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. Wykaz zastosowanych skrotow

mezenchymalne komorki macierzyste izolowane
ADSC z tkanki tluszczowej
(ang. adipose-derived stem cells)
p6zne produkty glikacji
AGE (ang. advanced glycation endproducts)
mezenchymalne komorki macierzyste pozyskane
BM-MSC ze szpiku kostnego
(ang. bone marrow mesenchymal stem cells)
5-bromo-2’deoksyurydyna
BrdU (ang. 5-bromo-2'-deoxyuridine)
CAT ang. human catalase enzyme
DFU zespo6t stopy cukrzycowej (ang. diabetic foot ulcer)
czynnik wzrostu fibroblastow
FGF (ang. fibroblast growth factor)
dehydrogenaza aldehydu 3-fosfoglicerynowego
GAPDH (ang. glyceraldehyde 3-phosphate dehydrogenase)
czynnik wzrostu hepatocytow
HGF (ang. hepatocyte growth factor)
3-hydroksy-3-metyloglutarylokoenzym A
HMG-CoA (ang. 3-hydroxy-3methylglutaryl coenzyme A)
Migdzynarodowa Federacja Diabetologiczna
IDF (ang. International Diabetes Federation)
Migdzynarodowa Grupa Robocza ds. Stopy Cukrzycowej
IWGDF (ang. International Working Group on the Diabetic Foot)
dehydrogenaza mleczanowa
LDH (ang. lactate dehydrogenase)
mezenchymalne komorki macierzyste
MSC (ang. mesenchymal stem cells)
czynnik wzrostu $rodbtonka naczyniowego
VEGF (ang. vascular endothelial growth factor)
ZSC zespot stopy cukrzycowe;j
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2. Streszczenie w jezyku polskim

Tytut: Wplyw wybranych parametrow na metabolizm ludzkich mezenchymalnych

komorek macierzystych oraz ich potencjatl regeneracyjny w terapii leczenia ran

Wstep

Celem niniejszej rozprawy doktorskiej jest kompleksowa analiza wpltywu
wybranych warunkéw hodowli in vitro na metabolizm ludzkich mezenchymalnych
komorek macierzystych (MSC) oraz ocena ich skutecznosci terapeutycznej w klinicznym
modelu trudno gojacych si¢ ran na przyktadzie zespolu stopy cukrzycowej (ZSC).
W obliczu dynamicznego rozwoju medycyny regeneracyjnej oraz potrzeby opracowania
skutecznych metod wspomagajacych procesy naprawcze tkanek, kluczowe staje si¢
poznanie mechanizméw warunkujacych korzystne dziatanie MSC na regeneracj¢
uszkodzen tkankowych.

MSC charakteryzuje zdolno$¢ samoodnowy, wielokierunkowego roéznicowania
(w kierunku osteoblastow, chondrocytow czy adipocytow) oraz efektywne dziatanie
parakrynne, przejawiajace si¢ modulacja odpowiedzi zapalnej oraz pobudzaniem
angiogenezy. Dotychczasowe wyniki badan wskazuja na potencjalne zastosowanie statyn,
lekoéw o whasciwosciach plejotropowych, mogacych wzmacnia¢ funkcje MSC w okres$lonych
warunkach $rodowiskowych. Dodatkowo istotnym czynnikiem modulujacym metabolizm,
proliferacje¢ i réznicowanie MSC jest stezenie tlenu w Srodowisku hodowli (normoksja versus
hipoksja).

Zrozumienie mechanizméw prowadzacych do poprawy gojenia ran w warunkach
zwigkszonych wymagan metabolicznych oraz w $rodowisku zaburzonej perfuzji
(jak w cukrzycy) jest nieodzowne do wdrozenia innowacyjnych terapii w codziennej
praktyce klinicznej. Niniejszy cykl publikacji przyczynia si¢ do poszerzenia wiedzy
o dzialaniu statyn oraz hipoksji na MSC, a takze o protokoty kliniczne stosowania MSC
w trudno gojacych si¢ ranach.

