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Abstract  

 #ÅÌÌ ÔÈÅÒÁÐÉÅÓ ÁÒÅ ÉÎÃÒÅÁÓÉÎÇÌÙ ÃÏÎÓÉÄÅÒÅÄ ÉÎ ÐÒÅÃÌÉÎÉÃÁÌ ÓÔÕÄÉÅÓ ÁÎÄ ÉÎ ÔÈÅ ÆÕȤ

ÔÕÒÅ ÏÆ ÍÅÄÉÃÉÎÅȢ 4ÈÅ ÍÁÉÎ ÃÅÌÌ ÔÙÐÅ ÉÎÖÅÓÔÉÇÁÔÅÄ ÉÎ ÔÈÉÓ ÍÁÎÎÅÒ ÉÓ ÍÅÓÅÎÃÈÙÍÁÌ 

ÓÔÅÍ ÃÅÌÌÓ ɉ-3#ÓɊȟ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅÉÒ ÓÔÒÏÎÇ ÉÍÍÕÎÏÍÏÄÕÌÁÔÏÒÙ ÐÒÏÐÅÒÔÉÅÓȢ 4ÈÅ ÅÆПÉȤ

ÃÁÃÙ ÏÆ ÔÈÅ ÔÈÅÒÁÐÙ ÄÅÐÅÎÄÓ ÏÎ ÖÁÒÉÏÕÓ ÁÓÐÅÃÔÓȟ ÓÕÃÈ ÁÓ ÔÈÅ ÖÉÁÂÉÌÉÔÙ ÁÎÄ ÓÏÕÒÃÅ ÏÆ 

-3#Óȟ ÔÈÅ ÐÕÒÉÔÙ ÏÆ ÔÈÅ ÃÅÌÌ ÓÕÓÐÅÎÓÉÏÎ ÁÎÄ ÍÁÎÙ ÍÏÒÅȢ 4ÈÅÒÅ ÉÓ Á ÎÅÅÄ ÆÏÒ ÍÏÒÅ 

ÔÁÉÌÏÒÅÄ ÔÈÅÒÁÐÙ ÁÎÄ ÔÈÅ ÕÓÅ ÏÆ ÃÅÌÌ ÔÙÐÅ ÂÅÔÔÅÒ ПÉÔÔÉÎÇ ÆÏÒ ÔÈÅ ÓÐÅÃÉПÉÃ ÐÁÔÈÏÌÏÇÙȢ 3ÅÒȤ

ÔÏÌÉ ÃÅÌÌÓ ɉ3#ÓɊ ÁÒÅ ÄÅÅÍÅÄ ÂÙ ÓÏÍÅ ÁÕÔÈÏÒÓ ÔÏ ÂÅ Á ËÉÎÄ ÏÆ -3#Óȟ ÎÁÍÅÌÙ ÂÅÃÁÕÓÅ ÏÆ 

ÔÈÅÉÒ ÓÉÍÉÌÁÒ ÉÍÍÕÎÏÍÏÄÕÌÁÔÏÒÙ ÐÒÏÐÅÒÔÉÅÓȢ "ÅÃÁÕÓÅ ÔÈÅÙ ÒÅÓÉÄÅ ÉÎ ÔÈÅ ÓÅÍÉÎÉÆÅÒȤ

ÏÕÓ ÔÕÂÕÌÅÓ ÉÎ ÔÈÅ ÔÅÓÔÅÓȟ ÔÈÅÙ ÁÒÅ Á ÐÒÏÍÉÓÉÎÇ ÃÁÎÄÉÄÁÔÅ ÆÏÒ ÔÈÅ ÔÒÅÁÔÍÅÎÔ ÏÆ ÉÎПÌÁÍȤ

ÍÁÔÏÒÙ ÐÁÔÈÏÌÏÇÉÅÓ ÏÆ ÔÅÓÔÉÃÕÌÁÒ ÔÉÓÓÕÅȟ ÓÕÃÈ ÁÓ ÂÁÃÔÅÒÉÁÌ ÉÎÆÅÃÔÉÏÎȤÉÎÄÕÃÅÄ ÉÎÆÅÒÔÉÌȤ

ÉÔÙȢ )Î ÖÉÔÒÏ ÃÏÍÐÁÒÉÓÏÎ ÏÆ ÔÈÅ ÁÂÉÌÉÔÙ ÏÆ -3#Ó ÁÎÄ 3#Ó ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÉÎÔÏ ÍÅÓÅÎȤ

ÃÈÙÍÁÌ ÃÅÌÌ ÌÉÎÅÁÇÅÓ ÓÕÃÈ ÁÓ ÏÓÔÅÏÃÙÔÅȟ ÃÈÏÎÄÒÏÃÙÔÅȟ ÁÎÄ ÁÄÉÐÏÃÙÔÅ ÓÈÏ×ÅÄ ÓÕÃÃÅÓÓ 

ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ 3#Óȟ ÐÒÏÖÉÄÉÎÇ ÅÖÉÄÅÎÃÅ ÆÏÒ ÔÈÅÉÒ ÍÅÓÅÎÃÈÙÍÁÌ ÏÒÉÇÉÎȢ 4ÈÅ ÅÆÆÅÃÔ ÏÆ 

-3#Ó ÏÒ 3#Ó ÏÎ ÁÃÔÉÖÁÔÅÄ ÉÍÍÕÎÅ ÃÅÌÌÓ ÉÎ ÖÉÔÒÏ ÓÈÏ×ÅÄ ÉÍÍÕÎÏÓÕÐÐÒÅÓÓÉÏÎ ÉÎ ÂÏÔÈ 

ÃÁÓÅÓ ×ÉÔÈ ÄÉÓÔÉÎÃÔ ÆÅÁÔÕÒÅÓȢ -3#Ó ÓÕÐÐÒÅÓÓÅÄ 4Èρχ ÃÅÌÌ ÁÃÔÉÖÁÔÉÏÎ ÁÎÄ ),Ȥρχ ÐÒÏȤ

ÄÕÃÔÉÏÎ ÂÙ #$τϹ 4 ÃÅÌÌÓ ÁÎÄ 3#Ó ÄÏ×ÎȤÒÅÇÕÌÁÔÅÄ 4.&ɻ ÁÎÄ ),Ȥς ÐÒÏÄÕÃÔÉÏÎ ÂÙ ÔÈÅÓÅ 

ÃÅÌÌÓȟ ÐÏÉÎÔÉÎÇ ÍÏÒÅ ÔÏ×ÁÒÄÓ ÏÖÅÒÁÌÌ ÉÎПÌÁÍÍÁÔÉÏÎ ÉÎÄÕÃÔÉÏÎȢ 3#Ó ÐÒÏÍÏÔÅÄ ÔÈÅ -ς 

ÍÁÃÒÏÐÈÁÇÅ ÉÎÄÕÃÔÉÏÎȟ ÁÓ ÓÈÏ×Î ÂÙ ÓÔÒÏÎÇÅÒ ÕÐȤÒÅÇÕÌÁÔÉÏÎ ÏÆ #$ςπφ ÍÏÌÅÃÕÌÅ 

×ÈÅÎ ÃÏÍÐÁÒÅÄ ÔÏ -  ÃÏȤÃÕÌÔÕÒÅÄ ×ÉÔÈ -3#ÓȢ 3#Ó ×ÅÒÅ ÁÌÓÏ ÓÈÏ×Î ÆÏÒ ÔÈÅ ПÉÒÓÔ ÔÉÍÅ 

ÔÏ ÂÅ ÃÁÐÁÂÌÅ ÏÆ ÍÉÔÏÃÈÏÎÄÒÉÁÌ ÔÒÁÎÓÆÅÒ ÔÏ ÉÍÍÕÎÅ ÃÅÌÌÓȟ ÏÎÅ ÏÆ ÔÈÅ ÍÅÃÈÁÎÉÓÍÓ ÏÆ 

ÉÍÍÕÎÅ ÍÏÄÕÌÁÔÉÏÎ ÅÍÐÌÏÙÅÄ ÂÙ -3#ÓȢ &ÏÒ ÉÎ ÖÉÖÏ ÅØÁÍÉÎÁÔÉÏÎ ÏÆ 3#Ó ÁÂÉÌÉÔÙ ÔÏ 

ÓÕÐÐÒÅÓÓ ÉÎПÌÁÍÍÁÔÉÏÎ ÁÎÄ ÍÁÉÎÔÁÉÎ ÓÐÅÒÍ ÐÒÏÄÕÃÔÉÏÎȟ Á ÍÏÄÅÌ ÏÆ ,03ȤÉÎÄÕÃÅÄ 

ÁÃÕÔÅ ÔÅÓÔÉÃÕÌÁÒ ÉÎПÌÁÍÍÁÔÉÏÎ ÁÎÄ ÓÕÂÓÅÑÕÅÎÔ 3#Ó ÔÒÁÎÓÐÌÁÎÔÁÔÉÏÎ ×ÁÓ ÕÓÅÄȢ 0ÒÅÓȤ

ÅÎÃÅ ÏÆ 3#Ó ÉÎ ÔÈÅ ÏÒÇÁÎÉÓÍ ÁÌÌÅÖÉÁÔÅÄ ÔÈÅ ÉÎПÌÁÍÍÁÔÏÒÙ ÂÕÒÄÅÎ ÉÎ ÔÈÅ ÔÅÓÔÅÓȟ 
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ÕÌÁÔÏÒÙ ÍÏÌÅÃÕÌÅ ÏÎ ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ -(#))Ϲ#$ςπφȤ ÐÅÒÉÔÕÂÕÌÁÒ ÍÁÃÒÏÐÈÁÇÅÓȢ "ÅÃÁÕÓÅ 
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Slovak Abstract  

Bunkovï ÔÅÒÁÐÉÅ ÓÁ Ö ÓĭéÁÓÔÎÏÓÔÉ ÚÏÈċÁÄĐÕÊĭ ÖÉÁÃ Á viac v klinickĻÃÈ ĤÔĭÄÉÜÃÈ 

a ÂÕÄĭÃÎÏÓÔÉ ÍÅÄÉÎÃþÎÙȢ .ÁÊÖÉÁÃ ĤÔÕÄÏÖÁÎĻÍ ÔÙÐÏÍ ÂÕÎÉÅË Ö ÔÏÍÔÏ ËÏÎÔÅØÔÅ Óĭ 

ÍÅÚÅÎÃÈÙÍÜÌÎÅ ËÍÅĐÏÖï ÂÕÎËÙ (Mesenchymal Stem cells ɀ MSC), ÖìÁËÁ ÓÖÏÊÉÍ 

ÉÍÕÎÏÍÏÄÕÌÁéÎĻÍ ÖÌÁÓÔÎÏÓÔÉÁÍ. %ÆÅËÔÉÖÉÔÁ ÂÕÎËÏÖÅÊ ÔÅÒÁÐÉÅ ÚÜÌÅĿþ ÎÁ ÖÉÁÃÅÒĻÃÈ ÁÓȤ

ÐÅËÔÏÃÈȟ ÎÁÐÒþËÌÁÄ ÖÉÁÂÉÌÉÔÅ -3#ȟ ÉÃÈ ÚÄÒÏÊÉ a éÉÓÔÏÔÅ  ÂÕÎËÏÖÅÊ ÓÕÓÐÅÎÚÉÅȢ Je potreba 

ÐÒÉÓÐĖÓÏÂÉĩ ÔÅÒÁÐÉÕ Á ÖÙÂÒÁĩ ÂÕÎËÏÖĻ ÔÙÐ ÌÅÐĤÉÅ ÖÙÈÏÖÕÊĭÃÉ ĤÐÅÃÉÆÉÃËÅÊ ÐÁÔÏÌĕÇÉÉȢ 

Sertoliho bunky (Sertoli cells ɀ SC) Óĭ ÎÉÅËÔÏÒĻÍÉ ÁÕÔÏÒÍÉ ÐÏÖÁĿÏÖÁÎï ÚÁ ÄÒÕÈ -3#, 

