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1. Wykaz skrétow

AD-MSC

BDNF

bFGF
BM-MSC

CCL2
CFU
DFAT
EGF
EMT

ESC
FACS

GDNF

HGF
iPSC

ISCT

KM

LPM

MACS

MET

MSC

mezenchymalne komorki macierzyste/zrebowe pochodzace =z tkanki
thuszczowej (adipose derived mesenchymal stem/stromal cells);
neurotroficzny  czynnik  pochodzenia  mozgowego  (brain-derived
neurotrophic factor);

podstawowy czynnik wzrostu fibroblastow (basal fibroblasts growth factor);
mezenchymalne komorki macierzyste/zrebowe pochodzace ze szpiku
kostnego (bone marrow derived mesenchymal stem/stromal cells)

ligand chemokiny 2 (chemokine ligand 2);

jednostka tworzgca koloni¢ (colony forming unit);

odroznicowane komorki thuszczowe (dedifferentiated fat cells);

nabtonkowy czynnik wzrostu (epitelial growth factor);

przejscie nabtonkowo-mezenchymalne (epithelial-to-mesenchymal
transition);

zarodkowe komorki macierzyste (embryonic stem cells);

sortowanie komorek aktywowane fluorescencyjnnie (Fluorescence-Activated
Cell Sorting);

czynnik wzrostu pochodzenia glejowego (glial cell line-derived neurotrophic
factor);

czynnik wzrostu hepatocytow (hepatocyte growth factor);

indukowane pluripotencjalne komorki macierzyste (induced pluripotent stem
cells);

Mi¢dzynarodowe Towarzystwo Terapii Komorkowej (International Society
for Cellular and Gene Therapy);

komorki macierzyste;

somatyczna mezoderma boczna (somatic lateral plate mesoderm);
sortowanie komorek aktywowane magnetycznie (Magnetic Activated Cell
Sorting);
przejscie  mezenchymalne-nablonkowe (mesenchymal to epithelial
transition);

mezenchymalne komorki macierzyste/zr¢gbowe (mesenchymal stem/stromal

cells);



MUSE Cells

NCSC

NSC

PDT

SRTF

SSEA

UC-MSC

VEGF

WJ-MSC

wieloliniowe komorki roznicujace si¢ pod wptywem stresu (multi-lineage
differentiating stress enduring cells);

komorki macierzyste pochodzace z grzebienia neuralnego (neural crest
derived stem cells);

neuralne komorki macierzyste (neural stem cells);

czas podwojenia populacji (population doubling time);

czynniki transkrypcyjne zwigzane z macierzystoscig (Stemness-related
transcritpion factors);

swoisty powierzchniowy antygen zarodkowy (stage specific embryonic
antigen);

mezenchymalne komorki macierzyste/zrgbowe pochodzace ze sznura
pepowinowego (umbilical cord derived mesenchymal stem cells);

czynnik wzrostu $rédbtonka naczyniowego (vascular endothelial growth
factor);

mezenchymalne komoérki macierzyste/zrgbowe pochodzace z galarety

Whartona (Wharton Jelly derived mesenchymal stem cells);



2. Streszczenie polskojezyczne

Komérki macierzyste (KM) stanowig podstawe tzw. terapii komoérkowej stosowanej
w medycynie regeneracyjnej. Jej pierwotnym zatozeniem mialo by¢ zastgpienie
uszkodzonych komoérek nowymi, wywodzacymi si¢ z przeszczepionych KM, zdolnymi do
funkcjonalnego roznicowania. Najwigksza potencje w tym kierunku posiadaja komorki
0 charakterze pluripotencjalnym, tzn. takie ktéore wykazuja zdolno$¢ od réznicowania
w funkcjonalne komoérki wywodzace si¢ z wszystkich trzech listkoéw zarodkowych
(ektodermy, mezodermy oraz endodermy). Do komorek pluripotencjalnych naleza
zarodkowe komorki macierzyste (embryonic stem cells. ESC) oraz indukowane
pluripotencjalne komorki macierzyste (induced pluripotent stem cells, iPSC). Jednakze ich
szeroki potencjal do roznicowania wigze si¢ takze ze zdolnoscig do nieograniczonej
proliferacji, a co za tym idzie — ryzykiem tumorogenezy. Jako alternatywe proponuje sig¢
stosowanie dorostych (somatycznych) KM, ktore niestety cechuje wezszy potencjat
do roznicowania, ograniczony zazwyczaj do jednego z listkéw zarodkowych. Jedng
z szeroko badanych grup somatycznych KM s3 mezenchymalne komorki
macierzyste/zrebowe (MSC). Sg one klasyfikowane jako multipotencjalne ze wzglgdu na
zdolno$¢ do réznicowania w komoérki wywodzace si¢ z mezodermalnego listka
zarodkowego, tj. osteocyty, chondrocyty i adipocyty. Jednakze badacze donosza
0 mozliwosci réznicowania MSC w komorki wywodzace si¢ z innych listkow
zarodkowych, np. w neurony (wywodzace si¢ z ektodermy) czy w hepatocyty (wywodzace
si¢ z endodermy). Dodatkowo, pod wptywem okreslonych warunkéw $rodowiskowych
MSC wykazujg ekspresj¢ genow typowych dla komorek pluripotencjalnych, choé
na znacznie nizszym poziomie. Te nietypowe dla komoérek multipotencjalnych cechy
tltumaczone sg wysoka heterogennoscig populacji MSC i obecnoscig komorek o bardzo
réznym stopniu zroéznicowania. Inna z proponowanych teorii tlumaczy obserwowane
zjawisko odmiennym pochodzeniem rozwojowym pojedynczych komorek w stosunku
do catej populacji, ktore zasiedlity mezenchym¢ w wyniku migracji z innych struktur,

np. Cewy nerwowej.

W niniejszej rozprawie doktorskiej podjeto probe zweryfikowania hipotezy badawczej
dotyczacej obecnosci subpopulacji  komorek 0 charakterze pluripotencjalnym

w heterogennej populacji MSC. W ramach pracy analizowano czynniki pozwalajace



na wyodrebnienie komoérek przejawiajacych niezréznicowany charakter, cechujacych sig
wysokim potencjalem do proliferacji i samoodnowy, podwyzszong ekspresja gendéw
pluripotencjalnych (SOX2, OCT3/4, NANOG) w stosunku do populacji wyjsciowej MSC
oraz zdolno$cig do roznicowania w kierunku komorek wywodzacych si¢ ze wszystkich

trzech listkow zarodkowych.

Glownym celem prowadzonych badan byto wyznaczenie metody pozwalajacej na izolacjg
sposrod MSC oraz dalszg hodowlg poszukiwanej subpopulacji. Jako Zzrodto MSC wybrano
tkanke poptodu — galarete Whartona (WJ-MSC), stromg sznura pepowinowego, ktora jest

rozwojowo mtoda tkanka, traktowana jako odpad medyczny.

Na podstawie literatury zdecydowano si¢ uwzgledni¢ dwie techniki uzyskiwania
poszukiwanej subpopulacji. Pierwsza z nich byta zmiana warunkéw przestrzennych
hodowli z 2D na 3D. Zdolno$¢ do wzrostu i proliferacji w warunkach przestrzenna
(w sferach) charakteryzuje m.in. komorki pluripotencjalne. Druga stosowang technika byta
izolacja subpopulacji metodg sortowania, w ktorej wykorzystano marker powierzchniowy
SSEA-4, wybrany po pierwszym etapie badan i wystepujacy na powierzchni komorek
pluripotencjalnych.

W pierwszym etapie badan,WJ-MSC, standardowo hodowane w warunkach adhezyjnych
(2D), zostaty przeniesione do warunkéw 3D, modyfikujac metode stosowang w hodowli
neuralnych komorek macierzystych (NSC) w postaci sfer. Hodowle¢ 3D prowadzono przez
20 dni w celu wyodrebnienia komorek o lepszej zdolnosci do przezycia i proliferacji, ktore
potencjalnic moglyby wykazywaé cechy komoérek pluripotencjalnych. Diugotrwata
hodowla WJ-MSC w warunkach 3D okazata si¢ czynnikiem stresogennym, prowadzacym
do zwiekszonej $miertelno$ci komorek, spowolnienia ich proliferacji, spadku zdolnosci
do tworzenia kolonii oraz przyspieszenia procesow starzenia. Nie zauwazono wzrostu
ekspresji genow pluripotencjalnych, natomiast obserwowano wzrost ekspresji genow oraz
markerow neuralnych. Jednoczesnie stwierdzono, ze w trakcie dtugotrwatej hodowli 3D
znaczgco lepsza przezywalnos¢ wykazata subpopulacja WJ-MSC ekspresjonujaca antygen
powierzchniowy SSEA-4.

W oparciu o uzyskane wyniki, w drugim etapiec prowadzonych badan zdecydowano si¢

wyizolowac i scharakteryzowa¢ WJ-MSC wykazujace ekspresje SSEA-4 jako potencjalng
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subpopulacje komorek o szerszych zdolnosciach do réznicowania. Poszukiwane komorki
wyodrebniono z wykorzystaniem techniki sortowania komoérek aktywowanego
fluorescencyjnie (FACS). Otrzymana subpopulacja charakteryzowala si¢ znacznie
podwyzszonym odsetkiem komorek SSEA-4+, ktory utrzymywat si¢ przez 6 kolejnych
pasazy hodowli komorkowej. Analiza subpopulacji SSEA-4+ wykazywala wyzsza
ekspresje¢ gendéw pluripotencjalnych na poczatkowym etapie hodowli komodrkowe;j
w stosunku do populacji wyjsciowej. Niestety, z czasem ekspresja tych genow spadta
do poziomu obserwowanego w populacji niesortowanej. Przeanalizowano rowniez
wlasciwos$ci funkcjonalne wyodrgbnionej subpopulacji. Komorki SSEA-4+ przejawiaty
zdolno$¢ do tworzenia sfer, ktorych srednica byta mniejsza w stosunku do sfer
utworzonych przez komorki populacji wyjsciowej, a takze zawieraly znaczacO wigcej
zywych komorek. Populacja SSEA-4+ nie roznita si¢ zdolnoscia do rdznicowania
w kierunku trzech listkow zarodkowych, tempem proliferacji oraz klonogennos$cia
od populacji niesortowanej oraz negatywnej (SSEA-4-). Zbadano roéwniez
wspotwystgpowanie  SSEA-4 z innymi markerami kojarzonymi z wiaSciwos$ciami
macierzystymi komorek, takimi jak: CD49F, CD133, CD146 czy CD271 - nie wykryto
wspotzaleznos$ci. Na podstawie otrzymanych wynikow nie potwierdzono szerszego
potencjalu do roznicowania subpopulacji komoérek SSEA-4+. Jednakze, otrzymana
subpopulacja wyrdzniata si¢ odmiennym profilem sekrecyjnym w stosunku do populacji
wyjéciowej i populacji negatywnej, co moze wskazywaé¢ na jej inne potencjalne

wykorzystanie w medycynie regeneracyjnej.

Podsumowujac, na podstawie zaproponowanych metod nie wyodrebniono subpopulacji
komorek o cechach pluripotencjalnych. Otrzymane wyniki wskazuja jednak na znaczng
heterogennos¢ morfologiczng 1 funkcjonalng populacji MSC. Wyodrgbnianie
poszczegbdlnych grup komorek oraz szczegdtowa analiza ich wtasciwosci terapeutycznych

wymagajg dalszych badan.
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3. Streszczenie angielskojezyczne

Stem cells (SCs) are the basis of cellular therapies, widely used in regenerative medicine.
Its main purpose is the replacement of injured cells by SCs provided with transplantation,
that are capable to fully regenerate the tissue. The most desirable cells are pluripotent,
i.e. those from which cells derived from all three embryonic germ layers can be derived,
such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). However,
observed wide differentiation potential is connected with limitless proliferation capacities
and risks of tumorogenesis. Adult (somatic) SCs are proposed as an alternative, even
though their narrow differentiation potential, usually limited to cells from one embryonic
gem layer. Mesenchymal stem/stromal cells (MSCs) are one of frequently studied adults
SCs group, classified as multipotent, due to differentiational potential toward mesodermal
cells i.e. osteocytes, chondrocytes and adipocytes. However, researchers reported the
possibility of MSCs differentiating into cells derived from other germ layers,
such as neurons (ectoderm) or hepatocytes (endoderm). Furthermore, under specific
environmental conditions, MSCs exhibit the expression of pluripotency-related genes, but
observed levels are still lower than reported for ESCs or iPSCs. Due to the high
heterogeneity of MSCs population, there could be found cells with different differentiation
potentials. It is proposed that those undifferentiated cells possess different developmental

origin, i.e. originate from neural crest, what would explain their unique properties.

Hereby, this dissertation attempted a verification whether MSCs could contain
subpopulation exhibiting pluripotent characteristics. Conducted experiments examined
different factors for separation of cells possessing undifferentiated potential, that exhibit
high proliferation and self-renewal potentials, elevated pluripotent genes expression
(SOX2, OCT3/4, NANOG) and differentiate toward cells from all three embryonic germ
layers.

The main purpose of described research was the development of efficient method
to isolation and further cell culture of potential subpopulation exhibiting pluripotent
features from MSCs. MSCs were isolated from Wharton Jelly (WJ-MSCs) — a part of

umbilical cord which is a commonly used MSCs source.
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Based on the recent literature, two potential methods for separation were chosen to derive
the desired subpopulation. First approach was to change spatial condition of cell culture
from 2D to 3D, associated with sphere-forming ability of pluripotent cells. Second
approach was to isolate subpopulation expressing surface antigen SSEA-4, occurring

in pluripotent cells.

During the first stage of doctoral research, WJ-MSCs, usually propagated in adherent 2D
conditions, were transferred to 3D conditions, by modification of culture method proposed
for neural stem cells. 3D culture was conducted for about 20 days in vitro to select cells
with better survivability in harsh conditions; such cells could exhibit properties
of pluripotent cells. However, long-term 3D culture was stressogenic for WJ-MSC , leading
to slowed cell division ratio, reduced colony forming frequency and acceleration
of senescence processes. Increase of pluripotent gene expression was not observed, while
expression of markers connected with neural tissue was elevated. There was also reported
that SSEA-4-positive cells exhibited better survival under long-termed 3D culture

condition.

Based on received results, WJ-MSC positive for SSEA-4 were isolated and characterized
as a theoretic population with a wider potential, during the second stage of doctoral
research. This subpopulation was selected with fluorescence-activated cell sorting (FACS).
Received positive population (WJ-MSC-SSEA-4+) contained significantly more SSEA-4+
cells for the next 6 passages of further in vitro culture. WJ-MSC-SSEA-+ population
exhibited transient increase of pluripotent genes, that was reported directly after separation
but diminished with further cell culturing. Other functional properties of isolated
subpopulation were analyzed as well. WJ-MSC-SSEA-4+ cells formed spheroids upon 3D
initiating conditions, that were smaller and contained more number of alive cells, compared
to unsorted and negative populations (WJ-MSC-SSEA-4-). WJ-MSC-SSEA-4+ cells did
not differed with tri-germ layer differentiational potential, proliferation and clonogenicity
from initial and negative populations. SSEA-4 expression was not associated with other
stemness markers such as CD49F, CD133, CD146 and CD271. According to the received
results, SSEA-4+ population’s pluripotent character was not confirmed. However, studied
subpopulation could be applied for other therapeutic purposes due to their unique secretome

profile.
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In summary, presence of pluripotent-like subpopulation in WJ-MSC was not confirmed
by chosen methods. However, observed results indicated a wide heterogeneity and diversity
of subpopulations constituting to MSCs. Selection and detailed analysis of specific cell

groups demand further research to relate their therapeutic applications.
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4. Innowacyjnos¢ rozprawy

Innowacyjno$¢ niniejszej rozprawy polega na probie weryfikacji hipotezy dotyczace]
obecnosci subpopulacji komoérek o cechach pluripotencjalnych ws$rod mezenchymalnych
komorek macierzystych/zrebowych (MSC). Hipoteza ta oparta jest na wysokiej
heterogennosci analizowanej populacji MSC, zawierajacej komorki o réznym stopniu
zroznicowania — 0d komorek progenitorowych: preadipocytow i prechondro-osteoblastow
po komorki niezréznicowane, ktore zachowaly macierzysty charakter. Jednym
z proponowanych wyjasnien hipotezy jest niejednorodne pochodzenie rozwojowe tej grupy
komorek. Wedtug doniesien literaturowych, MSC czesciowo wywodzg si¢ z somatyczne]
mezodermy bocznej 1 w trakcie rozwoju przechodzg rundy zmian, zwane przejsciem
nabtonkowo-mezenchymalnym, jak réwniez i procesom odwrotnym, zwanym przej$ciem
mezenchymalno-nabtonkowym. Dodatkowo, ws$rod MSC odnajduje si¢ komorki
o pochodzeniu ektodermalnym, wywodzace si¢ prawdopodobnie z grzebienia nerwowego
(Neural Crest derived Stem Cells, NCSC), ktére w trakcie rozwoju zarodkowego odbywaja
migracje z cewy nerwowej i rozprzestrzeniajg si¢ po calym organizmie. Obydwa zjawiska
moglyby tlumaczy¢ zdolno$¢ MSC do roznicowania si¢ w komorki pochodzace

z pozostatych listkow zarodkowych.

Obecnie brakuje jednoznacznych markerow lub technik pozwalajacych na wyodrebnienie
z MSC potencjalnej subpopulacji wykazujacej cechy pluripotencjalne. Jednym
z proponowanych podejs¢ jest zmiana warunkéw $rodowiskowych z hodowli 2D
na hodowlg¢ 3D, ktora jest blizsza strukturze natywnej tkanki oraz powszechnie stosowana
przy hodowli pluripotencjalnych komoérek macierzystych. Innym podejsciem jest
wyodrebnienie markera, ktory umozliwitby odréznienie MSC o zachowanych cechach
macierzystosci od calej heterogennej populacji komorek zrebowych. Do takich
kandydatow nalezag m.in.: antygeny z rodziny SSEA, CD271, CD146, CD133 czy CD49F.

W naszym projekcie rozpoczeliSmy doswiadczenia od zmiany warunkow przestrzennych

hodowli MSC, aby wyselekcjonowaé¢ komorki o odmiennych whasciwosciach, typowych

dla komorek niezréznicowanych. W tym celu opracowalismy metode hodowli 3D oparta

na tworzeniu sferoidow MSC. W kolejnym kroku przeanalizowaliémy zmiany jakie

zachodza w populacji MSC w czasie jej dtugotrwatej hodowli przestrzennej. W wyniku

doswiadczen wyodrgbniliSmy populacje komorek o wyzszej przezywalnosci w warunkach
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3D. Komorki te wykazywaty podwyzszong ekspresje markera SSEA-4. W oparciu o
otrzymane wyniki, podjeto probe izolacji i charakterystyki subpopulacji MSC SSEA-4+.
Otrzymana subpopulacja MSC-SSEA-4+ bezposrednio po wyizolowaniu wykazywata
zwickszong ekspresje genow typowych dla komorek pluripotencjalnych, natomiast w miarg
prowadzenia hodowli komorkowej ekspresja tych genéw malata do poziomu
obserwowanego w heterogennej, wyjsciowej populacji MSC. Ponadto komoérki SSEA4-
pozytywne nie wykazywaly zdolnosci do roznicowania poza listek mezodermalny,
ani podwyzszonego potencjalu proliferacyjnego i klonogennego. Czynnikiem
wyrdzniajacym badang subpopulacje byt profil wydzielniczy, odmienny w stosunku

do populacji niesortowanej.

Rozprawe doktorska zamyka artykut przegladowy, zbierajacy najnowsze doniesienia
dotyczace badan nad wtasciwosciami terapeutycznymi poszczegolnych subpopulacji, ktore
mozna znalez¢ wsrod MSC. Znajduje si¢ w nim obszerny podrozdziat dotyczgcy markeréw
sugerujacych niezréznicowany charakter komorek, jak rowniez podrozdzial dotyczacy
markerow wskazujacych na bardziej wyspecjalizowane funkcje komorek w populacji.
Przeglad literatury wyraznie wskazuje na potrzebe dalszych, poglebionych badan

w temacie analizy poszczegolnych subpopulacji tworzacych MSC.
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5. Wstep

5.1. Komérki macierzyste i terapia komérkowa

Poszukiwania metod leczenia trwatego uszkodzenia narzadéw i tkanek w wyniku urazow
lub choréb przewlektych i degeneracyjnych doprowadzity do rozpoczecia stosowania
komorek macierzystych (KM), zapoczatkowujac medycyne regeneracyjng oraz inzynierie
tkankowa. KM charakteryzuja si¢ zdolnoscia do samoodnowy dzigki mozliwosci
asymetrycznych podzialéw komoérkowych oraz zdolnoscig do réznicowania w inne typy
komorek [1, 2]. Z powyzszych powodow, terapie komorkowe moga by¢ alternatywg dla
transplantologii, a takze stanowi¢ nowe podejscie terapeutyczne np. w leczeniu chorob
neurodegeneracyjnych. Ze wzgledu na potencjal do rdznicowania KM dzielimy

na: totipotencjalne, pluripotencjalne, multipotencjalne i unipotencjalne (Rycina 1).

Komorki
macierzyste

Zdolnosé do roznicowania

Totipotencjalne Pluripotencjalne Multipotencjalne

Wszystkie komorki

Potencjat do
réznicowania

organizmu Wszystkig komorki Ko_mérki wywodzace Tylko jeden rodzaj
b organizmu sie z tego samego kombrek
Komérki tworzace listka zarodkowego
tozysko
% Zarodkowe KM, Hematopoetyczne KM, oy ;
(Eu Zygota Indukowane Neuralne KM Komorrl;/ izz:s//tame
E‘ pluripotencjalne KM Mezenchymalne KM (?)
o

Rycina 1. Podziat komoérek macierzystych (KM) pod kqtem zdolnosci do roznicowania,
tzw. potencjatu.

KM mozna roéwniez podzieli¢ ze wzglegdu na zréodlo pochodzenia na zarodkowe
I somatyczne. W dorostym organizmie, w niszach poszczegélnych tkanek, rezyduja
specyficzne somatyczne KM, zasiedlajac je juz podczas rozwoju ptodowego [3-5].
Odpowiedzialne sa one za endogenne procesy naprawcze 1 utrzymanie homeostazy

w organizmie [4, 5]. Pozostaja one w tzw. stanie u$pienia, a ich réznicowanie jest
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wyzwalane w wyniku tkankowych sygnatow srodowiskowych, prowadzac do zastgpienia
utraconych, zréznicowanych komorek [3]. Somatyczne KM (zwane tez dorostymi KM)

majg ograniczony potencjat do réznicowania i zazwyczaj sg multipotencjalne.

Niestety, w czgsci przypadkow klinicznych endogenne procesy zastepowania komorek sg
niewystarczajace ze wzgledu na zbyt rozlegle uszkodzenia, niewielka pule KM
rezydujacych w niszy lub ich utrate w wyniku choroby. Z tego powodu gtéwnym celem
terapii komorkowej jest dostarczenie nowej puli KM i wspomaganie endogennych
proceséw naprawczych. W tym celu najbardziej pozadane jest podanie komorek o cechach
pluripotencjalnych, z ktéorych mozna uzyska¢ komoérki wywodzace si¢ z wszystkich trzech
listkow zarodkowych: ektodermy, mezodermy i endodermy, a co za tym idzie komorki
dowolnej tkanki. Zalicza si¢ do nich zarodkowe komorki macierzyste (embryonic stem
cells. ESC) i indukowane pluripotencjalne komorki macierzyste (induced pluripotent stem
cells, iPSC). Stosowanie ludzkich ESC jest mocno ograniczone m.in.
z powodow etycznych [6, 7]. Z kolei proces uzyskiwania iPSC nadal pozostaje dtugi
I kosztowny [2]. Ze wzgledu na swoj pluripotencjalny charakter, stosowanie w terapii ESC
i IPSC bez zapewnienia ich pelnego zréznicowania jest rOwniez obarczone ryzykiem
nowotworzenia [7]. Pomimo rozpoczetych badan Klinicznych z wykorzystaniem
zroznicowanych komorek iPSC [8], poszukuje si¢ alternatywnych zrodet KM dla terapii
komoérkowych. Duza uwage badaczy skupiaja somatyczne KM, izolowane z dorostych
tkanek organizmu, a jedng z proponowanych grup komorek sg multipotencjalne

mezenchymalne komoérki macierzyste/zrgbowe (MSC).
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5.2. Mezenchymalne komérki macierzyste/zrebowe — definicja
i wlasciwosci

Poczatkowo MSC zostaty zidentyfikowane w zrebie szpiku kostnego w 1968 roku przez
Friedensteina i wspotpracownikéw [9], natomiast w 1991 roku Arnold Caplain po raz
pierwszy nadal im obecnie stosowang nazwe i zaproponowat ich wykorzystanie w terapii
[10]. Oprocz szpiku kostnego (BM-MSC), MSC zidentyfikowano m.in.: w tkance
tluszczowej (AD-MSC), miazdze z¢bowej, skorze wlasciwej, btonie maziowej stawow,
mleku matczynym oraz w narzadach okotoporodowych, takich jak sznur pepowinowy
(UC-MSC), ptyn owodniowy i lozysko [11]. Wedlug zalecen Migdzynarodowego
Towarzystwa Terapii Komorkowej (International Society for Cellular and Gene Therapy,
ISCT) z roku 2010 MSC musza charakteryzowac si¢ [12]:

» pozytywna ekspresja markerow powierzchniowych: CD73, CD90 i CDI105
oraz negatywng ekspresja markerow powierzchniowych — CD34, CD45, CD11a, CD19
lub CD79a, CD14 lub CD11b i czasteczek HLA-DR,

» zdolnoscig przylegania do powierzchni plastikowej oraz zdolnoscia tworzenia
kolonii, ktorych morfologia podobna jest do fibroblastow,

» zdolnosciag do rdéznicowania w warunkach in vitro w osteocyty, chondrocyty

i adipocyty.

Obecnie toczg si¢ spory w temacie nomenklatury MSC, czy faktycznie mozna zaliczy¢ je
do komorek macierzystych. Zaproponowano, aby okresla¢ je mianem zrebowych badz
stromalnych, czyli wspierajgcych tkanke [13]. ISCT w 2019 roku opublikowato sugestie,
wedle ktorych [14]:

» w charakterystyce komoérek powinno zosta¢ wspomniane tkankowe zrddto
pochodzenia komorek,

» stwierdzenie macierzyste powinno zostaé wykorzystane tylko w przypadku
dostarczenia dowodow na zdolno$¢ samoodnowy i roznicowania w warunkach in vitro
I in vivo,

» zalecone zostalo przeprowadzenie dodatkowych testow funkcjonalnych, ktére

potwierdzityby dodatkowe wlasciwosci terapeutyczne MSC.
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Z tego wzgledu w niniejszej rozprawie w odniesieniu do badanych komorek

mezenchymalnych uzyto sformutowania macierzyste/zrebowe.

MSC znajdujg si¢ w kregu zainteresowan badaczy gtéwnie ze wzgledu na silne whasciwosci
immunomodulacyjne [15], zdolnosci wydzielnicze [16, 17] oraz zdolnosci do
réznicowania. Jak wczesniej wspomniano, MSC roéznicuja w komorki tkanki tacznej
(osteocyty, adipocyty oraz chondrocyty), ale udato si¢ rdwniez uzyska¢ inne komorki
0 pochodzeniu mezodermalnym, takie jak komorki migsni, Sciggien i wigzadet [17]. Mimo
zaklasyfikowania MSC jako komorki multipotencjalne, doniesienia naukowe wskazuja na
ich zdolnos$ci do trans-réznicowania — réznicowania w komoérki wywodzace si¢ z innych
listkow zarodkowych, na przyktad ektodermy (neurony) [18] czy endodermy (hepatocyty)
[19] (Rycina 2).

Mezenchymalne komorki

. Zdolnosc do
macierzyste/zrebowe

samoodnowy

Rdéznicowanie
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1 seyesey
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1
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h
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Podstawowe kierunki réznicowania

Komorki Komaérki
pochodzenia pochodzenia
Komérki pochodzenia mezodermalnego ektodermalnego endodermalnego

Rycina 2.  Mozliwe  kierunki  réznicowania  mezenchymalnych — komorek
macierzystych/zrebowych (MSC). Oprocz podstawowych kierunkow roéznicowania
w komorki pochodzenia mezodermalnego, wymaganych przez ISCT, badacze wskazujg na
mozliwos¢ trans-roznicowania MSC w kierunku komorek wywodzgcych sie z innych listkow

zarodkowych (Zrodta:[17-19]).
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5.3. Przestanki swiadczace o istnieniu subpopulacji MSC

o cechach pluripotencjalnych

Wyjasnienie fenomenu réznicowania MSC w komoérki wywodzace si¢ spoza mezodermy
mogloby umozliwi¢ ich zastosowanie jako alternatywy dla komorek pluripotencjalnych
w terapiach komorkowych. Wysoka heterogenno$¢ populacji MSC jest obserwowana
na wielu poziomach i zalezy od czynnikow zewnetrznych takich jak zmiennos¢ pomiedzy
dawcami komorek, tkankami Zréodlowymi i sposobami hodowli komoérkowej oraz
czynnikow wewnetrznych takich jak obecno$¢ klonéw o roznym profilu ekspresji genow
czy plastycznos¢ fenotypu MSC [20, 21]. Badania transkryptomu na poziomie pojedynczej
komorki wykazaty, ze populacja MSC sktada si¢ z subpopulacji réznigcych si¢ miedzy
sobg stopniem zréznicowania — od komorek niezréznicowanych do komorek
progenitorowych: unipotentnych preadipocytow i bipotentnych prechondro-osteoblastow
[22]. To wilasnie te pierwsze z wymienionych, komorki wykazujgce niezréznicowany,
prymitywny charakter, mogg posiada¢ zdolno$¢ do samoodnowy i roznicowania poza jeden
listek zarodkowy w odrdznieniu od pozostatych komoérek zrgbowych tworzacych populacje
MSC.

Powodem heterogennosci MSC moze by¢ ich niejednorodne pochodzenie, ktore pozostaje
niewyjasnione mimo wielu lat badan. Wedlug badaczy somatyczna mezoderma boczna
(somatic lateral plate mesoderm, LPM) jest gtéwnym zrédtem MSC [23]. Komorki LPM
przechodzg szereg zmian, zwanych przejsciem nabtonkowo-mezenchymalnym (epithelial-
to-mesenchymal transition, EMT) oraz przejsciem mezenchymalno-nablonkowym
(mesenchymal to epithelial transition, MET) [23]. Komorki moga przejs¢ wiele rund EMT-
MET zanim osiggng swoj docelowy stan zrdéznicowania. Istniejg rowniez doniesienia
wskazujace na inne pochodzenie MSC — z grzebienia neuralnego, ktory pojawia sie
w trakcie rozwoju cewy nerwowej [24]. W wyniku EMT, komorki grzebienia neuralnego,
wykazujace ekspresje genéw z rodziny SOX, SNAIL i FOXD3 oddzielajg si¢ od fatdow
nerwowych i migruja W rozwijajacym si¢ organizmie [25, 26]. Komorki macierzyste
pochodzace z grzebienia neuralnego (Neural Crest derived stem cells, NCSC) roznicuja
w komorki neuralne, a potem neurony 1 komorki glejowe, a takze komorki
neuroendokrynne, melanocyty czy komorki szkieletu twarzoczaszki [27]. Zachodzace

procesy rozwojowe mogltyby tlumaczy¢ obecno$¢ komodrek o charakterystyce MSC
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w ektodermalnej tkance miazgi zg¢bowej [28]. Co wigcej, NCSC zostaly takze
zidentyfikowane w szpiku kostnym czy tkance thuszczowej [27, 29], co sugeruje mozliwos¢
cze$ciowego wywodzenia si¢ subpopulacji MSC z grzebienia neuralnego. Opisywane
zjawisko mogtoby ttumaczy¢ nietypowe wlasciwosci MSC opisywane przez rozne grupy

badawcze, w tym roznicowanie w komorki ekto- 1 endodermy.