Dotychczas zadna praca naukowa nie oceniata tacznego wplywu statyn oraz
ograniczenia st¢zenia tlenu w ramach hodowli MSC. Przedmiotem pracy nr 1 byl wptyw
atorwastatyny oraz rosuwastatyny na MSC w zréznicowanych warunkach tlenowych,

réwniez z uwzglgdnieniem wieku dawcow. W pracy nr 2 przeprowadzono badania in vivo:
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mezenchymalne komorki macierzyste, izolowane z tkanki tluszczowej (ADSC),
aplikowano do ran w obrebie stopy cukrzycowej, w celu weryfikacji skuteczno$ci terapii
komoérkowej w leczeniu trudno gojacych si¢ ran. W pracy nr 3 dokonano przegladu
literatury i wynikéw dotychczasowych badan, aby ulatwi¢ przysztym badaczom
optymalne projektowanie terapii komérkowych przy leczeniu ran w stanach takich jak

zespot stopy cukrzycowej czy inne przewlekle owrzodzenia.

Materialy i metody

W pierwszym etapie badan wykorzystano ludzkie mezenchymalne komorki
macierzyste pozyskane ze szpiku kostnego (BM-MSC), ktore pobrano od 12 pacjentow
po uzyskaniu ich pisemnej zgody. Badanie rozpocz¢to po uzyskaniu zgody Lokalnej
Komisji Bioetycznej. Zostalo ono przeprowadzono w Klinice Immunologii,
Transplantologii 1 Chorob Wewngtrznych Warszawskiego Uniwersytetu Medycznego.
Przeprowadzono standardowg charakterystyke fenotypowa komorek (ekspresja
antygenow CD73, CD90, CD105 oraz brak ekspresji m.in. CD45, CD34) oraz poddano
je testom roznicowania do linii osteogenicznej, chondrogenicznej i adipogenne;.

Dla oceny wptywu warunkow tlenowych zastosowano dwa srodowiska hodowli.
W pierwszej grupie hodowli zastosowano $rodowisko normoksyjne (21% Oz,
standardowe warunki laboratoryjne), natomiast w drugiej sSrodowisko hipoksyjne (2% O-,
odzwierciedlajace $rodowisko niedotlenienia komorek). Komorki inkubowano
z atorwastatyng w st¢zeniu 0,05 uM (zblizonym do fizjologicznego st¢zenia
terapeutycznego u pacjentdow) oraz z rosuwastatyng w stezeniu 0,04 uM. Dodatkowo
przeprowadzono testy cytotoksycznos$ci z uzyciem nizszych st¢zen oraz st¢zenia 1 uM.
Badano proliferacj¢ metoda BrdU (5-bromo-2’-deoksyurydyna) oraz cytotoksyczno$¢ za

pomoca aktywnos$ci dehydrogenazy mleczanowej (LDH) w podtozu.

Praca nr 2 podsumowuje badanie kliniczne z udzialem pacjentow z trudno
gojacymi si¢ ranami zespotu stopy cukrzycowej. Badanie rozpoczeto po uzyskaniu zgody
Komisji Bioetycznej (KB/128/2019 24.06.2019 i KB/3/A2021 18.01.2021). Zostato ono
zarejestrowane w zbiorze ClinicalTrials.gov pod numerem NCT03865394. Grupa badana
obejmowala 47 pacjentéw podzielonych na dwie podgrupy: pacjentow otrzymujacych
ADSC w fibrynowym no$niku lub otrzymujacych sam fibrynowy klej tkankowy

(grupa kontrolna). ADSC izolowane z tkanki thuszczowej zdrowych dawcow aplikowano
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na powierzchni¢ ran, monitorujac nastepnie przebieg gojenia oraz czas potrzebny do
uzyskania 50-procentowej redukcji powierzchni owrzodzenia. Ponadto w materiale
pobieranym z rany przeprowadzono analizy proteomiczne, a takze oceng obecnosci DNA
pochodzacego od dawcow komorek, w celu zweryfikowania ich czasu przezycia

w miejscu podania.