ÎÁÊÍß ÐÒÅ ÉÃÈ ÐÏÄÏÂÎï ÉÍÕÎÏÍÏÄÕÌÁéÎï ÖÌÁÓÔÎÏÓÔÉȢ .ÁÃÈÜÄÚÁÊĭ ÓÁ ÐÒÉÁÍÏ Ö seme-

ÎÏÔÖÏÒÎĻÃÈ ÔÕÂÕÌÏÃÈ ÓÅÍÅÎÎþËÏÖȟ ÖìÁËÁ éÏÍÕ Óĭ ÖÈÏÄÎĻÍ ËÁÎÄÉÄÜÔÏÍ pre terapiu 

ÚÜÐÁÌÏÖĻÃÈ ÐÁÔÏÌĕÇÉþ ÓÅÍÅÎÎþËÏÖȟ ÁËÏ ÊÅ ÎÁÐÒþËÌÁÄ ÎÅÐÌÏÄÎÏÓĩ ÖÙÖÏÌÁÎÜ ÂÁËÔÅÒÉÜÌȤ

nou infekciou. 3ÃÈÏÐÎÏÓĩ 3# ÄÉÆÅÒÅÎÃÏÖÁĩ ÄÏ ÂÕÎËÏÖĻÃÈ ÔÙÐÏÖ ÍÅÚÅÎÃÈÙÍÜÌÎÅÊ ÌþȤ

nie, osteocytov, chondrocytov a adipocytov in vitro ÊÅ ÐÏÒÏÖÎÁÔÅċÎÜ Ó -3#ȟ éÏ ÐÏÓËÙȤ

ÔÕÊÅ ÄĖËÁÚ Ï ÉÃÈ ÍÅÚÅÎÃÈÙÍÜÌÎÏÍ ÐĖÖÏÄÅȢ ªéÉÎÏË -3# ÁÌÅÂÏ 3# ÎÁ ÁËÔÉÖÏÖÁÎï 

ÂÕÎËÙ ÉÍÕÎÉÔÎïÈÏ ÓÙÓÔïÍÕ ÕËÜÚÁÌ ÐÏÔÌÁéÅÎÉÅ ÐÒÏ-ÚÜÐÁÌÏÖÅÊ ÒÅÁËÃÉÅ Ö ÏÄÌÉĤÎÅÊ ÐÏȤ

ÄÏÂÅȢ -3# ÐÏÔÌÁéÕÊĭ ÁËÔÉÖÜÃÉÕ 4Èρχ ÂÕÎÉÅËȟ éÏ ÊÅ ÕËÜÚÁÎï ÐÏÔÌÁéÅÎþÍ ÐÒÏÄÕËÃÉÅ ),-

17 CD4+ 4 ÂÕÎËÁÍÉȢ 3# ÐÏÔÌÁéÉÌÉ ÐÒÏÄÕËÃÉÕ 4.&ɻ Á IL-ςȟ éÏ ÓËĖÒ ÐÏÕËÁÚÕÊÅ ÎÁ ÐÏÔÌÁȤ

éÅÎÉÅ ÉÎÄÕËÃÉÅ ÚÜÐÁÌÕ Ö ÚÁéÉÁÔËoch. SC, v ÐÏÒÏÖÎÁÎþ Ó MSC, signifikantne indukovali 

ÅØÐÒÅÓÉÕ ÍÏÌÅËÕÌÙ #$ςπφȟ ÄÅÍÏÎĤÔÒÕÊĭÃÅÊ -ς ÆÅÎÏÔÙÐ ÍÁËÒÏÆÜÇÏÖȢ !ÕÔÏÒÉ ÐÏ ÐÒÖĻ 

ËÒÜÔ ÕËÜÚÁÌÉ ÓÃÈÏÐÎÏÓĩ ÍÉÔÏÃÈÏÎÄÒÉÜÌÎÅÈÏ ÐÒÅÎÏÓÕ Õ 3#ȟ éÏ ÊÅ ÐÏÖÁĿÏÖÁÎï ÚÁ ÊÅÄÅÎ 

z ÍÅÃÈÁÎÉÚÍÏÖ ÍÏÄÕÌÜÃÉÅ ÉÍÕÎÉÔÎïÈÏ ÓÙÓÔïÍÕ ÖÙÕĿþÖÁÎĻÃÈ -3#Ȣ -ÏÄÅÌ ÚÜÐÁÌÕ ÓÅȤ

ÍÅÎÎþËÏÖ ÉÎÄÕËÏÖÁÎïÈÏ LPS a ÎÜÓÌÅÄÎÅÊ ÔÒÁÎÓÐÌÁÎÔÜÃÉÅ 3# ÂÏÌ ÖÙÕĿÉÔĻ ÐÒÅ ÁÎÁÌĻÚÕ 

schopnosti SC in vivo ÐÏÔÌÁéÉĩ ÚÜÐÁÌ Á ÕÄÒĿÁĩ ÐÒÏÄÕËÃÉÕ ÓÐÅÒÍÉþȢ 0ÒþÔÏÍÎÏÓĩ 3# Ö or-

ganizme zÍÉÅÒÎÉÌÁ ÚÜÐÁÌÏÖĭ ÚÜĩÁĿ Ö ÓÅÍÅÎÎþËÏÃÈȟ éÏ ÓÁ ÐÒÅÊÁÖÉÌÏ ÎÉĿĤþÍ ÒÅÌÁÔþÖÎÙÍ 

ÐÏéÔÏÍ Ly6G+ buniek. Po LPS a ÎÜÓÌÅdnÅÊ 3# ÁÐÌÉËÜÃÉÉ ÂÏÌ ÆÅÎÏÔÙÐ ÐÅÒÉÔÕÂÕÌÜÒÎÙÃÈ 

a ÉÎÔÅÒÓÔÉÃÉÜÌÎÙÃÈ ÍÁËÒÏÆÜÇÏÖ ÐÏÒÏÖÎÁÔÅċÎĻ ÓÏ ÚÄÒÁÖÏÕ ËÏÎÔÒÏÌÏÕȢ 0ÏéÅÔ Á motilita 

ÓÐÅÒÍÉþ ÂÏÌÉ ÚÁÃÈÏÖÁÎï Õ ÚÖÉÅÒÁÔ ÉÎÊÅËÏÖÁÎĻÃÈ ,03 Á ÌÉÅéÅÎĻÃÈ 3# Ö ÐÏÒÏÖÎÁÎþ ÓÏ 

ÚÖÉÅÒÁÔÁÍÉ ÉÎÊÅËÏÖÁÎĻÍÉ ÓÁÍÏÔÎĻÍ LPS. SC a -3# ÄÉÓÐÏÎÕÊĭ ÉÍÕÎÏÍÏÄÕÌÁéÎĻÍÉ 

ÓÃÈÏÐÎÏÓĩÁÍÉȟ ËÔÏÒï ÓÁ ÌþĤÉÁ Ö ÔÙÐÅ ÐÏÔÌÁéÏÖÁÎïÈÏ ÚÜÐÁÌÕ Á intenzite. V ÐÒþÐÁÄÅ ÚÜȤ

ÐÁÌÕ ÉÎÄÕËÏÖÁÎïÈÏ ,03 ÍÜ ÔÒÁÎÓÐÌÁÎÔÜÃÉÁ 3# ÐÒÉÁÚÎÉÖĻ ÖÐÌÙÖ ÎÁ ÚÁÃÈÏÖÁÎie sper-

ÍÁÔÏÇÅÎïÚÙȟ ÆÕnËÃÉÅ Á ÍÏÔÉÌÉÔÙ ÓÐÅÒÍÉþȟ éÏ ÓÁ ÏÄÒÜĿÁ Ö ÎÉĿĤÅÊ ÉÎÆÉÌÔÒÜÃÉÉ ,Ùφ'+ granu-

locytov v ÓÅÍÅÎÎþËÏÃÈ a indukcii ÉÍÕÎÏÍÏÄÕÌÁéÎÅÊ molekuly MerTK na povrchu 



MHCII+CD206- ÐÅÒÉÔÕÂÕÌÜÒÎÙÃÈ ÍÁËÒÏÆÜÇÏÖ. 0ÒÅ ÔÉÅÔÏ ÖÌÁÓÔÎÏÓÔÉ ÍÁÊĭ SC ÌÅÐĤþ po-

ÔÅÎÃÉÜÌ ÐÒÅ ÂÕÄĭÃÅ ÐÏÕĿÉÔÉÅ Ö klinike, ÎÁÊÍß v ÐÒþÐÁÄÏÃÈ ÐÁÔÏÌĕÇÉþ ÍÕĿÓËïÈÏ ÐÏÈÌÁÖȤ

ÎïÈÏ ÔÒÁËÔÕ ÓÐÒÅÖÜÄÚÁÎĻÃÈ ÚÜÐÁÌÏÍȢ 
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ÉÍÕÎÏÍÏÄÕÌÜÃÉÁȟ ÔÒÁÎÓÐÌÁÎÔÜÃÉÁ  
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1. Introduction  

Mesenchymal stem cells (MSCs) have shown promising results in the field of 

cell therapy in a series of clinical and preclinical studies thanks to their powerful 

immunomodulatory properties, involving cardiac disorders, lung diseases, and spi-

nal cord or central nervous system injury1ɀ4. The main objectives to the use of this 

cell type in the clinics are rapid apoptosis of MSCs after transplantation, hetero-

genous MSCs cultures leading to highly variable outcomes, and the fact that MSCs 

ÄÏÎȭÔ express a specific surface marker for reliable sorting before therapy5. For 

these reasons, it is beneficial to find an alternative cell type to fit better the specific 

circumstances of given 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 further down the differentiation route towards their role in the 

testes6. SCs act as supporting cells for differentiating spermatogonial stem cells into 

spermatozoa in the seminiferous tubules and, directly influence the activity of im-

mune system to create an immunologically privileged site in the body 7,8. 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 permanent damage 

and leave the patient with oligospermia. Finding 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 treatment. 