Przestanka $wiadczaca o istnieniu komorek o charakterze pluripotencjalnym wsréd MSC
jest ekspresja markerow charakterystycznych dla komorek pluripotencjalnych,
tzw. czynnikéw transkrypcyjnych zwigzanych z macierzysto$cig (Stemness-related
transcrutpion factors, SRTF) takich jak SOX2, OCT3/4, NANOG i KLF4, czy antygenoéw
powierzchniowych z rodziny SSEA (Specific Stage Embryonic Antigen) np. SSEA-3
i SSEA-4 [30, 31]. MSC izolowane z tkanek mtodszych rozwojowo, jak np. sznur
pepowinowy, a zwlaszcza jego zrab, tzw. galareta Whartona (WJ-MSC), charakteryzuja
si¢ podwyzszong ekspresja wymienionych genéw zwigzanych z macierzystoScig oraz
wyzszym potencjatem proliferacyjnym i klonogennym [32-34]. Obserwowany w MSC
poziom ekspresji tych markeréw jest jednakze znaczaco nizszy niz prezentowany przez
ESC czy iPSC [31, 35]. Korelujac ekspresje opisywanych gendéw ze zdolnoscig komorek
do réznicowania, poszukuje si¢ czynnikow $rodowiskowych mogacych zwigkszy¢ lub
utrzyma¢ w trakcie hodowli tg ekspresje w komorkach somatycznych. Na utrzymanie
ekspresji SRTF moga mie¢ wptyw np. warunki hodowli in vitro takie jak obecnosc¢ tlenu

w stezeniu 5%, zblizonym do panujacego w wybranych narzadach [30].

Innym, szeroko dyskutowanym sposobem na zwigkszenie ekspresji SRTF jest zmiana
srodowiska przestrzennego hodowli komorkowej — ze standardowo stosowanych
warunkow 2D (tzw. hodowla adherenta) na warunki 3D [36]. Hodowla w formie agregatow
zwanych sferami/sferoidami wptywa na zmian¢ morfologii komorki, reorganizacje jej
cytoszkieletu jak rowniez wzrost ekspresji genow SRTF [36]. Zmian¢ warunkow
przestrzennych hodowli proponuje si¢ jako sposoéb na utrzymanie komoérek w stanie

macierzystosci lub selekcjowanie takich wlasnie komorek sposrod heterogennej populacji.

Roéwniez ogodlnie zdefiniowane warunki stresogenne moga przyczynia¢ si¢ do wzrostu
ekspresji SRTF. Potwierdzono ten efekt dla subpopulacji odréznicowanych komorek
thuszczowych (dedifferentiated fat cell, DFAT), wyodrgbnianych metoda hodowli

odwrotnej/sufitowej [37]. Dla innych zrodet MSC nie udato si¢ opisa¢ metod uzyskiwania
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odroznicowanej populacji. Z tego powodu poszukuje si¢ specyficznych markerow,
preferencyjnie antygenéw powierzchniowych, charakterystycznych dla komorek
wczesnych rozwojowo, dzigki ktorym mozna byloby wyodrebni¢ z ogdlnej populacji

subpopulacje¢ 0 wskazanym fenotypie za pomoca technik sortowania komorkowego.

Wsrod markerow komoérek o niezréznicowanym charakterze proponowane sa antygeny
powierzchniowe z rodziny SSEA, ktore sa obecne na powierzchni komorek w trakcie
rozwoju zarodkowego [38]. Komorki SSEA-3+ izolowane z MSC i opisane przez grupe
prof. M. Dezawy jako Muse cells (Multi-lineage differentiating stress enduring cells)
wykazuja ekspresj¢ genow pluripotencjalnych oraz maja zdolno$¢ do roznicowania
w komorki wszystkich listkow zarodkowych zaréwno w warunkach in vitro oraz in vivo
[39, 40]. Jednoczesnie, posiadajac wielokierunkowa zdolno$¢ do roznicowania, nie
wykazuja potencjatu do nowotworzenia [40]. Jednakze populacja SSEA-3+ jest znikoma —
waha si¢ od 1 do 5% w zaleznosci od zrodta MSC. Alternatywnym markerem mogiby by¢
antygen SSEA-4, ktory wystepuje liczniej w populacji MSC; w zaleznosci od zrodia
komorek 1 warunkow hodowli: od 5% do 85% [41-43]. Wykazano, ze komorki SSEA-4+
wyodrebnione z populacji BM-MSC pochodzacych od starszych pacjentow (powyzej 65
roku zycia) posiadaty cechy zblizone do BM-MSC wyizolowanych od mtodych dawcow
[44].

Dane literaturowe opisujg obecnos¢ w populacji MSC réwniez markera CD271 — receptora
o niskim powinowactwie dla czynniku wzrostu nerwow [45], zwigzanego z NCSC [27, 46].
W poréwnaniu do heterogennej populacji poczatkowej, MSC-CD271+ charakteryzuja si¢
si¢ szybszym tempem proliferacji [42, 45], lepszg zdolnoscig do tworzenia kolonii i sfer
[45, 47] oraz wykazuja ekspresje gendéw pluripotentnych i neuralnych na wyzszym
poziomie [42, 48]. Cze$¢ badaczy proponuje CD146 — czasteczke adhezji komorek
czerniaka, jako poszukiwany marker. MSC-CD146+ izolowane z miazgi zgbowej
wykazuja zwigkszong proliferacj¢ oraz lepszy potencjal do réznicowania [49]. Jednakze,
inne badania pokazuja, ze marker CD146 moze by¢ zwigzany z bardziej specyficzng
subpopulacja MSC, odpowiedzialng za oddziatywania z komorkami $rédbtonka naczyn
oraz angiogeneza, a takze odnowa tkanki kostnej i remineralizacji [50-53]. Jako kandydaci
dla markerow komorek niezréznicowanych proponowane s3 takze antygeny

powierzchniowe, zwigzane z innymi  grupami  komodrek  macierzystych
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t.j.. CD49F — integryna a6 [54], CD349 — biatko Frizzled-9 (ang. frizzled — kedzierzawy)
[55], CD133 (prominina) [56] oraz Sca-1, ktory zostat zidentyfikowany tylko dla komoérek
mysich [57]. W przypadku MSC wykazujacych obecno$é tych czasteczek, obserwowano
szybsze tempo proliferacji lub podwyzszong ekspresj¢ genow SRTF. Potrzebne sg jednak
doktadniejsze analizy pomagajace zweryfikowaé¢ zdolnos¢ do wielokierunkowego
réznicowania tych komorek. W ramach rozprawy doktorskiej zaprezentowano przeglad
wynikow uzyskanych przez inne zespoly badawcze w temacie poszukiwan dalszych
potencjalnych antygenéw powierzchniowych $wiadczacych o unikalnych zdolno$ciach

MSC, co zostato przedstawione w Artykule I11 [58].

W niniejszej rozprawie doktorskiej postanowiono zweryfikowaé hipotezg badawcza, ktora
zaktada  istnienie w  heterogennej  populacji  mezenchymalnych  komorek
macierzystych/zrgbowych subpopulacji komorek wykazujacych zdolnos¢ do réznicowania
w komorki wywodzace si¢ z pozostalych listkow zarodkowych. Zastosowanie
wyselekcjonowanej subpopulacji o cechach pluripotencjalnych mogtoby stanowi¢ przetom
w medycynie regeneracyjnej. Potencjalna poszukiwana grupa komorek wykazywataby
lepsza klonogennos¢, wyzsze tempo proliferacji, jak rowniez zdolnos$¢ do funkcjonalnego
roznicowania w  dowolng tkanke organizmu. Jednocze$nie, w  zwiazku
z pbzniejszym  pochodzeniem  ontogenetycznym niz  zarodkowe, zdolno$¢
do wielokierunkowego roznicowania nie niostaby ze sobg ryzyka nowotworzenia
zwigzanego z typowa pluripotencjalnoscig. Poniewaz dotychczas nie udato si¢ opracowaé
metody izolacji komoérek o charakterze niezréznicowanym, uniwersalnej dla kazdego
zrodta MSC, a takze sposobu ich dalszego namnozenia, zagadnienie to zostalo podjete

W niniejszej rozprawie.
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6. Cel pracy doktorskiej

Glownym celem prowadzonych prac byla identyfikacja, izolacja i charakterystyka
subpopulacji wykazujacej cechy pluripotencjalne, wywodzacej si¢ z heterogennej
populacji mezenchymalnych komdrek macierzystych/zr¢gbowych pochodzacych

z galarety Whartona.

Diugotrwata hodowla w warunkach 3D i l |
@ t proliferacja
- o Py PE o
Sposoby na izolacje * t ekspresja genéw SRTF
> * * t potencjat do réznicowania
. z - Wyizolowana subpopulacja o
Wysortowanie komérek SSEA-4+ : <
Heterogenna populacja MSC 'hl ! cechach pluripotencjalnych
i,

Rycina 3. Schemat zaproponowanych podejsé wyizolowania subpopulacji o cechach
pluripotencjalnych sposréd WJ-MSC, opisanych w ramach rozprawy doktorskiej.

W przebiegu badan sformutowano nastepujace cele szczegotowe:

1. Wyodrgbnienie i charakterystyka poszukiwanej subpopulacji w zmodyfikowanych

przestrzennych warunkach srodowiska (dtugotrwata hodowla 3D) (Artykut I).

2. Wyodrgbnienie 1 charakterystyka subpopulacji komorek wykazujacych obecnosé
swoistego powierzchniowego antygenu zarodkowego (SSEA-4) metodg sortowania
komorkowego (Artykut IT).

3. Analiza potencjalnych wlasciwosci pluripotencjalnych subpopulacji komorek

SSEA-4-pozytywnych (Artykut II).
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7. Materiaty i metody

Do przeprowadzenia zaplanowanych badan, jako zrodto MSC wybrano galarete Whartona.
Jest to tkanka podporowa sznura p¢gpowiny, traktowana jako odpad medyczny, zawierajaca
mezenchymalne komorki macierzyste/stromalne. W oparciu o wyniki wcze$niej
prowadzonych badan, MSC izolowano z galarety Whartona metoda mechaniczng [59],
dzigki ktorej uzyskane komorki wykazuja wyzszy potencjat proliferacyjny, wolniejsze
tempo starzenia oraz wyjsciowo wysoki potencjat klonogenny w poréwnaniu z komoérkami
otrzymanymi w  procesie izolacji enzymatycznej. WJ-MSC  wykorzystane

w eksperymentach pochodzity z 3-5 pasazu hodowli komoérkowe;.
Badania do rozprawy doktorskiej zostaty przeprowadzone w dwoch etapach:

1) W pierwszym etapie badan opracowano metode hodowli WJ-MSC w formie sferoidow
w celu wyodrgbnienia komorek wykazujacych lepsza zdolno$¢ do przezycia
w zmodyfikowanych warunkach $rodowiska. W tym celu zastosowano pozywke
hodowlang wykorzystywana do hodowli neuralnych komoérek macierzystych (neural stem
cells, NSC) oraz ptytki o powierzchni antyadhezyjnej. Pozywka hodowlana nie zawierala
lizatu ptytkowego, ani innego zrodta biatka lub czynnikow troficznych, poza dodatkiem
nabtonkowego czynnika wzrostu (epitelial growth factor, EGF)
i podstawowego czynnika wzrostu fibroblastow (basal fibroblasts growth factor, bFGF).
W 31 10 dniu hodowli przestrzennej oznaczono zywotno$¢ komoérek. Po uptywie 20 dni,
przetrwalg populacj¢ WJ-MSC ponownie wysiano na powierzchnig 2D. W eksperymentach
porownano: tempo proliferacji komodrek (population doubling time, PDT), odsetek
komorek tworzacych kolonie (colony forming unit, CFU), proces starzenia komorkowego,
ekspresje gendéw 1 biatek typowych dla komorek pluripotencjalnych oraz neuralnych dla:
heterogennej populacji wyjsciowej WIJ-MSC, populacji WJ-MSC stale hodowanej
w warunkach adhezyjnych oraz subpopulacji WJ-MSC wyodrgbnionej w czasie
hodowli 3D (Rycina 4).

Materialy i metody wykorzystane w tym etapie badan zostaly szczegdétowo opisane

w Artykule 1.
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Rycina 4. Schemat indukcji diugotrwatej hodowli WJ-MSC w formie sferoidow.
W prowadzonych doswiadczeniach wykorzystano nastgpujgce grupy kontrolne:
1) populacje wyjsciowg WJ-MSC, pochodzqcq z 3 pasazu hodowli 2D, 2) populacje \WJ-
MSC hodowang w warunkach 2D do 7 pasazu (hodowla komorkowa 2D). Jako grupe
badang zastosowano 3) populacje WJ-MSC hodowang w formie sferoidow (hodowla
komorkowa 3D). Po uptywie 20 dni hodowli in vitro, WJ-MSC z warunkéw przestrzennych
3D byly ponownie wysiewane do warunkow 2D w celu porownania ich wlasciwosci
z populacjami kontrolnymi.

2) Po pierwszym etapie badan, w ktorym wykazano lepsza przezywalnos¢ komorek
wykazujacych ekspresje antygenu powierzchniowego SSEA-4, podjeto probe
scharakteryzowania tej subpopulacji pod katem cech typowych dla komorek
pluripotencjalnych. W celu doboru najbardziej optymalnej metody wyodrebniania
populacji WJ-MSC-SSEA-4+ poréwnano sortowanie aktywowane magnetycznie
(Magnetic Activated Cell Sorting, MACS) i sortowanie aktywowane fluorescencyjnie
(Fluorescence-Activated Cell Sorting, FACS). Do dalszych badan wybrano technike
FACS. Po procesie sortowania oceniono utrzymywanie si¢ ekspresji antygenu SSEA-4
w trakcie trwaniem hodowli dla populacji negatywnej i pozytywnej w 1, 2, 4 i 6 pasazu.
W ramach charakterystyki subpopulacji WJ-MSC-SSEA-4+ poréwnano: tempo
proliferacji (PDT), odsetek komoérek klonogennych (CFU), zdolno$¢ do tworzenia
sferoidow w krotkotrwatych warunkach hodowli 3D, poziom ekspresji genow
pluripotencjalnych, charakterystycznych dla 3 listkow zarodkowych oraz neuralnych,
koekspresj¢ antygenow powierzchniowych typowych dla innych komorek macierzystych

oraz zdolnosci wydzielnicze. Uzyskane wyniki poréwnano z populacja wyjsciowa

i populacjg niewykazujacg obecnosci SSEA-4 (Rycina b5).

Materialy i metody wykorzystane w tym etapie badan zostaly szczegdétowo opisane

w Artykule 1I.
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Rycina 5. Schemat izolacji i charakterystyki komorek WJ-MSC wykazujqgcych ekspresje
SSEA-4. Dla heterogennej populacji WIJ-MSC oznaczono odsetek komorek SSEA-4+,
I wybrano najbardziej optymalng metode wysortowania tej subpopulacji. Nastepnie
przeprowadzono charakterystyke porownawczg, w ktorej poddano analizom nastepujgce

grupy komorek: 1) populacje niesortowang, 2) populacje negatywng SSEA-4-
i 3) populacje pozytywng SSEA-4+.
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8. Podsumowanie najwazniejszych wynikéw

8.1. Analiza WJ-MSC hodowanych w warunkach 3D

Opisywane wyniki przedstawiono w Artykule | [60].
8.1.1. W odpowiednich warunkach hodowlanych WJ-MSC stworzyty sfery.

WJ-MSC, mimo silnych wlasciwosci adhezyjnych, stworzyly agregaty komoérek zwane
sferoidami, po zastosowaniu powierzchni antyadhezyjnej oraz pozywki hodowlane;j
typowej dla NSC (Artykut I, Fig. 1.B). W trakcie prowadzenia hodowli 3D zauwazono
zmian¢ morfologii komorek tworzacych sferg, potwierdzong przez analizg cytometryczng.
W dniu 3 hodowli 3D dominowaty komodrki mniejsze i bardziej okragte w stosunku
do hodowli 2D, natomiast w dniu 10 hodowli 3D obserwowano wzrost udziatu liczby
komorek o wiegkszej $rednicy. W przypadku hodowli 2D nie obserwowano zmian
rozmiarow komorek (Artykut I, Fig. 1.C). Pomimo dlugotrwatej hodowli w warunkach 3D,
WJ-MSC dalej wykazywaty wlasciwosci adhezyjne po ponownym wysianiu do warunkéw
2D. Wigkszo$¢ komorek, po przeniesieniu z warunkdéw przestrzennych do warunkéw 2D,
ponownie zmienita morfologi¢ na typowa, fibroblastopodobng. Jednakze, wsrdd nich
zauwazono rowniez wyodrebnienie si¢ subpopulacji komoérek o wydluzonym ciele
i dwubiegunowym ksztalcie oraz komorek o ksztalcie ameboidalnym, typowym dla

komorek starzejacych sie (Artykut I, Fig. 1.D).

Hodowla w formie 3D wptyneta negatywnie na zywotnos¢ WJ-MSC, co wykazano
barwieniem przyzyciowym (Artykut I, Fig. 2). Odsetek komorek martwych zmniejszat sig
wraz z trwaniem hodowli 3D. Otrzymane wyniki sugeruja, ze pierwsze 3 dni sg najbardziej
krytyczne dla przezycia w warunkach przestrzennych/stresogennych heterogennej
populacji MSC lub, Ze jest to okres w ktorym przezywa pewna subpopulacji komorek
o odmiennych wtasciwosciach (Artykut I, Fig. 2.C).
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8.1.2. Dtugotrwata hodowla 3D wptyneta negatywnie na aktywnosc
fizjologiczng WJ-MSC.

WJ-MSC przeprowadzone przez etap hodowli przestrzennej, po powrocie do warunkow
standardowych charakteryzowaty si¢ zmniejszonym tempem proliferacji (Artykut I, Fig.
3.A,B) i nizsza klonogennoscig w stosunku do populacji poczatkowej (Artykut I, Fig. 3.
D). Zaobserwowano takze wigkszy odsetek komorek starzejacych sie, wykazujacych
aktywno$¢ B-galaktozydazy, (Artykut I, Fig. 3.C) w stosunku do komorek pozostajgcych

stale w warunkach hodowli 2D.

W celu analizy wplywu warunkow 3D na ekspresjc genow pluripotencjalnych
oraz neuralnych wybrano dwa punkty czasowe, w ktorych pobierano materiat RNA:
moment zakonczenia hodowli 3D (materiat zebrano ze stadium sferoidow) oraz 48 godzin
po ponownym wysianiu do warunkow 2D. Zauwazono, ze WJ-MSC w stadium sfer
charakteryzowaly si¢ wyzsza ekspresja genéw OCT3/4 i SOX2 oraz nizsza ekspresja
NANOG w stosunku do populacji wyjsciowej oraz komorek ponownie wysianych
do warunkow 2D. Niestety, z powodu duzych odchylen w poziomach ekspresji pomi¢dzy
probami badanymi, uzyskane réznice nie byly istotne statystycznie. Jednakze zmiana
wzoru ekspresji genéw miedzy dwoma czasami analizy moze sugerowac, ze hodowla 3D

wywiera efekt przejsciowy na ekspresje genow SRTF (Artykut I, Fig. 6, Fig. S3).

WJ-MSC hodowane w warunkach 3D, w pozywce dedykowanej hodowli NSC z dodatkiem
EGF i bFGF wykazywaty predyspozycje do réznicowania w kierunku neuroektodermy.
Zaobserwowano obecno$¢ markerow neuralnych takich jak Nestyna, B-I111-Tubulina
i A2B5 (Artykut I, Fig. 4). Po ponownym wysianiu do warunkéw 2D, komorki wykazywaty
wickszg ekspresje Nestyny i B-111-Tubuliny w stosunku do populacji wyjsciowej, jak
rowniez hodowanej stale w warunkach 2D (Artykut [, Fig. 5. A, B). Hodowla 3D wptyneta
rowniez na przejsciowy wzrost ekspresji genu NESTYNA (Artykut I, Fig. S3). Zar6wno
dhugotrwata hodowla w warunkach przestrzennych, jak réwniez ponowne wysianie do
warunkow 2D nie indukowatly wzrostu ekspresji markerow zwigzanych z réznicowaniem
w neurony: NF200 czy NeuN w stosunku do populacji stale hodowanej w warunkach
adhezyjnych (Artykut 1, Fig. 4, Fig. 5. A, B).
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8.1.3. Pod wptywem hodowli 3D zwiekszyt sie odsetek komorek SSEA-4+
w populacji WJ-MSC.

Przestrzenna hodowla heterogennej populacji WJ-MSC prowadzita do selekcji komorek.
W trakcie takiej hodowli zaobserwowano zwigkszenie udziatu komoérek wykazujacych
obecno$¢ antygenu powierzchniowego SSEA-4 - jednego z zarodkowych antygenéw
powierzchniowych mogacych $wiadczy¢ 0 zdolnosci komoérek do wielokierunkowego
roznicowania (Artykut I, Fig. 4). W celu potwierdzenia zywotnoséci tych komorek
zastosowano barwienie przeciwko kaspazie 3. Barwienie wykazato, ze komorki SSEA-4+
znajdujace si¢ gtownie w rdzeniu sfery pozostawaty zywe (Artykut I, Fig. S2). Wzrost
ekspresji SSEA-4 utrzymywat si¢ rowniez po ponownym wysianiu komorek do warunkow
2D (Artykut I, Fig. 5). Na podstawie zaobserwowanych wynikow stwierdzono,
ze dhugotrwata hodowla 3D promuje przezycie komoérek wykazujacych na swojej
powierzchni antygen SSEA-4.

8.2. Analiza populacji WJ-MSC-SSEA-4+

Wyniki uzyskane w trakcie pierwszego etapu badan wskazujace na unikalne cechy
komorek SSEA-4-pozytywnych sktonily do kontynuacji badan w kierunku poglebione;j
analizy  wyodrgbnionej  subpopulacji.  Przedstawione  wyniki  przedstawiono
w Artykule 11 [61].

8.2.1. Metoda FACS pozwolita na uzyskanie zwiekszonego odsetka

komadrek SSEA-4+ w populacji WI-MSC w stosunku do metody MACS.

Ekspresja SSEA-4 w MSC roznita si¢ znaczaco w zalezno$ci od tkanki zrodlowej
oraz zastosowanych warunkow hodowlanych. WJ-MSC wyizolowane z tkanki wczesnej
rozwojowo, tkanki poptodu, zawieraly znacznie wigkszy odsetek komorek SSEA-4+ niz
AD-MSC pobrane z tkanki pochodzacej od osoby dorostej (Artykut II, Fig. 1.B). Odsetek
komorek SSEA-4+ w WJ-MSC nie zmieniat si¢ istotnie migdzy pasazami: 1, 315 (Artykut
Il, Fig. 1.D), natomiast zmienial si¢ znaczaco w zalezno$ci od zastosowanego w hodowli
zrodla czynnikow troficznych (lizatu ptytkowego). W obecnosci lizatu ptytkowego
MultiPL'30 charakteryzujacego si¢ nizszym stezeniem sktadnikow osocza w produkcie
odsetek komorek SSEA-4+ w populacji wynosit okoto 35%, natomiast w obecnosci lizatow
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ptytkowych bogatych w osocze (MultiPL'100 i PLTGold — blisko 100% w produkcie)
odsetek ten wzrastat w populacji do okoto 70% (Artykut II, Fig. 1.E). Uzyskane wyniki
wskazuja na istotng role bialek i czynnikéw troficznych obecnych w Srodowisku na
ekspresje SSEA-4 w populacji WJ-MSC. W oparciu o powyzsze obserwacje,
w dalszych eksperymentach wykorzystano WJ-MSC z pasazu 3, hodowane w pozywce

z dodatkiem ludzkiego lizatu ptytkowego PLTGold.

W celu doboru optymalnej metody izolacji subpopulacji SSEA-4+ porownano dwie
techniki separacji komoérkowej: MACS (metodzie wykorzystujacej kulki magnetyczne
powleczone przeciwciatami monoklonalnymi skierowanymi swoiscie przeciwko
wybranym antygenom) oraz FACS (wykorzystujacej specyficzne przeciwciata, w oparciu
0 cytometri¢ przeptywowa). Jako, ze publikacje porownujace obydwie techniki stojg ze
sobg w sprzeczno$ci oraz wykorzystuja rozne kryteria do opisania wydajnosci,
postanowiono poréwnaé wybrane parametry: odzysk (ang. recorvery), przezywalnosc
(ang. survival) i wydajnos¢ (ang. yield). Odzysk wyrazono jako stosunek liczby komorek
uzyskanych we frakcji pozytywnej do liczby komoérek wykorzystanych do sortowania.
Przezywalno$¢ oznaczono jako odsetek komodrek zywych po sortowaniu. Wydajnosé
wyrazono jako stosunek odsetka komorek pozytywnych przed i po sortowaniu, do czego
wykorzystano analiz¢ cytometryczng. FACS charakteryzowal si¢ znaczaco lepszym
odzyskiem w stosunku do MACS (Artykut II, Fig. 2.A). Nie zaobserwowano istotnych
roéznic statystycznych w przypadku przezywalno$ci oraz wydajnosci obydwu rodzajow
separacji (Artykut II, Fig. 2.B, C, D). Na podstawie zaobserwowanych parametrow
i przewazajaco lepszemu odzyskowi komorek, w dalszych badaniach zdecydowano si¢
na zastosowanie metody FACS.

W wyniku sortowania FACS uzyskano dwie populacje: pozytywng (WJ-MSC-SSEA-4+)
oraz negatywng (WJ-MSC-SSEA-4-). Bezposrednio po sortowaniu zbadano ponownie
obecno$¢ komorek SSEA-4+: dla populacji pozytywnej odsetek wynosit 87,4%,
a dla populacji negatywnej 1,2% (Artykut 11, Fig. 3.A, B). Z racji ograniczen technicznych
obydwu technik sortowania, nie jest mozliwe odnotowanie 100% komorek SSEA-4+
w populacji pozytywnej i 0% w populacji negatywnej. W populacji negatywnej zauwazono
stopniowy wzrost liczby komoérek SSEA-4+ w miare prowadzenia dalszej hodowli

komorkowej. Analize prowadzono do 6 pasazu komérkowego, to jest do momentu, kiedy
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przestano obserwowac istotne roznice w wielkosci populacji SSEA-4+ miedzy obydwoma

grupami badanymi (Artykut II, Fig. 3.B, C).

8.2.2. Subpopulacja WJ-MSC-SSEA-4+ wykazywata przejsciowo zwiekszongq
ekspresje genow pluripotencjalnych, co nie przetozyto sie na inne

cechy komorek pluripotencjalnych.

Bezposrednio po sortowaniu, WJ-MSC-SSEA-4+ wykazywaly podwyzszong ekspresje
genow pluripotencjalnych NANOG oraz OCT4. Jednakze, wraz z czasem prowadzenia
hodowli komorkowej, zauwazono spadek poziomu ekspresji wspomnianych genéw
(Artykut II, Fig. 4.A). Jednoczesnie, w subpopulacji WJ-MSC-SSEA-4+ uzyskanej
bezposrednio po sortowaniu zauwazono Wzrost spontanicznej ekspresji genow zwigzanych
z tkankg nerwowa, W tym 2z neuronami i komoérkami glejowymi (NESTYNA,
H3TUBULINA, GFAP). Podwyzszona ekspresja dla genow NESTYNA i H3TUBULINA
utrzymata si¢ przez kolejny pasaz (Artykut II, Fig. 4. B). Nasze wyniki wskazuja na lepszy
spontaniczny potencjal do réznicowania neuralnego subpopulacji WJ-MSC-SSEA-4+,

co moze by¢ zwigzane z ich przejsciowym charakterem niezréznicowanym.

Przeanalizowano rowniez potencjal do réznicowania subpopulacji WJ-MSC-SSEA-4+
w kierunku komoérek wywodzacych sie z trzech listkow zarodkowych: ektodermy,
mezodermy i endodermy. Zaréwno w populacji pozytywnej jak i negatywnej zauwazono
tendencje wzrostowa w ekspresji genu kodujacego BRACHYURY — markera
mezodermalnego, ale uzyskane wyniki nie byly istotne statystycznie. Brachyury wykryto
takze na poziomie biatka w barwieniu immunocytochemicznym (Artykut II, Fig. 4 C, D).
Nie udato si¢ potwierdzi¢ skutecznego roznicowania Subpopulacji WJ-MSC-SSEA-4+
I WJ-MSC-SSEA-4- w kierunku komorek ektodermy (OTX2 i H3STUBULINA) i endodermy
(SOX17 i FOX2A) (Artykut 11, Fig. 4. C, D).

Badana subpopulacja WJ-MSC-SSEA-4+ nie wyrozniata si¢ tempem podziatdow
komorkowych oraz zdolnoscia do tworzenia kolonii w stosunku do populacji

WJ-MSC-SSEA-4- i populacji wyjsciowej (Artykut II, Fig. 4.D, E).
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8.2.3. Sferoidy utworzone przez WJ-MSC-SSEA-4+ wykazywaty sie mniejszq

srednicq oraz wiekszq przezywalnosciq.

Jako kolejng cech¢ komorek o charakterze pluripotencjalnym, poréwnano zdolnos¢
badanych subpopulacji do tworzenia sfer. Zauwazono, ze wszystkie 3 badane populacje
WJ-MSC tworzyty sfery podczas krotkotrwatej hodowli 3D (Artykut II, Fig. 7). Liczba
uzyskanych sfer byta zblizona w badanych populacjach i spadata wraz z czasem trwania
hodowli (Artykut 1II, Fig. 7.B). Jednakze sfery utworzone przez populacje
WJ-MSC-SSEA-4+, cho¢ wykazywaly mniejsza $rednice w stosunku do pozostalych
wariantow (Artykut II, Fig. 9.C-E), zawieraly roéwniez mniej komorek martwych

(Artykut II, Fig. 8).

Podsumowujac uzyskane wyniki stwierdzono, ze pomimo przejsciowego wzrostu ekspresji
gendéw pluripotencjalnych, zdolnosci do tworzenia sfer oraz przezycia w warunkach
hodowli przestrzennej, marker SSEA-4+ nie moze by¢ jedynym wyznacznikiem

subpopulacji wykazujacej cechy pluripotencjalne.

8.2.4. SSEA-4 nie jest powigzany z innymi antygenami powierzchniowymi

Zwigzanymi z macierzystosciq.

W zwigzku z wynikami uzyskanymi w pierwszym etapie badan oraz odmiennymi cechami
subpopulacji wykazujacej obecno$¢ antygenu SSEA-4, przeprowadzono analizg
piSmiennictwa w celu wyodrebnienia innych markerdw, potencjalnie zwigzanych
z unikatowymi zdolnosciami do wielokierunkowego réznicowania MSC (Artykut III).
W oparciu 0 zgromadzone dane literaturowe, oznaczono w populacji WJ-MSC ekspresje
nastepujacych antygendéw powierzchniowych: CD271, CD49F, CD146 i CD133.
W kolejnym kroku podjeto probe powigzania ich wystepowania z ekspresja antygenu
SSEA-4. Odnotowano jednak, ze poziomy ekspresji analizowanych markeréw nie r6znity
si¢ znaczgco mi¢dzy populacjami: niesortowang, SSEA-4+ i SSEA-4- (Artykut II, Fig. 5).
Uzyskane wyniki wskazuja na brak wzajemnego zwigzku pomigdzy wspotwystepowaniem

w komorkach markera SSEA-4, a innymi markerami $wiadczacymi o macierzystosci MSC.
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8.2.5. Subpopulacja ~ WJ-MSC-SSEA-4+  wykazuje  odmienny  profil

sekrecyjny.

W zwigzku z obserwowang unikatowoscig subpopulacji SSEA-4+, ktora nie wigzata si¢ z
cechami do pluripotencji, a wptywata na lepsza przezywalnoscig w stresowych warunkach,
zdecydowano si¢ na analiz¢ jej profilu sekrecyjnego w 3 1 5 dniu po sortowaniu FACS
(Artykut II, Fig. 6). Wyniki poréwnano do populacji wyjSciowej oraz negatywnej
w kierunku antygenu SSEA4. Populacja niesortowana odznaczata si¢ wyzszym
wydzielaniem neurotroficznego czynnika pochodzenia moézgowego (BDNF), czynnika
wzrostu hepatocytow (HGF) i czynnika wzrostu pochodzenia glejowego (GDNF) w
stosunku do pozostatych grup badanych analizowanych 3 dni po sortowaniu. Z kolei,
w 5 dniu po sortowaniu, populacja WJ-MSC-SSEA-4+ charakteryzowata si¢ najwyzszym
wydzielaniem ligandu chemokiny 2 (chemokine ligand 2, CCL2) oraz obnizonym
wydzielaniem czynnika wzrostu $rodbtonka naczyniowego (vascular endothelial growth
factor, VEGF-c). Biorgc pod uwage udziat chemokiny CCL2 w procesie repolaryzacji
makrofagéw w kierunku przeciwzapalnego fenotypu M2, a takze wplyw na przyspieszenie
gojenia si¢ ran [62], mozliwe wydaje si¢ terapeutyczne wykorzystanie badanej

subpopulacji SSEA-4+ w wymienionych procesach.
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9. WhniosKki

1. Zastosowanie dtugotrwate; hodowli komorkowej w zmodyfikowanych warunkach
przestrzennych (3D) umozliwia wyizolowanie z heterogennej populacji WJ-MSC
subpopulacji o zwigkszonej przezywalno$ci, wykazujacej wczesnorozwojowy marker
SSEA-4. Jednakze hodowla w warunkach 3D skutkuje ogélng zmniejszong
przezywalnoscig komorek, obnizonym tempem proliferacji i zdolnosciami klonogennymi
oraz przyspieszeniem procesow starzenia w poroéwnaniu z hodowlg prowadzong

w warunkach 2D.

