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Slovak Abstract
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1. Introduction

Mesenchymal stem cells (MSCs) have shoywnomising results in the field of
cell therapy in aseries of clinical and preclinical studieghanks to their powerful
immunomodulatory properties, involving cardiac disorders, lung diseases, and spi-
nal cord or central nervous system injuryz4. The main objectives to the use of this
cell type in the clinics are rapid apoptosis of MSCs after transplantatiohgtero-
genous MSCs cultures leading to highly variable outcomemd the fact that MSCs
AT 1edpdessa specific surface marker for reliable sortingbefore therapys. For
these reasons, it is beneficial to find an alternative cell type to fit better the specific
circumstances ofgiven pathology, preferably with a similar immune regulatory
power as MSCs. Sertoli cells (SCs) fit this description and were previously proposed
to be a kind of MSCs furthedown the differentiation route towards their role in the
testes’. SCs act asupporting cells for differentiating spermatogonial stem cells into
spermatozoa in the seminiferous tubules and, directly influence the activity of im-
mune system to create aimmunologically privileged site in the body?:8. Pathologies
of the male genital tract can lead to lower sperm count and infertility, which is on
the rise worldwide. One pathological group is caused by bacterial or virus infections.
Treatment of such cases is usually symptomatic and can cause permaneatthge
and leave the patient with oligospermiaFinding an appropriate course of treatment
is vitally important. Such gap in the clinics brings an opportunity to find a cell type
beneficial in this context and create a new possibility in the infertility teatment.
Since SCs originally reside in the testes, are actively involved in the process of sper-
matogenesis, and capable of immune regulation, author of this thesis decided to test
the hypothesis that the SCs transplantation is beneficial in the bacteripopoly-
saccharde (LPS)induced acute inflammation of the testes and alleviate the detri-
mental effect of inflammation on sperm count and fertility. There is evidence in the
literature pointing to the ability of SCs to modulate immune system after trandpn-

tation in the similar fashion as MSCs, but direct comparison of those two cell types



in this manner is lacking.Therefore,in vitro comparison of MSCs and SCs in the con-
text of immune modulation,in vivo LPSinduced inflammation of the testis and sub-

sequent SCs transplantation was used to test the hypothesis.



2. Mesenchymal stem/stromal cells

2.1.1. Origin and Basic Characteristics of MSCs

The term 'mesenchymalstem cells' was usedfor the first time by Caplan et
al. in 19919, althoughthe existence ofa non-haematopoieticcell type of bone mar-
row origin with osteogenic potential was well established by a series of experi-
ments by Friedenstein et al. before, in the 1960s arft®70s0. However, nowadays
the term is used for awide number of functionally different types ofcells, theln-
ternational Society for Cell and Gen&herapy ( | S Ci¥sked its position state-
ment on the nomenclature to clarify the situation. The narrativesurrounding these
cells meets theconclusionthat mesenchymal stem cells are a minor population of
progenitor cells with differentiation and self-renewal ability within a larger popu-
lation of mesenchymal stromal cells with known immunomodulatory, seretory,
and homing functions!l. Commonly used in laboratoriesround the world are also
the minimum criteria for the definition of MSC by Dominici et al. (2006) as fol-
lows: 1) plastic adhesion,2.) expression of CD105CD73and CD90, together with
the lack of expression of CD45, CD34, CD14 or CD19, CD11b or CD79a, and MHC I
surface molecules,and 3) the ability to differentiate into adipocytes, osteoblasts
and chondrocytesin vitro12. Since then the scientificcommunity hasfound more
MSCmarkers that can be used to furthercharacterize MSCsresiding in different
tissues (such as CD29, CD44, CD146, CD166, CD2711#te.)if cell therapy in clin-
ical practiceis considered, a recent study by Murray et al. (2019) offered a consen-
sus report under the acronym DOSES:-Donor, GOrigin tissue, SSeparation
method, EExhibited cell characteristics associated wittbehavior, SSite of deliv-
ery16, which is highly recommended as the keinfographic in clinical studieson

the type of cells used.
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Figure 1: Schematic representation of the main characteristics of MSCs now ac-

cepted by community. Positivity (CD29, CD73, CD90, CD44, CD105) and negativity
(CD14, CD34, CD45, CD31, CD80, CD86, HL#1Ix set of markers, the ability to differen-
tiate into osteoblasts,adipocytes,and chondrocytes, and seffenewal are the main criteria
for cells to belabelled as mesenchymal stem/stromal cellsPicture from: Concise Review:
Multifaceted Characterization of Human Mesenchymal Stem Cells for Use in Regenerative
Medicine Samsonraj R, Raghunath M, 8ool STEM CELLS Translational Medicine (2017)
6(12) 2173218517

The possible use of MSCs in clinical practites beeninvestigated for more
than a decade. The breakthrougbccurredin 2018, when Mesoblast Inc. completed
a phase lliclinical trial, focusing on children with acute steroid-refractory Graft
versus Hostdisease (GVHD)who were treated intravenously with MSG (IV re-
mestemcetL) (NCT02336230. This study resulted in the preparation of dicense
application for use by the Food and Drug Administration (FDA) in the United
States. In the same year, the first MSC product on the European Union market was
approved for the treatment of perianal fistula in adult patients withCrohn's dis-
ease (Alofisel, EU number: EU/1/171261, Agency product number:
EMEA/H/C/004258, ema.europa.eu).For adeeper dive into the topic of clinical

use of MSCs, the article by Hoogduijin and Lombar@®2019), is recommendeds.


https://clinicaltrials.gov/ct2/show/NCT02336230
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Figure 2: The schematic representation of the number of clinical trials baseoh geo-
graphiclens. A) Plot of the number of reports in time based on the type of tissue used for
the MSCisolation B). Picture from: Concise Review: Multifaceted Characterization of Hu-
man Mesenchymal Stem Cells for Use in Regenerative Medi@aensonraj R, Raghunath
M, 8ool STEM CELLS Translational Medicine (2017) 6(12) 24218517

MSCs are known to be developmeally derived from neural crestl9.20 and meso-
derm?21, resulting in a definite entity of cells recruited from various sites of the body
to their final destinations. Such destinations in the adult organism couldebadipose
tissue?2, synovial membrané3, dental pulp4, skir?®, musclés, periosteun®?, cor-
neal limbus?8, peripheral blood®, umbilical cord©, endometrial and menstrual
blood3! or placental tissues2. Commonly utilized adult source tissues are bone
marrow and adipose tissueand the umbilical cord or placenta. Themost widely
used source tissuesare accessibleand renewable (bone marrow), or unwanted
(adipose tissue).
Depending on the point of view, dinctional differences between MSCs from
different sources are multipleand studied in detail Donorto-donor variability is
emphasized also in clinical studiegocusing on bone marrow donorselection and
characterization33. Immunoregulatory capabilities differ in MSCs isolated from
Ui 61T ¢ AT A T1 A OAOO8 -fibkotxhienope]pfoduce-higherO OET x
levels oftransforming growth factory j 4 ' &1 Q AT A-6 GU-6) And faifed E E 1
to suppressactivation of CD4 T cell populationd4. Such quality changes have been
AOOOEAOOAA O1 OEA bgE A% Wdridoiity im thelaslity@)pro-£1 AT 1 A
liferate or differentiate into desired tissues®, and in immunomodulatory andpro-

angiogeniccapabilities3” can also be seen in MSCs isolated from different source



tissues. A recent study showed biased differentiatioability towards the tissue of
origin,where theauthors comparedMSCs from adipse tissue and compact bor#é.
Differences in ciondrogenic differentiation have been observedn MSCs isolated
from healthy and injured equine synovial tissues, with betteresults when usinga
healthy donor39. A.Selich et al. (2016) showed singleell variability of MSCs in
long-term culture studies using lentiviral RGBbarcode technology, pointing to-
wards clonal selectionduring time4°. The importanceof distinguishing between
colonies and clonesand adeeper dive intothe heterogeneity ofMSCsat the single
cell level and its implications are reviewed by D.A.Renerfeldts and K.J.Van Vliet
(2016)5.

Sudies of microvascular pericytesfurther complicated the problem. The
true innate identity of MSCs washallenged,for example,by the work of Schwabb
and Gargett (2007). They described MSlike cells isolated from human endome-
trium, which expressed two perivascular cell markers, plateleterived growth fac-
Ol O OAAADPQT @ (AT j&0. Fidirly, a multipotent CD34 cell popula-
tion isolated from adipose tissue shared the expressioof surface markers oMSCs
and pericytes and was referredto by the authors asresident pericytes*2. Another
group investigated this problemevenfurther by examining amultitude of various
human tissueswith a focus onperivascular cells, base@n the expression ofCD146,
neuroproteoglycan (NG2), and PDGE| A @D OA OOEih the absergdbfOE A Oh
markers of haematopoietic, endothelial, and myogeniccells. After long-term culti-
vation, the data showed retained osteogenic, adipogenic, and chondrogenic poten-
tial and, also an expression of MSC markers by perivascular céfiswhich mayin-
dicate the perivascular origin of MSCs in human tissues. The same group later pro-
posed two distinct perivascular MSC progenitors, one of whicére pericytes, and
another subpopulation was found in tunica adventitia around larger vessets.
When fat tissue was examined on basis of this topic by Tang et al. (2008), it was
proposed, on the other hand, that residing in the mural cell compartment in the

white adipose fat tissue vasculature, are white fat progenitor cells. The authors of



this paper did not refer to these cells as MS®s A deeper investigation of peri-
vascular cells isolated from human white fat adipose tissue, based on aldehyde de-
hydrogenase (ALDH) activity, surfacenarker expression, and subsequensingle
cell transcriptional profiling, revealed a hierarchy of these cellshat wasrelated to
their 'stemness'. The authors of this study described four perivascular subpopula-
tions, adventitial stromal cells (ASCs) CD3TD45-/CD34+/CD146% or microvas-
cular pericytes (PCs) CDXCD45z/CD34/CD146* and further segregated them
according to ALDH activity. The two subpopulations, ASCs ALD#¥t and PCs ALD-
Hpright appeared to be more primitive (less differentiated}®. A group of Y. Wang et
al. (2019) examined the contributions of CD146adiposeresident pericytes and
CD34 adventitial cells in bone tissue engineering experiments. Since bone healing
is a process composed of multiplsubprocesses, thauthors focused on two: oste-
ogenic differentiation and vascularization and attributed them to CD34 and
CD146 cells respectively. Concludinghe distinct but complementary contribu-
tions of these two cell subpgulations in bone injury repair4’. To add more com-
plexity, it was also shown, upon acute muscle or dermisjury, a subset of peri-
vascular cellsbeginsto express ADAM12 disintegrin and metalloproteinase 12)
and give rise to profibrotic cells, which arebelievedto be a subset of MS@% How-
ever, GuimaraesCamboa et al(2017) challenged the idea that pericytes are MSCs
using lineagetracing experiments*. For more information on thistopic, a review
by Elie El Agha et al. (2017) is recommended.

In contrast to studies in which MSCs/MSdike perivascular cells exert a
detrimental effect in adult tissues, it was shown that the pericytes residing around
small vessels in skeletal or smooth muscles, in postnatal mice (P14) differentiate
into muscle fibers and generate satellite cel$.In 2012, agroup led by Dr. Krautler
describeda striking observation of PDGHRy * cells transplanted under the kidney
capsule in collagen sponge, where lymphotoxip-overexpressing prion protein
(PrP)* kidneys developed PrPfollicular dendritic cells (fDC), after transplantation
into PrP- mice52. In other words, adipose tissuederived PDGFRy * stromal/vascu-

lar cells responded to soluble factors and developed an fDC phenotype capable of



trapping immune complexes and recruiting B cells after transplantation into the
kidney capsule of PrPmouse. Following this observationthe authors proposed

perivascular stromal cells asa possible reservoir for the establishment of tertiary

lymphoid tissues in the organism.

As can be see, there are multiple layers of complexity and differences in
MSCs. The most common source of MSCs is adipose tisbonae marrow, and um-
bilical cord, as stated before. Although the scientific community is eager to study
these cells ando advanceclinical practice, there is a shifting consensus on the ac-
tion of MSCs after transplantation. For a long timehe accepted mode of action of
MSCs was the onef homingto the damaged tissue and differentiatioriowards the
desired cell type,so-called integration. Such studiesfocused,for example,on the
differentiation of MSCs into cardiomyocytes or endothelial cells after direct trans-
plantation into the smooth muscleé3. Along with this interpretation, newer studies
proposed and detectedparacrine factors and proteins produced by MSCs, which
are responsible for tissue regeneration and repa®*, for example in the case of
MSGpromoted skeletal muscleregeneration®s. These paracrine effects can be di-
vided according to their effect: antifibrotic, antiapoptotic, preaangiogenic®, wound
healing, chemoattractior¥’, support ofstem and progenitor cell growth anddiffer-
entiation, immunomodulation, or extracellular vesicle§8>9. Several studies have
shown that MSCderived conditioned medium (CM) has a beneficial impaatn en-
dothelial cells at the site of injury, promoting angiogenesis and functional recov-
ery80. Chan et al(2014) showed thatthe activation of the AKT signaling pathway
in an endothelial cell line (HAEC)by CMof MSCs overexpressing HPV19 E6GE7
mRNAresulted in an increase of Ikp 1 Arid Bascular endothelial rowth factor A
(VEGFA) in vitro. Subsequently, amouse model of limb ischemia showed that
E6E7-MSCCM ameliorates limb loss and decreases muscle fibrosis and endothelial
density in ischemic limb$0. Another example of MSC paracrine functions wasven
AU (AT AO Al-a&tvgted human\® M3Cs &M accelerated cutaneous

wound healing and angiogenesisvith IL-6 and IL-8 acting as key factorg'.