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 bacterial/lipopoly-

saccharide (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 transplan-

tation in the similar fashion as MSCs, but direct comparison of those two cell types 
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in this manner is lacking. Therefore, in vitro comparison of MSCs and SCs in the con-

text of immune modulation, in vivo LPS-induced inflammation of the testis and sub-

sequent SCs transplantation was used to test the hypothesis. 
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2. Mesenchymal stem/stromal cells  

2.1.1. Origin and Basic Characteristics  of MSCs 

 
The term 'mesenchymal stem cells' was used for the first time by Caplan et 

al. in 19919, although the existence of a non-haematopoietic cell 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 and 1970s10. However, nowadays 

the term is used for a wide number of functionally different types of cells, the In-

ternational Society for Cell and Gene Therapy (ISCTÈ) issued its position state-

ment on the nomenclature to clarify the situation. The narrative surrounding these 

cells meets the conclusion that 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, secretory, 

and homing functions11. Commonly used in laboratories around 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 CD105, CD73 and CD90, together with 

the lack of expression of CD45, CD34, CD14 or CD19, CD11b or CD79a, and MHC II 

surface molecules, and 3.) the ability to differentiate into adipocytes, osteoblasts 

and chondrocytes in vitro12. Since then, the scientific community has found more 

MSC markers that can be used to further characterize MSCs residing in different 

tissues (such as CD29, CD44, CD146, CD166, CD271, etc.)13ɀ15. If cell therapy in clin-

ical practice is considered, a recent study by Murray et al. (2019) offered a consen-

sus report under the acronym DOSES: D-Donor, O-Origin tissue, S-Separation 

method, E-Exhibited cell characteristics associated with behavior, S-Site of deliv-

ery16, which is highly recommended as the key infographic in clinical studies on 

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, HLA II) for a set of markers, the ability to differen-
tiate into osteoblasts, adipocytes, and chondrocytes, and self-renewal are the main criteria 
for cells to be labelled as mesenchymal stem/stromal cells. Picture from: Concise Review: 
Multifaceted Characterization of Human Mesenchymal Stem Cells for Use in Regenerative 
Medicine Samsonraj R, Raghunath M, ɍȣ Cool SSTEM CELLS Translational Medicine (2017) 
6(12) 2173-2185 17 

  

The possible use of MSCs in clinical practice has been investigated for more 

than a decade. The breakthrough occurred in 2018, when Mesoblast Inc. completed 

a phase III clinical trial, focusing on children with acute steroid-refractory Graft 

versus Host disease (GVHD), who were treated intravenously with MSCs (IV re-

mestemcel-L) (NCT02336230). This study resulted in the preparation of a license 

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 with Crohn's dis-

ease (Alofisel, EU number: EU/1/171261, Agency product number: 

EMEA/H/C/004258, ema.europa.eu). For a deeper dive into the topic of clinical 

use of MSCs, the article by Hoogduijin and Lombardo (2019), is recommended18.  

 

https://clinicaltrials.gov/ct2/show/NCT02336230


 5 

 

Figure 2: The schematic representation of the number of clinical trials based on geo-
graphic lens. A) Plot of the number of reports in time based on the type of tissue used for 
the MSC isolation B). Picture from: Concise Review: Multifaceted Characterization of Hu-
man Mesenchymal Stem Cells for Use in Regenerative MedicineSamsonraj R, Raghunath 
M, ɍȣ Cool SSTEM CELLS Translational Medicine (2017) 6(12) 2173-2185 17 

 

MSCs are known to be developmentally derived from neural crest19,20 and meso-

derm21, resulting in a definite entity of cells recruited from various sites of the body 

to their final destinations. Such destinations in the adult organism could be adipose 

tissue22, synovial membrane23, dental pulp24, skin25, muscle26, periosteum27, cor-

neal limbus28, peripheral blood29, umbilical cord30, endometrial and menstrual 

blood31 or placental tissues32. Commonly utilized adult source tissues are bone 

marrow and adipose tissue, and the umbilical cord or placenta. The most widely 

used source tissues are accessible and renewable (bone marrow), or unwanted 

(adipose tissue).  

Depending on the point of view, functional differences between MSCs from 

different sources are multiple and studied in detail. Donor-to-donor variability is 

emphasized also in clinical studies focusing on bone marrow donor selection and 

characterization33. Immunoregulatory capabilities differ in MSCs isolated from 

ÙÏÕÎÇ ÁÎÄ ÏÌÄ ÒÁÔÓȢ  3ÕÃÈ ȰÏÌÄȱ -3#Ó ÓÈÏ× ÐÒÏ-fibrotic phenotype, produce higher 

levels of transforming growth factor ɼ ɉ4'&ɼɊ ÁÎÄ ÉÎÔÅÒÌÅÕËÉÎ-6 (IL-6), and failed 

to suppress activation of CD4+ T cell population34. Such quality changes have been 

ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÅ ÐÈÅÎÏÍÅÎÏÎ ÏÆ Ȱ)ÎÆÌÁÍÍÁgÉÎÇȱ35. Variability in the ability to pro-

liferate or differentiate into desired tissues36, and in immunomodulatory and pro-

angiogenic capabilities37 can also be seen in MSCs isolated from different source 
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tissues. A recent study showed biased differentiation ability  towards the tissue of 

origin , where the authors compared MSCs from adipose tissue and compact bone38. 

Differences in chondrogenic differentiation have been observed in MSCs isolated 

from healthy and injured equine synovial tissues, with better results when using a 

healthy donor39. A.Selich et al. (2016) showed single-cell variability of MSCs in 

long-term culture studies using lentiviral RGB-barcode technology, pointing to-

wards clonal selection during time40. The importance of distinguishing between 

colonies and clones and a deeper dive into the heterogeneity of MSCs at the single 

cell level and its implications are reviewed by D.A.Renerfeldts and K.J.Van Vliet 

(2016)5. 

Studies of microvascular pericytes further  complicated the problem. The 

true innate identity of MSCs was challenged, for example, by the work of Schwabb 

and Gargett (2007). They described MSC-like cells isolated from human endome-

trium, which expressed two perivascular cell markers, platelet-derived growth fac-

ÔÏÒ ÒÅÃÅÐÔÏÒ ɼ ɉ0'$&-2ɼɊ ÁÎÄ #$ρτ641. Similarly, a multipotent CD34+ cell popula-

tion isolated from adipose tissue shared the expression of surface markers of MSCs 

and pericytes and was referred to by the authors as resident pericytes42. Another 

group investigated this problem even further  by examining a multitude  of various 

human tissues with a focus on perivascular cells, based on the expression of CD146, 

neuroproteoglycan (NG2), and PDGF-2ɼ ÅØÐÒÅÓÓÉÏÎ ÔÏÇÅÔÈÅÒȟ in the absence of 

markers of haematopoietic, endothelial, and myogenic cells. After long-term culti-

vation, the data showed retained osteogenic, adipogenic, and chondrogenic poten-

tial and, also an expression of MSC markers by perivascular cells43, which may in-

dicate the perivascular origin of MSCs in human tissues. The same group later pro-

posed two distinct perivascular MSC progenitors, one of which are pericytes, and 

another subpopulation was found in tunica adventitia around larger vessels44. 

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 
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this paper did not refer to these cells as MSCs45. A deeper investigation of peri-

vascular cells isolated from human white fat adipose tissue, based on aldehyde de-

hydrogenase (ALDH) activity, surface marker expression, and subsequent single 

cell transcriptional profiling, revealed a hierarchy of these cells that was related to 

their 'stemness'.  The authors of this study described four perivascular subpopula-

tions, adventitial stromal cells (ASCs) CD31-/CD45-/CD34+/CD146ɀ or microvas-

cular pericytes (PCs) CD31ɀ/CD45ɀ/CD34-/CD146+ and further segregated them 

according to ALDH activity. The two subpopulations, ASCs ALDHbright  and PCs ALD-

Hbright appeared to be more primitive (less differentiated)46. A group of Y. Wang et 

al. (2019) examined the contributions of CD146+ adipose-resident pericytes and 

CD34+ adventitial cells in bone tissue engineering experiments. Since bone healing 

is a process composed of multiple subprocesses, the authors focused on two: oste-

ogenic differentiation and vascularization and attributed them to CD34+ and 

CD146+ cells respectively. Concluding the distinct but complementary contribu-

tions of these two cell subpopulations in bone injury repair47. To add more com-

plexity, it was also shown, upon acute muscle or dermis injury , a subset of peri-

vascular cells begins to express ADAM12 (disintegrin and metalloproteinase 12) 

and give rise to profibrotic cells, which are believed to be a subset of MSCs48. How-

ever, Guimaraes-Camboa et al. (2017) challenged the idea that pericytes are MSCs 

using lineage-tracing experiments49. For more information on this topic, a review 

by Elie El Agha et al. (2017) is recommended 50.  

 In contrast to studies in which MSCs/MSC-like 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 cells51. In 2012, a group led by Dr. Krautler 

described a striking observation of PDGF-Rɼ+ cells transplanted under the kidney 

capsule in collagen sponge, where lymphotoxin-ɻ-overexpressing prion protein 

(PrP)+ kidneys developed PrP+ follicular dendritic cells (fDC), after transplantation 

into PrP- mice52. In other words, adipose tissue-derived PDGF-Rɼ+ stromal/vascu-

lar cells responded to soluble factors and developed an fDC phenotype capable of 
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trapping immune complexes and recruiting B cells after transplantation into the 

kidney capsule of PrP- mouse. Following this observation, the authors proposed 

perivascular stromal cells as a possible reservoir for the establishment of tertiary 

lymphoid tissues in the organism.   

As can be seen, there are multiple layers of complexity and differences in 

MSCs. The most common source of MSCs is adipose tissue, bone marrow, and um-

bilical cord, as stated before. Although the scientific community is eager to study 

these cells and to advance clinical practice, there is a shifting consensus on the ac-

tion of MSCs after transplantation. For a long time, the accepted mode of action of 

MSCs was the one of homing to the damaged tissue and differentiation towards the 

desired cell type, so-called integration. Such studies focused, for example, on the 

differentiation of MSCs into cardiomyocytes or endothelial cells after direct trans-

plantation into the smooth muscle53. Along with this interpretation, newer studies 

proposed and detected paracrine factors and proteins produced by MSCs, which 

are responsible for tissue regeneration and repair54, for example in the case of 

MSC-promoted skeletal muscle regeneration55. These paracrine effects can be di-

vided according to their effect: antifibrotic, antiapoptotic, pro-angiogenic56, wound 

healing, chemoattraction57, support of stem and progenitor cell growth and differ-

entiation, immunomodulation, or extracellular vesicles58,59. Several studies have 

shown that MSC-derived conditioned medium (CM) has a beneficial impact on en-

dothelial cells at the site of injury, promoting angiogenesis and functional recov-

ery60.  Chan et al. (2014) showed that the activation of the AKT signaling pathway 

in an endothelial cell line (HAEC) by CM of MSCs overexpressing HPV19 E6E7 

mRNA resulted in an increase of IL-ρɼ ÁÎÄ and vascular endothelial rowth factor A 

(VEGF-A) in vitro. Subsequently, a mouse model of limb ischemia showed that 

E6E7-MSC CM ameliorates limb loss and decreases muscle fibrosis and endothelial 

density in ischemic limbs60. Another example of MSC paracrine functions was given 

ÂÙ (ÅÏ ÅÔ ÁÌȢ ɉςπρρɊȢ 4.&ɻ-activated human AD MSCs CM accelerated cutaneous 

wound healing and angiogenesis, with IL -6 and IL-8 acting as key factors61.  
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The interplay between MSCs and the immune system has been a pro-

nounced theme in the last few decades and goes hand in hand with clinical studies 

and basic science. MSCs modulate innate and adaptive immune responses in a ra-

ther complex manner which will be discussed in the next chapter. 

2.1.2. MSCs and the Immune System 

 
MSCs modulate the actions of both 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 receptors for complement ɉ#ǰɊ activation prod-

ucts C3aR and C5aR. Activation of these receptors by the corresponding ana-

phylatoxins C3a and C5a results in chemotaxis to the site of inflammation, together 

with prolonged extracellular-signal regulated kinase 1/2(ERK1/2) phosphoryla-

tion, thus orchestrating MSC migration and behavior62.  Furthermore, C3 binding 

to MSCs has been correlated with the greater ability of MSCs to suppress peripheral 

blood mononuclear cell proliferation63. MSCs are also able to inhibit the activation 

of Membrane Attack Complex, lytic components of #ǰ, mainly through the expres-

sion of CD59, also known as protectin, on their surface63. Another interference to 

the activation of the complement cascade is production of factor H, which inhibits 

the C3 and C5 convertases. Expression of this factor by MSCs is constitutive, but is 

up-regulated under inflammatory stimuli, such as interferon-ÇÁÍÍÁ ɉ)&.ɾɊ64.  

