kobayashi et al., 2004,
2009; Maruyama et al., 2013; Pablos et al., 2005; Sakai et al., 2014). Sometimes
they are associated with unorganized immune cell infiltration, such as abscesses,
but in general they are linked with TLO formation (Blanchard & Girard, 2021). It
is speculated that the development of HEV is not organ- or disease-specific, but
might be regarded as a consequence of chronic inflammation and they are
involved in disease pathogenesis (Blanchard & Girard, 2021). In cases of chronic
inflammatory diseases, experimentally inhibiting the formation or the functions of
HEYV is usually associated with amelioration of the disease (Rosen et al., 2005;
Yang et al., 1993). HEV usually disappear once the inflammation subsides, for
example when patients are in the remission phase of an autoimmune disease,
after the administration of anti-TNF or anti-IL-17A treatment or when the
causative pathogenic agent is eradicated (Cafiete et al., 2009; Horjus Talabur
Horje et al., 2017; Kaalj et al., 2020; Kobayashi et al., 2004, 2009; Suzawa et al.,
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2007). HEV would revert to a normal phenotype after cessation of inflammation
and can no longer sustain extensive lymphocyte recruitment (Blanchard & Girard,
2021).

This prolonged inflammation affecting the male reproductive tract can potentially
in the long term affect male fertility. Inflammation can alter gene expression by
inducing epigenetic changes. It is well established that sperms are subjected to
epigenetic modifications such as DNA methylation, histone modifications, and
chromatin remodeling to become fully mature (Lismer et al., 2023). However, the
presence the inflammatory microenvironment can alter the epigenetic
modifications that the sperms undergo potentially affecting fertility. Patients with
low sperm counts have been shown to have altered DNA methylation where there
was an increase in methylation of genes involved in spermatogenesis and a
decrease in methylation of genes involved in inflammation and immune response
(Schutte et al., 2013). To add, oxidative stress in infertile patients was shown to
alter DNA methylation patterns (Tunc et al, 2009). The inflammatory
microenvironment created by the presence of TLO in the epididymis could
possibly impact fertility by altering the epigenetics of the residing sperms in the

cauda.

Research focusing on TLO mechanisms and precise functions are currently
growing. Yet, much still remains unknown. Therapeutic approaches are currently
focusing on manipulation of TLO. However, to be able to determine which factors
would allow for their fine-tuning, deeper molecular and phenotypic understanding
of TLO is desired. Deciphering the signals that regulate different pathways
pertaining to the migration and differentiation of immune cells and the formation
and regulation of a germinal center is essential. Considering SLO and TLO
perform similar functions, it remains to be determined, why the body mounts this
redundant immune response. To add, the reason why some cancer patients
develop TLO and others do not remains elusive (Neyt et al., 2012; Ruddle, 2020;
Schumacher & Thommen, 2022). The occurrence of TLO in epididymis is for the
first time reported here in this study. So far, it is elusive whether TLO formation
is beneficial or deleterious for this male reproductive organ, which is responsible
for sperm maturation and storage. It could be speculated that the damage
observed in the cauda epididymides which could arise from the formation of TLO
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might lead to future cases of infertility. Further investigations on fertility
associated implications and consequences of TLO formation in the cauda

epididymidis are needed.

4.4.Limitations of the study

It is worthwhile mentioning that utilizing BMDM as surrogates for testicular
macrophages does not fully capture the in vivo situation in the testis or
epididymis. Studying testicular macrophages in-vitro would require a substantial
number of animals be sacrificed and in line with 3R principles this is not
recommended. BMDM exhibit more plasticity in comparison to TM. Although they
exhibit similar gene profiles at steady state the two cell types behave differently
when stimulated. BMDM have the capacity to be classically and alternatively

activated whereas TM favor alternative over classical activated phenotype.

Critically, it should be noted that the relative expression analysis in mouse and
human testis was performed in total testicular RNA, not in single cells. Therefore,
we cannot conclude that immune cells are the only source of these chemokines.
Besides immune cells, also other testicular cells (Sertoli, Leydig, peritubular and
germ cells) are considered as producers of a number of chemokines (Guazzone
et al., 2009). Future studies are needed to better determine, which testicular cell

subtypes also contribute as a source of the investigated chemokines.