Praca nr 3 stanowi przeglad literatury naukowej, w ktérym autorzy podsumowu;ja:
¢ mechanizmy dziatania MSC (m.in. efekty parakrynne, immunomodulacja),

e wyniki najwazniejszych badan przedklinicznych i klinicznych z zastosowaniem
MSC,

e potencjalne modyfikacje protokolow terapeutycznych, takie jak zastosowanie
prekondycjonowania komorek macierzystych, modyfikacje genetyczne czy
wykorzystanie rusztowan wspomagajacych przezycie i integracj¢ komorek w ranie,

e ograniczenia i1 perspektywy rozwoju terapii MSC w leczeniu ran przewlektych,
zwlaszcza w cukrzycy.

W przegladzie zwrdcono rowniez uwage na kwestie bezpieczenstwa stosowania
MSC, ze szczegdlnym uwzglednieniem ryzyka immunogenno$ci w warunkach

allogenicznych oraz mozliwych reakcji zapalnych.

Wyniki

Obserwacje poczynione w pracy nr 1 okreslaja optymalne warunki
prekondycjonowania przy uzyciu statyn oraz zmiennego st¢zenia tlenu dla najbardziej
efektywnego dziatania MSC.

Wykazano, Ze:

o atorwastatyna w st¢zeniach zblizonych do fizjologicznych istotnie zwigkszata
proliferacje MSC, zaréwno w warunkach normoksji, jak 1 hipoksji, nie wywotujac
przy tym znaczacej cytotoksycznosci;

e rosuwastatyna w warunkach hipoksji réwniez stymulowata proliferacj¢ bez
istotnych efektow toksycznych, natomiast w normoksji nieco czgsciej
powodowata niewielkie wzrosty cytotoksycznos$ci (zalezne od stezenia leku);

e hipoksja per se zwigkszata zdolnosci proliferacyjne MSC, co moze oznaczac,
ze komorki w warunkach niskiego stezenia tlenu lepiej adaptuja si¢ do srodowiska

z jego ograniczonym dostepem (np. w tkankach niedokrwionych);
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wiek dawcow nie wykazal w analizach istotnego rdznicujacego wpltywu
na odpowiedz komorkowa w kontek$cie statyn w testowanych populacjach
(cho¢ ogolnie starszy wiek dawcow moze korelowac ze zmniejszong aktywnoscia
proliferacyjng MSC).

W pracy nr 2 zaobserwowano nastepujace wyniki wielotygodniowej obserwacji

pacjentéw z ZSC:

zmniejszenie powierzchni rany nastgpowalo szybciej w grupie otrzymujacej
ADSC niz w grupie kontrolnej, co potwierdzono zaréwno krotszym czasem
do redukcji powierzchni owrzodzenia o 50%, jak i wickszym odsetkiem pelnego
wygojenia do konca obserwacji;

analiza proteomiczna wskazata na wzmozong ekspresj¢ biatek odpowiadajacych
za procesy regeneracyjne 1 angiogenez¢ (GAPDH, CAT i inne)

wykrywalnos¢ DNA dawcéw w miejscu rany utrzymywata si¢ do okolo
2-3 tygodni od aplikacji MSC; co sugeruje, ze allogeniczne MSC moga przetrwaé
w Srodowisku rany wystarczajagco dlugo, by zainicjowaé korzystne zmiany
w przebiegu gojenia;

nie zanotowano powaznych zdarzen niepozadanych bezposrednio zwigzanych
z podaniem MSC, co przemawia za bezpieczenstwem stosowania takiej terapii

w warunkach klinicznych.