Neutrophils , the most abundant type of innate immune cells in the blood, 

are also affected by MSCs. Toll-like receptor-3 (TLR3) activated MSCs promote in 

vitro  neutrophil survival and improve the capacity of respiratory bursts, despite 

decreased oxidative stress. The observed effect was mediated by IL-φȟ )&.ɼȟ ÁÎÄ 

granulocyte/monocyte colony stimulating factor (GM-CSF), produced by MSCs65.  



 10 

Dendritic cells (DCs) are known to be a link between innate and adaptive 

immune system. DCs regulate T cell activation through antigen presentation and 

provide the necessary co-stimulatory signals. DCs interact directly with B cells, 

thus regulating antibody synthesis66. Mature DCs (mDC) express high levels of hu-

man leukocyte antigen II (HLA II) and costimulatory molecules that help activate 

T and B cells. On the other hand, immature DCs (iDCs) expressing lower levels of 

(HLA II) and co-stimulatory molecules exhibit a tolerogenic phenotype and are the 

main cell type responsible for the establishment and maintenance of peripheral 

tolerance67.  

MSCs inhibit the generation of DCs derived from haematopoietic precursor 

cells and monocytes and therefore reduce their ability  ÔÏ ÓÔÉÍÕÌÁÔÅ ÎÁāÖÅ 4 ÃÅÌÌ ÐÒÏȤ

liferation and activation68. MSC-induced DCs express low levels of CD80, CD86, and 

CD40 and higher expression of CD11b69 and programmed cell death-ligand 1 (PD-

L1)70. Low production of IL-12 by monocyte-derived DCs71 ÁÎÄ ÏÆ )&.ɻ ÂÙ Ð$#Ó 

(Chen et al., 2019), together with hÉÇÈ ÌÅÖÅÌÓ ÏÆ 4'&ɼȟ inhibits the T cell-mediated 

immune response, and, moreover, such DCs can induce CD4+CD25+Foxp3+ Tregs 

from CD4+CD25- Foxp3- T cells69. The molecules through which MSCs modulate  the 

phenotype of DC are, for example, the production of IL-10, IL-φȟ 4'&ɼȟindoleamine-

2,3-dioxygenase (IDO), or prostaglandin E2 (PGE2)73. Recently, the involvement of 

Notch-Jagged2 signalization was also introduced as one of the important mecha-

nisms by which MSCs can induce tolerogenic DCs, especially after the challenge 

with  LPS70.  

Monocytes/macrophages ɉ- Ɋ are another part of the innate immune 

system, which is profoundly affected and modulated by MSCs. The commonly 

known M1 and M2 -ה polarization hypothesis is now replaced by a newer one. 

The problem is more complicated, as commonly known M1 pro-ÉÎÆÌÁÍÍÁÔÏÒÙ -ה 

subtype does not appear to be ÁÆÆÅÃÔÅÄ ÂÙ ÎÅ×ÅÒ ÓÔÕÄÉÅÓȟ ÔÈÅ -ς ÐÁÒÔ ÏÆ ÔÈÅ -ה 

pool divides into M2a-d subtypes74. But more and more studies are now referring 

to the continuum of different phenotypes that are able to switch between each 

other75. In general, studies show suppression of the M1 phenotype and switch to 
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alternatively activated M2 phenotypes, depending on the precise conditions, a-d, 

in the presence of MSCs. The underlining mechanisms for such macrophage mod-

ulation involve many factors, but the main role is played by PGE276. Inhibition  of 

the PGE2 or COX2 pathways abrogated the effect of MSCs on -ה, with  lower IL-6 

production by MSCs. Such -ה show up-regulation of CD206 together with the 

downregulation of the co-stimulatory CD86 and HLA II molecule on their surface77. 

-cultured in the presence of MSCs produce higher levels of IL-10, and lower lev ה-

ÅÌÓ ÏÆ 4.&ɻȟ showed by R.Yang et al. (2020)78.  

 

2.1.2.2. Adaptive Immune System  

MSCs alter T cell  activity by modulating ÉÎÎÁÔÅ ÉÍÍÕÎÅ ÃÅÌÌÓȟ ÓÕÃÈ ÁÓ -ה ÏÒ $#Óȟ ÁÓ 

mentioned above, thus promoting the suppressive phenotype of CD8+79 or the anti-

inflammatory and regulatory phenotype of CD4+ T cells in relation to the Treg/Th17 

system78. Direct actions of MSCs toward the performance of the T 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 this antiproliferative  effect is 

due to the induction of apoptosis in T cells cocultured with MSCs82ɀ84, while others 

claim that the effect is not mediated by apoptosis, but rather by promoting the sur-

vival of quiescent T cells85. The exact mechanisms responsible for the suppression 

of proliferation appear to be specific to the subsets of T cells and the specific activa-

tion status. In addition to this, MSCs directly modulate the phenotype of T cells. In 

the presence of MSCs, Th17 cells are inter-conversed towards Tregs by the action of 

multiple factors, such as hepatocyte growth factor ρ ɉ('&ρɊȟ 4'&ɼρȟ )#/3,, or by 

mitochondrial transfer86ɀ89.  MSCs directly modulate the activity of CD8+ T 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 CD4+ helper T cells, 

which was demonstrated via suppression of )&.ɾ production. T cells cultured to-

gether with MSCs had increased expression of IL-10 and FasL, thus able to induce 

apoptosis of activated CD4+ T cells90. MSCs induce the regulatory phenotype in CD4+ 
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and CD8+ T cells directly or indirectly through APCs and promote the ani-inflamma-

tory or tolerogenic microenvironment.  

 B cells are primary  responsible for the production of antibodies upon activa-

tion and for the regulation of immune responses through the production of cyto-

kines. There is a potential risk of the generation of autoantibodies, and, by this, B 

cells may contribute to antibody-driven pathologies or autoimmune diseases. MSCs 

inhibit  B cell proliferation by arresting the cell cycle in the G0/G1 phase91. Later 

studies showed that MSC-modulated inhibition  of caspase 3-dependent apoptosis in 

peripheral blood B cells, which is facilitated by increased production of VEGF by 

MSCs and subsequent phosphorylation of AKT in B cells92.  In addition to this, MSCs 

inhibit the differentiation of B cells into plasmablasts by increasing the proportion 

of the IL-10-producing regulatory CD19+CD24highCD38high B cell phenotype93. Newer 

studies focused on the mechanisms responsible for the modulation of B cells by 

MSCs. Umbilical cord blood derived MSCs inhibited B cell maturation through 4'&ɼ 

production, mitigated atopic dermatitis94, or upregulated the Breg pool and thus 

protecting against systemic lupus erythematosus95. Cho et al. (2017) observed the 

direct connection between Breg induction expressing IL-10 and the production of a 

well-known regulatory B cell inductor, Epstein-Barr virus (EBV)-induced 3, one of 

the two subunits of IL-3596.   

 The anti-inflammatory  and immunomodulatory effects of MSCs are evident, 

but the microenvironment and status of the MSCs used should always be considered. 

MSCs modulate the immune system through a variety of mechanisms, either directly 

through cell contact or indirectly through paracrine factors. Another type of modu-

lation that is the focus of the scientific community, is the production of extracellular 

vesicles by MSCs97,98. The last known mechanism of action of MSCs is mitochondrial 

transfer, which will be discussed in the next chapter.  

2.1.3. Immunometabolism and MSCs  

Metabolism is generally divided into anabolic and catabolic processes in the 

center of the living cell. Virtually all cellular processes can be attributed in some way 
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to the specific metabolic state or pathway of the cell. Differentiation, activation, mi-

gration, or division are some of them. 

 The focus on the topic of the link  between metabolic state of the immune cell 

and the response it promotes is on the rise within the scientific community. The tri-

carboxylic acid cycle, glycolysis, pentose phosphate pathway, fatty or amino acid 

metabolism, and immune function have been thoroughly investigated over the past 

couple of years99ɀ101. All types of immune cells are affected by the metabolic state, 

dictating, to some extent, the phenotype and activity of these cells.  

Depending on the specific microenvironment and cell type, immune cells are 

highly dependent on 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 regulation of immune responses in 

vitro  and in vivo is a popular field of study today, mainly as an anti-inflammatory 

therapeutic strategy102.   

It has been shown that MSCs also interact with immune cells on the metabolic 

level. The most pronounced 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/tissues103, one example is autologous mi-

tochondrial transplantation protecting against ischemia-reperfusion injury 104. The 

effect of mitochondrial transfer from MSCs to immune cells results in a subsequent 

change in phenotype. This phenomenon has been studied and thoroughly investi-

gated. Mechanisms of induction and/or targeting of mitochondria to donor cells 

have not been well elucidated yet, but there are three main routes by which mito-

chondria can reach the recipient cell. Tunneling nanotubes (TNTs) are the main 

structure through which mitochondrial transfer can occur. The formation of such a 

structure is commonly associated with reactive oxygen species (ROS) production in 

stressed cells, which in turn  leads ÔÏ ÔÈÅ ÏÖÅÒÅØÐÒÅÓÓÉÏÎ ÏÆ 4.&ɻÉÐςȟ ×ÈÉÃÈ ÐÒÏȤ

motes actin polymerization and TNT formation105,106. The expression of a GTPase 

Miro1 on the surface of the outer mitochondrial membrane was found to be im-
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portant for successful mitochondrial transfer, connecting the mitochondria to kine-

sin107,108. Another possible way to transfer mitochondria is to deliver them as a pack-

age via microvesicles in a connexin43-dependent fashion109. Extrusion and internal-

ization of healthy free mitochondria is a phenomenon that is widely discussed by 

the scientific community, but direct evidence that it occurs physiologically is virtu-

ally lacking. Although its existence in vivo is rare or none, mitochondrial therapy is 

a growing field that utilizes the mitochondrial mass, extracted from in vitro cultured 

cells, which is subsequently internalized, probably via micropinocytosis110, by dam-

aged tissues in vivo104 (Figure 3.111).  

 

 

Figure 3: The main routes of mitochondrial transfer.  Tunneling nanotubes (TNTs)be-

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 cell D). Source: 

Intercellular mitochondrial transfer as a means of tissue revitalization, Liu D, Gao Y, ɍȣɎ Gao 

JSignal transduction and targeted therapy (2021) 6(1) doi: 10.1038/s41392-020-00440-z. 