The interplay between MSCs and the immune systeimas beena pro-
nounced theme in he last fewdecades and goes hanith hand with clinical studies
and basic science. MS@sodulate innate and adaptive immune responses in a ra-

ther complex mannerwhich will be discussed in the next chapter

2.1.2. MSCs and the Immune System

MSCs modulate the actions dfoth the innate and adaptive immune sys-
tems. In this section, the actions of MSCs on the most studied and important hu-

moral and cellular parts of the immune system are discussed.

2.1.2.1. Innate Immune system

MSCs are known to express receptoreif complementj # ctyation prod-
ucts C3aR and Cb5aR. Activation of these receptdsy the corresponding ana-
phylatoxins C3a and C5a results in chemotaxis to the site of inflammation, together
with prolonged extracellular-signal regulated kinase 1/2ERK1/2) phosphoryla-
tion, thus orchestrating MSCmigration and behaviort2, Furthermore, C3binding
to MSCs has been correlated with thgreater ability of MSCs to suppress peripheral
blood mononuclear cell proliferationé3. MSCs are also able to inhibit the activation
of Membrane Attack Complex, lytic components @&f j mainly through the expres-
sion of CD59, also known as protectin, on their surfaé® Another interference to
the activation of the complement cascade igroduction of factor H, which inhibits
the C3 and C5 convertases. Expression of this factor by MSCwsoisstitutive, but is
up-regulated under inflammatory stimuli, such as interferonCAT I A j8) &. r Q

Neutrophils , the most abundanttype of innate immune celk in the blood,
are also affected by MSCs. Tdike receptor-3 (TLR3) activated MSCs promote
vitro neutrophil survival and improve the capacity of respiratory bursts, despite
decreased oxidative stress. The observed effect was mediatbd IL-ph ) &. 1 h Al

granulocyte/monocyte colony stimulating factor (GM-CSF)produced by MSC%.
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Dendritic cells (DCs) are knownto be a link between innate and adaptive
immune system DCs regulatel cell activation through antigen presentationand
provide the necessaryco-stimulatory signals. DCs nteract directly with B cells,
thus regulating antibody synthesi$¢. Mature DCs (mDC) express high levels bb-
man leukocyte antigen Il HLA 1) and costimulatory moleculesthat help activate
T and B cells. On the other hand, immature D@®Cs) expressing lower levels of
(HLA II) and costimulatory molecules exhibitatolerogenic phenotypeand are the
main cell type responsible for the establishment and maintenance of peripheral
tolerances?.

MSCsdnhibit the generation of DCs derived fromhaematopoieticprecursor
cells and monocytes andherefore reduce theirability OT OOEI O1 AOA 1T Aa OA
liferation and activation®. MSCinduced DCs express low levels of CD80, CD86, and
CD40 and higher expression of CD1%band programmed cell deathligand 1 (PD-
L1)7°. Low production of IL-12 by monocyte-derived DC3L1AT A 1T /£ ) &. |
(Chen et al., 2019)together with hE CE 1 A O A inliibitd th& T 4el-@gdiated
immune response and, moreover,such DCscaninduce CD4CD25Foxp3t Tregs
from CD4CD25 Foxp3 T cell$°. The molecules through which MSGrodulate the

>
c

phenotype of DCare,for example,the production of IL-10, IL-¢ h  4inddlgarhine-
2,3-dioxygenase(IDO), or prostaglandin E2 PGE3J73. Recently, the involvemenbf
Notch-Jagge@ signalization was also introduced as one of the important mecha-
nisms by which MSCscan induce tolerogenic DCs, especially aftehe challenge
with LPSO,

Monocytes/macrophages } - dle another part of the innate immune
system, which is profoundly affected and modulated by MSC8he commonly
known M1 and M2- n polarization hypothesis is now replaced by a newer one.
The problem is more complicated,as commonly known M1 preE T &£ ATl | AOT OU -
subtype does not appear to beA £FEAAOAA AU 1T AxAO OOOAEAON
pool divides into M2ad subtypes4. But more and more studies are now referring
to the continuum of different phenotypes that areable to switch betweeneach

other7s. In general, studiesshow suppression ofthe M1 phenotype and switch to
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alternatively activated M2 phenotypes, depending on the precise conditions-d,
in the presence of MSC3.he underlining mechanisms for such macrophage mod-
ulation involve many factors, but the mainrole is played byPGEZS. Inhibition of
the PGE2 or COX2 pathways abrogated the effeftMSCs onr n, with lower IL-6
production by MSCs.Such- n show up-regulation of CD206 together with the
downregulation of the co-stimulatory CD86 and HLA Imoleculeon their surface’”.

- nNcultured in the presence of MSCs produdggher levels oflL-10,and lower lev-
Al O 1 Ahowed ByjRhrang et al. (2020.

2.1.2.2. Adaptive Immune System
MSCsalter T cell activity by modulatngET T AOA Ei 1 61 A AAI1I 1 Oh
mentioned above thus promoting the suppressive phenotype ofCD87° or the anti-
inflammatory and regulatory phenotypeof CD4 T cellsin relation to the Treg/Th17
systenv8. Direct actions of MSCdoward the performance of theT cell pool were
documented by suppression of CD4 and CD8 T cell proliferation (Nicola et al.,
2002; Krampera et al., 2003)Some authors argue that thigntiproliferative effect is
due to the induction of apoptosis in T cells cocultured with MSE%84 while others
claim that the effect is not mediatedby apoptosis, but rather by promoting the sur-
vival of quiescent T cell85. The exactmechanisns responsible for the suppression
of proliferation appear to be specificto the subsets ofT cells and the specificactiva-
tion status. In addition to this, MSCs directly modulate the phenotype of T cells. In

the presence of MSCs, Th17 cells are inteonversed towards Tregs by the action of

multiple factors, such as hepatocyte growth factop | ( ' &p Qh 406r&y ph

mitochondrial transferssz89, MSCs directly modulate the activity of CD8T cells by
increasing their number in vitro. Quili Liu et al. (2015) studied the ability of CD8
CD28 T cells cocultured with MSCs to inhibit the activation of CD4elper T cells,
which was demonstrated viasuppression of) & .production. T cells cultured to-
gether with MSCs had increased expression of-Il0 and FasL, thus able to induce

apoptosisof activated CD4 T cells0. MSCs induce the regulatory phenotype in CB4

) #
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and CD8 T cells directly or indirectly through APCs and promote the arinflamma-
tory or tolerogenic microenvironment.

B cells are primary responsiblefor the production of antibodiesupon activa-
tion and for the regulation of immune responsesthrough the production of cyto-
kines. There is a potential risk of the generation cdutoantibodies, and, by this, B
cells may contribute to antibodydriven pathologies or autoimmune diseasesMSCs
inhibit B cell proliferation by arresting the cell cycle in the GO/G1 phasél. Later
studies showedthat MSCmodulated inhibition of caspase 3dependent apoptosis in
peripheral blood B cells which isfacilitated by increased production of VEGF by
MSCs and subsequemhosphorylation of AKT in Bcells®2. In addition to this, MSCs
inhibit the differentiation of B cells into plasmablasts by increasing the proportion
of the IL-10-producing regulatory CD19CD24ishCD38igh B cell phenotypés. Newer
studies focused on the mechanisms responsible for themodulation of B cells by
MSG. Umbilical cord blood derived MSCs inhibited B celinaturation through 4 * &
production, mitigated atopic dermatitis®4, or upregulated the Breg pooklnd thus
protecting against systemic lupus erythematosu®. Cho et al. (2017) observed the
direct connection betweenBreginduction expressinglL-10 and the production ofa
well-known regulatory B cellinductor, Epstein-Barr virus (EBV)induced 3, one of
the two subunits of IL-359.

The anti-inflammatory and immunomodulatory effects of MSCsre evident,
but the microenvironment and status ofthe MSCs used should always be congired.
MSCs modulate the immune system through a variety of mechanisregher directly
through cell contact or indirectly through paracrine factors. Another type of modu-
lation that is the focusof the scientific community, is the production of extracellular
vesicles by MSC3.98, The last known mechanism of action of MSCs is mitochondrial

transfer, whichwill be discussed in the next chapter.

2.1.3. Immunometabolism and MSCs

Metabolismis generally divided into anabolic and catabolic processes the

center of the living cell. Virtually all cellular processes can be attributesh some way
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to the specific metabolic state or pathway of the cell. Differentiation, activatiomi-
gration, or division are some of them.

Thefocus onthe topic of the link between metabolc stateof the immunecell
andthe responseit promotes is on the rise withinthe scientific community. The tri-
carboxylic acid cycle, glycolysispentose phosphatepathway, fatty or amino acid
metabolism, and immune functionhave been thoroughly investigated over the past
couple of yearg§9%101, All types ofimmune cells are affected by themetabolic state,
dictating, to someextent, the phenotype and activity of thesecells.

Depending onthe specific microenvironment and cell type, immune cellare
highly dependenton proper metabolic tuning, and changes in the metabolic path-
way or energy source mirror the phenotype and activation status of the cell. The
possible manipulation of metabolism, and thus regulationof immune responsesin
vitro and in vivois a popular field of study today, mainly as an anttinflammatory
therapeutic strategy!92.

It has been shown thaMSCslsointeract with immune cells on the metabolic
level. The most pronounce way of metabolic rewiring is mitochondrial transfer. In
general, mitochondrial transfer is studied as a mechanism underlying cell therapy,
from healthy donor cells to injured cells/tissuesto3, one exampleis autologous mi-
tochondrial transplantation protecting againstischemiareperfusion injury 104, The
effect of mitochondrial transfer from MSCs to immune cellsesults in asubsequent
changein phenotype. This phenomenonhas beenstudied and thoroughly investi-
gated. Mechanisrm of induction and/or targeting of mitochondria to donor cells
have not beenwell elucidated yet, but there arethree main routes by which mito-
chondria can reach the recipient cell. Tunneling nanotube€INTs) are the main
structure through which mitochondrial transfer can occur. The formation of sucla
structure is commonly associated withreactive oxygen speciesROS production in
stressed cells, whichin turn leadsOT OEA T OAOAGDPOAOOET 1
motes actin polymerization and TNT formatio9.106, The expressionof a GTPase

Mirol on the surface of the outer mitochondrial membranevas found to be im-

| A
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portant for successful mitochondrial transfer connecting the mitochondriato kine-
sin107.108 Another possible way to transfemmitochondria is to deliver them as a pack-
age viamicrovesiclesin a connexin43dependent fashiori®. Extrusion and internal-
ization of healthy free mitochondria is a phenomenorthat is widely discussed by
the scientific community, but direct evidencethat it occurs physiologically is virtu-
ally lacking. Although its existencen vivois rare or none, mitochondrial therapy is
a growing field that utilizes the mitochondrial mass extracted fromin vitro cultured
cells, which issubsequenty internalized, probably via micropinocytosisg19, by dam-

aged tissuedn vivol%4 (Figure 3111),

a TNT b Dendrite

Donor Recipient Donor Recipient
c Microvesicle d Extrusion and Internalization
‘ i ‘
@ @& (g ? ®
L7
Donor Recipient Donor Recipient

Figure 3: The main routes of mitochondrial transfer. Tunneling nanotubes (TNTshe-
tween the donor and the recipient cell A), similar structure involving dendrits B), microve-
sicular transportation of mitochondria through extracellular microvesicles C), and the ex-
trusion of mitochondria by the donor cell and internalization by the recipient celD). Source:
Intercellular mitochondrial transfer as a means of tissue revitalizatiopLiu D, Gao Y, 8 Gao
JSignal transduction and targeted therapy (2021) 6(1goi: 10.1038/s41392-020-00440-z.