The used Ccr2 knockout out model was not a conditional knockout out model.
Macrophages here in this study were speculated to play the major role in the
destruction in the testis. Considering, cells other than macrophages (B, T cells
and dendritic cells) could also express CCR2, it should be noted that a conditional
deletion of CCR2 in macrophages would be needed to strengthen the findings

from this study.

This study was the first one to discuss the formation of TLO in the male
reproductive tract; hence, comparisons with previous findings was not possible.
In depth analysis of TLO formation, induction and maintenance in the male
reproductive tract was not investigated yet. The factors responsible for the
formation of TLO formation specifically in the cauda epididymidis were not
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delineated. A thorough investigation of genes involved in lymphoid organ
formation, high endothelial venule maturation and B cells proliferation and
activation in the cauda epididymidis post-UPEC infection is well needed. The
occurrence of TLO in clinical samples was not checked. Moreover, the influence
of TLO formation on fertility in the mice was not tackled. Future studies thoroughly

investigating the impact of TLO on the male reproductive tract are urgently
needed.
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5. Appendix
5.1 Materials

Table 8. Chemicals

2-Propanol

Sigma-Aldrich, Steinheim, Germany

B-mercaptoethanol

Sigma-Aldrich, Steinheim, Germany

Acetic acid

Merck, Darmstadt, Germany

Agarose

Invitrogen, Carlsbad, USA

Aniline alcohol

Merck, Darmstadt, Germany

Azo-carmine G solution

Chroma-Gesellschaft, Stuttgart,

Germany

4' 6-Diamidino-2-phenyl-indol -
dihydrochlorid, 2-(4-Amidinophenyl)-6-
indolcarbamidin -dihydrochlorid, DAPI -
dihydrochlorid

Sigma-Aldrich, Steinheim, Germany

Bordetella pertussis toxin

Calbiochem, Darmstadt, Germany

Bovine serum albumin (BSA)

Sigma-Aldrich, Steinheim, Germany

Bromophenol blue sodium salt

Sigma-Aldrich, Steinheim, Germany

Bouin’s fixative

Carl Roth, Karlsruhe, Germany

Complete Freund'’s adjuvant

Sigma-Aldrich, Saint Louis, USA

Collagenase A

Roche Diagnostic, Mannheim,

Germany

Ethanol

Sigma-Aldrich, Steinheim, Germany

Ethidium bromide

Carl Roth, Karlsruhe, Germany
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Ethylenediaminetetraacetic
(EDTA)

acid

Merck, Darmstadt, Germany

Eukitt Quick hardening mounting

medium

Sigma-Aldrich, Saint Louis, USA

FcR Blocking Reagent

Miltenyi Biotec, Bergisch Gladbach,

Germany
Glycerol Carl Roth, Karlsruhe, Germany
Goat serum BioLegend, San Diego, CA, USA

Hydrochloric acid, concentrated

Merck, Munich, Germany

Hydrochloric acid 37%

Carl Roth, Karlsruhe, Germany

MACS BSA stock solution

Miltenyi Biotec, Bergisch Gladbach,

Germany
Methanol Sigma-Aldrich, Steinheim, Germany
Isoflurane Baxter, Unterschleil3heim, Germany
Paraformaldehyde Merck, Darmstadt, Germany

ProLong Gold Antifade Mountant with

DAPI

Life Technologies, Carlsbad, CA,
USA

ProLong Gold Antifade Mountant

Life Technologies, Carlsbad, CA,
USA

Proteinase K (30 units/mg)

Sigma-Aldrich, Steinheim, Germany

Sodium chloride (NaCl)

Roth, Karlsruhe, Germany

Sodium hydroxide (NaOH)

Roth, Karlsruhe, Germany

Sudan Black B

Sigma-Aldrich, Steinheim, Germany
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Tramadol

STADApharm GmbH, Bad Vilbel,

Germany

Tris

Carl Roth, Karlsruhe, Germany

Tris-hydrochloride

Carl Roth, Karlsruhe, Germany

Triton X-100 Sigma-Aldrich, Steinheim, Germany
Tween 20 Sigma-Aldrich, Steinheim, Germany
Xylene Carl Roth, Karlsruhe, Germany

Table 9. PCR and reverse transcription

reagents

6 x Blue/orange DNA loading dye

Promega, Mannheim, Germany

Desoxyribonucleosidtriphosphate

(ANTP) 10mM

Promega, Mannheim, Germany

DNA ladder 100bp

Promega, Mannheim, Germany

Go Taq G2 Flexi DNA polymerase

Promega, Mannheim, Germany

iTag Universal SYBR Green Supermix

Bio-Rad

Germany

Laboratories, Munich,

Moloney Murine Leukemia Virus

Reverse Transcriptase (M-MLV RT)