2. Technika FACS umozliwia skuteczniejsze  wyodrgbnienie  subpopulacji
SSEA-4-pozytywnej z heterogennej populacji WJ-MSC w poréownaniu do techniki MACS.
Jednakze, udzial procentowy komorek wyrazajacych SSEA-4 zmniejsza si¢ w populacji

pozytywnej w trakcie prowadzenia hodowli komorkowe;.

3. Subpopulacja SSEA-4-pozytywna wykazuje przejsciows, zwigkszong ekspresje genow
pluripotencjalnych w stosunku do populacji wyjéciowej i negatywnej, tworzy sferoidy
o mniejszej $rednicy i wyzszej przezywalnosci, a takze charakteryzuje si¢ odmiennymi
wlasciwosciami sekrecyjnymi. Jednakze, w stosunku do populacji wyjSciowej oraz
negatywnej nie wykazuje réznic w potencjale proliferacyjnym, klonogennym,
w zdolnosci do réznicowania w komorki trzech listkow zarodkowych, a takze ekspresji
antygenow powierzchniowych zwigzanych z innymi subpopulacjami o mozliwych

wlasciwos$ciach pluripotencjalnych.
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Abstract: The aim of our work was to develop a protocol enabling a derivation of mesenchymal
stem/stromal cell (MSC) subpopulation with increased expression of pluripotent and neural genes.
For this purpose we used a 3D spheroid culture system optimal for neural stem cells propagation.
Although 2D culture conditions are typical and characteristic for MSC, under special treatment
these cells can be cultured for a short time in 3D conditions. We examined the effects of prolonged
3D spheroid culture on MSC in hope to select cells with primitive features. Wharton Jelly derived
MSC (W]-MSC) were cultured in 3D neurosphere induction medium for about 20 days in vitro.
Then, cells were transported to 2D conditions and confront to the initial population and population
constantly cultured in 2D. 3D spheroids culture of W]-MSC resulted in increased senescence, de-
creased stemness and proliferation. However long-termed 3D spheroid culture allowed for selection
of cells exhibiting increased expression of early neural and SSEA4 markers what might indicate the
survival of cell subpopulation with unique features.

Keywords: mesenchymal stem cells; mesenchymal stromal cells; 3D culture; neurospheres; spheroids;
pluripotency; neural; quiescence

1. Introduction

Mesenchymal stromal/stem cells (MSC) were discovered by Friedenstein in 1966 [1]
and since that time most of the researchers have used 2D culture condition to expand this
population. The adherence is listed as one of the criteria to revise cells as MSC [2]. Mono-
layer culture system allows MSC to attach to the surface just like in natural environment
and to expand in two dimensions. In spite of its widespread, this method has multiple
limitations, and it is discussed how close is to the natural cell environment of MSC [3,4].

Currently, cell cultures are cultivated more and more often in 3D conditions as
an alternative for 2D conditions. Spheroid culture, one from the multiple solutions,
provides cell-to-cell contacts and intercellular signaling what resembles the environment
of tissue [5]. Moreover, such a method of culture is also supposed to imitate the natural cell
niche with the stem cells preserved in it.

Spheroid is the floating aggregate of cells with visible changes across its structure.
The core consists of proliferating cells, whereas cells from external layer might differentiate
and migrate. In order to mimic the natural conditions, MSC has also started to be cultured
as 3D aggregates. MSC spheres are described to be formed by using different protocols
including low attachment surface [6,7], hanging drop culture [8,9], scaffolds [10], and even
the bioreactors [11]. Few research groups tested also neurosphere assay, proposed for
neural stem cells (NSC) [12,13] to achieve MSC spheroids. Culture media for neurospheres
contain epithelial growth factors (EGF) and basal fibroblast growth factor (bFGF) but
no serum.

Most of the experiments conducted with MSC-neurospheres were focused on acqui-
sition of neural phenotype. it was suggested that 3D culture condition could improve
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neural differentiation of MSC. In spite of improvement of neural differentiation under 3D
conditions, evidences of receiving fully functional neuronal cells from MSC populations
are limited. Still there is a demand for efficient protocol, which could be used in clinic.
Except analysis of neural phenotype, other aspects such as proliferation, senescence and
stemness were not so broadly taken into consideration during research. Moreover, major-
ity of MSC spheroids experiments were a short-term—3D cultured did not last up to seven
days in vitro of culture (div) [4] and results were obtained usually during first three div.
There were little evidences whether observed effects were transient or constant whether
how cells would react for prolonged 3D conditions. Even less is known about the influence
of 3D condition on stem cell niche: effect on surface markers expression, commitment of
specific type of MSC or interaction between cells. That would explain why some cells
survive in 3D conditions and how we could select with better properties.

In the present study, Wharton Jelly derived (WJ])-MSC were cultured in two different
culture conditions as the standard, monolayer 2D culture or as 3D culture. Both cultures
were conducted parallel for about 20 div—the time required to achieve three passages dur-
ing standard 2D MSC culture. Cells derived from spheroid culture were compared to those
cultured as monolayer regarding such properties as cell senescence, rate of proliferation,
capability to form the colonies, and pluripotent and neural gene expression.

2. Materials and Methods
2.1. WJ-MSC Isolation and Primary Culture

Human umbilical cords were acquired from full-term deliveries with the written
consent of mother according to the Ethics Committee of Warsaw Medical University
guideline (KB/213/2016). Cords (15-20 cm) transported in phosphate buffer saline (PBS)
solution (PBS; Sigma-Aldrich, Saint Louis, MO, USA) with mix of Penicillin-Streptomycin-
Amphotericin B (1:100, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) were cut
with lancet to 2-3 mm in thickness slices. The cylindrical fragments of Wharton Jelly
(W]) of 2-3 mm diameter were obtained from the slices of umbilical cord using the di-
ameter biopsy punch (Miltex, GmbH, Viernheim, Germany). Explants were transferred
to six well cultured plates and culture in the standard cell culture medium for WJ-MSC:
DMEM (Gibco), 10% human platelet cell lysate (Macopharma, Tourcoing, France), mix of
penicillin, streptomycin amphotericin B (1:100; Gibco, Thermo Fisher Scientific), 2 pug/mL
heparin (Sigma-Aldrich). Conditions for cell culture were following adherent surface,
37 °C temperature, 95% of humidity, 5% concentration of CO,, and 5% concentration of O,.
The culture medium was replaced every 2 days for 14 div. When the cells migrated out of
the explant and the culture reached semiconfluence, the cells were detached with Accutase
Cell Detachment Solution (Beckton Dickinson, Franklin Lakes, NJ, USA) and counted.

WJ-MSC were cultured in conditions described above until the end of 3 passage (initial
population of W]J-MSC). After the 3rd passage, cells were collected and divided into two
group—part of them was cultured as a spheroids (3D cultured W]-MSC) and the rest
were continually cultured in previous cell culture conditions until the 7th passage (2D
cultured WJ-MSC).

2.2. Spheroid Culture

WJ-MSC from the 3rd passage were collected and seeded on anti-adhesive 6 well
plates (Nunclon Sphera, Thermo Fischer Scientific, Waltham, MA, USA) at the high den-
sity of 30 x 10%/cm? in 5% O,. Cells were cultured in medium DMEM/F12 (Gibco)
containing mix of penicillin, streptomycin, amphotericin B (1:100) (Gibco), L-Glutamine
200 mM (1:100) (Gibco), N2 supplement (1:100; Biotechne, Minneapolis, MN, USA) and
EGF (20 ng/mL; PeproTech, London, UK). In 3 div, Medium was replaced, and new
medium was started to use from this point of culture—Neurobasal Medium (Gibco,
Thermo Fischer Scientific) with mix of penicillin, streptomycin, amphotericin B (1:100;
Gibco, Thermo Fischer Scientific), L-Glutamine 200 mM (1:100; Gibco, Thermo Fischer
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Scientific), B27 supplement (1:50; Gibco, Thermo Fischer Scientific), EGF (20 ng/mL; Pe-
proTech) and bFGF (20 ng/mL; PeproTech).

WJ-MSC spheres were cultured in parallel to standard 2D culture—until the standard
culture acquire the 7th passage (about 20 div of culture). After that time spheroids were
dissociated to obtain single cells with Accutase Cell Detachment Solution (Becton Dickin-
son) and seeded again to the 2D culture in standard medium. Reseeded cells were used to
measure colony forming unit frequency (CFU-F), population doubling time (PDT), senes-
cence processes, gene expression level, and to perform immunocytochemistry staining.

2.3. Flow Cytometry Analysis

Cells were detached with Accutase Cell Detachment Solution (Beckton Dickinson) and
washed in PBS. Required cell number (1 x 10°) was resuspend in cold Stain Buffer (Beckton
Dickinson) and used for further flow cytometry analysis. Cell markers were analyzed
with Human MSC Analysis Kit (Beckton Dickinson) containing antibodies conjugated
with fluorochrome against following antigens: CD73, CD90, CD105 (positive markers),
CD11b, CD19, CD34, CD45, and PE (negative markers) (Table 1). Cells were incubated
in diluted antibodies in the dark for 30 min. After incubation, cells were washed twice
with Stain Buffer (Beckton Dickinson) and resuspend in Stain Buffer. Resuspended cells
were analyzed using FACS Canto II (Beckton Dickinson) with FACSDiva Software (Beckton
Dickinson) and FlowJo 10 (Beckton Dickinson).

Table 1. List of antibodies used for flow cytometry—Human mesenchymal stem/stromal cell (MSC)
Analysis Kit (Beckton Dickinson) (cat. nr 562245).

Antigen Fluorochrome
CD73 APC
Positive cocktail CD90 FITC
CD105 PerCP-Cy5.5
CD11b
CD19
Negative cocktail CD34 PE
CD49
HLA-DR

In 3rd and 10th div of 3D culture, spheroids were dissociated and resuspended in
Stain Buffer. Before running the sample, cells were filtered through 30 um filter (Miltenyi
Biotec, Bergisch Gladbach, Germany) to avoid dublets. Cells were analyzed to compare the
change in size with flow cytometry FACS Canto II (Beckton Dickinson) with FACSDiva
Software (Beckton Dickinson) and Flow]Jo 10 (Beckton Dickinson).

2.4. Live-Dead Staining

Aggregates were stained with mix of ethidium homodimer-1 (8 uM, EthD-1) and
Calcein AM (Cal-AM) (0.1 uM, Invitrogen, Thermo Fischer Scientific, Waltham, MA, USA)
to confirm the viability of cells in spheroids. Spheroids or single cells derived from
spheroids were incubated with staining mixture for 45 min in room temperature in a
darkness. Stained cells were observed in fluorescence microscope Axio Vert.Al (Carl Zeiss,
Oberkochen, Germany).

2.5. CFU Assay

WJ-MSC from initial population, 2D culture and 3D culture were seeded on 6-well
plate in the amount of 100 cells per well. Cells were cultured for 10 div in standard
conditions. Then, cells were washed with PBS, fixed with 4% PFA for 15 min and again
washed with PBS. Fixed cells were stained with 0.5% toluidine blue for 20 min and washed
with distilled water after staining. The number of colonies containing 50 cells or more were
counted, and CFU-F was calculated as a percentage of seeded cells.
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2.6. Senescence Assay

The cells senescence was analyzed with Senescence Cells Histochemical Staining Kit
(Sigma-Aldrich) in initial population, 2D culture, and 3D culture of W]J-MSC. Cells from
2D cultures grew until the confluence reached 50-60% while the cells from dissociated
spheroids were cultured 48 h in standard conditions and then the assay was performed.

Cells were washed with 1xPBS and then fixed with Fixation Buffer (provided with
kit) for 6-7 min in room temperature. Then, cells were washed 3 times with 1xPBS.
After washing, cells were incubated overnight in 37 °C with Staining Solution (prepared
according to the protocol). Next day, total cell number was count as well as blue-stained
cell number. The percentage of B-galactosidase positive cells was calculated.

2.7. Proliferation Analysis

The cell proliferation was analyzed in the initial population, 2D culture, and 3D culture.
W]-MSC were seeded at a density 2000 cells/ cm? and cultured in standard conditions until
the 80% confluence was reached. Then cells were collected, counted, and re-seeded again
at initial density. PDT and cumulative population doublings (cPD) were calculated for the
next 4 passages, based on total cell number at each passage. The PDT value was calculated
with the following formula:

PDT = ((t — tp) x log2)/(logN — logNp)

where N is the number of cells obtained at the end of the passage, Ny is the initial number
of seeded cells, and t — ty is the duration of passage (counted in days).

2.8. Cryostat Sectioning

Spheroids were collected, fixed in 4% PFA for 15 min and washed twice with PBS.
Then, PBS was replaced with 7.5% sucrose solution and incubated overnight. Next day, solu-
tion was replaced with 15% sucrose solution and 30% sucrose solution. Then, spheroids were
embedded in medium for frozen tissue specimen (OCT Sakura Tissue-Tek, Sakura Finetek
Europe, Alphen aan den Rijn, The Netherlands) and moved to —80 °C. Spheroids were
cut with cryostat for the 20-30 um thickness sections. Sections were collected on APTEX
(3-Aminopropyl) triethoxysilane) coated glass microscope slides, stored in —20 °C and used
for immunocytochemical staining.

2.9. Immunocytochemistry

Immunocytochemistry was performed to detect pluripotency and early neural markers
in initial population, 2D culture and 3D culture of W]-MSC. W]-MSC were washed with
PBS and fixed in 4% PFA for 15 min. Samples were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) for 15 min and then washed with PBS. After incubation with 10% Goat
Serum (Sigma-Aldrich) for 1 h primary antibodies were applied for 24 hin 4 °C (Table 2).
Next day, cells were washed with PBS and then incubated with the secondary antibodies
conjugated with fluorochrome for 1 h (Supplementary Table S1, Supplementary Figure S1).
Cell nuclei were stained with Hoechst 33342 dye (1 ng/mL; Sigma-Aldrich). The analysis
was performed using confocal microscope Zeiss LSM780 (Carl Zeiss).

Table 2. List of primary antibodies used for immunocytochemistry.

: e Catalogue
Antigen Source Isotype Dilution Company Number
Nestin Mouse monoclonal IgG1 1:500 Merck Millipore MAB5326
B-1I-Tubulin Mouse monoclonal IgG2B 1:500 Sigma-Aldrich T8660
Neurofilament 200 (NF-200) Mouse monoclonal IgG1 1:400 Merck Millipore N042
NeuN Mouse monoclonal IgG1 1:100 Merck Millipore MAB377
A2B5 Mouse monoclonal IgM 1:700 Merck Millipore MAB312R
Ki67 Rabbit polyclonal IgG(L+H) 1:1000 Abcam AB15580
SSEA4 Mouse monoclonal IgG3 1:400 Merck Millipore MAB4304
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2.10. Real Time-Quantitative Polymerase Chain Reaction (RT-gPCR)

Total RNA was isolated from initial, 2D populations, and 3D cultured population
using the following kits: Total RNA Mini Plus kit (A&A Biotechnology, Gdynia, Poland)
and Total RNA Mini Plus Concentrator (A&A Biotechnology) according to the manufac-
turer’s protocols.

RNA was eluted with 20 uL of RNase-free H,O (Sigma Aldrich). The quantity and
the quality of RNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Scientific). The elimination of genomic DNA (gDNA) contamination in all RNA samples
was performed using a Clean up RNA Concentrator (A& A Biotechnology).

RNA samples were stored at —80 °C until were further used. A complementary strand
of DNA (cDNA) from RNA was generated using a High-Capacity RNA-to-cDNA™ Kit
(Applied Biosystems, Thermo Fischer Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Following the reverse transcription, samples were diluted in
RNase-free water and stored at —20 °C until subsequent testing.

Quantitative polymerase chain reactions were performed using SYBR green Master
Mix (Applied Biosystems) and specific primers (Table 3) with the 7500 Real Time PCR
System (Applied Biosystems). The relative amount of RNA was calculated with the
comparative delta-delta Ct method (272%¢!) and gene expression was normalized using
B-actin (ACTB). Gene expression was compared with the mean level of the corresponding
gene expression in cells from initial population (3rd passage of WJ-MSC culture) and
expressed as n-fold ratio.

Table 3. List of primers used for Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR).

NCBI Reference

Gene Sequence Product Size Primer Sequence (5’ -> 3')
Nestinl NM_006617.2 64 bp FRGAGSCI? CACGCAT%iXGCACEQT%??TC GC CA
B-Tubulin III NM_001197181.2 126 bp FRGGGGIX'%TGT?ESECC:AG?S é_\ g_[(.; C?ég’f
I o
Grar oasicz ok FCCGACAGCAGGICOATGT
Rexl NM_0013043582  107bp B i
Naog  NMLOMSGSE  103bp ' CdTCACACCATICCTATICT
powsry | NMomez by GGG AGaTaTOGTTTOS

2.11. Statistics

Two-group comparisons were performed with Student’s test, whereas multiple groups
used one-way analysis of variance (ANOVA). The results are presented as mean values of
3 independent experiments = SD (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001), each experi-
ment was performed with cells obtained from one donor. Statistical analysis was conducted
with GraphPad Prism v. 7.00 software.

3. Results
3.1. Characteristics of W[-MSC Cultured in 2D and 3D Conditions

WJ-MSC chosen for experiments exhibited characteristic features of MSC such as
morphology and expression of markers. Cells were adherent to the surface and presented
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spindle, fibroblast-like morphology. Flow cytometry analysis revealed that cells expressed
specific mesenchymal markers (CD73, CD90, and CD105). Less than 1% of W]-MSC ex-
pressed negative markers for MSC (CD34, CD11b, CD19, CD45, and HLA-DR) (Figure 1A).
Above described features are accordant with the minimal criteria for MSC established by
The International Society for Cellular Therapy.

WJ-MSC were cultured until the third passage in the monolayer with standardly used
culture medium. Then, collected cells were divided into two groups: first group was cul-
tured constantly as monolayer (2D cultured), while the second—as spheroids (3D culture)
(Figure 1B). Both cultures were conducted for time required for three passages (about
20 div). Then spheroids were dissociated and seeded again to 2D conditions—to observe
changes of W]-MSC. In further analysis, following populations were compared: initial
population—third passage of standard WJ-MSC culture; 2D culture—seventh passage of
standard WJ-MSC culture; and 3D culture—WJ-MSC cultured as spheroids for 20 div and
then reseeded to standard conditions.

Applied 3D method, slightly modified in our laboratory succeeded in sphere forma-
tion by WJ-MSC. WJ-MSC were cultured on anti-adhesive surface with the presence of
supplements and mitogens (EGF and bFGF)—similarly to the neurospheres formed by
NSC. Diameter of W]-MSC spheroids varied from 20 pm to even 500 pm; however, aver-
age size oscillated between 40 and 120 um. Spheres were cultured up to 20 div; however,
the best morphology was observed in the first five div of 3D culture—in later stages spheres
spontaneously disintegrated.

Flow cytometry analysis revealed the change in size of single cells—differences
were noticed during the cultivation time, as well as between 2D and 3D culture models
(Figure 1C). In young spheroids (three div) small, round cells predominated, compared to
parallelly cultured 2D cells, whereas in old spheroids (10 div) we could distinguish an in-
crease in the number of large cells. During 2D culture, the ratio of both cells subpopulations
(small and large) did not change remarkably.

Adherent properties in W]-MSC were still detectable after long-term 3D. Although cell
morphology was similar to those acquired during standard culture, some differences oc-
curred more frequently (Figure 1D). After 3D culture, we distinguished three subpopulation
of cells—standard fibroblast-like cells similar to standard 2D culture; narrow and spindle
cells with improved neural potential; and very broad cells indicating senescent morphology.

Live-dead staining using EthD-1 and Cal AM revealed that most of the cells cul-
tured in monolayer were alive (98.91% = 0.26) (Figure 2A), whereas spheroids contained
significantly more dead cells inside (Figure 2B,C). Number of alive cells was reduced to
55.9% =+ 6.18 and 72.87% + 5.29 in 3 and 10 div respectively (Figure 2C). The increase in
viability between early and late stage of spheroid culture was also significant.
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Figure 1. Morphology and phenotype of W]-MSC cultured in monolayer and as spheroids. (A). Flow cytometry analysis.
Initial population of W]J-MSC used to experiments expressed specific MSC markers (CD73, CD90, and CD105) and less
than 1% of W]J-MSC expressed negative markers (CD11b, CD19, CD34, CD45, and HLA-DR). Red histogram—analyzed
marker, grey histogram—isotype control. (B). Morphology of 2D and 3D cultured WJ-MSC—monolayer culture of W]-MSC
from 4th passage (up) and WJ-MSC 4 div after formed spheroids (down). (C). Flow cytometry—Forward scatter (FSC) and
Side scatter (SSC) analysis for 3D culture (spheroids) and 2D (monolayer). Three days in vitro (div) and 10 div after sphere
induction, there were differences in size of cells between 2D and 3D culture. (D). Different morphology of cells cultured as
spheroids after reseeding into 2D conditions. Right: W]-MSC cultured constantly in 2D for 8 passages. Center and left:
WJ-MSC from 3D reseeded to 2D condition—visible two different types of morphology: narrow and small (center) and flat
and broad (left) cells. White scalebars represent 100 pm.
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Figure 2. Viability of 3D cultured W]-MSC—Calcein AM (Cal AM) and Ethidium homodimer-1 (EthD-1) staining. Cal AM
stains live cells in green, while EthD-1 stains dead cells in red. Double stained cells are early apoptotic cells. (A) Initial
population of W]-MSC contained live cells with almost no dead cells. Scale bars: 100 um. (B) Viability of cells in spheroids—
after 3 and 10 div (day in vitro) of 3D culture. Observed darker shade in the contrast phase corresponds to dead cells visible.
Scale bars: 100 um. (C) Analysis of live, dead, and early apoptotic cells in initial population and 3D cultured population for
3rd and 10th (div). The results are presented as mean values of 3 experiments & SD, for * < 0.05, ** <0.01, **** < 0.0001.

3.2. Physiological Properties of W]-MSC Cultured in 3D Conditions

Spheroids culture conditions change not only the morphology of W]-MSC, but also
influence on the physiological features of the cells. We compared culture features such
as: doubling ratio of cells, induction of senescence process and content of stem fraction
in population. For this purpose, W]-MSC spheroids were dissociated to the single cells
after 20 div of culture and reseeded to monolayer culture conditions. Results of assays
obtained from 3D cultured W]-MSC were compared to those observed in the initial popu-
lation of WJ-MSC (from passage 3) and WJ-MSC continuously cultured in 2D conditions
(from passage 7).

WIJ-MSC were monitored after reseeding to monolayer conditions to calculate Popula-
tion Doubling Time (PDT) required for each of next four passages. During first passage
after 3D cultured, cell proliferation decreased compared to cells constantly cultured in
monolayer (Figure 3A). In further passages, 3D cultured WJ]-MSC restored the doubling
rate and divided in the same ratio as 2D cultured W]-MSC (Supplementary Table S2).
There is a shift between passages of 2D and 3D cultured populations when cumulative
value is analyzed (Figure 3B).

To evaluate the effect of the culture method on cell senescence, the 3-galactosidase
activity was measured. Spheroid-cultured W]J-MSC exhibited significantly higher activity
of B-galactosidase (49.04 &+ 10.72) than initial population of WJ-MSC (1.24 + 0.59) and
WJ-MSC continuously cultured as monolayer (1.84 &+ 0.93) (Figure 3C).

ISCT recommends the Colony forming unit frequency assay (CFU-F) to confirm the
stemness of MSC and estimate the fraction of stem/progenitor cells in the population.
The values of CFU-F from initial population of WJ-MSC (19.63+ 9.5) and 2D cultured WJ-
MSC (12.78 + 5.02) does not differ significantly. However, 3D cultured WJ-MSC indicated
significantly reduced CFU-F than initial population (5.11 £ 6.95) (Figure 3D).
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Figure 3. Characteristic of W]-MSC cultured in different conditions. (A) Population doubling time (PDT) for W]J-MSC
cultured in 2D and 3D. 3D cultured WJ]-MSC divided more slowly than 2D cultured WJ-MSC during the first passage.
However, there are observed no differences in next 3 passages. (B) Cumulative Population Doublings calculation revealed
shift between 2D and 3D cultured populations. (C) Senescence process analysis. Number of cells expressing (3-galactosidase
was significantly higher in 3D cultured WJ-MSC than in initial and 2D cultured populations. (D) Colony forming unit
(CFU) frequency reduced significantly during 3D culture of W]-MSC. Following populations of W]-MSC were used: from
3rd passage (initial populations), from 7th passage (2D culture) and cultured as spheroids (3D culture). The results are
presented as mean values of 3 experiments + SD. For * < 0.05, ** <0.01, **** < 0.0001.

3.3. Neural and Pluripotent Markers Expression in 3D Cultured WJ-MSC

To find out whether 3D culture condition predisposes to increase expression of early
neural as well as pluripotent markers, immunocytochemical analysis was performed.
Staining of sectioned spheroids revealed the presence in the sphere the early neural markers:
Nestin and 3-1II-Tubulin, early oligodendrocyte marker A2B5 as well as pluripotent surface
marker SSEA4. However, we did not observe more mature markers as NF200 or NeuN
inside the sphere (Figure 4). Double staining for SSEA4 and Caspase-3 showed that most
of SSEA-4 positive cells remained alive (Supplementary Figure 52).
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Figure 4. Inmunocytochemistry staining of neural and pluripotent markers in sectioned WJ-MSC spheroids in two different
magnifications. Early neural markers are also expressed inside the sphere, whereas more mature neural markers were not
detected. Spheroids were collected between 10 and 20 day in vitro of 3D culture. Scale bars: 100 pum.

3D population seeded again on the monolayer also displayed early neural and oligo-
dendrocyte markers—the expression was compared to initial population and 2D constantly
cultured WJ-MSC (Figure 5, Supplementary Table S3). Expression of Ki67—proliferation
marker—was decreased in 3D cultured W]-MSC compared to initial and 2D cultures,
what confirms previously described PDT and CFU-F observations. Early neural markers—
Nestin and B-III-Tubulin—were presented more frequently in 3D cultured WJ-MSC than
in 2D cultured WJ-MSC. B-III-Tubulin expression in 3D W]-MSC was even higher than
in initial population. However, 3D cell culture conditions did not increase the expression
of more mature markers NF-200 and NeuN. Changed culture condition did not affect the
expression of A2B5. Expression of SSEA4—pluripotent surface glycosphingolipid—was
increased in 3D cultured W]-MSC, what may indicate that SSEA4-positive cells more
favorably survives during long-termed 3D culture.
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Figure 5. Inmunocytochemistry staining of neural and pluripotent markers in WJ-MSC cultured in different conditions.
(A) 3D cultures changes the expression of some neural and pluripotent markers what is observed even after reseeding to 2D
culture. Scale bars: 100 um. (B) Analysis of marker expression in WJ-MSC populations. Following populations of W]-MSC
were used: cells from 3rd passage (initial populations), cells from 7th passage (2D culture) and cells cultured as spheroids
after reseeding to 2D (3D culture). The results are presented as mean values of 3 experiments + SD. For * < 0.05, ** <0.01, ***
<0.001, *** < 0.0001.

3D culture influence was also assessed by the expression changes in genes character-
istic for neural or pluripotent phenotype (Figure 6, Supplementary Table S4). Due to the
huge fluctuations between genetic material from different isolations we did not reported
significant changes upon a long-term 3D cells culture when it comes to early neural marker
Nestin and pluripotency genes Nanog, Sox2, Oct3/4, and Rex1. Tendency of increased
expression of Nestin and Nanog genes may indicate the maintenance of early undiffer-
entiated state of cells during 3D cell culture. Other analyzed markers—H3Tubulin (early
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neural marker), MAP2 (mature neural marker) and GFAP (astroglial marker) revealed
some changes between initial population and two methods of further culturing. 2D con-
ditions was more favorable for expression of MAP2 and GFAP. Results obtained from
gene expression and immunocytochemistry analysis are not fully consistence, however it
may be connected with differences between transcriptional and protein level of analyzed
markers. We also performed gene expression analysis for RNA isolated directly from 3D
spheroids—without reseeding to 2D (Figure S3). We observed the changes between two
timepoints of analysis—Nestin was expressed on higher level in 3D spheroids than 48 h
after reseeding to 2D culture. We observed this tendency also for other genes; however,
differences were not significantly important.
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Figure 6. Relative gene expression level (fold change, mean £ SD) of neural and pluripotency phenotype in 2D and 3D
WJ-MSC cultures. Quantitation of these genes was determined relative to ACTB as a housekeeping gene by quantitative
real-time PCR. Changes in gene expression in WJ-MSC cells cultured in 2D and 3D conditions are shown relative to that in
cells grown in the initial population. Following populations of W]-MSC were used: from 3rd passage (initial populations),

from 7th passage (2D culture), cultured as spheroids and transferred to 2D (3D culture). Results shown are the mean of
3 independent RNA isolations, for * < 0.05, ** <0.01, **** < 0.0001.

4. Discussion

Umbilical cord contains Wharton Jelly, which is commonly used source of MSC
in stem cell research [14,15]. Different factors and culture conditions are proposed to
improve either stemness properties or differentiation potential of WJ-MSC. Our group
is especially interested in establishment of protocol inducing differentiation of WJ-MSC
toward neural lineage—due to limited alternatives for regeneration of neural system.
Although neural differentiation of MSC is controversial, due to the lack functional evidence
in vivo, our group confirmed the presence of voltage-sensitive and ligand-gated channels in
differentiating neural stem-like cells derived from the nonhematopoietic fraction of human
umbilical cord blood [16]. As MSC populations is highly heterogenous [17], we assume
initial selection of pro-neural or undifferentiated cells would improve the effect of further
neural differentiation. We continued in targeting our research on WJ-MSC and looked
for the manner of increasing their neural /undifferentiated potential as we had reported
in WJ-MSC spontaneous expression of neuroglial markers such as p-III-Tubulin, GFAP,
NEF-200 probably due to their premature origin [18]. Change of culture spatial structure
appeared to be promising factor that we would like to confront.

The present studies were focused on the effect of prolonged 3D culture system of MSC.
We tried to find out if applied culture conditions would result in obtaining population
with better proliferation potential, younger phenotype or increased clonogenic abilities
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like in the cell niche. What is more, we examined the influence on gene expression and
presence of markers responsible for neural or pluripotent phenotype—which direction
cells would follow after 3D culture. W]-MSC were cultured as spheroids in long termed
culture for about 20 div to examine physiological changes. We compared features of 3D
cultured cells with initial population derived from early passage (third passage) as well
as population cultured constantly in monolayer up to the seventh passage. Clonogenicity,
proliferation potential, senescence, and expression of neural and pluripotency markers
were analyzed to confirm whether long-term 3D conditions are favorable for MSC.

We confirmed that despite their adherent properties, WJ-MSC can be directed to form
the spheres in culture medium dedicated for NSC formed neurospheres. Spheroids can be
generated also from other tissues containing MSC such as bone marrow [19], adipose tis-
sue [20], or dental pulp [21] as well as other [21-24]. Main purpose of 3D neurosphere
culture is to selectively isolate and culture the subpopulation of cells with higher neural
differentiation capacities.

WJ-MSC in spheroids still exhibited strong adhesive properties—even undissociated
spheres in standard culture medium settled down and attached to surface. 3D culture
also did not change expression of typical MSC markers (CD73, CD90, and CD105) and
multipotent differentiation into mesodermal lines [25,26]. Some research groups observed
even enhanced mesodermal differentiation after 3D culture [7,26]. Spheroid culture led
to morphology changes, visible especially during the first passage after reseeding on
2D [6,8,11,27]. Except WJ-MSC with characteristic fibroblast-like morphology, we ob-
served more small cells with round or spindle shape. Acquisition of round shape and
then elongation is typical for neural cell maturation from progenitors to immature neu-
rons [28]. Morphological changes were also observed in non-neural cells undergoing
neuronal differentiation [29]. Small size of cells after 3D culture could be also the effect
of cell reorganization in spheroids and decreased packing density [11,27]. Unfortunately,
we also noticed more large, flat cells connected with the loss of stemness state and higher
senescence process [30,31]. We speculate that 3D culture could promote the survival of
quiescent cell subpopulation.