111 
 

 Mה ÁÒÅ ÏÎÅ ÏÆ ÔÈÅ ÐÏÐÕÌÁÔÉÏÎÓ ÓÔÕÄÉÅÄ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ ÍÉÔÏÃÈÏÎÄÒÉÁÌ ÔÒÁÎÓȤ

fer from MSCs. It was confirmed in vitro and in viv,o that mitochondrial transfer from 
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MSCs improved phagocytic capacity of ÁÌÖÅÏÌÁÒ -ה and, together with the immuno-

regulatory function of MSCs resulted in vivo in the alleviation of the inflammatory 

burden in the lungs of mice suffering from the LPS or E. coli-induced acute respira-

tory distress syndrome112. This study documented for the first time the transfer of 

mitochondria to alveolar -ה ÁÎÄ reported the mechanisms behind it being TNTs 

and extracellular vesicles. This effect supported the next yearǰ study by the same 

author, providing evidence that MSCs in the lungs transfer mitochondria mostly via 

extracellular vesicles. The beneficial effect of this phenomenon is directly related to 

the metabolic state of the transferred mitochondria. Treatment of MSCs with rhoda-

mine and thus generating dysfunctional mitochondria resulted in abrogation of the 

effect113. In the model of diabetic nephropathy -ה ÃÏÃÕÌÔÕÒÅÄ ×ÉÔÈ -3#Ó ÒÅÃÅÉÖÅÄ 

mitochondria and were subsequently transferred to mice suffering from diabetic 

nephropathy, were able to alleviate inflammation. The peroxisome proliferator-ac-

tivated receptor gamma coactivator-1alpha (PGC-ρɻɊ ÉÓ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÍÅÔÁȤ

ÂÏÌÉÃ ÖÉÔÁÌÉÔÙ ÏÆ ÔÈÏÓÅ -הȟ ÁÎÄ ÉÎÄÕÃÅÓ ÍÉÔÏÃÈÏÎÄÒÉÁÌ ÂÉÏÇÅÎÅÓÉÓȟ ÔÈÕÓ ÐÒÏÍÏÔÉÎÇ ÔÈÅ 

resolution of kidney inflammation114. 

A similar situation occurs with T cells, especially regulatory CD4+ T cells, if 

mitochondrial transfer from MSCs is considered. Co-culture of MSCs with T cells re-

duces Th17 immune responses and induces Treg cell generation in vitro115. Angela 

C Court et al. (2020) demonstrated the ability of MSC-mito-positive T cells to sup-

press target PBMC proliferation  more effectively than T cells that did not receive 

mitochondria from MSCs. This Treg generation is directly related to mitochondrial 

transfer and involves increased expression of FOXP3, IL2RA, CTLA4, ÁÎÄ 4'&ɼρȟ ÒÅȤ

sulting in an increase in a highly suppressive CD25+FOXP3+ population116, which 

was shown to be HLA dependent in the allogeneic coculture design of MSCs and T 

cells. Using the HLAMatchmaker algorithm, Piekarska et al. (2022) demonstrated 

the importance of the HLA class I and II eplet mismatch between MSCs and recipient 

T cells and the efficiency of mitochondrial transfer117. MSCs regulate Th1 cells func-

tion through the mitochondrial transfer, resulting in downregulation of T-bet ex-

pression and suppression of Th1 responses118. 
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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 the appropriate cell type for the 

particular inflammatory pathology. Considering previous studies, suggesting the 

mesenchymal origin of SCs and their possible implementation in 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 in the male body that is in 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 dormant regarding 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 structure similar to that of the 

blood-brain barrier 119, and the discovery of SC tumors in 1949120. The critical im-

portance of SCs in the male body from a developmental 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 spermatogenesis121. The number of Leydig cells and the 

normal function of peritubular myoid cells, which line the tubule walls, are nega-

tively influenced if SCs are ablated122. The common nickname for SC in the field of 

ÄÅÖÅÌÏÐÍÅÎÔÁÌ ÂÉÏÌÏÇÙ ÉÓ ȬÁ ÎÕÒÓÅ cell', pointing to the crucial role of SC in the 

maintenance and differentiation of male germ cells into sperm. 
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Testis differentiation of the XY gonad begins with the expression of the SRY 

gene (sex-determining region of the Y chromosome) in the bipotential genital 

ridge123, the SRY protein regulates the expression of SOX9 (SRY-box transcription 

factor 9) in supporting cells and, thus induces SCs differentiation124. The immature 

SCs communicate with Leydig cells, germ cells, vasculature, ÁÎÄ -ה ÔÏ ÃÏÏÒÄÉÎÁÔÅ 

the formation of seminiferous tubules125 of an average length of 2 m in adult 

mouse126.  

In mouse embryo, SCs produce the retinoid acid degrading enzyme, CYP26B, 

which leads to suppression of meiosis in germ cells and promotes the development 

of the male gonad127Ȣ 4ÏÇÅÔÈÅÒ ×ÉÔÈ ÏÔÈÅÒ ÆÁÃÔÏÒÓȟ ÓÕÃÈ ÁÓ 4'&ɼ ÆÁÍÉÌÙȟ 3#Ó ÍÁÉÎÔÁÉÎ 

mitotic quiescence until birth128. Maintenance of the spermatogonial stem cell (SSC) 

pool is crucial for lifelong spermatogenesis. The SSC niche is located in the basement 

membrane adjacent to the vasculature in the interstitium, with SCs being the main 

type of cells that contribute to the function of the niche (See Figure 4.). Seminiferous 

tubules with an experimentally increased number of SCs had an increased number 

of SSC niches 129.  

Figure 4.: Schematic representation of the architecture of seminiferous tubules within the 

testes. SCs are the only cells in contact with germ cells, creating a protective niche. Peritubular 

myoid cells line the tubules. Outside the tubules in the interstitium are macrophages, blood vessels, 

Leydig cells, and others. Picture from Washburn et al. (2022)130 
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Retinoic acid (RA) is a key regulator in the induction and maintenance of spermato-

genesis. Both changes, the ability of SSCs to respond, and the spatiotemporal pro-

duction of RA by SCs, are the drivers of proper spermatogenesis (see review131). 

Fully differentiated SCs express specialized tight junctions between each other 

and thus form the blood-testis barrier (BTB)132, also more accurately referred to as 

SC-barrier 133, which describes the precise location of the structure. In addition to 

tight junctions, BTB comprises of specialized adherens and gap junctions connected 

to form a net-like structure by the SC cytoskeleton134,135136, 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 lumen of the semi-

niferous tubules, since the spermatogonia reside in the adluminal compartment and 

move toward the center as they differentiate121. The reorganization of the BTB, 

namely tight junctions, is orchestrated by follicle-stimulating hormone (FSH) and 

testosterone, targeting SCs through their cognate receptors.  RA, Activin A, and other 

factors produced by SCs modulate BTB in a paracrine manner137.  
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Figure 5.: Detailed graphical representation of the interactions between cells within the sem-

iniferous tubule and the main intercellular junctions important for spermatogenesis. SCs 

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)138 
 

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 IL-ρɻ140 ÏÒ 4.&ɻ141. Since SCs are the 

target cells for FSH and androgens, they are responsible for the interpretation of 

signals to ensure the completion of meiosis142 and the differentiation of spermato-

zoa. There is a wide communication bandwidth between germ cells and SCs consist-

ing of adherent and tight junctions, desmosome-like junctions, tubulolobular com-

plexes, but also through ectoplasmatic specializations (See Figure 5.)133,143ɀ145. 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 tyrosine-protein 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 infertility147 and the lack of the MerTK receptor on 

the surface of SCs has a similar result, with a physiological decrease in the protein 

in an age-dependent manner148. The central role of SCs in male fertility and thus 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 /ǰ$ÏÎÎÅÌ ÅÔ ÁÌȢ149  or Griswold et al.150 is 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  

As thymic development of T cells occurs before puberty and medullar thymic 

epithelial cells are unable 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 them151. Neoantigens on the 

surface of germ cells, called meiotic germ cell antigens (MGCA), are a possible target 

of autoantibodies. Despite this, there is no immune response triggered against ad-

vanced stages of male germ cell development. First, the immunologically privileged 

status of testes was attributed to the organ architecture, lower temperature, lack of 

lymphatic drainage and BTB. Fully functional lymphatic system152 or survival of the 

testes grafts placed in the abdominal cavity153, and other studies ruled out most of 

the possible explanations for the special immunological status of the testes. Trans-

plantation studies in the testes ablated of Leydig cell function154 or germ cells155 

showed little to no contribution to the immunological status. SCs have been shown 

to be important in maintaining Leydig cell number and, also in preventing immune 

reactions within the testis122. Scientists also explored the idea that BTB is the key 

aspect of immune privilege in the testes, physically sequestering developing germ 

cells from contact with  immune cells. Jing Meng et al. (2011) showed that mice with 
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SC-specific depletion of the androgen receptor (AR) exhibited disturbed BTB. Auto-

antibodies production against MGCA was detected together with infiltration of im-

mune cells within the organ156. On the other hand, direct reversible disruption of 

BTB, for example through occludin deletion, showed no autoantibodies production 

and no immune cell infiltration 157,158, thus challenging the results of the AR knockout 

study. Other studies describing the ability of testes to harbor ectopically trans-

planted cells also challenged the theory that BTB is at the center of the immune priv-

ilege in the testes. Allogeneic transplantation of islets into the testes induced specific 

immune tolerance in both immunologically privileged and nonprivileged sites. This 

was accompanied by a higher ratio of antigen specific CD4+CD25+ T cells and a lower 

number of memory CD8+ T cells159. 

Over the next decades, scientists focused on the mechanisms underlying the 

ability of SCs to modify immune responses within the  testes. In 2017, Gong et al. 

(2017) posed the question of whether SCs can be kind of MSCs, pointing out 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 adipocytes6. 

Since there are similarities between MSCs and SCs in immunomodulation, a 

deeper dive into this problem 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 #ǰ activation and its 

products are actively suppressed or inhibited by SCs. The C3 and C4 components of 

ÔÈÅ #ǰ ÃÁÓÃÁÄÅ ×ÅÒÅ ÐÒÅÓÅÎÔ ÏÎ ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ ÎÅÏÎÁÔÁÌ ÐÏÒÃÉÎÅ 3#Ó ÃÕÌÔÕÒÅÄ ÉÎ ÈÕȤ

man serum and rabbit #ǰ, but the MAC and the Bb were observed only on the control 

cells (aortic endothelial cells)160, suggesting the ÐÒÏÄÕÃÔÉÏÎ ÏÆ #ǰ ÉÎÈÉÂÉÔÏÒÓ ÂÙ 3#ÓȢ 

The study by Mital et al. confirmed the production of MCP, DAF, clusterin, and CD59 

by SCs at the mRNA and protein level, proteins protecting SCs from C3 and C5 con-

vertase activity  and MAC activation161. 
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Similar to MSCs, the presence of SCs in the culture suppresses the expression 

of CD40 on the surface of DCs, thus interfering with the activation of the adaptive 

part of the immune system162. The production of galectin-1 by SCs was shown to be 

the crucial factor modulating DCs, keeping them in the undifferentiated tolerogenic 

phenotype163.   

4ÅÓÔÉÃÕÌÁÒ -ה ÁÒÅ ÁÎ ÁÂÕÎÄÁÎÔ ÉÍÍÕÎÅ ÃÅÌÌ ÐÏÐÕÌÁÔÉÏÎȟ ÃÏÌÌÁÂÏÒÁÔÉÎÇ closely 

with SCs to create an immunologically privileged site and ensure a proper sperm 

differentiation. SÔÕÄÉÅÓ ÆÏÃÕÓÉÎÇ ÏÎ ÔÈÅ ÉÎÔÅÒÐÌÁÙ ÂÅÔ×ÅÅÎ 3#Ó ÁÎÄ -ה ÄÉÆÆÅÒ on de-

ciphering the type of driver cell in testes responsible for the special immunological 

status. It seems that these two cell types collaborate and influence each other in a 

way that contributes to the proper microenvironment of the testes. Studies that fo-

cus directly on the SCs--ה ÉÎÔÅÒÁÃÔÉÏÎ ÁÒÅ ÌÁÃËÉÎÇȟ ÂÕÔ ÔÈÅ ÅØÐÒÅÓÓÉÏÎ ÐÁÔÔÅÒÎ ÏÆ 3#Óȟ 

for example, ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÆ 4'&ɼ164, is pointing towards the induction of M2/al-

ÔÅÒÎÁÔÉÖÅÌÙ ÁÃÔÉÖÁÔÅÄ -165ה.  