Promega, Mannheim, Germany

Oligo-dT15 primer

Promega, Mannheim, Germany

RNasin ribonuclease inhibitor

Promega, Mannheim, Germany
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Table 10. Cell culture reagents

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic
(HEPES)

ac

id

Gibco, Grand Island, NY, USA

B-mercaptoethanol

Gibco, Grand Island, NY, USA

Bovine serum albumin (BSA)

Sigma-Aldrich, Steinheim, Germany

Brefeldin A solution (1,000X)

BioLegend, San Diego, CA, USA

Cell Stimulation Cocktail (500X)

Thermo Fisher Scientific, Waltham,
MA, USA

Dulbecco’s PBS

Gibco, Grand Island, NY, USA

Fetal bovine serum (FBS)

Gibco, Grand Island, NY, USA

Follistatin 288 (FST288)

Purified HEK-293

transfected with human follistatin

from cells

288; Monash University, Melbourne,

Australia

LS columns

Miltenyi Biotec, Bergisch Gladbach,
Germany

Macrophage colony-stimulating factor

(M-CSF)

Miltenyi Biotec, Bergisch Gladbach,

Germany

MACS MultiStand

Miltenyi Biotec, Bergisch Gladbach,

Germany

MEM non-essential amino acids

Sigma-Aldrich, Steinheim, Germany

MidiMACS™ separator

Miltenyi Biotec, Bergisch Gladbach,

Germany

Penicillin/Streptomycin

Gibco, Grand Island, NY, USA
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Pre-separation filter, 30um

Miltenyi Biotec, Bergisch Gladbach,

Germany

RBC lysis buffer

Qiagen, Hilden, Germany

Recombinant human activin A

Miltenyi Biotec, Bergisch Gladbach,

Germany

RPMI-1640 medium

Gibco, Grand Island, NY, USA

Sodium pyruvate

Gibco, Grand Island, NY, USA

Trypan blue solution 0.4%

Gibco, Grand Island, NY, USA

Ultra-LEAF purified anti-mouse CD3¢
antibody

BioLegend, San Diego, CA, USA

Ultra-LEAF purified anti-mouse CD28
antibody

BioLegend, San Diego, CA, USA

Table 11. Kits

MACS Comp Bead Kit, anti-REA

Miltenyi Biotec, Bergisch Gladbach,

Germany

Mouse Chemokines & Receptors RT?
Profiler PCR Array

Qiagen, Hilden, Germany

MaxFluorTM  Mouse
Fluorescence Detection Kit MaxFluor
488

on Mouse

MaxVision Biosciences Inc.

Washington, USA

Pan T Cell Isolation Kit Il, mouse

Miltenyi Biotec, Bergisch Gladbach,

Germany

Proteome Profiler Mouse Chemokine
Array Kit

R&D Systems,
Minnesota, USA

Minneapolis,

RNeasy Fibrous Tissue Mini Kit

Qiagen, Hilden, Germany
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RNase-Free DNase Set

Qiagen, Hilden, Germany

RNeasy Mini Kit

Qiagen, Hilden, Germany

RT? First Strand Kit

Qiagen, Hilden, Germany

RT2 SYBR Green Mastermix

Qiagen, Hilden, Germany

Ultracomp eBeads™ compensation-

beads

Thermo Fisher Scientific, Waltham,
MA, USA

Table 12. Consumables

Cell culture plate, 6/ 96 well

Sarstedt, Nimbrecht, Germany

Cell filter, 70um/ 100um

Greiner Bio-One, Frickenhausen,

Germany

Cell scraper

Sarstedt, Numbrecht, Germany

Cell filter, 0.20um

BD Bioscience, Heidelberg, Germany

Falcon tube, 15/ 50ml

Greiner Bio-One, Frickenhausen,

Germany

Filter tips

nerbe plus, Winsen/Luhe, Germany

Flow cytometry tubes

Sarstedt, Numbrecht, Germany

Hard-shell 96-well PCR plates Bio-Rad Laboratories, Munich,
Germany

Microseal B adhesive seals (PCR | Bio-Rad Laboratories, Munich,

plates) Germany

Needles, 24G/ 30G

BD, Franklin Lakes, NJ, USA

Screw cap tubes, graduated and

sterile

Greiner Bio-One, Frickenhausen,

Germany
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Stainless steel beads, 5mm