111
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fer from MSCslt was confirmedin vitro andin viv,0 that mitochondrial transfer from
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MSCsmproved phagocytic capacityof AT O AT TaAdQogether with the immuno-
regulatory function of MSCs resultedn vivo in the alleviation of the inflammatory
burden in the lungs of mice suffering from the LPS cE. coltinduced acute respira-
tory distress syndromell2, This studydocumentedfor the first time the transfer of
mitochondria to alveolar - N Arkplrted the mechanisns behind it being TNTs
and extracellular vesicles.This effect supported the next yeaf study by the same
author, providing evidence that MSCs in thieings transfer mitochondria mostly via
extracellular vesicles. The beneficial effect of thisphenomenon is directly related to
the metabolic stak of the transferred mitochondria. Treatment of MSCs with rhoda-
mine and thus generating dysfunctional mitochondria resultedn abrogation of the
effect!13. In the model of diabetic nephropathy- n AT AOI OOOAA xEOE - 3
mitochondria and were subsequently transferred to mice suffering from diabetic
nephropathy, were able to alleviatanflammation. The peroxisome proliferator-ac-
tivated receptor gamma coactivatorlalpha (PG 4 Q@ EO OAODPIT 1T OEAI A ~
AT 1T EA OEOAIT EOU 1T &£ OEI OA -nh AT A ET AOAAO IE
resolution of kidney inflammation114,
A similar situation occurs with T cells, especially regulatory CD4T cells, if
mitochondrial transfer from MSCs is considered. Goulture of MSCs with T cells re-
duces Thl7immune responses andnduces Treg cell generationin vitro115, Angela
C Court et al(2020) demonstrated the ability of MSCmito-positive T cellsto sup-
press target PBMCproliferation more effectively thanT cellsthat did not receive
mitochondria from MSCs This Treg generation is directlyrelated to mitochondrial
transfer andinvolves increased expression oFOXB, IL2RA, CTLAZAAT A 4 &r ph O,
sulting in an increasein a highly suppressive CD25-OXR+ population11é, which
was shown to be HLAdependent in the allogeneic coculture design of MSCs and T
cells. Usingthe HLAMatchmaker algorithm, Piekarska et al. (2022) demonstrated
the importance of the HLA class | and Il eplet mismatch between MSCs and recipient
T cells and the efficiencyf mitochondrial transfer117. MSCs regulat@hl cellsfunc-
tion through the mitochondrial transfer, resulting in downregulation of T-bet ex-

pression and suppressiorof Thl responsesis,
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MSCs play an important role in promising clinical trials and future cell thera-
pies. The complexity of their action and modulation of immune responses, together
with low viability of the cells after transplantation, leads the scientific community to
produce new pretreatment strategies and to seek theppropriate cell type for the
particular inflammatory pathology. Considering previous studies, suggesting the
mesenchymal origin ofSCsand their possible implementationin cell therapies,their
biology, function, and immunomodulatory properties will be discussed and com-

pared with those of MSCs in the next chapter.

3. Sertoli cells

3.1.1. Origin and Basic Characteristics of SCs

Sertoli cells (SCs), the only somatic cell type the male body that isin direct
contact with the developing and maturing germ cells, were discovered by Enrico
Sertoli in 1865. The scientific community was, apart from some of the authors
throughout the following years, slightly dormantregarding the research and their
exact function in the male organism. The main discovery later was the barrier func-
tion of SCs in seminiferous tubules, describing a structursimilar to that of the
blood-brain barrier119, and the discovery ofSCtumors in 1949120, The critical im-
portance of SCs in the male body fromdevelopmental point of view was discovered
in the 1990s.

Evidence of the importance of SCs for successful sperm differentiation and
therefore male fertility was documented by studies focused on inhibition of SC pro-
liferation, resulting in lower sperm count, and therefore correlating the number of
SCs with the magnitude of spermatogenesi®. The number of Leydig celland the
normal function of peritubular myoid cells, which line the tubule walls,are nega-
tively influenced if SCs are ablate®2. The common nickname for SC in the field of
AAOAI i Bi AT OAT A Edil) poigiky toEtiee cricial rdleCod §CAIn the

maintenanceand differentiation of male germ cells into sperm.



17

Testis differentiation of the XY gonad begins with the expression of tHeRY
gene (sexdetermining region of the Y chromosome) in the bipotential genital
ridgel23, the SRY protein regulates the expression SOXJSR¥box transcription
factor 9) in supporting cellsand, thus induces SCs differentiatio#?4. The immature
SCs communicate with Leydig cells, germ cells, vasculatyfe]l A - n O AT T OA|
the formation of seminiferous tubules?> of an average length of 2 m in adult
mouset26,
In mouse embryo, SCproduce theretinoid acid degrading enzyme, CYP26B,
which leads to suppression of meiosis in germ cells and promotes the development
ofthemale gonad?’8 41 CAOEAO xEOE 1 OEAO EAAOI OOh 0606
mitotic quiescence until birth128, Maintenance of the spermatogonial stem cell (SSC)
pool is crucial for lifelong spermatogenesis. The SSC niche is locaitethe basement
membrane adjacent to the vasculature in the interstium, with SCs being themain
type of cellsthat contribute to the function of the niche(See Figure 4.) Seminiferous
tubules with an experimentally increasednumber of SCs had an increased number
of SSC niche®®.

isarlchcell [ Tight junction o Peritubular myoid cell .I.?yuig cell . Blood vessel . Mitatic germ cell . Meiotic germ cell I;Spermalawe * Macrophage

Figure 4.: Schematic representation of the architecture of seminiferous tubules withithe
testes.SCsarethe only cells in contact with germ celtggeating aprotective niche. Peritubular
myoid cellsline the tubules. Outside the tubules in the interstitium are macrophages, blood vessels,
Leydig cells,and others. Picture from Washburn et al. (28¥2)
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Retinoic acid (RA) isakey regulator in the inductionand maintenance of spermato-
genesis. Both changes, the ability of SSCsrespond, and the spatiotemporal pro-
duction of RA by SCs, are the drivers of proper spermatogenesis (see reVigi.

Fully differentiated SCs express specialized tight junctions between each other
and thus form theblood-testis barrier (BTB)132, also more accurately referred to as
SCharrier 133, which describes the precise location of the structurdn addition to
tight junctions, BTBcomprisesof specializedadherensand gap junctions connected
to form a netlike structure by the SC cytoskeleto#s4.135136 creating a compartment
in the body with a specific environment for the differentiation of germ cells into
sperm. The tight junctions between adjacent SCs undergo changes in the process of
spermatogenesis, allowing maturing germ cells to move into the lumeuf the semi-
niferous tubules, since the spermatogonia reside in the adluminal compartment and
move toward the center as they differentiaté2l. The reorganization of the BTB,
namely tight junctions, is orchestrated by folliclestimulating hormone (FSH) and
testosterone, targeting SCs through their cognate receptors. RA, Actidrand other

factors produced by SCs modulate BTB in a paracrine mana&t
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Figure 5.: Detailed graphical representation of the interactiondetweencells within the sem-
iniferous tubule and the main intercellular junctions important for spermatogenesisSCs
provide a specific niche producing nutrients and restricting number of factors from entering the
adluminal compartment. Main junctions for the establishment of the BTB: tight junctions. Picture
by Hai et al. (2014¥8
Direct support of spermatogenesis by SCs is multimodal. Germ cells utilize
lactate as a source of energy, which is produced by SCs through glucose metabo-
lism139, Lactate production by SCs is regulated by hormones from pituitary and
Leydig cells, but also by cytokines, such as-p. {401 O 4141 &ince SCs are the
target cells for FSHand androgens, they are responsible for the interpretation of
signals to ensure the completion of meiosid? and the differentiation of spermato-
zoa. There is a wide communication bandwidth between germ cells and SCs consist-
ing of adherent and tight junctions, desmosomdike junctions, tubulolobular com-
plexes, but also through ectoplasmatic specializationsSee Figure 5333.14%k145 An-
other important ability of SCs for the support of spermatogenesis is the phagocytosis
of residual bodies in the final steps of spermatozoa maturation, which is negatively

regulated by dimeric transferrin146. The phagocytosis of the residual bodies by SCs
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is mediated by Mer tyrosineprotein kinase (MerTK), which recognizes phosphati-
dylserine (PdSr) on the surface of germ cells. The inability of germ cells to external-
ize PdSr is correlated with male infertility’4” and the lack ofthe MerTK receptor on
the surface of SCs has a similaesult, with a physiological decreasen the protein

in an agedependent mannef4s. The central role of SCs in male fertility anthus the
continuation of species is pronounced and understood. The complexity of the matter
makes it impossible to dive deeper into the issue. For further information, a review
by/ ] $1 1T 1 A or GriSwold bt &1150is recommended. In addition to their direct
involvement in spermatogenesis, SCs modulate the immune system within the tes-
tes and thus provide a special environment, referred to as an immunologically priv-

ileged site of the body.

3.1.2. SCs and the Immune system

Asthymic development of T cells occurs beforpuberty and medullar thymic
epithelial cells areunable to express all antigens present on the surface of cells in
the latter stages of sperm development, newly developed male germ cells face the
potential to trigger the autoimmune response against the?l. Neoantigens on the
surface of germ cells, called meiotic germ cell antigens (MGCA), amossible target
of autoantibodies. Despite this, there is no immune response triggered against ad-

vanced stages of male germ cell development. First, temunologically privileged

status oftesteswas attributed to the organ architecture,lower temperature, lack of
lymphatic drainage and BTB. Fully functional lymphatic syste#? or survival of the
testesgrafts placedin the abdominal cavityt>3, and other studies ruled out most of
the possible explanations for the special immunological status of thestes.Trans-
plantation studies in the testes ablated of Leydig cell functid&* or germ cellg55
showed little to no contribution to the immunological status. SChave been shown
to be important in maintaining Leydig cell numberand, also in preventing immune
reactions within the testis'?2, Scientists also explored the idea that BTB is the key
aspect of immune privilege in the testes, physicallgequesteringdeveloping germ

cellsfrom contactwith immune cells. Jing Meng et al. (2011) showed that mice with



21

SCspecific depletion of the androgen receptor (AR) exhibited disturbed BTButo-
antibodies production againstMGCA was detected together with infiltration of im-
mune cells within the orgari®6. On the other hand, direct reversiblalisruption of
BTB,for example through occludindeletion, showed no autoantibodiesproduction
and no immunecellinfiltration 157.158 thus challenginghe results of theAR knockout
study. Other studies describing the ability of testes to harbor ectopically trans-
planted cells also challenged the theorthat BTBis at thecenter of the immune priv-
ilege inthe testes. Allogeneic transplantation of islets into the testes induced specific
immune tolerance inboth immunologically privileged and nonprivileged sites. This
was accompanied by higherratio of antigen specific CDACD25 T cellsand alower
number of memory CD8 T cells®°.

Overthe next decades, scientists focused on the mechanisms underlying the
ability of SCs tomodify immune responseswithin the testes. In 2017, Gong et al.
(2017) posedthe question of whether SCs can be kind of MSCs, pointingt the sim-
ilar way in which both cell types modulate the immune system, but also their ability
to differentiate into the three canonical mesenchymal cell types: chondrocytes, os-
teocytes, and adipocytes

Since there are similarities between MSCs and Si@smmunomodulation, a
deeper dive into thisproblem will be discussed through this lens, comparing the two

cell types.

3.1.2.1. Innate Immune System and SCs
The humoral part of the innate immune system, mainly# Jactivation and its

products are actively suppressed or inhibited by SC¥he C3 and C4 components of

OEA #] AAOAAAA xAOA DPOAOGAT O 11 OEA OOOEAA
man serum and rabbit# jbut the MAC and the Bb were observed only on the control
cells (aortic endothelial cells}®, suggestinghe D OT AOAOET T 1T A& #] EI EE

The study by Mital et al. confirmed the production of MCP, DA¢tyusterin, and CD59
by SCsat the mRNA and protein levelproteins protecting SCs from C3 and C5 con-

vertase activity and MAC activatio¢l,
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Similar to MSCs, th@resence of SCs in the culture suppresses the expression
of CD40 on the surface dbCs thus interfering with the activation of the adaptive
part of the immune systeni62, The production of galectin-1 by SCsvas shownto be

the crucial factormodulating DCs, keeping them in thendifferentiated tolerogenic

phenotypel®s3,

4A00EAOI AO -n AOA A1 AAOT AAT O diokelyOT A AR
with SCs to create an immunologically privileged site and ensure a proper sperm
differentiation. SOOAEAO &I AOOET ¢ i1 OEA EI GAd@®bI AU A

ciphering the type of driver cell in testesresponsible for the special immunological
status. It seemshat thesetwo cell types collaborate and influencesach otherin a
way that contributes to the proper microenvironment of thetestes.Studiesthat fo-
cusdirectyonthe Cs- n ET OAOAAQEIT T AOA 1 AAEET Ch
forexample OEA B OT A O A ®Eid pointihgdowards &g induction of M2/al-

s o~ A s s s

OAOT AOEOAT UsAAOEOAOAA - n
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3.1.2.2. SCs and the Adaptive Immune System

As mentioned above, SAsduce thetolerogenic phenotype in DCs and thus
indirectly promote the production of Tregs.Furthermore, direct actions of SCs mod-
ulate T cell activity by down-regulation of their migratory capacity togetherwith
induction of adherent molecules on the surface of SCs, pointing towards the lower
migratory capacityof T cells66. This phenomenon was also observed MSC cecul-
tured T cells, and theauthors point to this asan important immunosuppressive ac-
tivity 167, The ability of SCs to modulate the phenotype of T cellas studiedin depth
using transplantation models. In the model of xenogeneic transplantation of neona-
OAl Bl OAET A 3 # CGautkors OdtectédAighdrumiaess OfCH4 aOFCRS
positive regulatory T cells, together with increased amounts of IDO, 4 th 4°' &1 AT A
1T xAO 4. &1 h AAOAAOGAA AO OEA OBOTheepres-O0AT OF
sion of soluble JAGGED1 was proposed as the driving fachkor Treg generation by

SCsasthe application of neutralizing antibody significantly reveisedthis effect in a
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4 ' &dependent mannei®s, It was shownpreviously OEAO . 1T OAEp AT A 4
gether regulate the expression of FOXP3 in T cells and themsintain their number
in the periphery169,
Through the modulation of DCs and T cells, SCs indirectly modulate the pro-
duction of antibodiesand theactivation of B cells. Anin vivo study showed the abil-
ity of SCs tosuppress thepro-inflammatory environment and induce regulatory B

cells (Bregs) that produce 11-:1068. 4 ' &1 DHOT AOAOET 1T AU 3#0 DOl

lates the activity of B cells directly, butstudies describing this mechanism are lack-

ing.