Wyniki badan 1 i 2 mialy znaczacy wplyw na powstanie pracy pogladowej

(praca nr 3), ktora podsumowuje dotychczasowe obserwacje i nakresla kierunki dalszych

badan nad wykorzystaniem komoérek macierzystych w terapii leczenia ran:

mechanizm dziatania MSC w ranach obejmuje immunomodulacj¢ (m.in. zmiana
profilu cytokin pro- i przeciwzapalnych), stymulacje angiogenezy (poprzez
sekrecje czynnikdéw wzrostu, np. VEGF) oraz bezposrednie wspomaganie procesu
tworzenia nowej tkanki;

wpltyw parametrow hodowli (stezenie tlenu, obecnos¢ lekow plejotropowych,
wiek dawcy itp.) moze optymalizowac terapeutyczny potencjal MSC;

strategie usprawniania terapii: modyfikacje genetyczne, aktywacja MSC
bodzcami (np. hipoksja, czynniki wzrostu), taczenie komorek z rusztowaniami
(np. hydrozele czy konstrukty tkankowe);

zagadnienia bezpieczenstwa i standaryzacja: szczegolng uwage nalezy zwroci¢ na

czystos¢ mikrobiologiczng preparatu, ryzyko reakcji immunologicznych przy
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przeszczepach allogenicznych oraz na standaryzacj¢ protokotéw wytwarzania

MSC.

Whioski

Zaprezentowany cykl publikacji potwierdza, ze zaréwno warunki hodowli
w hipoksji, jak 1 zastosowanie statyn w odpowiednich stezeniach moga pozytywnie
wplywac na proliferacje i funkcje ludzkich mezenchymalnych komdrek macierzystych
in vitro. Tak zoptymalizowane MSC, w polaczeniu z odpowiednimi technikami podania
(np. za pomocy klejow tkankowych czy hydrozeli), maja szans¢ usprawni¢ gojenie ran
w modelu klinicznym, szczegolnie w tak wymagajacej grupie pacjentow jak chorzy
z zespotem stopy cukrzycowe;j.

W warunkach klinicznych terapia komdrkowa z uzyciem allogenicznych ADSC
w stopie cukrzycowej prowadzita do przyspieszenia procesu gojenia ran i wyzszej
czestosci catkowitego wygojenia, bez istotnych zdarzen niepozadanych. Analizy
proteomiczne oraz obserwacje zywotnosci komorek w ranie potwierdzaja, ze MSC nie
tylko przetrwaly w trudnym s$rodowisku miejscowym, ale tez aktywnie modulowaty
lokalng odpowiedZ zapalng i stymulowaly procesy naprawcze poprzez zwigkszong
ekspresje¢ bialek proangiogennych oraz immunomodulujacych.

Praca pogladowa stanowi wskazowke dla przysztych badaczy, pokazujac
z jednej strony potencjal MSC w regeneracji tkanek przy roznego rodzaju
owrzodzeniach, a z drugiej wyzwania zwigzane z przejsciem od badan laboratoryjnych
do rutynowych zastosowan klinicznych. Istotne obszary rozwoju to: precyzyjne
okreslenie optymalnych dawek i czgstotliwosci podan, wdrozenie spersonalizowanych
protokotow (np. z uwzglednieniem dodatkowych czynnikéw, takich jak wiek pacjenta
czy stan zaawansowania owrzodzenia), a takze dalsze doskonalenie metod modyfikacji
MSC w celu zwigkszenia ich przezywalno$ci w tkankach.

Podsumowujac, przedstawiony cykl publikacji dostarcza spojnego obrazu
wieloptaszczyznowych badan, wykazujacych korzystne dziatanie MSC w $§rodowisku
hipoksji i pod wpltywem statyn oraz potwierdzajacych skuteczno$¢ i bezpieczenstwo
zastosowania terapii komérkowej w leczeniu przewleklych ran u pacjentéw z cukrzyca.
Wyniki te moga sta¢ si¢ podstawa dalszego rozwoju medycyny regeneracyjnej

1 wdrazania innowacyjnych rozwigzan w codziennej praktyce kliniczne;.
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3. Streszczenie w jezyku angielskim

Title: The influence of selected parameters on the metabolism of human

mesenchymal stem cells and their regenerative potential in wound therapy
Introduction

The objective of this doctoral dissertation is a comprehensive analysis
of the impact of selected in vitro culture conditions on the metabolism of human
mesenchymal stem cells (MSC), along with the evaluation of their therapeutic efficacy
in a clinical model of chronic wounds, exemplified by diabetic foot ulcer (DFU). Given
the dynamic advancement in regenerative medicine and the necessity of developing
effective methods to enhance tissue repair processes, understanding the mechanisms
underpinning the beneficial effects of MSC on tissue regeneration becomes critical.