3D cultured WJ-MSC significantly differed in cell division ratio than initial WJ-
MSC population and 2D cultured W]-MSC. What is more, immunochemistry staining
for Ki67—proliferation marker—confirmed smaller fraction of dividing cells after 3D cul-
ture. Ki67 staining in AD-MSC neurospheres revealed that more than 80% of cells remains
in quiescent phase [32]. Reduced proliferation of cells in spheroids suggested arrest in
Go/Gl1 phase [7,8,26,33-35]. This observation could be connected with reduced CFU fre-
quency indicating smaller number of clonogenic cells presented in 3D cultured population.
However, many groups noticed better CFU frequency after transferring cells from spheres
to 2D conditions [6,36]. Bartosh and colleagues published observations similar to ours,
that CFU and population doubling values decreased directly after seeding cells derived
from spheres. However, in further passages those features were similar or even higher than
in a standard adherent culture [8]. Additionally, AD-MSC cultured as spheres expanded
more rapidly than 2D cultured cells, but the difference was visible after 42 div of 2D cul-
ture [10]. Some research group did not observe the differences in CFU frequency between
2D and 3D cell culture [7].

Senescence was more pronounced in 3D cultured W]J-MSC. Increased 3-galactoside
activity was detected in almost a half of population just after changing the environment
from 2D to 3D. To the contrast, other research groups reported that population after 3D
culture contains less amount of senescent cells [6]. AD-MSC from spheroids contained
more senescent cells in longer 3D culture, but still less than cells cultured on monolayer [10].
Differences in senescent processes between the results may arise from the source of MSC.
In our experiments MSC were isolated from afterbirth tissue—part of umbilical cord.
The initial population of WJ-MSC contained small number of senescent cells (less than
1%) and senescence process did not increase with further passages (up to 5% of senescent
cells) [37], whereas for tissues from adult patients percentage of senescent cells was higher:
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for BM-MSC about 22,5% [6], for AD-MSC about 10% [10]. In our opinion, changing the cul-
ture conditions to less physiological for adherent cells (stress factor) accelerates senescence.
Despite that, the other subpopulation that remains in the culture over time—those cells
either have greater stress resistance or are developmentally younger and do not necessarily
require adhesion for proper function.

These observations are consistent with changes in cell survival. In the majority of
published experiments, 3D culture is a transient stage which last usually up to three div,
no longer than seven div—especially when it comes to the use of low-attachment surface [4]
among others because of poor MSC survival in 3D conditions. In our experiments 3D
culture also reduced cell viability. Calcein AM and Ethidium Homodimer-1 staining
pointed huge proportion of dead cells inside spheroid, which usually was placed in dark
core. We noticed huge fraction of double stained cells, which was counted as dead—
those cells were permeabilized with residual activity of esterases. Such situation was
reported in other publication, using propidium iodide which has the same properties and
emission spectrum as EthD-1 [38]. According to Peng, apoptosis rate in sphere reaches up
to 20% of cells [39]. The most visible shift we noticed between third and fourth div of 3D
culture. This change in viability was reported also by other research groups [8,32]. Even 3D
cultures performed with other method, such as hanging drop, underwent the reduction in
viability [8]. However, the spheroid culture contained more alive cells in 10 div of culture
than in 3 div. With the duration of 3D cell culture, cellular composition of spheres had to
change as the number of dead cells declined. This confirms our assumptions that during 3D
culture, spheroid is decomposed, while population is segregated spontaneously—survived
cells are more resistant to stress conditions, with slightly different properties than typical
adult mesenchymal cells. Decreased viability might be also connected with size and
insufficient transportation of nutrients and oxygen to all cells in bigger spheroids. For ESC
embryoid bodies, oxygen concentration in the center can vary depends on the structure’s
radius. In larger aggregates (400 pm radius) was lower than in smaller aggregates (200 um
radius) [40]. For 100 pm sphere diameter, the concentration of glucose and glutamine is
36,38 and 1,33 mmol/L—those values are insufficient, and cells begin to die in spheres
core [41]. However, MSC spheroids are usually smaller. Hypoxic core, which could be
responsible for increased cell deaths, was observed only in large spheroids consisting of
250,000 cells or more [27]. In smaller spheres oxygen gradient varied less than 10% across
the aggregate layers. Decreased packing density might be the other mechanism that enable
penetration of nutrients and oxygen to sphere core [27]. Observed population of smaller
cells in 3D culture supported the evidence for change in cell densities and morphology
in spheroids. Despite that, caspase activity confirmed that viability of cells decrease with
sphere size [27]. Other used technique—thermal lifting in 3D culture was reported not only
to lower apoptosis processes but also ischemic stress which is another relevant factor [36].
Cells in 3D culture were characterized by metabolism changes such as lower glucose
consumption, lower L-lactase production [6,27], as well as changes in mitochondria [6].
Although lowered metabolism rate, there were observed higher level of mitochondrial
and total reactive oxide species [6], what might be responsible for lowered viability and
increased senescence during long-term 3D culture of MSC.

Except the changes of cell morphology, physiology and viability, 3D culture stimulates
the acquisition of unique phenotype by cells. RNA-sequencing revealed the unique tran-
scriptional profile of UC-MSC neurospheres, containing the features of NSC and MSC [42].
In our experiments, immunocytochemistry staining confirmed increased presence of early
neural markers such as Nestin and 3-III-Tubulin. 3D culture probably improve only the
early stages of acquiring neural phenotype—NF-200 and NeuN expression was weak and
did not changed between 2D and 3D culture. Yang and colleagues reported similar effect
of 3D culture—cells from neurospheres expressed more Nestin after exposition to neural
differentiation conditions, but any mature markers such as NeuN, MAP2, or glial marker
GFAP [32]. However, 3D culture stage effected on future neural differentiation. Neuro-
sphere culture of UC-MSC increased expression of neural [43] or both neural and glial [44]
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markers during neural differentiation. According to some reports, neurosphere culture
of MSC improved neural differentiation potential [44]. Especially, Feng and colleagues
claimed to have obtained even nerve-like cells with properties of astrocytes, neurons,
and oligodendrocytes [45]. 3D culture could be an initial step preceding the neural differ-
entiation under the specific differentiation conditions.

Stemness-related transcription factors (SRTF)—Sox2, Nanog, Rex1, Oct3/4, K1f4, are in-
volved in cell divisions during embryonic development. Pluripotency and differentiation
of MSC into all germ layers is broadly discussed. Oct3 /4 was observed in W]-MSC cultured
in 5% oxygen concentration [46]. Nanog was detected in AD-MSC and BM-MSC, but not
Sox-2 and Oct3/4 [47]. Although the discoveries of pluripotency genes in MSC, their ex-
pression is much weaker than in ESC [47] or iPSC [48]. 3D culture is proposed as a method
to increase the expression of pluripotent genes by MSC. However, we did not observe
the change of SRTF genes expression between 2D and 3D culture conditions what is not
consistent with observations from other research groups. Pluripotent marker expression in
MSC-neurospheres was observed by others in neurosphere-forming media [39,42,44] as
well as in other sphere-inducing conditions [6,9,10,33]. Except the increased expression of
SRTE, there were also observed epigenetic changes gene promotors and miRINAs responsi-
ble for pluripotency [9]. However, some research also did not report increased expression
of stem cell markers in MSC-neurospheres—Bonilla-Porras and colleagues observed lower
levels of Nanog, Oct4 and Sox2 in cells from WJ-MSC neurospheres than from 2D cultured
WJ-MSC [43]. Dromard and colleagues did not notice the significant differences in expres-
sion of Nanog and Oct3/4 between spheres and monolayer [7]. The differences in above
discussed results may be explained with the time of material collection. Cells in sphere did
not exhibit pluripotency during whole period of 3D culture—expression was the highest
between 3 and 5 div, after six div it drops [34]. We observed that even short time of adhe-
sion change the RNA expression (Supplementary materials). Other authors reported that
during 48 h after spheres return to 2D conditions, pluripotent expression decreases to the
level presented in cultured monolayer cells [34]. Unfortunately, expression of pluripotent
genes in MSC 3D still was significantly lower than in ESC [34].

It is discussed whether described effects are exaggerated by 3D conditions or could be
influence by source of MSC. The comparative analysis are limited. W]-MSC and BM-MSC
generated secondary spheres after dissociation, while AD-MSC did not. What is more,
secretomes profile of spheres were different—W]-MSC secreted more neurotrophic factors.
Protein level of neural markers inside sphere and under neural differentiation conditions
also varied between different tissues. According to these observations, authors strongly
suggested that W] has better neurogenic potential than other sources [49]. In addition,
Peng and colleagues performed identical analysis on MSC-spheres derived from two
tissues—adipose and umbilical cord. The relative gene expression was similar, although the
time of increase in gene expression differed. For some genes, such as Sox2 or Olig2 for
UC-MSC spheres expression reached the maximum in second div, while for AD-MSC the
peak was in seventh div [39,42]. It indicates that choice of MSC source be relevant.

Immunostaining revealed increased presence of surface marker SSEA4—glycosphi-
ngolipid which is included as a one of pluripotency markers. SSEA4 and SSEA3—other
molecule from the same family—are characteristic for ESC cells [50]. SSEAS3 is earlier in
development—SSEA3 expression is the highest between four and eight cell stages of em-
bryo, whereas SSEA4—morula and early blastocyst stages [51,52]. SSEA4 is also detected
in early neuroepithelium [53,54] SSEA4-positive NSC can form neurospheres and SSEA4
expression remains sustained during 3 passages of NSC cultures [55]. Role of SSEA4 in
NSC cells still remains unknown [51]. SSEA4 is also detected on MSC surface [18,56,57].
SSEA4 is presented during the MSC culture up to the ninth passage of W]-MSC culture,
while expression of SSEA3 is the highest directly after isolation and is detected only up
to fifth passage [56]. SSEA4-positive BM-MSC population characterizes with better clono-
genity [57]. SSEA4 together with small cell size are proposed as prognostic markers to
distinguish young and old cells, which can be isolated with FACS [58]. SSEA4 expression



Cells 2021, 10, 719

16 of 20

may depend on cell culture conditions—it was correlated with medium serum concen-
tration [56]. SSEA4, even counted as pluripotency marker, does not always coexist with
other pluripotency genes what was shown on population of limbal stem cells (which
resembled MSC) [59]. Similar situation was observed in MSC—SSE A4-positive W]-MSC
expressed SRTF genes on the same level as SSEA-4-negative cells [56]. Increased detec-
tion of SSEA4 in 3D cultured population might suggest acquiring this marker during
spheroids culture or better survival of SSEA4-positive cells. Double staining for SSEA4 and
Caspase-3 confirmed that apoptosis did occur only in a small fraction of SSEA-4-positive
cells (Supplementary Materials). We rather assume that SSEA4-positve cells are more
favorable to endure harsh conditions of neurosphere formation. The presence of SSEA4
positive cells could correspond with their undifferentiated state. According to Arrora and
colleagues, undifferentiated state of cells in unfavorable conditions could be connected
with quiescence [60]. Stress conditions such as loss of adhesion and high cell density lead
to the quiescent state of MSC. Described earlier hypoxia and oxidative stress linked with
sphere size [27] seems to be also responsible for cell persistent in a quiescent state in order
to be available for further tissue repair and regeneration in beneficial [61].

In accordance with suggested neuroectodermal origin of distinct subpopulation of
MSC [62], existing subpopulation of small cells and increased containment of early neural
markers Nestin and (-III-Tubulin indicate that prolonged 3D culture enable to select cells
with higher neural potential. Especially, very interesting for us was expression of Nestin,
which may indicate the other explanation. Even though, quiescent NSC are negative for
Nestin, active NSC express Nestin—importantly to mention, active NSC is the popula-
tion which forms neurospheres, whereas quiescent NSC do not [63]. When it comes to
MSC, Nestin may be the key explaining neurosphere formation—Nestin-negative cells
do not form spheroids [64,65]. Nestin expression and sphere-forming capacities suggest
neuroectodermal origin of this population [64]. Nestin-positive population derived from
rat bone marrow contains MSC and Neural Crest Stem Cells as well [66]. During devel-
opment, cells from neural crest which are not committed to glial lineage yet may migrate
along nerves to bone marrow and there reside for the rest of life [67]. Those cells create
a niche for hematopoietic stem cells (HSC) and remains quiescent in adulthood [64,65].
Under spheroids culture formed by magnetic levitation, increased Nestin expression is
explained as quiescent state of such cells [67]. Neural crest-derived cells occur not only
in bone marrow but also in other tissues containing MSC such as adipose [68,69]. Hu-
man umbilical cord blood contains neural crest-like progenitor cells which express Nestin,
form neurospheres and can differentiate into neuronal and glial lineages [70]. Interestingly,
we also reported more SSEA4-positive cells after long 3D cell culture. High content of
SSEA3 and SSEA4 was observed during cell progeny activated by antibody mimicking
Interferon-I [71]. Taking together, increased levels of Nestin and SSEA4 suggest quiescence
of cells which remained over 20 div of 3D culture. Quiescent state can be the factor that
enables survival of MSC during long-termed non-adherent conditions.

5. Conclusions

We confirmed that W]J-MSC can be cultured as spheroids on low-attachment surface
with culture medium dedicated for neurospheres for at least 20 div. This type of culture
characterizes with increased cell death after first three div, but then, viability stabilizes
in later stage. Long-termed 3D culture of WJ-MSC as spheroids did not improved the
cell condition. In fact, it reduced stemness and increased senescence process. However,
it improved the occurrence of early neural markers what might indicate the survival of cell
subpopulation with unique features, such as SSEA4 expression and possible quiescent state.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-440
9/10/4/719/s1, Table S1: List of secondary antibodies used for immunocytochemistry, Figure S1:
Secondary antibody staining controls for 2D and 3D conditions, Table S2: Population doubling time
values (days) for 2D and 3D cultured WJ]-MSC, Table S3: Quantitative data of immunocytochemistry
staining analysis, Figure 52: Immunocytochemistry double staining for SSEA4 and Cleaved caspase-3
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in W]-MSC spheroid, Table 54: Relative gene expression level quantitative data. Figure 53: Extended
analysis for relative gene expression level (fold change, mean 4 SD) of neural and pluripotency
phenotype in 2D and 3D WJ-MSC. Table S5: Relative gene expression level quantitative data for RNA
collected directly from free floating spheroids.
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Table S1. List of secondary antibodies used for immunocytochemistry.

Antibody Conjugate Dilution Company Catalogue number
Goat anti-mouse IgG1 Alexa Fluor 546 | 1:1000 Invitrogen A21123
Goat anti-mouse IgG2B Alexa Fluor 546 | 1:1000 Invitrogen A21143
Goat anti-mouse IgGM Alexa Fluor 546 | 1:1000 Invitrogen A21045
Goat anti-mouse IgG3 Alexa Fluor 488 | 1:1000 Invitrogen A21151
Goat anti-rabbit IgG (H+L) | Alexa Fluor 488 1:1000 | Jakcson ImmunoResearch 111-545-144

WJ-MSC passage 6 >

mouse IgG1

vs)

WJ-MSC spheroids

mouse IgG1

mouse |gG2B

mouse IgG2B

mouse IgG3

mouse IgG3

mouse IgM

mouse IgM

rabbit polyclonal
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Figure S1. Secondary antibody staining controls for 2D (A) and 3D conditions (B). Following
secondary antibodies were applies: goat anti-mouse IgG1 (a), goat anti-mouse IgG2B (b), Goat
anti-mouse IgG3 (c), Goat anti-mouse IgM (d), Goat anti-rabbit IgG polyclonal (e). Following con-
jugates were applied: Alexa Fluor 488 — green label, Alexa Fluor 546 — red label. Antibodies were
provided by Invitrogen, except goat anti-rabbit IgG (manufacturer: Jackosn ImmunoResearch).
Cells used for control stainings: WJ-MSC from 6™ passage (A) and WJ-MSC spheroids from 10"
div (B). Scale bars: 100 um.

Table S2. Population doubling time values (days) for 2D and 3D cultured W]-MSC.

Passage no Group PDT values (days) SD
3 Initial 1.29 0.08
7 2D culture 1.32 0.5
3D culture 5.65 1.55
8 2D culture 1.6 0.3
3D culture 1.94 0.88
9 2D culture 2.06 0.32
3D culture 1.6 0.35
10 2D culture 2.06 1
3D culture 1.78 0.03

Following groups of WJ-MSC were used: initial - 3" passage WJ-MSC, 2D culture - 7* passage
W]J-MSC, 3D culture — WJ-MSC cultured as spheres for 20 div. The results are presented as
mean values of 3 experiments with standard deviation.
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Table S3. Quantitative data of immunocytochemistry staining analysis.

Marker Characteristic Group % of positive cells SD
Nestin Early neural Initial 51.6 7.09
2D culture 28.04 5.56
3D culture 50.06 6.86
B-III-Tubulin Early neural Initial 65.55 1.66
2D culture 42.28 2.84
3D culture 85.66 7.9
NEF-200 Neuronal Initial 11 4.06
2D culture 10.6 4.31
3D culture 18.87 0.74
NeuN Neuronal Initial 28.88 3.5
2D culture 16.56 2.66
3D culture 15.7 5.95
A2B5 Glial Initial 34.47 12.92
2D culture 31.08 3.87
3D culture 31.91 3.05
Ki67 Proliferative Initial 50.55 5.48
2D culture 20.31 2.39
3D culture 7.88 2.05
SSEA4 Pluripotent/ Initial 20.53 54
embryonic 2D culture 21.49 4.01
3D culture 46.06 11.34
Following groups of WJ-MSC were used: initial - 3rd passage W]J-MSC, 2D culture - 7th passage
WJ-MSC, 3D culture — W]J-MSC cultured as spheres for 20 div. The results are presented as
mean values of 3 experiments with SD
Caspase-3 Caspase-3
SSEA4 SSEA4

Magnification x20

Magnification x40
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Figure S2. Inmunocytochemistry double staining for SSEA4 and Cleaved caspase-3 in W]-MSC spheroid. Population of SSEA-4
stem cells consists on both alive and dead cells, according to respectively positive and negative signals for Caspase-3, apoptotic
marker. For Cleaved caspase-3 detection following antibodies were used: rabbit IgG polyclonal antibody (Cell Signaling Technol-
ogy, cat. number 9661S5) as primary antibody, Cy™3-conjugated goat-anti rabbit IgG polyclonal (Jackson ImmunoResearch, cat.
number 111-165-144) as secondary antibody. Spheroid was collected in 10* div. Scale bars: 100 pm.

Table S4. Relative gene expression level quantitative data.

Gene Characteristic Group RQ SD

NESTIN Early neural Initial 1 0
2D culture 0.6 0.16
3D culture after 48 h 1.12 0.79

H3TUBULIN Early neural Initial 1 0
2D culture 1.042 0.12
3D culture after 48 h 0.37 0.28

MAP2 Neuronal Initial 1 0
2D culture 32 1.35
3D culture after 48 h 1.05 0.32

GFAP Glial Initial 1 0
2D culture 3.59 0.28
3D culture after 48 h 0.6 0.38

NANOG Pluripotent Initial 1 0
2D culture 1.69 0.48
3D culture after 48 h 3.04 1.7

OCT3/4 Pluripotent Initial 1 0
2D culture 1.48 0.21
3D culture after 48 h 1.07 0.7

50X2 Pluripotent Initial 1 0
2D culture 1.63 1.46
3D culture after 48 h 0.12 0.02

REX1 Pluripotent Initial 1 0
2D culture 0.09 0.07
3D culture after 48 h 0.64 0.54

RQ - relative quantification of gene expression level. Following groups of WJ-MSC were used:
initial - 3rd passage WJ-MSC, 2D culture - 7th passage WJ-MSC, 3D culture spheroid - WJ-
MSC cultured as spheres for 20 div and then RNA was collected, 3D culture after 48 h - W]-
MSC cultured as spheres for 20 div, transferred for 48 hours and then RNA was collected . For
Rex1 3D spheroid group amplification after 40 PCR cycle was not observed in any experiment.
Gene expression was normalized using B-actin (ACTB) and compared with the mean level of
the corresponding gene expression in cells from initial population (3 passage WJ-MSC). The
results are presented as mean values of 3 experiments with standard deviation (SD).
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Figure S3. Extended analysis for relative gene expression level (fold change, mean + SD) of neural and pluripotency phenotype
in 2D and 3D WJ-MSC. Except initial population (passage 3) and 2D constantly 2D culture (passage 7%), we compared results for
RNA collected directly from free floating spheroids and spheroid cultured for 48h in 2D conditions. Quantitation of these genes
was determined relative to ACTB as a housekeeping gene by quantitative real-time PCR. Changes in gene expression in W]-MSC
cells cultured in 2D and 3D conditions are shown relative to that in cells grown in the initial population . Results shown are the
mean of 3 independent RNA isolations, for * <0.05, ** <0.01,***<0.0001.

For 3D culture we wanted to examine differences between two timepoints of RNA collections — directly from floating spheroids and
after more than 48 hours after transfer of spheroids to 2D culture conditions. We observed differences in results in both variants. We
detected significant increase of Nestin expression in 3D spheroids — however, its expression decreased after return to 2D culture. This
tendency was observed in other genes: for MAP2, Oct3/4 and Sox2. Interestingly, for Nanog situation is reversed: expression tended
to increase in 48 h after reseeding spheroids to 2D conditions. To the contrary, level of Rex1 was for floating spheres were not deter-
mined — Ct value was greater than cut-off value for real-time amplification assays. Due to huge fluctuations between genetic material
from different isolations we hardly reported any relevant statistical differences between all analysed groups in pluripotency genes.
Change of expression pattern suggests that 3D culture effect might be transient or conditions modification drastically effect on cell
characteristics. That effect was also observed by Pennock and colleagues, which measured pluripotent expression level in 5, 24 and
48 h after transferring spheres to 2D conditions (Pennock et al. 2015).

Table S5. Relative gene expression level quantitative data for RNA collected directly from free

floating spheroids.
Gene Characteristic RQ SD
NESTIN Early neural 29 1.3
H3TUBULIN Early neural 0.68 0.27
MAP2 Neuronal 3.18 1.8
GFAP Glial 1.161 0.4451
NANOG Pluripotent 1.33 0.57
OCT3/4 Pluripotent 1.993 0.37
SOX2 Pluripotent 3.387 2.45
REX1 Pluripotent undetermined -

RQ - relative quantification of gene expression level. For Rex1 3D spheroid group amplification
after 40 PCR cycle was not observed in any experiment. Gene expression was normalized using -
actin (ACTB) and compared with the mean level of the corresponding gene expression in cells
from initial population (3 passage W]-MSC). The results are presented as mean values of 3 exper-
iments with standard deviation (SD).
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Stemness properties of SSEA-4+
subpopulation isolated from
heterogenous Wharton's jelly
mesenchymal stem/stromal cells
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Dorota Sulejczak® and Anna Sarnowska*
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Academy of Sciences, Warsaw, Poland, ®Laboratory of Cytometry, Nencki Institute of Experimental
Biology, Polish Academy of Sciences, Warsaw, Poland, *Department of Experimental Pharmacology,
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Background: High heterogeneity of mesenchymal stem/stromal cells (MSCs) due
to different degrees of differentiation of cell subpopulations poses a considerable
challenge in preclinical studies. The cells at a pluripotent-like stage represent a
stem cell population of interest for many researchers worldwide, which is worthy
of identification, isolation, and functional characterization. In the current study,
we asked whether Wharton's jelly-derived MSCs (WJ-MSCs) which express
stage-specific embryonic antigen-4 (SSEA-4) can be considered as a
pluripotent-like stem cell population.

Methods: SSEA-4 expression in different culture conditions was compared and
the efficiency of two cell separation methods were assessed: Magnetic Activated
Cell Sorting (MACS) and Fluorescence Activated Cell Sorting (FACS). After
isolation, SSEA-4+ cells were analyzed for the following parameters: the
maintenance of the SSEA-4 antigen expression after cell sorting, stem cell-
related gene expression, proliferation potential, clonogenicity, secretome
profiling, and the ability to form spheres under 3D culture conditions.

Results: FACS allowed for the enrichment of SSEA-4+ cell content in the
population that lasted for six passages after sorting. Despite the elevated
expression of stemness-related genes, SSEA-4+ cells neither differed in their
proliferation and clonogenicity potential from initial and negative populations nor
exhibited pluripotent differentiation repertoire. SSEA-4+ cells were observed to
form smaller spheroids and exhibited increased survival under 3D conditions.

Abbreviations: AD-MSCs, adipose-derived mesenchymal stem/stromal cells; BDNF, brain-derived
neurotrophic factor; bFGF, basic fibroblast growth factor; Cal-AM, Calcein AM; CCL2, chemokine
ligand 2; CFU, coleny forming unit; EGF, epithelial growth factor; ESC, embryonic stem cells; EthD-
1, Ethidium homodimer-1; FACS, Fluorescence Activated Cell Sorting (FACS); GDNF, glial cell line-
derived neurotrophic factor; ICAM-1, intercellular adhesion molecule 1; iPSCs, induced pluripotent stem
cells; LIF, leukemia inhibitory factor; MACS, Magnetic Activated Cell Sorting (MACS); MSCs, mesenchymal
stem/stromal cells; PDT, population duplication time; RT-qPCR, Real Time-Quantitative Polymerase
Chain Reaction; SSEA-4, Specific stage embryonic antigen-4; UC-MSCs, umbilical cord-derived
mesenchymal stem/stromal cells; VEGF-c, vascular endothelial growth factor-c; WJ-MSCs, Wharton
jelly mesenchymal stem/stromal cells; WJ-MSC-SSEA-4 +, SSEA-4-positive WJ-MSC population; WJ-
MSC-SSEA-4-, SSEA-4-negative WJ-MSC population.
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Conclusion: Despite the transient expression of stemness-related genes, our
findings could not fully confirm the undifferentiated pluripotent-like nature of
the SSEA-4+ WJ-MSC population cultured in vitro.

KEYWORDS

mesenchymal
heterogeneity

1 Introduction

According to the guidelines published in 2006 by the
International Society for Cell & Gene Therapy, mesenchymal
stem/stromal cells (MSCs) are multipotent adult cells that
differentiate toward mesodermal lineage tissues: osteocytes,
chondrocytes, and adipocytes (Dominici et al., 2006). However,
many research groups suggested a wider MSC differentiation
potential by providing protocols to obtain other cells such as
neurons or hepatocytes (Zhao et al, 2016). Some researchers
went even further and claimed that MSCs might manifest the
properties of pluripotent-like cells by the expression of stemness-
related transcription factors (such as Sox2, Nanog, and Oct4) and
differentiation toward cells from all three germ layers. Even though
the reported observations are controversial and disputable, the
observed discrepancies between research groups can be explained
by MSC heterogeneity.

Heterogeneity poses a serious issue for further research as only a
small fraction of cells in MSC populations appear to fulfill functional
criteria for stem cells (Ivanovic, 2023). The existence of surface
antigens associated with other cell types is one of the observed
aspects of MSC heterogeneity. Researchers propose numerous
candidates for a genuine stem population to improve the
efficiency of MSC therapies (Lv et al, 2014) based on induced
pluripotent stem (iPS) and embryonic stem cell studies. Cells
positive for SSEA-3, an early embryonic antigen, were confirmed
to differentiate toward cells from all three germ layers (Kuroda et al,,
2010) although they were present in the initial population in a
negligible percentage, which does not correspond to the plasticity of
MSCs. MSCs positive for CD271, an antigen typical of neural crest-
derived cells, proliferated more rapidly and contained more cells
capable of forming colonies (Mikami et al., 2011; Barilani et al,
2018). MSCs expressing CD146, an antigen associated with
endothelial cells, exhibited a greater ability to migrate to
damaged tissue (Wangler et al, 2019). CD133, a surface antigen
associated with glioblastoma cells, was also suggested as a potential
marker of stemness population in umbilical cord-derived MSCs
(UC-MSCs) and MSCs derived from adipose tissue (AD-MSCs)
(Doshmanziari et al., 2021). Another iPS- and embryonic stem cell
(ESC)-expressed marker found in a much higher proportion of
MSCs is stage-specific embryonic antigen-4 (SSEA-4).

SSEA-4 appears during early embryonic development
(Henderson et al, 2002) but is also found on undifferentiated
cells such as embryonic stem cells (ESCs) (Draper et al, 2002;
Kallas et al., 2011), induced pluripotent stem cells (iPSCs) (Ojima
et al,, 2015), and various types of tumor cells (Sivasubramaniyan
et al, 2015; Nakamura et al, 2019; Lee et al, 2021). Many
publications reported the expression of SSEA-4 within MSC
populations within the range of 30%-90% (Drela et al, 2016;
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Musial-Wysocka et al., 2019). Despite the abundance of evidence
on pluripotent-like properties of SSEA-3, researchers debate
whether SSEA-4 may also be a prognostic marker for genuine
stem cell populations (Gang et al., 2007; Kawanabe et al., 2012).
Targeting SSEA-4 is a strategy for stem population selection in
undifferentiated ESCs from differentiated derivatives (Fong et al.,
2009) and neural stem/progenitor cells from the human embryonic
forebrain (Barraud et al., 2007). SSEA-4 was also suggested as an
identifier of tumor-initiating subpopulations and proposed as a
target for the therapies (He and Garcia, 2004; Sivasubramaniyan
et al,, 2015; Soliman et al,, 2020). In our previous paper, long-term
3D culture was observed to increase the content of SSEA-4+ cells,
thereby suggesting that SSEA-4 could help toward survival under
harsh 3D conditions (Kaminska et al., 2021).

This study was carried out to determine the therapeutic benefits
of the SSEA-4-positive cells from Wharton'’s jelly MSCs (W]-MSCs)
as a potential pluripotent-like stem cell population responsible for
so-called “MSCs plasticity” with restorative (replacing injured cells)
properties. To identify the MSC-SSEA-4 + subpopulation’s unique
properties, it was compared both to the negative population, without
SSEA-4, (WJ-MSC-SSEA-4-) and to the heterogenous MSC
populations (unsorted WJ-MSC) (experimental steps explained in
Supplementary Figure S1). Our experiments allowed us to establish
the most favorable conditions for SSEA-4 expression and separation
while the provided full
characteristics of stemness-related properties.

positive  subpopulation analyses

2 Materials and methods
2.1 WJ-MSCs isolation and primary culture

Human umbilical cords were acquired from full-term deliveries
with the written consent of the mother according to the Warsaw
Medical University Ethics Committee Guidelines (KB/213/2016).
The cords (15-20 cm long) were first transported in phosphate-
buffer saline solution (PBS; Sigma-Aldrich, Saint Louis, MO,
United States) with a mixture of penicillin-streptomycin-
amphotericin B (1:100, Gibco, Thermo Fisher Scientific,
Walthman, United States) and then cut into slices with a lancet
(slice thickness: 2-3 mm). Wharton’s jelly cylindrical fragments of
2-3mm in diameter were obtained from the umbilical cord using
the diameter biopsy punch (Miltex, GmbH, Viernheim, Germany).
The explants were transferred to 6-well culture plates and cultured
in the following medium standard for W]J-MSC culture: DMEM
(Gibco), 5% human platelet cell lysate (Mill Creek Life Sciences,
Rochester, MN, United States), and penicillin-streptomycin-
amphotericin B (1:100; Gibco). The following cell culture
conditions were applied: adherent surface, 37°C temperature,
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TABLE 1 List of antibodies used in flow cytometry analysis.

Specificity Fluorochrome Isotype
SSEA-4 PerCP-Cy5.5 Mouse IgG3 x
Isotype control PerCP-Cy5.5 Mouse IgG3
CD271 PE Mouse IgG1 x
CD146 PE Mouse IgG1 x
Isotype control PE Mouse IgG1 x
CD133 Brilliant Violet 421 Mouse IgG2B k
Isotype control Brilliant Violet 421 Mouse IgG2B
CD49F PE Rat IgG2A k
Isotype control PE Rat IgG2A k

95% humidity, 5% CO, concentration, and 5% O, concentration.
The culture medium was replaced every 2 days for 14 days in vitro.
The cells were cultured until they migrated out of the explant and the
culture reached semiconfluence; then the cells were detached with
Accutase Cell Detachment Solution (Beckton Dickinson, Franklin
Lakes, NJ, United States) and counted.