Qiagen, Hilden, Germany

SuperFrost Plus microscope slides

R.Langenbrinck, Emmendingen,

Germany

Syringes

BD Bioscience, Heidelberg, Germany

Tips and tubes

Sarstedt, Nimbrecht, Germany

Table 13. Software

Bio-Rad CFX Manager 3.1 Bio-Rad Laboratories, Munich,
Germany

BioRender Toronto, Canada

FlowJo V10 FlowJo LLC, Oregon, USA

GraphPad Prism 6

GraphPad Software, San Diego, CA,
USA

ImageJ

National Institutes of

Bethesda,

Health,

Maryland, USA

Zeiss ZEN lite 3.3

Carl Zeiss, Goéttingen, Germany

Table 14. Equipment

Cell culture COz2 incubator

Binder, Tuttlingen, Germany

Centrifuge Labofuge 400R

Heraeus, Hanau, Germany

CFX96 Touch real-time PCR detection

system

Bio-Rad Laboratories, Munich,

Germany
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Confocal laser scanning microscope
710

Carl Zeiss, Goéttingen, Germany

Cryostat CM30509

Leica, Wetzlar, Germany

Electronic balance SPB50

Ohaus, Giessen, Germany

Gel Jet Imager 2000 documentation

system

Intas, Gottingen, Germany

Heat block DB-2A

Techne Inc., Cambridge, UK

Horizontal mini electrophoresis

system

PEQLAB, Erlangen, Germany

Microtome RM2255

Leica, Wetzlar, Germany

Microwave oven

Samsung, Schwalbach, Germany

Mixer Mill MM 400

Retsch, Haan, Germany

NanoDrop ND 2000

Thermo Fisher Scientific, Waltham,
USA

Burker Counting Chamber

Fisher Scientific, Waltham, MA, USA

PCR thermocycler

Biozyme Scientific, Hessisch

Oldendor, Germany

Potter S homogenizer

B. Braun, Melsungen, Germany

pH-meter 766

Knick, Berlin, Germany

Power supply units

PEQLAB, Erlangen, Germany

Shaker 3005 orbital

GFL, Burgwedel, Germany

Vertical microscope Leica DM750

Leica, Wetzlar, Germany
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Table 15. Primary and secondary antibodies used in immunofluorescence

staining.
Antibody Company Catalog No. Final Dilution
Primary antibodies
Mouse monoclonal | Oxford-Brooks - 1:50
anti-activin BA University, Oxford,
UK
Rabbit anti-mouse | Novus Biologicals, | NBP2-67700 | 1:50
CCR2 Littleton,
Colorado, USA
Rat monoclonal | BioLegend, San | 142501 1:100
anti-mouse CD138 | Diego, CA, USA
Rabbit anti-mouse | Abcam, ab245235 1:50
CD19 Cambridge, UK
Rat monclonal anti- | Cell Signaling | 4443 1:50
mouse CD3¢ Technology,
Danvers,
Massachusetts,
USA
Rabbit anti-mouse | Cell Signaling | D3F8Q 1:50
CD45 Technology,
Danvers,
Massachusetts,
USA
Rat monoclonal | BioLegend, San | 375602 1:20
anti-human CD68 Diego, CA, USA
Goat anti-mouse | Invitrogen, PA5-47018 1:20
CXCL13 Oregon, USA
Rat monoclonal Cell Signaling 71299 1:100
anti-mouse F4/80 Technology,
Danvers, MA,
USA
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monoclonal
IgA