MSC are characterized by self-renewal capacity, multilineage differentiation
potential (including osteoblasts, chondrocytes, and adipocytes), and effective paracrine
activity manifested by modulation of inflammatory responses and stimulation
of angiogenesis. Existing research suggests potential applications for statins, pleiotropic
medication, which may enhance MSC functions under specific environmental conditions.
Additionally, oxygen concentration in the culture environment (normoxia versus hypoxia)
is an essential factor influencing MSC metabolism, proliferation, and differentiation.

Understanding the mechanisms that lead to improved wound healing under
conditions of increased metabolic demand and impaired perfusion (as observed
in diabetes) is crucial for the implementation of innovative therapies in everyday clinical
practice. This series of publications contributes to expanding knowledge on the effects
of statins and hypoxia on MSC, as well as clinical protocols for MSC application
in chronic wounds.

To date of publication, no study has previously assessed the combined influence
of statins and reduced oxygen concentration in MSC cultures. Study no. 1 investigated
the effects of atorvastatin and rosuvastatin on MSC under varying oxygen conditions,
also considering donor age. Study no. 2 conducted in vivo experiments: adipose-derived
mesenchymal stem cells (ADSC) were applied to diabetic foot ulcer to verify the efficacy

of cellular therapy in treating chronic wounds. Study no. 3 reviewed literature
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and previous study results to assist future researchers in optimizing the design of cellular

therapies for wounds, such as DFU and other chronic wounds.
Materials and methods

In the initial stage of the study, human mesenchymal stem cells derived from bone
marrow (BM-MSC) were obtained from 12 patients after receiving their written consent.
Ethical approval was granted by the Local Bioethics Committee. The study was
conducted at the Department of Immunology, Transplantology and Internal Diseases
of the Medical University of Warsaw. Standard phenotypic characterization of cells
(expression of CD73, CD90, CD105 antigens, and absence of markers such as CD45,
CD34) and differentiation assays (osteogenic, chondrogenic, and adipogenic lineages)
were performed.

Two culture environments were tested to evaluate the impact of oxygen conditions.
The first group involved normoxic conditions (21% O-, standard laboratory conditions),
while the second employed hypoxic conditions (2% O., reflecting cellular hypoxia).
Cells were incubated with atorvastatin at 0.05 uM (close to physiological therapeutic
concentrations in patients) and rosuvastatin at 0.04 uM. Cytotoxicity tests were
additionally performed using lower concentrations and a higher concentration (1 uM).
Proliferation was assessed by BrdU (5-bromo-2'-deoxyuridine) assay, and cytotoxicity
was evaluated by measuring LDH (lactate dehydrogenase) activity in the culture medium.

Study no. 2 summarized a clinical trial involving patients with diabetic foot ulcers.
Ethical approval (KB/128/2019 24.06.2019 and KB/3/A2021 18.01.2021) was obtained,
and the study was registered on ClinicalTrials.gov (NCT03865394). The study group
comprised 47 patients divided into two subgroups: patients receiving ADSC embedded
in fibrin carriers and those receiving fibrin glue alone (control group). ADSC isolated
from adipose tissue of healthy donors were applied to wound surfaces, and healing
progression and the time to 50% ulcer size reduction were monitored. Additionally,
wound samples underwent proteomic analysis and assessment for donor-derived DNA

to determine cell survival duration post-application.
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Study no. 3 consisted of a literature review summarizing:

MSC mechanisms of action (paracrine effects, immunomodulation, etc.),

results of key preclinical and clinical MSC studies,

potential therapeutic protocol modifications such as MSC preconditioning,
genetic modifications, or scaffolds to enhance MSC survival and integration
within wounds,

limitations and perspectives of MSC therapy development for chronic wounds,
particularly in diabetes.

