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Summary

Summary

Membrane proteins are encoded by roughly one third of the human genome whereof
more than 400 genes code for ion channels. The repertoire of ion channels is referred to as
channelome. Knowledge of its composition cannot only help to understand the behaviour of
cells in an environmental and interactive context, but also enables one to identify novel
therapeutic options. In the last decade, a multitude of transcriptomic and proteomic studies
were conducted and provided a glimpse of the channelome. With respect to the human
gonads, ion channels have not been all too much in focus of research endeavours yet.
Nevertheless, the emerging results shed a new light on these still quite unknown organ

systems and their channelome.

The focus of this work is the cation channel transient receptor potential vanilloid 2,
TRPV2, which was found to be highly abundant in several cell types of both, the testis and the
ovary. However, functional investigations of this channel in a gonadal tissue-specific context
had not been performed yet. TRPV2, although first described in the late 90s, is still one of the
most mysterious and least characterized members of the TRP ion channel superfamily. This
non-selective cation channel is linked to thermal and mechanical sensation and its expression
was found in the nervous system of developing and adult organisms, in the pancreas, in
smooth muscle and endothelial cells, in a broad set of immune cells including mast cells and
macrophages, but alsoin some cancer types. The studies indicate that its functionality appears

to depend strongly upon the examined tissue and species.

In the human testis, TRPV2 transcripts and channel protein were found in some
interstitial cells and in the wall-forming (myoid) peritubular cells of seminiferous tubules.
Generally, the access to human testicular tissue is restricted and the in vitro cultivation of
specific testicular cell types is limited. However, peritubular cells are available for cellular
studies of TRPV2 functionality. In these cells, which fulfil a much broader functional scope
than generating pulsatile waves along the seminiferous tubules to transport immotile sperm,
the pharmacological activation of TRPV2 elicited transient Ca%* currents that were missing in
a Ca?*-free environment. In addition, prolonged activation induced inflammatory responses

evidenced by increased secretion of several cytokines.
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Summary

On one hand, these findings argue for a participation of TRPV2 in immunological
processes in the immune-privileged male gonad, and on the other hand, it could imply
involvement of TRPV2 in sterile inflammation that is often associated with disturbed

spermatogenesis and impaired fertility in men.

Inflammation in human male infertility may also involve testicular macrophages, yet
there is a lack of an adequate human cell culture model. However, with transgenic AROM*
mice a model for male infertility and testicular inflammation exists. Due to the expression of
the human aromatase enzyme, these animals exhibit imbalanced androgen levels, are infertile
and feature high macrophage infiltration into the undescended testes. Besides increased
levels of a number of inflammatory factors, TRPV2 is expressed by testicular macrophages and
expression significantly accelerates in an age-dependent manner in these animals. TRPV2
could be localized to an unusual macrophage population arising in these animals. In the
corresponding wild-type animals, TRPV2 was mainly localized to interstitial macrophages with
constant expression levels with independent of age. This indicates a specific role in testicular

inflammation, but not in aging.

TRPV2 is also expressed in the female gonad in follicular granulosa cells (GCs) and
several types of immune cells. Yet, investigation of human ovarian cells is hampered since
experimental access to human cells is restricted to IVF patient-derived primary GCs, which
represent cells from the peri-ovulatory window. In addition, these cells are available only in
small quantities and are heterogeneous due to medical history, lifestyle and age of the
individual patients. To improve this situation, a freeze/thawing method was established and
its consequences on viability, morphology, gene and protein expression and functionality of
GCs from individual patients were evaluated. Comparison between fresh and frozen/thawed
cells revealed that this method had only very little to no effect on the cells and hence proved
to be a reliable base of future in vitro cellular studies addressing also TRPV2 and its roles in

the human ovary.

The insights gained so far implicate TRPV2 as a player in the concert of the regulators
of human gonads, whose role(s) however must be further elucidated. Its involvement in

inflammatory events in the testis suggests that it may be a potential target for treatment.
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Zusammenfassung

Zusammenfassung

Membranproteine werden von etwa einem Drittel des menschlichen Genoms kodiert,
wovon mehr als 400 Gene fiir lonenkandle kodieren. Das Repertoire an lonenkanalen
bezeichnet man als ,,Channelom®. Dessen Kenntnis kann nicht nur dabei helfen, das Verhalten
von Zellen in Zusammenhang mit ihrer Umgebung und dem Zusammenspiel mit anderen
Faktoren zu verstehen, sondern ermoglicht es auch, neue Behandlungsmoglichkeiten zu
identifizieren. In den letzten Jahrzehnten wurde eine Vielzahl an Studien durchgefiihrt, die
sich mit dem Transkriptom und dem Proteom verschiedener Gewebe beschaftigt haben und
es erlauben einen Blick auf das Channelom zu erhaschen. Das trifft auch auf die menschlichen
Gonaden zu, in denen lonenkanéle bisher nicht allzu sehr im Fokus der Forschung standen.
Die erzielten Ergebnisse werfen ein neues Licht auf diese nach wie vor recht unbekannten

Organsysteme und deren Channelom.

Im Mittelpunkt dieser Arbeit steht der Kationenkanal Transient Receptor Potential
Channel Vanilloid 2, TRPV2, der in hoher Dichte in mehreren Zelltypen des Hodens und des
Ovars nachgewiesen werden konnte. Bisher wurden jedoch keinerlei funktionelle
Untersuchungen dieses Kanals in den menschlichen Gonaden unternommen. Obwohl| TRPV2
bereits in den spaten 90er Jahren erstmals beschrieben wurde, gilt er nach wie vor als eines
der geheimnisvollsten und am wenigsten charakterisierten Mitglieder der TRP-Superfamilie.
Dieser nichtselektive Kationenkanal wurde im Zusammenhang mit der Empfindung von
Waéarme und Druck beschrieben und konnte im Nervensystem, im Pankreas, in glatten
Muskelzellen, in Endothelzellen, sowie in einem breiten Spektrum von Immunzellen, darunter
Mastzellen und Makrophagen, nachgewiesen werden. AuBerdem wurde TRPV2 bei einigen
Krebsarten nachgewiesen. Die Studien lassen erkennen, dass die Funktionalitdt von TRPV2

sehr stark vom untersuchten Gewebe und der Spezies abhangt.

Im menschlichen Hoden wurden TRPV2-Transkripte und -Protein in einigen
interstitiellen Zellen und in den wandbildenden (myoiden) peritubuldren Zellen der
Samenkanédlchen gefunden. Grundsatzlich ist der Zugang zu Gewebe des menschlichen
Hodens schwierig und die in vitro Kultivierung von bestimmten Zelltypen ist nur begrenzt

moglich.
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Zusammenfassung

Peritubuldren Zellen sind jedoch fiir zellulare Studien verfiigbar und erlauben es funktionelle
Aspekte von TRPV2 zu untersuchen. In diesen Zellen, die ein weitaus groRReres funktionelles
Spektrum erfiillen als lediglich rhythmische Kontraktionen entlang der Tubuli seminiferi zu
generieren und damit die noch unbeweglichen Spermien zu transportieren, fihrt die
pharmakologische Aktivierung von TRPV2 zu transienten Ca%*-Strémen, die in einer Ca?*-freien
Umgebung ausbleiben. Eine anhaltende Aktivierung des Kanals fiihrt zudem zu
Entzlindungsreaktionen, die sich mit einer erhohten Sekretion verschiedener Zytokine
nachweisen lassen. Diese Ergebnisse sprechen einerseits dafiir, dass TRPV2 an
immunologischen Prozessen beteiligt ist, die flir den immunologisch privilegierten Hoden und
dessen Funktionalitdt von grundlegender Bedeutung sind. Andererseits konnte es darauf
hinweisen, dass dieser Kanal an der sterilen Entziindung des Hodens beteiligt ist, die haufig
mit einer gestorten Spermatogenese und einer Beeintrachtigung der mannlichen

Fruchtbarkeit einhergeht.

Bei Entziindungsvorgangen im Rahmen humaner mannlicher Unfruchtbarkeit sind
moglicherweise auch testikuldre Makrophagen beteiligt, fir die jedoch kein addquates
kultivierbares Zellmodell zur Verfiigung steht. Im Hoden der Maus kommen Makrophagen
vergleichsweise haufig vor und zudem existiert ein etabliertes Model fiir mannliche Infertilitat
und sterile Entziindung des Hodens, die transgene AROM®*-Maus. Die Expression des
menschlichen Aromatase-Enzyms fihrt in diesen Tieren zu unausgeglichenen
Androgenspiegeln, die in mannlichen Tieren zu Hodenhochstand, Infertilitdt und starker
testikularer Makrophageninfiltration fihren. Neben erhoéhter Spiegel von zahlreichen
Entzlindungsfaktoren, ldsst sich in diesen Tieren die Expression von TRPV2 in einer
ungewohnlichen Population testikularer Makrophagen nachweisen und weist einen
signifikanten Anstieg mit dem Alter auf. In den entsprechenden Wildtyp-Tieren ist TRPV2 in
interstitiellen Makrophagen anzutreffen, die Expression unterliegt hier jedoch keinen
altersbedingten Anderungen. Diese Beobachtungen sprechen dafiir, dass TRPV2 eher in
testikuldren Entzlindungsprozessen beteiligt zu sein scheint, als an der testikularen Alterung.
Ungeachtet dessen bedarf es einer vollstindigen funktionellen Untersuchung dieses

mysteriosen Kanals, sowohl fiir Wildtyp- als auch fiir AROM*-Tiere.
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Zusammenfassung

Die Expression von TRPV2 wurde auch fiir die weiblichen Gonaden gezeigt, hier in den
follikuldaren Granulosazellen und mehreren Immunzelltypen. Die experimentelle
Untersuchung von humanen ovariellen Zellen ist jedoch erschwert und hauptsachlich auf
Granulosazellen beschrankt, die von IVF-Patientinnen stammen. Diese Zellen spiegeln den
peri-ovulatorischen Zustand eines Follikels wider. Zudem stehen die Zellen meist nur in
kleinen Mengen zur Verfliigung und sind auBerdem aufgrund der medizinischen
Vorgeschichte, des Lebensstils und des Alters der Patientinnen heterogen. Um diese Situation
zu verbessern, wurde eine Methode zum Einfrieren und Auftauen von human Granulosazellen
individueller Patientinnen etabliert und dabei der Einfluss auf die Viabilitat, die Morphologie,
die Gen- und Proteinexpression, sowie die Funktionalitadt dieser primaren Zellen untersucht.
Der Vergleich zwischen frischen und eingefroren/aufgetauten Zellen zeigte, dass die
angewandte Methode kaum bis keinen Einfluss auf die Zellen hat und somit als zuverlassige
Basis fiir zuklinftige zelluldre Studien dienen kann und damit auch die weitere Untersuchung

von TRPV2 und seinen Funktionen im menschlichen Ovar moglich macht.

Die bisherigen Erkenntnisse weisen darauf hin, dass TRPV2 ein wichtiger Akteurin den
menschlichen Gonaden ist, seine Rolle(n) jedoch noch genauer aufgeklart werden muss
(missen). Seine Beteiligung an entziindlichen Prozessen im Hoden deutet auf die Moglichkeit

als potentielles Ziel fiir Behandlungen hin.
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Introduction

1 Introduction

Roughly 4 billion years ago the earliest forms of life, microorganisms, appeared on
earth (Oparin, 1938; Peretd, 2005; Dodd et al., 2017; Djokic et al., 2017; Betts et al., 2018).
The so-called origin of life is highly complex, yet not fully explored, nor understood. As one
important step, it includes the formation of a biological membrane and thereby the
establishment of an enclosed compartment, the cell (Witzany, 2016; Tirard, 2014). This
biological membrane allows for realization and maintenance of the internal milieu of every
living cell, irrespective of the pro- or eukaryotic nature. It is likewise essential for a cell’s
protection and thus pictorially resembles an unbreachable barrier. At the same time, a
biological membrane offers some recognition features and gateways to permit
communication with the outside world. This trinity of membranous properties is realized by
the membrane’s individual components, i.e. lipids, carbohydrates and membrane proteins
(Figure 1). Lipids, in shape of phospholipids, glycolipids or sterols, are the fundamental
structural elements building up the unbreachable barrier and give rise to the membranous
bilayer (Lodish et al., 2000). The cellular recognition features are realized by carbohydrates,
either glycoproteins or glycolipids. As a whole, they sum up to the glycocalyx with the main
functions allotted to protection of the cell surface, cell-adhesion, recognition and interaction
(McKinley &0’Loughlin, 2012; Saladin, 2010). Membrane proteins realize the gateways within
the unbreachable barrier and as such establish its specific functions, thus embodying the

bridging elements between different worlds (Cooper, 2000).

Xl
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Figure 1. Trinity of the components of a biological membrane. The membranous bilayer is made up of two
leaflets consisting of phospholipids, glycolipids and cholesterol. The outside is covered by the glycocalyx
composed of glycoproteins and glycolipids. With respect to their localization, membrane proteins can be defined
either as lipid-anchored (purple), peripheral (green) or integral (petrol). Created with BioRender.com.



Introduction

1.1 Membrane Proteins and their Functional Scope

Providing half of a membrane’s weight, membrane proteins amount to approximately
one third of the whole human proteome, emphasizing the importance of these proteins as
gateways for controlled passage of molecules and information over the cell membrane (Krogh
et al., 2001; Lander et al., 2001; Ahram et al., 2006; Clamp et al., 2007; Almén et al., 2009;
Gould, 2018; Martin & Sawyer, 2019). At the same time, membrane proteins are irreplaceable
targets for modern medical drugs with about 50-60 % of such compounds operating at this
site. Thereby they offer treatment options for common human diseases such as cystic fibrosis,
diabetes, obesity, multiple sclerosis, Alzheimer’s disease, heart and neurological diseases, but
also cancer (Martin &Sawyer., 2019; Hauser et al., 2017; Du & Xie, 2012; Bar-Shavit et al.,
2016; Lappano & Maggioloni, 2011; Overington et al., 2006). Generally, membrane proteins
can be divided into three main categories with regard to their individual localization within or
in relation to the lipid-bilayer as lipid-anchored, peripheral or integral membrane proteins and

as such hold different functions (Singer & Nicholson, 1972; Cooper, 2000).

Lipid-anchored proteins (Figure 1, purple) are covalently attached to one or more lipids
within the bilayer and can be found on both sides of the membrane (Casey & Seabra, 1996;
Karp, 2009; Voet etal., 2011). G proteins, for instance, are amongst this category of
membrane proteins and generally function as signal transducers from the outside to the inside
of a cell (Alberts etal., 2002; Syrovatkina et al., 2016). Peripheral membrane proteins
(Figure 1, green) are temporally and reversibly bound to the cell membrane and can be
localized both on the cytosolic side of the cell membrane, such as actin, but also on the
extracellular face, such as fibronectin (Takida & Wedegaertner, 2004). The individual
localization of these peripheral proteins goes along with their distinct function in terms of the
organization of the cytoskeleton or the extracellular matrix, respectively. They also play
important roles as part of transmembrane complexes, for instance as enzymes or carriers

(Nelson et al., 2008; Lodish et al., 2008; McMahon et al., 2011).

Integral proteins, in contrast to peripheral ones, are embedded into to the
phospholipid bilayer of the cell membrane due to their amphipathic nature (Figure 1, petrol).

They can either be attached to only one of the two leaflets of the bilayer as monotopic
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proteins, such as cyclooxygenase | (Fowler et al., 2006), or span the whole width of the
membrane as transmembrane or polytopic proteins, such as integrins (Nelson et al., 2008;
Wallin & von Heijne, 1998). Transmembrane proteins can consist of single or multiple
transmembrane elements, i.e. a-helices, B-sheets or a combination of both. Furthermore,
they can span the membrane only once or several times, respectively, and can be divided into
six categories depending on their orientation and organization within the phospholipid bilayer
(Wallin & von Heijne, 1998; von Heijne, 2006; Karp, 2009). Their hydrophilic domains on both
sides of the biological membrane allow for interaction with molecules from both the
extracellular and the cytosolic side giving rise to ion channels, protein pumps and G protein-
coupled receptors. Of note, these proteins hold an essential role for the realization and the
maintenance of the electrochemical gradient of every living cell and accomplish the selective

semi-permeability of each individual cell.

i. lon Channels & the Channelome - worth a closer Look

Although usually associated with the nervous system, there being irreplaceable for the
neuronal membrane potential and the electrical and synaptic transmission, ion channels are
ubiquitously expressed by every cell and are essential for its proper functionality (Abdul et al.,
2018; Alexander et al., 2011; Hille, 2001). In fact, more than 400 genes encode for ion channels
summing up to roughly 1.5 % of the whole human genome. Additionally, multiple splice
variants and the generally possible assembly of several individual proteins either from the
same (homomeric) or different subtypes (heteromeric) increase ion channel numbers and give
rise to new channel properties (Gotti et al., 2007; Collins et al., 2009). The human inner ear,

for instance, houses more than 300 different types of ion channels (Gabashvili et al., 2007).

The individual subunits, typically four of them, organize circularly within the
membranous bilayer building a water-filled pore equipped with a highly selective filter. This
so-called selectivity filter was first described by Hille and Armstrong in the late 1960s and
determines which kind of ions can pass through (Hille, 1971, 1973 & 1975; Bezanilla &
Armstrong, 1972). The channel-based ion flow generally happens without consumption of any
metabolic energy and with a very high rate of more than 108 ions per second (Alexander et al.,

2011; Hille, 2001).
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lon channel classification is based on the gating mechanism, the type of ions they let
pass, and the cellular localization (Hille, 2001; Purves et al., 2001; Zhang et al., 2018a). The
mechanism of gating refers to the stimulus that opens or closes a distinct channel. Typically,
it is a change in the voltage across a membrane (voltage-gated), binding of an extracellular
ligand (ligand-gated), a lipid (lipid-gated) or an intracellular second messenger, but can also
include stimuli like light, membrane stretch, pressure, shear stress or temperature. The type
of ion that can pass through an ion channel strictly depends on its selectivity filter, which can
either be exclusively permeable for only one ion type or for several but equally charged ions
giving rise to non-selective anion or cation channels (Hille, 1971 & 2001). In terms of cellular
localization, ion channels can either be incorporated into the plasma membrane or into
intracellular membranes, i.e. of the endoplasmic reticulum, the Golgi apparatus or the two
mitochondrial leaflets. However, the cellular localization is not a fixed state, since ion channels
are, in principle, able to traffic between membranous pools. An adequate stimulus, such as
growth factors, can involve channel incorporation into the plasma membrane. In case of
missing demand, ion channels can also be withdrawn from the cellular surface and be re-
integrated into the intracellular reservoir (Kavalali, 2002; Moss & Henley, 2002; Royle &
Murrel-Lagnado, 2002; Hong & Shaw, 2016).

The study on ion channels is referred to as channelomics. This scientific branch
employs techniques such as immunohistochemistry, electrophysiology, crystallography and
pharmacology to unravel the channelome, i.e. the whole set of ion channels expressed by a
biological tissue or organism (Doyle et al., 1998; Barrett-Jolley et al., 2010; Lehmann-Horn &
Jurkat-Rott, 2003; Camerino etal., 2007). In addition, this discipline also includes the
evaluation of structural alterations that potentially lead to malfunction or loss of ion channel
function, referred to as channelopathies. For instance, malfunctioning ion channels have an
impact on and cause diseases such as blindness, respiratory dysfunction, epileptic, ataxia or

pain syndromes (Kass et al., 2005; Ashcroft et al., 2006).

In this context, screening for pharmacological treatment targets takes place. With
currently only 5 % of all medical drugs on the market targeting ion channels, there might be a
big and yet undiscovered potential for new and hopefully effective compounds (Camerino

et al., 2007; Lehmann-Horn & Jurkat-Rott, 2003; Imbrici et al., 2016).
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1.2 Incomplete Channelome of Testis & Ovary

In general, knowledge about human channelomes still seems to be limited or maybe is
simply beyond the scope of most scientific questions, a fact also true for the human gonads.
From 1980 until 2021, just about 40 studies were published with the title keywords
“testis/testicular” and “channel”, whereat the search for “ovary/ovarian” and “channel” on
PubMed.gov led to almost 80 results, regardless of the species investigated. Although, there
is some knowledge about the channel repertoire in the human and murine gonadal tissues,
these numbers appear to be insignificant in comparison to the roughly 2000 works already
published on the brain since 1870, dealing with both physiological and pathological channel
function. Nevertheless and now even more, the channelome of the human gonadal system
could be of special interest in regard to a better fundamental understanding of these organs.
In terms of increasing infertility or other reproductive issues these days, it also appears

worthwhile to keep channelopathies in mind.

i. The Human Gonadal Tissues - still Terra incognita

The almost 4,000 publications about the testis only in 2020 and 6,000 publications in
the same year dealing with the ovary, respectively, indicate that new insights are still
accumulating about both systems and emphasize how little is really understood yet. What is
known, however, are the two essential and fundamental functions of the human gonadal
tissues. First, the production of sex hormones to develop and maintain the corresponding sex
phenotype, and second, the generation of germ cells to ensure continuity of the individual
genetic pool. The following section will shortly summarize the anatomical organization of the

gonads with regard to their distinct functions.

a. The Testis

The testis is surrounded by a capsule of tight connective tissue, the tunica albuginea,
and is composed of two major compartments, i.e. the interstitial and the tubular space. These
two compartments are separated by the basal lamina and several layers of the wall-forming

peritubular myoid cells, that together can be recapitulated as a third, peritubular
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compartment. The production of the primary male sex hormone, testosterone, is mainly
localized to the interstitial space (Figure 2, light purple), where Leydig cells are situated. These
cells are controlled indirectly by the hypothalamus via gonadotropin-releasing hormone and
directly by the pituitary gland and its glandotropic product, i.e. luteinizing hormone. Within
the loose connective tissue of the interstitial space, mast cells and macrophages are
frequently present, but also blood and lymphatic vessels and elements of the extracellular
matrix (ECM) and of the nervous system can be found (Weinbauer et al., 2009; Aumdiller et al.,

2017).

TN Leydigcell

fg* mast cell
/" ECM elements
@ blood & lymphatic vessels
@ peritubular
myoid cells

Sertoli cell

@ spermatogonial stem cell
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spermatogonia
spermatocyte
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[0 interstitial space

[  tubular space

Figure 2. Testicular compartments with dedicated components. Schematic drawing of the two major testicular
compartments, the interstitial and the tubular space. The loose connective tissue of the interstitial space (light
purple) is interspersed with extracellular matrix (ECM), blood and lymphatic vessels, androgen producing Leydig
cells, macrophages and mast cells. Several layers of myoid cells surround the basal lamina and thereby build the
tubular wall that separates the two compartments and can be recapitulated as third, peritubular compartment.
Within the tubular space (yellow), Sertoli cells, the spermatogonial stem cells and spermatogonia are located at
the basal site, whereat the different developmental states of the germ cells, i.e., spermatocytes and elongated
spermatids, are situated behind the blood-testis-barrier realized by tight junctions between neighboring mature
Sertoli cells. Created with BioRender.com.

The generation of mature male germ cells, i.e. spermatogenesis, takes place within the
tubular space of the testis (Figure 2, yellow). This compartment harbors the somatic Sertoli

cells and the spermatogonial stem cells. They give rise to the individual developmental states
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of germ cells, i.e. spermatogonia, primary and secondary spermatocytes, round and elongated
spermatids, and structurally mature sperm (Clermont, 1966; Miller & Auchus, 2011). Upon the
establishment of the blood-testis-barrier by mature Sertoli cells during puberty,
spermatogenesis starts and continues throughout life. The individual processes of
spermatogenesis and the preservation of the spermatogonial stem cell niche strongly depend
on the presence and actions of testosterone on peritubular, Sertoli and Leydig cells.
Furthermore, testosterone is essential for the maintenance of the blood-testis-barrier formed
between neighboring Sertoli cells in order to shield the maturing germ cells from the immune

system (Welsh et al., 2009 & 2012; Smith & Walker, 2014; O'Donnell et al., 2017).

b. The Ovary

The ovary is enclosed by the tunica albuginea and can be divided into a marrow and a
cortical region. The marrow region (Figure 3, light orange) is characterized by loose connective
tissue interspersed with nervous elements, androgen producing hilus cells, blood and
lymphatic vessels. The cortical region (Figure 3, light pink) harbors the ovarian-specific
spinocellular connective tissue with a large portion of fibrocytes, the germ cells and the
dedicated somatic cells, theca and granulosa cells. The latter play an important role in both
steroidogenesis and folliculogenesis, but are also significantly involved in protection of the
follicular reserve pool (Hoffmann & Williams, 2012; Brown & Russell, 2014; Aumidiller et al.,

2017).