3.1.2.3. SC as a type of immune cell?

The evidence of SCs having the properties of immune cells is emerging. Upon
) &. r O OE&EA vird, SGCsHifrejulate the expression of PRL1 and MHC Il and
can function asa non-professional antigen presenting cell. These changes resulted
in the increase of Treg numbers in theo-culture and anergy of CD8T cellst’0. The
phagocytosis of residual bodies by SCs during germ cell differentiation is well
known and described. SCs employ MerTK, a membafrthe Tyro 3 subfamily of re-
ceptor tyrosine kinases, mediated LARssociated phagocytosis to process residual
bodies. MerTK binds to Gas6 intermediate proteithat recognizesPdSr on the sur-
face of apoptotic germ cell¥'1. The presenceof MerTK on the surface is required for
the immunoregulatory effectof apoptotic cellphagocytosisin DC3872, which results
in specific T cell tolerance on the periphery3. Under physiological conditions, TLR3
triggers pro-inflammatory signaling in SCs and activatesantiviral immune re-
sponsed’4. MerTK seems tohave a functionsimilar to that in DCs. TAM receptor
signaling negatively regulates the activation of innate immune response by TLR3,
thus creating a regulatory loopthat protects the organfrom extensive, possibly dan-
gerous immune response¥>. Phagocytosis of foreign particles by SCs through
MerTK results in the expression of antirather than pro-inflammatory cytokines and
molecules, resulting in the fine tuning of immune responses in the testes. The ef-

ferocytosis of residual bodies and apoptoti germ cells can also serve as an energy
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source for SCY6. SCs express a series of Tk&ceptors; if the clearance of residual
bodies of apoptotic germ cells is slow/disrupted, damaged cells activate TLR2 and
TLR4 signaling, resulting in the production of preinflammatory cytokines that can
subsequently cause autoimmune orchiti&y7. Together, TAM family receptors on SCs

play an important role in the regulation of immune responses in théestesand func-

tion as a suppressive mechanism in the case of the activation of pattern recognition
receptors (PRRs), such as TLRater, it was shown that TLR signaling in SCs acti-
vates the immune responseahrough the NLRP3 inflammasomeThe authorsexam-

ined the crosstalk between NOD1/TLR4 and NOD2 in S@ssulting in the activation

of the NALP1 family pyrin domain containing 3 (NALP3)de novoexpression,and
inflammasome priming. NOD2 signaling resulted in caspaskactivation, I.py OAZ
cretion, and autophagy maturation. NOD1 activation promoted inhibition of Hp
secretion and autophagy’s. Studies pointo the ability of SC40 act as immune cells

in the casesof infection, phagocytosis, and activatiof the inflammasome. The dif-
ference in phagocyticcapacity and subsequent cellular response between SCs and

-n xAO A@AiI ET AA AU 3 EEOA OfpiadoeyiosishStapAy- 8 j ¢
lococcus aureus AO OEI EI AO ET,unlket-On hA 1v@ake Gnable to AIO O
engulfed bacteria.In addition, SCsdid not produce NOafter phagocytosis, but pro-
AOGAAA 1T AOOOI PEEI DOl OAET oh A T AIAAO 1T £
tides179. These studies suggest the ability of SCs to induce immune resporisesvo

is needed, which goes hand in hand with thstrict regulation of the immune re-
sponse triggering and the overall anti-inflammatory and suppressive phenotype

(See Figure 6. for a schematic representation)
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3.2. SCs in cell therapy and clinical research

The immunomodulatory properties of SCs were also examinealy sev-
eral by regarding their potential usein clinical studies, as a toofor cell-based
therapies. The pathogenesianost examinedwith respect to the ability of SC
to modulate the immune system is Type Hiabetes mellitus.SuarezPinzon
AO Al 8 OOAT ObpI AT OAA EOI AO 1t AAITT O ATA
capsule of nonobese diabetic (NOD) mice, respectively. SCs were ablgto-
tect islet beta cells from immune destructionand 64% of recipients were
normoglycemic 60 daysafter transplantation, compared to 0% ofislet-only
recipient controls180, This study showed the ability of SCs to induce systemic
Oi1 AOAT AAh OET AA 3#0 xAOA AAT A &1 DOl O,
to the contralateral kidney capsule. Another study used SCs transplantation
only, resulting in the preservation and reverse of the onset of typediabetes
in NOD mice. This result was accompaniday higher Treglevelsin the spleen
and pancreatic lymph nodesand lower pro-inflammatory markes!81. Xeno-
geneic microencapsulated SCs were transplantedto subcutaneous fat of

spontaneous diabetic db/db mice A higher numberof Bregs producing 11-10
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were detected. Bregsnduced theM2 type of M and suppressed the produc-
OET T | Tae averafk quiulative effect of the therapy yielded normaliza-
tion of glucose homeostasis in 60% dhe recipients1s2,

The scientific community also examined the therapeutipotential of SCs
with respect to other pathologies, neurodegenerative diseases such as amy-
otrophic lateral sclerosistssh ( OT OET CcO##TjO0O ' ABDGREZDOA O] O
muscular dystrophy186,

One of those pathologies, possibly in the need of a specific cell type in
the case of celtherapy, is the pressing issue of male infertility in the case of
infections. SCs and MSCs were examinetth respect to the therapy of this
pathology. The next chapter will be dedicated to thiproblem and possible

therapeutic approaches will be discussed.

4. Infection -induced male infertility and
possible therapies

The inability of couples to conceive after a year of regular unprotected
ET OAOAT OOOA EO A 1 AET O POIT AT Ai ET OT AAU
ples worldwide have problems conceiving, with the male factor responsible
for 50% of case$8’. There are multiple causes of male infertility, ranging
from genetic, hormonal, idiopathic, or environmentall8, The last category,
which covers 17% of all malecauses of infertility, originates from lifestyle
choices, such as smoking, drugmd alcohol, but also stresspbesity or infec-
tion189, The prevalence oinflammation-induced infertility ranges from 11%
to 36%, depending on the type ofmeasurementand geographic region of the
study.

The correlation between leukocytospermia, infectiorof the male uro-

genital tract, and infertility was described together with the main mecha-
nisms and pathogenesis of the condition. The most common pathogens caus-

ing male infertility regarding bacterial infections are Neisseria gonorrhoeae
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(gonnorrhea), Treponema pallidum(syphilis), Chlamydialand Mycoplasma
species and in the smaller proportionCandida albicansEach year, there is an
estimated count of 374 million new cases of one of four main sexually trans-
mitted diseases (syphilis, gonorrheachlamydia,and trichomoniasis)®. The
scientific community also investigated Trichomonas vaginalisas a possible
cause of reduced semen quality through its secretory proteins, but the exact
mechanism of the phenomenon is not cleat!. The infection is usually local-
ized in the urogenital tract, but infections of other organfiave beenreported

to disrupt spermatogenesis as well, pointing to the connection betweethe
systemic status of the immune system and possible inflammatory mediators

involved in the process.

4.1. Systemic inflammation and the impact on
testes and male fertility

To study the impact of systemic inflammation on spermatogenesis, sci-
entists used systemic treatment of animals with intraperitoneal (i.p.) LPS.
Subsequeninflammatory mediators, such as Ikp f92h 4 193@&r pitric oxide
(NO)94, interact with the steroidogenic ability of Leydig cells, resulting in im-
DAEOAA ODPAOI AOT CAT A Gictésseular tis€upvpere Atkthd | A OE (¢
same levels and IE6 production increased compared to untreated con-

trols 195,

4.2. Local inflammation in testes

To better understand the impact of inflammation on fertility, this chapter will
be devoted to the mechanisms and cells involved in the immunopathogenesis of tes-
tis inflammation.

M are the main type ofimmune cells that residein the testes. Two main
macrophage populations are found in the mouse testis under physiological condi-

tions, which can be distinguished by théocation and different developmental origin.
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Interstitial -  rise from embryonic progenitors, and peritubular -  travel to the
testis as BMderived progenitors postnatally in the prepubertal period. According
to the study by MossadegtKeller et al. (2017), the two populations can be distin-
guished by MHC Il possitivity9. Later studies used CD206 and MHC Il together to
differentiate between those two resident testicular-  populations. Most peritubu-
lar -  showed theMHC IFCD206 phenotype and interstitial perivascular-  were
MHCIFCD206197. Peritubular -  show transcriptional production of antigen
presentation,and their interstitial counterparts are, according to the transcriptional
data, more involved in the modulation of immune responses within testi&.

Upon inflammatory stimuli, TLR activation in testicular-  results in lower
N[ " OECT Al Eflog EOBAABODET QAENOEOET ACEIIT8
Treatment of testicular -  with LPS leadsto activation of MAPK, APL, and CREB,
resulting inlow 4 . & 1 A TIA10 BrEdQdon, pointing to alternative activation
and regulation of other immune cells within testig%. In general, inflammation
within testicular tissue results in the disruption ofBTB, theproduction of pro-in-
flammatory cytokines andthe increase in the numberof immune cells, such as mon-
ocytes,- , granulocytes (neutrophils), dendritic cells, CD4 and CD8 positive T cells,
and depending on theetiology of the infection, also B or mast cells. This ieeflected
in the changein the state ofthe spermniche, impaired spermatogenesisand fertil-
ity 199, For further information, a reader is recommended to reach for the review
from Fijak et al. (2018)99.

Treatment for this kind of inflammation-induced infertility is mostly antibi-
otics, rest, and symptomatic drugs. In a significant portion of cases, there is a persis-
tent problem with sperm count and quality, resulting in permanent infertility. Be-
cause ofthis, new approaches to thigpathology are neededPromising results were
achievedusing cell therapies in the case of impaired spermatogenesis &Gonly
syndrome, mainly utilizing the anti-inflammatory and protective properties of
MSG.
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5. Publications

1 Michaela HajkovgFilip JaburekBianka Porubskdavla Bohacov&/ladimir

Holan Magdalena KrulovaCyclosporine A promotes the therapeutic effect of
mesenchymal stem cells on transplantation reactio@linSci(Lond)15 Novem-
ber 2019; 13321): 21482157.

https://doi.org/10.1042/CS20190294

Oneof the main milestoneson the way towards the use of MSCsn the stem
cell therapy remainstheir successfulapplication and retention of their immunosup-
pressive function after transplantation. Severalstudies pointed out the potential
beneficial effect of immunosuppressive drugs on MSCsin vitro. This publication
aimed to elucidate the effect of CyclosporineA (CsA),a common immunosuppres-
sive drug administered in the casesof transplantation of other medical interven-
tions, on MSCsin vivo. Survival of MSCswas significantly higher in the recipients
treated with CsAin various tissues,comparedto thosetransplanted with MSCswith-
out CsAAllogeneiccell survival was significantly improved in the mice treated with
the combination of MSCsand CsA,compared to those treated with MSCsor CsA
alone.The combination also decreasedthe relative abundanceof Thl (CD4'T-bet*)
andTh17 (CD42 / 2+ d@lls,andinduction of Th2 (CD4GATA3*) T cell phenotype
in vivo. Theseresults were mirrored in the cytokine production, up-regulation of IL-
10 and downregulation of IL-17 in the media of the mitogen stimulated spleencells
isolated from the mice transplanted with the combination of MSCsand CsA.
CsA+MSGCeducatedperitoneal M showed upregulation of M2 M marker CD206
and reducedthe relative abundanceof 2 / 2 ‘raddl T-bet* helper T cells. The combi-
natory therapy proved to yield better outcomesin all the tested aspects survival of
MSCssurvival of allogeneiccells, lower relative numbers of Thl and Th17 pro-in-

flammatory cells or generation of functional M2 M . This publication suggeststhe
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beneficial effect of combinatory therapy with immunosuppressivedrugs in the pro-

spectsof the useof MSCdn stem cell therapies.
Contribution: Author of this thesis performed cultivation and preparation of MSCs

for the transplantations and in vitro experiments. Part of the in vitro co-cultivation

experiments and analysis.

1 Porubska, BVasek, D., Somova, af.al. Sertoli Cells Possess Immunomodula-

tory Properties and the Ability of Mitochondrial Transfer Similar to Mesenchy-
mal Stromal CellsStem Cell Rev and REp 19051916 (2021).
https://doi.org/10.1007/s12015021-101979

The first-author author's publication and the backbone of this thesis will be dis-
cussed in more detail belowBriefly, the publication focused on thein vitro compar-
ison of MSCs an@&Cdrom two main points. First, aphenotypic comparison was per-
foomed OOET ¢ $1 1 ET EAEG O A ctoEstdred Bresefithyinal Gtiv-A
mal cell,second,similarities and differences in immunomodulatory ability of these
two cell types were assessedising anin vitro coculture system. SCs were able to
differentiate to the three main types ofmesenchymalorigin, which can be consid-
ered as the main evidencehat SCsare kind of MSCs. Furthermore, when immuno-
modulation or suppressionof the inflammatory immune cell phenotype is consid-
ered, important differences betweenSCand MSCwere found. Both cell typessup-
press theinflammatory phenotype of helper T cellsin vitro, but in a distinct way.
MSCssuppress theTh17 response and IE17 production, SCssuppress theoverall
inflammatory phenotype in T cells, which isalso reflectedin the production of cyto-
kines. SCs showed pronounced induction ofhe M2 M phenotype compared to
MSCs. Mitochondrial transfer is one of the mechanisms by which MStizdulate the
activity or phenotype of immune cells. This publication showed for the first time that
SCs are capable of mitochondrial transfer, in this case to immune ceiisyitro. This

publication is an important step in the potential use of SCs in cell therapies, showing
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their strong ability to suppress inflammationin vitro, opening a newdoor for further
studies of this cell type.