Rat
anti-mouse
FITC-conjugated

SouthernBiotech,
Birmingham,
Alabama, USA

1165-02

1:50

Rat monoclonal
anti-mouse MECA-
79

BioLegend, San
Diego, CA, USA

120801

1:100

Rat monoclonal
anti-mouse MECA-
79 Alexa Fluor 647-
conjugated

BioLegend, San
Diego, CA, USA

120807

1:100

Mouse monoclonal
anti-mouse,PCNA

BioLegend, San
Diego, CA, USA

307901

1:50

Goat anti-
podoplanin

mouse

R&D Systems,
Minneapolis,
Minnesota, USA

AF3244

1:20

Secondary Antibodi

es

Goat anti-rat IgG
(H+L) Alexa Fluor
546 conjugated

Invitrogen,
Oregon, USA

A-11081

1:2000

Goat anti-rabbit IgG
(H+L) Alexa Fluor
488 conjugated

Invitrogen,
Oregon, USA

A-11034

1:2000

Donkey  anti-goat
IgG (H+L) Alexa
Fluor 488
conjugated

Abcam,
Cambridge, UK

ab150129

1:2000

Goat anti-mouse
IgG F(ab)2 Alexa
Fluor 488
conjugated

Jackson
ImmunoResearch
Labs, West Grove,
PA, USA

115-546-072

1:800
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Table 16. Antibodies and isotype control antibodies used for flow cytometry

analysis.
Antibodies Companies Catalog No. | Clones Dilution
Recombinant Miltenyi Biotec, 130-112-037 | REA749 1:50
monoclonal anti- Bergisch
mouse CD19 PE- Gladbach,
Vio770 REAfinity Germany
conjugated
Recombinant Miltenyi Biotec, 130-122-945 | REA104 1:25
monoclonal anti- Bergisch
mouse CD138 APC Gladbach,
REAfinity conjugated | Germany
Rat monclonal anti- BioLegend, San | 155605 KT3.1.1 1:40
CD3¢ APC Diego, CA, USA
Recombinant Miltenyi Biotec, 130-121-133 | REA641 1:50
monoclonal anti- Bergisch
mouse CD3 PE Gladbach,
REAfinity ™ Germany
conjugated
Recombinant Miltenyi Biotec, 130-110-665 | REA737 1:50
monoclonal anti- Bergisch
mouse CD45 Gladbach,
VioGreen REAfinity™ | Germany
conjugated
Recombinant Miltenyi Biotec, 130-110-853 | REA755 1:25
monoclonal anti- Bergisch
mouse CD45R PE- Gladbach,
Vio615 REAfinity ™ Germany
conjugated
Recombinant Miltenyi Biotec, 130-117-502 | REA638 1:50
monoclonal anti- Bergisch
mouse IFN-y PE Gladbach,
REAfinity ™ Germany
conjugated
Recombinant Miltenyi Biotec, 130-111-495 | REA772 1:50

monoclonal anti-
mouse IgD FITC

Bergisch
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REAfinity ™ Gladbach,
conjugated Germany
Recombinant Miltenyi Biotec, 130-116-315 | REA979 1:50
monoclonal anti- Bergisch
mouse IgM APC- Gladbach,
Vio770 REAfinity Germany
conjugated
Rat monoclonal anti- BioLegend, San | 506321 MP6-XT22 | 1:80
mouse TNF Diego, CA, USA
PerCP/Cyanine5.5
conjugated
Isotype control antibodies
Rat IgG2b, k APC BioLegend, San | 400611 RTK4530 1:40
isotype control Diego, CA, USA
antibody
Rat IgG1, k BioLegend, San | 400425 RTK2071 1:80
PerCP/Cyanine5.5 Diego, CA, USA
isotype control
antibody
Recombinant Miltenyi Biotec, 130-104-624 | REA293 1:50
monoclonal REA Bergisch
control VioGreen Gladbach,
Germany
Recombinant Miltenyi Biotec, 130-113-437 | REA293 1:50
monoclonal REA Bergisch
control FITC Gladbach,
Germany
Recombinant Miltenyi Biotec, 130-104-628 | REA293 1:50
monoclonal REA Bergisch
control PE Gladbach,
Germany
Recombinant Miltenyi Biotec, 130-113-439 | REA293 1:25