In striking contrast to the testis and male germ cells, the number of female germ cells
is limited in number and temporal availability. The germ cell pool of primary oocytes is
established during embryonic development and reaches its peak of roughly seven million cells
around embryonic week 20. All oocytes then start meiosis | and are arrested in the dictyotene.
Once formed, the germ cell pool is subjected to an ongoing decline due to cell death. Already
at birth, only 1-2 million primary oocytes are left and upon puberty merely 300-
500,000 primary oocytes are still present. Finally, at around 50 years of age, the germ cell pool
is depleted and women enter menopause, emphasizing the limited female reproductive

window (Gilbert, 2000; Takahashi & Johnson, 2015).
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Figure 3. Ovarian compartments with dedicated components. Schematic drawing of the human ovary, enclosed
by the tight connective tissue of the tunica albuginea, and its two compartments, the marrow and the cortical
region. The marrow region (light orange) is composed of loose connective tissue with blood and lymphatic
vessels, and androgen producing hilus cells. The germ cells with their dedicated somatic cells, i.e. the surrounding
granulosa cells and later also the theca cells, and the different follicle states (primordial, primary, secondary,
tertiary, ruptured, atretic) are embedded within the spinocellular connective tissue of the cortical region (light
pink). After release of the oocyte, the somatic cells of the ruptured follicle left behind transform into the
steroidogenic active corpus luteum and later regress into the corpus albicans. Adapted from “Ovary (oogenesis)”,
by BioRender.com (2020).

During this reproductive period of life, every menstrual cycle a number of primary
oocytes completes the first meiotic division giving rise to haploid secondary oocytes, a process
occurring at ovulation (Pinkerton et al., 1961; Lobo, 2003; Wallace & Kelsey, 2010). The second
meiotic division will only be completed upon fertilization, transforming the secondary oocyte
into an ovum. Parallel to the maturation of the oocyte, the surrounding granulosa and theca
cells develop and change their morphological and endocrine steroidogenic phenotype.
Together with the growing oocyte they represent the different stages of folliculogenesis, i.e.
primordial, primary, (antral) secondary, antral tertiary and preovulatory follicles. The
dominant antral follicle, the Graafian follicle, ruptures and thereby releases the oocyte. The
somatic cells are left behind and give rise to the steroidogenic active corpus luteum, that later
degenerates and forms the corpus albicans. Much more likely however, the fate of follicles is

cell death by atresia (Hsueh et al., 1994; Kaipia & Hsueh, 1997; Rolaki et al., 2005).
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All things considered, merely ~400 oocytes equivalent to only 0.1 % of all formed follicles will
reach ovulation, whereas the major fraction will die and never complete folliculogenesis
(Faddy, 2000). Numerous of the above-mentioned processes, especially degradation of atretic
follicles and remodeling of the ovarian tissue, require the presence of macrophages, a cell
type that can be found frequently in the ovary (Bulmer, 1964; Fukumatsu et al., 1992;
Nishimura et al., 1995; Tamura et al., 1998; Wu et al., 2004).

Many of the underlying regulatory processes and consequences for the testis and the
ovary, respectively, are poorly understood. It is conceivable that these cell-specific functions,
their impact upon the whole system and distinct malfunctions could play a role in fertility or

even lead to infertility.

ii. Infertility & Social Aspects

According to the World Health Organization estimative 15 % of all couples at the
reproductive age and 186 million individuals worldwide are affected by infertility (Rutstein &
Shah, 2004; Boivin et al., 2007; Mascarenhas et al., 2012), described as “a disease of the male
or female reproductive system defined by the failure to achieve a pregnancy after 12 months
or more of regular unprotected sexual intercourse” (Zegers-Hochschild et al., 2009; World
Health Organization, 2018). Childlessness might originate from known male or female factors,
a combination of both or frequently from unknown reasons. Generally, environmental factors,
for instance exposure to pollutants or toxins, and the individual lifestyle including, for
example, smoking, obesity or excessive alcohol intake may have an impact upon fertility (Gore
et al., 2015; Segal & Giudice, 2019). For both sexes, personal and social consequences of
infertility are dramatic. Infertile couples often get divorced and infertile individuals being
unable to fulfil the stereotypical ideals of man/womanhood experience feelings like
inadequacy and unworthiness, and tend to develop depressions and suicidal thoughts. In
addition, such individuals are often confronted with social stigmata such as emasculation,
mental distress, social exclusion and shaming (Whiteford & Gonzalez, 1995; Gerrits, 1997;
Araoye, 2003; McQuillian et al., 2003; Inhorn, 2004; Inhorn & Wentzell, 2011; Serour, 2008;
Smith et al., 2009).
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Male infertility, the disability to impregnate a fertile female (Leslie et al., 2020), occurs
in 7-9 % of all men (Lotti & Maggi, 2015) and is the basis of 40-50 % of infertility cases (Hirsh,
2003; Brugh & Lipschultz, 2004; Cui, 2010; Pandruvada et al., 2021). The known causes of male
infertility are manifold, including immunological dysfunctions, genetic abnormalities,
formation of varicoceles, disturbances in the hypothalamic-pituitary-testicular axis, sperm
deficiencies, abnormalities in the ductal system, and erectile dysfunctions (Jarow et al., 1989;
Arai et al., 1998; Cooke & Saunders, 2002; Montague et al., 2005; Cavallini, 2006; Ferlin et al.,
2006; Restrepo & Cardona-Maya, 2013; Rao, 2013; Wosnitzer, 2014; Kupis et al., 2015; Leslie
et al., 2020). Starting in the 80s, many researchers from different countries uttered their
concerns about the declining quality of sperm. In India for instance, as little as one decade
was sufficient to reduce sperm counts by 30.3 %, motility by 22.9 % and morphology by 51 %,
respectively (Menkveld etal., 1986; Murature etal.,, 1987; Carlsen etal.,, 1992;
Mukhopadhyay et al., 2010; Sengupta, 2012). Based on a systematic meta-regression analysis,
a significant decline in sperm counts by 52.4 % between the years 1973 and 2011 could also

be demonstrated for western men (Levine et al., 2017).

For female infertility there is no clear definition, but according to the World Health
Organization it “can be described as the inability to become pregnant, maintain pregnancy, or
carry a pregnancy to life birth” (Rutstein & Shah, 2004; World Health Organization, 2018). In
the United States, 10 % of women at the reproductive age between 15 and 44 years are
affected by infertility (CDC, 2013 & 2018) and in a global view the highest rates of female
infertility are reported in Eastern Europe, the Middle East, North Africa, Oceania and Sub-
Saharan Africa (Mascarenhas et al., 2012). Female infertility can result from several factors
including genetic abnormalities, anatomical disorders of the tubal, uterine or ovarian tissue
and hormonal imbalances due to an impaired hypothalamic-pituitary-ovarian axis
(Alexander & Cotanch, 1980; Raga et al., 1997; Bodri et al., 2006; Guven et al., 2007; Kovacs &
Norman, 2007; Gleicher et al., 2009; Nelson, 2009; Bulletti et al., 2010; Fauser et al., 2011;
Wang et al., 2014; Qin et al., 2015; Zondervan et al., 2020).

10
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iii. Unraveling the Human Testicular Channelome

In 2001, the family of cation channels of sperm, CatSper, was first described to be
essential for the hyperactivation of sperm via calcium (Ca?*) entry while traveling through the
female reproductive tract and thus for male fertility. It is an excellent example for the growing
interest in the human testicular channelome. There are some individual cases of infertility, in
which the dysfunction or loss of one member of this ion channel family leads to decreased
sperm motility and the loss of the ability to fertilize healthy oocytes (Ren et al., 2001; Quill
et al., 2001; Carlson et al., 2003; Lobley et al., 2003; Qi et al. 2007; Hildebrand et al., 2010; Sun
et al.,, 2017). However, in these patients spermatogenesis seems to be unaffected, since
testicular histology, sperm morphology and counts are found to be normal (Chung et al., 2011;

Park et al., 2014).

In 2014, Flenkenthaler and colleagues performed a proteome analysis of the wall-
forming myoid human testicular peritubular cells (HTPCs), providing among others a first
impression of a part of the testicular channelome (Flenkenthaler et al., 2014). Three groups
of ion channel proteins were detected in HTPCs. First, the voltage-dependent anion-selective
channel 1 and 2 (VDAC1 and 2) being part of the mitochondrial porin family (Blachly-Dyson &
Forte, 2001; De Pinto et al., 2010). Second, the chloride intracellular channel 1 and 4 (CLIC1
and 4), both being important for the stabilization of the membrane potential and the
intracellular pH but also for trans epithelial transport and cell volume regulation (Valenzuela
et al., 1997; Suginta et al., 2001). Third and of special interest, the transient receptor potential
cation channel vanilloid 2 (TRPV2), a non-selective cation channel with increasing
controversies about its function and activation, also in terms of species and cell type (Caterina
et al., 1999; Perdlvarez-Marin et al., 2013; Shibasaki, 2016). Expression of this ‘mysterious’
and fascinating ion channel could also be shown for other testicular cells, as Guo and
colleagues extended the insight into the testicular channelome in 2018 by unravelling the
transcriptome of the whole testis of young adult men (Guo et al., 2018). In this study, five
different somatic cell types, i.e. macrophages, Leydig, Sertoli, myoid and endothelial cells, and
five developmental different spermatogonial states were identified and their distinct
transcriptional repertoire revealed. Here, abundance of TRPV2 was most pronounced in

macrophages, endothelial and myoid cells, but also in early primary spermatocytes (Figure 4).
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Figure 4. Testicular TRPV2 expression. RNA-sequencing based single cell transcriptional TRPV2 expression in the
human testis from three young men revealed high abundance in myoid and endothelial cells, in macrophages
and early primary spermatocytes. TRPV2 positive cells are depicted in red. Data adapted from Guo et al., 2018.
See webpage: https://humantestisatlas.shinyapps.io/humantestisatlasl/

iv. Expanding the Channelome of the Human Ovary

Using cultured in vitro fertilization (IVF) patient-derived primary human granulosa cells
(hGCs) as a cellular model, Kunz and colleagues demonstrated functional expression of
voltage-dependent Ca?* (Cay1.2 and Ca,3.2), potassium (K*; K,4.2) and sodium (Na*) channels
(Nay1.7), and of Ca®*-activated potassium (K*) channels of small (SK), intermediate (IK), and
big conductance (BKca), by human granulosa cells (Bulling et al., 2000; Kunz et al., 2002 & 2006;
Agoston et al., 2004; Mayerhofer & Kunz, 2006; Traut et al., 2009). In these cells, BKc,,
amongst others, is crucial for human chorionic gonadotropin-induced ovarian steroidogenesis
(Kunz et al., 2002). Already one year later, Doheny and colleagues showed that BKc; is the
main potassium channel in the murine and human myometrium with a modulatory role for
myometrial function (Doheny et al., 2003). Although channelopathies of BKc, are related to
neurological disorders and impaired smooth muscle function in diabetes type 2 patients
(Miller et al., 2021; Nieves-Cintron et al., 2017), it is conceivable that functional impairment

or loss of this channel might result in consequences for the female reproductive tract, as well.

In the years 2018 and 2019, the ovarian transcriptome and proteome were studied

and a more detailed insight into the female gonad was obtained. Zhang and colleagues
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focused on the human ovarian transcriptional landscape of oocytes and granulosa cells
derived from primordial, primary, secondary and antral follicles (Zhang et al., 2018b). One
year later, Bagnjuk and colleagues performed a proteomic study with cultured hGCs and, in
addition, the knowledge about the ovarian transcriptome was broadened by Fan and
colleagues who studied granulosa, theca, stroma, endothelial, immune and smooth muscle

cells (Bagnjuk et al., 2019; Fan et al., 2019).
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Figure 5. Ovarian TRPV2 expression. RNA-sequencing based single cell transcriptional TRPV2 expression in the
human ovary. A TRPV2 expression in oocytes and granulosa cells from different developmental follicle stages
obtained from seven female individuals. TRPV2 is absent in oocytes independent from the developmental follicle
stage, but increases significantly with folliculogenesis in granulosa cells. Nonparametric Kruskal-Wallis test,
a =0.05, **-a<0.01, *** - a4 <0.001. Data adapted from Zhang et al., 2018b. B TRPV2 expression in ovarian
tissue from five adult women revealed abundance in granulosa, theca and several immune cells. TRPV2 positive
cells are depicted in red. Data adapted from Fan etal., 2019. See webpage: http://ovogrowth.net/ovary-
expression
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The transcriptional expression of TRPV2 channel appears to be insignificant for
oocytes, independent from the distinct follicle stage. However, expression of TRPV2 by
granulosa cells could be shown both on the transcriptional and translational level and the
abundance of TRPV2 shows a developmental increase from the primordial to the preovulatory
follicle (Figure 5A). Moreover, also theca cells and a broad spectrum of immune cells,

especially innate, natural killer (NK) and T cells, were found to possess TRPV2 (Figure 5B). *!

1.3  TRPV2 - ayet unknown Player in the Human Gonadal Channelome

Until recently, expression of TRPV2 by the human gonadal tissues was unknown. When
reviewing the literature, this quite ‘mysterious’ channel gathers a lot of controversies in terms
of expression, activation mechanism and function also with regard to the investigated species.
In addition, TRPV2 provides some interesting immunological features, also being of special
importance for the gonadal tissues where controlled immunological processes are

fundamental for proper organ function.

i. The TRP Superfamily

TRPV2 is part of the transient receptor potential (TRP) superfamily of voltage-gated ion
channels, whose first member was discovered in a Drosophila melanogaster mutantin the late
1960s by Cosens and Manning. By the current state of scientific knowledge the TRP
superfamily comprises 28 members in mammals (Cosens & Manning, 1969; Minke et al., 1975;
Montell & Rubin, 1989; Hardie & Minke, 1992). Unusual for ion channel classification that is
normally settled on a common ligand, function or selectivity, these 28 TRP channels are
separated into six subfamilies solely based on sequence homology (Figure 6), i.e. canonical
(TRPCs), vanilloid (TRPVs), melastatin (TRPMs), mucolipins (TRPMLs), polycystins (TRPPs), and
ankyrin (TRPA).

*1 For completeness, VDAC1 and 2 and CLIC4, respectively, are also expressed by both oocytes

and granulosa cells, though without clear regulation between the developmental stages. Of note, CLIC1 could
only be identified in granulosa cells but was absent in oocytes (Zhang et al., 2018b; Bagnjuk et al., 2019).
Screening the data published by Fan and colleagues, VDAC1 and 2 feature a ubiquitous expression with highest
abundance in granulosa, stroma and theca cells, whereat CLIC4 transcriptional expression is rather weak (Fan
et al., 2019).
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Figure 6. Phylogenetic tree of the mammalian TRP superfamily. Classified by homology, the 28 mammalian TRP
channels cluster into 6 subfamilies, i.e. canonical (TRPCs), vanilloid (TRPVs), melastatin (TRPMs), mucolipins
(TRPMLs), polycystins (TRPPs), and ankyrin (TRPA). Data adapted from Gees et al., 2010.

The difference between these individual subfamilies bears on the structural and
functional elements of the cytosolic N- and C-terminal regions (Clapham, 2003; Clapham et
al., 2005; Gees et al., 2010; Wu et al., 2010; Nilius & Owsianki, 2011). They can either be
localized to organellar membranes or to the cell membrane, where four subunits consisting
of six transmembrane domains assemble to a functional homo- or heteromeric ion channel
(Ramsey et al., 2006; Venkatachalam & Montell, 2007; Blair et al., 2019). A common feature
of all TRPs is the permeability for mono- and divalent cations and their “function as cellular

sensors responding to a broad range of stimuli” (Blair et al., 2019).

The spectrum of activating or modulating stimuli for TRP channels is extremely broad
and one channel typically responds to multiple stimuli. The list of stimuli acting on TRP
channels is composed of physical and chemical stimuli and of receptor coupled signaling
pathways. Sensitivity to changes in temperature and mechanical forces is a feature of one-

third of the TRP family, including TRPV1-4, TRPC5, TRPM3, TRPM5, TRPMS8, TRPA1 and TRPP1.
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However, in spite of lacking physiological evidence and relevance, this does not necessarily
make them sensors for heat/cold or mechanical stimuli (Feng, 2014; Plant, 2014). Considering
chemical stimuli acting on TRP channels, there is a trench between in vitro and in vivo results
and also the specificity of the modulating compounds seems to be limited. Known molecules
activating TRPs include inorganic ions like Ca?* (directly or indirectly via calmodulin) and Mg?*,
bioactive lipids, natural compounds like capsaicin, tetrahydrocannabinol and menthol, but
also some synthesized agents. Comparably, potent and selective blockers are also merely
conditionally available, aggravating a targeted exploration of TRPs (Caterina et al., 1997 &

2000; Ramsey et al., 2006; Wu et al., 2010).

With respect to physiological functions, only a few members have been thoroughly
characterized. As an example, TRPV1 has been demonstrated to be irreplaceable in primary
afferent nociceptors responding to noxious heat, pain or capsaicin, and participate in the
development of the post-inflammatory thermal hyperalgesia (Caterina et al., 1997 & 2000).
Besides sensory functions, TRPs generally participate in Ca** homeostasis, contribute to
immunological and inflammatory processes and are present in the nervous system, as well as
in the endocrine, the renal and the cardiovascular system (Montell et al., 2002; Blair et al.,
2019). Of special note, some channels have been linked to human inherited diseases with the
most frequent pathogenic mutations in the genes of TRPV4 (50 mutations leading to skeletal
dysplasia and peripheral neuropathies), TRPM®6 (35 mutations linked to autosomal recessive
hypomagnesemia with secondary hypocalcemia 1) and TRPP1 (278 mutations implicated in
autosomal polycystic kidney disease). However, mechanistic knowledge about how channel
dysfunction leads to the observed pathogenesis is sparse (Nilius et al., 2005 & 2007; Nishimura
et al., 2012; Nilius & Voets, 2013; Lainez et al., 2014; Ong & Harris, 2015). Generally, due to
their strong contribution in Ca?* signaling, an abnormal activity might impact other Ca?*-
dependent cellular processes and thereby lead to a Ca®* overload (Nilius & Owsianik, 2010;
Nilius & Voets & 2013; Téth & Nilius, 2015). Furthermore, changes in TRP channel expression
and function rather than mutations have been reported to be especially important in some
cancer types with regard to processes like proliferation, differentiation, cell death, migration
and angiogenesis, all of them depending on Ca?* signaling (Monteith et al., 2007; Shapovalov

et al., 2011; Kondratskyi & Prevarskaya, 2015).
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iil. Vanilloid TRPs & the ‘mysterious’ TRPV2

The vanilloid subfamily of TRP ion channels was first described in the late 90s with the
discovery of the osmotic avoidance abnormal family member 9 (OSM-9) in Caenorhabditis
elegans, there being involved in olfaction and mechanosensation (Colbert et al., 1997), and
was later extended by four more members (Xiao & Xu, 2011). The mammalian TRPV subfamily
consists of six members with TRPV1-4 being allotted to thermal sensation, although yet only
reliably proven for TRPV1. TRPVS and 6 are solely Ca?*-selective channels involved in general

Ca’* homeostasis (Hellwig et al., 2005; Montell, 2005; Clapham, 2007a; Caterina et al., 2000).

The first mammalian vanilloid TRP channel, vanilloid receptor 1 (VR1) and later TRPV1,
was described by Caterina and colleagues as a non-selective cation channel that shows
sensitivity to capsaicin and is essential for thermal pain perception (Caterina et al., 1997).
Merely two years later, another structurally related member of this subfamily was identified,
holding 50 % sequence homology to TRPV1. In contrast, this channel was not sensitive to
capsaicin or moderate heat but was responsive to noxious temperatures above ~52°C and
hence was named vanilloid receptor-like 1 (VRL-1). Expression was found in medium- to large-
diameter sensory neurons suggesting participation in heat perception, but it was also present
in other cell types indicating a broader functional scope (Caterina et al., 1999). In the same
year, the identical ion channel was independently identified by the Kojima lab to translocate
from intracellular pools like the endoplasmic reticulum (ER) to the plasma membrane upon
insulin-like growth factor-1 (IGF-1) stimulation. Therefore, the term growth-factor-regulated
channel (GRC) was established (Kanzaki et al., 1999; Kojima & Nagasawa, 2007). Translocation
of this channel, later called TRPV2, also occurs upon exposure to the chemotactic peptide
formyl Met-Leu-Phe (fMLP) and upon stimulation of phospholipase C (PLC), phosphatidyl-
inositol 3-kinase (P13K) and other kinase signaling pathways, and can be inhibited by the PI3K
inhibitor LY294002 or pertussis toxin (Nagasawa et al., 2007; Penna et al., 2006; Rohacs &
Nilius, 2007; Rohacs et al., 2008).

Once integrated, TRPV2 mediates a non-selective cation flux with a slightly higher
permeability for divalent ions (Ca®* > Mg?* > Na* ~ Cs* ~ K*, Pca®*/Pna* = 2.94; Venkatachalam &
Montell, 2007).
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From a physiological and pharmacological perspective, specific functional examination
of TRPV2 is aggravated since most stimuli and compounds do not exclusively affect TRPV2
and, additionally, show strong species-dependencies (Ramsey et al., 2006; Vriens et al., 2009;

Perdlvarez-Marin et al., 2013). Thus, results should generally be viewed with caution.

Besides high temperatures, physiological channel activation and gating occurs upon
exposure to red light (Zhang et al., 2012) or upon membrane stretch, for instance due to
osmotic cell swelling (Shibasaki et al., 2010; McGohan et al., 2016; Sugio et al., 2017). Hu and
colleagues introduced 2-aminoethoxydiphenyl borate (2-APB) as activator for TRPV1-3, which
could not be confirmed by other groups for human TRPV2 (Hu et al., 2004; Juvin et al., 2007).
Diphenylboronic anhydride (DPBA) turned out to elicit transient currents in TRPV2 transfected
rodent cells, but was unable to activate human TRPV2 (Juvin et al., 2007; Neeper et al., 2007).
Further, the oxidant chloramine-T (ChT), the reactive oxygen species (ROS) hydrogen peroxide
(H202), lyso-phosphatidylcholine (LPC), lyso-phosphatidylinositol (LPI) and lipopolysaccharide
(LPS) can induce cationic currents via TRPV2 (Monet et al., 2009; Harada et al., 2017; Fricke
et al., 2019).

In many cases, derivatives of Cannabis sativa emerged as potent TRPV2 activators with
trans-A°-tetrahydrocannabinol (THC), cannabidiol (CBD) and A°-tetrahydrocannabivarin
(THCV) being the most potent ones (Qin et al., 2008; De Petrocellis et al., 2011). Additionally,
growth factors like platelet-derived growth factor (PDGF) and IGF-1 activate TRPV2, as does
the uricosuric agent probenecid (Kanzaki et al., 1999; Bang et al., 2007; Robbins et al., 2012;
Siveen et al., 2020).

Pharmacological blocking is difficult due to lacking specificity of the general Ca®*
channel blocker ruthenium red, amiloride, SKF96365, citral and trivalent cations (like
gadolinium). For tranilast, the underlying blocking mechanism is incompletely validated (Nie
et al., 1997; Caterina et al., 1999; Leffler et al., 2007; Stotz et al., 2008; Reichhart et al., 2015;
McGohan et al., 2016). Recently, SET2 was proposed as promising TRPV2-specific inhibitor,

but still awaits scientific approval (Chai et al., 2019).
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Recently, Fricke and colleagues demonstrated that TRPV2 features redox sensitivity,
like the other temperature-sensitive TRP ion channels, leading to channel sensitization and
gating. This redox sensitivity is caused by oxidation of methionine residues, most likely in the
positions M528 and M607, via endogenous ROS (such as H,0;) and oxidants (like chT), and
leads to channel sensitization and gating. In addition, TRPV2 is sensitized upon exposure to
ultraviolet light A (UVA), that is known to trigger the intracellular generation of ROS (Fricke
et al., 2019). However, the oxidation-induced channel sensitization only accounts for heat and

chemical stimuli, but not for mechanical activation (Oda et al., 2021).

Known physiological stimuli und pharmacological compounds that affect TRPV2, either
activating, inhibiting or sensitizing, or that are involved in the translocation of TRPV2, are

summarized in Figure 7.
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Figure 7. TRPV2 pharmacology & translocation. Known stimuli and compounds acting on TRPV2 1) activating
(green arrow & plus): temperatures >52 °C, red light, membrane stretch, 2-Aminoethoxydiphenyl borate (2-ABP),
cannabidiol (CBD), chloramine-T (ChT), diphenylboronic anhydride (DPBA), hydrogen peroxide (H,0,), insulin-like
growth factor 1 (IGF-1), lyso-phosphatidylcholine (LPC), lysophosphatidylinositol (LPI), lipopolysaccharide (LPS),
platelet-derived growth factor (PDGF), probenecid, tetrahydrocannabinol (THC), tetrahydrocannabivarin (THCV);
I) blocking (red arrow & minus): amiloride, citral, gadolinium (Gd**), ruthenium red (RR), SET2, SKF96365,
tranilast; Ill) sensitizing (lightning bolt): endogenous ROS, ChT, H,0,. Compounds involved in translocation of
TRPV2 (black arrows) between the the endoplasmic reticulum (ER) and the plasma membrane, IV) promotional
(green arrow): chemotactic peptide formyl Met-Leu-Phe (fMLP), IGF-1, phospho-inositide 3-kinases (PI3K),
phospholipase C (PLC); V) repressive (red inhibition): PI13K inhibitor (LY294002), pertussis toxin. Generally, each
stimulus or compound lacks exclusive specificity for TRPV2 or needs further approval and shows species-
dependency. Created with BioRender.com.
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iii. TRPV2 - Implications in Inflammation & Immunology

The controversies around TRPV2 also include the aspect of its physiological roles.
Initially described as noxious heat sensor, TRPV2 was later considered to function as mechano-
and/or osmo-sensor (lwata et al., 2003; Muraki et al., 2003; Nagasawa & Kojima, 2015).
However, based on results obtained from knockout mice, TRPV2 has only little to do with
thermal and mechanical sensation, since these animals display normal responses to the
respective stimuli. However and of special note, animals lacking functional TRPV2 feature
reduced embryonic and adult body weight, higher perinatal lethality, accelerated general
mortality and higher bacterial load (Caterina et al., 1999; Link et al., 2010; Park et al., 2011a).
These observations might be the consequences of impaired function of macrophages, for
which TRPV2 was shown to be the sole TRPV member (Yamashiro et al., 2010). In these cells,
TRPV2 plays an essential and irreplaceable role in particle binding, phagocytosis, production
of the cytokines tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6), chemoattractant-
evoked motility and migration (Link et al., 2010; Yamashiro et al., 2010; Santoni et al., 2013).
TRPV2 is also expressed in hematopoietic stem cells, in innate immune cells (granulocytes,
mast cells, NK cells, dendritic cells, neutrophils and monocytes), and in adaptive immune cells
(T- and B-lymphocyte). This expression profile emphasizes its participation in both innate and
adaptive immunological processes (Heiner et al., 2003; Nagasawa et al., 2007; Yamashiro
et al., 2010; Park et al.,, 2011b; Zhang et al., 2012; Santoni et al., 2013). In mast cells, for
instance, activation of TRPV2 leads to degranulation in a kinase A-dependent signaling
pathway and a subsequent Ca®* entry (Stokes et al., 2004; Freichel et al., 2012; Zhang et al.,
2012). However, the physiological function of TRPV2 in each individual cell type is partially still

not known yet and has only started to be unraveled.