We compared SSEA-4 expression in populations cultured with
different human platelet cell lysates such as PLTGold Clinical Grade
(Mill Creek Life Sciences), MultiPL’30 (Macopharma), and
MultiPL’100  (Macopharma, Tourcoing, In further
experiments, PLT Gold Clinical Grade was used as a lysate. The
‘WJ-MSCs were cultured under the conditions described above for
three passages. The cells were collected and cell sorting
was petformed.

France).

2.2 Flow cytometry

The cells were detached with Accutase Cell Detachment Solution
(BD), washed in PBS, and resuspended in Stain Buffer (BD). Flow
cytometry analyses were performed with antibodies listed in Table 1.
The cells were incubated in diluted antibodies in the dark for 30 min.
After incubation, the cells were washed twice with Stain Buffer (BD)
and resuspended in Stain Buffer. The resuspended cells were
analyzed using FACS Canto II (BD) with FACSDiva software
(BD) and FlowJo 10 (BD). The following laser configurations
were applied: violet - 407 nm (detectors: 510/50, 450/50), blue -
488 nm (detectors: 488,10, 530/30, 585/42, 670LP, 780/60), and red -
633 nm (detectors: 660/20, 780/60). The gating strategy was
presented in online resources (Supplementary Figure 52).

2.3 AD-MSCs culture

AD-MSCs isolation and culture were accepted by the Bioethical
Committee at the Centre of Postgraduate Medical Education (No.
63/PB/2013) on 25 September 2013, according to the guidelines of
the Declaration of Helsinki. Adipose tissue was collected during
liposuction in the Plastic Surgery Department at Orlowski’s Clinical
Hospital in Warsaw. The AD-MSCs were isolated according to the
previously described protocol (Figiel-Dabrowska et al, 2021;
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Company Catalog number

BD 561565

BD 561572

BD 560927

BD 550315

BD 555749

BD 566598

BD 562748
ThermoFischer Scientific 12-0495-81
ThermoFischer Scientific 12-4321-80

Rybkowska et al., 2023). The isolated AD-MSCs were in MEM o
(Gibco), 5% human platelet lysate (Mill Creek Life Sciences), and 1%
penicillin-streptomycin-amphotericin B (1:100; Gibco). The
following cell culture conditions were applied: adherent surface,
37°C temperature, 95% humidity, 5% CO, concentration, and 5%
O, concentration. The culture medium was changed every 2-3 days
and AD-MSCs were passaged when the culture reached
semiconfluence. AD-MSCs from the third passage were detached
with Accutase Cell Detachment Solution and washed with PBS
twice. AD-MSCs were used for flow cytometry and prepared in
the manner described above.

2.4 Magnetic activated cell sorting (MACS)
isolation of SSEA-4+ cells

The WJ-MSCs from the third passage were used for MACS
separation of WJ-MSC-SSEA-4+ cells. W]-MSCs were detached and
counted. The collected cells (~2-10 x 10°) were incubated with
magnetic beads using an anti-SSEA-4 MicroBead kit for 20 min in
the dark. Then, the cells were washed with PBS. The cells were
resuspended in PBS with 1% BSA and loaded into the autoMACS
Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany). The
cells were run through the magnetic field with the Possel S. For
further analysis, we used a positive cell population retained within
the column and eluted as the second fraction was collected. After
MACS sorting, the cells were counted with Trypan Blue on a
hemocytometer to calculate the total cell number and cell
viability. Then, the cells were subcultured for further experiments
as described above.

2.5 Fluorescence-activated cell sorting
(FACS) isolation of SSEA-4+ cells

The WJ-MSCs from the third passage were used for FACS
separation of WJ-MSC-SSEA-4+ cells. The cells were stained as
was the case in flow cytometry staining described in Section 2.2,
After incubation and washing, the cells were sorted using FACS Aria
Tlu (BD) in the Laboratory of Cytometry, Nencki Institute of
Experimental  Biology, The following

Warsaw. laser
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TABLE 2 List of antibodies used for immunocytochemistry.

Antigen Isotype Dilution

SSEA-4 Mouse [gG3 1:200 Merck
CD90 Mouse [gG1 1:200 Santa Cruz
SOX17 Goat IgGH + L 1:100 R&D
Otx2 Goat IgG H + L 1:100 R&D
Brachyury Goat IgGH + L 1:100 R&D

configurations were applied: violet - 407 nm (detectors: 450/40, 530/
30), blue - 488 nm (detectors: 488/10, 530/30, 585/42, 616/23, 695/
40,780/60), and red - 633 nm (detectors: 660/20, 780/60). The gating
strategy is presented in online resources (Supplementary Figure $3).
The cells were collected from both populations, SSEA-4- and SSEA-
4+, and resuspended in the cell culture medium. Directly after FACS
sorting, the obtained population was analyzed with FACS Aria again
to confirm the purity of sorting. Then, the cells were transported to
our laboratory where we counted the total cell number and viability
with Trypan Blue on a hemocytometer. Then, the cells were seeded
in a culture dish and subcultured for further experiments as
described above.

2.6 Parameters of cell sorting

The following parameters of MACS and FACS sorting, which
are recovery, survival, and yield, were compared in order to
determine a more efficient method of SSEA-4+ cell separation.
Recovery was expressed as the ratio of the number of cells
obtained in the positive fraction to the number of cells used in
the sorting. To calculate recovery, we counted cells prior to sorting
and in post-sorting fractions. To describe survival, we investigated
the mortality of cells in samples received after cell separation with
Trypan Blue staining. The yield was expressed as the ratio of positive
cell content before and after cell separation. Purity was described as
the percentage of SSEA-4+ cells received in a positive population
sample. To estimate yield, the samples were analyzed with
flow cytometry.

2.7 Immunocytochemistry

Immunocytochemistry was performed to detect SSEA-4 and
CD90, one of the surface antigen characteristics of MSCs, for the
following populations: unsorted WJ-MSC, W]-MSC-SSEA-4-, and
WJ-MSC-SSEA-4+. W]-MSCs were washed with PBS and fixed in 4%
PFA for 15 min. The samples were incubated with a blocking mixture
consisting of 10% Goat Serum (Sigma Aldrich) and 1% bovine serum
albumin (Sigma Aldrich) for 1 h at room temperature (RT). In the
next step, primary antibodies were applied for 24 h at 4°C (Table 2).
The next day, the cells were washed with PBS and then incubated with
secondary antibodies conjugated with fluorochrome for 1 h (Table 2).
Finally, the samples were mounted with Fluoromont-G with DAPI
(Gibco) that stained cell nuclei. The analysis was performed using a
confocal microscope (Zeiss, Oberkochen, Germany).
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Goat anti-IgG3

Goat anti-IgG1
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Secondary antibody fluorochrome
Alexa Fluor 488
Alexa Fluor 546
Alexa Fluor 488
Alexa Fluor 488

Alexa Fluor 488

2.8 Real time-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was isolated from the following groups: unsorted
WJ-MSCs, negative and positive populations after FACS sorting
(WJ-MSC-SSEA-4- p0 and WJ]-MSC-SSEA4+ p0, respectively), and
negative and positive fractions cultured for 1 passage in vitro (W]-
MSC-SSEA-4- pl and WJ]-MSC-SSEA4+ pl, respectively). RNA
isolation was performed using the following kits depending on
the cell number: Total RNA Mini Plus kit (A&A Biotechnology,
Gdynia, Poland) and Total RNA Mini Plus Concentrator (A&A
Biotechnology) according to the manufacturer’s protocols. After
isolation, the RNA was eluted with 20 pL of RNase-free H,O (Sigma
Aldrich). The quantity and quality of RNA were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). Genomic
DNA (gDNA) contamination was eliminated in all RNA samples
using a Clean-up RNA Concentrator (A&A Biotechnology, Thermo
Fisher Scientific, Walthman, United States).

The reverse transcription process was generated using a High-
Capacity RNA-to-cDNA™ Kit (Applied Biosystems) according to
the manufacturer’s instructions. After receiving complementary
strand DNA (cDNA), the samples were diluted in RNase-free
water. Quantitative polymerase chain reactions were performed
using SYBR green Master Mix (Applied Biosystems) and specific
primers (Supplementary Table S1) with the 7,500 Real-Time PCR
System (Applied Biosystems). The relative amount of RNA was
calculated using the comparative delta-delta Ct method (2744“") and
gene expression was normalized using B-actin (ACTB), while the
unsorted population was used as a reference group. Gene expression
was compared with the mean level of corresponding gene expression
in cells of the unsorted population and expressed as an n-fold ratio.
Gene expression was compared with the mean level of
corresponding gene expression in cells of the unsorted
population and expressed as an n-fold ratio.

2.9 Three germ layer differentiation
potential evaluation

Three germ layer differentiation potential was determined for
unsorted, positive, and negative populations. After FACS separation,
the cells were seeded on a 6-well plate and cultured in a standard
culture medium with the addition of basic fibroblast growth factor
(bFGF) (Gibco) until they reached 70%-80% confluency.
Differentiation assay was performed with the Human Pluripotent
Stem Cell Functional Identification Kit (Biotechne, R&D Systems,
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Minneapolis, MN, United States), which is dedicated to the
differentiation of iPSCs. The cells were cultured according to the
manufacturer’s protocol, with a culture medium based on DMEM.
After 4 days of in vitro culture, the cells were collected for RNA
isolation and evaluation for gene expression of OTX2, Brachyury,
and SOX17 (scheme of the experiment presented in Supplementary
Figure ~ S4;  primers sequences can be found in
Supplementary Table S1).

2.10 Colony forming unit (CFU) assay

To perform the CFU assay, unsorted WJ-MSCs, W]-MSC-
SSEA-4-, and WJ-MSC-SSEA-4 + were seeded on a 6-well plate,
10 cells per well. The cells were cultured for 10 days in vitro under
standard conditions. The cells were washed with PBS, fixed with 4%
PFA for 15 min, and washed with PBS again. The fixed cells were
stained with 0.5% toluidine blue for 20 min and washed with
distilled water after staining. The number of colonies containing
50 cells or more was counted and fibroblast colony-forming units
(CFU-F) were calculated as a percentage of seeded cells.

2.11 Proliferation analysis

Cell proliferation was estimated as population duplication time
(PDT) for four passages after cell sorting for the following
populations: unsorted WJ-MSC, WJ-MSC-SSEA-4-, and W]J-
MSC-SSEA-4+. The cells from each group were counted in
Trypan Blue, seeded at a density of 2000 cells/cm2, and cultured
under standard conditions. After 5 days of in vitro culture, the cells
were collected, counted, and reseeded again at initial density. The
PDT value was calculated according to the following equation:
PDT = %ﬁ, where N is the number of cells obtained at the
end of the passage, Ny is the initial number of the seeded cells and
t-to is the duration of the passage (counted in days).

2.12 Soluble secretome analysis

Soluble secretome was analyzed with human Magnetic Luminex
Assay (R&D Systems, Minneapolis, MN, United States) for
unsorted, positive, and negative populations. For this purpose,
the cells after FACS sorting were seeded at a density of
2,000 cells per cm®. The medium from the cell culture was
collected at two time points: 3 days and 5 days in vitro after
FACS sorting. The standard culture medium was used as a
negative control. The levels of the following molecules were
measured: epithelial growth factor (EGF), bFGF, glial cell line-
derived neurotrophic factor (GDNF), brain-derived neurotrophic
factor (BDNF), chemokine ligand 2 (CCL2), leukemia inhibitory
factor (LIF), angiogenin, vascular endothelial growth factor-c
(VEGF-c), and intercellular adhesion molecule 1 (ICAM-1). The
actual levels of secreted factors were determined by subtraction of
the negative control values from the obtained results. Luminex assay
was performed according to the manufacturer’s protocol and
measured in Bio-Plex 200 System (Bio-Rad Bio-Rad, Hercules,
CA, United States).

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1227034

2.13 3D culture of WJ-MSCs

Unsorted WJ-MSCs from the third passage and WJ-MSCs
directly after cell sorting (WJ-MSC-SSEA-4- and WJ]-MSC-SSEA-
4+) were collected, counted, and seeded in antiadhesive 6-well plates
(Nunclon Sphera, Thermo Fischer Scientific) at a density of 10° cells
per 1 mL. The cells were cultured as spheroids in culture medium
and the conditions described above for 72 h in vitro. The diameters
and numbers were measured after 24, 48, and 72 h of 3D culture.
After 72 h of 3D culture, spheroids were collected and dissociated
with Accutase Cell Detachment Solution (BD) for further
viability analysis.

2.14 Viability test after 3D culture

To estimate the number of alive and dead cells after 3D culture, a
viability test was performed using a mix of ethidium homodimer-1
(8 uM, EthD-1, Invitrogen) Calcein AM (Cal-AM) (0,1 pM,
Invitrogen) and Hoechst 33,342 dye (1 pg/mL; Sigma Aldrich).
Spheroids or single cells derived from dissociated spheroids were
incubated with a staining mixture for 45 min at room temperature in
darkness. The stained cells were observed in the Axio
Vert.Al fluorescence microscope (Zeiss). Dead and alive cells
were calculated automatically with the ZEISS ZEN 2.0 Blue
Edition software.

2.15 Statistics

The experiments were performed on the cells obtained from at
least three W] donors (n > 3). Normality was examined with the
Shapiro-Wilk normality test. The unpaired t-student test was used
for the data from two groups with normal distribution. The data
from multiple groups with normal distribution were analyzed by
using a one-way analysis of variance (ANOVA), followed by
Tuckey’s multiple comparison test. For the
distribution, the data was analyzed using the Kruskal-Wallis test,
followed by Dunn’s multiple comparison test. The results are
presented as mean + standard deviation (SD) for parametric tests
or as median +95% confidence interval (95% CI) for non-parametric
tests. The results were considered statistically significant when the
p-value was higher than 0.05. Statistical analysis was conducted with
the GraphPad Prism 7 software.

non-moral

3 Results

3.1 Expression of SSEA-4 in the
heterogenous WJ-MSCs population

WJ-MSCs used for the experiments exhibited surface antigens
recommended by The International Society for Cell & Gene Therapy
for MSC characteristics (Supplementary Figure S5; Supplementary
Table S2) and differentiated toward mesodermal lineage cells:
osteocytes, adipocytes, and chondrocytes (Supplementary Figure
56). All MSC-SSEA-4+ cells expressed the CD90, which is one of
the recommended MSC antigens (Figure 1A; negative controls are
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FIGURE 1

SSEA-4+ cells content in the heterogenous population of WJ-MSCs. (A) SSEA-4 surface antigen together with CD90 in the heterogenous WJ-MSC
populations; immunocytochemical staining. The white scale bar indicates 100 pm. (B) Representative histograms from flow cytometry analysis for SSEA-
4+ population in WJ-MSCs and AD-MSCs. (C) Comparison of SSEA-4+ cells in MSCs isolated from different sources: Wharton's Jelly (WJ-MSCs) and
adipose tissue (AD-MSCs). Passage number of analyzed cells: third passage; applied lysate platelet: PLTGold. (D) SSEA-4+ cell content in the WJ-
MSCs from first, third, and fifth passage of cell culture; flow cytometry. (E) SSEA-4+ cell content in the WJ-MSC populations cultured with different
platelet lysates: MultiLP'30 (Macopharma), MultiLP'100 (Macopharma), and PLTGold (Mill Creek Life Sciences); flow cytometry analysis. (F) Representative
histograms from flow cytometry analysis for the SSEA-4+ population from WJ-MSCs cultured in different platelet lysates: MultiLP'30, MultiLP'100, and
PLTGold. For (B), (D), and (E) results are presented as mean values of three experiments +SD. p-value for ** <0.01

presented in online resources: Supplementary Figure S7). To
establish the most favorable conditions, SSEA-4+ cells present
in heterogenous MSCs were estimated with regard to i) the source
of tissue, ii) the passage number, and iii) the culture medium.
SSEA-4+ cell content was compared in two MSC populations
derived from different tissues: Wharton’s jelly and adipose
tissue (Figures 1B,C). Nearly 3.5 times more SSEA-4+ cells were
detected in WJ-MSCs than in AD-MSCs (70% + 8.3% and 20.3% +
11.7, respectively). No significant changes were observed in SSEA-
4 expression in WJ-MSCs obtained from the first, third, and fifth
passage of in vitro culture (Figure 1D). To choose the most optimal
culture medium composition, three commercially available platelet
lysates were compared as a source of proteins and tropic factors:
MultiLP’30, MultiLP’100, and PLTGold Clinical Grade (Figures
1E,F). MultiLP’100 and PLT Gold lysates were more abundant in
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growth factors than MultiLP’30. The proportion of positive cells
was the lowest under cell culture with MultiLP’30 lysate (35.7% +
11.1), while it was found to increase in cultures using
MultiLP’100 and PLTGold lysates (74% + 9.7% and 70% =+ 8.3,
respectively) 1F). The application of a higher
concentration of platelet lysate was also observed to increase
the content of double-positive SSEA-4+ CD271+ cells in WJ-
MSC populations (Supplementary Figure S8). Although almost
all WJ-MSC-SSEA-4+ cultured with lysates at a higher
concentration expressed CD271, a similar analysis in AD-MSC
populations revealed that it was CD271+ cells that were a separate
subpopulation of SSEA-4+ cells (Supplementary Figure S6D).

(Figure

Consequently, WJ-MSCs from the third passage, cultured with
PLTGold human platelet lysate, were selected for further
experiments and analysis.

frontiersin.org



Smolinska et al.

w £
=1 =1

Recovered SSEA-4+ cells, %
n
o

10
0
o %
& &
C D
250- a
<
200 =
= 150
-3
[}
£ 1004
50-
0- 7]
o o o
(5] O
& <& =

FIGURE 2

10.3389/fcell.2024.1227034

® 1004

g

£ 80

£

o

2 604

@

3

404

2

8 204

s

0
o %
& &
Before sorting After sorting
- 1 i
.,,
. -
| |
o SSEAd subset

! i
i i
i | %
H H

Come.PercP.CvE.5.8 - S5EAL

Como-PerCP.CrS.5.A - SSEAL

Isotype control

Parameter comparison of sorting methods: Magnetic Activated Cell Sorting (MACS) and Fluorescence Activated Cell Sorting (FACS). (A) Percent of
recovered SSEA-4+ cells after cell sorting; p-value for **<0.01. (B) Viability of cells in population after cell sorting. (C) Sorting yield expressed as a change
in SSEA-4+ cell content calculated before and after sorting. (D) Representative histograms from flow cytometry analyses of SSEA-4 cell content before
and after sorting for MACS and FACS were used to calculate yield. For (B) and (D) results are presented as mean values of at least four

experiments +SD. p-value for ** <0.01.

3.2 Comparison of sorting methods for WJ-
MSC-SSEA-4+ cell separation

To choose a more optimal WJ-MSC-SSEA-4+ cell separation
method, MACS and FACS were considered. The following
parameters were compared: recovery, which was expressed as the
ratio of the positive cell numbers obtained to the cell number used in
sorting; survival, which was expressed as cell mortality and yield and
as the ratio of positive cells before and after sorting. FACS allowed us
to obtain more than 13 times as many cells as with MACS(MACS:
1.6% + 0.9 vs. FACS: 21.4% + 7.4) (Figure 2A). We observed a
decrease in the cell viability after MACS sorting, but the differences
were not statistically significant due to substantial discrepancies in
the values obtained in MACS sorting (MACS: 62.75% =+ 24.3 vs.
FACS: 89% + 2) (Figure 2B). Our calculations performed with
Trypan Blue staining were also supported by EthD-1 staining
used in the pilot experiment (Supplementary Figure S9). A
slightly higher yield was recorded for the FACS method, with the
differences being statistically insignificant (MACS: 99.9% + 11.9 vs.
FACS: 148.9% + 44.4) (Figure 2C). SSEA-4+ cell content recorded
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before and after sorting was compared to calculate yield value
(Figure 2D). Overall, FACS sorting was selected for our further
experiments as the method showed superior cell recovery and
tendencies toward decreased mortality and increased yield.

Figure 2D shows a significant difference in SSEA4 expression in
the initial population, which resulted from the difference in the
cytometer assigned to the method. MACS sorting was analyzed
using FACS Canto. For FACS sorting, we used the integrated FACS
Aria ITu (BD), which differed in the detector settings (as described in
the materials and method section). The results obtained may explain
the discrepancies in the SSEA4 expression of the different study
groups. Nevertheless, the same cytometer was always used in our
further experiments, such as the persistence of SSEA-4+ cells after
sorting or co-expression of other surface antigens.

3.3 SSEA-4+ cells after FACS separation

As a result of FACS, two groups of cells were received, which are the
negative subpopulation (WJ-MSC-SSEA-4-) and the positive
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subpopulation (WJ-MSC-SSEA-4+) (Figure 3). The content in the
unsorted population before FACS and in populations received after
FACS was measured to examine purity and yield (Figure 3A). The
FACS method resulted in 87.4% + 4.3 of SSEA-4+ cells in the positive
population, while the negative population contained 1.2% + 1.6 of
SSEA-4+ cells (Figure 3B). SSEA-4+ cell content in positive and
negative populations was monitored for the next six passages
(Figures 3B,C). For the first four passages, both populations differed
significantly in SSEA-4+ percentage. SSEA-4+ cell content was observed
to increase in the negative population. In the sixth passage after FACS,
no differences between the analyzed populations were recorded.
Immunocytochemical staining revealed notably more SSEA-4+ cells
in the positive population after FACS separation (Figure 3D).
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3.4 Pluripotent-like properties of WJ-MSC-
SSEA-4+ subpopulation

The expression of genes associated with pluripotent stem cells
(Nanog, Oct4, and Sox2) was compared to confirm the
undifferentiated state of the SSEA-4+ population (Figure 4A).
RNA was collected directly after cell sorting (p0) and after one
passage of in vitro cell culture (p1) for the populations received with
FACS. WJ-MSC-SSEA-4- + population exhibited
expression of Nanog and Oct4 directly after cell sorting, which
decreased with cell culture. The expression of early neural genes

increased

connected with the ectoderm germ layer was also analyzed
(Figure 4B). An increased expression of H3TUBULIN, NESTIN,
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and GFAP was observed in the positive population directly after
FACS sorting; the expression of HITUBULIN was still elevated after
one passage of cell culture.

Subsequently, the potential to differentiate toward cells derived
from three germ layers was compared between unsorted and sorted
populations (Figures 4C,D; Supplementary Figure S4). Final effects
were evaluated with the measurement of specific gene
expression-OTX2 for ectodermal differentiation, BRACHYURY
for mesodermal differentiation, and SOX17 for endodermal
differentiation-and visualized with immunocytochemical staining.
Both populations received in FACS sorting, WJ-MSC-SSEA-4+, and
‘W]J-MSC-SSEA-4- exhibited increased expression of BRACHYURY,
compared to the unsorted population, but the differences were not
statistically significant. Unchanged OTX2 and SOX17 expression
indicated that the W]-MSC-SSEA-4+ population lacked pluripotent
potential (Figure 4D). The immunocytochemical analysis confirmed
the abovementioned results: high expression for the mesodermal
marker (Brachyury) and no clear expression for ectodermal and
endodermal lineage. No difference between all three populations was
observed (Figure 4C). Additionally, the observed mesodermal
differentiation capacity toward osteocytes, adipocytes, and
chondrocytes was similar for both analyzed populations
(Supplementary Figure S10).

The  physiological  properties ~ of  the  analyzed
subpopulations—clonogenicity and proliferation-between passages
were also investigated. Clonogenicity was examined with the CFU
assay (Figure 4E). Proliferation was described as the PDT for five
passages after FACS (Figure 4F). No significant differences were
recorded between unsorted, negative, and positive subpopulations in
the CFU assay and PDT measurements. With regard to proliferation
and clonogenicity, the SSEA-4+ population propagated in the
in vitro culture as was the case in the negative and initial
populations.

3.5 Expression of other surface antigens
within WJ-MSC populations after SSEA-4+
enrichment

We examined whether the SSEA-4+ cell enrichment influenced
the expression of other surface antigens associated with other stem
cells still found within MSC populations, which are CD49F, CD133,
CD146, and CD271 (Figure 5). We did not observe significant
changes in the percentage of the surface antigens before and after
cell sorting. WJ-MSC subpopulations contained 84%-94% of
CD49F + cells (Figures 5A.B), 14%-3.5% of CDI133+ cells
(Figures 5C,D), 74%-79% of CD146+ cells (Figures 5EF), and
2.4%-4% of CD271+ cells (Figures 5G,H). For each antigen, the
fold in expression was calculated in relation to the unsorted
population (Figure 5I). The most significant changes were
observed for antigens that were sparse in population, such as
CD133 and CD271. However, we did not record any statistically
significant  differences again, potentially due to considerable
discrepancies between samples received from different donors.
Additionally, the same analysis was performed for AD-MSCs
isolated from adult donors and a significantly lower number of
CD49F cells (34.2% =+ 14.5) was found, while the CD271+
subpopulation was more numerous than in the WJ-MSCs
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(32.4% = 7.8) (Supplementary Figure S11). Our surface antigen
analysis revealed that the SSEA-4+ population could hardly be
connected with other unique subpopulations.

3.6 Secretory profiles of subpopulations

In the next step, we compared the secretory profiles of unsorted
WJ-MSCs, W]-MSC-SSEA-4-, and W]-MSC-SSEA-4+ subpopulations
on days 3 and 5 in vitro after FACS sorting (Figure 6). We measured the
levels of selected trophic factors (EGF, bFGF, GDNF, and BDNEF),
cytokines and chemokines (CCL2 and LIF), and vascular factors
(angiogenin, VEGF-c, and ICAM-1). The unsorted population
exhibited an increased secretion of BDNF, HGF, and GDNF on the
third day of our observation. The WJ-MSC-SSEA-4- population
secreted less VEGF-c on the third day after FACS sorting. The
secretion profile slightly differed on the fifth day after FACS sorting.
The W]-MSC-SSEA-4- population secreted higher levels of bFGF and
LIF, compared to other variants. The WJ-MSC-SSEA-4+ population
secreted a higher level of CCL2 and a lower level of VEGF-c. Except for
soluble molecules described above, no significant differences in
secretion of other factors were recorded between compared groups
while the levels of EGF were found to be lower than the levels observed
in the culture media of negative controls (Supplementary Figure 512).

3.7 Sphere formation ability in the WJ-MSC-
SSEA-4+ population

Finally, we analyzed the influence of WJ-MSC-SSEA-4+
enrichment on the sphere formation ability in the 3D culture. The
3D culture was carried out with anti-adherent culture plates for 72 h
in vitro. All the analyzed populations were observed to form spheroids
with a small diameter (15-50 um) (Figure 7A). For each day, we
counted the cell number per 10,000 seeded cells (Figure 7B) and
measured their diameters (Figures 7C-E); spheroids were grouped
according to their size: small spheres (smaller than 20 pm), medium
spheres (20-50 pm), and large spheres (larger than 50 pm) (Figures
7F-H). A decrease in spheroid number was observed in 3D culture
(Figure 7B). After the first 24h, WJ-MSC-SSEA-4- cells formed
significantly smaller spheroids than the unsorted subpopulation
(95% CI, 25.3-27.6 vs. 29.15-32.4, respectively), while WJ-MSC-
SSEA-4+ cells were found to form the smallest spheroids (95% CI
range: 23.4-25.6 um) (Figure 7C). After 48 h of 3D culture, unsorted
WIJ-MSCs formed significantly bigger spheres than negative and
positive  populations  (95% CI  ranges, 35.89-39.47 vs.
31.41-34.82 vs. 31.65-34.03, respectively) (Figure 7D). After 72 h,
no significant differences were detected in the diameter of the
spheroid between the analyzed variants (Figure 7E). The medium-
sized spheroid predominated in all the compared groups in 3D culture
(Figures 7F,G). The percentage of spheres of different sizes varied over
time. A significantly larger number of small spheroids was identified
in negative and positive subpopulations during the first 24 h than in
subsequent days of 3D culture. Similarly, we observed fewer medium-
size spheres in the positive subpopulations and larger spheres in
unsorted and negative subpopulations. WJ-MSC-SSEA-4+ cells
formed smaller spheres during the first 24h of 3D culture;
however, the differences diminished with the duration of 3D culture.
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The viability of cells after 3D culture was evaluated with live-
dead staining using Cal AM, EthD-1, and Hoechst after 72 h of 3D
culture (Figure 8A). Cal AM-stained live cells in green, while EthD-1
bonded with nucleic acid, indicating dead cells. Dead cells were
mostly observed in the spheroid core. WJ-MSC-SSEA-4+
subpopulation contained significantly fewer dead cells than
unsorted and negative subpopulations (6.6 + 1.7 for WJ-MSC-
SSEA-4+ vs. 8.4 + 2.7 for unsorted WJ-MSCs vs. 11.4 + 2.8 for
WJ-MSC-SSEA-4-) (Figure 8B). Our experiments revealed that
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SSEA-4+ cells formed smaller spheres during the first 24 h of 3D
culture; WJ-MSC-SSEA-4+ cells were characterized with better
survival during 3D culture.

4 Discussion

The heterogeneity of the MSCs arises from multiple factors
ranging from differences between donors, isolation sites, and
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* <0.05, ** <0.01, *** <0.001, and **** <0.0001.

methods to a variety of proposed culture conditions (Lech et al,
2016; Costa et al., 2021; Wedzinska et al., 2021). Moreover, the
heterogeneity issue is even more multifaceted as the cells within an
established in vitro culture differ in morphology, size, phenotype,
and differentiation potency (Sun et al,, 2020; Wang et al,, 2021;
Zhang et al., 2022). Confirmed differentiation of multipotent MSCs
toward neuron-like cells could result from intrinsic cell plasticity or
contamination by cells of different origins (Somoza et al., 2008). The
heterogeneity of MSCs causes a serious limitation in the translation
of MSC studies for further clinical research. The application of a
homogeneous subpopulation of morphologically similar cells would
not only overcome this problem but would also result in better
therapeutic outcomes as separated cells could exhibit outstanding
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properties such as faster proliferation (Kawamura et al., 2018) or
unique differentiation directions (Khaki et al., 2018). Separation by
surface antigen is one of the ideas in search of such a promising
subpopulation, especially because MSCs present a variety of markers
associated with other cell types. This study investigated whether
SSEA-4+ could distinguish genuine (pluripotent-like) stem cells
within MSC populations, especially in light of our previous
studies, in which this subpopulation survived significantly longer
in 3D culture (in spheres) (Kaminska et al., 2021).

Heterogenous MSC populations can be divided at least into two
distinct classes that differ significantly in terms of ontogenetic origin
and relatedly basic biological characteristics. MSCs isolated from
perinatal tissues, i.e., umbilical cord, umbilical cord blood, placenta,
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3D spheroid culture for unsorted WJ-MSCs, negative population (WJ-MSC-SSEA-4-), and positive population (WJ-MSC-SSEA-4+): time
characteristics. (A) Morphology during the first 72 h of spheroid culture. Black scale bars represent 100 um. (B) The number of spheroids formed from
10,000 cells during the first 72 h of spheroid culture. (C—E): spheroid diameter during 24, 48, and 72 h of 3D culture, respectively. (F-H): percentage of
spheroids depending on the diameter during 24, 48, and 72 h of 3D culture, respectively. The results are presented as mean values +5D (B, F, G, and

H) or median values +95% Confidence Interval (C—E) of three experiments. p-value for * <0.05, ** <0.01, *** <0.001, and **** <0.0001; significant
differences for (F=H): & - 24 hvs. 48 h, for $ - 24 h vs. 72 h, single symbol - p-value <0.05, double symbol - p-value <0.01

or amniotic fluid, are related to the early stages of fetal development
and their spectrum of differentiation seems to be broader. The
second class represents MSCs isolated from the adult tissue, e.g.,
bone marrow or adipose tissue, with lower clonogenic and
proliferative potential (Drela et al, 2016). MSCs from neonatal
and mid-gestational fetal tissues exhibit extremely low
immunogenicity; they are more plastic and grow faster. WJ-
MSCs also possess the spontaneous potential to express neural
markers, which have almost been undetected in BMSC. The
ontogenetic origin of “primitive” MSCs was described by
Takashima et al. (Takashima et al, 2007), who used Cre
recombinase-mediated lineage tracing analysis which revealed
that a primitive class of immature somatic progenitors with
pluripotent  potential and a preference for
differentiation may originate from the embryonic neural crest
neuroepithelium. After undergoing the first developmental

neuronal

epithelial-mesenchymal transition (EMT), these cells could form
a cohort of primitive mesenchymal cells (pre-MSCs) that transiently
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populate all fetal tissue niches and then are gradually replaced by the
mesoderm-recruited, post-gastrulation, adult MSCs.