monoclonal REA
control PE-Vio615

Bergisch
Gladbach,
Germany
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Recombinant Miltenyi Biotec, 130-104-632 | REA293 1:50
monoclonal REA Bergisch
control PE-Vio770 Gladbach,
Germany
Recombinant Miltenyi Biotec, 130-104-630 | REA293 1:25
monoclonal REA Bergisch
control APC Gladbach,
Germany
Recombinant Miltenyi Biotec, 130-104-634 | REA293 1:50
monoclonal REA Bergisch
control APC-Vio770 Gladbach,
Germany
Table 17. Primers used in gqRT-PCR.
Gene Forward 5’ - 3’ Reverse 5’ - 3’ Product
size (bp)
Mouse
Actb TGACAGGATGCAGAAG | TACTCCTGCTTGCTGATCCA | 156
_ GAGAT C
(B-actin)
Ccl3 TTCTCTGTACCATGACA | CGTGGAATCTTCCGGCTGT | 100
CTCTGC AG
Ccl4 TTCCTGCTGTTTCTCTTA | CTGTCTGCCTCTTTTGGTCA | 121
CACCT G
Ccl5 AGATCTCTGCAGCTGCC | GGAGCACTTGCTGCTGGTG | 170
CTCA TAG
Ccl6 AGCTTTGTGGGTTCCCA | CCTGTGGCTACATGGAGTG |83
GTT G
Ccl7 GCTGCTTTCAGCATCCA | CCAGGGACACCGACTACTG | 135
AGTG
Ccl8 TCTACGCAGTGCTTCTT | AAGGGGGATCTTCAGCTTTA | 122
TGCC GTA
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Ccl12 ATTTCCACACTTCTATGC | ATCCAGTATGGTCCTGAAGA | 204
CTCCT TCA

Ccl19 ATGTGAATCACTCTGGC | AAGCGGCTTTATTGGAAGCT | 188
CCAGGAA CTGC

Ccl21 TGAGCTATGTGCAAACC | TGAGGGCTGTGTCTGTTCA | 178
CTGAGGA GTTCT

Ccr2 GGTCATGATCCCTATGT | CTGGGCACCTGATTTAAAG | 253
GG G

Ccrb TTTTCAAGGGTCAGTTC | GGAAGACCATCATGTTACC | 158
CGA CAC

Cxcl1 GCGCCTATCGCCAATGA | GCAACACCTTCAAGCTCTG | 88
G GAT

Cxcl2 GAGCTTGAGTGTGACGC | GTTAGCCTTGCCTTTGTTCA | 148
CCCCAGG GTATC

Cxcl9 TGTGGAGTTCGAGGAAC | TGCCTTGGCTGGTGCTG 67
CCT

Cxcl13 GGCCACGGTATTCTGGA | ACCGACAACAGTTGAAATCA |75
AGC CTC

Cxcl14 TGGTTATCGTCACCACC | TCTCTCAACTGGCCTGGAG | 180
AAG T

Cxcl16 TGAACTAGTGGACTGCT | GCAAATGTTTTTGGTGGTGA | 77
TTGAGC

Hprt CTGGTAAAAGGACCTC CTGAAGTACTCATTATAGTC | 110

AAG

Lta AGCCGTCAGATGACAAC | CAAGCAGTGGCTGGCTTTT | 148
TAGG A

LtB AAAGACTGGATGACAGC | GCTAGATTCCTGGAAGCATT | 112
AAA

Rplpo CTGCACTCTCGCTTTCT | ACGCGCTTGTAGCCATTGAT | 113
GGA

Tnf CCCTCCTGGCCAACGG | TCGGGGCAGCCTTGTCCCT | 109
CATG T
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Tnfs14 ATCAGGACCATGTTGGC | GTGGCTGGAAACCAATGCA |90
AGG G

Human

CCL2 GCTCATAGCAGCCACCT | TGCAGATTCTTGGGTTGTG 297
TCATTC GAG

CCR1 ACCTGCAGCCTTCACTT | GGCGATCACCTCCGTCACT | 327
TCCTCA TG

CCR2 CCAACTCCTGCCTCCGC | CCGCCAAAATAACCGATGT 255
TCTA GATAC

CCR5 TGCTACTCGGGAATCCT | TTCTGAACTTCTCCCCGACA | 280
AAAAACT AA

CXCL13 | TCTCTGCTTCTCATGCT | TCAAGCTTGTGTAATAGACC |76
GCT TCCA

GAPDH CATGTTCGTCATGGGTG | AGTGATGGCATGGACTGTG | 160
TGAACCA GTCAT
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6. Abbreviation
ActB
ANOVA
BMDM
BSA
CD
cDNA
CFA
CFU
CLSM
CM

Cq
CSC
DC
DEG
DMEM
DNase
dNTP
EAEO
EDTA
FBS
FDC

FSH

B-actin

Analysis of variance

Bone marrow-derived macrophages
Bovine serum albumin

Cluster of differentiation
Complementary deoxyribonucleic acid
Complete Freund'’s adjuvant