In the end, TRPV2 is claimed to be “one of the least characterized members [...]” with
its “physiological role [...] probably one of the most unsettled and controversial among TRP
channels” (Peralvarez-Marin, et al., 2013) and “still, very little is known about the biological
functions of this channel [...]” (Link et al., 2010). This general lack of knowledge and the
absence of studies in gonadal tissues, make this distinct TRP channel even more attractive and

fascinating for a detailed examination in the gonads of human and mouse.
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2 Aims of the Thesis

Several transcriptomic and proteomic studies have recently identified the non-selective
transient receptor potential cation channel vanilloid 2, TRPV2, in numerous cell types of the
human gonads, both in the testis and the ovary. The high abundance of this mysterious ion
channel in some cell types implies involvement in gonadal functions. This study aimed at
gaining new insights in these functional roles of TRPV2 in a tissue-specific context and thereby

at expanding the knowledge about the gonadal channelome.

1. While expression of TRPV2 in the human testis was recently uncovered, the roles of
this cation channel were unknown. The human male gonad is not readily accessible,
but examination of TRPV2 functionality and role in the wall-forming cells of the
seminiferous tubules, i.e. myoid human testicular peritubular cell (HTPCs) is possible.
Studies on isolated HTPCs from men with obstructive azoospermia and normal
spermatogenesis were performed. The functional examination included short-term
monitoring of intracellular Ca%* levels during pharmacological activation by the known
agonist cannabidiol (CBD) and blocking via ruthenium red (RR) or tranilast (TRA). In
addition, consequences of prolonged pharmacological activation upon the
transcriptome and the secretome were investigated. Finally, specificity of the used
compound was tested after transfection of the cells with small interfering RNA (siRNA)

aligned with TRPV2.

2. There are no studies that focus on TRPV2 in murine testis so far. Therefore this gap
was filled by the examination of testes from wild-type and AROM* animals, i.e. an
established model for human sterile inflammation and infertility that features high
macrophage infiltration. Histological investigation of testicular sections in parallel to
analysis of the transcriptional and translational expression of whole tissue were
performed in an age-dependent manner, since the AROM* phenotype is known to

aggravate with age.
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As TRPV2 was mainly found in testicular macrophages from both wild-type and AROM*
mice, testicular cells were subjected to cytometrical analysis to characterize the nature
of TRPV2* testicular macrophages. To examine the reasons of the observed changes,
AROM™* animals crossed with mice lacking the estrogen a receptor, ERKO, were also

investigated.

3. TRPV2 expression by human ovarian granulosa cells (GCs), i.e. the major somatic cell
type of the ovarian follicle, was reported. However, similar to the male gonad, the
human ovary is not readily accessible. Access to GCs is depending on and limited to IVF
patients-derived material, a fact resulting in availability of small cellular quantities that
are in addition generally heterogeneous due to medical history, lifestyle and age of the
individual patients. Cryopreservation could improve this situation, but the existing
methods for bovine and human GCs yielded rather low survival rates. In addition, the
impact of these methods upon cellular and functional aspects are not fully examined.
Hence, a robust and reliable method for cryopreservation was established to set the
stage for meaningful studies on human GCs minimally affected regarding cell viability,

morphology, transcriptome, proteome and functionality.
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Ca?*Signaling and IL-8 Secretion in Human Testicular Peritubular Cells Involve the Cation

Channel TRPV2.

Katja Eubler, Carola Herrmann, Astrid Tiefenbacher, Frank M. Kéhn, J. Ullrich Schwarzer,

Lars Kunz & Artur Mayerhofer

International Journal of Molecular Sciences, September 2018, 19 (9): 2829
doi: 10.3390/ijms19092829

Peritubular cells are part of the wall of seminiferous tubules in the human testis and their
contractile abilities are important for sperm transport. In addition, they have
immunological roles. A proteomic analysis of isolated human testicular peritubular cells
(HTPCs) revealed expression of the transient receptor potential channel subfamily V
member 2 (TRPV2). This cation channel is linked to mechano-sensation and to
immunological processes and inflammation in other organs. We verified expression of
TRPV2 in peritubular cells in human sections by immunohistochemistry. It was also found
in other testicular cells, including Sertoli cells and interstitial cells. In cultured HTPCs,
application of cannabidiol (CBD), a known TRPV2 agonist, acutely induced a transient
increase in intracellular Ca®*levels. These Ca®*transients could be blocked both by
ruthenium red, an unspecific Ca?* channel blocker, and tranilast (TRA), an antagonist of
TRPV2, and were also abolished when extracellular Ca?* was removed. Taken together this
indicates functional TRPV2 channels in peritubular cells. When applied for 24 to 48 h, CBD
induced expression of proinflammatory factors. In particular, mRNA and secreted protein
levels of the proinflammatory chemokine interleukin-8 (IL-8/CXCL8) were elevated. Via its
known roles as a major mediator of the inflammatory response and as an angiogenic

factor, this chemokine may play a role in testicular physiology and pathology.
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Abstract: Peritubular cells are part of the wall of seminiferous tubules in the human testis and their
contractile abilities are important for sperm transport. In addition, they have immunological roles.
A proteomic analysis of isolated human testicular peritubular cells (HTPCs) revealed expression of
the transient receptor potential channel subfamily V member 2 (TRPV2). This cation channel is linked
to mechano-sensation and to immunological processes and inflammation in other organs. We verified
expression of TRPV2 in peritubular cells in human sections by immunohistochemistry. It was
also found in other testicular cells, including Sertoli cells and interstitial cells. In cultured HTPCs,
application of cannabidiol (CBD), a known TRPV2 agonist, acutely induced a transient increase in
intracellular Ca* levels. These Ca®* transients could be blocked both by ruthenium red, an unspecific
Ca?* channel blocker, and tranilast (TRA), an antagonist of TRPV2, and were also abolished when
extracellular Ca?* was removed. Taken together this indicates functional TRPV2 channels in
peritubular cells. When applied for 24 to 48 h, CBD induced expression of proinflammatory factors.
In particular, mRNA and secreted protein levels of the proinflammatory chemokine interleukin-8
(IL-8/CXCL8) were elevated. Via its known roles as a major mediator of the inflammatory response
and as an angiogenic factor, this chemokine may play a role in testicular physiology and pathology.

Keywords: CaZ* signaling; interleukin-8; TRPV2; human testis

1. Introduction

Peritubular cells of human testis are cellular components of the wall of seminiferous tubules.
They form several layers and, due to their contractile abilities, they are responsible for the transport of
immotile sperm [1,2]. Besides these crucial functions for male fertility, newer studies imply that these
cells possess a much broader spectrum of functions [3,4]. For instance, they are involved in paracrine
signaling in the male gonad [5] and their participation in regulation of spermatogonial stem cells was
shown for mice and men [6-8]. In addition, it became clear that in the human, peritubular cells can
produce proinflammatory factors, express Toll-like receptors and have a say in the immune surveillance
of the testis [9-12]. They may thus be players in sterile inflammation and male infertility [11,12].

A previous proteomic study of isolated human testicular peritubular cells (HTPCs) revealed,
among others, expression of transient receptor potential cation channel subfamily V member 2
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(TRPV2) [8]. While TRPV2 expression in organs such as brain, spleen and lung was described
before [13], its expression in the testis is, to the best of our knowledge, not reported.

TRPV2 is activated by mechanical stimuli [14,15], temperatures above 52 °C [16] or by
chemicals such as 2-Aminoethyl diphenylborinate and cannabidiol [17,18]. Controversial results
concerning activation and function are reported and may be due to species-related differences [19].
However, it is generally accepted that activation leads to an influx of cations and it has been shown,
that channel permeability covers classical cations such as Ca?* and Na* with a ratio 2.9/1 [16,20].
Very recently the structural basis for permeation of not only metal ions but also large organic cations
was provided [21,22]. Several studies reported that TRPV2 is involved in a wide range of physiological
and pathological cellular processes. For instance, this non-selective cation channel was found to
be pivotal for macrophage function [23], involved in innate and adaptive immune response [24],
in promoting HyO, cytotoxicity [25] and expression and secretion of cytokines [26].

The lack of information on TRPV2 in the human testis and its possible involvement in immune
responses prompted us to study TRPV2 in human testis and in HTPCs.

2. Results

2.1. TRPV2 Expression in Cultured HT'PCs and Human Testis

An immunocytochemical study confirmed the presence of TRPV2 in cultured HTPCs (Figure 1A).
Using the same antibody for Western blotting, TRPV2 was readily detected in cultured HTPCs
derived from three individual patients as a single band of the expected size (Figure 1B, upper panel).
RT-PCR and sequencing further confirmed expression of TRPV2 in cultured HTPCs (Figure 1B,
lower panel).

#1  #2  #3

#1 #2 #3 ctrl.

Figure 1. TRPV2 expression was confirmed in cultured HTPCs. (A) On the cellular level, TRPV2
exhibited a scattered expression pattern. Scale bar 10 um. (B) In cultured HTPCs, expression of TRPV2
was detected by Western blot with a single band of the expected size (86 kDa) and RT-PCR showed
clear bands at ~100 bp. Sequencing of the PCR-product validated expression of TRPV2. Bands obtained
from three individual patients (#1-3) and negative control without cDNA in the RT-PCR reaction (ctrl.).

In addition, immunohistochemical investigation of human testicular slices revealed expression
of TRPV2 in several testicular cells, including peritubular cells, but also Sertoli and interstitial cells
(including presumable Leydig cells) (Figure 2A). Control slices, where the TRPV2 antibody was
pre-adsorbed or omitted, were negative (Figure 2B,C). These results indicate a widespread distribution
of TRPV2 in the human testis. TRPV2 expression levels in cultured HTPCs did not change when
dihydrotestosterone (DHT; 10 uM) was added to the culture medium for 24 h or for 7 day (n = 5 and
n = 3, respectively), implying that androgens do not play a role in the regulation of this channel.
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Figure 2. Broad expression of TRPV2 in human testis. (A-C) In human testicular slices,
immunohistochemistry showed TRPV2 signals in Sertoli (SC), interstitial (IC) and in peritubular
cells (arrows). In both controls, pre-adsorption with TRPV2 peptide (B) and omission of the primary
antibody (C), no TRPV2 signal could be detected. Scale bar 100 pm.

2.2. Functionality of TRPV2 in HTPCs

Being a non-selective cation channel permeable for Ca?*, functionality of TRPV2 in cultured
HTPCs was examined by monitoring intracellular Ca?* levels upon application of the known activator
CBD and two blockers, ruthenium red (RR) and tranilast (TRA). Specificity of CBD to TRPV2 was
ensured by the extracellular solution continuously containing the cannabinoid receptor 1 (CB1)-, and 2
(CB2)-blocker AM251 (80 nM) and AM630 (800 nM), respectively. With 1 mM Ca®* in the extracellular
solution (Figures 3A and 4A), acute application of CBD (10 uM) led to a rapid and strong transient
increase of intracellular Ca* level in most analyzed cells (responder rate 88.6 + 5.5%, n = 121 cells
from 5 patients). RR (10 uM), a non-selective Ca* channel blocker, did not affect intracellular Ca®*
levels (responder rate 0%, n = 11 cells), but blocked the CBD induced transients in nearly all cells
(responder rate 9%, n = 11 cells; Fisher’s exact test, p < 0.0001; Figure 3A,C, left part). TRA (10 uM),
recently described as TRPV2 blocker [27,28], reduced the number of responding cells (responder
rate 16%, n = 25 cells) and led to a decrease in fluorescence change of 69.4 £ 3.1% compared to the
initial CBD application (Figure 4). CBD-induced changes in intracellular Ca?* levels were not seen
when CaZ* was omitted from the extracellular solution (responder rate 0%, n = 11 cells); however,
the combined acute application of CBD and Ca?* (1 mM) in this Ca?* free environment elicited an
increase of intracellular Ca2* levels in 82% of the analyzed cells (n = 11 cells; Fisher’s exact test,
p < 0.0001; Figure 3B,C (right part)), revealing an extracellular source of the transients.

Also, the striking nuclear Ca?* influx upon CBD application (Figure 3A(b)) observed in all sets of
experiment must be noted although it was not investigated in detail. Furthermore, application of CBD
did not evoke any notable changes in cell size or shape.
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Figure 3. TRPV2 functionality as a Ca®*-channel in HTPCs was studied by applying the agonist
CBD and the unspecific antagonists RR, in presence of CB1 and 2 blockers (AM251 and AM630),
during Ca%t imaging. (A) Application of TRPV2 activator CBD (10 uM) in presence of 1 mM
extracellular Ca?* led to a transient increase in intracellular Ca?* that could be blocked completely
by RR (10 pM). (a—d) Relative Ca®* concentrations at the indicated time points (A, arrow heads)
as pseudo color images (red = high Ca?*; purple = low Ca2*). (B) In absence of extracellular Ca*
(0 mM), CBD alone did not induce any transients, whereas the combined application with CaZ* (1 mM)
resulted in Ca’* transients, most likely due to Ca?* influx. Each graph shows original traces of
four representative cells from different donors (in total 5). In all experiments, trypsine (1%o) served
as positive control. (C) The total rate of responding cells upon CBD application was 88.6 &+ 5.5%
(121 cells from 5 donors). No reaction occurred upon RR application (0%), but combined application
with CBD led to transients in 9.1% of the analyzed cells (11 cells from 2 donors). In absence of any
extracellular Ca?*, cells did not show reactions to CBD application (0%), whereas combined application
with extracellular CaZ* (1 mM) led to a responder rate of 83% (11 cells from 2 donors). The data were
analyzed using Fisher’s exact test.
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Figure 4. Application of the TRPV2-blocker TRA provided further evidence for functionality of TRPV2
in HTPCs during Ca?* imaging. (A) In presence of CB1 and CB2 blockers (AM251 and AM630),
application of TRPV2 activator CBD (10 uM) led to a transient increase in intracellular Ca?* that
could partially be blocked by TRA (10 uM). Graph shows original traces of four representative cells;
three individual donors were analyzed. In all experiments, trypsine (1%o) served as positive control.
(B) The total rate of responding cells upon CBD application was 99.0 & 0.6% (25 cells from 3 donors).
TRA application elicited transients in 12% of the analyzed cells and combination with CBD led to
a responder rate of 16% (25 cells from 3 donors). The data were analyzed using Fisher’s exact test.
(C) Application of TRA significantly reduced the measured changes in fluorescence intensity compared
to the initial CBD-induced Ca?* transients (**** p < 0.0001; 25 cells from 3 donors).
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2.3. TRPV2 Activation Induced Expression and Secretion of Cytokines in HTPCs

Based on several publications, which linked TRPV2 to inflammatory processes, a screening
experiment was performed employing a commercial cytokine proteome profiler assay. With CB1
and 2 blocked, CBD treatment (10 uM) for 48 h increased the medium levels of Interleukin-8 (IL-8;
7.1-fold), Monocyte Chemoattractant Protein-1 (MCP-1; 3.4-fold) and Osteopontin (OPN; 3.2-fold)
(Figure 5A; n =1).
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Figure 5. Activation of TRPV2 induced secretion of cytokines, especially of IL-8. (A) HTPCs
preincubated with AM251 (80 nM) and AM630 (800 nM), and treated for 48 h with 10 uM CBD,
exhibited increased secretion of IL-8 (7.1-fold), MCP-1 (3.4-fold) and OPN (3.2-fold) compared to
untreated cells (n = 1), demonstrated by a Human Proteome Profiler. Right panel shows corresponding
membrane spots of untreated control and CBD (10 uM) treated HTPCs revealing an increase of signal
intensity of IL-8, MCP-1 and OPN. (B) Using an immunoassay, significantly increased IL-8 levels
could be detected in culture media of HTPCs from six individual patients treated for 24 h with 10 uM
CBD in the presence of CB1 and CB2 blockers (1.74 £ 0.69 pg/ug total protein), compared to the
corresponding control condition (0.35 £ 0.28 pg/ug total protein). Results were normalized to total
protein amount and statistically analyzed using Wilcoxon test (two-tailed, paired test: p = 0.0312; n = 6).
(C) Quantitative PCR revealed significantly increased mRNA expression levels of Cox2, IL-6, IL-8,
MCP-1, OPN and PTX-3 in HTPCs after 24 h stimulation with 10 uM CBD and CB1 and 2 blockers.
mRNA levels of TRPV2 did not show any significant changes (1.08 & 0.09-fold; p = 0.5905). n = 8;
*p <0.05,* p <0.01, ** p <0.001 vs. control cells.

In addition, several other factors were found to be slightly elevated in the culture medium (>2-fold
change: Insulin-like growth factor-binding protein-3, Interleukin-17A, Urokinase receptor). As IL-8
secretion showed the strongest increase upon CBD treatment, HTPCs from 6 more patients were
investigated using an immunoassay. CBD treatment (24 h, 10 uM) resulted in significantly increased
IL-8 levels in the culture media (Figure 5B), with 0.35 £ 0.28 pg/1g in supernatants from untreated and
1.74 + 0.69 pg/ug in those from treated cells (Wilcoxon test, p = 0.0312; n = 6). Also, at the mRNA level,
expression of IL-8 (23.91 + 7.88-fold, p < 0.0001), MCP-1 (1.94 £ 0.21-fold, p = 0.0008) and OPN
(3.38 & 0.70-fold, p = 0.0012) were significantly increased in CBD treated cells (n = 8). Additionally,
the mRINA levels of Cox2 (8.34 + 1.78-fold, p < 0.0001), IL-6 (3.62 +£ 0.78-fold, p = 0.0005) and PTX-3
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(3.24 £ 0.42-fold, p = 0.0002) showed significant increases. However, TRPV?2 itself did not show any
changes (1.08 £ 0.09-fold, p = 0.5905) in expression level upon 24 h activation (Figure 5C; n = 8).

To further test the specificity of CBD to activate TRPV2, cells from two donors were transfected
with siRNA targeting TRPV2 or scrambled non-targeting control siRNA and then treated with CBD
for 24 h (Figure 6). The transfection led to a reduction in TRPV2 protein amount (47.03 £ 16.94%;
n =2) and resulted in a slight decrease of TRPV?2 in cells transfected with the siRNA (siTRPV2-ctrl.
0.55 £ 0.03-fold, siTRPV2-CBD 0.67 + 0.02-fold; n =2 each), whereas the non-targeting control
siRNA showed no effects on mRNA expression levels of TRPV2 (Scr-CBD 0.99 + 0.25-fold; n = 2).
In control cells, CBD increased mRNA levels of IL-8 (4.84 & 0.08-fold; n = 2), whereas no changes in IL-8
could be observed in the silenced cells (siTRPV2-ctrl. 1.11 4+ 0.10-fold, siTRPV2-CBD 1.10 + 0.14-fold;
n =2 each).
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Figure 6. Transfection of HTPCs with a TRPV2 siRNA abolished the observed effects upon IL-8.
Quantitative PCR data from HTPCs transfected with scrambled (Scr) non-targeting control siRNA or
TRPV2 siRNA (siTRPV2) and treated with CBD (10 uM; Scr-CBD and siTRPV2-CBD) or equal volume
of EtOH (Scr-ctrl. and siTRPV2-ctrl.) for 24 h. Upper panel shows a representative TRPV2 dot blot from
HTPCs transfected with scrambled (Scr) non-targeting control siRNA and TRPV2 siRNA (siTRPV2),
emphasizing the efficiency of the transfection.

3. Discussion

To our knowledge TRPV2 has not been described in human testis before, yet a proteome analysis of
HTPCs had indicated its presence in this testicular cell type [8]. The present study confirms expression
in HTPCs and their in situ counterparts, but also reveals an unexpected widespread expression of
TRPV2 in the human testis. Results obtained in HTPCs implicate TRPV2 function in the release of IL-8.

Immunohistochemistry showed TRPV2 not only in peritubular cells but also in Sertoli cells,
and interstitial cells, including presumably Leydig cells and immune cells of the human testis. We did
not attempt to analyze their nature but rather focused on peritubular cells, because in contrast to other
testicular cells, they can be isolated and studied in vitro.

Peritubular cells are smooth muscle-like cells and are thought to be pivotal for the transport
of immotile sperm. Recent results obtained in HTPCs showed that they also contribute to the
spermatogonial stem cell niche [6,29] and that they have immunological properties [11,12]. Peritubular
cells possess androgen receptors, yet expression levels of TRPV?2 in these cells was not affected by DHT,
a potent androgen, added to the culture medium for up to 7days. Such a treatment led to an increased
expression of a growth factor (PEDF) in HTPCs [29], as well as smooth muscle markers and androgen
receptors [30].

To investigate the role of TRPV2, the known pharmacological activator CBD was used [17].
Since at least CB1 expression was shown in HTPCs, CBD in combination with the CB1 and 2
blockers, AM251 and AM630, respectively, were employed as done before [18]. Application of
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CBD during Ca®* imaging experiments resulted in transient increases of intracellular Ca?* levels.
Specificity of CBD, acting on TRPV2, was demonstrated by the application of the Ca?* channel blocker
RR and the TRPV2 antagonist TRA, resulting in significant reduction or even absence of any transients.
Additionally, the external source of these transients was shown by omission of any transients during
CBD application in absence of extracellular Ca?". The measurements support functionally active
TRPV2 in HTPCs.

Expression of TRPV2 is reported in dendritic cells, granulocytes, lymphocytes, monocytes,
and macrophages [24,31], i.e., cells where the concentration of intracellular Ca?* is crucial for their
proper functionality. In HTPCs, we did not observe obvious changes in cell size or any other hints
of contractions associated with increases of intracellular Ca?* levels. Such changes in HTPCs were
previously seen, for example, upon addition of angiotensin II [10]. Hence CBD-induced activation of
TRPV2 may not be linked to the regulation of contractility of HTPCs. This point remains to be further
investigated as it was suggested to occur in retinal arterioles [14].

Several reports have linked TRPV2 to inflammation e.g., in theumatic diseases [32], experimental
colitis [33] and oral inflammation [26], rather than to thermal sensation as described earlier [16].
Furthermore, TRPV2 was found to be enriched in several cancer types such as bladder and prostate
cancer [34,35]. It was shown that activation of TRPV2 led to elevated levels of IL-6 and IL-8 in human
periodontal ligament cells, and that deficiency of TRPV2 resulted in reduced macrophage infiltration
and impaired phagocytosis [23]. As HTPCs are sources for cytokines [11,12], we explored consequences
of TRPV2 activation. Despite expected heterogeneity between the samples stemming from individual
patients [11,36], a proinflammatory influence of CBD became apparent with robustly increased levels
of IL-8 in different experimental approaches. We focused on IL-8.

IL-8 is a known chemotactic and inflammatory cytokine being involved in recruitment of
neutrophils, macrophages and mast cells into inflammatory sites and their activation [37-39].
The expression of the corresponding receptors for IL-8, i.e., CXCR1 and 2, was demonstrated also in
human phagocytes, lymphocytes, and endothelial cells [40,41]. IL-8 has been reported in the male
genital tract, especially in prostate and seminal plasma in health and disease [42,43]. In contrast,
a role of IL-8 in normal testicular function remains to be determined [44] as testicular expression of
the corresponding receptors for IL-8, CXCRs, was reported to be low or even absent. Yet, in cases of
male infertility, which is associated with signs of sterile inflammation, it seems possible that IL-8 may
have a say [11,12,45,46]. IL-8 is also involved in regulation of angiogenesis [47,48] with proangiogenic
properties such as promoting proliferation, migration and tube-forming ability shown for human
umbilical vein endothelial cells [49] and human aortic endothelial cells [50]. Promotion of proliferation
and angiogenesis was also shown for colorectal cancer cells [51] revealing a link to cancer biology [52].
As the microvessel network contributes to the spermatogonial stem cell niche of the testis and because
HTPCs produce pro- and anti-angiogenic factors [53], IL-8 may be a further factor involved.