Contribution: The author of this thesis was leading the experimental design, perfor-
mance, and analysis of th&Cevaluation experiments,co-culture experiments, flow

cytometry analysis, and data interpretation.

1 Holan V, Echalar B, Palacka K, Kossl J, Bohac®@uBska BKrulova M,
Javorkova E, Zajicova Ahe Inability of Ex Vivo Expanded Mesenchymal
Stem/Stromal Cells to Survive in Newborn Mice and to Induce Transplantation
Tolerance Stem Cell Rev Rep. 2022 Oct;18(7):23885. doi:10.1007/s12015
022-103637. Epub 2022 Mar 15. PMID: 35288846.

The study focused on the phenomenon of transplantation tolerance, posing a hy-

pothesis on the ability of the newborn immune system not to react to transplanted

cells and develop a possible specific tolerancAdipose-derived MSCs labelled with
PKH26labelled Adipose derived MSCOsere ip transplanted into newborn mice (less

than 24 h old), and their survival was detected in the spleen and livait various time

points (2, 4, and 7 dayskyngeneicallyand allogeneically. The living MSCs in both
organsdecreasedto none on day 7.The lower percentage of living MSC# organs

with time was accompanied byanincreasing proportion of CD43PKH26* cells,sug-

gesting phagocytosis of transplanted cells by immune cells recipients. However,

the proportion of different Th cell subpopulations was not changedn recipients,

cytokine production of spleen celldsolated from mice treated neonataly with MSCs

in vitro after their co-culture with allogeneic stimuli showed up-regulation in Thl

type cytokines(I.¢ h ) &. r 8 3 OOOEOAI 1 &£ OEET Al 11 COA
MSCs recipients and untreated controls. The studshows thatMSCs are not able to

ET AOAA TATTAOAT O1T 1 AOATAA ET 1 EAA8 4EA 0OOC
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liver is congruent with literature, coming to non-detectablecells at day 7. The evi-

dence provided by this publication points to a rising notion of the mechanism by

which MSCsaffect theimmune system after transplantationcalledOE E O AfoA AEAS
day, theimportance of apoptosis and subsequent phagocytosis of MSCs after trans-
plantation is more and more pronounced in this field.

Contribution: The author of this thesis performed part of thein vitro experiments,

mainly preparation of MSCs for transplantation and flow cytometric analysis of part

of the in vivo experiments.

1 Vegrichtova M, Hajkova MRorubska BVasek D, Krylov V, Tlapakova T, Krulova

M. Xenogeneic Sertoli cells modulate immune response in an evolutionary dis-
tant mouse model through the production of interleuki#dO and PBL ligands
expression Xenotransplantation. 2022 May;29(3):e12742. doi:
10.1111/xen.12742. Epub 2022 Mar 16. PMID: 35297099.

The immunomodulatory effects of SCs the xenogeneic model have been described
previously, but studies omitted exploration of the molecules responsible for this
phenomenon. This study aimed to understand andncover the possible molecular
basisof the distant evolutionary interaction between xenogeneicSCs derived from
Xenopus tropicaligXtSC3$ and recipient cells / organisms (mus musculuk In vitro
examination of interaction between XtSCs and mouse immune spleen cells showed
an enhanced intracellular 11-:10 production in M and B cells, compared to unstim-
ulated control and xenogeneic control (XC) samples. Th lymphocytes cultured to-
gether with XtSCsshowedal | x AO DPOT AOAOEI 1T 1T &£ )&.r8 4EEC(
duction was accompaniedoy up-regulation of regulatory molecules PEL1 and PD

L2 on the surface of F4/83-  8o-culturing experiments using atranswell system
showed abrogation of previously shavn changes, pointing to the necessity of cell
to-cell contact for XtSCs to bable tomodulate the responses of immune cells. Sim-

ilar effects were detectedusing monoclonal antibodies against thdL10 and IL10
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receptors, indicatingthe importance of IL-10 production and signalingfor success-
ful modulation of XtSClIn vivoi.p. application showed the ability of XtSCs to survive
for up to 14 days in the recipient, and specifically migrate specifically tthe testes.
However, splenic immune cells of the XtSCs, control or XC animals showed no differ-
ences in the relative abundance ahe i AET H1 BOI AOET 1 Oh 2/ 2 0
CD4 T cells was significantly higher in the XC cefecipients. On the other hand,
F4/80+ cellsfrom animals treated with XtSCshowed upregulation of PDL1 and PD
L2 on their surfacecomparedto the control and XC cohorts. Secondary activation of
immune cells was examined by in vitro reintroduction of inactivated XtSCs to im-
mune spleen cells isolated from mice transplanted with XtSCs, X vehicle. Upon
secondary encounter, spleen cells isolated from mice treated with XtSCs produced
significantly higher intracellular levels of IL-10 and IL.-4 and lower intracellular lev-
els of IL-17, compared to immune cells isolateéfom the spleen of mice treated with
XC or vehicleThe mixed lymphocyte reaction showed lower activation of XtSGs
mice spleen cells compared to cells isolateilom two two other cohorts. Examina-
tion of immune cells within testicular tissue of males after transplantation showed
significant up-regulation of the anti-inflammatory cytokines IL-p m AT A 4' & h
no change inthe production of pro-E1T &A1 Al I AOT OW-6 é#.the pohoAT A
treated with XtSCs.The regulatory molecule PBEL1, which was shown to be ugeg-
ulated onOE A --cultur®d in vitro with XtSCs, was also upegulated in vivoin
immune cells isolated from mice treated with XtSCs, providingvidence of the sig-
nificance of this molecule in the evolutionary distant xenotransplantation model.

This publication provides important evidence for the molecular basis of im-

mune modulation of phylogenetically distant SCs.

Contribution: The author of this thesis performed a partof in vitro experiments, de-

tection and analysis, and also participateth the analysis ofin vivo experiments.
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6. Rationale and objectives of the project

There is an ongoing debate within the scientific communitabout the similarity
of MSCs and SQhrough the lens of their immunomodulatory, anti-inflammatory,
and regulatory properties. Since there are similarities on multiple levels, the studies
involved in investigatingl T A AAT 1T OUPA 1T O AT T OEAO EAOAT @
rable methods. Since Gong et al. (2017) poséae question of origin of SCs, aiming
to uncover the connection between SCs and MSCs, pointing towards their similari-
ties. The resultsof this study suggest that SCs are a kind of MSCs, which left their
stromal/stem phenotype and movedtowards the differentiated statef, but more
conclusive methodsand also immunomodulatory properties ofthesetwo cell types
are neededto be comparedto accept thisassumption.

Therefore, this project aims to evaluate th@henotypical and functionalsimilar-
ity or differences between SCs and MSCihe comparisonof the phenotype ofSC
and MSGs based on the criteriaof Dominici et al. (2006):plastic adhesion presence
and absence of specific surface markers, and the ability to differentiate into three
main cell types ofmesenchymal origin (osteocytesgchondrocytes,and adipocytesy2.
The second part is dedicated tan vitro comparison of the ability to modulate im-
mune responses and regulatspecific types ofimmune cells. The phenotypic switch
of immune subtypesand the production of cytokines were detected aftercoculture
of SCs/MSCs with splenocytes.

Since SCeeside inseminiferous tubules and play a key rolén spermatogenesis,
the in vivo ability of SCs to regulate the immune system is evaluated using L-PS
duced testicular inflammation and subsequent SCs transplantatioAn immune sys-
tem within the testes was observedind theviability, count and mobility of the sper-

matozoawere assessed
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6.1. Experimental Design and Methods: In vitro
SCand MSCcomparison

Since the data from this part of the projechave beenpublished, an overview
of the studyand amainly graphical description will be provided in this chapter.

Both cell types were treated the same throughout the studySCswere iso-
lated from the white inguinal adipose tissue of 8wfemalesand SCsof 3w male
BALB/c mice.The isolation of MSCswvas describedin a previous publication of our
laboratory200. The isolation of SCds describedin detail in the text of a publication
provided in this thesis.Cellsbetweenpassages & were used forall experiments.

First, acomparison of SCs antSCs was performeaccordingto the Domi-
nici criteria. Theadhesionto the plastic was examined by conventional light micros-
copy.The presenceand absence of surface markers SCand MSG was determined
by flow cytometry (presence of CD90.2, CD105, CD#hd CD44 absence of CD45,
CD11b, CD34and CD3). The ability of SCs to differentiate intdhree types of cells
of mesenchymalorigin was evaluated,and acomparisonwith MSCs was performed
using special kitsor a cocktail of factors described in the publication. The determi-
nation of differentiation into adipocytes was detectedwith Oil Red O, chondrocytes
with Alcian Blue and osteocyteswith Alizarin Red.For agraphical representation of

this part of the project, see Fig6.

Adherence to plastic Presence/absence of Ability to differentiate
: surface markers '

( | Adipocyte
' \/ Oil Red O
CD90.2 CD45 i
CD105 CD11b Chondrocyte
CD73 CD34 i @ Alcian Blueyt
CD44 CD31
Osteocyte
Alizarin Red
Light microscopy I Flow cytometry I Light microscopy

Figure 6.: Determination of SCs mesenchymal origin based on Dominici et al. (2006) criteria.
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After a basic phenotypical evaluation, the immunoregulatory properties of
SCs were compared to those of MS@svitro using a coculture system. SCs or MSCs

were cultured together with splenocytes, isolated from BALB/c female mouse, i

1:10 and 1:20 ratio. After 48 or 72 h, intrd AT 1 O1 AO A UORALEI7E, O
DOAOGAT AA T &£ 0A30 j APl POl OEOGQq AT A OOAI
CD4 T cells were determined by flow cytometry (sed-igure 7).
Focus on CD4* T cells =S —
iy Cytoki ducti &
. 1/10 - ytokine production K
1720 o by CD4" T cells _Apoptosis
SCs Y
S ¢ J Annexin V
oR T TNFa OUK ,/ * @
. IL-2
. IL-17a f=
MSCs ) 2
Pomma N o
) N bbb bbb R R b E L LR LR 2)
N Transcription factors z
o
/ T =
Cell proliferation regs ——
: : Ly o o f\4> Foxp3
0 A8 72 Time/hours \ :!.\ _’"\ &
ke ™7 @5 RroRyt
&/

Figure 7.: Determination of immunomodulatory properties of SCs compared to those of MSCs.

Peritoneal lavage acquired from BALB/c female e was plated in the same
experimental setting together with SCs or MSCs m1:5, 1:10 and 1:20 ratio. With
the focus on macrophagesafter 48 h, the percentage of CD20&ells within F4/80+

population was analyzed to determine the induction of the M2 macrophage pheno-

type (see Fig8).
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Figure 8.: Evaluation of the effect of SCs/MSCs on the macrophage phenotype with the fo

on M2 type.
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Since MSCs are known to modulate the immune system through mitochon-

drial transfer to immune cells, the ability of SCs to transfer mitochondria to spleno-

cytes was determined by flow cytometry and fluorescence microscopyG and

MSG were first stained for mitochondria using MitoTracker CMXROS dye armb-

cultured with splenocytes (ratio 1:20) for 3 h. Using flow cytometry, the percentage

of CD435 cells positive for MitoTracker CMXROS was determined. To visualise mito-

chondrial transfer, cells were prepared in the same way and seedadthe glass bot-

tom Petri dish for 30 min.Filamentousactin (phalloidin) and CD45 stainingwas per-

formed and detected by fluorescence microscopy (see Fig.)8
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Figure 9.: The determination of mitochondrial transfer from SCs to immune cells compared to that «
MSCs. MSCs and SCs were stained for mitochondria using MitoTracekr CMXROS dye, washed ar
with splenocytes for 30 min. Percentage of MitoTracker positive cells within Cpefiulation was detect
by flow cytometry and similarly visualized by fluorescence microscopy. For the visualization, the cyto:
was stained by Phalloidin, CD45 primary antibody and secondary AF647, and nuclei by DAPI.
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Abstract

It is becoming increasingly evident that selecting an optimal source of mesenchymal stromal cells (MSCs) is crucial for the
successful outcome of MSC-based therapies. During the search for cells with potent regenerative properties, Sertoli cells
{5Cz) have been proven to modulate immune response in both in vitro and in vivo models. Based on morphological proper-
ties and expression of surface markers, it has been suggested that SCs could be a kind of MSCs, however, this hypothesis
has not been fully confirmed. Therefore, we compared several parameters of MSCs and SCs, with the aim to evaluate the
therapeutic potential of SCs in re generative medicine. We showed that SCs successfully underwent osteogenic, chondrogenic
and adipogenic differentiation and determined the expression profile of canonical MSC markers on the SC surface. Besides,
SCs mescued T helper (Th) cells from undergoing apoptosis, promoted the anti-inflammatory phenotype of these cells, but
did not regulate Th cell proliferation. MSCs impaired the Th17-mediated response; on the other hand, SCs suppressed the
inflammatory polarisation in general. SCs induced M2 macrophage polarisation more effectively than MSCs. For the first
time, we demonstrated here the ability of SCs to transfer mitochondria to immune cells. Our results indicate that SCs are a
type of MSCs and modulate the reactivity of the immune system. Therefore, we suggest that SCs are promising candidates
for application in re generative medicine due to their anti-inflammatory and protective effects, especially in the therapies for
diseases associated with testicular tissue inflammation.