The review also emphasized MSC application safety concerns, particularly

immunogenicity risks under allogeneic conditions and possible inflammatory reactions.

Results

Observations from study no. 1 identified optimal preconditioning conditions using

statins and variable oxygen levels for effective MSC performance. Key findings included:

DFU:

Physiological concentrations of atorvastatin significantly increased MSC
proliferation under both normoxic and hypoxic conditions without substantial
cytotoxicity;

Rosuvastatin stimulated proliferation in hypoxic conditions without significant
toxic effects, while slight dose-dependent cytotoxicity increases were observed
under normoxia;

Hypoxia alone enhanced MSC proliferative capacity, suggesting cells better adapt
to low oxygen environments typical in ischemic tissues;

Donor age did not significantly affect MSC response to statins, although generally

older donors showed lower MSC proliferative activity.

Study no. 2 observed the following results from long-term patient monitoring with

Faster wound size reduction in the ADSC-treated group compared to controls,
demonstrated by shorter times to 50% ulcer reduction and higher complete healing
rates;

Proteomic analysis indicated increased expression of regenerative and angiogenesis-

related proteins (GAPDH, CAT, etc);

20



e Donor DNA detection at wound sites persisted for approximately 2-3 weeks post-
application, suggesting adequate MSC survival duration for initiating beneficial
wound healing effects;

e No serious adverse events directly linked to MSC administration occurred,
confirming clinical safety.

The findings of studies 1 and 2 significantly contributed to the review paper
(study no. 3), summarizing previous observations and highlighting future research
directions:

e MSC wound healing mechanisms involve immunomodulation, angiogenesis
stimulation (e.g., VEGF secretion), and direct tissue regeneration support;

o Culture parameters (oxygen concentration, pleiotropic drugs, donor age) optimize
MSC therapeutic potential;

e Therapeutic enhancement strategies include genetic modifications, MSC
activation by stimuli (hypoxia, growth factors), and cell-scaffold integration
(hydrogels or tissue constructs);

o Safety issues and standardization: microbiological purity, immunological reaction

risks in allogeneic transplantation, and standardized MSC production protocols.

Conclusions

This series of publications demonstrates that hypoxic conditions and appropriate
statin concentrations positively impact human MSC proliferation and functionality
in vitro. Optimized MSC, combined with suitable administration techniques
(tissue adhesives, hydrogels), can improve wound healing in clinical models, particularly
challenging diabetic foot ulcer patients.

Clinically, allogeneic ADSC therapy accelerated diabetic foot wound healing,
increasing complete recovery frequency without significant adverse events. Proteomic
analysis and cellular survival observations confirm MSC survival in challenging local
environments, actively modulating inflammatory responses and stimulating repair via
proangiogenic and immunomodulatory protein expression.

The review provides guidance for future researchers, highlighting MSC
regenerative potential and challenges transitioning from laboratory research to clinical

practice. Essential development areas include precise dosage and administration protocols,
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personalized approaches (considering patient age or ulcer severity), and MSC
modification strategies enhancing tissue survival.

In summary, this publication series offers comprehensive evidence of MSC
benefits under hypoxia and statins, confirming cellular therapy's efficacy and safety
in treating chronic diabetic wounds, laying the foundation for regenerative medicine

advancements and innovative clinical applications.
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4. Wstep uzasadniajacy polaczenie wskazanych publikacji w jeden
cykl oraz komentujacy osiagni¢cia naukowe na tle