Based on the above data, in order to find the marker of
“primitive MSCs”, we selected an ontogenetically younger
mesenchymal stem/stromal cell source, i.e., umbilical cord stroma
(Wharton’s jelly). WJ-MSCs used in our experiments expressed
surface antigen characteristics of MSCs and possessed multipotent
capacities to differentiate toward mesodermal cells (Supplementary
Materials). On the basis of previous studies (Musial-Wysocka et al,
2019), despite reports of slightly lower SSEA4 expression in 5%
oxygen concentration, we decided to apply hypoxic/physioxic
conditions that are considered closer to physiological conditions
within the cell niche than atmospheric 21% concentration (Ivanovic,
2009). Following the flow cytometry analysis performed for MSCs
derived from different tissues and passages, and cultured in different
media, we decided to apply WJ-MSCs from the third passage
cultured in platelet lysate with a higher concentration. The
estimations of SSEA-4 expression in MSC populations vary

frontiersin.org



Smolinska et al.

A Unsorted WJ-MSCs

WJ-MSC-SSEA-4-

EthD-1 Hoechst

Hoechst

FIGURE 8

10.3389/fcell.2024.1227034

WJ-MSC-SSEA-4+ B

ok Hekkk

84 14 6,6

! w - -

®
)
@
3
s
&
8 40
g
§
g
s
o

Bl Dead cells
Alive cells

Viability of populations: unsorted WJ-MSCs, WJ-MSC-SSEA-4-, and WJ-MSC-SSEA-4+ after 72 h of 3D spheroid culture. (A) Calcein AM {(Cal AM),
ethidium homodimer-1 (EthD-1), and Hoechst staining. Green signals indicate alive cells (Cal AM), red signals indicate dead cells (EthD-1), and blue signals
indicate nuclei (Hoechst). White scale bars represent 100 pm. (B) Analysis of dead and alive cell percentage in populations from CalAM-EthD-1 staining
The results are presented as mean values of three experiments +SD. p-value for * <0.05, ** <0.01, and **** <0.0001

across scientific literature and depend on several factors. Petrenko
et al. reported differences between SSEA-4-cell percentage values
observed in different MSC sources: 10% for AD-MSCs, 55% for bone
marrow-derived MSCs (BM-MSCs), and 60% for WJ]-MSCs
2020). BM-MSCs from younger donors
contained more SSEA-4+ cells (5.2% vs. 4% for elderly donors)
(Kawamura et al., 2018) while MSCs isolated from female donors
expressed fewer SSEA-4+ cells (72% vs. 79.8% observed in male
donors) (Selle et al., 2022).

The available literature and our observations strongly suggest
that the initial optimization should be vital for SSEA-4+ expression

(Petrenko et al,

determination in MSC populations. Culture media components
were also reported to affect SSEA-4 expression (He et al., 2014). He
et al. confirmed that a higher concentration of fetal bovine serum
increased SSEA-4+ cell content for WJ-MSC and BM-MSC (He
et al., 2014), which is in agreement with our observation. It is
especially important to emphasize this observation because sera
and platelet lysates do differ between manufacturers and even
batches. For the described experiments, we used PLT Gold for cell
culture even though the analysis of its influence on MSC
characteristics is lacking in scientific literature. However, studies
performed for the older generations of this platelet lysate showed
that it did not alter MSC characterization such as cell morphology,
expression of MSC markers (CD73, CD90, and CDI105),
multipotent differentiation capacity, and proliferation ratio
when compared with other human platelet lysates (Juhl et al,
2016; Lensch
concentration

et al., 2018; Bhat et al, 2021). Low oxygen
factor that could reduce SSEA-4
2019).In addition to
environmental factors and the cell source, the technique of

is another
expression (Musial-Wysocka et al,

isolation may also be crucial. When isolating MSCs from W],
the non-enzymatic method was reported to be the optimal one to
obtain cells with higher clonogenic and proliferative potential

expressing spontaneous neural markers (Lech et al, 2016).
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Unfortunately, this method applied in our experiments did not
allow for an assessment of SSEA4 expression in freshly isolated,
uncultured cells.

With our non-enzymatic method, it was not possible to analyze
WJ-MSC without culture. To obtain the cells straight from the
tissue, it would have been necessary to use the enzymatic method
which does not seem to be optimal for UC-MSCs (Lech et al,, 2016).
In our so-called “0 passage” culture, the number of SSEA4+ cells
varied and ranged from 30% to 90%. Other researchers reported that
they isolated WJ-MSC from three patients and SSEA4+ cells
accounted for 51%, 67%, and 70%, respectively (Musial-Wysocka
et al.,, 2019).

Furthermore, it is still debated whether MACS or FACS is a
better sorting option to favorably affect the process efficiency and
the cell quality. Some researchers reported that MACS allowed for
the isolation of positive populations with reduced cell stress and
increased yield (Bowles et al., 2019), while others found FACS-based
selection less variable (Muratore et al., 2014; Cheng et al., 2017).
FACS was shown to produce better outcomes in SSEA-4+ cell
isolation from ESC populations (Fong et al., 2009). Sutermaster
and Darling observed inefficient cell sorting and high false-negative
rates when MACS was used according to the manufacturer’s
(antibody concentration).  After
optimization, however, comparable MACS and FACS outcomes
were obtained (Sutermaster and Darling, 2019). A dual MACS-
FACS sorting procedure was recorded as the most effective (Kerényi
et al., 2016). Our study demonstrated that FACS resulted in a more
satisfactory recovery. In our study, reduced mortality of cells and

protocols and microbead

better yield after FACS sorting were recorded but the observed
differences were not statistically significant. Ultimately, FACS
processing was selected to separate SSEA-4+ cells as the method
proved to result in better recovery of positive cells.

In this study, two populations were received with FACS
separation: negative (WJ-MSC-SSEA-4-) and positive (WJ-MSC-
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SSEA-4+), and both were compared to unsorted WJ-MSCs. Post-
sorting cytometric analysis to assess the purity was performed
immediately after isolation. Increased values of SSEA-4+
percentage were recorded in the positive population and almost
no SSEA-4+ cells were detected in the negative population directly
after FACS. The purity of the following subpopulations was
examined until the sixth passage of cell culture when we did not
observe differences in the content of SSEA-4 + cells between the
groups. Other research groups also reported the presence of SSEA-
4+ cells in the negative population after cell sorting (Rosu-Myles
etal, 2013; He etal, 2014). Although He et al. confirmed the purity
of the negative population directly after cell sorting, they observed
the SSEA-4 expression on similar levels both in positive and negative
populations (He et al., 2014). Induction of SSEA-4 in a negative
population could be serum/platelet lysate
concentration; this probably could provide an SSEA-4 substrate
for cells. Rosu-Myles et al. reported a decrease in SSEA-4+ number
during 28 days (approximately four passages) of culture in unsorted

associated with

WJ-MSCs and both positive and negative subpopulations (Rosu-
Myles et al,, 2013). Glycosphingolipids, as well as other lipids, are
not encoded by genes, while lipid cell composition is usually defined
by enzymes involved in metabolic pathways (Dowhan, 2009). To
detect SSEA-4 expression by qPCR, other studies used gene
encoding sialyltransferase ST3GAL3 (ST3 beta-galactoside alpha-
2,3-sialyltransferase 3) that is necessary for SSEA-4 synthesis
(Hatzfeld et al, 2007). However, the main disadvantage of this
approach is that it does not allow for direct measurement of SSEA-4
levels in cells.

Our quantitative PCR analysis revealed an increased expression of
such stemness-related transcription factors as Oct4 and Nanog, which
are associated with pluripotency. Small CD105+ SSEA-4+ cells
isolated from bovine embryonic fibroblasts expressed pluripotent
markers and differentiated toward cells from all three germ layers
(Pan et al,, 2015). He et al. did not observe an increased expression of
pluripotency genes in the sorted SSEA-4+ subpopulation (He et al,
2014). In our earlier studies, we observed a spontaneous neural
differentiation of MSCs manifested in the presence of genes and
proteins associated with early neurons and glial cells (Figicl-
2021; Tomecka et al, 2021). The SSEA-4+
population also exhibited increased expression of H-III-Tubulin,
Nestin, and GFAP, thereby suggesting a better potential for
ectoneural differentiation through their undifferentiated state.
However, WJ-MSC-SSEA-4+ cells were incapable of efficient
differentiation toward cells from all three germ layers, which
definitely contradicts their pluripotent potential. Multipotential
differentiation toward mesodermal lineage (osteocytes, adipocytes,
and chondrocytes) was also performed by other researchers, but no
notably significant differences were recorded in differentiation

Dabrowska et al,

between cells from unsorted, positive, and negative populations
(Rosu-Myles et al, 2013; He et al, 2014). He et al. did not only
observe differences in proliferation between SSEA-4+ and SSEA-4-
populations but also reported that SSEA-4+ expression was not
correlated with cell proliferation (He et al., 2014). Furthermore, in
our study, neither better proliferation nor colony-forming capacities
by SSEA-4+ cells were detected, which is also consistent with other
reports (He et al, 2014; Matsuoka et al., 2015). In contrast, Rosu-
Myles et al. reported increased proliferation and clonogenicity
potential for SSEA-4+ cells (Rosu-Myles et al., 2013). Interestingly,
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SSEA-4- subpopulation derived from limbal epithelial cells exhibited
better clonogenicity than SSEA-4+ cells (Truong et al., 2011).

As MSCs are a highly heterogenous cell group, we investigated
the impact of SSEA-4+ sorting on the expression of other surface
antigens which have not been typically referred to by other
researchers so far. We also assessed the expression of the
markers in cells from two different sources: Wharton’s jelly and
adipose tissue. Following the latest literature, the following markers
were selected to be analyzed: CD49F, CD133, CD146, and CD271
(Bakondi et al., 2009; Krebsbach and Villa-Diaz, 2017; Wangler
etal, 2019). The distribution of CD49F (integrin a6) in various stem
cell populations suggests its involvement in the stemness
(pluripotent) maintenance; it was identified on the surface of, i.a.,
embryonic stem cells, hair follicle stem cells, hematopoietic stem
cells, neural stem cells, and some cancer stem cells (Krebsbach and
Villa-Diaz, 2017). AD-MSC-CD49F + exhibited a greater
proliferation and mesenchymal differentiation potential. In one
of the available studies, mouse and rat AD-MSCs were found to
contain a maximum of 30% CD49F + cells, depending on the culture
of the passage (Zha et al., 2021). Contrastingly, in our study, almost
90% of the cells in WJ-MSC populations were CD49F while AD-
MSCs contained only approximately 17% of CD49F + cells. To our
knowledge, this is the first paper to report CD49F+ in the human
MSC populations derived from neonatal sources. CD133 (prominin
1) is another surface antigen not only associated with cancer stem
cells but also found on the surface of hematopoietic stem cells and
neural stem cells (Glumac and LeBeau, 2018). CD133+ cells isolated
from MSCs derived from peripheral blood and adipose tissue-
derived MSCs were already reported to express pluripotent
markers at a higher level than unsorted MSCs (Gonzalez-Garza
et al, 2018). In our study, CD133+ appeared sparse for both WJ-
MSCs and AD-MSCs. The expression of CD146 (melanoma cell
adhesion molecule - MCAM) is associated with vascular smooth
muscle cell lineage commitment (Espagnolle et al, 2014). We
observed a higher percentage of CD146+ cells in WJ-MSC
populations than in AD-MSCs. Finally, we investigated the
expression of CD271 (low affinity nerve growth factor
receptor—LANGFR/p75), which
neuroectodermal, neural crest origin (Sowa et al, 2013; Coste
et al, 2017). CD271+ cells were self-renewed and differentiated
into neurons and glial cells after transplantation in vivo (Morrison
et al, 1999). MSC-CD271+ cells were found to exhibit faster
proliferation and better clonogenicity and expression of
pluripotent and neural genes (Mikami et al, 2011; Gonzalez-

indicates cells of

Garza et al, 2018; Kawamura et al, 2018). Originally, we also
intended to separate CD271 + subpopulation. However, the
number of CD271+ within the WJ]-MSC populations was not
sufficiently high for all the planned analyses to be made. We
found that SSEA-4+ enrichment enhanced the CD271+ cell
population, but the differences between the groups were not
statistically significant. SSEA-4+ sorting was not found to
significantly affect the expression of the surface antigens, which
could be explained by extensive deviations between cells isolated
from different donors.

Secretory properties of MSCs have been widely investigated in
the context of therapeutic application but a limited number of
reports focused on the secretion abilities of specific MSC
subpopulations. We tested the hypothesis that surface markers
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are strictly connected with stromal cell function by tuning the
cytokines released (Islam et al., 2019) and modulating the tissue
microenvironment. Here, we compared the correlation between the
presence/lack of the SSEA4 marker and the levels of secreted,
different regeneration-related molecules such as trophic factors,
cytokines,  chemokines, and with
vasculogenesis. The secretion profiles were found to differ
between the third and fifth day of the experiment. Reduced levels
of some molecules (HGF, BDNF, and GDNF) observed in both
sorted populations on the third day suggested the impact of FACS
on the cells’ condition. On the fifth day after FACS, for some trophic
factors, the highest levels of secretion were observed in the negative
population and the lowest levels were recorded in the positive

factors  associated

population, which suggests that the SSEA-4-deficient cells may be
the population that is more specialized in the secretion of trophic
factors. However, the large standard deviations imply that the
factors secretion could be more of an individual matter, as
reported in our other paper (Sypecka et al., 2022).

Our study also examined whether the WJ-MSC-SSEA-4+
population would exhibit better survival in 3D conditions.
According to the latest literature, 3D conditions could resemble the
native niche of MSCs more accurately than standardly used 2D culture
systems and could be more effective in stemness maintenance (Jaukovi¢
etal,, 2020; Rybkowsla et al., 2023). Our previous paper confirmed that
long-term spheroid culture affected WJ-MSCs’ survival, proliferation,
and senescence, as well as increased SSEA-4+ expression (Kaminska
et al,, 2021). In this study, we cultured W]-MSCs from the analyzed
groups for 3 days in vitro as spheroids and compared the number,
diameter, and cell viability of the spheroids. Changes in diameter were
recorded between variants for the first 48 h of 3D culture. The spheres
formed with WJ-MSC-SSEA-4+ cells were the smallest in the first 24 h.
At the endpoint, the differences between the groups ceased to be
noticeable. SSEA-4+ cells derived from different tissues were also
reported to form spheres (Barraud et al, 2007; Lopez-Lozano et al,
2022). SSEA-4+ isolated from the bovine embryonic fibroblast
population formed larger spheres after the seventh day of 3D
culture than SSEA-4 cells (Pan et al, 2015). The viability assay
revealed that our WJ-MSC-SSEA-4+ subpopulation exhibited the
lowest number of dead cells after 3D culture.

It would be an interesting aspect of the project if the differentiation
potential of all analyzed populations cultured in 3D conditions could be
assessed. Unfortunately, long-term 3D spheroids culture resulted in
increased senescence and led to sphere disintegration of heterogenous
WJ-MSCs (Kaminska et al., 2021).

Finally, the association of SSEA-4 with pluripotency was the last
aspect we addressed in this study. Derivation of iPSCs from SSEA-3/
4 knockout mice raised the question of whether SSEA-4 was essential
(Hamamura et al., 2020). Moreover, the increased transient expression
of pluripotent genes by the WJ-MSC-SSEA-4+ subpopulation did not
affect the proliferation and colony-forming capacity. In fact, two states
of pluripotency can be distinguished: naive (observed for embryonic
cells before implantation into the uterus) and primed (observed for cells
after implantation) (Weinberger et al., 2016; Nishihara, 2017). SSEA-3
and SSEA-4 were associated only with primed pluripotency while
SSEA-1 was observed in the naive state (Nishihara, 2017). In both
states, the cells were observed to express Nanog, Sox2, and Oct4 genes,
and they did differentiate toward cells from all three germ layers and
form teratomas in vivo (Nishihara, 2017). Knockout of B3GALTS5, an
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enzyme involved in SSEA-3/4 synthesis, was reported to facilitate the
transition of human ESCs from primed to naive state (Lin et al., 2020).
Contrastingly, SSEA-3+ cells isolated from the amniotic membrane
appeared to represent a naive state of pluripotency, which was
confirmed by the presence of SSEA-1 and expression of KLF4—a
gene characteristic only of this state (Ogawa et al., 2022). However,
those observations were not confirmed in the SSEA-3+ population
derived from other tissue sources. It remains debatable whether the
presence of two states explains the observed results in the WJ-MSC-
SSEA-4+ population.

Some limitations of this study should be acknowledged. A
decrease in the cell viability observed in both methods of cell
sorting is a downside of the methodology used. Slightly higher
viability of cells from unsorted populations could influence the
outcomes received in PDT and CFU assays. To minimize this
effect, unsorted cells were transported to the sorting facility in
similar conditions applied for both positive and negative
subpopulations. Furthermore, if indeed the sorting procedure had
such a profound effect on the condition of the cells, differences
between passages in cell culture would have been noticed. The next
limitation concerns the similarity of SSEA-4+ cell content between
unsorted and positive populations. Most researchers report the
results observed in positive and negative populations. We decided
to analyze the outcomes from the initial population to confirm
SSEA-4 impacted WJ-MSC
populations. Nevertheless, if SSEA-4 surface antigen had such a
huge impact, we would have observed significantly different results
at least in the negative population. In fact, some of the analyzed
aspects such as proliferation, CFU, and expression of other surface
antigens were almost similar in all study groups.

whether enrichment indeed

5 Conclusion

This study described the characteristics of SSEA-4+ cells separated
from the heterogenous WJ-MSC populations. WJ-MSCs contained
approximately 35%-70% SSEA-4+ cells, depending on the applied
culture condition. The environment richer in proteins and trophic
factors appeared to be more favorable for SSEA-4 cell enrichment
probably due to providing the essential substrate for synthesis. FACS
allowed for the selection of positive SSEA-4+ cells and its number
increased during the further in vitro culture. Elevated relative
expression of the investigated stemness-related genes suggested an
undifferentiated state of the WJ-MSC-SSEA-4 + subpopulation, which
could also affect the differentiation potential toward ectoneural cells.
However, this effect was transient and diminished with further cell
culture, which could account for the unchanged pluripotent
differentiation potential, proliferation ratio, and colony-forming
capacities observed in the positive population. The SSEA-4+
population was not found to be associated with other potential
stemness surface antigens. SSEA-4 enrichment influenced such
aspects of 3D culture as diameter during the first 24 h and viability of
cells inside the spheres. Our hypothesis that WJ-MSC-SSEA-4+ cells
could be a more favorable subpopulation due to unique pluripotent-like
features and restorative/replacing properties could not be confirmed as
no unequivocal results were obtained. However, the search for such a
marker is an important direction for further research on mesenchymal
stem cells.
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1 Supplementary materials and methods

Materials and methods S1. Flow cytometry analysis of MSCs specific surface antigens. For
estimation of surface antigens content recommended by The International Society for Cellular Therapy,
we used Human MSC Analysis Kit (BD) containing following anti-human antibodies: CD73-APC,
CD90-FITC, CD105-PerCP-Cy5.5 (positive cocktail), CD11b-PE, CD19-PE, CD34-PE, CD45-PE
(negative cocktail). According to the manufacturer protocols, cells were detached with Accutase Cell
Detachment Solution (BD) and washed in PBS. Required cell number (1*106) was resuspend in cold
Stain Buffer (BD) and then incubated with antibodies in the dark for 30 minutes. After incubation,
cells were washed twice with Stain Buffer (BD) and resuspend in Stain Buffer. Resuspended cells were
analysed using FACS Canto IT (BD) with FACSDiva Software (BD) and FlowJo 10 (BD).

Materials and methods S2. MSCs multipotent differentiation assay. To verify the multipotency of
WI-MSCs used for experiments, mesodermal lineage differentiation was tested. Osteogenic,
chondrogenic and adipogenic differentiation was induced with commercial differentiation media
(Gibco, Thermo Fischer Scientific). Induction of adipogenesis and chondrogenesis was conducted for
14 days and induction for osteogenesis was conducted for 21 days. Then, cells were fixed in 4% PFA
and then stained with histochemical dyes: osteogenesis was evaluated with 2% alizarin red S,
chondrogenesis was evaluated with 1% alcian blue, adipogenesis was evaluated with 0,5% Qil Red.

Supplementary Table S1. List of primers used for RT-gPCR

Gene NCBI Reference P‘roduct Primer sequence (5' -> 3')
Sequence size

F: CATGTACGTTGCTATCCAGGC
B-Actin NM_001101.5 250 bp

R: CTCCTTAATGTCACGCACGAT

F: GAACCTCAGCTACAAACAGG
Nanog NM_024865.4 103 bp

R: CGTCACACCATTGCTATTCT

F: CTGAAGCAGAAGAGGATCACC
Oct3/4 (PouSF1) NM_001285986.2 331 bp

R: AAAGCGGCAGATGGTCGTTTGG

90
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F: GTGGAAACTTTTGTCGGAGA
R: TTATAATCCGGGTGCTCCTT
F: GGGAAGAGGTGATGGAACCA
R: AAGCCCTGAACCCTCTTTGC
F: GGAAGAGGGCGAGATGTACG
R: GGGTTTAGACACTGCTGGCT
F: CCGACAGCAGGTCCATGT

Sox2 NM_003106.4 93 bp

Nestinl NM_006617.2 64 bp

B-Tubulin IIT NM_001197181.2 126 bp

GFAP NM_0013638462 100 bp

R: GTTGCTGGACGCCATTG

F: TTCATGCGAGAGGAGGTGGCA
CIx2 NM_001270523.2  38bp  p. 1GCTGTTGTTGGCGGCACTT
Brachyuri NM_001379200.1 104 bp Eéii%%%égég}éégg};%ﬁ??

F: CATCATGCGTCTGGATCTG
ACTA2 NM 0011419452 99 bp

R: TCACGCTCAGCAGTAGTA

F:AACTATCCTGACGTGTGACA
SOX17 DL 0224544 10bp B .CAAAAACCCAGGAGTCTGAG

F: GGGAGCGGTGAAGATGGA
FOX2A NM_021784.5 89 bp

R: TCATGTTGCTCACGGAGGAGTA

2 Supplementary figures

1. Analysis of SSEA-4 in WJ-MSCs population 3. Characterization of SSEA-4-/SSEA-4+ cells
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Supplementary Figure 1. General overview of experimental steps. First, SSEA-4 expression was
analyzed within WJ-MSCs population. Then, two separation methods, Fluorescence Activated Cell
Sorting (FACS) and Magnetic Activated Cell Sorting (MACS), were compared. Finally, SSEA-4+
population was characterized in comparison to the initial unsorted population and the negative
population. The figure was created in BioRender (assessed date: 10.07.2023).
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Supplementary Figure 2. Strategy gating for detection of SSEA-4+ cells in WJ-MSCs for unstained
control, isotype control and stained sample; flow cytometry, FACSCanto II.
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SSEA-4+ staining
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Supplementary Figure 3. Strategy gating for sorting of SSEA-4+ cells in WJ-MSCs for unstained
control, isotype control and stained sample; flow cytometry, FACSAria IL.
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Supplementary Figure 4. Scheme of 3 germ layer differentiation. Cells from different variants were
cultured until 70-80% confluency and then, culture medium was replaced with specific differentiation
media. Then, the cells were cultured for 4 days in vitro (div) and then RNA was collected for gene
expression analysis.
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Supplementary Figure 5. Flow cytometry analysis of surface antigens recommended by The
International Society for Cellular Therapy for MSCs characteristics — CD73 (A), CD90 (B), CD105
(C) and negative mix (CD11b, CD19, CD34, CD45 and HLA-DR).

Supplementary Table 2. Expression of surface antigens recommended by The International
Society for Cellular Therapy for MSCs characteristics

Marker Positive cells, % Standard
Mean deviation
CD73 99.7 0.40
CD90 99.8 0.08
CD105 97.4 1.90
CDl1b, Cg{&_CD]l){S& CD45, 02 0.26

A

Supplementary Figure 6. Multipotent differentiation of WIJ-MSC toward osteocytes (A),
chondrocytes (B) and adipocytes (C). A. Calcium deposits characteristic for osteocytes were identified
with alizarin red. B. Glycosaminoglycans characteristic for chondrocytes were identified with alcian
blue. C. Lipid drops (black arrows) characteristic for adipocytes were identified with red oil. Scale
bars: 100 pm.
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Goat anti-mouse IgG1

CD90 SSEA-4

Supplementary Figure 7. Secondary antibody staining controls for Fig. 2.A. Following secondary
antibodies were applied: goat anti-mouse IgG3 conjugated with Alexa Fluor 488 for SSEA-4, goat anti-
mouse IgG1 conjugated with 546 for CD90. Cell nuclei were stained with DAPI. Scale bars: 100 um.
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Supplementary Figure 8. SSEA-4 and CD271 coexpression, flow cytometry analysis. WJ-MSCs
were cultured with following platelet lysates: MultiLP’30 (A) , MultiLP’100 (B) and PLTGold (C).
AD-MSCs were cultured in PLTGold platelet lysate.
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Supplementary Figure 9. Ethidium homodimer-1 (EthD-1) mortality staining for cells before and
after cell sorting with MACS and FACS. Cell nuclei were stained with DAPI. Scale bars: 100 pm.
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WJ-MSC-SSEA-4+

Supplementary Figure 10. Multipotent differentiation of SSEA-4 negative (WJ-MSC-SSEA-4-) and
SSEA-4 positive WI-MSC (WJ-MSC-SSEA-4+) populations toward osteocytes (A), chondrocytes (B)
and adipocytes (C). Scale bars: 100 um.
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Supplementary Figure 11. Expression of surface antigens CD49F (A), CD133 (B), CD146 (C) and
CD271 (D) for AD-MSCs; flow cytometry. (E) Expression comparison of CD49F, CD133, CD146 and
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CD271 between WJ-MSCs and Adipose derived MSC (AD-MSCs). The results are presented as mean
values of 3 experiments = SD. P-value for ** <0.01,

3 days after FACS 5 days after FACS
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Supplementary Figure 12. EGF secretion analysis in 3 and 5% day in vitro after FACS sorting for
unsorted WJ-MSCs, negative population (WJ-MSC-SSEA-4-), positive population (WJ-MSC-SSEA-
4+) and in culture medium. EGF levels detected during cell culture were below levels detected in
culture medium.
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The heterogeneity of the mesenchymal stem/stromal cells (MSCs) population poses a challenge to researchers and clinicians,
especially those observed at the population level. What is more, the lack of precise evidences regarding MSCs developmental origin
even further complicate this issue. As the available evidences indicate several possible pathways of MSCs formation, this diverse
origin may be reflected in the unique subsets of cells found within the MSCs population. Such populations differ in specialization
degree, proliferation, and immunomodulatory properties or exhibit other additional properties such as increased angiogenesis
capacity. In this review article, we attempted to identify such outstanding populations according to the specific surface antigens or
intracellular markers. Described groups were characterized depending on their specialization and potential therapeutic application.
The reports presented here cover a wide variety of properties found in the recent literature, which is quite scarce for many
candidates mentioned in this article. Even though the collected information would allow for better targeting of specific subpopula-

tions in regenerative medicine to increase the effectiveness of MSC-based therapies.

1. Introduction

Mesenchymal stem/stromal cells (MSCs) attract an interest
of researchers due to their wide potential applications in med-
icine. Multiple therapeutic properties of MSCs are thoroughly
described: differentiation capacities toward mesodermal tis-
sues, secretion of trophic factors supporting regeneration,
immunosuppression, and homing functions [1]. Many clin-
ical trials are currently conducted to confirm the safety and
efficacy of MSCs treatment [1]. However, a lot of proposed
therapies did not proceed to registration in the pharmaceu-
tical market due to small success in preclinical studies or
lack of progress in later stages of clinical trials [2]. A possible
explanation for the insufficient efficiency of MSCs application
in human studies is suggested by several causes; heterogeneity
is one of them [2, 3].

MSCs heterogeneity is explored at multiple levels; vari-
ability between cells derived from different donors, sources,

and isolation methods are listed as an extrinsic causes [4—6].
Even the complexity of the tissue could affect the properties
of MSCs. Although the overall characteristic remains similar,
the cells from different isolation sites may differ in more spe-
cific functions such as factors secretion, differentiation poten-
tial, or immunomodulatory properties, which was described
for MSC isolated from adult tissues such as bone marrow or
adipose tissue [7, 8]. In terms of perinatal tissues, it should be
noted that even MSC of maternal and fetal origin influenced
cell characteristics, such as osteogenic potential, proliferation,
and immunomodulatory properties [9-11]. The variety of cul-
ture conditions and medium compositions amplifies the het-
erogeneity issue—applied methods differ even between good
manufacturing practice facilities [12]. Described factors could
be minimized with standardization of protocols and better
criteria for the choice of cell source and donor, but the internal
heterogeneity poses a more complex problem to solve. The
development of multiomic approaches realized that many
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Ficure 1: Heterogenous vs. homogenous MSCs population. MSCs population consist of distinct clones that could be separated, expanded in

in vitro culture and applied for more specific therapeutic purposes.

subpopulations sharing distinct gene expression profiles might
exist within one population [13]. Multicolor barcode labeling
revealed that the apparently homogenous MSCs population
consists of several subpopulations [14]. Heterogeneity observed
in vitro could be a result of heterogeneity in vivo, caused poten-
tially by numerous mechanisms such as phenotype plasticity,
transcriptional fluctuations in gene expression, proliferation
ratios of different clones, and cellular senescence [15], and prob-
ably imperative one: the diverse origin of MSCs cells.

Except the identification of MSCs in a fetal liver in
7-week human embryo [16], the earlier stages of MSCs devel-
opment remain rather enigmatic. Researchers propose several
possible pathways of MSC formation. Somatic lateral plate
mesoderm (LPM) is suggested as a major source of MSCs cells,
mainly based on the described exhibition of specific markers
and differentiation directions [17]. During the development,
cells located in the LPM layer as a result of the epithelial-to-
mesenchymal transition (EMT), originally constituting as a
homogeneous population. Then, LPM cells undergo the reverse
process—the mesenchymal to epithelial transition. Many cells
go through multiple rounds of EMT/MET before the acquisi-
tion of their final differentiation state, adding to the complexity
of the LPM environment [17]. Part of MSCs could be derived
from vascular endothelial cells through the EMT process [16].
Partial origin from another germ layer is also not excluded—
neural crest, a transient structure located at the neural tube, also
contributes to the MSCs’ origin [16-18]. Neural crest-derived
stem cells undergo EMT processes, resulting in their delamina-
tion and migration to further tissues [18]—they are found in
neural and nonneural tissues—craniofacial skeleton and adi-
pose tissue are listed as one of them [18]. Potential neuroecto-
dermal origin could explain the observed neuronal and glial
markers expression by MSCs from different sources [19, 20].

The different possible origins of the cells from the het-
erogeneous MSCs population constitute the variety
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exhibited therapeutic properties such as differentiation
potential, proliferation rate, secretory profile, or angiogene-
sis capacity (Figure 1). Among MSCs, there could be found
clones showing different degrees of specialization—from
line-specific progenitors to the undifferentiated stem cells
that give arise into cells from all three germ layers [21, 22].
Application of selected subpopulations could increase the
therapeutic efficiency and reduce observed discrepancies.
However, the optimal strategy for identifying potential
promising subpopulations from other morphologically sim-
ilar cells still remains to be explored.

The main aim of this review is to collect available infor-
mation about markers suggesting the distinct subpopulations
existing within the heterogeneous MSCs population. Here, we
specitied two groups of markers, depending on the applica-
tion: those suggesting the stem, undifferentiated character
of the population, and those indicating more specified pro-
genitors. The first group would enhance cellular therapies by
providing a pool of self-renewal, proliferating stem cells. The
second group could be helpful in more specific areas of regen-
erative medicine, such as wound healing, proangiogenesis, or
anti-inflammatory agents. Expression of described markers
could depend on different factors—culture condition and
media composition, source of origin, donors’ age and/or gen-
der, and even more specific intercellular interactions such as a
phase of the cell cycle [23]. We decided not only to compile a
recent literature in this topic but also to incorporate and
refresh some older evidences that could be lost and forgotten
among the plethora of reports in MSCs topic.

2. Markers for Stem Population within MSCs

Highly heterogenous MSCs population contains subsets of cells
exhibiting different stages of differentiation—stem-like cells, mul-
tipotent progenitors, and more differentiated precursors [24].
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The selection of a genuine stem cell population could improve
the manufacturing of MSCs. Some authors proposed even
existence of pluripotent-like stem cells that would exhibit
expression of characteristic genes (Oct4, Sox2, Nanog, etc.)
and differentiation toward cells from all three germ layers
[22]. In the topic of the search for a universal stem cell, there
are still many uncertainties to be resolved, especially in the
understanding of intracellular mechanisms. According to
recent reports, even the phase of the cell cycle can influence
the potential for cell differentiation [23]. In this section, we
will focus on markers predicting the potential stem character
of subpopulations. We have gathered here the information on
the availability of the described subpopulations in MSC tis-
sues (Table 1) and their observed properties (Table 2).