Keyword Mesenchymal stem cells. Sertoli cells. Immunomodulation. Mitochondrial transfer

Introduction regenerative and immunomodulatory capacities continues.

In this respect, the tissue source for M3Cs isolation is crucial

Stem cells are recently intensively investigated for the
therapy of various diseases. Results obtained from many
clinical studies proved the safety of the application of mes-
enchymal stromal cells (MSCs) isolated from various tis-
sues, but clinical outcomes of MSC transplantation still do
not meet expectations [1]. Therefore, new approaches are
being investigated, and the search for stem cells with better
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since MSCs from different sites of the body do not possess
the same properties [2], which influences the therapy out-
come [3, 4]. Recently, the International Society for Cell &
Gene Therapy (ISCT®) defined mesenchymal stem cells are
a minor population of progenitor cells with differentiation
and self-renewal ability within a larger bulk population of
mesenchymal stromal cells with known immunomodulatory,
homing and secretory funcitons [5]. Hence here, in this arti-
cle we will refer to MSCs as the mesenchymal stromal cells.
Re garding the ongoing search for suitable cell type for thera-
pies requiring immune modulation, Sertoli cells (SCs) can
be studied as promising candidates.

In the specific environment of testes, SCs have been
described to possess a similar biological function as MSCs.
Adult SCs have been previously considered terminally dif-
ferentiated cells with the only function to protect and nourish
spermatogonial stem cells. However, this opinion has been

€) Springer
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challenged, as it was proved that adult 3Cs could regain their
proliferation potential after transplantation [6]. According
to the current knowledge, the primary function of SCs is, in
addition to nourishing and supporting germ cells, to protect
them from immune destruction, form blood-testis barrier
and provide immune privilege. Besides, it has been docu-
mented that SCs provide support and a tolerogenic environ-
ment for co-transplanted cells even across immunological
barriers in various in vivo models [7].

Recently, it has been proposed that SCs could be a kind
of MSCs. Chikhovskaya et al. [8] demonstrated that somatic
testicular cell cultures form colonies resembling MSCs. SCs
also possess a phenotype similar to MSCs, including the
ability to undergo differentiation along mesodermal line-
ages [9] and the expression of MSC-like surface markers
[10]. These studies suggested that SCs could be a stem cell
population, but this hypothesis has not been confirmed.

Anessential property of MSCs is the ability to modulate
immune response [11]. Significant immunosuppressive prop-
erties of 8Cs and their ability to promote cell growth have
also been described in this regard [12], but mechanisms of the
suppressive effect of SCs remain unclear. Recent studies have
shown that the suppressive ability of SCs, similarly to MSCs,
depends on the used model (animals, disease, and experimen-
tal design). SCs modulate the reactivity of the innate immune
system, including the induction of an alternative M2 pheno-
type of macrophages and suppression of the co-stimulatory
abilities of dendritic cells [13]. The effect of 5Cs on T-cell
responses, particularly the shift towarnds T helper type 2 (Th2)
and regulatory T cell (Teg) type of immune response, has
been demonstrated, as documented by the upregulation of
IL- 10 and TGFp production, as well as the increased Treg
number after co-cultivation with naive T cells [14]. Expres-
sion of molecules participating in the tolerance, including
PD-L1,FasL and indoleamine 2,3-dioxygenase, also plays
an essential role in SC-mediated immunomodulation [15].
Furthermoe, 5Cs have been a potent immunoregulatory tool
in in vivo models of diabetes, neurodege ne rative diseases and
transplantation [9, 16-18].

The mitochondrial transfer has been described as one of
the mechanizsms, which MSCs use to support anti-inflam-
matory conditions and cell survival [19]. This mechanizm
has been identified as a critical pathway for the Th17 to Treg
switch [20]. In various models, MSCs transferred mitochon-
dria to cardiomyocytes, bronchial epithelial cells or cortical
neurons [21-23]. The mitochondrial transfer has never been
described in 8Cs; however, connexind 3, which is one of the
key proteins in this process, is a major protein in forming
tight junctions and blood-testis barriers by SCs [24].

The ability of SCs to promote cell growth, their ben-
eficial anti-inflammatory effects and the protection of co-
transplanted tissue, together with the fact that 5Cs can be
easily isolated from patient testicular biopsies performed

) Springer

routinely by fertility clinics, made them promising candi-
dates in the field of tissue e pair and re generation. Besides,
due to the non-immunogenic properties of SCs, allogeneic
cells isolated from a donor with healthy SCs can be used.
Several groups reported that transplantation of M3Cs or
their products could restore spermatogenesis and fertility
in various models [25-27]. Confirmation of SC stem-like
properties and further elucidation of molecular aspects of
immunomodulation, differentiation and mechanisms of
their action may enable new approaches for their applica-
tion with the aim to support the regeneration of testicular
damage. Therefore, the objective of this study was to verify
the stem properties of 3Cs and compare them with those of
MSCs, including their immunomodulatory potential. We
also examined the ability of mitochondrial transfer as one
of the mechanisms by which M3Cs and SCs could provide
protection of tissue from acute damage.

Materials and Methods
Animals

Female BALB/c mice (spleen cell isolation) at the age of
812 weeks and male BALB/c mice {5C isolation) at the
age of 3 weeks were obtained from the breeding unit of the
Institute of Molecular Genetics of the Czech Academy of
Sciences, Prague, Czech Republic. The present study was
approved by the Animal Ethics Committee of Charles Uni-
versity, and all experimental procedures were performed
following the guidelines for the care and use of laboratory
animals.

Isolation of Adipose-Derived MSCs

Adipose-derived MSCs were isolated from inguinal fat
pads of BALB/c mice as we have described [28], cultured
in Dulbe coo’s modified Eagle medium (DMEM, PAA Labo-
ratories, Pasching, Austria) supplemented with 10% FB3
{Sigma-Aldrich Corporation, St. Louis, MO, USA), antibiot-
ics (100 mg'ml of streptomycin, 100 Ufml of penicillin} and
10 mM Hepes buffer, and maintained in culture as adherent
monolayers. Cells between passages 3 and 5 were used in
the experiments.

Isolation of Sertoli Cells

Briefly, testes from 3-5 weeks old male mice were decap-
sulated with tweezers and digested with Collagenase II and
DMase I in PBS, 20 min in shaking bath (32 °C), centri-
fuged (10 min, 800 g) and filtered through 70 pm and then
through 40 pm cell strainer. Cells on the 40 pm cell strainer
were washed out by centrifugation (10 min, 300 g). The cell
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suspension was plated on DSA (lectin from Datura Stramo-
nium, Sigma-Aldrich) coated flask, washed 1 h after plat-
ing with warm DMEM medium and cultured in a complete
DMEM medium supplemented with glutamine, LIF (0.1 ng/
ml, Peprotech Rocky Hill, NJ, USA) and FSH (0.5 ngf
ml, Sigma-Aldrich) for 3 weeks with regular exchange of
medium, then passaged twice a week. Cells were maintained
in culture as adherent monolayers, and between passages 3-6
were used in the experiments.

Characterization of Surface Markers by Flow
Cytometry

SCs and MSCs were harvested between passages 3-5 and
washed with PBS/A0.5% BSA and incubated for 30 min on ice
with FITC-labeled monoclonal antibody (mAb) anti-CD90.2
{clone 30-H12, SONY), PE-labeled mAb anti-CD 105 (clone
MI7/18, BicLegend San Diego, CA, USA), PE-labeled mAb
anti-CD73 (clone eBicT'Y/11.8, eBioscience, San Diego,
CA, USA), FITC-labeled mAb anti-CD44 (clone IM7,
BicLegend), FITC-labeled mAb anti-CD45 (clone 30-F11,
BioLegend), FITC-labeled mAb anti-CD 11b (clone M 1/70,
BioLgenend), PE-labeled mAb anti-CD34 {clone HM34,
BiocLegend}, PE-labeled mAb anti-CD31 (clone 390, Bio-
Legend). Unstained cells were used as a control. A total of
40 000 cells were analyzed after the exclusion of dead cells
and debris.

Macrophages were prepared by washing the perito-
neal cavity of unstimulated BALB/c mice as we described
elsewhere [29], and cells (5 x 10° cells/ml) were plated in
24 well tissue culture plates (Munc, Roskilde, Denmark)
in a volume of 1 ml of RPMI- 1640 medium supplemented
with 10% FBS (Sigma-Aldrich), antibiotics (100 mg/ml of
streptomy cin, 100 U/ml of penicillin) and 10 mM Hepes
buffer (referred as complete RPMI-1640 medium}, for 48 h
in the presence or absence of SCs/MSCs (peritoneal cells:
SC/MCs at a ratio 1:5, 1:10 or 1:20). To determine the phe-
notype of macrophages, cells were harvested, washed with
PBS/0.5%BSA and incubated for 30 min on ice with Alexa
Fluor 700-labeled mAb anti-CD45 (clone 30-F11, BioLeg-
end}, PE-labeled mAb anti-F4//80 (clone BMS, BioLegend),
FITC-labeled aAb anti-CD206 (clone C068c2, BioLegend).
Macrophages incubated alone were used as a control. A total
of 50 000 cells were analyzed after exclusion of dead cells
and debris. Representative flow cytometry dot plots illustrat-
ingthe gating strategy are shown in Supplementary Fig. 51.
Five independent experiments were performed for each part
of the study.

In all experiments, dead cells were stained with Hoechst
33,258 fluorescent dye (Sigma-Aldrich). Data were collected
using LSRII cytometer (BD Bioscience Franklin Lakes, NJ,
USA) and analyzed using GateL.ogic 400.2A software (Invai,
Mentone, Australia).

RT-PCR

Total RENA was isolated from cultured SCs and murine tes-
ticular cell suspension using EZ.N.A.® Total RNA Kit [
{Omega BioTek, Georgia, GA, USA) according to manu-
facturer's instructions, including in-column DMase treat-
ment. Reverse transcription was performed by the Super-
Script™ BReverse Transcriptase (Thermo Fisher Scientific
Inc., Waltham, MA, USA) according to the manufacturer’s
instructions. Primer sequences are listed in Table 51.

Osteogenic, Chondrogenic and Adipogenic
Differentiation of SCs and MSCs

SCs or MSCs were cultivated in DMEM medium to ensure
mid-log growth phase confluence (60-80%). Then cells
were gently harvested, and depending on the type of differ-
entiation, were seeded into multi-well plates or Petri dishes.
Cells underwent osteogenic differentiation using StemPro®
Osteogenesis Differentiation Kit ( Thermo Fisher Scientific),
according to the manufacturer’s instructions. O'steocytes
were stained with 2% Alizarin Red S solution (Sigma-
Aldrich) for 15 min. A micromass culture was generated
from SCs or MSCs and cultured in media prepared from
StemPro® Chondrogenesis Differentiation Kit (Thermo
Fisher Scientific} to induce chondrogenic differentiation.
Droplets with a volume of 5 pl of the cell suspension were
seeded in the centre of the 6-well plate to generate the micro-
mass. After incubation for 2 h under high humidity con-
ditions, chondrogenesis media was added to the cultures.
Chondrocytes were detected using 1% Alcian Blue solution
on day 21. Adipogenesis was induced using StemPro® Adi-
pogenesis Differentiation Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Expanded SCs
or MSCs were seeded into culture flasks and cultured in an
adipogenesis differentiation medium. Lipid droplets were
detected on day eight by Oil Red O (Sigma-Aldrich) stain-
ing. All samples were evaluated under a light microscope.

Detection of Apoptosis

Spleen cells {1x 10° cells/ml) were cultured in a volume of
1 ml complete RPMI 1640 medium in 24-well tissue cul-
ture plates stimulated with Concanavalin A (ConA, 1.25 pg/
ml, Sigma-Aldrich) for 48 h in the presence or absence of
SCs or MSCs (SCa'MSCs: spleen cells ratio 1:10 or 1:20).
Cells were harvested, washed with PBS/0.5% BSA and
incubated for 30 min on ice with Alexa Fluor T00-labeled
mAb anti-CD45 (clone 30-F11, BicLegend), FITC-labeled
mAb anti-CD4 (clone GK 1.5, BD Pharmingen, San Jose,
CA, USA). After washing with PBS/0.5% BSA, cells were
stained for Annexin V using Annexin ¥V detection kit accord-
ing to the manufacturer’s protocol (Apronex, Jesenice, Czech
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Republic). Dead cells were excluded using Hoechst 33258
{Sigma-Aldrich), added 15 min before flow cytometry
analysis. Data were collected using LSR 1T cytometer (BD
Bioscience) and analyzed using GateLogic 400.2A software
{Imvai). Representative dot plots illustrating the gating strat-
egy are shown in Supplementary Fig. 52, gated as Ki67. A
total of five independent experiments were performed.