In summary, our study describes testicular TRPV2 and identified a role in the regulation
of proinflammatory factors, especially IL-8, in HTPCs. Beside peritubular cells, other testicular
cells also possess TRPV2 and its specific involvement in the regulation of these cells is unknown.
Furthermore, the physiological mechanisms leading to TRPV2 activation in the testis are not known.
It is tempting to speculate that mechanical stimuli could be involved.

4. Materials and Methods

4.1. Isolation and Cell Culture of HTPCs

HTPCs stem from small samples of testicular tissue from vasectomized men from 36-55 years of
age (n = 11) with obstructive azoospermia but normal spermatogenesis, as described [3,9]. The local
Ethics Committee (Ethikkommission, Technische Universitat Miinchen, Fakultit fiir Medizin, Miinchen,
project number 5158/11, 18 October 2011; and project 309/14; 28 August 2014) has approved
the study. The scientific use of the cells was permitted by written informed consent from all patients.
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The experiments were carried out in accordance with the relevant guidelines and regulations.
Dulbecco’s Modified Eagle Medium high glucose (DMEM; Gibco, Paisley, UK) with 10% fetal calf
serum (FCS; Capricorn Scientific, Ebsdorfergrund, Germany) and 1% penicillin/streptomycin (P/S;
BioChrom, Berlin, Germany) was used for cell culture (37 °C, 5% CO;, 95% humidity). For experiments,
HTPCs from passages 8-13 were used.

4.2. Immunohistochemistry and Immunofluorescence

Slices from human testicular sections of patients with normal spermatogenesis were used
for immunohistochemical (IHC) and cultured HTPCs for immunocytochemical (ICC) staining
as described before [3,54]. A polyclonal TRPV2 antibody (1:200; HPA044993, Atlas Antibodies,
Stockholm, Sweden) was used for both methods. For IHC, a biotinylated o«-rabbit secondary antibody
(1:2500; Vector Laboratories, Inc., Burlingame, CA, USA), an avidin-biotin complex peroxidase (ABC,
Vector Laboratories, Inc., Burlingame, CA, USA) and DAB (Sigma Aldrich, St. Louis, MO, USA)
were used, followed by slight counterstaining with hematoxylin. For ICC, a fluorescence tagged
secondary antibody (1:800; goat x-rabbit Alexa 488, life technologies, Carlsbad, CA, USA) and DAPI
were used. Omission of primary antibody and pre-adsorption (1:100; APrEST83822, Atlas Antibodies,
Stockholm, Sweden) served as negative controls.

4.3. RT-PCR and gPCR

Total RNA was extracted with the RNeasy Micro Kit (Qiagen, Hilden, Germany) and subjected to
reverse transcription followed by real time PCR (LightCycler 96® System, Roche Diagnostics, Penzberg,
Germany) using the QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany) as described [10].
Changes in gene expression were normalized to the geometric mean of mRNA levels of Peptidylprolyl
isomerase A (PPIA) and ribosomal protein L19 (L19) as internal controls and analyzed according to the
2~AAC method, as described elsewhere [55]. Information on primers are given in Table 1. PCR products
were visualized using a Midori Green Advance DNA stain (Nippon Genetics Europe, Diiren, Germany)
in a 2% agarose gel and sequenced to verify identity (GATC, Konstanz, Germany).

Table 1. Oligonucleotide primer sequences and corresponding amplicon size.

Gene Reference ID Nucleotide Sequence Amplicon Size
bl Mo G G Tcc o torTEy 19
P NMo2I0d R CRR TG RC CAT AAAY 1Sty
Coz  NMLOWSE3 ool G A AT GTA RG s 12
e o e oe G TIe e ACTACTy 1P
e wwoossas SRS Goe cre e 190ty
w1 NwomsRa GG GG GaT Aiccaa ey 1000
OPN  NMLODIOWOS1 066 MGICAGGTCIGCoy 17
PIX3  NMLOOSR3  GiGageccTICCICTOAALY  10WP
TRPV?2 NM_016113.4 5'-CCA GCA AGT ACC TCA CCG AC-3’ 100 bp

5'-CAG GCA TTG ACT CCG TCC TT-3’
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4.4. Immunoblotting

Immunoblotting was performed with HTPC whole cell lysates, as described elsewhere [56]
employing the same antibody as used for IHC and ICC (polyclonal TRPV2 antibody; HPA044993,
Atlas Antibodies, Stockholm, Sweden). Western blot or dot blot bands were detected using a
corresponding HRP-conjugated secondary antibody and chemiluminescent solutions (SuperSignal®
West Femto Maximum Sensitivity Substrate; Thermo Fisher Scientific, Rockford, IL, USA).

4.5. Reagents

Dihydrotestosterone (DHT; Sigma Aldrich, St. Louis, MO, USA) was used to evaluate potential
hormonal regulation of TRPV2 expression. Channel functionality was examined by application of
cannabidiol (CBD), as reported elsewhere [3]. CBD is known to also activate cannabinoid receptors
and at least presence of cannabinoid receptor 1 (CB1) was detected. Therefore, experiments were
carried out in presence of CB1 and CB2 blockers, AM251 and AM630, respectively [3]. In addition,
the unspecific Ca?* channel blocker ruthenium red (RR) and the recently described TRPV2 blocker
tranilast (TRA) were used [13,57]. CBD, AM251, AM630 and RR were purchased from Tocris Bioscience
(Bristol, UK), TRA was from Cayman (Ann Arbor, MI, USA). Stock solutions were dissolved in EtOH,
DMSO or H,O, respectively. Application of equal concentrations of the corresponding solvent was
used as control.

4.6. Ca’* Imaging

For Ca?* imaging experiments, HTPCs were loaded with the Ca?* sensitive fluorescent dye
Fluoforte® Reagent (5 uM, Enzo Life Sciences, Lorrach, Germany) for 30 min at 37 °C and 5% CO,.
Standard extracellular solution was composed of (in mM) 140 NaCl, 3 KCI, 10 HEPES, 10 glucose
(pH 7.4 with NaOH), additionally AM251 (80 nM) and AM630 (800 nM) were added. The free
extracellular Ca?* concentration was set to 1 or 0 mM and that of CBD, RR and TRA to 10 uM.
Trypsin (0.1 %o, BioChrom, Berlin, Germany) served as a positive control at the end of every experiment.
With excitation and emission wavelengths of 488 nm and 520 nm, fluorescence intensity was monitored
using a confocal microscope (Axiovert 200M; Carl Zeiss Microscopy, Jena, Germany) equipped with a
laser module (LSM 5, Carl Zeiss, Jena, Germany) and the software AIM 4.2 (Carl Zeiss Microlmaging,
Jena, Germany). Data are expressed as relative fluorescence intensity based on a pseudo color scale
from black/purple (low Ca?*) to white/red (high Ca?*) in arbitrary units (a.U.).

4.7. Treatment of Cells

For treatment, cells were serum starved 24 h prior to application of any drug. All stimulations
were performed in FCS-free medium. For investigation of hormonal TRPV?2 regulation, cells were
stimulated with DHT (10 uM) for 24 h or 7 d. For functional analysis of TRPV2, cells were preincubated
for 1 h with AM251 (80 nM) and AM630 (800 nM) and then stimulated with CBD (10 uM) for 24 h for
qPCR experiments and for 48 h for Human XL cytokine array.

4.8. Supernatant Protein Profiling

For the Proteome Profiler Human XL Cytokine Array (R&D Systems, Minneapolis, MN, USA),
HTPCs were treated as described above and supernatants were collected. A total amount of
500 pL of supernatant was applied on the membranes according to the manufacturer’s instructions.
Quantitative analysis was performed using Fiji software [58]. For each membrane, average spot signal
density was determined by densitometry, followed by background subtraction and normalization to
the respective protein concentrations.
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4.9. IL-8 Immunoassay

Following the manufacturer’s instructions, the level of IL-8 in the supernatant after 24 h incubation
with CBD (10 uM) was determined using an IL-8 ELISA (Human IL-8/NAP-1 Platinum ELISA;
affymetrix eBioscience, Santa Clara, CA, USA). The lowest detectable IL-8 concentration was 2.0 pg/mL
and the inter-assay coefficient of variance was less than 5.3%. Samples from 6 different patients were
analyzed and the levels of IL-8 were expressed in pg/ug total protein amount.

4.10. siRNA Transfection

As both RR and TRA are not well suited for 24 h stimulation due to described side effects [59],
cells were transfected with TRPV2 siRNA to block the observed effects. At ~80% confluency, cells were
transfected for 6 h with Lipofectamine® 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA)
dissolved in DMEM (Gibco Paisley, UK) according to the manufacturer’s protocol. A control
non-silencing siRNA (negative control siRNA, 5 nM, #1022076; Qiagen, Hilden, Germany) and a
TRPV2 siRNA (TRPV2 Silencer® Pre-designed siRNA, 40 nM, #AM16708; life technologies, Carlsbad,
CA, USA) were used. Cells were starved on DMEM containing 2% FCS and 1% P/S for further 18 h,
preincubated with AM251 and AM630 for 1 h and then treated for 24 h with CBD and EtOH as
solvent control, as described above. Efficiency of silencing was verified by a dot blot using 5 ug
of total protein, the above listed TRPV2 antibody and 3-actin as housekeeping control (monoclonal
-actin antibody, 1:10,000; A5441, Sigma Aldrich, St. Louis, MO, USA). The experiment was performed
twice with similar results.

4.11. Data Analysis and Statistics

Data analyses were performed using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA,
USA). For statistical analysis of qPCR data and changes in fluorescence intensity, two-tailed one-sample
t-test based on given Gaussian distribution (Shapiro-Wilk normality test) was used and the level of
significance was set to 5%. For the responder rate, the Fisher’s exact test was used, and significance was
set to 5%. Immunoassay data of control condition did not achieve normal distribution (Shapiro-Wilk
normality test: p = 0.0009) and therefore data were analyzed using Wilcoxon test. Data are presented
individually for each patient and, for gPCR and ELISA data, also as mean & SEM.
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The cation channel TRPV2 is known to be expressed by murine macrophages and is
crucially involved in their functionality. Macrophages are frequent cells of the mouse
testis, an immune-privileged and steroid-producing organ. TRPV2 expression by testicular
macrophages and possible changes associated with age or inflammation have not been
investigated yet. Therefore, we studied testes of young adult and old wild-type (WT) and
AROM* mice, i.e., transgenic mice overexpressing aromatase. In these animals,
inflammatory changes are described in the testis, involving active macrophages, which
increase with age. This is associated with impaired spermatogenesis and therefore AROM*
mice are a model for male infertility associated with sterile inflammation. In WT animals,
testicular TRPV2 expression was mapped to interstitial CD206* and peritubular MHC 1I*
macrophages, with higher levels in CD206* cells. Expression levels of TRPV2 and most
macrophage markers did not increase significantly in old mice, with the exception of
CD206. As the amount of TRPV2* testicular macrophages was relatively small, their
possible involvement in testicular functions and in aging in WT mice remains to be further
studied. In AROM* testis, TRPV2 was readily detected and levels increased significantly
with age, together with macrophage markers and TNF-a. TRPV2 co-localized with F4/80 in
macrophages and further studies showed that TRPV2 is mainly expressed by unusual
CD206* MHC II* macrophages, arising in the testis of these animals. Rescue experiments
(aromatase inhibitor treatment and crossing with ERaKO mice) restored the testicular
phenotype and also abolished the elevated expression of TRPV2, macrophage and
inflammation markers. This suggests that TRPV2* macrophages of the testis are part of an

inflammatory cascade initiated by an altered sex hormone balance in AROM* mice.
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The changes in testes are distinct from the described alterations in other organs of AROM",
such as prostate and spleen. When we monitored TRPV2 levels in another immune-
privileged organ, namely the brain, we found that levels of TRPV2 were not elevated in
AROM* and remained stable during aging. In the adrenal, which similar to the testis
produces steroids, we found slight, albeit not significant increases in TRPV2 in both AROM*
and WT mice, which were associated with age. Thus, the changes in the testis are specific

for this organ.
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Abstract: The cation channel TRPV2 is known to be expressed by murine macrophages and is crucially
involved in their functionality. Macrophages are frequent cells of the mouse testis, an immune-
privileged and steroid-producing organ. TRPV2 expression by testicular macrophages and possible
changes associated with age or inflammation have not been investigated yet. Therefore, we studied
testes of young adult and old wild-type (WT) and AROM?* mice, i.e., transgenic mice overexpressing
aromatase. In these animals, inflammatory changes are described in the testis, involving active
macrophages, which increase with age. This is associated with impaired spermatogenesis and
therefore AROM* mice are a model for male infertility associated with sterile inflammation. In WT
animals, testicular TRPV2 expression was mapped to interstitial CD206* and peritubular MHC II*
macrophages, with higher levels in CD206™ cells. Expression levels of TRPV2 and most macrophage
markers did not increase significantly in old mice, with the exception of CD206. As the number
of TRPV2* testicular macrophages was relatively small, their possible involvement in testicular
functions and in aging in WT mice remains to be further studied. In AROM™ testis, TRPV2 was readily
detected and levels increased significantly with age, together with macrophage markers and TNF-a.
TRPV2 co-localized with F4/80 in macrophages and further studies showed that TRPV2 is mainly
expressed by unusual CD206*MHC II* macrophages, arising in the testis of these animals. Rescue
experiments (aromatase inhibitor treatment and crossing with ERaKO mice) restored the testicular
phenotype and also abolished the elevated expression of TRPV2, macrophage and inflammation
markers. This suggests that TRPV2* macrophages of the testis are part of an inflammatory cascade
initiated by an altered sex hormone balance in AROM™* mice. The changes in testis are distinct
from the described alterations in other organs of AROMT, such as prostate and spleen. When we
monitored TRPV2 levels in another immune-privileged organ, namely the brain, we found that levels
of TRPV2 were not elevated in AROM* and remained stable during aging. In the adrenal, which
similar to the testis produces steroids, we found slight, albeit not significant increases in TRPV2 in
both AROM* and WT mice, which were associated with age. Thus, the changes in the testis are
specific for this organ.
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1. Introduction

Transgenic mice overexpressing aromatase (AROM™*) have been studied for many
years [1-3]. The hormonal imbalance in these animals causes immunological changes and,
in some organs, inflammation. A recent paper described higher plasma immunoglobu-
lin levels, mainly IgE, in AROM* mice and distinct changes in the enlarged spleen [4].
The analysis of splenocytes revealed changes in the ratio of mature/immature B cells and
increased IgE synthesis after IgE class-switching. Inflammatory changes in two organs
were described, namely in the prostate and testis. In prostate, inflammation (prostatitis)
and pre-malignant changes were found and occurred in an age-dependent manner [5].
In the inflammatory lesions several immune cell types, including mast cells, neutrophils,
T-lymphocytes, and F4/80* macrophages were present. In testis of AROM?*, the most
striking observations were the age-dependent increase in testicular macrophages positive
for CD68, elevated TNF-« levels, and the parallel decline in spermatogenesis [1,2,6,7].
The changes became detectable at about 2 months of age and further increased with age.
Of note, in many cases of human idiopathic male infertility due to impaired spermatoge-
nesis, massive increases in testicular macrophage numbers, defined by the expression of
CD68, occur, as well [8]. This and other similar changes led to the assumption that AROM*
mice are a model for human male infertility associated with sterile inflammation [9].

Tissue-resident macrophages of the testis have mainly been studied in rodents, and
these studies indicated that macrophages normally participate in a broad spectrum of
testis-specific functions, i.e., regulation of vascularization and morphogenesis [10], support
of Leydig cell function [11], differentiation of spermatogonia [12], and maintenance of the
immune privilege [13,14]. Macrophages are typically classified into inflammatory-activated
(M1) and alternatively activated immunosuppressive macrophages (M2). M1 macrophages
secrete proinflammatory mediators including large amounts of the proinflammatory cy-
tokine TNF-«. M2 macrophages are essential for tissue homeostasis, immune surveillance,
and inflammation resolution and secrete low amounts of TNF-« [15]. For rodent testic-
ular macrophages a polarization towards the immunoregulatory and immunotolerant
M2 phenotype is typical. However, it is becoming clear that this state is not fixed and
that the local environment governs the polarization of testicular macrophages [16]. Such
regulatory influences play a role in inflammation and possibly also in aging of the testis.
The last-mentioned point is not well known, but changes in testicular macrophage numbers
during aging have been reported in rodents [17].

From a developmental point of view, the murine testis normally contains two different
populations of macrophages, which have their origin predominantly in the fetal liver,
as just very recently demonstrated [18]. Already at birth, a testicular compartment, i.e., the
interstitial space is occupied by CD206*MHC II' macrophages, whereas CD206"MHC II*
ones surround the seminiferous tubules. Furthermore, a new study showed that after radi-
ation or during infection, bone marrow-derived circulating monocytes are recruited to the
testis and give rise to inflammatory macrophages which then promote tissue damage [19].
Hence, testicular macrophages can be heterogeneous.

The family of transient receptor potential (TRP) channels consists of a large group of
rather ubiquitously expressed ion channels with a broad spectrum of functions and acti-
vating stimuli and is further divided into nine subfamilies (TRPA, TRPC, TRPM, TRPML,
TRPN, TRPP, TRPS, TRPV, TRPVL), each comprising members with structural homology.
All these channels have in common a relatively non-selective permeability for cations
and all are regarded to act as molecular sensors. Among these channels, the transient
receptor potential channel subfamily V member 2 (TRPV2) remains one of the least known
channels [20]. It was considered as a thermal sensor for noxious heat > 50 °C [21] for a long
time, however, TRPV2 has a much more complex physiology and properties, as demon-
strated by knock-out mice [22]. Furthermore, the properties strongly depend on the
species and cell type [23]. The known modulators include, in addition to noxious heat,
A9-tetrahydrocannabinol (THC), cannabidiol (CBD), and 2-amino-ethoxydiphenyl borat
(2-APB), acting as activators [24,25], and tranilast and ruthenium red, which represent
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antagonists [26,27], respectively. Yet all of these modulators lack specificity for TRPV2.
Only very recently, it could be demonstrated that oxidation of a methionine residue within
the structure of TRPV2 by reactive oxygen species (ROS), such as HyO,, or ultraviolet
A light leads to activation and sensitization of TRPV2 [28], giving rise to endogenous
regulatory mechanisms.

TRPV2 is reported to be expressed in different organs, including the brain [29], pan-
creas [30], muscle [31], spleen [21], and other immune-related tissues [32]. In the last
decades, TRPV2 has been described to be crucially involved in innate and adaptive immu-
nity and has been found in several cell types of the immune system in both human and
mouse, i.e., in macrophages and osteoclasts, mast cells, granulocytes, monocytes, and also
in T-lymphocytes [33-36]. In most of these cells, TRPV2 is essential for migration and it
appears to be irreplaceable for differentiation of osteoclasts [37] or degranulation of mast
cells [33,36].

In macrophages, TRPV2 is essential for phagocytosis and chemotaxis [34,35,38].
TRPV2-deficient mice exhibit a higher bacterial load and increased mortality [22]. TRPV2 ex-
pression in macrophages was mainly demonstrated for resident populations, e.g., of brain,
liver, skin, lung, and bone [39,40]. While a sizable number of organs and their respective
macrophages were analyzed, the testis and in particular testicular macrophages have not
been studied.

This paucity of information led us to perform this study. We examined, whether
TRPV2 is expressed by mouse testicular macrophages, attempted to define the macrophage
subtype by flow cytometry and studied, whether levels may change in old animals.
Since TRPV2 is associated with inflammation we specifically focused on the testis of
AROM* mice [1,2]. Additionally, the testicular tissue from known successful rescue ex-
periments, i.e., treatment with an aromatase inhibitor [6] and crossbreeding with ER&xKO
animals [41,42], were included in this study to gain insights into the regulation of TRPV2.
Finally, we explored the expression of TRPV2 in the murine adrenal, i.e., an organ of steroid
production, similar to the testis, and TRPV?2 levels in the brain, which is similar to the testis,
an immune-privileged organ.

2. Results
2.1. Testicular Expression of TRPV2, Macrophage and Inflammation Markers in Young and Old
WT Mice

Whole testes lysates of young (2-3 months, n = 21) and old WT mice (6-8 months,
n =9) were subjected to a detailed analysis employing quantitative RI-PCR and Western
blotting. Next to TRPV2 and NOX2, we examined macrophage and inflammation markers.
Testicular sections were further investigated by means of TRPV2 in situ hybridization and
immunohistochemistry. In addition, we incubated the testicular tissue with cannabidiol
(CBD), known to activate TRPV2, and screened for consequences of activation of TRPV2.

TRPV2 was detected at the mRNA level in young and old mice, and a slight, although
not statistically significant increase of TRPV2 levels was found in old animals (Figure 1A).
Immunoblotting did not reveal changes in TRPV2 level with increasing age (Figure 1B).
Levels of the ROS generating enzyme NOX2 were slightly but not significantly higher in
older animals (Figure 1A).

When testicular sections of both young (2 months, Figure S1A) and even older,
10 month-old, WT animals were examined by TRPV?2 in situ hybridization (Figure 1C),
we observed a distinct localization in the interstitial space (arrows) and within or in close
proximity to the peritubular wall of seminiferous tubules (arrow heads).

Based on a detailed quantitative RT-PCR analysis, levels of all investigated macrophage
markers, i.e., CD54, CD68, CD74, and CD206, remained unchanged in old WT animals
(Figure 1D), as well as the examined markers for inflammation, i.e., CXCL-1, TIMP-1, and
TNF-« (Figure 1E).
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Figure 1. Expression profile of TRPV2, NOX2, macrophage and inflammation markers in WT testes. (A) Relative mRNA
expression levels of TRPV2 and NOX2 in whole testes of old WT mice, normalized to young animals. Levels were not
significantly different (TRPV2: 1.578 £ 0.319, p = 0.3505; NOX2: 2.412 + 0.856, p = 0.2802). (B) TRPV2 immunoblotting of
young (3 months, n = 2) and old WT testes (7 months, 1 = 2) showed weak bands (~63 kDa) for both ages and quantification
revealed a mean expression level in old WT testis of 1.016 £ 0.049, compared to young ones. Staining for «Tubulin was
used as a loading control. (C) Testicular sections of 10 month-old WT mice subjected to TRPV2 in situ hybridization showed
punctuated staining mainly in the interstitial space (arrows) with few spots at the peritubular walls (arrow heads; left
panel). The negative control (upper right panel, (—) ctrl.) showed no signals, but the positive control (lower right panel,
(+) ctrl)) did. Scale bar is 50 uM. (D,E) Relative mRNA expression levels of (D) macrophage markers (CD54: 1.332 £ 0.172,
p = 0.1157; CD68: 1.205 £ 0.188, p = 0.8506; CD74: 2.430 £ 0.732, p = 0.2402; CD206: 1.843 £ 0.305, p = 0.0589) and (E)
inflammation markers (CXCL-1: 1.214 + 0.348, p = 0.6767; TIMP-1: 1.638 & 0.633, p = 0.7160; TNF-a: 1.416 & 0.279, p = 0.5198)
in whole testes of old WT mice normalized to young animals. (A,D,E) The graphs represent mean + SEM of old WT mice
(6-8 months, n = 9) normalized to young animals (2-3 months, n = 21); unpaired two-tailed t-test, x = 0.05. (F) Testicular
macrophages from young (2 months, n = 1, pool of three animals) and old WT mice (7-8 months, # = 2, pool of three animals
each) sorted for their CD206 and MHC II expression by FACS were subjected to mRNA extraction and quantitative RT-PCR
for TRPV2 expression. The graphs represent mean + SEM.

To further characterize the macrophage subpopulation(s) expressing TRPV2, testicular
macrophages were isolated and subjected to FACS for expression of CD206 and MHC II
and then scanned for TRPV?2 expression by quantitative RT-PCR (Figure 1F). In both young
and old WT animals, CD206" macrophages showed numerically higher TRPV2 expression
levels compared to MHC II* ones (young: 2.820; old: 4.510 £ 0.280). This result suggests
that predominantly interstitial macrophages express TRPV2, at least at the mRNA level
(Figure 1C,F).

Since there was no change in TRPV2 expression in older animals, consequences
of TRPV2 activation were explored in an organotypic incubation with testicular tissue
from young WT mice (2-3 months, n = 6). The testicular tissue was pre-incubated with
cannabinoid receptor 1 (CB1) and 2 (CB2) blockers, AM351 (80 nM) and AM630 (800 nM),
respectively, for 1 h and then exposed to CBD (30 uM) for 6 h.
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Using a proteome profiler, a 2.596-fold higher CXCL-1 level could be detected in the
supernatant of CBD treated tissue (4031.422 signal density/pug RNA) compared to the
control tissue (1553.138 signal density /g RNA) and an albeit weak signal for IFN-y was
found exclusively in the CBD-treated tissue supernatant (128.919 signal density/ug RNA;
Figure S1B, upper panel).

A detailed quantitative RT-PCR analysis performed with mRNA isolated from the
individual tissue pieces revealed significantly higher levels of CXCL-1 (1.767 £ 0.326,
p =0.0493), CXCL-2 (1.807 & 0.334, p = 0.0180), and IL-6 (1.697 +£ 0.174, p = 0.0066) upon
exposure to 30 uM CBD, whereas CD54, COX2, IL-1f5, MCP-1, TIMP-1, TNF-x, and TRPV2
remained unchanged (Figure S1B, lower panel).