Colony forming unit

Confocal laser scanning microscope
Conditioned medium

Cycle threshold

Cell stimulation cocktail

Dendritic cell

Differentially expressed genes
Dulbecco’s modified Eagle’s medium
Deoxyribonuclease

Deoxynucleoside triphosphate

Experimental autoimmune-epididymo orchitis

Ethylene diamine tetraacetic acid
Fetal bovine serum

Follicular dendritic cell
Follicle-stimulating hormone
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FST Follistatin

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GC Germinal center

gDNA Genomic DNA

GPCR G-protein-coupled receptor

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HEV High endothelial venule

HPRT Hypoxanthine guanine phosphoribosyl transferase
IDO Indolamin-2,3-Dioxygenase

IF Immunofluorescence

IFN-y Interferon gamma

IL Interleukin

LH Luteinizing hormone

LPS Lipopolysaccharide

LT Lymphotoxin

LTBR Lymphotoxin beta receptor

MACS Magnetic-activated cell sorting

M-CSF Macrophage-colony stimulating factor

MHCII Major histocompatibility complex class Il
MRNA Messenger ribonucleic acid

NaCl Sodium chloride

NaOH Sodium hydroxide

NGS Normal goat serum

124



PBS Phosphate buffered saline

PCR Polymerase chain reaction
PMA Phorbol 12-myristate 13-acetate
PTC Peritubular cell

g-PCR Quantitative - PCR

RBC Red blood cell

RE Relative expression

RPMI Roswell park memorial institute
RT Room temperature

SEM Standard error of the mean
SLO Secondary lymphoid organ
SPF Specific pathogen free

TAE Tris-acetate-EDTA

TBS Tris-buffered saline

TE Tris-EDTA buffer

TH Testicular homogenate

TLO Tertiary lymphoid organ

™ Testicular macrophage

TNF Tumor necrosis factor
TNFSF14 TNF Superfamily Member 14
UPEC Uropathogenic Escherchia coli

WT Wild type
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8. Zusammenfassung

Unfruchtbarkeit gilt als weltweites Problem, wobei etwa 50 % der Falle auf
mannliche Faktoren zurlckzufihren sind. Infektionen und Entzindungen des
Genitaltrakts gehéren zu den identifizierbaren und potenziell heilbaren Ursachen

der mannlichen Infertilitat.

Die experimentelle Autoimmun-Epididymo-Orchitis (EAEQO) ist ein Mausmodell
einer chronische Hodenentzindung, die durch mehrere Symptome
gekennzeichnet ist, die auch bei infertilen Mannern auftreten. Dazu gehoéren die
Immunzellinfiltration, die Erhéhung von pro-inflammatorischen und pro-
fibrotischen Mediatoren (z. B. TNF, CCL2, Aktivin A), die Beeintrachtigung der
Spermatogenese, die Zerstorung der Architektur der Samenkanalchen sowie die
Steroidogenesestdorungen und das fibrotische Remodeling. CCL2 und sein
Rezeptor CCR2 gilt als ein wichtiger Chemokin-Signalweg, der an der
Rekrutierung von Monozyten und Makrophagen zu den Entziindungsherden und
nachfolgenden Gewebeschaden beteiligt ist. Activin A, ein pleiotroper Faktor,
dessen Produktion mit dem Schweregrad der EAEO Kkorreliert, ist in der Lage, die

Expression von Chemokinen, insbesondere CCR2, zu modulieren.

Daher sollte in dieser Studie untersucht werden, wie sich das Chemokinnetzwerk
wahrend einer EAEO bei C57BL/6J (WT) und CCR2-defizienten (Ccr2-/-)
Mausen verandert und wie Aktivin A die Expression von Chemokinen und deren
Rezeptoren beeinflussen kann. EAEO wurde in WT- und Ccr2-/- Mausen
induziert und die Hoden wurden 50 Tage nach der ersten Immunisierung
entnommen. Die Ergebnisse der mMRNA-Expression zeigen, dass die wichtigsten
Chemokine und ihre Rezeptoren, die in der Makrophagen-Migration essenziell
sind, in den EAEO-Hoden erhéht sind, wahrend die Ablation von CCR2 diese
Veranderungen abmildert. Darlber hinaus wurde die Expression von
Chemokin/Chemokinrezeptor-kodierenden Genen in menschlichen
Hodenbiopsien untersucht. Die Hodenbiopsien von Patienten mit beeintrachtigter
Spermatogenese und fokalen leukozytéren Infiltraten zeigten eine Zunahme von
Makrophagen, die CCR2 exprimieren. Nennenswert ist, dass die Biopsien mit
gestorter Spermatogenese und fokaler leukozytarer Infiltration eine hdhere