dotychczasowego stanu wiedzy

Cukrzyca stanowi jedno z najpowazniejszych wyzwan wspotczesnej medycyny,
ze wzgledu na staty wzrost czgstosci jej wystepowania oraz indukcje licznych, trudnych
do leczenia powiktan. Wedlug danych International Diabetes Federation (IDF) na §wiecie
zyje juz ponad 530 miliondw osob z cukrzyca, a liczba ta moze wzrosna¢ do blisko
800 milioné6w w potowie biezacego stulecia (1). Cukrzyca definiowana jest jako choroba
metaboliczna, ktorej gtownym kryterium rozpoznania jest przewlekla hiperglikemia
wynikajaca z uposledzonego wydzielania badZ dzialania insuliny. Najczestsze postaci
cukrzycy to cukrzyca typu 1 (uwarunkowana autoimmunologicznie), cukrzyca typu 2
(zwigzana z insulinooporno$cig i wzglednym niedoborem insuliny) oraz cukrzyca
cigzarnych. W dobie nowoczesnych metod diagnostycznych zwigksza si¢ takze czestos$¢
rozpoznawania innych podtypéw cukrzycy, np. cukrzycy monogenowej. Dynamiczny
wzrost czgstosci wystepowania cukrzycy w populacji §wiata skutkuje zwigkszaniem si¢
liczby chorych z przewlektymi powiktaniami naczyniowymi, co przektada si¢ na istotne
koszty spoteczne i zdrowotne. Dlugo utrzymujaca si¢ hiperglikemia prowadzi do rozwoju
uszkodzen $rodblonka, powstania zaawansowanych produktéw glikacji (AGE), stresu
oksydacyjnego oraz przewlektego stanu zapalnego. Wszystkie te procesy majg kluczowy
wplyw na patogeneze powiklan w obrgbie duzych naczyn tetniczych (makroangiopatia)
i matych naczyn (mikroangiopatia). Konsekwencjami sa m.in. przyspieszona miazdzyca,
retinopatia cukrzycowa, nefropatia cukrzycowa, a takze polineuropatia cukrzycowa.

Jednym z najpowazniejszych 1 zarazem najczgstszych powiklan mikro-
1 makroangiopatycznych jest zespdt stopy cukrzycowej, bedacy gltéwna przyczyna
amputacji niezwigzanych z urazami oraz najczgstsza przyczyng hospitalizacji pacjentow
chorujacych na cukrzyce (2). Obecnie wedlug najnowszej definicji Miedzynarodowej
Grupy Roboczej ds. Stopy Cukrzycowej (IWGDF) rozszerzono pojecie stopy
cukrzycowej do tzw. Cukrzycowej choroby stop, ktora obejmuje zarowno klasyczne
postacie (do niedawna nazywane zespotem stopy cukrzycowej) oraz stany, ktore do niej
doprowadzaja (neuropatia oraz stany miazdzycowe tetnic konczyn dolnych).
W przypadku mozliwo$ci dysponowania wystarczajacymi srodkami wezesnej prewencji

czynnikow etiologicznych cukrzycowej choroby stop, prawdopodobnie nie byto potrzeby
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poszukiwania zaawansowanych metod terapeutycznych do przeciwdziatania tym
czynnikom.

Gléwnym czynnikiem etiologicznym powstawania i utrzymywania si¢ trudno
gojacych si¢ ran w cukrzycy jest neuropatia cukrzycowa. Powstaje ona w wyniku
dhugotrwatego dziatania hiperglikemii na drobne naczynia oraz na same wtokna nerwowe,
co prowadzi do ich niedotlenienia i uszkodzenia. Proces ten obejmuje zar6wno wtokna
czuciowe, ruchowe, jak i autonomiczne. W efekcie dochodzi do zaburzen czucia bdlu,
temperatury czy wibracji, co moze sprzyja¢ tworzeniu si¢ niezauwazonych otar¢, peknigé
naskorka i drobnych urazéw. Ponadto dysfunkcja autonomiczna prowadzi do suchos$ci
skory oraz zaburzen troficznych w obrgbie konczyn dolnych. Pacjent czesto nie odczuwa
bolu, a wigc nie chroni stopy przed mikrourazami. Brak mechanizmu ostrzegawczego
powoduje progresj¢ niewielkich uszkodzen do glebokich owrzodzen. Dodatkowo
wystepuja zaburzenia ukrwienia stopy, ktore wynikaja z zaawansowanej miazdzycy
tetnic obwodowych, zwtaszcza u pacjentéw z wieloletnig cukrzyca typu 2. Uszkodzony
$roédbtonek naczyniowy i nasilona proliferacja komorek migs$ni gladkich w $cianie tetnic
prowadza do zwgzenia $wiatla naczyn oraz ograniczenia perfuzji tkanek dystalnych.
Niska podaz tlenu i substancji odzywczych przeklada si¢ na zaburzenia proceséw gojenia
si¢ ran (3). Infekcje w warunkach niedotlenienia maja wigkszg sktonno$¢ do szybkiego
rozprzestrzeniania si¢ w glab tkanek, prowadzac cze¢sto do rozleglych stanow zapalnych,
a nawet posocznicy. Szczegdtowy opis procesow patofizjologicznych wplywajacych na
uposledzenie gojenia si¢ ran w przebiegu cukrzycy zawarty jest w pracy nr 3 sktadajacej
si¢ na ten cykl publikacji, dlatego w tej czgsci nakreslony zostal jedynie zarys tych
procesow.