2.2. TRPV2, Macrophage and Inflammation Markers in Testes from Young and Old AROM* Mice

In the testes of AROM* animals, TRPV2 was readily detected already in young adults,
as shown by several methods. Testicular sections of both young (2 months, Figure 52)
and old AROM* mice (10 months) were subjected to TRPV?2 in situ hybridization. The
results showed strong punctuated staining in the interstitial space, indicating that TRPV2
is present in large cells (Figure 2A). Immunohistochemistry using antibodies against
the murine macrophage marker F4/80 (left panel) and TRPV2 (right panel) was also
performed on consecutive sections from old AROM* animals (10 months). Inmunoreactive
signals indicate the co-localization of the two proteins and support the fact that testicular
macrophages express TRPV2 in AROM* mice (Figure 2B).

Protein extracted from whole testis lysates of both young (3 months, n = 2) and
old AROM™* animals (7 months, n = 2) further confirmed the increase in TRPV2 amount
(1.987 £ 0.378; Figure 2C).

Comparing young (2-3 months, n = 21) and old AROM* mice testes (6-8 months,
n = 15) by means of quantitative RT-PCR showed that levels of both TRPV2 (3.375 £ 0.257,
p <0.0001) and NOX2 (6.283 £ 1.114, p < 0.0001) presented highly significant increases
with age (Figure 2D).

Moreover, we found a highly significant increase for all investigated macrophage mark-
ers (CD54: 2.521 £ 0.415, p = 0.0010; CD68: 6.318 £ 1.580, p < 0.0001; CD74: 9.838 + 2.292,
p < 0.0001; CD206: 3.377 £ 0.669, p = 0.0002; Figure 2E), and, as expected, also TNF-
« (5.341 £ 1.158, p < 0.0001) and TIMP-1 (4.307 & 1.205, p = 0.0292) were significantly
increased. However, CXCL-1 was not changed (Figure 2F).

2.3. TRPV2, Macrophage and Inflammation Markers in a Genotypic Comparison

For a better appreciation of the differences between the observed findings in testes
from young and old WT and AROM™ mice, on the one hand, quantitative RT-PCR datasets
were re-analyzed comparing coeval animals of both genotypes (Figure S3) and on the
other hand, datasets of proteomes from both WT and AROM* testes of 11 month-old
animals subjected to mass spectrometry were re-analyzed and screened for macrophage
and inflammation markers, TRPV2 and ROS generating enzymes (Figure 3).

In testes from young AROM* animals, TRPV2 mRNA expression levels were found to
be significantly higher compared to coeval WT mice (2.464 & 0.365, p = 0.0029), and the
difference between the two genotypes was further strongly augmented with the increasing
age (5.217 = 0.397, p < 0.0001). In terms of testicular NOX2, there were significantly
higher levels of the ROS producing enzyme in AROM* mice compared to coeval WT mice
(Figure S3A), both in young (3.049 % 0.602, p = 0.0210) and old animals (8.604 £ 1.526,
p <0.0001).

Comparison of macrophage marker expression levels in testes from young WT and
AROM* animals revealed significantly higher levels of CD54 (2.772 & 0.431, p < 0.0001)
and CD68 (3.441 & 0.304, p < 0.0001), but not of CD74 and CD206. However, in old
animals all analyzed macrophage markers showed significantly higher expression levels
in AROM* animals compared to coeval WT mice (CD54: 4.062 = 0.539, p < 0.0001; CD68:
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18.610 £ 4.654, p < 0.0001; CD74: 6.488 £ 1.511, p = 0.0022; CD206: 2.399 + 0.475, p = 0.0176;
Figure S3B).
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Figure 2. Expression profile of TRPV2, NOX2, macrophage and inflammation markers in AROM™ testes. (A) Testicular
sections of 10 month-old AROM* mice subjected to TRPV?2 in situ hybridization (upper panel) revealed strong and
punctuated staining mainly in the interstitial space (arrows). The negative control (lower left panel, (—) ctrl.) showed no
signals, but the positive control (lower right panel, (+) ctrl.) did. Scale bar is 50 um. (B) Consecutive testicular sections of
10 month-old AROM™* animals subjected to immunohistochemistry using antibodies against the general murine macrophage
marker F4/80 (left panel) and TRPV2 (right panel) revealed strong membrane-associated F4/80 staining in normal-sized
and hyperplastic cells in the interstitial space (arrows), with some faint staining also within or close to the peritubular wall
(arrow heads). TRPV2 showed a strong membrane-associated signal in the interstitial space, in both normal-sized and
hyperplastic cells, whereas peritubular walls remained clear of any signal. The insert represents a negative control with
the 1%t antibody omitted. Scale bar is 50 um. (C) TRPV2 immunoblotting of whole testis lysates of young (3 months, 1 = 2)
and old AROM* animals (7 months, n = 2) showed that bands at the expected size and quantification confirmed increased
expression levels on the protein level. «Tubulin was used as a loading control. (D-F) The mRNA of whole testis lysates from
young and old AROM* mice was subjected to quantitative RT-PCR to investigate the expression profile of (D) TRPV2 and
NOX2, (E) macrophage and (F) inflammation markers revealing highly significant differences except for the inflammation
marker CXCL-1 (1.631 £ 0.286, p = 0.1034). The graphs represent the mean + SEM of old AROM* mice (6-8 months, n = 15)
normalized to young animals (2-3 months, n = 21); unpaired two-tailed t-test, « = 0.05; * p < 0.05, ** p < 0.01, ** p < 0.001.
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Figure 3. Mass spectrometry-based comparison of expression profiles in old WT and AROM™ testes. Extracted proteins from

testicular tissue of 11 month-old WT and AROM* animals (n = 3, each) were subjected to mass spectrometry. The graph

presents iBAQ intensities (mean + SEM) of detected proteins and results of statistical analysis of a genotype-dependent

comparison when proteins could be detected in all replicates using an unpaired two-tailed t-test with « = 0.05; * p < 0.05,

**p <0.01, ** p < 0.001. The numbers of positive replicates other than 3/3 are depicted at the bottom of each column

(n.d.: not detected). The insert on the right depicts the mean differential expression of detected proteins (log2 fold change)

in testes from AROM* animals compared to coeval WT animals, if calculable.

In terms of inflammation markers, already young AROM* animals featured signifi-
cantly higher CXCL-1 (2.649 + 0.319, p = 0.0012), TIMP-1 (4.787 £ 0.502, p < 0.0001) and
TNF-x expression levels (2.518 £ 0.375, p = 0.0057) compared to coeval WT mice. An obser-
vation being even stronger in the old mice of the two genotypes (CXCL-1: 5.071 % 0.889,
p = 0.0007; TIMP-1: 22.990 £ 6.436, p = 0.0002; TNF-«: 9.102 = 1.973, p < 0.0001; Figure S3C),
indicates the increasing severity of the inflammatory testicular phenotype with age.

In a recent study [3], proteomes from both WT and AROM"* testes of 11 month-old
animals (n = 3, each) were studied by mass spectrometry and the datasets were screened
for macrophage markers, inflammation markers, TRPV2 and ROS generating enzymes
(Figure 3). The macrophage markers CAPG, CD68, and CD206 were readily found in all
three animals of both genotypes with the mean iBAQ intensities being significantly higher
in testes from AROM animals (CAPG: p = 0.0097; CD68: p = 0.0484; CD206: p = 0.0007).
In addition, CD115, MPEG1, and SIGLEC1 could be detected in all three analyzed AROM*
mice, while in the WT animals CD115 was only present in two out of three animals,
SIGLEC1 only in one and MPEG1 was even exclusively found in AROM™" mice.

Furthermore, next to MPEG1, both TRPV2 and NOX2, being the only ROS generating
enzyme detected within these datasets, were exclusively found in AROM* animals by this
experimental approach.

2.4. Flow Cytometry Analysis of Testicular Macrophages from Young WT and AROM* Mice

To obtain an in-depth insight into the true nature of the testicular macrophages be-
ing positive for TRPV2, whole testes of young WT and AROM* mice (3 months, n =3
each) were digested, and isolated cells were subjected to the flow cytometry (FACS) anal-
ysis. CD45*CD11b*F4/80* macrophages were further subdivided into four subpopula-
tions based on their CD206 and MHC II expression (CD206"MHC II", CD206*MHC IT,
CD206'MHC II*, CD206*MHC II*) and sorted (Figure 4A,C).
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Figure 4. Flow cytometry analysis of testicular macrophage populations of young WT and AROM* mice. Cells from
3 month-old WT and AROM* testes (1 = 3, each) were isolated, processed for FACS analysis and sorted for macrophage
markers (CD45*CD11b*F4/80%), and further divided by CD206 and MHC II expression. TRPV2 expression was quantified
within the resulting subpopulations. (A,C) Representative two-dimensional plots of a WT (A) and AROM* animal (C),
showing the four subpopulations depending on their CD206 and MHC II expression level (green—CD206"MHC II", orange—
CD206*MHC II', black—CD206"MHC II'*, gray—CD206*MHC II*). (B,D) Quantitative analyses of testicular macrophage
subpopulations in WT and AROM™* mice. The percentages of total F4/80* cells (red axis), and TRPV2* cells within these
particular subpopulations (blue axis) are shown. The graphs represent mean + SEM. (E) Results of statistical analysis
(p values) of the particular subpopulations (% of F4/80%) and the corresponding percentage of TRPV2* cells (TRPV2* cells
[%]) within these subpopulations of WT and AROM* animals, using an unpaired two-tailed f-test, « = 0.05, where Gaussian
distribution is given and proteins could be detected in all replicates (3/3).

Testes from WT animals (n = 3) harbored a total of 267 + 11 CD45*CD11b*F4/80*
cells per mg tissue and 3333 £ 151 of these cells were subjected to the flow cytometry anal-
ysis. The biggest fraction of these cells could be allotted to CD206"MHC II* macrophages
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(51.470 £ 2.099%), followed by CD206*MHC II" (26.970 £ 4.605%), CD206*MHC II*
(9.583 £ 1.260%), and CD206"MHC II" ones (7.677 + 1.107%; Figure 4B, plotted on the
left red axis). Amongst these macrophage subpopulations, the double-positive group of
CD206*MHC II* macrophages had the highest percentage of TRPV2* cells with 7.893 + 2.424%
(3/3). CD206*MHC II' macrophages harbored 1.903 £ 0.241% TRPV2* cells (3/3), whereas
only in one animal (1/3) 0.140% of CD206"MHC II* macrophages were also positive for
TRPV2, giving further support to the findings made on mRNA expression levels from
sorted macrophages (Figure 1F). The double negative CD206"MHC II" subpopulation was
bare of any TRPV2* cells (0/0) (Figure 4B, plotted on the right blue axis).

In contrast, testes from AROM* animals (n = 3) contained substantially more
CD45*CD11b*F4/80* cells with 1154 + 415 cells per mg tissue and 9926 + 2571 cells
were subjected to the flow cytometry analysis revealing a drastically shifted distribution of
macrophage subpopulations towards the double-positive CD206*MHC II* subpopulation
with 61.730 £ 2.924% of all F4/80* cells (Figure 4C), and 48.970 + 1.488% of those being
also TRPV2* (3/3). The double negative CD206"MHC II" subpopulation represented only
7.890 £ 0.900% of all F4/80* cells with 1.570% being also TRPV2* (1/3). CD206*MHC
II" macrophages summed up to 15.670 + 0.639% and CD206"MHC II* subpopulations
came to 8.593 £ 1.375% of total F4/80" cells. Moreover, applying also for AROM* mice,
CD206*MHC II' macrophages showed more TRPV2* cells with 1.793 £ 0.263% (3/3) than
those macrophages being CD206"MHC II* with only 1.100% (1/3), respectively (Figure 4D).

For a comparison between the results obtained from these CD45*CD11b*F4 /80" cells
derived from WT and AROM™* mice, datasets were statistically analyzed using a two-tailed
unpaired t-test where Gaussian distribution was given and the corresponding protein
could be detected in all three replicates of each group (Figure 4E). In terms of macrophage
subpopulation composition (% of F4/80% cells), there was no significant difference in the
amount of CD206-MHC II" (p = 0.8883) and CD206*MHC II" (p = 0.0719) cells between the
two genotypes. However, in AROM™* animals there were significantly fewer CD206"MHC
IT* macrophages (p < 0.0001), but the percentage of the double-positive subpopulation of
CD206*MHC II* cells was significantly higher in these mice (p < 0.0001).

Expression of TRPV2 within these macrophage subpopulations (TRPV2* cells [%])
could only be statistically investigated for CD206*MHC II" and CD206*MHC II* cells, since
TRPV2 could be found in all the animals examined. For CD206*MHC II' macrophages,
there was no significant difference in TRPV2* cells between the two genotypes (p = 0.7729),
while in AROM* animals the double-positive CD206*MHC II* cells included significantly
more TRPV2* macrophages (p = 0.0001) compared to coeval WT mice.

2.5. TRPV2 in Rescue Experiments of AROM* Mice

In previous studies [6,42], the altered endocrine phenotype of AROM™* testis was
rescued by administration of an aromatase inhibitor or by cross-breeding with estrogen
receptor « knock-out (ERxKO) animals. We examined whether under these conditions
elevated TRPV2 and NOX2 but also macrophage and inflammation markers are reverted.

Briefly, 1 month-old WT and AROM™ animals were exposed to an aromatase inhibitor
(finrozole) or corresponding placebo control (carboxylmethyl-cellulose) for 6 weeks and
mRNA was isolated from whole testis lysates after sacrifice of the animals for further analysis.

The data revealed that administration of the aromatase inhibitor caused only slight,
but partially statistically significant changes in WT animals (n = 7), i.e., a slight increase in
CD206 mRNA expression (1.825 £ 0.183, p = 0.0153), whereas none of the other investigated
markers showed significant changes compared to the placebo-treated WT animals (n = 7).

The analysis of placebo-treated AROM™* animals (1 = 7) revealed expected results
with significantly increased expression levels of TRPV2 and NOX2, as well as the majority
of the macrophage and inflammation markers (TRPV2: 1.692 4+ 0.094, p = 0.0369; NOX2:
3.094 £ 0.532, p = 0.0078; CD54: 3.940 + 0.602, p = 0.0211; CD68: 2.562 + 0.244, p < 0.0001;
CD206: 2.113 £+ 0.219, p = 0.0060; TIMP-1: 1.722 + 0.150, p = 0.0004; TNF-a: 4.026 +
0.841, p = 0.0014). However, CD74 (0.533 & 0.069, p = 0.0323) was significantly decreased
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Figure 5. Rescue experiments of AROM* mice prevent TRPV2 increases. (A—C) One month-old WT and AROM* mice were
treated with an aromatase inhibitor or with corresponding placebo for 6 weeks and whole testes were analyzed for their
mRNA expression profile of (A) TRPV2 and NOX2, (B) macrophage and (C) inflammation markers. The graphs represent
mean + SEM of inhibitor-treated WT (1 = 7, white bars) and AROM™* mice treated with either placebo (n = 7, light grey bars)
or aromatase inhibitor (n = 6, dark grey bars) compared to coeval placebo-treated WT animals (1 = 7); unpaired two-tailed
t-test, oo = 0.05; * p < 0.05, ** p < 0.01, ** p < 0.001. (D) Immunohistochemistry for TRPV2 performed on testicular sections
from 9 month-old AROM™* (D1), ER&xKO (D2) and AROM* mice crossbred with ERxKO mice (D3) revealed strong positive
signals in the interstitial space of AROM* mice mainly membranous in normal-sized and hyperplastic cells (arrows),
but only very weak and faint staining within the interstitial space of ERaKO and in AROM* mice crossbred with ERxkKO
animals, with a rather punctuated pattern (arrow heads). The inserts depict corresponding controls with the omitted

15t antibody. Scale bar is 50 pm.

As shown before, crossbreeding of AROM™* mice with mice lacking estrogen receptor
o recovered the normal histological appearance of testicular sections without hyperplastic
cells in the interstitial space and normal spermatogenesis. In this study, the strong TRPV2-
immunoreactive staining in the interstitial space localized to the cellular membrane in
9 month-old AROM* animals (Figure 5D-D1), turned to only a weak and punctuated
staining in the interstitial space of AROM™ mice crossed with ERxKO mice (Figure 5D-D3),
similar to that observed in ERKO animals (Figure 5D-D2).
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2.6. TRPV?2 in Adrenals and Brain

When we explored mRNA levels of TRPV2 in the adrenal, another steroid-producing
organ, from young and old WT and AROM™* animals (n = 3, each), we found that its levels
slightly but not significantly increase with age in both WT (2.597 £ 0.618, p = 0.0613) and
in AROM™ mice (2.997 & 1.014, p = 0.1203) compared to the corresponding coeval animals.
Expression levels of TRPV?2 in the immune-privileged organ brain, while readily detectable,
did not change with age, neither in WT (1.210 = 0.079, p = 0.0573), nor in AROM™* animals
(1.277 £ 0.150, p = 0.1365). Taken together, the significantly increased expression levels
of TRPV2 in the testis of old AROM* mice (3.141 = 0.538, p = 0.0163) compared to young
ones, in contrast to WT animals showing no changes (1.310 £ 0.241, p = 0.2687), further
confirm the testis-specificity of this observation (Figure S5).

3. Discussion

This study describes, for the first time, the expression pattern of the mysterious cation
channel TRPV2 in murine testis with special regard to macrophages in the case of WT and
the well-established model for male infertility AROM?, taking into account age-related
changes. The results indicate that although TRPV2 is expressed by testicular macrophages
in the WT mouse testis, expression levels are low and hence this channel likely is not
to be considered a major factor involved in the regulation of testicular function during
adult life and aging. However, the results of the analysis of testes from AROM* animals
imply that the population of TRPV2* testicular macrophages massively increases with age
induced by a misbalance of estrogen/androgen levels. It is likely that the testicular TRPV2*
macrophages are part of an inflammatory cascade in the testes of AROM* and thereby are
involved in the development of infertility.

TRPV?2 could be detected and localized to interstitial cells of WT mice. However, the
levels of TRPV2 were low, and the nature of the positive cells could not be readily identified
by in situ hybridization studies. However, FACS isolation and subsequent RT-PCR showed
that the TRPV2™ cells are mainly interstitial CD206* macrophages rather than peritubular
MHC II* macrophages.

Pilot studies, namely the evaluation of organotypic incubations of mouse testes,
indicated that in the presence of CB1 and CB2 blockers activation of testicular TRPV2 by
CBD caused a detectable pro-inflammatory response, e.g., elevation of CXCL-1. The lack of
more specific pharmacological tools, which would allow one to activate or block TRPV2
selectively, prevented us from further studies.

The magnitudes of the expression levels of TRPV2 and all analyzed macrophage or
inflammation markers were not statistically significantly different in older WT animals.
Of note, expression levels of the superoxide-producing enzyme NOX2 increased, albeit
only numerically with age. It may be a source of ROS, which have recently been described
as natural activators and sensitizers of TRPV2 [28]. The role of NOX2 (and NOX1) was
also reported to be critical for the differentiation of monocytes to macrophages and the
polarization of M2 type but not M1 type macrophages [43]. In immune cells, including
macrophages [44], such a mechanism of activation is very likely responsible for the regula-
tion of macrophage functionality. Thus, the macrophage number may increase in the aged
rodent testis [17], and their phenotype may undergo alteration, yet an active role of TRPV2
in the testes of old mice requires further investigation.

AROM testes are characterized, amongst other changes, by increased numbers of
macrophages [1]. They have not yet been fully examined but the expression of CD68 and
high TNF-o implicate a polarization towards M1 macrophages [15]. The high phagocytotic
activity can be concluded from the observation that the macrophages engulf other cells,
including Leydig cells [42]. We extended previous studies on this topic. We found that
TRPV2 was readily detected in testes of AROM* mice already at young adult ages. A FACS
analysis performed with young mice revealed the unique nature of these cells. They consti-
tute a group of CD206*MHC II* cells, which is almost absent in normal WT mouse testis.
Hence, the hormonal imbalances in the testes of these mice likely had initiated changes
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in the macrophage populations, resulting in the acquisition of this unique population.
Whether the changes involve recruitment of a new macrophage population, as recently
suggested to occur after radiation or infection [19] and whether or to which degree the
factors of the local environment contribute to these changes [15], remain to be investigated.

The expression of TRPV2 and NOX2 in the AROM" testes further increased with
age. As mentioned, NOX2 is reported to be critical for the differentiation of monocytes to
macrophages [43], but it is also a source of ROS and could thereby activate and sensitize
TRPV2. The analysis of expression profile of AROM™* testes gave hints of both, higher NOX2
expression levels and more pro-inflammatory macrophages (evidenced, e.g., by higher
inflammatory factors). The FACS analysis could not be readily performed in older animals,
due to the altered and overall remodeled structure of the testes. Still, the evaluation of
proteomic data of old animals indicated that several other macrophage markers increase in
AROM* animals (i.e., CAPG, CD68, CD206, MPEG1, and SIGLEC1). Furthermore, TRPV2
and NOX2 were exclusively found in AROM* animals by this experimental approach,
arguing against a role in normal aging in WT (see above) and for a role in AROM™.

Changes in testicular morphology and macrophage accumulation are initiated by
hormonal imbalances and estrogen receptor « action, although the exact chain of events is
unknown. It is assumed that increased estradiol levels stimulate Leydig cells to produce
growth arrest-specific 6 (GAS6), which mediates phagocytosis of apoptotic cells by bridging
cells with surface-exposed phosphatidylserine (PS) to macrophage receptors [45]. In general
agreement with this assumption, we found that both the aromatase inhibitor treatment,
as well as crossings of AROM* with ERaKO, not only, as expected, rescued the infertile
phenotype [6,42] and reverted macrophage and inflammation markers, but also reduced
TRPV2 and NOX2 levels.

AROM* mice have been studied for several years and changes in prostate, spleen,
and testes were described. Higher plasma immunoglobulin levels in AROM™ mice are due
to distinct changes in the spleen [4] and may indicate a generally altered immunological
situation. Prostatitis and prostatic pre-malignancy occur in an age-dependent manner.
Next to F4/80" macrophages several other immune cell types were described in prostate.
Increased macrophage numbers were first observed in the prostate of AROM* mice at the
age of 30 weeks and then increased with the advanced lifespan. In comparison, in AROM*
animals, testicular macrophages and testicular alterations are detectable at about 2 months
of age, i.e., much earlier. Together with the other changes mentioned, this suggests organ-
specific changes. We further monitored TRPV2 levels in adrenals and brains of male
AROM* and WT animals (see Supplementary Materials, Figure S5). We chose the brain
since similar to the testis, it is an immune-privileged organ. However, we did not find
any changes in TRPV2 expression in AROM* compared to WT and no evidence for age-
associated alterations either. In contrast, in steroid-producing adrenals, TRPV2 increased
with age but in a similar fashion in both, WT and AROM* mice. The results indicate that
in the adrenal, which is similar to the testis produces steroids, age is the major factor in the
induction of TRPV2. The results require additional studies, but taken together, the distinct
changes in the mentioned organs indicate that changes in TRPV2 and macrophages occur
in a highly organ-specific way.

In summary, our study further defines the phenotypes of testicular macrophages in
the mouse. TRPV2" macrophages normally reside in the mouse testis, yet are of limited
number and do not change significantly with age. Hormonal imbalances, however, initiate
a chain of events, in which the number of TRPV2* macrophages increases. This situation
causes the appearance of a CD206"MHC II* subpopulation of TRPV2* macrophages, which
appear to be part of the inflammatory events in AROM™ animals and may play roles in
testicular dysfunction and infertility.
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4. Materials and Methods
4.1. Animals

For this study, animals of the well-established mouse model AROM* (human P450arom
transgene expressed under the ubiquitin C promotor) with the corresponding WT litter-
mates were used and age-grouped for different approaches. Moreover, 1 month-old WT
and AROM™ animals either treated with placebo (5 mg/mL carboxylmethyl-cellulose in
deionized water, Tamro Ltd., Vantaa, Finland) or 10 mg/kg aromatase inhibitor, finrozole
(MPV-2213ad, Hormos Medical Ltd., Turku, Finland) for 6 weeks were included into this
study. Further, estrogen receptor o knock-out mice, ERaKO, and ERxKO crossbred with
AROM* animals were histologically investigated. In addition to the phenotypic control
(cryptorchidism, smaller and brownish testes), the expression of the hP450 transgene
(hCYP19A1) in AROM™ mice was verified by means of PCR. The generation and treatment
of these genetically modified mice has been described in detail elsewhere [1,2,6,7,41,42,46].
The animals had free access to soy-free food pellets (SDS; Witham, Essex, England) and tap
water and were handled in accordance with the institutional animal care policies of the
University of Turku (Turku, Finland).