Expression von CCL2 und CCR2 aufwiesen als Kontrollbiopsien ohne
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Entzindungszeichen und mit intakter Spermatogenese. Dariiber hinaus wurde in
einem in-vitro Versuch, bei dem die Makrophagen aus dem Knochenmark als
Ersatz fur testikulare Makrophagen verwendet wurden, nachgewiesen, dass
Aktivin A als wichtiger Regulator der Expression des Chemokinnetzwerks in
diesen Zellen dient. Die spezifische Effekte der Aktivin-A wurden durch den
Inhibitor Follistatin bestatigt. Zusatzlich wurden die Makrophagen als die
Hauptzellpopulation im EAEO-Hoden identifiziert, die Aktivin A exprimieren. Dies

impliziert sowohl CCR2 als auch Aktivin A als potenzielle therapeutische Targets.

Veranderungen in der Chemokinexpression kénnen das betroffene Gewebe fir
die Infiltration durch Immunzellen pradisponieren, die sich in einigen Féallen zu
Immunzellaggregaten zusammenschlieRen koénnen und in ihrer Struktur,
Zusammensetzung, = Chemokinexpression  sowie ihrer  Funktionalitat
Lymphknoten &hneln. Tertidre lymphoide Organe (TLO) entwickeln sich als Folge
einer Entziindung, die durch eine Vielzahl von Ursachen wie Infektionen und
Autoimmunitat ausgeldst werden kann. Daher wurde im zweiten Teil der Studie
die vermeintliche Entwicklung von TLO in Hoden und Nebenhoden unter
entztindlichen Bedingungen anhand von zwei Mausmodellen untersucht, d. h.
sterile EAEO und akute UPEC-Infektion. Die akute Epididymitis wird haufig durch
Bakterien verursacht, wobei UPEC ein vorherrschender Erreger ist. Im UPEC-
Infektionsmodell reagieren verschiedene Teile des Nebenhodens differenziert
auf die Infektion, so dass die Cauda epididymidis selektiv stark geschadigt ist und
eine interstitielle Fibrose, einen Verlust der epithelialen Integritat, eine Zunahme
des Luminaldurchmessers, eine Immunzellinfiltration und eine Abszess Bildung

aufweist.

Die Ergebnisse zeigten, dass die Elemente der TLO nicht in den EAEO-Hoden,
sondern in der entziindeten Cauda epididymidis zu finden waren. Die Cauda von
EAEO-Mausen und insbesondere von Tieren, die mit UPEC infiziert waren, wies
mehrere Elemente und Immunzellen auf, die mit der TLO-Bildung in Verbindung
stehen. UPEC-infizierte Cauda epididymidis zeigte unterschiedliche B- und T-
Zell-Zonen auf, wobei die hochendothelialen Venolen (HEV) in der T-Zell-Region
CXCL13 in ihrem Lumen enthielten. Die B-Zellen proliferierten, was auf ihre Rolle
bei der Durchfiihrung von Keimzentrumsreaktionen hinweist. Dartber hinaus

demonstrierten die Clusters von Immunzellen ein netzartiges Netzwerk, das
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strukturelle Unterstitzung bietet und die Migration von Immunzellen und die
Bildung von Antikdrpern beeinflussen konnte. Die B- und T-Zellen bildeten
getrennten Zonen, was mit der hohen Expression von TLO-relevanten
Chemokinen (Cxcl13, Ccl19 und Ccl21) tbereinstimmte. Aul3erdem waren die
ausschlaggebenden Gene fur die HEV-Bildung (Tnf, Lta) und -Reifung (Lt(3,
Tnfsf14) erhoht. Die Cauda von EAEO-Mausen entwickelte ebenfalls TLO und
HEV, jedoch in einer weniger organisierten Weise. Auf der Grundlage dieser
Ergebnisse wird spekuliert, dass der Nebenhoden unter entziindlichen
Bedingungen fir die Bildung von TLO anféllig ist. Zukunftige Studien sind
erforderlich, um die die Auswirkungen der TLO-Entwicklung im Nebenhoden auf

die mannliche Fertilitat zu untersuchen.
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