3.1.2.2. SCs and the Adaptive Immune System  

As mentioned above, SCs induce the tolerogenic 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 together with  

induction of adherent molecules on the surface of SCs, pointing towards the lower 

migratory capacity of T cells166. This phenomenon was also observed in MSC co-cul-

tured T cells, and the authors point  to this as an important immunosuppressive ac-

tivity 167. The ability of SCs to modulate the phenotype of T cells was studied in depth 

using transplantation models. In the model of xenogeneic transplantation of neona-

ÔÁÌ ÐÏÒÃÉÎÅ 3#Ó ÉÎÔÏ ÎÁāÖÅ ÒÁÔÓȟ ÔÈÅ authors detected higher numbers of CD4 and CD8 

positive regulatory T cells, together with increased amounts of IDO, IL-ρπȟ 4'&ɼ ÁÎÄ 

ÌÏ×ÅÒ 4.&ɻȟ ÄÅÔÅÃÔÅÄ ÁÔ ÔÈÅ ÓÉÔÅ ÏÆ ÔÒÁÎÓÐÌÁÎÔÓȟ ÃÏÍÐÁÒÅÄ ÔÏ ÃÏÎÔÒÏÌÓ164. The expres-

sion of soluble JAGGED1 was proposed as the driving factor for Treg generation by 

SCs, as the application of neutralizing antibody significantly reversed this effect in a 
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4'&ɼ-dependent manner168. It was shown previously ÔÈÁÔ .ÏÔÃÈρ ÁÎÄ 4'&ɼ ÔÏȤ

gether regulate the expression of FOXP3 in T cells and thus maintain their number 

in the periphery169.  

Through the modulation of DCs and T cells, SCs indirectly modulate the pro-

duction of antibodies and the activation of B cells. An in vivo study showed the abil-

ity of SCs to suppress the pro-inflammatory environment and induce regulatory B 

cells (Bregs) that produce IL-10168. 4'&ɼ ÐÒÏÄÕÃÔÉÏÎ ÂÙ 3#Ó ÐÒÏÂÁÂÌÙ ÁÌÓÏ ÍÏÄÕȤ

lates the activity of B cells directly, but studies 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 

)&.ɾ ÓÔÉÍÕÌÁÔÉÏÎ in vitro, SCs up-regulate the expression of PD-L1 and MHC II and 

can function as a non-professional antigen presenting cell. These changes resulted 

in the increase of Treg numbers in the co-culture and anergy of CD8+ T cells170. The 

phagocytosis of residual bodies by SCs during germ cell differentiation is well 

known and described. SCs employ MerTK, a member of the Tyro 3 subfamily of re-

ceptor tyrosine kinases, mediated LAP-associated phagocytosis to process residual 

bodies. MerTK binds to Gas6 intermediate protein that recognizes PdSr on the sur-

face of apoptotic germ cells171. The presence of MerTK on the surface is required for 

the immunoregulatory effect of apoptotic cell phagocytosis in DCs172, which results 

in specific T cell tolerance on the periphery173. Under physiological conditions, TLR3 

triggers pro-inflammatory signaling in SCs and activates antiviral  immune re-

sponses174. MerTK seems to have a function similar  to that in DCs. TAM receptor 

signaling negatively regulates the activation of innate immune response by TLR3, 

thus creating a regulatory loop that protects the organ from extensive, possibly dan-

gerous immune responses175. Phagocytosis of foreign particles by SCs through 

MerTK results in the expression of anti- rather than pro-inflammatory cytokines and 

molecules, resulting in the fine tuning of immune responses in the testes. The ef-

ferocytosis of residual bodies and apoptotic germ cells can also serve as an energy 
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source for SCs176. SCs express a series of TLR receptors; 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 pro-inflammatory cytokines that can 

subsequently cause autoimmune orchitis177. Together, TAM family receptors on SCs 

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

tion as a suppressive mechanism in the case of the activation of pattern recognition 

receptors (PRRs), such as TLR. Later, it was shown that TLR signaling in SCs acti-

vates the immune response through the NLRP3 inflammasome. The authors exam-

ined the crosstalk between NOD1/TLR4 and NOD2 in SCs, resulting in the activation 

of the NALP1 family pyrin domain containing 3 (NALP3), de novo expression, and 

inflammasome priming. NOD2 signaling resulted in caspase-1 activation, IL-ρɼ ÓÅȤ

cretion, and autophagy maturation. NOD1 activation promoted inhibition of IL-ρɼ 

secretion and autophagy178.  Studies point to the ability of SCs to act as immune cells 

in the cases of infection, phagocytosis, and activation of the inflammasome. The dif-

ference in phagocytic capacity and subsequent cellular response between SCs and 

-ÁÓ ÅØÁÍÉÎÅÄ ÂÙ 3ÈÉÒÁÔÈÕÃÈÉ ÅÔ ÁÌȢ ɉςπρσɊȢ 4ÈÅ ÒÁÔÅ of phagocytosis of Staphy× ה-

lococcus aureus ×ÁÓ ÓÉÍÉÌÁÒ ÉÎ 3#Ó ÁÎÄ -הȟ ÂÕÔ, unlike -הȟ 3#Ó were unable to kill  

engulfed bacteria. In addition, SCs did not produce NO after phagocytosis, but pro-

ÄÕÃÅÄ ÎÅÕÔÒÏÐÈÉÌ ÐÒÏÔÅÉÎ σȟ Á ÍÅÍÂÅÒ ÏÆ ɻ ÄÅÆÅÎÓÉÎ ÆÁÍÉÌÙ ÏÆ ÁÎÔÉÍÉÃÒÏÂÉÁÌ ÐÅÐȤ

tides179.  These studies suggest the ability of SCs to induce immune responses in vivo 

is needed, which goes hand in hand with the strict  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 examined by sev-

eral by regarding their potential use in clinical studies, as a tool for cell-based 

therapies. The pathogenesis most examined with respect to the ability of SC 

to modulate the immune system is Type 1 diabetes mellitus. Suarez-Pinzon 

ÅÔ ÁÌȢ ÔÒÁÎÓÐÌÁÎÔÅÄ ÉÓÌÅÔ ɼ ÃÅÌÌÓ ÁÎÄ 3#Ó ÕÎÄÅÒÎÅÁÔÈ ÔÈÅ ÌÅÆÔ ÁÎÄ ÒÉÇÈÔ ËÉÄÎÅÙ 

capsule of non-obese diabetic (NOD) mice, respectively. SCs were able to pro-

tect islet beta cells from immune destruction and 64% of recipients were 

normoglycemic 60 days after transplantation, compared to 0% of islet-only 

recipient controls180. This study showed the ability of SCs to induce systemic 

ÔÏÌÅÒÁÎÃÅȟ ÓÉÎÃÅ 3#Ó ×ÅÒÅ ÁÂÌÅ ÔÏ ÐÒÏÔÅÃÔ ÔÈÅ ÉÓÌÅÔ ɼ ÃÅÌÌÓ ×ÈÅÎ ÔÒÁÎÓÐÌÁÎÔÅÄ 

to the contralateral kidney capsule. Another study used SCs transplantation 

only, resulting in the preservation and reverse of the onset of type 1 diabetes 

in NOD mice. This result was accompanied by higher Treg levels in the spleen 

and pancreatic lymph nodes, and lower pro-inflammatory markes181. Xeno-

geneic microencapsulated SCs were transplanted into subcutaneous fat of 

spontaneous diabetic db/db mice. A higher number of Bregs producing IL-10 



 26 

were detected. Bregs induced the M2 type of M  and suppressed the produc-

ÔÉÏÎ ÏÆ 4.&ɻȢ The overall cumulative effect of the therapy yielded normaliza-

tion of glucose homeostasis in 60% of the recipients182.  

The scientific community also examined the therapeutic potential of SCs 

with respect to other pathologies, neurodegenerative diseases such as amy-

otrophic lateral sclerosis183ȟ (ÕÎÔÉÎÇÔÏÎǰÓ ÄÉÓÅÁÓÅ184 ÏÒ !ÌÚÈÅÉÍÅÒǰÓ185 or 

muscular dystrophy186. 

One of those pathologies, possibly in the need of a specific cell type in 

the case of cell therapy, is the pressing issue of male infertility in the case of 

infections. SCs and MSCs were examined with respect to the therapy of this 

pathology. The next chapter will be dedicated to this problem 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 

ÉÎÔÅÒÃÏÕÒÓÅ ÉÓ Á ÍÁÊÏÒ ÐÒÏÂÌÅÍ ÉÎ ÔÏÄÁÙǰÓ ÓÏÃÉÅÔÙȢ !ÐÐÒÏØÉÍÁÔÅÌÙ ρυϷ ÏÆ ÃÏÕȤ

ples worldwide have problems conceiving, with the male factor responsible 

for 50% of cases187. There are multiple causes of male infertility, ranging 

from genetic, hormonal, idiopathic, or environmental188. The last category, 

which covers 17% of all male causes of infertility, originates from lifestyle 

choices, such as smoking, drugs and alcohol, but also stress, obesity or infec-

tion189. The prevalence of inflammation-induced infertility ranges from 11% 

to 36%, depending on the type of measurement and geographic region of the 

study.  

The correlation between leukocytospermia, infection of 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), Chlamydial and Mycoplasma 

species and in the smaller proportion Candida albicans. Each year, there is an 

estimated count of 374 million new cases of one of four main sexually trans-

mitted diseases (syphilis, gonorrhea, chlamydia, and trichomoniasis)190. The 

scientific community also investigated Trichomonas vaginalis as a possible 

cause of reduced semen quality through its secretory proteins, but the exact 

mechanism of the phenomenon is not clear191. The infection is usually local-

ized in the urogenital tract, but infections of other organs have been reported 

to disrupt spermatogenesis as well, pointing to the connection between the 

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. 

Subsequent inflammatory mediators, such as IL-ρɼ192ȟ 4.&ɻ193 or nitric oxide 

(NO)194, interact with the steroidogenic ability of Leydig cells, resulting in im-

ÐÁÉÒÅÄ ÓÐÅÒÍÁÔÏÇÅÎÅÓÉÓȢ 4'&ɼρ ÁÎÄ !ÃÔÉÖÉÎ ! in testicular tissue were at the 

same levels and IL-6 production increased compared to untreated con-

trols195. 

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 of immune cells that reside in the testes. Two main 

macrophage populations are found in the mouse testis under physiological condi-

tions, which can be distinguished by the location and different developmental origin. 
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Interstitial  -  rise from embryonic progenitors, and peritubular -  travel to the 

testis as BM-derived progenitors postnatally in the prepubertal period. According 

to the study by Mossadegh-Keller et al. (2017), the two populations can be distin-

guished by MHC II possitivity196. Later studies used CD206 and MHC II together to 

differentiate between those two resident testicular -  populations. Most peritubu-

lar -  showed the MHC II+CD206- phenotype and interstitial perivascular -  were 

MHCII-CD206+197. 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 testis196.  