Intracellular Detection of Transcription Factors

Spleen cells (1x 10° celle/ml) were cultured in a volume
of 1 ml of complete RPMI 1640 medium in 24-well tissue
culture plates stimulated with ConA, (1.25 pg'ml}) for 72 hin
the presence or absence of SCs or MSCs (SCeMSCs:Spleen
cells ratio was 1:10 or 1:20). Cells were harvested, washed
with PBS/0.5% BSA and incubated for ) min on ice with
Alexa Fluor T00-labeled mAb anti-CD45 (clone 30-F11,
BioLegend), FITC-labeled mAb anti-CD4 (clone GK 1.5,
BD Pharmingen) and Live/Dead Fixable Viclet Dead Cell
Stain Kit (Thermo Fisher Scientific) for staining of dead
cells. Cells were then fixed and permeabilized using a Foxp3
Staining Buffer Set (eBioscience)} according to manufac-
turer's instructions, before staining for 30 min with APC-
labeled mAb anti-Foxp3 (clone FIK-16 s, eBioscience), PE-
labelled mAb anti-RORyt (clone AFKJS-9, eBioscience) or
PE-labeled mAb anti-Ki67 (clone 16A8, BioLegend). A total
of 40 000 cells were analyzed after exclusion of dead cells
and debris. Data were collected using LSR. II cytometerBD
Bioscience) and analyzed using GateLogic 400.2A software
{Invai). Gating strategy is shown in Supplementary Fig. 52.
A total of five independent experiments were performed.

Intracellular Detection of Cytokines

Spleen cells (1% 10° cells/ml) were cultured in a volume
of 1 ml of complete RPMI 1640 medium in 24-well tis-
sue culture plates stimulated with ConA (1.25 pg/ml) for
48 h in the presence or absence of 5Cs or MSCs (3Cs/
MSCs:spleen cells ratio 1:10 or 1:20). To analyze intra-
cellular cytokine production, Phorbol 12-Myristate
13-Acetate (PMA, 20 ng/ml, Sigma-Aldrich), lonomycin
{500 ng/ml, Sigma-Aldrich), Brefeldin A (5 pg/ml, eBio-
science) were added to the cultures for at least 4.5 h of
the 48 h incubation period. Cells were harvested, washed
with PBS/0.5% BSA and incubated for 30 min on ice with
Alexa Fluor 700-labeled mAb anti-CD45 (clone 30-F11,
BioLegend), FITC-labeled mAb anti-CD4 (clone GK1.5,
BD Pharmingen) and Live/Dead Fixable Viclet Dead Cell
Stain Kit (Thermo Fisher Scientific) for staining of dead
cells. Cells were then fixed and permeabilized using a Fix-
ation and Permeabilization Kit (eBioscience ) according to
the manufacturer's instructions. The cellz were intracellu-
larly stained for 30 min with PE-labeled mAb anti-TNFa
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(clone MP6-XT22, eBiosciece), APC-labeled mAb anti-
IL-2 {clone JES6-5H4, eBioscience), APC-labeled mAb
anti-IL-17A (clone eBiolTB7T, eBioscience). A total of
40 000 cells were analyzed after exclusion of dead cells
and debris. Data were collected using LSR II cytometer
{BD Bioscience) and analyzed using GateLogic 400.2A
software (Invai). Representative dot plots illustrating the
gating strategy are shown in Supplementary Fig. 33. A
total of five independent experiments were performed.

Mitochondrial Transfer from 5Cs and MSCs
to Immune Cells

Spleen cells (13 10° per well) were cultured in a volume
of 1 ml of complete RPMI 1640 medium in 24-well tis-
sue culture plates. SCs and M3Cs were stained for mito-
chondria using MitoTracker® Red CMXRos (MiTT,
Thermo Fisher Scientific), according to the manufactur-
er's instruction at the concentration 100 nM for 30 min.
Stained SCs or MS5Cs were added to spleen cells in the
ratio 1:20 {SCs/MSCs: spleen cells) and cultured together
for 3 h. Cells were harvested after co-cultivation, washed
with PESA.5% BSA and incubated for 30 min on ice with
Alexa Fluor 700-labeled mAb anti-CD45 (clone 30-F11,
BicLegend), and Hoechst 33253 was used for dead cells
staining and exclusion. Mitochondrial transfer from SCs or
MSCs to immune cells was determined as a MiTT positive
population gated on CD457 to exclude SCs and MSCs. A
total number of 60 000 cells were analyzed after exclusion
of dead cells and debris. Data were collected using LSR II
cytometer (BD Bioscience) and analyzed using GateL ogic
400.2A software (Invai).

Immunostaining of Co-cultures of Spleen Cells
with 5Cs or M5Cs - Mitochondrial Transfer
Visualization

Spleen cells (1x 10° per well) were cultured in a volume
of 2 ml of complete DMEM medium in 29 mm Glass bot-
tom dishes {Cellvis, Sunnyvale, California, USA) together
with SCz and MSCs stained for mitochondria using MiTT, in
ratio 1:20 (SCe/MSCs: spleen cells) for 3 h. Cell suspensions
were washed with PBS and fixed with 4% paraformaldehyde
in PBS for 15 min, permeabilized by 0.2% Triton x-100 in
PBS, blocked by 1% B3A in PBS and stained for 1 h with
rat anti-mouse CD45 primary antibody (1:200, BioLegend)
and Phalloidin Green (Sigma-Aldrich) and goat anti-rat [gG
{H+L) secondary antibody Alexa Fluor 647 (Thermo Fisher
Scientific) for 2 h. Staining for nuclei and sample mount-
ing was performed by Mowiol/DAPI (Sigma- Aldrich) and
observed with LeicaDmi% fluorescence microscope.
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Statistical Analysis

For the statistical analysis, the program The Prism (Graph-
Pad Software, San Diego, CA, USA) was used. The esults
are expressed as the mean + standard error (5E). The sta-
tistical significance of differences between individual
groups was calculated using one-way analysis of variance
{ANOVA) and Tukey post hoc test. P values less than 0.05
were considered statistically significant.

Results
SCs Fulfill Criteria of MSCs

We confirmed the characteristics of SCs by the expression of
genes for Vimentin, CD44 (MSCs surface markers), Acta2
{Actin alpha?, testis associated marker) and Sox9 (transcrip-
tion factor, 3Cs marker). 3Cs were alzo negative for germ
cell markers Dazl, Ddx4, Ddx25 and Leydig cell markers

M. musculus

aanewymbiol Gene name

Gene expression

Gene transcript )
(7]

testes

primoculture|

Germ cell markers

Dazi deleted in azoodspermia-like ENSMUSTO0000010736.7
Ddx4 DEAD {Asp-Glu-Ala-Asp) box polypeptide 4 | ENSMUSTO00000022166.9
Ddx25 DEAD (Asp-Glu-Ala-Asp) box polypeptide 25 | ENSMUST00000034612.6

Mesenchymal stem cell surface markers

CD44 CD44 antigen ENSMUSTO00000005218.14
ftgh1 integrin beta 1 (fibronectin receptor beta) ENSMUSTOO000090006.11
Thyt thymus cell antigen 1, theta ENSMUSTO0000114840.1
Vim vimentin ENSMUSTO0000028062.7

Leydig cell markers

Cyp11at1 |, onpepuae 1

cytochrome P450, family 11, subfamily a,

ENSMUSTOO000034874 13

Cypt7ai polypeptide 1

cytochrome P450, family 17, subfamily a,

ENSMUSTO0000026012.7

Testis associated markers

Acta2 actin, alpha 2, smooth muscle, aorta ENSMUSTO0000039631.8
Lif leukernia inhibitory factor ENSMUSTO0000066283.11
Sox9 SRY (sex determining region Y)-box 9 ENSMUSTO0000000579.2

Fig.1 Expression of genes characteristic for individual testicular cell
populations. SCs did not express maders of germ oclls and Leydig
cells, but they expressed Sox0 (a marker of SCs), CDM4, Vimen-

tin {mardkers of M5Cs) and Acta2 (actin alpha 2, testis associated
marker). Data from one of two similar experiments arc shown
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4Flg.2 Characterization of M3Cz and SCs. Adherence to the plas-

tic surface iz documented in the representative phase-contrast light
microscopy image. Both cell populations isclated from the one young
(4 weeks) male mouse A. The expression of cell surface maders on
MSCs and 8Cs was determined by flow cytometry B MSCs and 5Cs
were cultued in adipogenic, chondrogenic or cetcogenic medium and
staimed with 04l Red O, Alcian Blue or Alizarin Red 5, respectively.
Representative images of differentiated MSCsz and 5Cs are shown C

Cypllal, CyplT7al {(Fig. 1). 5Cs were adherent to plastic
{Fig. 2A), positive for CD44 and slightly positive for CD105
and CD73 used as markers defining MSCs [30], but were
negative for CD90.2. Both cell populations were negative
for CD45, CD11b. SCs were positive for the CD34 marker,
whereas M3Cs were slightly positive (Fig. 2B). Both MSCs
and SCs were capable of differentiating into adipocytes,
osteccytes and chondrocytes (Fig. 2C).

5Cs Modulate CD4* T Cell Proliferation, Apoptosis
and Phenotype

The anti-inflammatory effect of MSCs on T cells is well
described [31]. Therefore, we measured several parameters,
including proliferation, apoptosis and Treg/Th17 ratio and
compared the effects of SCs with those of M3Cs. MSCs
suppress the proliferation of CD4* cells induced by ConA.
Expression of a nuclear protein Ki67 was downregulated
on CD4* cells after co-culture with MSCs; the suppression
by SCs was less pronounced (Fig. 3A). S5Cs protected acti-
vated CD4 + cells from apoptosis, revealed by the presence
of phosphatidylserine on the cell surface using Annexin V
similarly to MSCs (Fig. 3B). As shown inFig. 3C, 5Cs pro-
moted CD4™ T cell phenotype switch to anti-inflammatory.
Treg/Th 17 ratio showed only a tendency to increase in the

presence of MSCs in the culture, while in the presence of
SCs, this ratio increased significantly.

5Cs Suppress the Production of Inflammatory
Cytokines by Activated CD4* T Cells

To further determine the activation of T cells cultivated in
the presence of SCs, spleen cells were stimulated with ConA
for 48 h in the presence of 3Cs or M5Cs. The intracellular
kevels of selected cytokines were determined by flow cytom-
etry. As shown in Fig. 4, the percentage of CD4 ' TNFo*
{Fig. 4A) and CD47IL-2* (Fig. 4B} cells was decreased in
a dose-dependent manner after cultivation with SCs and
MSCs (Fig. 4B). This effect was more pronounced in the
presence of SCs. A significant decrease in the proportion of
CD4IL-17% cells was observed in spleen cells stimulated
with ConA in the presence of MSCs; cultivation with SCs
has no significant effect on the intracellular level of IL-17.

The Effect of 5Cs on Peritoneal Macrophages

To further investigate the potential of 3Cs to modulate the
phenoty pe of immune cells, cells isolated from the peri-
toneal cavity of mice were cultivated in the presence or
absence of SCs or M3Cs for 48 h. Macrophages can change
their phenotype between pro- (M1) and anti-inflammatory
{M2) type according to the cytokine micrenvironment [32].
As shown in Fig. 5, the percentage of F4/80%cells positive
for CD206, a marker of M2 macrophages, was significantly
increased. In the presence of MSCs in the culture, no sig-
nificant changes wer detected.
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Fig.3 The effect of 5Cz and MSCs on proliferation, apoptosis and
Foxp¥RORyt mtio of CD4+ T cells. Spleen cells were stimulated for
43 h (for apoptosis detection) or 72 b (for transcription factors and
Kif7 determination) with ConA alone or with ConA in the prscnce
of 8Cs or MSCs in various ratios. The proliferation of CDd+ Teells,
as positivity of Ki67 A and the percentage of apoptotic CDM + Teells,

28 detected using Annexin V B, wos determined by flow cytom-
ciry. Faup¥RORyt ratio of CD4* T cells in co-cultures with MSCs
or SCs was determined by flow cytometry C. Data are expressed as
means +5E from five independent experiments. Statistical signifi-
cance betwesn groups is marked with asterisks (*p<0.03): Cul—
control
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Fig. 4 The effect of SCs and MSCs on IL-2, TNFx and IL-17 produc-
ing CD4* T cells. The splkeen cells were stimulated with ConA in the
prescnce of SCs or MSCs for 48 h. The proportion of CD+HTNFa*
A, CDM+IL-2+ B and CIMAIL-17+ C cells was determined by flow

The Ability of 5Cs to Transfer Mitochondria
to Immune Cells

It is known that MSCs can transfer mitochondria to various
types of cells and thus modulate their metabolism or phe-
notype [33, 34]. Therefore, we investigated the possibility
of whether SCs are also able to transfer mitochondria to
immune cells. Spleen cells were cultivated in the presence
or absence of 3Cs or MSCs stained for mitochondria with
MIiTT. As shown in Figs. 6A and 6B, 5Cs possess a similar
capacity to transfer mitochondria to immune cells as have
MSCs, as determined by the percentage of CD45 MIT T
cells in co-cultures of spleen cells with MSCs or SCs.
Figure 6C shows fluorescence microscopy images of this
experiment.