4.2. Immunohistochemistry and In Situ Hybridization of Testicular Sections

After antigen retrieval using 10 mM citrate buffer at pH 6, sections from Bouin’s
solution-fixed and paraffin embedded mouse testicular samples of all the above-mentioned
genotypes—AROM?*, ERaKO, crossbreeding of these and corresponding WT animals,
respectively—were immunohistochemically investigated for the presence of TRPV2 using
a polyclonal antibody produced in rabbit (1: 400; HPA044993; Sigma-Aldrich, St. Louis,
MO, USA). Additionally, consecutive testicular sections of AROM* and the corresponding
WT animals were scanned for the murine macrophage marker F4/80 (monoclonal anti-
body produced in rat; 1: 50; MCA497; AbD Serotec, Puchheim, Germany). Accordingly,
biotinylated goat-a-rabbit (1: 2500; BA-1000; Vector Laboratories, Inc., Burlingame, CA,
USA) and goat-a-rat (1: 1000; AB_2338179; Jackson Immuno Research Laboratories, Inc.,
Ely, Cambridgeshire, UK) secondary antibodies were used, followed by application of an
avidin-biotin-complex peroxidase (ABC, Vector Laboratories, Inc. Burlingame, CA, USA)
and DAB (Sigma-Aldrich, St. Louis, MO, USA). Primary antibodies omitted, non-immune
serum or pre-adsorbed antibody (1: 100; APrEST83822, Sigma-Aldrich, St. Louis, MO,
USA) served as negative controls. TRPV?2 in situ hybridization was performed on PFA-
fixed (10%) and paraffin embedded testicular sections from 2 and 10 month-old AROM*
and corresponding WT littermates using the RN Ascope 2.5 HD-Brown Assay (ACD, Inc.,
Newark, NJ, USA) with probes against murine TRPV2 (Cat No. 522811), bacterial DapB as
negative control [(—) ctrl.] and PPIB as positive control [(+) ctrl.] in accordance to the user
manual. Sections from both immunohistochemistry and in situ hybridization were slightly
counterstained with hematoxylin.

4.3. Western Blot

Protein was isolated from bisected testes of young (3 months, n = 2) and old AROM*
animals (7 months, n = 2) and the corresponding WT littermates (n = 2, each) by disruption
of the tissue using lysing tubes containing ceramic beads (Lying Matrix D; MP Biomedi-
calsTM; Irvine, CA, USA) and RIPA buffer supplemented with protease and phosphatase
inhibitors (A32959; Thermo Fisher Scientific Inc., Waltham, MA, USA) in adequate volumes
in a tissue homogenizer (FastPrep-24TM 5G; MP BiomedicalsTM; Irvine, CA, USA) with
2-3 cycles at 6.0 m/s speed for 120 s with pauses of 2 min on ice, followed by sonification
and centrifugation at 13,000 rpm for 15 min. The sample concentration was measured
by Lowry assay (DCTM Protein Assay; Bio-Rad Laboratories, Inc., Hercules, CA, USA),
and equal amounts of protein (10 pg/lane) were loaded. The membrane was incubated
with a polyclonal TRPV2 antibody (1: 600; HPA044993; Atlas Antibodies, Stockholm,
Sweden) at 4 °C over-night and a monoclonal «Tubulin antibody (1: 10,000; ab52866;
Abcam, Cambridge, UK) for 1 h at room temperature, both produced in rabbit. An IRDye
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800CW secondary antibody donkey-«-rabbit (1: 10,000; 926-32213; Li-COR Biosciences,
Lincoln, NE, USA) was used and bands were detected with the Odyssey CLx imaging
system (Li-COR Biosciences, Lincoln, NE, USA). Intensities were measured, background
subtracted and normalized to a«Tubulin.

4.4. Quantitative RT-PCR

Disruption of testicular, adrenal, and brain tissue, followed by isolation of mRNA,
was done using the RNeasy Plus Universal Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. The quantity of mRNA was measured using a spectropho-
tometrical approach (NanoDrop 2000c, Thermo Fisher Scientific Inc.) and the purity of
isolated RNA was monitored by the 260/280 ratio. After that, mRNA was subjected to
reverse transcription (SuperScriptTM II Reverse Transcriptase; Invitrogen, Carlsbad, CA,
USA). Then, 4-10 ng cDNA were used for quantitative RT-PCR (LightCycler 96® System,
Roche Diagnostics, Penzberg, Germany) using the QuantiFast SYBR Green PCR kit (Qiagen,
Hilden, Germany). Ribosomal protein L19 (L19) served as an internal control and was
used for normalization. The statistical analysis was performed on the ACq values of each
animal of treatment (for further details, see Section 4.9) and data are presented as changes
in gene expression relative to the corresponding control group according to the 2744C4
method, as described elsewhere [47]. PCR products were loaded on a 2% agarose gel
supplemented with Midori Green Advance DNA stain (Nippon Genetics Europe, Diiren,
Germany) for visualization, then separated, eluted, and sent for sequencing to verify their
identity (GATC, Konstanz, Germany). Nucleotide sequences of the utilized primers and
the size of the corresponding PCR products are given in Table 1.

Table 1. Oligonucleotide primer sequences and corresponding amplicon sizes.

Gene Reference ID Nucleotide Sequence Amplicon Size (bp)
N ST ACCEAGTEA AR AC GG,
wowms - SIEAR AT
o weowenr JERSTERCATGa
o e JECACATSARCTICCTY
covs e RECCIAEASTET
oo SEICC O QCRCISTY
o wwwems GGG RCICy
e wwwwr  FIGACCTEMEACC ey
i weoweis IR SSGAC ALY
s ITSERCRMCCCCIEASS .
es oy SO TCACCCACATEC ACTIAY :
ms o JICTIOGHCCTSRCIAC
TNF-u NM_013693.3 5 TCA TA CAG COA COC CRT TGS 209
e oo JSATAGT B G AReey
NOX2 NM._007807.5 5'-GAG GTT GGT TCG GTT TTG GC-3 191

5'-CAG GAG CAG AGG TCA GTG TG-3'
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4.5. Mass Spectrometry
4.5.1. Sample Preparation

Approximately 1 mg of tissue was incised from 11 month-old WT and AROM* mice
testis (n = 3, each). The tissues were homogenized manually using Micro-homogenizers,
PP (Carl Roth GmbH+Co. KG, Karlsruhe, Germany) and proteins were extracted using the
iST Sample Preparation Kit (PreOmics, Martinsried, Germany) using the manufacturer’s
protocol. Briefly, tissues were lysed and subsequently sheared to get rid of DNA and other
interfering molecules followed by incubation with Trypsin at 37 °C for 2.5 h. The resulting
peptides were subsequently desalted, purified, and re-dissolved in 10 uL ‘Load’ solution
after drying completely in a speed vac.

4.5.2. Mass Spectrometry Measurements

Reversed phase HPLC separation of peptides was performed on an Ultimate 3000 nanoL.C
system (Thermo Fisher Scientific Inc., Waltham, MA, USA). In addition, 5 uL of the solu-
tion was loaded onto the analytical column (120 x 0.075 mm, in the house packed with
ReprosilC18-AQ, 2.4 pm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany), washed
for 5 min with 3% ACN containing 0.1% FA at 300 nl/min, and subsequently separated
applying a linear gradient from 3% ACN to 40% ACN over 50 min. Peptides eluted were
ionized in a nanoESI source and on line detected on a QExactive HF mass spectrome-
ter (Thermo Fisher Scientific Inc., Waltham, MA, USA). The instrument was operated
in a TOP10 method in a positive ionization mode, detecting eluting peptide ions in the
m/z range from 375 to 1600 and performing MS/MS analysis of up to 10 precursor ions.
Peptide ion masses were acquired at a resolution of 60,000 (at 200 m/z). High-energy
collision-induced dissociation (HCD) MS/MS spectra were acquired at a resolution of
15,000 (at 200 m/z). All mass spectra were internally calibrated to lock masses from am-
bient siloxanes. Precursors were selected based on their intensity from all signals with a
charge state from +2 to +5, isolated in a 2 m/z window and fragmented using a normalized
collision energy of 27%. To prevent repeated fragmentation of the same peptide ion, the
dynamic exclusion was set to 20 s.

4.5.3. Data Analysis

Protein identification was performed by the MaxQuant 1.6.0.16 software package.
Parent ion and fragment mass tolerances were 8 ppm and 0.7 Da, respectively and two
missed cleavages were allowed. The mouse canonical protein database from Uniprot
(release June, 2018), filtered to retain only the reviewed entries was used for the searches.
Regular MaxQuant conditions were the following: Peptide FDR, 0.01; Protein FDR, 0.01;
Min. peptide Length, 5; Variable modifications, Oxidation (M); Acetyl (Protein N-term);
Acetyl (K); Dimethyl (KR); Fixed modifications, Carbamidomethyl (C); Peptides for protein
quantitation, razor and unique; Min. peptides, 2; Min. ratio count, 2. Proteins were
validated on the basis of at least 1 unique peptide detected.

4.6. Cell Sorting with Flow Cytometry

Mice were euthanized at the age of 2 or 7-8 months by CO, asphyxiation following
cervical dislocation or cardiac puncture. Testes were removed, minced and digested with
50 pg/mL DNase 1 and 1 mg/mL Collagenase D in Hanks’ solution at 37 °C for 45 min.
The isolated cells were washed and suspended in PBS, and the cell suspension was filtered
through a silk cloth (pore size 77 um). Cells were incubated with unconjugated CD16/32
antibody (clone 2.4G2; Bio X Cell, Lebanon, NH, USA) to block the unspecific binding to
low-affinity Fc-receptors and then stained for 30 min at 4 °C with the following antibodies:
Anti-CD45-PerCP-Cy5,5 (clone 30-F11; BD, Franklin Lakes, NJ, USA), anti-F4/80-A488
(clone BMS; eBioscience, San Diego, CA, USA), anti-CD11b-BV786 (clone M1/70; BD,
Franklin Lakes, NJ, USA), anti-CD206-BV650 (clone C068C2; BioLegend, San Diego, CA,
USA), anti-MHC II-PE (clone M5/114.15.2; BD, Franklin Lakes, NJ, USA), anti-CD11c-
BV711 (clone HL3; BD, Franklin Lakes, NJ, USA), anti-Ly6C-BV421 (clone AL-21; BD,
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Franklin Lakes, NJ, USA), anti-TRPV2 (HPA044993; Sigma-Aldrich, St. Louis, MO, USA)
conjugated with a secondary «-Rb A647 (A27040, Invitrogen, Carlsbad, CA, USA), diluted
to the FACS-buffer. Cells were washed and fixed with 1% formaldehyde in PBS. Samples
were acquired with the LSRFortessa flow cytometer (BD, Franklin Lakes, NJ, USA), and
data were analyzed with the Flow]o software (FlowJo LLC, Ashland, OR, USA).

For subsequent quantitative RT-PCR analysis, wild-type CD45*CD11b*F4 /80" cells
were sorted for either CD206*MHC II" or CD206"MHC II* using a Sony SH800 cell sorter
(100 pm nozzle, Sony Biotechnology Inc., San Jose, CA, USA). The purity of the isolated
populations was >95%. The gating strategies for flow cytometric analyses are shown in
Figure 54.

4.7. Organotypic Testicular Tissue Incubation

Freshly isolated testes from young WT animals (2-3 months, n = 7) were decapsulated,
divided into four equally sized tissue pieces, placed into individual wells of a 24-well
plate containing DMEM/F12 (Gibco, Paisley, UK) and incubated with CB1 (AM251, 80 nM;
Tocris Bioscience, Bristol, UK) and CB2 blockers (AM630, 800 nM; Tocris Bioscience, Bristol,
UK), respectively, for 1 h at 37 °C, 5% CO,, and 95% humidity on a rocking platform. After
this pre-incubation, CBD (Tocris Bioscience, Bristol, UK) was added at a final concentration
of 30 uM, with EtOH in equal volume as the solvent control and the tissue pieces were
incubated for another 6 h. Afterwards, tissue pieces were frozen in liquid nitrogen, stored
at —80 °C for RNA isolation. Supernatants were collected, frozen, and stored for further
analysis in a proteome profiler.

4.8. Proteome Profiler

For this Proteome Profiler Mouse Cytokine Array Panel A (R&D Systems, Minneapolis,
MN, USA) supernatants of incubated testicular tissues treated with 30 pM CBD or the
EtOH solvent control of one 2.5 month-old wild-type animal were used following the
manufacturer’s instructions. Briefly, membranes were blocked and incubated with a
mixture consisting of supernatant and corresponding buffer overnight. On the next day;
the membrane was incubated with Detection Antibody Cocktail followed by streptavidin-
horseradish-peroxidase for 1 h each. Finally, a Chemi Reagent Mix was added to measure
chemiluminescence with an exposure time of 5 min. The average spot signal density was
measured, background subtracted, and normalized to the mRNA amount.

4.9. Data Analysis and Statistics

The testicular section of the above-listed animals subjected either to TRPV2 in situ
hybridization or immunohistochemistry against F4/80 and TRPV2 were visualized using a
Zeiss Axioplan microscope equipped with a Plan-Neofluar 40x/0.75 objective (Carl Zeiss
Microscopy, Jena, Germany) and a Jenoptik camera (PROGRES GRYPHAX Arktur; Jenoptik,
Jena, Germany) with the corresponding software (PROGRES GRYPHAX®, Version 1.1.8.159
for Macintosh, 2017, Jenoptik Optical Systems GmbH, Jena, Germany). Microscopic images
were further white-balanced and brightness was adjusted using Fiji (open source image
processing package for Image]).

Quantitative RT-PCR datasets were analyzed using Microsoft Excel (2018, Microsoft,
Redmond, WA, USA) and the statistical analysis was performed on the ACq values of
each animal/treated tissue using Prism 7 (GraphPad, San Diego, CA, USA). After outlier
exclusion (ROUT method, Q = 1%), datasets were checked for Gaussian distribution using
the Shapiro-Wilk normality test (x = 0.05) and were subjected either to an unpaired (animals
with different age, genotype and treatment, unpaired conditions) or paired (organotypic
testicular tissue incubation, paired conditions) two-tailed t-tests. Datasets of wild-type
macrophages sorted for their CD206 and MHC II expression and further subjected to
quantitative RT-PCR looking for TRPV?2 (Figure 1F) were not statistically investigated due
to the low 7 in this approach (2 months, n = 1, pool of three animals; 7-8 months, n = 2,
pool of three animals each).
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For analysis of mass spectrometry datasets, the measured iBAQ intensities were
checked for Gaussian distribution using the Shapiro-Wilk normality test (« = 0.05) followed
by an unpaired two-tailed ¢-test, for those proteins detected in all three biological replicates
of each group (3/3). The differential protein expression between the two genotypes is
expressed as fold change based on the mean WT log2 iBAQ intensity.

For analysis of the FACS datasets, calculated percentages of the corresponding macro-
phage subpopulations were checked for Gaussian distribution using the Shapiro-Wilk
normality test (« = 0.05), and were further subjected to an unpaired two-tailed t-test when
all three biological replicates of each group (3/3) showed values greater than 0.

For all the tests, « was set to 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001), and data are
depicted as mean + SEM.

Signal densities of Western Blot bands and Proteome Profiler spots were measured
using Fiji and further quantifications were done with Excel and Prism 7. Due to the low
n in both approaches (Western Blots: n = 2 for each group; proteome profiler: n = 1),
no statistical analysis was performed.
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Supplementary Figure S1. TRPV2 in testicular sections from young and old WT mice and effects of CBD in
testicular tissue incubation experiments. (A) 2 months-old WT mice subjected to TRPV2 in situ hybridization (left
panel) revealed punctuated staining both in the interstitial space (arrows) and within or in close proximity to the
peritubular wall (arrow heads). Negative control (upper right panel, (-) ctrl.) showed no signals, but the positive
control (lower right panel, (+) ctrl.) did. Scale bar 50 um. (B) Testicular tissue from young WT mice incubated with
30 uM CBD together with CB1 and 2 blockers (AM251 and AM630, respectively) for 6 h showed higher CXCL-1
and IFN-y levels in the supernatant, analyzed by a cytokine profiler (upper panel). mRNA levels of CXCL-1
(1.767 £0.326; p=0.0493) and 2 (1.807 + 0.334; p =0.0018), as well as IL-6 (1.697 + 0.174; p =0.0066) increased
significantly, whereas CD54 (1.315+ 0.159; p=0.0968), COX2 (1.772 + 0.425; p=0.0919), IL-18 (0.985 + 0.070;
p =0.7045), MCP-1 (2.313 +0.705; p = 0.0527), TIMP-1 (1.395 + 0.320; p = 0.4632), TNF-at (1.330 + 0.258; p = 0.3588)
and TRPV2 (1.383 + 0.325; p = 0.4549) remained unchanged at the same time (n = 6). Graphs represent mean = SEM
compared to solvent (EtOH) treated testicular tissue; paired two-tailed t-test, o = 0.05.
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Supplementary Figure S2. TRPV2 in situ hybridization of young, 2 months-old AROM* mice. Testicular sections
of 2 months-old AROM* mice subjected to TRPV2 in situ hybridization (left panel) revealed strong and punctuated
staining mainly in the interstitial space (arrows), but also revealed TRPV2 signals within or in close proximity to
the peritubular wall (arrow heads). Negative control (upper right panel, (-) ctrl.) showed no signals, but the positive
control (lower right panel, (+) ctrl.) did. Scale bar 50 um.
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Supplementary Figure S3. Genotypic comparison of expression profiles in young and old WT and AROM*
testes. (A-C) Genotype-dependent comparison of mRNA expression levels of (A) TRPV2 and NOX2, (B)
macrophage and (C) inflammation markers in whole testis from young and old AROM* mice (n=9 and 15,
respectively) compared to coeval WT animals (n = 21, each). mRNA expression levels were always significantly
higher in AROM" animals, except for CD74 (2.061 + 0.582, p = 0.7800) and CD206 (1.431 + 0.229; p = 0.4744) in the
young animals. Graphs represent mean + SEM; unpaired two-tailed t-test, ot = 0.05.
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Supplementary Figure S4. Gating strategies for flow cytometry of testicular macrophages. FACS gating strategy
with representative two-dimensional plots for murine testicular macrophages and fluorescence minus one (FMO)
control. Living cells were gated for CD45* F4/80*CD11b* events before downstream analysis and were further
sorted for MHCII and CD206, resulting in four macrophage subpopulations: CD206MHCII" (green gate),
CD206*MHC II" (orange gate), CD206-MHC II* (black gate) and CD206*MHC II* (gray gate).
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Supplementary Figure S5. TRPV2 expression in testis, adrenal and brain of young and old WT and AROM*
mice. mRNA extracted from testis, adrenal and brain of young (2 - 3 months) and old (6 - 8 months) WT and AROM*
mice (n =3, each) was subjected to quantitative RT-PCR revealing significantly higher TRPV2 expression levels in
testicular tissue from old AROM* animals compared to the young ones (3.141 + 0.538, p = 0.0163), but not in tissue
from WT mice (1.310 + 0.241, p = 0.2687). TRPV2 expression levels were also numerically elevated in adrenal from
old WT (2.597 + 0.618, p = 0.0610) and AROM* (2.997 + 1.014, p = 0.1203) compared to the corresponding young
animals, but did not reach significance. In brain, also immune privileged, TRPV2 expression was unchanged (WT:
1.210 £ 0.079, p = 0.0573; AROM*: 1.277 + 0.150, p = 0.1365). Graphs represent mean + SEM; unpaired two-tailed t-
test, a = 0.05.

61



Results

3.3 Publication Il

A rapid and robust method for the cryopreservation of human granulosa cells.

Sarah Beschta*, Katja Eubler*, Nancy Bohne, Ignasi Forné, Dieter Berg, Ulrike Berg &
Artur Mayerhofer

* joint first authors

Histochemistry and Cell Biology, July 2021
doi: 10.1007/s00418-021-02019-3

Human primary granulosa cells (GCs) derived from women undergoing oocyte retrieval
can be cultured and are a cellular model for the study of human ovarian functions. In vitro
they change rapidly, resembling initially cells of the preovulatory follicle and then cells of
the corpus luteum. They are derived from individual patients and their different medical
history, lifestyle and age lead to heterogeneity. Thus, cells can rarely be ideally matched
for cellular experiments or, if available, only in small quantities. We reasoned that
cryopreservation of human GCs may be helpful to improve this situation. Previous studies
indicated feasibility of such an approach, but low survival of human GCs was reported and
consequences on human GCs functionality were only partially evaluated. We tested a
slow freezing protocol (employing FCS and DMSO) of human GCs upon isolation from
follicular fluid. We compared cryopreserved and subsequently thawed cells with fresh,
not cryopreserved ones, from the same patients. About 80 % of human GCs survived
freezing/thawing. Neither morphology, survival rate in culture, nor levels of
mitochondrial (COX4, OPA1, TOMMZ20), steroidogenic (CYP11A1, CYP19A1) and cell-cell
contact genes (GJA1) were different between the two groups in cells cultured for 1-5 days.
A proteomic analysis revealed no statistical significance in the abundance of a total of
5962 proteins. Both groups produced comparable basal levels of progesterone and
responded similarly to hCG with elevation of progesterone. Taken together, we describe
a rapid and readily available method for the cryopreservation of human GCs. We
anticipate that it will allow future large-scale experiments and may thereby improve

cellular studies with human ovarian cells.
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Abstract

Human primary granulosa cells (GCs) derived from women undergoing oocyte retrieval can be cultured and used as a cellular
model for the study of human ovarian function. In vitro, they change rapidly, initially resembling cells of the preovulatory
follicle and then cells of the corpus luteum. They are derived from individual patients, whose different medical history,
lifestyle and age lead to heterogeneity. Thus, cells can rarely be ideally matched for cellular experiments or, if available, only
in small quantities. We reasoned that cryopreservation of human GCs may be helpful to improve this situation. Previous
studies indicated the feasibility of such an approach, but low survival of human GCs was reported, and effects on human GC
functionality were only partially evaluated. We tested a slow freezing protocol (employing FCS and DMSO) for human GCs
upon isolation from follicular fluid. We compared cryopreserved and subsequently thawed cells with fresh, non-cryopreserved
cells from the same patients. About 80% of human GCs survived freezing/thawing. No differences were found in cell mor-
phology, survival rate in culture, or transcript levels of mitochondrial (COX4, OPAI, TOMM?20), steroidogenic (CYPI11AI,
CYPI9A1) or cell—cell contact genes (GJAT) between the two groups in cells cultured for 1-5 days. A proteomic analysis
revealed no statistically significant change in the abundance of a total of 5962 proteins. The two groups produced comparable
basal levels of progesterone and responded similarly to hCG with elevation of progesterone. Taken together, our results show
this to be a rapid and readily available method for the cryopreservation of human GCs. We anticipate that it will allow future
large-scale experiments and may thereby improve cellular studies with human ovarian cells.

Keywords Cryopreservation - IVF - Ovarian cells - Cell culture - Mass spectrometry - Progesterone

Introduction

The development and widespread use of assisted repro-
ductive technology (ART) has opened a unique possibility
for the study of the human ovary, namely follicular fluid
and granulosa cells. Human granulosa cells (GCs) are the
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by-product of follicular aspiration performed on women
undergoing medical procedures like in vitro fertilization
(IVF), intracytoplasmic sperm injection (ICSI) or cryo-
preservation of their oocytes. They are therefore readily
available and represent, in general, mural cells, which are in
the process of luteinization (luteinizing GCs). They can be
isolated from the follicular fluid, cultured in vitro and then
studied (Blohberger et al. 2016; Bulling et al. 2000; Saller
et al. 2014). As GCs fulfill an essential role in the follicle,
form the environment for the oocyte and produce steroids,
the study of cultured human GCs provides a unique window
into the human ovary. A previous study employing a prot-
eomic comparison revealed that [IVF-derived human GCs in
culture resemble initially luteinizing cells of the ovulatory
follicle, but then are more comparable to the large lutein-
ized granulosa cells of the corpus luteum (CL) (Bagnjuk and
Mayerhofer 2019). During the culture period, human GCs
further undergo striking changes and at later time points
they are alike the cells of the regressing CL (Bagnjuk and
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Mayerhofer 2019). Thus, cultured human GCs are highly
dynamic and provide insight into different situations of the
human ovary.

Indeed, the changes are rapid and occur within a few
days; hence human GCs rarely can be ideally matched for
cellular experiments. The cells stem from humans and due
to patients’ age, lifestyle and their medical history, human
GCs are notoriously heterogeneous, a situation aggravated
in conditions such as polycystic ovarian syndrome (PCOS).
We reasoned that upon cryopreservation of human GCs, suf-
ficient numbers of comparable cells may become available
to improve cellular studies.

There are several studies demonstrating cryopreserva-
tion of ovarian tissues and cells in various species, includ-
ing human and bovine (Amorim et al. 2011; Baufeld and
Vanselow 2018; Bouillon et al. 2020; Kokotsaki et al. 2018;
Pietrowski et al. 2020; Rivas Leonel et al. 2019; Santana
et al. 2012; Shi et al. 2017; Sluss et al. 1994; Youm et al.
2014; Zheng et al. 2019). They indicate that freezing/thaw-
ing is, in general, possible, yet the survival rate of cells is
rather low (45-58%; see Bouillon et al. 2020). Furthermore,
the consequences of such procedures for GCs are not fully
evaluated, especially for IVF-derived human GCs (Bouillon
et al. 2020; Sluss et al. 1994).

Here we report a method for cryopreservation and
later use of human GCs and show by employing different
approaches, including a proteomic analysis, that the cryo-
preserved cells do not differ from their fresh counterparts.