Upon inflammatory stimuli, TLR activation in testicular -  results in lower 

NF-ʆ" ÓÉÇÎÁÌÉÎÇ ÒÅÓÕÌÔÉÎÇ from ÉÍÐÁÉÒÅÄ ÕÂÉÑÕÉÔÉÎÁÔÉÏÎ ÁÎÄ ÄÅÇÒÁÄÁÔÉÏÎ ÏÆ )ʆ-"ɻȢ 

Treatment of testicular -  with LPS leads to activation of MAPK, AP-1, and CREB, 

resulting in low 4.&ɻ ÁÎÄ ÈÉÇÈ IL-10 production, pointing to alternative activation 

and regulation of other immune cells within testis198. In general, inflammation 

within  testicular tissue results in the disruption of BTB, the production of pro-in-

flammatory cytokines and the increase in the number of immune cells, such as mon-

ocytes, - , granulocytes (neutrophils), dendritic cells, CD4 and CD8 positive T cells, 

and depending on the etiology of the infection, also B or mast cells. This is reflected 

in the change in the state of the sperm niche, impaired spermatogenesis, and fertil-

ity 199. For further information, a reader is recommended to reach for the review 

from Fijak et al. (2018)199.  

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 of this, new approaches to this pathology are needed. Promising results were 

achieved using cell therapies in the case of impaired spermatogenesis or SC-only 

syndrome, mainly utilizing  the anti-inflammatory and protective properties of 

MSCs.  

 

 



 29 

5. Publications  

 

¶ Michaela Hajkova, Filip Jaburek, Bianka Porubska, Pavla Bohacova, Vladimir 

Holan, Magdalena Krulova; Cyclosporine A promotes the therapeutic effect of 

mesenchymal stem cells on transplantation reaction. Clin Sci (Lond) 15 Novem-

ber 2019; 133 (21): 2143ς2157.  

https://doi.org/10.1042/CS20190294 

 

 One of the main milestones on the way towards the use of MSCs in the stem 

cell therapy remains their  successful application and retention of their  immunosup-

pressive function after transplantation. Several studies pointed out the potential 

beneficial effect of immunosuppressive drugs on MSCs in vitro. This publication 

aimed to elucidate the effect of Cyclosporine A (CsA), a common immunosuppres-

sive drug administered in the cases of transplantation of other medical interven-

tions, on MSCs in vivo. Survival of MSCs was significantly higher in the recipients 

treated with  CsA in various tissues, compared to those transplanted with  MSCs with-

out CsA. Allogeneic cell survival was significantly improved in the mice treated with  

the combination of MSCs and CsA, compared to those treated with  MSCs or CsA 

alone. The combination also decreased the relative abundance of Th1 (CD4+T-bet+) 

and Th17 (CD4+2/2ɾÔ+) cells, and induction of Th2 (CD4+GATA-3+) T cell phenotype 

in vivo. These results were mirrored  in the cytokine production, up-regulation of IL-

10 and downregulation of IL-17 in the media of the mitogen stimulated spleen cells 

isolated from the mice transplanted with  the combination of MSCs and CsA. 

CsA+MSCs-educated peritoneal M  showed upregulation of M2 M  marker CD206 

and reduced the relative abundance of 2/2ɾÔ+ and T-bet+ helper T cells. The combi-

natory therapy proved to yield better outcomes in all the tested aspects: survival of 

MSCs, survival of allogeneic cells, lower relative numbers of Th1 and Th17 pro-in-

flammatory cells or generation of functional M2 M . This publication suggests the 

https://doi.org/10.1042/CS20190294
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beneficial effect of combinatory therapy with  immunosuppressive drugs in the pro-

spects of the use of MSCs in 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. 

 

¶ Porubska, B., Vasek, D., Somova, V. et al. Sertoli Cells Possess Immunomodula-

tory Properties and the Ability of Mitochondrial Transfer Similar to Mesenchy-

mal Stromal Cells. Stem Cell Rev and Rep 17, 1905ς1916 (2021). 

https://doi.org/10.1007/s12015-021-10197-9 

 

The first -author author's publication and the backbone of this thesis will be dis-

cussed in more detail below. Briefly, the publication focused on the in vitro compar-

ison of MSCs and SCs from two main points. First, a phenotypic comparison was per-

formed ÕÓÉÎÇ $ÏÍÉÎÉÃÉȭÓ ÃÒÉÔÅÒÉÁ ÆÏÒ ÔÈÅ ÃÅÌÌ ÔÏ ÂÅ considered a mesenchymal stro-

mal cell, second, similarities and differences in immunomodulatory ability of these 

two cell types were assessed using an in vitro coculture system. SCs were able to 

differentiate to the three main types of mesenchymal origin , which can be consid-

ered as the main evidence that SCs are kind of MSCs. Furthermore, when immuno-

modulation or suppression of the inflammatory immune cell phenotype is consid-

ered, important differences between SC and MSC were found. Both cell types sup-

press the inflammatory phenotype of helper T cells in vitro, but in a distinct way. 

MSCs suppress the Th17 response and IL-17 production, SCs suppress the overall 

inflammatory phenotype in T cells, which is also reflected in the production of cyto-

kines. SCs showed pronounced induction of the M2 M  phenotype compared to 

MSCs. Mitochondrial transfer is one of the mechanisms by which MSCs modulate 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 cells, in vitro.  This 

publication is an important step in the potential use of SCs in cell therapies, showing 

https://doi.org/10.1007/s12015-021-10197-9
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their strong ability to suppress inflammation in vitro, opening a new door for further 

studies of this cell type.  

Contribution: The author of this thesis was leading the experimental design, perfor-

mance, and analysis of the SC evaluation experiments, co-culture experiments, flow 

cytometry analysis, and data interpretation. 

 

 

¶ Holan V, Echalar B, Palacka K, Kossl J, Bohacova P, Porubska B, Krulova M, 

Javorkova E, Zajicova A. The 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):2365-2375. doi: 10.1007/s12015-

022-10363-7. 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 tolerance. Adipose-derived MSCs labelled with 

PKH26 labelled Adipose derived MSCs were ip transplanted into newborn mice (less 

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

points (2, 4, and 7 days) syngeneically and allogeneically. The living MSCs in both 

organs decreased to none on day 7. The lower percentage of living MSCs in organs 

with time was accompanied by an increasing proportion of CD45+PKH26+ cells, sug-

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

the proportion of different Th cell subpopulations was not changed in recipients, 

cytokine production of spleen cells isolated from mice treated neonataly with MSCs 

in vitro after their co-culture with allogeneic stimuli showed up-regulation in Th1 

type cytokines (IL-ςȟ )&.ɾɊȢ 3ÕÒÖÉÖÁÌ ÏÆ ÓËÉÎ ÁÌÌÏÇÒÁÆÔÓ ×ÁÓ ÓÉÍÉÌÁÒ ÂÅÔ×ÅÅÎ ÎÅÏÎÁÔÁÌ 

MSCs recipients and untreated controls. The study shows that MSCs are not able to 

ÉÎÄÕÃÅ ÎÅÏÎÁÔÁÌ ÔÏÌÅÒÁÎÃÅ ÉÎ ÍÉÃÅȢ 4ÈÅ ÓÕÒÖÉÖÁÌ ÏÆ -3#Ó ÉÎ ÔÈÅ ÒÅÃÉÐÉÅÎÔÓȭ ÓÐÌÅÅÎ ÁÎÄ 
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liver is congruent with literature, coming to non-detectable cells at day 7. The evi-

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

which MSCs affect the immune system after transplantation, called ȰÈÉÔ ÁÎÄ ÄÉÅȱȢ To-

day, the importance 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 the in vitro experiments, 

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

of the in vivo experiments.  

 

¶ Vegrichtova M, Hajkova M, Porubska B, Vasek D, Krylov V, Tlapakova T, Krulova 

M. Xenogeneic Sertoli cells modulate immune response in an evolutionary dis-

tant mouse model through the production of interleukin-10 and PD-1 ligands 

expression. Xenotransplantation. 2022 May;29(3):e12742. doi: 

10.1111/xen.12742. Epub 2022 Mar 16. PMID: 35297099. 

 

The immunomodulatory effects of SCs in the xenogeneic model have been described 

previously, but studies omitted exploration of the molecules responsible for this 

phenomenon. This study aimed to understand and uncover the possible molecular 

basis of the distant evolutionary interaction between xenogeneic SCs derived from 

Xenopus tropicalis (XtSCs) and recipient cells / organisms (mus musculus). In vitro 

examination of interaction between XtSCs and mouse immune spleen cells showed 

an enhanced intracellular IL-10 production in M  and B cells, compared to unstim-

ulated control and xenogeneic control (XC) samples. Th lymphocytes cultured to-

gether with XtSCs showed a ÌÏ×ÅÒ ÐÒÏÄÕÃÔÉÏÎ ÏÆ )&.ɾȢ 4ÈÉÓ ÃÈÁÎÇÅ ÉÎ ÃÙÔÏËÉÎÅ ÐÒÏȤ

duction was accompanied by up-regulation of regulatory molecules PD-L1 and PD-

L2 on the surface of F4/80+ - Ȣ Co-culturing  experiments using a transwell system 

showed abrogation of previously shown changes, pointing to the necessity of cell-

to-cell contact for XtSCs to be able to modulate the responses of immune cells. Sim-

ilar effects were detected using monoclonal antibodies against the IL10 and IL10 
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receptors, indicating the importance of IL-10 production and signaling for success-

ful modulation of XtSC. In vivo i.p. application showed the ability of XtSCs to survive 

for up to 14 days in the recipient, and specifically migrate specifically to the testes. 

However, splenic immune cells of the XtSCs, control or XC animals showed no differ-

ences in the relative abundance of the ÍÁÉÎ ÐÏÐÕÌÁÔÉÏÎÓȟ 2/2ɾÔ ÓÕÂÐÏÐÕÌÁÔÉÏÎ ÏÆ 

CD4+ T cells was significantly higher in the XC cell recipients. On the other hand, 

F4/80 + cells from animals treated with XtSC showed upregulation of PD-L1 and PD-

L2 on their surface compared to 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, XC, or 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 isolated from the spleen of mice treated with 

XC or vehicle. The mixed lymphocyte reaction showed lower activation of XtSCs-

mice spleen cells compared to cells isolated from 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-ρπ ÁÎÄ 4'&ɼȟ ×ÉÔÈ 

no change in the production of pro-ÉÎÆÌÁÍÍÁÔÏÒÙ 4.&ɻ ÁÎÄ IL-6 in the cohort 

treated with XtSCs. The regulatory molecule PD-L1, which was shown to be up-reg-

ulated on ÔÈÅ -  ÃÏ-cultured in vitro with XtSCs, was also up-regulated in vivo in 

immune cells isolated from mice treated with XtSCs, providing evidence 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 part of in vitro experiments, de-

tection and analysis, and also participated in the analysis of in vivo experiments.   
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6. Rationale and objectives  of the project  

There is an ongoing debate within the scientific community about the similarity 

of MSCs and SCs through the lens of their immunomodulatory, anti-inflammatory, 

and regulatory properties. Since there are similarities on multiple levels, the studies 

involved in investigating ÏÎÅ ÃÅÌÌ ÔÙÐÅ ÏÒ ÁÎÏÔÈÅÒ ÈÁÖÅÎȭÔ ÕÓÅÄ ÔÈÅ ÓÁÍÅ ÏÒ ÃÏÍÐÁȤ

rable methods. Since Gong et al. (2017) posed the question of origin of SCs, aiming 

to uncover the connection between SCs and MSCs, pointing towards their similari-

ties. The results of this study suggest that SCs are a kind of MSCs, which left their 

stromal/stem phenotype and moved towards the differentiated state6, but more 

conclusive methods and also immunomodulatory properties of these two cell types 

are needed to be compared to accept this assumption.  