Discussion

MSCs are currently studied in many areas of regenerative
medicine and developmental biclogy. It is increasingly
apparent that the choice of the appropriate type of M5Cs is
crucial to the favourable outcome of therapy. MSCs isolated
from various tissues have been used in cell-based therapies
to promote the repair of testicular damage or treatment of
male infertility. Although the esults of these studies have
been promising, further research in this area is needed [25,
35, 36]. In this regard, the use of cells possessing immu-
nosuppressive properties, which occur naturally in affected
testicular tissue, could be beneficial. SCs have been for a
long time supposed to be nourishing cells providing support
for germ cells, and creating a blood-testis barrier. Nowa-
days, this simple view has been expanded. 5Cs have been
described to provide testicular immune privilege, regulate
immune response and play an essential role in modulating

€ springer

cytometry. Data are expressed as means +5E from five independent
experiments. Statistical signi betaeen groups is marked with
asterisks (*p< (.05, ¥*p<0.01, **p< (001, **+*p.< 0.0001). Cud—
cantrol

the phenotype of immune cells, changing the environment
within testes from tolerogenic into inflammatory in the pres-
ence of infection [37-39]. However, the immunore gulatory
properties of 3Cs were tested mainly in co-transplantation
studies [7, 17, 40]. A better definition and understanding of
the stem capabilities of 3Cs will allow the extension of their
therapeutic use for the regeneration of testicular tissues and
the treatment of many other diseases.

Two previous studies suggested that SCs are kind of
MSCs. However, these studies were based mainly on their
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Fig.5 The expression of CD206 marker on macrophages co-culti-
vated with S3Cz and MSCs. Peritoneal exudate cells were co-cultored
with MSCs or SCs for 48 h, and the proportion of CD206+F4/80+
cells was determined by flow cytometry. The data are expressed as
means +5E from five independent experiments. Statistical signifi-
cance betwesn groups is marked with asterisks (*p<0.035): Cud—
control
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morphological properties [8] and the ability to differenti-
ate into key cell types of mesenchymal origin [10]. On the
SC surface, we confirmed the expression of MSC- specific
markers and the ah=nce of hematopoletic markers as defined
by Dominici et al. [30]. We further focused on the immu-
nomodulatory abilities of SCs. MSCs induce armrest of the
T cell cycle and thus suppress proliferation and apoptosis
of these cells [41, 42], and promote polarisation into anti-
inflammatory T cell populations [43, 44]. SCs demonstrated
similar properties, although they differed in their ex pres-
sion. The ability of 5Cs to inhibit proliferation was less
pronounced than that of M3C's; on the other hand, they
increased the Treg /Th17 ratio even more than MSCs.
MSCs have been described to alter cytokine produc-
tion by various immune cells populations [45, 46]. In this
study, we have shown that SCs significantly suppressed

Fig.6 The transkr of mito- A
chondria from M3Cs and SCs

to CD45 immune cells. MSCs
and SCs were stained by MiTT
and cultivated with spleen
cells for 3 h. The transfer of
MITT positive mitochondria
originated from MSCs or 5Cs
into CDM5* cells was evalo-
ated by fow cytometry A. One
representative of the dot plot
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the production of pro-inflammatory cytokine TNFa, and
the down-regulation of IL-2 production by SCs was even
more pronounced. On the other hand, the suppression of
IL-17 was not significant in the case of SCs. According
to our data, both cell types modulate cytokine production
and suppress inflammation. However, MSCs seem to be
more effective in suppressing Th17 response, while SCs
suppress inflammation or activation of CD4% T cells by
down-regulating the production of two key cytokines IL-2
and TNFa, respectively.

The effect of SCs on innate immune cells has been
documented but never compared to MSCs before. The
polarisation of macrophage, from pro-inflammatory M1
to wound-healing M2 population, depends greatly on the
microenvironment and external stimuli [32]; macrophages
could acquire alternative M2 phenotype also in the presence
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of MSCs [28, 47, 48]. According to our data, 3Cs were maore
effective in the induction of this tolerogenic phenotype, as
shown by up-re gulation of CD206 molecule on their surface,
which may subsequently extend their ability to regulate T
cell immune responses. In the testes, the interplay between
SCs and other cell populations, especially macrophages, is
crucial for maintaining the optimal conditions for spermato-
genesis and immune privilege function [7, 49]; this could be
the reason why SCs showed better efficacy in inducing the
M2 macrophage phenotype.

The direct link between a metabolic configuration of
immune cells and their phenotype and function is well
known and vastly studied [50]. The master regulators of
the metabolic setup are mitochondria, and the transfer of
this organelle between different cell types was reported
as an inductor of a phenotype switch, polarisation or pro-
tection of recipient cells [51]. For example, the transfer
of mitochondria from MSCs to T cells triggers Treg dif-
ferentiation and repression of Th17 cells [20, 33]. MSCs
modulate macrophage phagocytosis and activity also via
mitochondrial transfer, both in vitro and in vivo [34, 52].
We showed here for the first time the ability of SCs to
transfer mitochondria to other cell types. The percentage
of CD45" immune cells, which acquired mitochondria
from SCs and MSCs, was similar.

This study confirms the previously stated hypothesis
about mesenchymal origin and stem cell-like properties
of SCs. We have shown that SCs differentiate into key cell
types of mesenchymal origin and express some MSCs-like
markers. There is a growing body of evidence indicat-
ing the presence of a rare population of pluripotent stem
cells, called very small embryonic stem cells (WSELs),
in multiple adult tissues, including testis [26, 53]. They
can differentiate into 3 germ layers and participate in
testicular tissue regeneration and initiate testicular germ
cell tumours [54, 55]. The microscopy and flow cytom-
etry analysis revealed that 99 percent of cells used in our
studies expressed SOX9, a marker of 5Cs (Supplementary
Fig. 54). Although it has been reported that the pluripotent
character of VSELs is manifested after 3- week culture by
colony-forming [56], we did not observe colonies in either
culture during differentiation. However, possible contami-
nation of cell cultures isolated from testicular tissue by
WSELS should be kept in mind.

Regarding their immunomodulatory properties, SCs are
similar to MSCs, but differ in several aspects, which we
assume can be attributed to their specific natural niche in
the organism. SCs are in close contact with various cells in
testes, provide support for germ cells, but also are respon-
sible for a protective immune environment. In this respect,
mitochondrial transfer could be one of the regulatory
mechanisms. The obtained data support the possibility of
applying SCs in various therapeutic approaches, especially

4 Springer

testicular inflammation, orchitis or impaired spermatogen-
esis due to exposure to chemotherapy or radiotherapy. A
better understanding of the effects of SCs and their capac-
ity to down-regulate inflammation in vivo will be a crucial
step for their implementation in cell-based therapy.
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As stated above, SCs seem to posssssilar but distinct properties when it comes

to immune modulation and suppression of inflammationSuppressioni £ 4. &) AU

SCs pointgo inhibition of general inflammation andtherefore can compromise Thl
CD4 T cell developmentol,

The second part of the project aimed to investigate the modulatory function
of SCsn anin vivomodel of LPSinduced testicular inflammation and potentially the
ability of SCs to improve the viability, count, and mobility of sperm under this patho-
logical condition. Methods and experimental design will be discussed in the follow-

ing chapter.

7. Experimental design and methods: in vivo SCs
evaluation

Data from this part of the project aren preparation for publication.

12 week old BALB / anales (in vivo experiment9 and 3week old males (SCs
isolation) were used in the study. All experimental procedures were performeec-
cording to guidelines for the care and use of laboratory animals.

The protocol for SCs isolation is described above and published by the author.

Determination of SCs migration to testis or other organs after LPS-in-
duced inflammation

For the evaluation ofSCmigration to different organs after inflammation in-
duction, male mice (12w) were injected with LPS (3mg/kg, L2880, SigmaAldrich,
St. Louis, MO, USA). Mlater, SCs were stained with viable dye CellVu€laret Far
Red Fluorescent Cell Linker Mini Kit for General Membrane Lalbelg (MINCLARET,

s~ A o~ N

SigmaAldrich) according tothe il AT O EAAAOOOAOOGS ET OOOOAOQET 1

1million/100ul PBS/mouse. 48 h after LPS injetion, mice were sacrificedand the
lungs, liver and testes wee collected. Forthe lungs and liver,the organs were cut

into pieces, homogenizedh T A AET OAOAA | 1 mds,isamplésvérd€ol- A O Q8
lected, chopped into smaller pieces, and digested fdb min at o x Jn#l ml of PBS,

Ol
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0.05mg/ml DNase | (12326100, Sigm&Aldrich), and 1mg/ml Collagenase Il (C1764,
SigmaAldrich). After incubation, the digestion was stopped using 2 ml of Fetal Bo-

vine Serum (FBSEF7524, SigmaAldrichdh AT A OAlI b1 A0 xAOA £EEI OA
Cells were stained according to the classical floe cytometry protocdriefly, sam-

ples were incubated with antibodies in the dilution describedn Table 1, inatotal

OT1 061 A T &£ pnnAl 1T £ &! # 3washéditwir®d&fténhandswattt | ET £
FACSsolution. Dead cells were distinguished usingpropidium iodide (1:1000, PI,

Exbio, Prague, Czech Republic). Data were collectesing the BD FACSAria Il cell

sorter (Beckton Dickinson, BD, Franlin Lake, NJ, USA). A total oD8 000 live cells

were measured and analyzed using FlowJosoftware (FlowJo BD,Ashland, OR,

USA). Gating strategyCells-> Single Cells> Live -> CD45 or CD45, from those 2

populations of CellVué Ccells.

Evaluation of the main populations of myeloid cells within testes by
flow cytometry

Male mice were injected.p.with LPS (3mg/kg,L2880, SigmaAldrich, St.
Louis, MO, USAdn day 0. Intravenous transplantation of SCs suspension (1
million in 100ul of sterile PBS) was performed 24 afterward. Onday 2 after
LPS injection, mice were sacrificed, testes were collected and prepared for

data collection.
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L PS

Day 0 Day 1 Day 2
Intraperitoneal Intravenous SCs Organ collection
LPS injection injeciton
3mg/ Tmillion

Figure 10.: Experimental design.LPS was injectedp. on day O, followed by intravenous inject
of SCs 24h after. 48h after LPS injection, mice were sacrificed, and testes and epididymis
lected and further processed.

The testeswere collected, cutinto smaller pieces and digested fo#5
min at o x Jr#tl ml of PBS, 0.05mg/ml DNase | (12326100, Signr#ddrich)
and 1mg/ml Collagenase Il (C1764, SigmaAldrich). After incubation, the di-
gestion was stopped using 2 ml of Fetal Bovine Seru(@BS,F7524, Sigma
Aldrich)h  EE1T OAOAA j tnmAi OOOAET AOQqh AT A AAT
DAOA&EI Oi AA OOGET ¢ (AT Ej O "41715058,KighdrS8-A1 O 31
entific, Hampton, NH, USA1% Bovine SerumAlbumin (BSA, and 0,02
mg/ml DNase | (referred to as FACS solution). Cells were stained with conju-
gated monodonal antibodies (Table 1.) accordingo the classical flow cytom-
etry protocol. Briefly, samples were incubated with antibodies in the dilution
describedin Table 1, inaOl OA1T OT 1 01T A 1T &£ pnnAl 1T A &!
T J # h wadheditwice afterwardswith FACSsolution. Dead cells were dis-
tinguished usingpropidium iodide (1:1000, PI, Exbio, Prague, Czech Repub-
lic). Data were collectedusing the BD FACSAria Il cell sorter (Beckin Dick-
inson, BD, Franklin LakeNJ, USA). A total of 6100 live cells were measured
and analyzed using FlowJosoftware (FlowJo BD, Ashland, OR, USAhe gat-

ing strategy is depictedin Figure 11.
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Table 1: List of conjugated antibodies used in flow cytometri@nalysis.

Target | Fluorochrome| Clone Company | CAT Dilution
CD45 | FITC 30-F11 BioLegend 103107 1/100
CD45 | SB780 30-F11 eBioscience| 78-0451-82 1/100
CDl11lc | BV510 N418 eBioscience 117353 1/50
CD11b | APC M1/70 BioLegend 101212 1/50
F4/80 PE/DazzI®&94 | BM8 BioLegend 123146 1/50
Ly6G Bv421 1A8Ly6G eBioscience 127628 1/100
MERTK | SB600 DS5MMER | eBioscience| 63-5751-82 1/50
CD206 | PECYN7 MR6F3 eBioscience| 25206182 1/75
MHC Il | FITC M5/114.15.2 | BioLegend 107606 1/75

Figure 11.: Gating strategy for the evaluation of myeloid cell populations within testi
Cells-> Single Cells> Live -> CD45" -> CD11bF4/80 -> CD206vsMHCII, from those di
ferent subpopulations analyzed MFI of MerTK and CD11c was analyzed. From CD45

tion, presence of CD11by6G" was detected.



















