2.1. SSEA-3. Specific stage embryonic antigens (SSEA) are
glycosphingolipids appearing during embryonic develop-
ment. SSEA3 and SSEA4 especially aroused the researchers’
interest. Both antigens occur in an earlier stage of mouse
embryonic development—SSEA3 peaks in the 2-8 cell stage,
while SSEA4 in the morula [56]—and then disappears [57].
For human embryos, SSEA3 and SSEA4 are detected after
blastocyst formation and only in inner cell mass [57].
Although SSEA3 and SSEA4 are found on the surface of
embryonic stem cells (ESCs) [58, 59] and induced pluripo-
tent stem cells [60], their association with pluripotency is
discussed. Knockout of gene B3GALTS5, involved in SSEA-
3/4 synthesis, drived human ESCs from primed toward naive
pluripotent state [61], while iPSCs were successfully estab-
lished from fibroblasts derived from SSEA3/4-depleted
mice [62].

SSEA-3+ population is rather sparse within MSCs; its
percentage fluctuates around 5%, depending on the sources
(Table 1). SSEA-3+ cells were identified for bone marrow,
adipose tissue, Wharton Jelly, and dermis [42-45, 63, 64].
Long exposition to tripsine, as well as sphere-inducing con-
ditions, seemed to increase the SSEA-3+ cell percentage in
the MSCs population [65], while a higher concentration of
FBS in media decreased the SSEA-3 expression in WJ-
MSCs [34].

SSEA-3+ MSCs are intensively explored in a topic of
MUSE cells—multilineage differentiating stress enduring
cells [22]. SSEA-3+-MUSE cells formed spheroids that
were self-renewal and exhibited pluripotency—differentiated
toward cells from all three germ layers upon in vitro culture
and after in vivo transplantation [21, 42, 43, 66]. SSEA-3+
cells were confirmed to differentiate in vitro toward cells
from different germ layers, such as insulin-producing cells
or neural precursor cells [67, 68]. Blocking SSEA-3 in the
MUSE population reduced proliferation, clonogenicity,
expression of pluripotent genes SOX2 and OCT3/4, as well
as differentiation toward cells from three germ layers [66]. It
was suggested that SSEA-3 is involved in stemness mainte-
nance as a coreceptor for a fibroblast growth factor (FGF-2)
through the PI3K pathway [66].

The efficiency of SSEA-3+ cells was confirmed also in
vivo in multiple animal models [52, 68-72]. SSEA-3+-MUSE
cells integrated into a host tissue and differentiated into

103

neural cells after transplantation, which facilitated neural
reconstruction in an animal model of lacunar stroke [72].
A similar effect was observed in the animal model of liver
fibrosis and in human liver transplantation—transplanted
cells integrated into a regenerated area and spontaneously
differentiated into cells associated with major liver compo-
nents [52, 73]. Differentiation toward specific tissues was
observed in the treatment of aneurysm and acute myocardial
infarction [71, 74]. Despite different places of cell injection
tested in preclinical studies, MUSE cells were identified
mostly in the damaged tissues due to their unique homing
capacity [52, 71]. Injection of SSEA-3+ cells was safe—no
tumors nor adverse effects occurred during the long-term
follow-up period [52, 72, 75]. Human trials involving
patients with myocardial infarction showed the efficiency
and safety of intravenous administration of MUSE cells
[76]. Currently, the phase 1 clinical trial is evaluating the
safety and tolerance of MUSE cells in the treatment of neo-
natal hypoxic encephalopathy (NCT04261335) [77].

2.2. SSEA-4. SSEA-4 is synthesized from SSEA-3 by
ST3GAL2-enzyme fi-galactoside a2,3-sialyltransferase 2
[78], and its structure contains terminal sialic acid [78].
SSEA-44 population within MSCs is more numerous than
SSEA-3, but still, different authors report different values
(Table 1). SSEA-4 numbers depend on the culture medium
composition [34], source of tissue [29], and donor’s age [31]
or gender [46]. Neonatal tissues appeared to be more abun-
dant in SSEA-4+ cells source of MSCs than adult tissues [29]
(in submission). Long-term culture as neurospheres
increased the content of SSEA-4+ cells [79].

SSEA-4 was proposed as a marker to distinguish physio-
logically younger cells within a population obtained from
elderly donors [80]. However, it is debated whether SSEA-
4 is genuinely a stemness marker. Rosu-Mylers et al. [54]
reported higher proliferation ratios and colony-forming
capacities of SSEA-4+ cells. SSEA-4+ cells exhibited better
adipogenic differentiation [33], while SSEA-4+ cells from
adipose-derived MSC (AD-MSCs) generated mature endo-
thelial cells with microvascular patterns [81]. Other authors
did not observe any differences in proliferation ratio, plur-
ipotency genes expression, and osteogenic and adipogenic
differentiation between SSEA-4+ and SSEA-4— cells [34].
Interestingly, we observed increased expression of genes
associated with pluripotent cells and early neuroglial cells
directly after cell sorting, but it returned to the previous state
after further in vitro culture. Similarly to He et al. [34], our
group did not observe changes in proliferation and clono-
genicity (in submission). So far, studies targeting SSEA-4 in
MSCs population have not progressed beyond the in vitro
phase. Despite potential embryonic origin, provided biased
evidences impede classification whether SSEA-44 subpopu-
lation outstands from the heterogenous MSCs population.

2.3. CD271. CD271, also known as low-affinity nerve growth
factor (NGF) receptor or p75NTR, is a neurotrophin receptor
binding NGF, brain-derived neurotrophic factor (BDNF),
neurotrophin-3 and 4 as well as precursors: proNGF and
proBDNF [82-84]. CD271 plays a role in neurotrophins
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TasLe 1: Expression of markers for potential stem cells in different MSC sources.

Marker MSCs source % of cells Comments Reference
(1) Fetal BM
(1) 66.5 (2) Adult BM
Chaot EM (2) 11 -Loss CD49f expression during culture (23]
-Differences between donors
-Passage 1
CD49t BM 222% -Loss during culture passages [26]
-Differences between sources
-Passage 0
Chaof DM 668 -Together with CD146 high expression (271
. -Passage 2
CD49f (IEZT:;S;”?T gg ;;; -CD49f expression decreased after TNF and IFN treatment [28]
T -CD49f expression decreased with passage number
CD133 AT 12 [29]
CD133 BM 15 [29]
CD133 W] Less than 2 [29]
CD271 AFC Less than 0.5 [30]
CD271 AT 8.4 [30]
CD271 AT 5 [29]
(1) 22.3 (1) Young donors
ch271 BM (2) 101 (2) Elderly donors (31]
CcD271 BM 37 [30]
CD271 BM 8 [29]
CD271 BM 1.9 Organism: mouse [32]
CD271 CB Less than 0.5 [30]
CD271 DM 55 [33]
CD271 PVC Less than 0.5 [30]
CD271 W] Less than 0.5 [30]
CD271 W] Less than 1 [34]
CD271 WJ 2 [29]
-Site of isolation: chorion laeve tissue
-Expression differences between clones
CD349 PL 20-58 -Loss of MSC markers (35]
-Together with negative CD271 expression
-Site of isolation not specified,
CD349 PL 02 -Together with Nanog, Oct4 and SSEA4 upregulation (36]
(1) ~55 (1) Passage 2, cell culture in AB-HS
GD2 BM, adult (2) ~35 (2) Passage 2, cell culture in FBS (37]
GD2 AT 16.7 — [38]
- T o -
ap2 BM 95 Passage 2, cells CD45~ CD1057CD73", maintained expression for 8 (39]
passages
(1) ~88 (1) Passage 2, cell culture in AB-HS
GD2 BM, fetal (2) ~65 (2) Passage 2, cell culture in FBS (371
-Organism: mouse,
Gb2 EM 63:4-73.9 -Passage 2, expression differed between mouse strains (40]
(1) ~38 (1) Passage 2, cell culture with AB-HS
GD2 uc (2) ~18 (2) Passage 2, cell culture in FBS (37]
(1) 4 (1) Compact bone marrow
Sca-1 BM (2) 0.5 (2) Flushed bone marrow (41]
SSEA-3 Mouse AT 6.3 [42]
SSEA-3 AT 32 [43]
SSEA-3 AT 8.8 [21]
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Taste 1: Continued.

Marker MSCs source % of cells Comments Reference
SSEA-3 AT 1.9 [44]
SSEA-3 BM 53 [45]

(1) 6.7 (1) Explant isolation, passage 0
SSEA-3 W] (explant) (2) 6.1 (2) Enzymatic isolation, passage 0 (34]
SSEA-4 AT 10 [29]

(1) 5.2 (1) Young donors
SSEA-4 BM 2)4 (2) Elderly donors (31]
N (1) 72 (1) Females
SSEA-4 EM (2) 79.8 (2) Males (6]
SSEA-4 BM 55 [29]
SSEA-4 DM 5.6 [33]

(1) 32.4 (1) Explant isolation, passage 0
SSEA-4 Wi (2) 26.1 (2) Enzymatic isolation, passage 0 (34]
SSEA-4 W 60 [29]

(1) 35% Used different human platelet lysates: (1) with lower concentration L
SSEA-4 Wi (2) 70%—74% of factors, (2) with higher concentration of factors. In submission

Note: ~: approximately, AB-HS: human AB serum, AFC: amniotic fluid, AT: adipose tissue, BM: bone marrow, CB: cord blood, DM: dermis, FBS: fetal bovine
serum, IFN: interferon, PL: placenta, PVC: perivascular compartment of umbilical cord, TNF: tumor necrosis factor, UC: umbilical cord, W]: Wharton Jelly.

Source of MSCs: human, unless otherwise stated.

response and regulates apoptosis, cell survival, proliferation,
and differentiation [84, 85]. CD271+ cells were isolated from
fetal peripheral nerves [86] as well as the human adult sub-
ventricular zone [87]. CD271 is associated with neural crest-
derived stem cells that migrated to different tissues during
EMT [88, 89]. Interestingly, CD271 expression could be
induced even earlier during development, as it was found in
the murine inner cell mass of blastocyst before implanta-
tion [90].

Isolated CD271+ cells differentiated differentiation into
neurons and glial cells in vitro and in vivo [86, 87]. Deletion
of CD271 within sensory neurons in mice resulted in the loss
of neurons that started during embryonic development and
continued until adulthood [91], while CD271-depleted mice
displayed a reduction in sciatic nerves and abnormal hind
limb reflexes [92].

CD271+ cells were found in mesenchymal tissues, indi-
cating a partial neural crest origin of MSCs [93, 94].
Although adult tissues contain more CD271+ cells, the sub-
population derived from fetal and neonatal tissues is more
stable and decreases less rapidly with passage number than
CD271+ cells in MSCs from adult tissues [30] (Table 1).
Described properties of CD2714+ MSCs suggest that this
marker could indicate the pool of genuine stem cells that
differ in embryonic origin. CD271+ MSCs differed from
the rest of the heterogenous population; they proliferated
more rapidly [31, 47], formed more colonies [30, 47], formed
spheres, and expressed pluripotent and neural genes at
higher levels [31, 48] (Table 2). Although its potential ecto-
neural origin, evidences for CD271+ cells from MSCs differ-
entiation toward neurons and glial cells are lacking. Indeed,
if those cells did possess this ability, they could provide an
alternative source for neuron-like cells in regenerative medi-
cine. However, according to Sowa et al. [93], a huge pool of
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CD271 cells found within AD-MSCs may not originate from
the neural crest.

2.4. CD49F. The CD49f protein, also known as integrin a6
(ITG6), is a transmembrane receptor consisting of two sub-
units: & and f. Each subunit plays a different function, but
the exact roles remain unknown. It has been found on the
surface of many different stem cells’ populations, such as
primordial germ cells, keratinocyte stem cells, hematopoietic
stem cells (HSCs), ESCs, cancer stem cells, and MSCs [95].
The principal function of the integrins family is to adhere to
the extracellular matrix ligands, such as laminin, collagens,
and fibronectin, and together with the tyrosine kinases, pro-
vide signals between the external and intracellular environ-
ment of the cells. The CD49f protein itself regulates the cells’
interaction with the extracellular environment and mediates
cell-to-cell adhesion. CD49f is considered to be a highly
conservative biomarker of early-stage stem cells that is
involved in their self-renewal maintenance.

The amount of CD49f marker in MSCs varies depending
on the cells’ source (Table 1). The highest number of CD49f-
positive cells was found in BM-MSCs. Yang et al. [25] dis-
covered that the younger the MSC cells, the higher the
expression of CD49f. Their study revealed that fetal cells
expressed 66.5% of the CD49f marker, while adult cells
had only 11%. Moreover, during the cell culture and passage
number, a gradual decrease of CD49f-positive cells was
observed, from 74.8% in passage 2%—4.88% in passage 10.
Interestingly, when the CD49f-positive population was
sorted by fluorescence-activated cell sorting (FACS), they
observed the quick loss of CD49f expression shortly after
culture, from 95.2% to 48.7%. The Yang et al. [25] research
also revealed better clonogenic potential of CD49f-positive
cells and enhanced osteogenic differentiation. However, the



6 Stem Cells International

TasLE 2: Properties of subpopulations separated from MSC tissues.

Marker Sorting method Effect Reference

1 Clonogenity,
1 proliferation,

CD49f FACS o [26]
T migration,
1 multilineage differentiation,
CD49f FACS 1 Colony forming, (25]

1 adipogenic and osteogenic differentiation

1 Self-renewal,
CD49f FASC 1 spheres formation, [27]
1 adipogenic and osteogenic differentiation
1 Adhesion,
1 proliferation,
CD49f MASC 1 adipogenic and osteogenic differentiation, [28]
1 migration,
1 antiapoptotic potential

1 Clonogenicity,
1 osteogenic differentiation

CD271 FACS 1 Proliferation, [31]

1 Proliferation,

CD271 FACS [30]

eb271 FACS | osteogenic and adipose differentiation 471
1 Neuronal and glial differentiation,

CD271 MACS 1 migration toward islets and islet-like cell clusters (32]

CD271 MACS 1 Pluripotent genes expression [48]

No changes in multipotent differentiation in vitro,

CD271 MACS 1 osteochondral repair in vivo, [49]
| angiogenesis in vitro and in vivo

CD271 MACS T Adipogenesis, chondrogenesis, osteogenesis [33]

| Angiogenic-properties,
| vasculogenesis,
D349 FACS | re-endothelialization, (35]
similar osteogenic differentiation potential
€D349 FASC 1 Clonogenicity, (36]

1 multi-lineage differentiation

1 Clonogenicity,
1 proliferation,
1 adipogenesis,
GD2 FACS 1 osteogenesis, [40]
1 gene expression: LPL, adipsin, collagen I, CBFA1, OC,
1 content of positive cells: Sca-14, CD105+, SSEA-1+, Nanog+,
| content of positive cells: CD34+, C-kit+, CD45+, CD11b+

1 Clonogenicity,
1 colony size,
1 proliferation,
GD2 MACS T gene expression: SSEA-4, Oct-4, Sox-2, Nanog, Nestin, GFAP, [37]
NSE,
1 adipogenesis,
1 osteogenesis

1 Clonogenicity,
1 gene expression: NANOG, TERT, BMP2, Myf5,

Sca-l FAGS | chondrogenesis, (41]
| gene expression: Col2al
Sca-1 FACS 1 Clonogenicity [50]
1 Gene expression: Eng (CD105),
Sca-1 FCAS | gene expression: IL-6, Pdgfra, Ly6a, Itgbl, Itga5, CD44, [51]
Thy1(CD90)
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TasLe 2: Continued.

Marker Sorting method Effect Reference
SSEA.3 FACS T leferent)atl_on into 1nsulxn-pr0dgc1ng cells, (43]
T pluripotent genes expression
1 Migration toward injured liver cells,
SSEA-3 FACS 1 restoration of liver function in liver fibrosis model, [52]
1 in vivo spontaneous differentiation into hepatocyte
SSEA-3 FACS 1t Sphere formation [22]
1 Sphere formation,
— 1 pluripotency,
SSEA-3 FACS 1 spontaneous expression and expression after differentiation of (21]
markers from three germ layers
. Better biodistribution,
SSEA-3 FACS 1 motor and cognitive functions of HIE rats (45]
Similar effects observed in both sorting methods
SSEA-3 FACS, MACS 1 sphere formation, [42]
1 pluripotency,
1 neural differentiation
| Apoptosis and senescence after UV or H,0O, treatment,
SSEA-3 MACS 1 activation of damage repair system of DNA via non-homologous [53]
end joining
SSEA-3 MACS 1 Pluripotent genes expression [48]
1 Expression and secretion of growth factors,
SSEA-3 MACS 1 pluripotency gene expression, [44]
1 increased wound healing of skin ulcers
No differences in proliferation, pluripotency genes expression,
SSEA-4 FACS osteogenic differentiation, adipogenic differentiation (34]
SSEA-4 FACS 1 Clonogenicity, (541
1 proliferation
1 Pluripotency and neural gene expression,

SSEA-4 FACS 1 viability of spheres, In submission

smaller spheres formed,

no differences in proliferation and clonogenicity

SSEA-4 MACS 1 Adipogenesis [33]
SSEA-4 CD271 FACS 1 Proliferation [31]
SSEA-4 CD271 FACS 1 Clonogenicity, [55]

| adipogenesis

Note: FACS: fluorescence-activated cell sorting, MACS: magnetic activated cell sorting, HIE: hypoxic-ischemic encephalopathy.

influence of cytokines such as TNF-a on BM-MSC showed
that the inflammatory environment downregulated CD49f
expression, decreased adhesion ability, disturbed differentia-
tion potential, and increased migration. In the following
years, the same team successfully obtained the CD49f-posi-
tive cell population from the dermis stem cells. The isolated
CD49f-high population was characterized by the presence of
fibroblast markers (Collal and Vimentin), the ability to form
spheres, and higher differentiation potential towards mesen-
chymal and neural lineages. Their results also provided evi-
dence that CD49f-high cells isolated from the dermis may
have neural-crest origins or may be progenitor stem cells [27].

Zha et al. [28] found that CD49f expression differed
between mouse and rat AD-MSCs; mouse AD-MSCs con-
tained 17.7% of CD49f+ cells, while rat AD-MSCs —27.2%.
They also observed a gradual loss of the CD49f marker’s
presence during subsequent passages. After induction of
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the inflammatory environment and cells incubation with
TNF-a and IFN-y, a reduction in the number of CD49f
markers was observed, but the cells adhesion capacity was
elevated due to upregulated VCAM-1 expression. Sorted
CD49f-positive AD-MSCs were characterized by increased
proliferation potential, higher multilineage differentiation
ability, and antiapoptotic capabilities compared to unsorted
AD-MSCs.

The diversity of CD49f marker presence was also
described in the work of Nieto-Nikolau et al. [26], where
the different donors of bone marrow stem cells were taken
under consideration. In the work of this group, they obtained
22.17%, 25.5%, and 8.65% of CD49f-positive cells isolated
from different sources. Moreover, like the previous groups,
they also observed a gradual loss of the marker with succes-
sive passages and similarly increased clonogenicity, migra-
tion, and differentiation potential. In addition, they found



that with the lower the cell confluence expression of CD49f
was higher, which may confirm the microenvironmental reg-
ulation of this integrin. They also showed that spheroid-
derived MSC expressed higher amounts of CD49f together
with higher proliferation, migration, and colony-forming
efficiency that may be correlated, in their view, with the
number of progenitor cells in MSC cultures. Earlier, another
group came to similar conclusions; they proved that the
sphere-forming MSC cells are rich in CD49f marker together
with stemness genes expression of NANOG, SOX2, and
OCT4 compared to cells cultured in monolayer form. There-
fore, CD49f may regulate the sphere-forming ability and
stemness maintenance in MSC, and this regulation may be
correlated with the activation of the PI3K/AKT signaling
pathway [96].

In conclusion, the presented studies consistently show
that the expression of the CD49f marker in MSCs is sensitive
to environmental changes, such as induction of the inflam-
matory environment; moreover, it is also regulated by cell
growth and confluence and lost during cell senescence.
The results of the presented studies are consistent in terms
of increased proliferation, differentiation, clonogenicity of
CD491-positive cells, and their ability to form spheres. How-
ever, the relationship between CD49f marker expression and
elevated pluripotency markers for the maintenance of stem-
ness and regulation of self-renewal needs to be thoroughly
investigated.

2.5. GD2. GD2, a neural ganglioside, was identified in cells of
the nervous system [39] and in MSCs derived from various
sources: bone marrow, umbilical cord, and adipose tissue
[37-40]. Its overexpression is characterized by different
neuroectoderm-derived tumors related to tumor progression
and metastatic potential [97].

The level of expression GD2 in MSCs fluctuated between
18% and 95%, depending on the source, culture conditions,
and mouse inbred [37—40]. Martinez et al. [39] demonstrated
that both BM-MSCs and AD-MSCs were characterized by
the similar expression of GD2 -95%. However, the other
research group reported that far less AD-MSCs expressed
GD2—only 46.7%. MSCs cultured in AB-HS (human AB
serum) were characterized by a higher percentage of GD2*
cells than MSCs cultured in FBS [37]. It’s also worth noting
that GD2" percent in ADM-MSCs decreased from 46.7% to
31.4% or 23% when cells were cultured for 30 days in
medium coming from cell culture of human glioblastoma
multiforme cell line SMGBA or A375 [38].

Sorted population of murine BM-MSCs GD2™ character-
ized higher percentage of positive cells of markers: Sca-1*
(stem cells antigen-1), CD105", SSEA-17, Nan0g+, and
lower percentage of positive cells: CD34%, C-kit*, CD45™,
and CD11b* [40]. GD2% cells from both murine BM-
MSCs and umbilical cord MSCs (UC-MSCs) showed higher
clonogenicity, proliferation, ability to adipogenesis and oste-
ogenesis [37, 40]. Coexpression of Sca-1*, CD105", SSEA-
1", Nanog", together with higher clonogenicity and prolifer-
ation by GD2+ population suggested that it could be used
as a marker for early precursor cells of mouse BM-MSCs [40].
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Interestingly, UC-MSCs GD2™ did not display a CFU-F activity
[37]. However, more research concerning GD2+ cells within
human MSCs are needed to confirm those observations.

2.6. CD349. The CD349, also known as Frizzled-9 (FZD-9), is
a member family of seven transmembrane proteins that serve
as receptors for Wnt proteins. CD349 is mainly expressed in
pericytes, presented on the surface of capillaries and mesen-
chymal cells surrounding blood vessels [35]. There are also
reports that CD349 is expressed on neural progenitor cells in
the developing neural tube [98]. It was also shown that
CD349 expression may be correlated with SSEA4, Nanog-
3, Nestin, and Oct-4 upregulation in placenta-derived MSCs
(PL-MSCs), and CD349-positive cells may differentiate into
endoderm, mesoderm, and ectoderm cells [99]. Battula et al.
[36] also showed that only about 0.2% of PL-MSCs were
positive for the CD349 marker, but they had about 60-fold
higher clonogenic potential. CD349 marker expression was
also found by other groups, in placental decidual MSCs,
which may be involved in the vascular niche building [100].
An interesting study was conducted by Tran et al. [35].
They isolated six cell lines from placental chorion leave tis-
sue, described them by surface markers expression, and
divided into groups depending on different morphology.
The authors examined the CD349 expression, and in the
case of two selected populations, they obtained 58% and
20% of CD349-positive cells. They also sorted one of the
placental cell populations for CD349-positive and CD349-
negative cells and used them in mouse vascular occlusion
model experiments. They discovered that the CD349-nega-
tive cells more successfully repaired bone injury, recovered
blood flow, had better effects on vessel formation, and had a
greater ability of re-endothelialization in a mouse model.
Interestingly, the CD349-negative population was also shown
to upregulate angiogenic factors expression. Tran et al. [35],
therefore, suggested that depletion of the CD349 marker may
be a promising strategy in angiogenesis and arteriogenesis.

2.7. Sca-1. Sca-1 (stem cell antigen-1) is the mouse’s surface
protein of Ly6 gene family [101]. This marker is found on
adult cardiac progenitor cells or adult epicardial progenitors
and is thought to be of neural crest origin [102]. Confirming
these speculations on mice BM-MSC, that population
PDGFRa"Sca-1"CD45 TER119™ expressed markers typical
for neural crest such as Twist, CD271, Snaill, Snail2, Sox9
(SRY-Box transcription factor 9), and Mpz (myelin protein
zero) [103]. Sca-1 was also shown for murine HSCs, mesenchy-
mal progenitor cells, and murine BM-MSCs [41, 50, 51, 101].
Both mesenchymal progenitor cells and BM-MSCs Sca-1"
populations exhibited increased clonogenicity [41, 50]. Addi-
tionally, a positive population of BM-MSCs exhibited higher
gene expression of Nanog, TERT (telomerase reverse transcrip-
tase), BMP2 (bone morphogenetic protein 2), Myf5 (myogenic
factor 5), decreased chondrogenesis ability and related to it
decreased gene expression of Col2al (collagen type II alpha 1).
BM-MSCs from compact bone marrow expressed more Sca-1
than those derived from flushed bone marrow. BM-MSCs
Sca-1" cells showed an increased number of colony-forming
units that exhibited greater size at 5% oxygen concentration
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Taste 3: Expression of markers for more specialized subpopulations in different MSC sources.
Marker MSC source % of cells Comments Reference
CD142 WTJ (explant) 71.2-88 Depending on donors [109]
CD146 AT 5 [29]
CD146 AT ~5 [29]
CD146 AT ~18.9 Semiconfluent culture [110]
CD146 BM ~5 [29]
CD146 BM 50.1 [111]
CD146 DM 22 133]
CD146 DP 38.8 [112]
CD146 W 218 [29]
(1) 24% (1) Subcutaneous fat derived cells
CD200 AT (2) 80% (2) Visceral fat derived cells (113]
The highest level of CD200 at the density
CD200 BM 23-63.4 305107 cellefon [114]
(1) ~70 Passage 5, (1) fetal PL,
CD200 PL (2) ~1.8 (2) maternal PL (115]
CD317 BM 1-3 [116]
(1) 28 Two distinct subpopulations: CD317dim
eD317 BM )17 (1) and CD317bright (2) (7]
Nestin Kidney 1.1 Nestin-GFP mice [118]
Nestin Spleen 0.7 Nestin-GFP mice [119]
VCAM AT 0.73 Passage 3 [120]
VCAM BM 32.04 Passage 3 [120]
VCAM cv 65.01 Passage 3 [120]
VCAM cv 629 [121]
VCAM ucC 7.44 Passage 3 [120]
VCAM ucC 88 After proinflammatory induction [122]

Note: ~: approximately, AT: adipose tissue, BM: bone marrow, CV: chorionic villi, GFP: Green Fluorescence Protein, PL: placenta, UC: umbilical cord, WJ:

Wharton Jelly. Source of MSCs: human, unless otherwise stated.

than at 21% O, concentration, which could be connected with
the native location of Sca-1" cells in the endosteum, where oxy-
gen concentration is lesser. They also observed that the Sca-1
negative population of mouse MSCs did not express Sca-1 at
passage 1, but due to positive cell contamination, the Sca-1* cell
number was increased to 90% of the population [41]. BM-MSC-
Sca-1* subpopulation was characterized by a lowered level of
CD105, while Sca-1 expression was maintained at a high level for
22 days after sorting [51]. Despite multiple reports of Sca-1 role
in murine cells, its human counterpart remains unidentified.

2.8. CD133. CD133 (Prominin) is characteristic of hemato-
poietic stem cells and neural stem cells (NSCs) and is sug-
gested to identify cancer stem cells [104]. CD133 was found
in a small subset of MSCs [29, 105]. CD133+ cells isolated
from different sources expressed of some pluripotent genes
than heterogenous MSCs population (mostly OCT4 and
SOX2) [48]. CD133+ BM-MSCs population was suggested
to secrete neuroprotection factors to treat a stroke [106].
However, CD133 properties should be wider confirmed by
more research groups to clearly list it as a suitable candidate
for genuine stem cell separation.
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3. Markers for Specialized Populations
within MSCs

Among the populations of MSCs, many subpopulations can
be found that share characteristics with other cell types asso-
ciated with other germ layers. Specific markers may support
the targeting of MSCs populations into specialized cells and
enhance their differentiation potential [107, 108]. In this
section, we will focus on markers predicting therapeutically
potential in differentiated tissue such as endothelial, neuro-
nal, or osteocytes. The occurrence and characteristics of
described subpopulations are described, respectively, in
Table 3 (occurrence) and Table 4 (characteristics).

3.1. CDI46. CD146—a melanoma cell adhesion molecule
(MCAM) or surface glycoprotein MUC 18—is used as a
marker for endothelial cell lineage. CD146 is a transmem-
brane glycoprotein constitutively expressed on vessel wall of
endothelial cells, independently of the vessel type. Studies
showed that CD146 was not only an MCAM but also a
cellular surface receptor of numerous ligands, participating
in several physiological and pathological processes [123].
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TasLE 4: Properties of subpopulations separated from MSC tissues.

Marker Sorting method

Effect Reference

CD142 FACS

T Gene expression: SPARC, COL4A1,
COL1ALl, and COL5AL,
1 “wound healing” potential,
| gene expression: MKI67,
| proliferation,

[109]

CD146

1 Proliferation,
1 immunomodulation,
1 multilineage differentiation,

[123]

CD146 FACS

No differences in clonogenicity,
proliferation, multilineage differentiation,
1 differentiation in vascular smooth
muscle cell

[124]

CD146 FACS

T Immunomodulation,

1 telomere length (125]

CD146 FACS

1 Migration towards intervertebral discs,

1 discogenic differentiation in vitro [126]

CD146 MACS

T Adipogenesis,

1 angiogenesis (110]

CD146 MACS

T Differentiation,

1 mineralization [112]

CD200 MoFlo (Dako, Glostrup, Denmark)

1 Level of aSM-actin protein,
T expression of RUNX2 and DLX35,
1 osteoblastic differentiation

[114]

CD317 FACS

No changes in clonogenicity,
smaller cells,
1 increased IL-7 expression and secretion

[116]

CD317 FACS

T Expression of CD54, CXCL10, CXCL11
and CCL2,
induction of Thl phenotype,
induction of cutaneous tissue damage of
skin explant model of inflammation,
no tissue formation when applied in
scaffold in immunocompromised mice

[117]

VCAM EasySep (magnetic separation)

1 Effective to modulate T helper subsets,

| clonogenecity (120]

VCAM FACS

1 Angiogenic potential [121]

Note: FACS: fluorescence-activated cell sorting, IL: interleukin, MACS: magnetic-activated cell sorting.

CD146 intermediates many activities of various cell types
such as epithelial cells, endothelial cells, macrophages, and
T cells, as well as is involved in angiogenesis, development,
and immune responses [127]. CD146 expression is regulated
at areas of cell—cell junction, what suggests its contribution in
cell—cell interaction as a mediator [128].

CD146 was detected in various many MSCs sources: bone
marrow [129, 130], adipose tissue [131], umbilical cord
[125, 129], synovial membrane [132], placenta, dental pulp
[112, 123], and intervertebral disc [133]. Petrenko et al. [29]
reported that CD146+ cells percentage was approximately in
30% of Wharton jelly MSCs (WJ-MSCs), but below 5% of
BM-MSCs and AD-MSCs. In MSCs isolated from dental
pulp, marker CD146 was influenced to increase proliferation,
immunomodulation, and differentiation of cells. Importantly,
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the expression level of CD146 in MSCs from dental pulp
decreased with passage after the separation [123]. Further-
more, CD146+ subpopulation from BM-MSCs was depended
on oxygen levels in vitro due to the fact that CD146 expression
was absent or very weak near the bone surface in the bone
marrow niche in situ [130]. Localization within umbilical cord
influenced the CDI146 presence—the highest levels were
observed in Wharton jelly. This study confirmed the potential
specificity of CD146 for MSCs. Gene expression analysis
revealed that. CD146 was expressed at more than three-fold
higher levels in UC-MSCs compared to fibroblasts, whereas
common MSC-specific markers (CD73, CD90, CD105) dis-
played stable expression throughout passaging [125]. The same
group showed a markedly higher secretory capacity with signifi-

cantly greater immunomodulatory and anti-inflammatory
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protein production upon inflammatory induction BM-MSCs-
CD146+ compared with the BM-MSCs-CD146— [111]. Espag-
nolle et al. [124] showed that subpopulation CD146+ exhibited
no differences in clonogenicity, proliferation, and multilineage
differentiation in comparison to population CD146—, while
CD146 molecule was associated with a commitment to a vascu-
lar smooth muscle cell lineage. CD146+ cells selected from
human heterogenous AD-MSCs exhibited more beneficial
angiogenic and adipogenic properties [110], confirming ben-
efits in reconstructive and tissue engineering applications for
AD-MSC-CD146+ cells.