Materials and methods
Human GC isolation and cell culture

For the isolation of human GCs, follicular fluid was used
from patients undergoing medical procedures including
in vitro fertilization (IVF), intracytoplasmic sperm injec-
tion (ICSI) or cryopreservation of oocytes primarily to
address infertility. Patients with polycystic ovary syndrome
(PCOS) were excluded from this study. By written consent,
patients agreed to the scientific use of biological material, as
part of ongoing projects within the framework of a German
Research Foundation (DFG)-funded project (456828204).
The use of human cells was approved by the Ethics Commit-
tee of LMU (Project number 20-697). Follicular fluid from
two to six patients (average 3.2 +0.3 punctures) was pooled
for this study, and human GCs were isolated using a cell
strainer, as described previously (Blohberger et al. 2016).
After centrifugation of the cell suspension for 3 min at
800 rpm, isolated cells were mixed with trypan blue (Lonza,
Basel, Switzerland) and counted using a Neubauer chamber.

@ Springer

The resulting number of cells was equally divided and
one half was used for cryopreservation and the other half
was seeded (1-1.25 x 10° cells/dish) onto p35 cell culture
dishes (Sarstedt, Leicester, UK) containing Dulbecco’s mod-
ified Eagle medium/Ham’s F-12 nutrient mixture (DMEM/
F12; Gibco, Paisley, UK) supplemented with 1% penicillin/
streptomycin (P/S; BioChrom, Berlin, Germany) and 10%
fetal calf serum (FCS; Capricorn Scientific, Ebsdorfergrund,
Germany) and kept at 37 °C, 5% CO, and 95% humidity
until experimental use. On the first day of culture, human
GCs were washed thoroughly with pure DMEM/F12 to get
rid of remaining blood cells and tissue fragments and fresh
supplemented culture medium (DMEM/F12 with 1% P/S
and 10% FCS) was added. Cells were cultured up to 5 days
for this study and medium was changed every other day.

Cryopreservation and thawing

For cryopreservation, half of the freshly isolated cells
(422,375 +£57,910 cells, n=16) were resuspended in 1 ml
DMEM/F12 containing 1% P/S, 10% FCS and 10% dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and
were transferred to a cryotube (Thermo Fisher Scientific,
Waltham, MA, USA). Cells were cooled to —80 °C at a rate
of —1 °C/min using an alcohol-free cell freezing container
(BioCision CoolCell 1 ml FX, Brooks Life Sciences GmbH,
Griesheim, Germany) and were transferred to liquid nitro-
gen the following day. Cells tested in this study were stored
for up to 14 days in a liquid nitrogen tank. On the day of
use, cells were rapidly thawed in a water bath at 37 °C and
transferred to a falcon tube with about 7 ml DMEM/F12
supplemented with 1% P/S and 10% FCS. The suspension
was then centrifuged for 3 min at 800 rpm and the pellet
was resuspended in fresh supplemented culture medium. To
determine the survival rate after this freeze/thaw process,
cells were mixed with trypan blue and recounted using a
Neubauer chamber. Cells, in identical numbers to those of
freshly isolated human GCs, were plated on p35 cell culture
dishes, washed thoroughly with pure DMEM/F12 on culture
day 1 and kept at 37 °C, 5% CO, and 95% humidity until
experimental use. Cells were cultured up to 5 days for this
study, and the medium was changed every other day.

RNA isolation and reverse transcriptase quantitative
PCR (RT-qPCR)

Cultured human GCs were washed thoroughly with 1 ml
phosphate-buffered saline (PBS; Thermo Fisher Scientific)
and RNA was isolated using the RNeasy Plus Micro Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Depending on the amount of RNA, reverse
transcription was performed with 400 ng to 1 ug RNA using
random 15-mer primers (Metabion, Planegg, Germany)
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and SuperScript II (Invitrogen, Carlsbad, CA, USA). Water
within the reaction instead of enzyme served as a non-
reverse transcription control, RT-qPCR was performed with
4 ng cDNA in the reaction, and RNA instead of cDNA was
used as negative control using the QuantiFast SYBR Green
PCR Kit (Qiagen). The mRNA levels of the investigated
genes were set in relation to the housekeeper RPLI19 [ratio:
Cq (RPL19)/ Cq (gene of interest)], compared between the
coherent fresh and frozen/thawed samples [ratio (frozen/
thawed) / ratio (fresh)], and are expressed as the difference
between the thawed and fresh samples [A: 1 — ratio (fro-
zen/thawed) / ratio (fresh)]. Detailed information about the
oligonucleotide primers is depicted in Table 1.

Proteomics

Proteomic analysis was performed on culture day 3 with
fresh and frozen/thawed human GCs from three individual
batches. In brief, human GCs (1 X 105) were detached from
the plate using Trypsin—EDTA solution (L2143, Biochrom
GmbH, Berlin, Germany), and the reaction was stopped
with 1.5 ml DMEM/F12 supplemented with 1% P/S and
10% FCS. The cells were washed three times with 1 ml
PBS, and after the third washing step the excess liquid was
removed and the cell pellet was frozen at —80 °C. Samples
were processed using the PreOmics iST sample preparation
kit (PreOmics GmbH, Planegg/Martinsried, Germany) as
recommended by the manufacturer.

For liquid chromatography—mass spectrometry (LC-MS)
purposes, desalted peptides were injected in a nanoElute sys-
tem (Bruker, Billerica, MA, USA) and separated in a 25-cm
analytical column (75 um ID, 1.6 um C18, IonOpticks)
with a 100-min gradient from 2 to 37% acetonitrile in 0.1%

formic acid. The effluent from the high-performance (HP)LC
was directly electrosprayed into a hybrid trapped ion mobil-
ity-quadrupole time-of-flight mass spectrometer (timsTOF
Pro, Bruker Daltonics, Bremen, Germany) using the nano-
electrospray ion source at 1.4 kV (CaptiveSpray, Bruker
Daltonics). The timsTOF was operated at 100% duty cycle
in data-dependent mode to automatically switch between
one full TIMS-MS scan and ten PASEF [parallel accumula-
tion—serial fragmentation] MS/MS scans in a range from 100
to 1700 m/z in positive electrospray mode with an overall
acquisition cycle of 1.23 s. The ion mobility was scanned
from 0.6 to 1.60 Vs/cm? with TIMS ion charge control set
to 5e4, RF potential of 300 Vpp. The TIMS dimension was
calibrated linearly using four selected ions from the Agilent
ESI LC/MS tuning mix [m/z, 1/K0: (322.0481, 0.7318 Vs/
cm?), (622.0289, 0.9848 Vs/cm?), (922.0097, 1.1895 Vs/
cm?), (1221.9906, 1.3820 Vs/cm?)] (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA). MaxQuant 1.6.10.43
was used for protein identification and label-free quantita-
tion (LFQ) with the following parameters: Database, Uni-
prot_AUP000005640_Hsapiens_20200120.fasta; MS tol,
10 ppm; MS/MS tol, 20 ppm Da; Peptide false discovery rate
(FDR), 0.1; Protein FDR, 0.01 Min. peptide length, 7; Vari-
able modifications, oxidation (M); Fixed modifications, car-
bamidomethyl (C); Peptides for protein quantitation, razor
and unique; Min. peptides, 1; Min. ratio count, 2. Identified
proteins were considered as differential if their log2 fold
change (LFQ) values were higher than log2. The list of all
proteins detected is provided in the supplementary data (S1).
The data were analyzed with Perseus software (Computa-
tion Systems Biochemistry, Martinsried, Germany). The
mass spectrometry proteomics data were deposited to the
ProteomeXchange Consortium via the PRIDE (Proteomics

Table 1 Oligonucleotide primer sequences, annealing temperatures, amplicon sizes and references

Gene Sequence Annealing temperature Amplicon size GenBank ID
O (bp)

COXx4 5'-AGC GAG CAA TTT CCA CCT CT-3' 59 90 NM_001318797.1
5'-TCA CGC CGA TCC ATA TAA GCT-3'

CYPI1IAI 5''TCG GCA GCC TGG AAG AAA GAC C-3' 59 226 NM_001099773.2
5-GGC GCT CCC CAA AAA TGA CG-3'

CYPI9AI 5'-GCT ACC CAG TGA AAA AGG GGA-3' 59 140 NM_000103
5'-GCC AAA TGG CTG AAA GTA CCT AT-3'

GJAI 5'-CAA TCA CTT GGC GTG ACT TC-3’ 60 120 NM_000165
5'-CCT CCA GCA GTT GAG TAG GC-3'

OPAI 5'-CTC TGC AGG CTC GTC TCA AG-3' 60 108 NM_130831.2
5'-CAC ACT GTT CTT GGG TCC GA-3'

RPLI9 5'-AGG CAC ATG GGC ATA GGT AA-3’ 59 199 NM_000981.3
5'-CCA TGA GAA TCC GCT TGT TT-3'

StAR 5'-ACG TGG ATT AAC CAG GTT CG-3' 58 149 NM_000349
5'-CAG CCC TCT TGG TTG CTA AG-3'

TOMM?20 5'-CCC CAA CTT CAA GAA CAG GC-3' 60 185 NM_014765.3

5'-GAT GGT CTA CGC CCT TCT CA-3’
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Identifications Database) partner repository with the dataset
identifier PXD025632.

Progesterone measurements

On culture day 3, fresh and frozen/thawed human GCs (n=5
each) were starved for 2 h in colorless DMEM/F12 without
any supplements and then treated with 10 IU/ml human cho-
rionic gonadotropin (hCG; Sigma-Aldrich) or corresponding
solvent control (0.01 M NaH,PO,, Sigma-Aldrich), respec-
tively, for 24 h in the same medium. Supernatant was col-
lected and stored at —20 °C for measurement of progester-
one content using the IMMULITE 2000 XPi immunoassay
system (Siemens Healthineers, Erlangen, Germany). The
quality of the measurement is being assessed regularly, as
this system is used for routine clinical measurements. The
inter-assay and intra-assay coefficients of variation are 0.059
and 0.036, respectively.

Cells were washed with cold PBS and protein was iso-
lated using RIPA buffer supplemented with protease and
phosphatase inhibitors (Thermo Fisher Scientific). Total
protein amount was determined via the Lowry assay (DCTM
Protein Assay; Bio-Rad Laboratories, Inc., Hercules, CA,
USA) by measuring the absorbance values at 690 nm (FLU-
Ostar OPTIMA, BMG LABTECH GmbH, Ortenberg, Ger-
many) and interpolating the individual samples to a defined
standard curve of bovine serum albumin (BSA, GE Health-
care, Solingen, Germany) dissolved in RIPA buffer ranging
from O to 1.5 pg/ul, as described before (Blohberger et al.
2016). Protein values were used for normalization of meas-
ured progesterone levels.

Data analysis and statistics

Microscopical images were captured using a Leica DM IL
LED microscope (Leica Microsystems GmbH, Wetzlar,
Germany), equipped with a X10 objective (HI Plan CY
x10/0.25 dry, Leica Microsystems) and a monochrome
camera (DFC3000 G, Leica Microsystems) with the cor-
responding software (Leica Applications Suite X, version
3.7.0.20979, Leica Microsystems). Pictures were brightness
and contrast adjusted using Fiji (open source image process-
ing package for imagel]).

RT-gPCR data sets and progesterone measurements were
analyzed using Microsoft Excel (2018, Microsoft, Red-
mond, WA, USA), and statistical analysis was performed
with GraphPad Prism 7 software (GraphPad Software, San
Diego, CA, USA). Normal distribution was assessed (Sha-
piro—Wilk normality test, @ =0.05), and one-way analysis
of variance (ANOVA) was used for comparison of relative
mRNA expression levels of fresh and frozen/thawed human
GCs. A paired two-tailed #-test was used for comparison of
progesterone levels and cell survival rates after 3 days in
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culture of fresh and frozen/thawed human GCs. a was set
to 0.05 (¥p <0.05, *¥*p <0.01, ***p <0.001), and data are
depicted as mean + SEM.

Results
Cell survival rate and gene expression

To examine, whether human GCs tolerate the freezing/
thawing procedure, we counted the cells both directly after
the isolation and after cryopreservation and thawing. The
mean cell number directly after isolation amounted to
422,375+ 57,910 counted cells and after cryopreservation
and following thawing, a total of 339,688 + 54,460 cells
could be counted (n=16 each). The results indicate that
77.8+3.2% (n=16) of human GCs survived the procedure
of cryopreservation and thawing (Fig. 1a). Inspection by
light microscopy indicated that the freezing and thawing
process had no discernable influence on the general mor-
phology (shape and size) of the cells. Both the fresh (left)
and the frozen/thawed cells (right) showed typical clustering
(Fig. 1b). To further investigate to which degree human GCs
tolerate cryopreservation, corresponding fresh and frozen/
thawed cells were counted after 3 days in culture (Fig. 1c).
Freshly isolated and seeded human GCs exhibited a survival
rate of 89.6 +3.3% after 3 days in culture, which is statisti-
cally indistinguishable from the survival rate of cryopre-
served cells, at 93.0+1.4% (p=0.4885, n=4).

Next we isolated mRNA from freshly isolated and seeded
human GCs and their frozen/thawed counterparts at differ-
ent cell culture days (days 1-5) to examine key markers
by RT-qPCR. We focused on gap junctional cell-cell con-
tact mitochondrial and steroidogenic markers (Fig. 2). For
both the analyzed cell-cell contact marker GJAI, essential
for gap junction formation, and all investigated mitochon-
drial markers—i.e. COX4, an important component of the
mitochondrial electron transport chain; OPA 1, essential for
mitochondrial fusion process; and TOMM?20, required for
recognition and translocation of mitochondrial pre-proteins
across the outer mitochondrial membrane—slight variabil-
ity could be observed, which did not reach statistical sig-
nificance independently of the cell culture day studied.
Regarding mRNA levels of three important steroidogenic
genes—i.e. CYPIIAI, catalyzing the cholesterol cleav-
age to pregnenolone; CYP19A1, catalyzing for conversion
of androgens to estrogens; and StAR, essential for steroid
hormone synthesis—the strongest differences were found
in terms of reduced expression levels in the frozen/thawed
human GCs. However, only the mRNA level of S?AR at cell
culture day 5 was slightly, yet statistically significantly,
lower (—0.084 +0.03, p=0.026) compared to correspond-
ing coeval freshly isolated and seeded cells.
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Fig. 1 Cell numbers, survival rate and morphological appearance of
fresh and frozen/thawed human GCs. a Cell numbers of fresh and
frozen/thawed cells (left panel) and survival rate (%) of human GCs
after freezing and thawing (right panel), depicted as mean+SEM
(n=16 each). b Phase-contrast images of fresh (left) and frozen/
thawed (right) human GCs on culture day 3. No difference in mor-
phological appearance of the cells was observed and both fresh and
frozen/thawed cells showed typical clustering. Scale bar 100 pm.
¢ Cell numbers of fresh (white bars) and frozen/thawed cells (grey
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bars) on culture days 0 and 3, depicted as mean+SEM (n=4 each),
and values of individual batches, with dashed lines representing
coherent counts (left panel). Survival rate (%) of fresh (white bar)
and frozen/thawed human GCs (grey bar) after 3 days in culture (right
panel), depicted as mean+ SEM (n=4 each). Upon given normal dis-
tribution of data sets (Shapiro—Wilk normality test, =0.05), both
cell numbers and survival rates were statistically analyzed using a
paired two-tailed #-test, =0.05; n.s. not significant
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Fig.2 Relative mRNA expression levels in frozen/thawed human
GCs. mRNA expression levels of marker genes for cell-cell contact
(GJAI) and mitochondrial (COX4, OPAl, TOMM?20) and steroido-
genic function (CYPI11AI, CYPI9AI, StAR) in frozen/thawed human

GCs compared to their coherent freshly isolated and seeded cells,
harvested on cell culture days 1-5 (d1-5); mean +SEM (n=6-12).
One-way ANOVA, a=0.05; *p<0.05
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«Fig.3 Proteomics data of freshly isolated and seeded human GCs
and the corresponding frozen/thawed cells. a Volcano Plot of differ-
entially regulated proteins in response to freezing and thawing. Fresh
and frozen/thawed human GCs from culture day 3 were harvested and
proteins were quantified by mass spectrometry. Proteins were plotted
by difference (log twofold change) and significance (—logl0 p-value)
using a false discovery rate (FDR) of 0.45 and a minimal fold change
(s0) of 0.1. No significant up- or downregulation was observed for
the 5962 analyzed proteins using Perseus software. b Scatter Plots
of relative protein amount in response to freezing and thawing from
the three biological replicates. Log2 LFQ intensities of fresh (F) and
frozen/thawed (Th) human GCs are compared, and the corresponding
Pearson correlation coefficients are depicted, indicating a strong lin-
ear relation of the protein amount. Genes also analyzed by RT-qPCR
are indicated in red, and the position of the FDX2 is given

Proteomics data analysis

To explore differences that may exist between freshly iso-
lated human GCs and cryopreserved and subsequently
thawed cells, a proteomics data analysis was performed. To
this end, fresh and frozen/thawed cells of three biological
replicates were harvested on cell culture day 3 and analyzed
by means of mass spectrometry. In total, 5962 proteins were
detected (see Supplementary data), and differences in pro-
tein levels between the fresh and frozen/thawed human GCs
were visualized in a volcano plot (Fig. 3a). Even at very gen-
erous conditions, with a false discovery rate (FDR) of 0.45
and a minimal fold change (sO) of 0.1, no significant up- or
downregulation was observed. Even ferredoxin 2 (FDX2),
essential for heme A and iron-sulfur protein biosynthesis,
which showed the largest aberrance, was within this range.

Furthermore, the individual biological replicates show
very strong positive correlations, with a mean Pearson cor-
relation coefficient r of 0.919 +0.04, distinguishable by the
scatter plots shown in Fig. 3b.

Progesterone levels

To further examine the potential influence of freezing and
thawing on the ability to produce progesterone, we studied
this point on cell culture day 3. Both freshly isolated and
seeded human GCs and frozen/thawed GCs (n=5 each) were
treated with 10 IU/ml hCG or corresponding solvent control
for 24 h, and supernatants were examined for their proges-
terone content (Fig. 4).

Under control conditions, supernatants of freshly iso-
lated and seeded human GCs contained 408.6 + 123.0 ng/
ml progesterone, statistically indistinguishable from the
levels of supernatants from frozen/thawed cells with
260.5+95.2 ng/ml progesterone under these conditions
(»=0.0901). Upon administration of hCG, the level of pro-
gesterone increased significantly in the supernatants from
both groups (fresh: 836.9 +196.1 ng/ml, p=0.007; frozen/
thawed: 985.24+290.2 ng/ml, p=0.0228), compared to the

corresponding control supernatants. The levels of progester-
one in supernatants from freshly isolated and seeded human
GCs and frozen/thawed cells upon hCG administration were
similar (p=0.4799).

Discussion and conclusion

The research with primary, patient-derived human GCs
holds promise for human-focused research, especially
because human GCs in vitro are an apt model for the ovula-
tory follicle and the corpus luteum (Bagnjuk and Mayer-
hofer 2019). In practical terms, work with human GCs has
limitations, particularly with respect to daily availability of
comparable cells, given the source (i.e., individual patients)
and the rapidly changing phenotype of cultured human GCs.

We reasoned that cryopreservation of human GCs may
allow the collection of comparable cells over time, and thus
may foster more precise, as well as large-scale experiments.
We therefore tested whether a routine freezing method, used
for cell lines in our laboratory, is also suitable for human
GCs. We initially observed that human GCs tolerate the
freezing/thawing procedure rather well and thus we per-
formed a thorough investigation to examine consequences
on cell composition and function.

Several freezing methods have been tested for ovarian tis-
sue and its cells (Bouillon et al. 2020; Kokotsaki et al. 2018;
Pietrowski et al. 2020; Rivas Leonel et al. 2019; Santana
et al. 2012; Sluss et al. 1994), including human GCs and the
human granulosa tumor cell line KGN. Cryopreservation by
slowly freezing using a cryoprotectant and ultra-fast freezing
by vitrification were tested, employing DMSO or ethylene
glycol solutions (Kokotsaki et al. 2018). In these studies,
usually only a few cell parameters were evaluated, with a
focus on cell survival or cell death, respectively (Kokotsaki
et al. 2018).

Sluss et al. and Bouillon et al. studied human GCs. In the
more recent study (Bouillon et al. 2020), employing human
GCs, two different freezing protocols were compared. The
authors report that GCs tolerate both procedures, albeit with
a rather poor survival rate of 45-58%, while survival of only
about 32% was described in the older study by Sluss et al.
(1994). The surviving cells remained responsive to follicle-
stimulating hormone (FSH) stimulation after freezing/thaw-
ing, although FSH efficacy was decreased (Bouillon et al.
2020). The study compared freezing of cell pellets directly
derived from follicular fluids, without further purification
steps and freezing of cells after a Percoll purification step
to remove red blood cells. In both cases, a solution con-
taining 90% FCS and 10% DMSO and a concentration of
1% 10° cells/ml and vial were used. A detailed description
of the actual freezing method is, however, not provided.
Our present study tried to find a simple, readily available
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Fig.4 Progesterone levels in
the supernatants from freshly
isolated and seeded human GCs
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freezing method also involving FCS and DMSO, and hence
we adopted a method used in our laboratory for cell lines,
including KGN cells. The results indicated a loss of about
20% of the cells, which may be partly related to the cytotoxic
effect of DMSO (Santos et al. 2003). The survival rate of
about 80% is, however, tolerable from a practical point of
view. It is comparable to the one reported for the human GC
line KGN (Kokotsaki et al. 2018; Pietrowski et al. 2020), in
which related slow freezing methods were employed, and
it is much higher than the low survival rate reported by a
recent study of human GCs (Bouillon et al. 2020).

Furthermore, we found that when cells were cultured for
3 days, the survival rate of freshly plated human GCs did not
differ from that of their frozen/thawed counterparts.

To thoroughly examine further consequences of the
method, we first performed RT-qPCR screening of key
markers of human GCs, namely the major gap junction gene
GJAI, mitochondrial and steroidogenic genes, along with
mass spectrometry analysis. The RT-qPCR results revealed
no significant differences in transcript levels of selected
genes between the groups of fresh and frozen/thawed cells,
except for StAR, which was slightly reduced in frozen/
thawed cells, albeit only < 10% and only on culture day 5.
Most likely this small change in mRNA abundance is not of
biological relevance.

A thorough analysis of three batches of cells was per-
formed on culture day 3, employing mass spectrometry.
With this approach, we monitored almost 6000 proteins, and
none of them differed in abundance between the two groups.

Further, we examined the ability of fresh and frozen/
thawed cells to produce progesterone, the major steroid of
the corpus luteum. No difference was found in either basal
or hCG-stimulated production of this hormone. Hence, the
frozen/thawed and the fresh cells are virtually indistinguish-
able from each other. Sluss et al. also measured steroids, i.e.

@ Springer
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basal production of estradiol and progesterone (Sluss et al.
1994). For cryopreserved cells, basal sex steroid secretion
was reduced after cryopreservation (20% for estradiol and
approximately 50% for progesterone), while aromatase activ-
ity was not different. While we did not examine estradiol
syntheses directly, unchanged aromatase levels in the pro-
teome analysis indicate that this function is fully retained.
Furthermore, basal and stimulated progesterone produc-
tion indicate that neither LH receptor signaling nor steroid
machinery suffer from freezing/thawing.

In summary, we describe a simple, readily available
method, which allows cryopreservation of human GCs
upon isolation from follicular fluid. The human GCs
retained their integrity and functionality. Furthermore,
only 20% of the cells did not survive the procedure. The
surviving 80% were functionally indistinguishable from
fresh, non-cryopreserved human GCs. We anticipate that
this method, which is superior to previously described
methods, may facilitate future studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00418-021-02019-3.
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4 Discussion

Membrane proteins resemble gateways within the otherwise unbreachable barrier
embodied by the biological membrane and amount to approximately one third of the whole
human proteome. This group of proteins also includes ion channels (Ahram et al., 2006;
Alexander et al., 2011). Profound knowledge about a tissue’s channelome and the associated
functional roles of the distinct ion channels is essential. Once established, it can assist to
distinguish, understand and potentially also manipulate the impact of ion channels upon

tissue function, both in health and disease.

The ‘mysterious’ and non-selective cation channel TRPV2, clustering a huge clutch of
secrets and controversies around itself since its first description in 1999, was recently
demonstrated to be expressed in the human ovary and the human testis. Moreover, it can
also be found in murine testicular tissue (Peralvarez-Marin et al., 2013; Flenkenthaler et al.,
2014; Guo et al., 2018; Zhang et al., 2018b; Fan et al., 2019). Since gonadal TRPV2 expression
has been completely unknown, this fact encouraged us to examine the cellular distribution
and the functional scope of this ion channel. In addition, a method for cryopreservation of IVF
patients-derived primary human granulosa cells (hGCs) was introduced to provide a basis for
prospective cellular experiments, also with regard to functional examination of ovarian

TRPV2.