Therefore, this project aims to evaluate the phenotypical and functional similar-

ity or differences between SCs and MSCs. The comparison of the phenotype of SC 

and MSC is based on the criteria of Dominici et al. (2006): plastic adhesion, presence 

and absence of specific surface markers, and the ability to differentiate into three 

main cell types of mesenchymal origin (osteocytes, chondrocytes, and adipocytes)12. 

The second part is dedicated to in vitro comparison of the ability to modulate im-

mune responses and regulate specific types of immune cells. The phenotypic switch 

of immune subtypes and the production of cytokines were detected after coculture 

of SCs/MSCs with splenocytes. 

Since SCs reside in seminiferous tubules and play a key role in spermatogenesis, 

the in vivo ability of SCs to regulate the immune system is evaluated using LPS-in-

duced testicular inflammation and subsequent SCs transplantation. An immune sys-

tem within the testes was observed and the viability, count and mobility of the sper-

matozoa were assessed.  
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6.1. Experimental Design and Methods : In vitro  
SC and MSC comparison  

Since the data from this part of the project have been published, an overview 

of the study and a mainly graphical description will be provided in this chapter.  

Both cell types were treated the same throughout the study. MSCs were iso-

lated from the white inguinal adipose tissue of 8w females and SCs of 3w male 

BALB/c mice. The isolation of MSCs was described in a previous publication of our 

laboratory200. The isolation of SCs is described in detail in the text of a publication 

provided in this thesis. Cells between passages 3-5 were used for all experiments.  

First, a comparison of SCs and MSCs was performed according to the Domi-

nici criteria. The adhesion to the plastic was examined by conventional light micros-

copy. The presence and absence of surface markers in SC and MSCs was determined 

by flow cytometry (presence of CD90.2, CD105, CD73, and CD44, absence of CD45, 

CD11b, CD34, and CD31). The ability of SCs to differentiate into three types of cells 

of mesenchymal origin was evaluated, and a comparison with  MSCs was performed 

using special kits or a cocktail of factors described in the publication. The determi-

nation of differentiation into adipocytes was detected with  Oil Red O, chondrocytes 

with  Alcian Blue and osteocytes with  Alizarin Red. For a graphical representation of 

this part of the project, see Fig. 6. 

 

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 MSCs in vitro using a coculture system. SCs or MSCs 

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

1:10 and 1:20 ratio. After 48 or 72 h, intraÃÅÌÌÕÌÁÒ ÃÙÔÏËÉÎÅÓ ɉ4.&ɻȟ ),-2, IL-17a), 

ÐÒÅÓÅÎÃÅ ÏÆ 0Ä3Ò ɉÁÐÏÐÔÏÓÉÓɊ ÁÎÄ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÆÁÃÔÏÒÓ ɉ+Éφχȟ &ÏØÐσȟ 2/2ɾÔɊ ÏÎ 

CD4+ T cells were determined by flow cytometry (see Figure 7).   

 

 

 

 

Peritoneal lavage acquired from BALB/c female mice was plated in the same 

experimental setting together with SCs or MSCs in a 1:5, 1:10 and 1:20 ratio. With 

the focus on macrophages, after 48 h, the percentage of CD206+ cells within F4/80 + 

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

type (see Fig. 8). 

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

MSCs were first stained for mitochondria using MitoTracker CMXROS dye and co-

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

of CD45+ cells positive for MitoTracker CMXROS was determined. To visualise mito-

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

tom Petri dish for 30 min. Filamentous actin (phalloidin) and CD45 staining was per-

formed and detected by fluorescence microscopy (see Fig. 8). 

Figure 8.: Evaluation of the effect of SCs/MSCs on the macrophage phenotype with the focus 

on M2 type. 
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Figure 9.: The determination of mitochondrial transfer from SCs to immune cells compared to that of 

MSCs. MSCs and SCs were stained for mitochondria using MitoTracekr CMXROS dye, washed and plated 

with splenocytes for 30 min. Percentage of MitoTracker positive cells within CD45+ population was detected 

by flow cytometry and similarly visualized by fluorescence microscopy. For the visualization, the cytoskeleton 

was stained by Phalloidin, CD45 primary antibody and secondary AF647, and nuclei by DAPI.  



 39 

 



 40 

 



 41 

 



 42 

 



 43 

 



 44 

 



 45 

 



 46 

 



 47 

 



 48 

 



 49 

 



 50 

 



 51 

As stated above, SCs seem to possess similar  but distinct properties when it comes 

to immune modulation and suppression of inflammation. Suppression ÏÆ 4.&ɻ ÂÙ 

SCs points to inhibition of general inflammation and therefore can compromise Th1 

CD4+ T cell development201. 

  The second part of the project aimed to investigate the modulatory function 

of SCs in an in vivo model of LPS-induced 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 are in preparation for publication.  

 

12 week old BALB / c males (in vivo experiments) and 3 week old males (SCs 

isolation) were used in the study. All experimental procedures were performed ac-

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 of SC migration to different organs after inflammation in-

duction, male mice (12w) were injected with LPS (3mg/kg, L2880, Sigma-Aldrich, 

St. Louis, MO, USA). 24 h later, SCs were stained with viable dye CellVue ̈́Claret Far 

Red Fluorescent Cell Linker Mini Kit for General Membrane Labelling (MINCLARET, 

Sigma-Aldrich) according to the ÍÁÎÕÆÁÃÔÕÒÅÒÓȭ ÉÎÓÔÒÕÃÔÉÏÎÓȟ ÁÎÄ ÔÒÁÎÓÐÌÁÎÔÅÄ ÉȢÖȢ 

1million/100ul PBS/mouse. 48 h after LPS injection, mice were sacrificed and the 

lungs, liver and testes were collected. For the lungs and liver, the organs were cut 

into pieces, homogenized ÁÎÄ ÆÉÌÔÅÒÅÄ ɉτπʈÍ ÓÔÒÁÉÎÅÒɊȢ &ÏÒ ÔÅÓÔes, samples were col-

lected, chopped into smaller pieces, and digested for 45 min at σχЈ# in 1 ml of PBS, 
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0.05mg/ml DNase I (12326100, Sigma-Aldrich), and 1mg/ml Collagenase II (C1764, 

Sigma-Aldrich). After incubation, the digestion was stopped using 2 ml of Fetal Bo-

vine Serum (FBS, F7524, Sigma-AldrichɊȟ ÁÎÄ ÓÁÍÐÌÅÓ ×ÅÒÅ ÆÉÌÔÅÒÅÄ ɉτπАÍ ÓÔÒÁÉÎÅÒɊȢ 

Cells were stained according to the classical floe cytometry protocol. Briefly, sam-

ples were incubated with antibodies in the dilution described in Table 1, in a total 

ÖÏÌÕÍÅ ÏÆ ρππАÌ ÏÆ &!#3 ÓÏÌÕÔÉÏÎȟ σπ ÍÉÎ ÁÔ τЈ#ȟ ÁÎÄ washed twice afterwards with 

FACS solution. Dead cells were distinguished using propidium iodide  (1:1000, PI, 

Exbio, Prague, Czech Republic). Data were collected using the BD FACSAria II cell 

sorter (Beckton Dickinson, BD, Franklin Lake, NJ, USA). A total of 300 000 live cells 

were measured and analyzed using FlowJó software (FlowJo BD, Ashland, OR, 

USA). Gating strategy: Cells -> Single Cells -> Live -> CD45+ or CD45-, from those 2 

populations of CellVuë́ Ϲ cells. 

 

 

 

 

Evaluation of the main populations of  myeloid cells within testes by 

flow cytometry  

Male mice were injected i.p. with LPS (3mg/kg, L2880, Sigma-Aldrich, St. 

Louis, MO, USA) on day 0. Intravenous transplantation of SCs suspension (1 

million  in 100ul of sterile PBS) was performed 24 h afterward. On day 2 after 

LPS injection, mice were sacrificed, testes were collected and prepared for 

data collection. 
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The testes were collected, cut into smaller pieces and digested for 45 

min at σχЈ# in 1 ml of PBS, 0.05mg/ml DNase I (12326100, Sigma-Aldrich) 

and 1mg/ml Collagenase II (C1764, Sigma-Aldrich). After incubation, the di-

gestion was stopped using 2 ml of Fetal Bovine Serum (FBS, F7524, Sigma-

Aldrich)ȟ ÆÉÌÔÅÒÅÄ ɉτπАÍ ÓÔÒÁÉÎÅÒɊȟ ÁÎÄ ÃÅÎÔÒÉÆÕÇÅÄȢ !ÌÌ ÓÕÂÓÅÑÕÅÎÔ ÓÔÅÐÓ ×ÅÒÅ 

ÐÅÒÆÏÒÍÅÄ ÕÓÉÎÇ (ÁÎËǰÓ "ÁÌÁÎÃÅÄ 3ÁÌÔ 3ÏÌÕÔÉÏÎ ɉ("33ȟ 14175053, Fisher-Sci-

entific, Hampton, NH, USA) 1% Bovine Serum Albumin (BSA), and 0,02 

mg/ml DNase I (referred to as FACS solution). Cells were stained with conju-

gated monoclonal antibodies (Table 1.) according to the classical flow cytom-

etry protocol. Briefly, samples were incubated with antibodies in the dilution 

described in Table 1, in a ÔÏÔÁÌ ÖÏÌÕÍÅ ÏÆ ρππАÌ ÏÆ &!#3 ÓÏÌÕÔÉÏÎȟ σπ ÍÉÎ ÁÔ 

τЈ#ȟ ÁÎÄ washed twice afterwards with FACS solution. Dead cells were dis-

tinguished using propidium iodide  (1:1000, PI, Exbio, Prague, Czech Repub-

lic). Data were collected using the BD FACSAria II cell sorter (Beckton Dick-

inson, BD, Franklin Lake, NJ, USA). A total of 600 000 live cells were measured 

and analyzed using FlowJó software (FlowJo BD, Ashland, OR, USA). The gat-

ing strategy is depicted in Figure 11. 

Figure 10.: Experimental design. LPS was injected i.p. on day 0, followed by intravenous injection 

of SCs 24h after. 48h after LPS injection, mice were sacrificed, and testes and epididymis were col-

lected and further processed.    
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Table 1: List of conjugated antibodies used in flow cytometric analysis. 

Target Fluorochrome Clone Company CAT Dilution 

CD45 FITC 30-F11 BioLegend 103107 1/100 

CD45 SB780 30-F11 eBioscience 78-0451-82 1/100 

CD11c BV510 N418 eBioscience 117353 1/50 

CD11b APC M1/70 BioLegend 101212 1/50 

F4/80 PE/Dazzle 594 BM8 BioLegend 123146 1/50 

Ly6G BV421 1A8-Ly6G eBioscience 127628 1/100 

MERTK SB600 DS5MMER eBioscience 63-5751-82 1/50 

CD206 PE-CYN7 MR6F3 eBioscience 25-2061-82 1/75 

MHC II FITC M5/114.15.2 BioLegend 107606 1/75 

 

 

 

Figure 11.: Gating strategy for the evaluation of myeloid cell populations within testis. 

Cells -> Single Cells -> Live -> CD45+ -> CD11b+F4/80+ -> CD206vsMHCII, from those dif-

ferent subpopulations analyzed MFI of MerTK and CD11c was analyzed. From CD45 popula-

tion, presence of CD11b+Ly6G+ was detected.  


