Additionally, MSCs CD146+ were characterized with
higher osteogenic potential—many studies revealed an asso-
ciation of tissue mineralization and bone reconstruction with
the presence of CD146. Wrangler et al. [126] suggested that
BM-MSCs CDI146+ could be suitable for repopulation,
whereas BM-MSCs CD146— could represent the primary
choice for stimulation of endogenous intervertebral disc cells
(IVDs). The CD146+ BM-MSC subpopulation possessed a
greater migration potential toward degenerative IVDs, but
BM-MSCs CD146— induced a stronger regenerative response.
Application route (injection vs. migration) did not influence
those effects Moreover, these results were independent of
the application route [126]. In vivo murine studies defined
CD146+ BM-MSCs as capable of bone formation and trans-
endothelial migration [134]. Ye et al. [135] showed an associa-
tion of CD146 with increased motility dependent on the Wnt
signaling.

Moreover, CD146+ cells may promote mineralization
and generate dental pulp-like structures, suggesting a role
in self-renewal of stem cells and dental pulp regenerative
therapy [112]. Interestingly, the CD146 molecule may have
an impact on peripheral nerve regeneration. Shen et al. [136]
suggested that CD146 not only had a key role in promoting
of blood vessel regeneration but also regulated cell migration.
Functional assessments showed that knockdown of CD146
decreased proliferation and viability of Schwann cells but
increased their migration. Additionally, CD146 was upregu-
lated in Schwann cells and cells associated with blood vessels
following mouse peripheral nerve injury [136]. Taking
together described CD146+ cells properties and its key role
in vascular endothelial cell activity and angiogenesis, this
subpopulation could be used in vascular smooth muscle,
endothelial, or IVDs regeneration.

3.2. Nestin. Nestin is a class VI intermediate filament protein
originally described as a marker of NSCs that is expressed
during the development of the central nervous system
(CNS). It is essential for stem cell survival, self-renewal, and
proliferation, as well as it poses a critical regulator of cell
differentiation and migration [137, 138]. In vivo study obser-
vation reported that NSCs cultures derived from knockout
embryos showed reduced self-renewal ability, which was asso-
ciated with elevated apoptosis, but no defects in cell prolifer-
ation or differentiation. In addition, nestin deficiency had no
detectable effect on the integrity of the cytoskeleton [139].
MSCs Nestin+ played a key role in supporting niche
activity and promote the maintenance of HSCs [140]. This
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population, together with PDGFR-a and CD51 coexpression,
was characterized by fibroblastic CFUs, self-renewing capac-
ity, and forming nonadherent mesenspheres [141]. In the
other studies, the fraction of Nestin+ adult human BM-
MSC expressed CD105 and CD146, which were capable of
forming mesenspheres, while CD105—CD146— or CD105
+CD146— cells did not generate any progeny [142]. Isern
et al. [142] used transgenic mice, expressing the regulatory
elements of the nestin-promotor (Nestin-GFP), to demon-
strate that the MSCs Nestin+ subpopulation originated from
the neural crest and had special HSCs niche functions, while
the MSCs Nestin—originated from the mesoderm and gave
rise to bone and cartilage. An increase in nestin expression in
vitro was observed after MSCs culture with supplements used
for neural cell culture, such as N21 or B27 [20].

Due to the intracellular localization of Nestin, numerous
studies used Nestin-GFP+ transgenic mice to separate Nes-
tin+ MSCs from various tissues, such as spleen [119], bone
marrow [141-143], kidney [118], and tendon [144]. Nestin-
GFP+ cells Nestin4 were isolated from kidney and expressed
markers such as NG2, Sca-1, and VCAM. Those cells could
differentiate into adipocytes, osteocytes, and chondrocytes
under appropriate differentiation conditions. Moreover, the
described population was self-renewal and exhibited high
clonogenicity [118]. Huang et al. [119] found that Nes-
GFP+ cells constituted about 0.68% of the total spleen cell
population. Isolated Nes-GFP+ cells exhibited the character-
istics of MSCs and were excellent in immunomodulation.
Those observations suggested that Nestin would be used
for the identification of potential markers of splenic stromal
cells. Nestin+ BM-MSCs increased cell chemotaxis in myo-
cardial infarction through paracrine activity and were
involved in its regeneration [143]. TSPCs expressed higher
levels of nestin than tenocytes, while isolated Nestin+ cells
exhibited MSCs features, such as the capacity for colony for-
mation and multipotential differentiation. This data suggested
that nestin represented a characteristic marker of TSPCs with
strong tenogenic and regenerative potential [144].

In conclusion, the expression of nestin may support the
process of tendon regeneration and also affect immunomo-
dulation. In addition, MSCs Nestin+ may maintain HSCs
niche and be key in bone marrow regeneration. The problem
remains the intracellular location of nestin, which limits the
ability to sort human MSCs. The solution may be to find a
culture method that targets MSCs to increase Nestin+ cells
in a population, such as the addition of neural differentiation
supplements.

3.3. CD200 (OX2). CD200, also called OX2, is a membrane
glycoprotein [145] responsible for the negative regulation of
the number of immune cells, predominantly cells of myeloid
origin [115]. That marker was expressed in different cells and
tissues, such as lymphocytes and CNS [145]. Overexpression
of CD200 was observed in cutaneous squamous cell carci-
noma and myelodysplastic syndrome, suggesting that CD200
could also be used as a prognostic tumor marker [146, 147].
CD200-depleted mice developed faster experimental autoim-
mune encephalomyelitis, while binding between two CD200
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receptors increased susceptibility to collagen-induced arthri-
tis [145].

CD200 was also expressed in MSCs. According to the
research from 2012, BM-MSCs had the highest level of this
receptor, while it remained almost undetectable for UC-
MSCs [148]. However, other research has shown BM-
MSCs show about 23%—63.4% of positive cells depending
on donors [114]. CD200 expression is found in AD-MSCs,
but this antigen appeared to be more associated with visceral
fat-derived AD-MSC (around 80% positive cells) than sub-
cutaneous fat AD-MSC (24%) [113]. CD200 percentage for
human fetal PL-MSCs was calculated as had approximately
70% of positive cells [115], while for human maternal
PL-MSCs —1.8%. Additionally, fetal PL-MSC-CD200+ cells
increased allograft survival in compared to maternal PL-
MSCs [115]. Authors suggested that a higher number of posi-
tive CD200 cells could exaggerate better immunosuppressive
effects [115]. Pontikoglou et al. [114] observed that BM MSCs
CD200+ showed higher levels of aSM-actin (@ smooth mus-
cle-actin) protein, increased expression of RUNX2 (runt-
related transcription factor 2) and DLX5 (distal-less homebox
5) and higher osteoblastic potential. A similar result was
received by Rostovskaya et al. [149] on mice BM-MSCs.
The CD200" population of mouse BM-MSCs showed an
increased potential of osteogenesis both at the mRNA and
protein levels. In addition, they considered that CD200 could
be the marker progenitor cells in osteogenesis. CD200 trans-
fection resulted in enhanced osteogenesis and chondrogenesis
of BM-MSC, as well as increased clonogenicity and stemmess-
related genes expression [150], which confirms the connection
between CD200 and osteogenesis. CD200+ AD-MSC isolated
from visceral fat exhibited reduced adipogenesis, which sug-
gests it as a predictive marker for lowered adipogenic capacity
[113]. Based on the literature, CD200 could be associated with
immunogenic subpopulation as well as with osteogenic
progenitors—however, this link requires further explanation.

3.4. VCAM (CD106). Vascular cell adhesion molecule 1
(VCAM-1)/CD106 is a typical marker on endothelial cells
and is also expressed on some stromal cells in particular
vascular niches [151]. VCAM-1 is expressed on inflamed
vascular endothelium, as well as on dendritic cell and
macrophage-like types in both normal tissue and inflamma-
tion environment sites. VCAM-1 is important in cell-cell
recognition and appears to regulate inflammation-associated
vascular adhesion and the trans-endothelial migration of
leukocytes, such as macrophages and T cells [152].
VCAM-1 was detected in MSCs isolated from bone mar-
row, umbilical cord, and placenta chronic villi (CV-MSC),
while MSCs from adipose tissue were lacking this marker
[120]. Yang et al. [120] proved that VCAM-1 expression
on CV-MSCs was regulated in response to propagation
and cytokine induction. Moreover, population CV-MSCs
VCAM+ displayed a potent angiogenic property through
superior angiogenic secretomes, e.g., HGF, IL-8, ANG,
ANGPT2, and CXCL1 in comparison with the CV-MSC
VCAM- subpopulation. As a result, VCAM+ subpopulation
exerted enhanced therapeutic efficacy on regeneration after
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ischemia. [65]. VCAM-1 plays an important role of
immunomodulation—its presence depended on inflamma-
tory cytokines such as INF, TNF, and IL-1 [122, 153]. MSCs
treated with the pro-inflammatory cytokines IFNy, TNFa,
and IL-1f increased the VCAM+ subpopulation to 88%.
After inflammatory stimulation, VCAM+ cells still showed
the capacity to multilineage differentiation potential [122].
V-CAM-1+ cells properties link this subpopulation with
immune response.

3.5. CDI142. CD142 (factor tissue) is a transmembrane pro-
tein with a little tail, which plays a key role in wound healing.
The expression of this mark occurs in brain, lung, and epi-
thelial cells of the skin, mucosa, and glomeruli, such as MSCs
[154]. Sun et al. [13] observed that the percent of CD142-
positive cells fluctuate between 71.2% and 88.6% in WJ-
MSCs, depends on donors. Additionally, medium from cul-
ture cells CD142* stimulated “would healing” in scratch test
of fibroblast compared to medium from WJ-MSCs CD1427.
W]J-MSCs CD142" also shown higher gene expression of
SPARC (secreted protein acidic and cysteine-rich), COL4A1
(collagen type IV alpha 1 chain), COLIAI (collagen type I
alpha 1 chain), COL5A1 (collagen type V alpha 1 chain)
and lower gene expression of MKI67 (marker of proliferation
Ki-67) which was related with lower proliferation. Possible
procoagulant activity of CD142 may raise concern in the
future in vivo and clinical studies. However, according to
Araldi et al. [155], this is not the only universal procoagulant
variable while addiction of heparin could decrease this effect.

3.6. CD317. Another surface antigen indicating a distinct
subpopulation is CD317. Identified within BM-MSCs,
CD317+ cells did not differentiate toward standard lineages:
oste-, chondro, and adipocytes. CD317+ MSC exhibited
increased expression and secretion of IL-7, linking this pop-
ulation with enhanced immunomodulatory capacity [116].
Further studies revealed that the immune profile of CD317+
MSCs contrasts with the immunosuppressive function of
MSCs. CD317+ subpopulation induced Thl proinflamma-
tory phenotype in vitro as well as promoted cutaneous tissue
damage in vivo instead of tissue formation [117]. It is suggested
that CD317+ subpopulation promoted a proinflammatory
response through constitutive interferon signaling [117].

4. Challenges in Cell Separation of
Specific Subpopulations

The main challenges in receiving homogenous MSC subpo-
pulations are connected with the efficient process of cell
separation. Magnetic-activated cell sorting (MACS) and
FACS are the most frequently chosen methods. MACS uses
microparticles to detect antigens, while the cells are sepa-
rated between magnetic columns [156], while in FACS, cells
are bound with fluorochrome-conjugated antibodies recog-
nizing specific antigens and then separated with laser. The
choice of selection technique is a matter of dispute, as both
methods have advantages and limitations (Figure 2).
According to Bowles et al. [157], MACS isolated cells with
the same efficiency as FACS with reduced cell stress and



Stem Cells International

FACS

» Target antigen bond by specific antibodies

+ Cell separation by laser

* Separation according to the cell size and
antigen expression

+ Possibility to separate more than two
populations

* Possibility to manually adjust gating

* Require control samples (unstained, isotype
control, FMO)
* More expensive equipement

* Slower

*+ More challenging to operate
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MACS

+ Target antigen bond by magnetic particles

+ Cell separation by magnetic columns

* Separation only according to the antigen
expression

* Possibility to separate only two populations

* No possibility to adjust gating, in most
instruments
+ Additional samples not required

 Less expensive equipement, but require
expensive accessories (magnetic columns)

= Faster

* More user-friendly

FiGure 2: Fluorescence-activated cell sorting (FACS) and magnetic activated cell sorting (MACS)—properties comparison. Abbreviation:

FMO: fluorescence minus one.

increased yield. They also observed smaller contamination of
unrelated cells in culture after separation, while other
authors observed the opposite—FACS sorting resulted in a
more homogenous population of microglia [158]. FACS is
found as a less variable than MACS [159, 160] and preferred
for negative selection—MACS did not sufficiently eliminate
labeled cells from population, especially those exhibiting low-
level expression of antigen [161]. Sutermaster and Darling
[162] described that MACS and FACS outcomes were similar,
but MACS required the optimization of antibody and
microbead concertation. In our experiences, we observed 13
times better recovery after SSEA-44+ WJ-MSCs with FACS,
comparing to MACS (in submission). Given these points,
MACS works faster, requires less equipment and probes for
controls, and lower machine costs. FACS allows for the selec-
tion of multiple surface antigens and also the choice of size.

The above described heterogeneity issue also should be
taken into consideration in planning further experiments,
especially in the context of tissue complexity. Some authors
observed the differences in surface antigens expression from
different compartments of the same tissue. Unfortunately,
the majority of publications did not provide a specific site
of tissue that was used for MSC isolation. This problem is
apparent regarding perinatal tissues, e.g., “placental MSC”
refers to cells isolated from different parts of the placenta:
chorionic plate, chorionic villi, trophoblast or placental
amniotic membrane [163, 164]. The lack of more specific
information regarding the isolation site could indeed con-
tribute to the observed disproportions in the literature and
would hinder the reproduction of experimental protocols in
close future.
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Reaserchers report that both separation methods not
always result in receiving of 100% pure fraction of positive
cells. Vaculik et al. [33] scored obtaining 71% SSEA-4+ cells
and 82% CD271+ cells after MACS as a great outcome. Fouad
et al. [43] reported the enrichment to 82% of SSEA-3+ cells
after FACS. The purity issue was observed especially during
the sorting of sparse populations—MACS separation allowed
to increase SSEA-3+ population from 1.9% to 77% [44].
Unfortunately, most of the scientific articles does not provide
values of specific target antigen before and after separation
nor calculate the efficiency of the process.

Maintenance of the homogeneity of separated popula-
tions is another problem to discuss. Many researchers
observed a gradual decrease of surface antigen expression
with time of cell culture for SSEA-3 [67], CD271 [55],
CD49-F [25, 28], and CD146 [123]. Rosu-Myles et al. [54]
observed the decrease of SSEA-4+ number during 28 days
(approximately four passages) of culture in both unsorted,
positive, and negative subpopulations. On the other side of
the coin, researchers also reported the contamination and
growing numbers of positive cells in the negative fractions
in SSEA-4 [34] and Sca-1 [41] studies. The scale of this
problem remains unknown, as a majority of researchers do
not report the purity of the received fraction, and they do not
conduct the analysis for further passages after the sorting.

5. Mesenchymal Plasticity as a Manifestation of
Stochastic Stem Cell Model

The information gathered above attempts to move towards
an understanding of MSC cell plasticity, but this concept
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Standard MSCs markers: CD146
CD271 D200
GD2 CD73 Vol
SSEA-3 CD349 CD90 Nestin
g:::a)jl?f CD105 CD142
CD317
Undifferentation Intermediate stage Specialized progenitors
Specialization
Uncategorized:
SSEA-4
CD133

FiGure 3: Markers described in the review in a context of cell specialization.

itself remains difficult to explain due to numerous factors
that remain vaguely explored. In 1985, Ogawa et al. [165]
published a very important experiment, establishing differ-
ent types of colonies arising from single cells. He proved that
two daughter cells can produce completely different lineages
within one cell cycle. In 2006, Zipori [166] indicated that the
cells tend to change phenotypes even when obtained as
clonal populations. Not only phenotype of that cells changed
but also properties. Enzyme expression was different among
individual cells of the same clone; adipogenesis was an
inducible and reversible feature in all of the clones, the
same as the capacity to support hemopoiesis. Thus, the
authors concluded that mesenchymal cell lines phenotype
is very flexible and environmental-dependent. The observed
heterogeneity and the presence of a small population of cells
with stem potential may be due to the presence of many cell
types with different origins. It could also be the possibility
that these stem cells are direct descendants that distribute to
various organs and tissues during ontogeny and remain there
throughout the mammalian life span. Alternatively, these
different phenotypes may be derived from a common one
universal stem cell. The latter hypothesis was supported by
experiments of several research groups. Pittenger et al. [167]
proved that cells forming a clone derived from a single cell
can differentiate into adipocytes, chondrogenic cells, and
osteocytes, confirming the multipotency of mesenchymal
cells. Jiang et al. [168, 169] proved the existence of the
same population of pluripotent cells in the brain and mus-
cles, calling these cells multipotent adult progenitor cells
(MAPCs). At the single-cell level, researchers confirmed
the differentiation of MAPCs in vitro to derivatives of all
three germ layers. Moreover, after implantation into the
mouse blastocyst, these cells contributed to the formation
of many somatic cells [170]. Such cells were found not
only in bone marrow but also in muscles and brain. Zipori
[166] suggested that stemness is a state that, theoretically,
any cell may enter, and stemness is an unstable state charac-
terized by promiscuous gene expression that puts the cell in a
standby state, ready to commit to a variety of different direc-
tions. A new concept for the traditional stem cell model,
assuming the stem cell to be the origin of an irreversible
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hierarchy of descending potency for renewal (deterministic
model) as opposed to the stem cell state notion in which cells
may assume a stem state even when already in a differentiat-
ing stage (stochastic model) due to plastic process of epige-
netic remodeling.

In 2022, Quesenberry et al. [23] brought the described
hypothesis much closer. The presented theory of a “universal
stem cell” denies the old, deterministic model in which the
fate of the cells is hierarchical and directed. The theory of
universal stem cell convinces that differentiation is not ulti-
mately determined into a given cell type, but it occurs as
continuum during the cell cycle and depends on numerous
factors such as the surrounding environment, paracrine fac-
tors, and more general, e.g., sex, disease status, race, or drug
therapy. This model explains the phenotypic changes of cells
depending on the point in the cell cycle. Possibly, further
discoveries on the topic of possessing the genuine stem cell
subpopulation change the perspective on the currently used
stem cell classification.

6. Further Perspectives

In this review, we have collected available information for
markers indicating distinct subpopulations within MSCs. To
our surprise, reports differ between research groups, espe-
cially in calculations of positive cells expressing described
markers. Discrepancies could be a result of different proto-
cols between research groups, which emphasizes the impor-
tance of standardization of MSCs studies to minimize
variations and make research more comparable.

We presented that some of the markers could indicate
the population of genuine stem cells within MSCs, while
others could predict a more specialized pool of cells that
potentially could be applied in wound healing or to suppress
inflammatory (Figure 3). However, more studies are still
needed to support those observations, especially as some
markers are barely described for human MSCs like CD106
(VCAM), GD2, or CD49F; some markers, like CD349, were
only described in MSCs from one tissue. For some of the
markers described, there are insufficient data (CD133) or
conflicting data (SSEA-4) to properly categorize them. There
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is also still a lack of studies linking the described subpopula-
tions to a specific developmental origin. Most evidence is
collected for the SSEA family and CD271, whereas this topic
remains almost unexplored for Sca-1, GD-2, CD49F, and
other markers. However, presented initial attempts linked
unique properties with an undifferentiated character of
described subpopulations. For more precise competitive
analysis, there is a need for publishing also, so-called negative
data, which is difficult in academic environment where pub-
lications showing statistically significant differences are pro-
moted while the others are rejected. The change of perspective
for academic publishing could ultimately provide the evi-
dences for the acceptance or rejection of markers for further
therapies.

Last but not least, the majority of presented subpopula-
tions are studied only at in vitro level. This is understandable,
as there is a need for detailed characteristics of those cells.
Several subpopulations were also assessed in vivo, but still,
there are more research to conclude. To our knowledge, only
SSEA-3+4 subpopulation was translated to patient studies,
and currently, phase I studies are conducted. Taken together,
further research on the described subpopulations is essential
to progress toward the use of a homogeneous subpopulation
that would be focused on treating a specific need rather than
using heterogeneous MSCs that currently pose as a therapeu-
tic standard.
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12. Pisemne oswiadczenia autoréw prac tworzacych
zbidr

PLATFORMA BADAN TRANSLACYJNYCH
W ZAKRESIE MEDYCYNY REGENERACYJNE)

Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawiriskiego 5
Mgr Agnieszka Smolinska
E-mail: asmolinska@imdik.pan.pl

22.02.2024 r., Warszawa
Oswiadczenie kandydata
Niniejszym poswiadczam swoj wklad w postanie nastgpujacych publikacji:

1. Kaminska, A.; Wedzinska, A.; Kot, M.; Sarnowska, A. Effect of Long-Term 3D Spheroid
Culture on WJ- MSC Cells 2021, 10 719. D01 10.3390/ cells10040719, -

Wkiad obejmuje:

Planowanie i wykonywanie wigkszosci doswiadczen, przeprowadzenie izolacji i dalszej hodowli
komorek macierzystych, wykonanie testow fizjologicznych, oznaczenie ekspresji genéw, wykonanie
barwiefi immunocytochemicznych, przeprowadzenie analizy statystycznej otrzymanych wynikow,
przygotowanie pierwotnej wersji manuskryptu, wraz z rycinami oraz dyskusji z recenzentami pracy
przed jej publikacja.

2. Smolinska, A.; Chodkowska, M., Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.;
Sarnowska, A,. Stemness properties of SSEA-4+ subpopulation isolated from heterogenous
Wharton jelly mesenchymal stem/stromal cells. Frontiers of Cell and Developmental Biology
2024, Doi: 10.3389/fcell.2024.1227034,

Wklad obejmuje:

Planowanie i wykonywanie wigkszosci doswiadczen, przeprowadzenie izolacji i dalszej hodowli
komorek macierzystych, oznaczenie ekspresji genéw, wykonanie barwien immunocytochemicznych,
oznaczenie sekretomu, przeprowadzenie analizy statystycznej otrzymanych wynikow oraz
przygotowanie pierwotnej wersji manuskryptu, wraz z rycinami oraz dyskusji z recenzentami pracy
przed jej publikacja.

3. Smolinska, A., Bzinkowska, A; Rybkowska, P.; Chodkowska, M.; Sarnowska, A..
Promising markers in the context of mesenchymal stem/stromal cells subpopulations with
unique properties. Stem Cells International 2023, Doi: 10.1155/2023/1842958,

Wkiad obejmuje:

Przygotowanie pierwszej wersji manuskryptu i rycin, rozdzielenie pracy mi¢dzy innymi wspétautorami,
przygotowanie nastepujacych rozdziatow: Introduction, fragmenty Markers for Stem Population within
MSCs dotyczace SSEA-3, SSEA-4, CD271, CD133, fragmenty Markers for Specialized Populations
within MSCs dotyczace CD142, CD317, Challenges in Cell Separation of Specific Subpopulations,
Further Perspectives; redakcja manuskryptu, dyskusja z recenzentami pracy przed jej publikacja.

Agnieszka Smolinska
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PLATFORMA BADAN TRANSLACYJNYCH
W ZAKRESIE MEDYCYNY REGENERACYJNEJ

Instytut Medycyny Doswiadczalnej i Klinicznej

im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawiriskiego 5

Dr hab. Anna Sarnowska

E-mail: asarnowska@imdik.pan.pl

22.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swoj wkiad w postanie nastgpujacych publikacji:

1. Kaminska, A.; Wedzinska, A.; Kot, M.; Sarnowska, A. Effect of Long-Term 3D Spheroid Culture
on WJ-MSC. Cells 2021, 10, 719. Doi: 10.3390/ cells10040719, -

Wklad obejmuje:

Sformutowanie koncepcji pracy, planowanie doswiadczen, nadzor merytoryczny nad realizacjg dziatan
badawczych, analiza wynikow, nadzor nad pisaniem manuskryptu oraz jego koncowa akceptacja,
odpowiedzi na uwagi redakcyjne, prowadzenie korespondencji z redakcja.

2. Smolinska, A.; Chodkowska, M., Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.; Sarnowska,
A,. Stemness properties of SSEA-4+ subpopulation isolated from heterogenous Wharton jelly
mesenchymal  stemv/stromal cells. Frontiers of Cell and Developmental Biology 2024.
Doi: 10.3389/fcell.2024.1227034,

Wkiad obejmuje:

Sformutowanie koncepcji pracy, planowanie doswiadczen, nadzor merytoryczny nad realizacjg dziatan
badawczych, analiza wynikéw, nadzor nad pisaniem manuskryptu oraz jego koncowa akceptacja,
odpowiedzi na uwagi redakcyjne, prowadzenie korespondencji z redakcja.

3. Smolinska, A., Bzinkowska, A; Rybkowska, P.; Chodkowska, M.; Sarnowska, A.. Promising
markers in the context of mesenchymal stemv/stromal cells subpopulations with unique properties. Stem
Cells International 2023, Doi: 10.1155/2023/1842958,

Wkiad obejmuje:

Nadzér nad pisaniem manuskryptu oraz jego kofncowa akceptacja, przygotowanie podrozdziatu:
Mesenchymal Plasticity as a Manifestation of Stochastic Stem Cell Model, odpowiedzi na uwagi
redakcyjne, prowadzenie korespondencji z redakcja.

Wyrazam zgodg¢ na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki Smolinskie;.

Anna Sarnowska

St
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PLATFORMA BADAN TRANSLACYJNYCH
W ZAKRESIE MEDYCYNY REGENERACYJNE)J

Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawiriskiego 5
Mgr inz. Magdalena Chodkowska
E-mail: mchodkowska@imdik.pan.pl

22.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swoj wkiad w postanie nastgpujacych publikacji:

1. Smolinska, A.; Chodkowska, M., Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.;
Sarnowska, A,. Stemness properties of SSEA-4+ subpopulation isolated from heterogeneus
Wharton jelly mesenchymal stenv/stromal cells. Frontiers of Cell and Developmental Biology
2024

Doi: 10.3389/fcell.2024.1227034,

Wklad obejmuje:

Przeprowadzenie izolacji i dalszej hodowli komoérek macierzystych pozyskanych z tkanki ttuszczowej,
asystowanie przy przeprowadzanych doswiadczeniach.

2. Smolinska, A., Bzinkowska, A; Rybkowska, P.; Chodkowska, M.; Sarnowska, A..
Promising markers in the context of mesenchymal stem/stromal cells subpopulations with
unique properties. Stem Cells International 2023, Doi: 10.1155/2023/1842958,

Wkiad obejmuje:

Przygotowanie nastgpujacych rozdzialow: fragmenty Markers for Stem Population within MSCs
dotyczace GD2 i Sca-1, fragment Markers for Specialized Populations within MSCs dotyczacy CD200,
CD317, zglaszanie uwag do manuskryptu.

Wyrazam zgodg¢ na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki Smolinskie;.

Magdalena Chodkowska

Hagdalena, Chodlhonisbi
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W ZAKRESIE MEDYCYNY REGENERACYJNEJ

Instytut Medycyny Doswiadczalnej i Klinicznej

im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawiriskiego 5

Mgr inz. Aleksandra Bzinkowska (panienskie: Wedzinska)
E-mail: abzinkowska@imdik.pan.pl

19.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swoj wkiad w postanie nastgpujacych publikacji:

1. Kaminska, A.; Wedzinska, A.; Kot, M.; Sarnowska, A. Effect of Long-Term 3D Spheroid Culture
on WJ-MSC. Cells 2021, 10, 719. Doi: 10.3390/ cells10040719,

PPN

Wklad obejmuje:

Przeprowadzenie izolacji i dalszej hodowli komorek macierzystych, asystowanie przy wykonywanych
doswiadczeniach, wykonanie testow fizjologicznych.

2. Smolinska, A., Bzinkowska, A; Rybkowska, P.; Chodkowska, M.; Sarnowska, A.. Promising
markers in the context of mesenchymal stem/stromal cells subpopulations with unique properties.
Stem Cells International 2023, Doi: 10.1155/2023/1842958,

Wkiad obejmuje:

Przygotowanie pierwszej wersji manuskryptu i rycin, rozdzielenie pracy migdzy innymi
wspoOlautorami, przygotowanie nastgpujacych podrozdziatow: Introduction, Markers for Specialized
Populations within MSCs dotyczace CD146, Nestyny i VCAM, oraz Further Perspectives, redakcja
manuskryptu, dyskusja z recenzentami pracy przed jej publikacja.

Wyrazam zgodg na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki Smalifiskiej.

Aleksandra Bzinkowska
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ZAKELAD BIOINZYNIERII KOMOREK MACIERZYSTYCH

Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawiriskiego 5
Dr hab. Marta Kot
E-mail: mkot@imdik.pan.pl

19.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swoj wkiad w postanie nastepujacych publikacji:

1. Kaminska, A.; Wedzinska, A.; Kot, M.; Sarnowska, A. Effect of Long-Term 3D Spheroid Culture
on WJ-MSC. Cells 2021, 10, 719. Doi: 10.3390/ cells10040719,

Wklad obejmuje:

Nadzoér nad eksperymentami zwigzanymi z oznaczeniem ekspresji genéw, przeprowadzenie analizy
statystycznej wynikow dotyczacych ekspresji gendw oraz zgloszenie uwag do manuskryptu.

Wyrazam zgod¢ na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki Smolifiskiej.

dr hab. n. med.
Marte Kot ,

oy Hot
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ZAKLAD FIZJOLOGII DOSWIADCZALNEJ

Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN
02-106 Warszawa, ul. Pawinskiego 5

Dr hab. Dorota Sulejczak
E-mail: dsulejczak@imdik.pan.pl

22.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swdj wkiad w postanie nast¢pujacych publikacji:

1. Smolinska, A.; Chodkowska, M., Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.;
Sarnowska, A,. Stemness properties of SSEA-4+ subpopulation isolated from heterogenous
Wharton jelly mesenchymal stem/stromal cells. Frontiers of Cell and Developmental Biology
2024, Doi: 10.3389/fcell.2024.1227034,

Wkiad obejmuje:

Oznaczenie sekretomu i analiza uzyskanych wynikow.

Wyrazam zgode¢ na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki
Smolinskie;.

KIEROWNIK
Zakladu Faymakologii Do‘s'(wiadczamej
3N
Dr haly. Dorota Golgbbk-Sulejezak
Dorota Sulejczak
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PRACOWNIA CYTOMETRII

Instytut Biologii Doswiadczalnej im. Marcelego Nenckiego
PAN
02-093 Warszawa, ul. Pasteura 3

Mgr Jakub Janiec
E-mail: kubaj8@gmail.com

22.02.2024 r., Warszawa
Oswiadczenie wspélautora
Niniejszym poswiadczam swdj wktad w postanie nastgpujacych publikacji:

1. Smolinska, A.; Chodkowska, M., Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.;
Sarnowska, A,. Stemness properties of SSEA-4+ subpopulation isolated from heterogenous
Wharton jelly mesenchymal stem/stromal cells. Frontiers of Cell and Developmental Biology
2024, Doi: 10.3389/fcell.2024.1227034,

Wkiad obejmuje:
Przeprowadzenie sortowania komérkowego.

Wyrazam zgodg na wykorzystanie publikacji w postgpowaniu doktorskim mgr Agnieszki Smolifiskiej.

Jakub Janiec

S il
/ﬁw// 4 /4/%4/51

o
& Y

129



http://rcin.org.pl




22.02.2024 r., Warszawa

Oswiadczam, ze udziat dr hab. K. Piwockiej w publikacji Smolinska, A.; Chodkowska, M.,
Kominek, A.; Janiec, J.; Piwocka, K.; Sulejczak, D.; Sarnowska, A,. Stemness properties of
SSEA-4+ subpopulation isolated from heterogenous Wharton jelly mesenchymal stem/stromal
cells. Frontiers of Cell and Developmental Biology 2024, Doi: 10.3389/fcell.2024.1227034,

Obejmowal nadzor nad przeprowadzeniem sortowania komorkowego.

Mgr Agnieszka Smolinska
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