4.1 TRPV2 - a new Player within the Gonadal Channelome

In the human testis, TRPV2 expression turned out to be mainly but not exclusively
located in the myoid peritubular cells, HTPCs. In these cells, channel functionality was
demonstrated upon short-term application of the known activator CBD using Ca%* imaging
experiments. Long-term exposure to CBD induced increased transcriptional expression and
secretion of several cytokines. Especially the pro-inflammatory and pro-angiogenic chemokine
interleukin 8 (IL-8), and other inflammatory factors, such as the chemokine monocyte
chemoattractant protein-1 (MCP-1) and osteopontin, acting as chemotactic protein, amongst
others, were elevated. Transfection with siRNA targeted against TRPV2 prevented these

observations.
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Of note, HTPCs remain the only human testicular cells, which can be isolated and cultured and
thus are accessible to examination. Consequently, roles of TRPV2 in other testicular cells that
also express TRPV2 cannot be readily evaluated. Channel expression was also found in Sertoli
cells and cells of the interstitial space, presumably including macrophages. However, further
studies are required to identify and characterize these TRPV2-positive cells of the human testis

(Eubler et al., 2018).

Inthe human ovary, TRPV2 was identified in various cell types, including typical ovarian
cells, i.e. theca and granulosa cells, and immune cells, for instance NK cells and T-lymphocytes
(Zhang etal., 2018b; Fan etal., 2019; Bagnjuk et al., 2019a). In granulosa cells, TRPV2
expression increased during follicular development, emphasizing its potential importance in
the physiology of the female reproduction (Zhang et al., 2018b). Yet the examination of such
roles are hampered by the limited availability and quantity of IVF patients-derived primary
human granulosa cells, hGCs. Our recently published rapid and robust method for

cryopreservation of hGCs could help to improve this situation (Beschta et al, 2021).

The laboratory mouse is a standard model organism and was examined for gonadal
TRPV2 expression. Male wild-type mice exhibit a testicular TRPV2 expression pattern
comparable to the human, in general, with expression detected within the peritubular wall
and the interstitial space. The cells expressing TRPV2 are peritubular cells and macrophages.
Murine peritubular cells transferred to in vitro cell culture conditions retained TRPV2
expression. A detailed investigation of macrophages derived from testicular tissue lysates
revealed stronger TRPV2 expression in the peritubular located, CD206 positive population,
compared to the interstitially situated, MHC Il positive one. Tissue incubation experiments
with CBD generated elevated transcriptional levels of several chemo- and cytokines, i.e. C-X-
C motif chemokine ligand 1 and 2 and /L-6. In addition, testicular samples derived from the
transgenic mouse line AROM*, generally accepted as animal model for male infertility
associated with sterile inflammation, feature a strong infiltration of macrophages that
aggravates with age. These macrophages give rise to a new and unusual subpopulation and

thus introduce higher expression levels of TRPV2 within the testis (Eubler et al., 2021).
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Furthermore, a preliminary survey with gonadal tissue from female animals detected
TRPV2 expression predominantly in granulosa cells associated with growing follicles and in yet
not further identified cells within the ovarian connective tissue (unpublished data). However,

channel functionality in any of these cells still awaits respective and profound examination.

4.2 Gonadal TRPV2 - strong Evidence for Immunological Importance

In summary, the newly acquired insights in the gonadal expression patterns of TRPV2
in human and mouse and the functional results provide evidence for the involvement of this
channel in immunological processes of the gonads, involving both somatic cells and immune

cells.

i. Somatic Cells

Proven functional expression of TRPV2 by the smooth-muscle-like HTPCs resulted in increased
transcript levels of several cytokines and chemokines, such as IL-6, IL-8 and MCP-1, and
secretion of IL-8 (Eubler et al., 2018). Similar observations have been made in human primary
periodontal ligament cells that express functional TRPV2. Channel activation upon thermal
stress or application of 2-APB induced increased intracellular Ca%* concentrations followed by
transcriptional elevation of both /L-6 and IL-8 that could be reduced in presence of a Ca®*
chelator. The authors conclude that the inflammatory response upon thermal stress depends
on the expression of thermosensitive TRPs, i.e. V1-4, M8 and A1, by these cells (Son et al.,
2015). Moreover, TRP channels have been demonstrated to be of essential importance for
functionality and survival of vascular smooth muscle cells of rabbit, mouse, rat and human
(Fantozzi et al., 2003; Park et al., 2003; Beech, 2005; Peng et al., 2010). Vascular smooth
muscle TRPs, involving besides TRPV2 also C1, C3-6, P1, P2, M4 and M7, are suggested to be
involved in the proliferation, in the modulation of cell contractility, in the regulation of
changes in intracellular Ca?* concentrations and in the detection of osmotic stress, thus
influencing the myogenic tone and phenotype of these cells (Muraki et al., 2003; Beech, 2005;
Perdlvarez-Marin et al., 2013). As HTPCs represent smooth-muscle-like cells, it seems
conceivable that TRPV2-mediated Ca®* conductance may be involved in contractility and

proliferation of these testicular cells, being essential for the pulsatile contractions along the
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seminiferous tubules to transport immotile sperm. However, these possibilities remain to be

studied.

Besides peritubular cells, also Sertoli cells stained positive for TRPV2 expression as
seen upon immunohistological examination of human testicular sections. This somatic cell is
essential for hormone secretion, nourishment of the developing germ cells, proper
spermatogenesis, but also for the establishment and maintenance of the belt-like blood-
testis-barrier and the spermatogonial stem cell niche. Beyond that, Sertoli cells function as
phagocytes and as such engulf dead spermatocytes and residual sperm cytoplasm (Griswold,
1998; Peterson & Soder, 2006; Johnson et al., 2008; Meroni et al., 2019). The process of
phagocytosis crucially depends on ionic fluxes and thus hinges upon ion channels (Edberg
et al., 1998; Uribe-Querol & Rosales, 2020). In 2010, Link and colleagues demonstrated that
TRPV2 plays a central and pivotal role in phagocytotic capacity of macrophages (Link et al.,
2010) and consequently, it might be possible that TRPV2 is also of special importance for

phagocytotic activity of Sertoli cells.

In the human ovary, TRPV2 expression was detected in granulosa cells, i.e. the major
somatic cell type of the follicle, and showed developmental increases during follicle
maturation (Zhang et al., 2018b; Bagnjuk et al., 2019a). Functional examination is still missing,
but it appears conceivable that the intraovarian bio-mechanic situation, e.g. changes in
pressure due to follicle growth associated with increasing amount of follicular fluid, could be
sensed by TRPV2, as demonstrated for Chinese hamster ovary cells over-expressing TRPV2
(Muraki et al., 2003; McGohan et al., 2016). Thus, channel activation could be involved in the
transformation of granulosa cells to luteinizing/luteinized granulosa cells (Bagnjuk &
Mayerhofer, 2019). Further, Assuming comparable reactions downstream of channel
activation result as seen in HTPCs, it appears conceivable that TRPV2 is involved in ovarian
angiogenesis and thus in the formation of the corpus rubrum. With increased secretion of the
pro-angiogenic factor IL-8 by granulosa and their developmental successor cells, i.e. large
luteal cells, the perifollicular hyperaemia with the associated vascular development and

angiogenesis in corpus rubrum and corpus luteum could be mediated (Xu et al., 2022).
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Moreover, Buck and colleagues demonstrated that cultured hGCs produce ROS under basal
conditions (Buck et al., 2019), which have been described to sensitize TRPV2, thus leading to

channel activation at lower temperatures (Fricke et al, 2019).

ii. Immune Cells

Presence of TRPV2 in immune cells was recognized already during its first description
and more details unravelled in the following decades (Caterina et al., 1999). TRPV2 expression
was demonstrated in hematopoietic stem cells that give rise to all blood cell types, i.e. myeloid
(thrombocytes, erythrocytes, granulocytes, monocytes) and lymphoid (T-lymphocytes, B-
lymphocytes, NK cells) lineages. In these cells, TRPV2 plays essential roles in distinct cellular
functions such as differentiation, migration, phagocytosis, cytokine production, degranulation

and several signalling pathways (Park et al., 2011b; Santoni et al., 2013).

In the murine testis TRPV2 expression was proven in resident and infiltrating
macrophage populations (Eubler etal., 2021). Further, TRPV2 emerged as the sole
representative of the TRPV family in murine macrophages (Yamashiro et al., 2010), and
moreover, TRPV2 was also detected in human macrophages (Kowase etal.,, 2002). In
macrophages, induced channel translocation to the plasma membrane followed by elevated
intracellular Ca?* concentrations appeared to be essential for directed cell migration, but is
also pivotal for membrane depolarization of the nascent phagosome and thus for particle
binding and early phagocytosis (Lévéque et al., 2018; Link et al., 2010; Nagasawa & Kojima,
2012). Consequently, TRPV2-deficient animals suffer from higher pathogen load and exhibit
higher mortality (Nagasawa et al., 2007; Link et al., 2010). Besides LPS-induced and TRPV2-
mediated changes in intracellular Ca?* concentrations, this cation channel is involved in
nuclear factor kappa-B (NF-kB) signaling leading to expression and production of TNF-a and

IL-6 (Yamashiro et al., 2010; Link et al., 2010; Lévéque et al., 2018).

Although not yet proven for gonadal mast cells, TRPV2 is known to be expressed by
this cell type, i.e. a “highly engineered cell with multiple critical biological functions” (Metcalfe
et al., 1997) involved in allergic and chronic inflammation, innate immunity, host defense

mechanisms and immune-modulation in a tissue-dependent manner.
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Channel activation upon stimulation with red laser light, mechanical or thermal stress and
subsequent Ca?* fluxes lead to degranulation and thus to the release of inflammatory factors
(Stokes et al., 2004; Freichel et al., 2012; Zhang et al. 2012). Of note, this multifaceted cell
type represents the major immune effector cell of the human testis (Nistal et al., 1986).
Furthermore, male infertility has been associated with increased numbers and a shifted
distribution of testicular mast cells that are also involved in fibrotic changes, often seen in
testis from infertile men (Meineke et al., 2000; Yamanaka et al., 2000). Interestingly, the
antiallergic drug and mast cell blocker tranilast, initially developed for treatment of asthma,
has been successfully used on patients suffering from severe oligospermia causing
significantly increased sperm counts and pregnancy rates (Schill et al., 1986; Yamamoto et al.,
1994 & 1995). At the same time, this agent has been used as TRPV2-specific antagonist in
several studies, although direct action on this channel is still unknown (Nie et al., 1997;
Hisanaga et al., 2009; Mihara et al., 2010; Peralvarez-Marin et al., 2013). These findings and
our observation of TRPV2 expression in human testicular mast cells (Mayerhofer et al, 2018)
suggest that testicular mast cell actions leading to inflammatory processes or even infertility

might involve TRPV2 channel activation.

4.2 Gonadal TRPV2 - Potential Impact on other Gonadal Channels

“Ca’* signaling affects every aspect of a cell's life and death. The most tightly regulated
ion within all membrane-bound organisms, Ca?* binds to thousands of proteins to effect
changes in localization, association, and function” (Clapham, 2007b). However, TRP channel
conductance is not exclusively composed of Ca?* fluxes but also includes a big fraction of other
cations. With a Ca?* fraction of 5-24 %, the impact of other conducted cations needs to be
considered, especially in terms of membrane depolarization (Gees et al., 2010). As TRPV2 is a
non-selective cation channel mostly permeable for Ca%* (Pca®*/Pna" = 2.94; Venkatachalam &
Montell, 2007), potential impact on other known gonadal channels or processes involved in

Ca?* signaling and membrane depolarization needs to be considered.

In excitable cells, TRP channel gating leads to depolarization of the cell membrane and
thus regulates and triggers gating of voltage-dependent channels permeable for Ca?*, K* and

Na*(Gees et al., 2010).
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Such regulative mechanisms have been shown for the brain, where TRPC3-5, TRPC7 and
TRPV1 are present and interact with voltage-gated Ca?* channels (Ramsey et al., 2006;
Shibasaki et al., 2007; Li et al., 2010), but also for cardiac muscle and ileal smooth muscle cells,
here in a TRPC-dependent manner (Ju & Allen, 2007; Tsvilovskyy et al., 2009). In the human
gonads, excitable cells are represented by sperm and the smooth muscle-like testicular
peritubular cells. In these cells, weak to moderate transcript expression levels of two voltage-
dependent potassium (K,2.1, K,11.1) and calcium channels (Ca,1.3, Ca,3.2) were found,
respectively (Guo et al., 2018), that consequently could be regulated by TRPV2. Contractive
actions of adenosine triphosphate on murine and human peritubular cells upon local
extracellular application were proven to involve purinergic receptors (Fleck et al., 2021).
Assuming that TRPV2-mediated Ca?* influx is sufficient to activate the expressed voltage-
dependent channels listed above and thus to elicit cell contraction, it appears conceivable that
this mechano-sensitive channel could be involved in propagation of the resulting contractive

wave.

In non-excitable cells, TRP channels are involved in fine-tuning of Ca?* entry by
regulating the driving forces for this divalent cation, which was described for TRPC1, TRPCS6,
TRPM4 and TRPM5 (Nilius & Vennekens, 2006; Vennekens et al., 2007). This fine-tuning
encompasses depolarization and hyperpolarization mediated by the interplay of TRP channels
and Ca’*-activated K* channels, such as BKcas, IKs and SKs, amongst others. Moreover,
trafficking of BKca was shown to be regulated by TRP channels in podocytes, i.e. TRPC3 and
TRPC6, (Kim et al., 2008). Of note, expression of all three Ca®*-activated K* channels, BKca, IK
and SK, by cultured human ovarian granulosa cells was demonstrated by Kunz and colleagues,
who further linked these K* channels to steroidogenesis in these cells (Kunz et al., 2002; Traut
et al., 2009). In this regard, it appears conceivable that TRPV2, which features increasing
expression levels in parallel to follicle development, is involved in activation of these channels
and thus also in production of progesterone. In this scenario, TRPV2 channel gating could

happen upon changes in pressure within the growing follicle.
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4.3 TRP Channels in the Human Gonads

By adding expressional und functional details about TRPV2, this thesis advanced the
knowledge about the gonadal channelome. However, other members of the TRP superfamily
are also encompassed that mostly still lack further investigation (Bjorkgren & Lishko, 2017).
Based on the transcriptomic data sets of human testis and ovary made available in recent

years, several TRP channels were found.

As such, TRPM7 expression is ubiquitously present in the testis. Also TRPA1, TRPC1,
TRPM1-4 and TRPV6 were found in some cell types and in differing intensities (Guo et al.,
2018). Surprisingly, TRPV4 was absent in this data set although Mundt and colleagues
demonstrated that this thermo-sensitive ion channel is functionally expressed in human
sperm. In these cells, TRPV4 gating leads to Na*-mediated membrane depolarization and thus
facilitates the gating of CatSper which, in turn, is essential for sperm hyperactivation (Mundt
et al., 2018). Also TRPC channels, especially TRPC1, TRPC3, TRPC4 and TRPC6, were found in
the flagellum of human sperm and thus might be important for sperm motility (Castellano et.,
2003; Nilius et al., 2007). Moreover, functionality of thermo-sensitive TRPM8 was described
for murine and human sperm (De Blas et al., 2009; Martinez-Lépez et al., 2011), and yet is

missing in the data set of Guo.

In the human ovary, TRPC4, TRPM4 and TRPM7 were present in theca cells and TRPC6
in stroma cells (Fen et al., 2019). In terms of follicular development, several TRP channels were
found in oocytes from primordial to pre-ovulatory follicles including TRPA1, TRPC1, TRPC4,
TRPC6, TRPC7, TRPM2, TRPM4, TRPM5, TRPM7, TRPV1, TRPV4 and TRPV6. However, no
obvious regulative trends in expression levels become evident. Except for TRPV2, this also
applies to the TRP channels found in granulosa cells from primordial to pre-ovulatory follicles,
i.e. TRPC1, TRPC3, TRPC6, TRPM4, TRPM7 and TRPV1 (Zhang et al., 2018b). None of these TRP

superfamily members were subjected to functional investigation yet.
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4.4 Mouse is not Human - Species matters

With about 99 % sequence homology to the human genome, mouse is the most
commonly used surrogate for biomedical research addressing basic human research needs
with regard to genetics, physiology, pharmacology and pathology (Waterston et al., 2002).
Since the 17" century, these little and fast reproducing creatures are in scientific and later
also in laboratory use, there being beneficial due to convenient breeding and handling
associated with low costs and, in addition, these rodents are easily genetically manipulated
(Harvey, 1889; Hansen & Khanna, 2004; Hedrich, 2004; European Commission, 2010;
Vandamme, 2014 & 2015).

However, bulk transcriptional datasets obtained from various organs and species
including rodents and human revealed both conserved and differing gene expression. Thus,
fundamental concerns have been raised in the last decades over the suitability of animal
models and their transferability to the human (Lin et al., 2014; Monaco et al., 2015; Breschi
et al., 2016 &2017; Cardoso-Moreira et al., 2019; Blake et al., 2020). According to Gawrylewski
“the difficulties associated with using animal models [...] result from metabolic, anatomic, and
cellular differences between humans and other creatures, but the problems go even deeper
than that” (Gawrylewski, 2007) and as per Kolata, going even a step further, “years and billions
of dollars have been wasted following false leads” (Kolata, 2013). The differences become
most apparent in animal models for human diseases, such as inflammation, Alzheimer’s and
Parkinson’s disease, cancer and diabetes, and likely originate from existing immunological

discrepancies (Seok et al., 2013; Cavanaugh et al., 2013; Garber, 2006).

Developmental, anatomical, functional and transcriptional differences certainly also
exist between the gonads of murine and human beings. Based on the long time of intensive
research on the mammalian testis, organogenesis as such showed to be well-conserved,
whereas the spatio/temporal course differs between the species (Carmano et al., 2009). For
the adult testis, species differences between mouse and human unfold in residing immune
cells represented predominantly by mast cells in humans and by macrophages in rodents
(Meineke etal.,, 2000; Yamanaka et al., 2000; Frungieri etal., 2002; Zhao etal., 2014;
Mayerhofer et al., 2018; Hedger et al., 2002).
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Further, the peritubular wall in the rodent testis consists of a single layer of peritubular cells,
while several layers are present in the human testis (Mayerhofer, 2013; Knoblaugh & True,
2011). Moreover, human Sertoli cells exhibited TRPV2 signals upon immunohistochemical
examination, whereas murine Sertoli cells appeared devoid of any signal (Eubler et al., 2018
& 2021). In contrast to the testis, ovarian development and consequently the anatomical and
functional organization of the mammalian ovary are more heterogenous (Mossman et al.,
1973; Jiménez, 2009). The developmental differences root in the establishment and growth
of sex cords in humans that are absent in mice (Kanai et al., 1989). The evident human medulla
resulting in a regionalized ovary is poorly developed or inexistent in mice, and follicle
maturation and ovulation differ substantially. In humans, only one follicle per cycle completely
matures and ovulates, whereas in mice multiple mature follicles ovulate. Moreover, the
distinctive cycle - oestrus cycle in mouse vs. menstrual cycle in human - resulting in different
sexual activity and pregnancy maintenance either exclusively depends on the corpus luteum
or in a later phase also on placenta (Pinkerton, 1961; McCracken et al., 1999; Jiménez, 2009;

Rendi et al., 2011).

Consequently, the bottom line is that data obtained in gonadal tissues of rodent animal
models may not be fully transferable to the human and generally should be regarded with

caution.

4.5 Hunt for Physiological Activation Mechanisms of Gonadal TRPV2

The enigma of the “physiological activation mechanisms of gonadal TRPV2” still
persists. As this cation channel is responsive to phytocannabinoids, amongst others including
cannabinol (CBN), CBD, THC and THCV (Perdlvarez-Marin et al., 2013), consumption of
Cannabis sativa could result in channel activation in gonadal tissues. It may be followed by
induction of inflammatory processes or even more severe events interfering with
reproductive capacity. In this context, it has been shown that cannabinoids have an impact on
male reproduction as they affect functionality of the pituitary gland and hence the levels of
released gonadotropins. It is thought that this negatively influences sperm counts, motility
and fertilizing ability (Wenger et al., 1987 & 1999; Hembree et al., 1978; Maccarrone et al.,
2005; Rossato et al., 2005 & 2008).
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Furthermore, it appears conceivable that the endocannabinoid system (ECS) of the
gonadal organs is engaged in channel modulation, i.e. “a definite network, including
endocannabinoids, sex hormones, cytokines and leptin, that warrant a successful pregnancy
in animals and humans” (Battista et al., 2008). Endocannabinoids were shown to improve in
vitro oocyte maturation (Totorikaguena et al., 2020) and to act as quiescent factors for sperm
traveling through the female reproductive tract towards the egg (Schuel etal., 2002),
emphasizing their importance for successful reproduction. The main ECS actors N-
arachidonoyl-ethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) operate at cannabinoid
receptor 1 and 2 (CB1 & 2), representing the actual receptors of the ECS (Battista et al., 2007
& 2008). However, some ligands of CB1 and 2 also act on TRP channels, especially A1, V1, V2
and M8 (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al.,1995; De Petrocellis et al.,
2010 & 2011). Consequently, it cannot be ruled out that TRPV2 represents a yet unknown

player within the gonadal ECS.

Aside from that, changes in intragonadal pressure, relevant for both the testis and the

ovary, possibly could be sensed by and impact TRPV2.

Additionally, infections and inflammatory processes could involve gonadal TRPV2

functionality, not only inimmune cells as proven for mast cells and macrophages (Stokes et al.,

2004; Nagasawa et al., 2007 & 2015; Link et al., 2010), but also in other gonadal cells.
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5 Outlook & Future Perspectives

TRPV2 expressed by gonadal cells is emerging as an essential player in the interplay of
immunological events. It might be activated by various stimuli originating from the unique
characteristics of these organs. This thesis, while opening the door to this topic, only scratched
the surface of the functional and expressional scope of gonadal TRPV2, still leaving numerous

open questions to be answered in future studies.

First, a detailed translational, expressional and functional examination of the gonadal
immunological repertoire focusing on TRPV2 itself, but also including structurally and
pharmacologically related ion channels and interaction partners is required. The observed
high abundance of this cation channel in testicular macrophages and the proven pivotal role
of this channel for proper cell function demands attention. Therefore, functional examination
of TRPV2 expressed by isolated murine and human gonadal macrophages is indicated.
Complementary, expressional and functional investigation of mast cells could clarify if the
observed tranilast-mediated improvement in sperm counts and motility, achieved in male

patients suffering from severe oligospermia, depends on TRPV2.

Second, the relevance of TRPV2 for human Sertoli cells and their phagocytotic activity
and thus for proper spermatogenesis needs to be assessed. However, there is no adequate
human Sertoli cell culture system available, hampering such an attempt. Yet, a murine Sertoli
cell ling, i.e. TM4 (Mather, 1980), is available and despite the apparent discrepancies between
murine and human Sertoli cells, it might be worthwhile to check for TRPV2 expression in this

cell line.

Third, functional examination of ovarian TRPV2 is essential. Based on proven
transcriptional expression in various somatic and immune cells, the newly available reliable
method for cryopreservation of hGCs, offers a partial window into the human ovary. In these
cells, channel expression features a developmental increase and thus suggest to have a say in
the transformation of resting to finally luteinized granulosa cells, a process that may depend

on pressure changes due to follicle maturation, for example.
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Fourth, the potential role of TRPV2 within the gonadal ECS needs to be clarified. ECS-
dependent channel activation, for instance in HTPCs, could be assessed by administration of

the established ECS compounds AEA and 2-AG.

Finally, and of special interest, this still quite ‘mysterious’ cation channel was recently
entitled as “a cancer biomarker and potential therapeutic target” [...] “implicated in signalling
pathways that mediate cell survival, proliferation, and metastasis” (Siveen et al., 2020;
Lehen’kyi & Prevarskaya, 2012; Perdlvarez-Marin et al., 2013). Increased expression levels have
so far been reported for liver, bladder, prostate, endometrial and glioma cancer (Vriens et al.,
2004; Caprodossi et al., 2009; Liu et al., 2010; Yamada et al., 2010; Nabissi et al., 2010 & 2013;
Monet et al., 2009 & 2010; Marinelli et al., 2020). In prostate cancer, endogenous LPS-induced
translocation of TRPV2 resulted in Ca?* uptake and increased cell migration (Monet et al.,
2009 & 2010), and administration of tranilast inhibited IGF-1-dependant cell proliferation in
human breast cancer cells (Nie et al., 1997). In human endometrial cancer, TRPV2 expression
increases with tumor malignancy, correlates with short progression-free survival and CBD
induced cell death, cell cycle arrest and autophagy (Marinelli et al., 2020). Furthermore,
administration of CBD induced apoptotic cell death in human bladder cancer cells and
glioblastoma cells (Monet et al., 2009; Yamada et al., 2010; Nabissi et al., 2013). Moreover,
with respect to the gonads, expression of TRPV2 has also been found in the recently compiled
proteome of the human granulosa-like tumor cell line KGN, derived from a patient suffering
from an invasive ovarian granulosa cell carcinoma (Nishi et al., 2001; Schmid et al., 2021). In
these cells, apoptotic cell death could be induced by hydrogen peroxide, either endogenously
produced or exogenously added, and administration of the antioxidant Trolox or a TRPM2
blocker nullified this effect (Hack et al., 2019). These findings demonstrate vulnerability of
human tumor lines to cell death using channelomics. Furthermore, as hydrogen peroxide is
also known to sensitize and activate TRPV2, involvement of both TRP channels, TRPM2 and

TRPV2, cannot be excluded and encourages more detailed and combinational examinations.

Taken together, these observations argue for a role of TRPV2 in cancer proliferation,
invasiveness and metastasizing characteristics and moreover functional channel examination

appears even more interesting and, hopefully, of clinical relevance in gonadal tumors.
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