Jak wspomniano powyzej, jednym z najci¢zszych powiktan wieloletniej cukrzycy
jest wystapienie owrzodzenia definiowanego jako stopa cukrzycowa, co niejednokrotnie
konczy si¢ amputacja konczyny. Doda¢ zdanie nt. innych rodzajow ran Owrzodzenia
konczyn dolnych dotykaja nawet jednej trzeciej pacjentow w ciagu ich zycia, prowadzac
do znacznej zachorowalno$ci, charakteryzujacej si¢ trudnym przebiegiem leczenia
1 wysokim wskaznikiem nawrotoéw (4).

Z epidemiologicznego punktu widzenia gtownymi czynnikami ryzyka rozwoju
ZSC sa czas trwania cukrzycy, wyréwnanie metaboliczne choroby, wspoltistniejaca
przewlekta choroba nerek, nadci$nienie tetnicze, hiperlipidemia oraz palenie papierosow.
Nie bez znaczenia pozostaje czynnik socjoekonomiczny, a zwlaszcza utrudniony dostep

do nowoczesnych metod diagnostycznych, brak odpowiedniej edukacji pacjenta
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w zakresie pielggnacji stop czy zbyt pdzne wdrozenie leczenia. W codziennej praktyce
klinicznej w leczeniu owrzodzen w przebiegu ZSC stosuje si¢ przede wszystkim metody
majace na celu redukcje obcigzenia uszkodzonej stopy (odcigzanie), odpowiednig
kontrole zakazenia (antybiotykoterapi¢ celowana, interwencje chirurgiczne), poprawe
ukrwienia (leczenie rewaskularyzacyjne), a takze skuteczng kontrole glikemii. Mimo tych
wysitkéw, wiele ran jest trudnych do wyleczenia, zwlaszcza w zaawansowanych stadiach
niedokrwienia i/lub neuropatii (5, 6). Stad od lat poszukuje si¢ nowych metod
terapeutycznych umozliwiajacych poprawe ukrwienia 1 przyspieszenie procesow
regeneracyjnych. Czynnikami predysponujagcymi do szybkiego pogarszania si¢ stanu
miejscowego rany u pacjentOw z zespotem stopy cukrzycowej s3 wspomniana neuropatia
czuciowa, ktora sprawia, ze chory rzadko zglasza dolegliwosci bolowe, oraz utrudniony
przeptyw krwi w tetnicach obwodowych, ktory uniemozliwia szybka odpowiedz
immunologiczng i wlasciwa dystrybucj¢ lekéw do tkanek. Ze wzgledu na niewystarczajaca
skuteczno$¢ obecnych metod leczenia trudno gojacych sie¢ ran w przebiegu cukrzycy,
intensywnie prowadzi si¢ badania nad nowymi strategiami terapeutycznymi. Jednym
z obszardw szczegdlnego zainteresowania jest zastosowanie mezenchymalnych komorek
macierzystych, ktore ze wzgledu na swdj potencjat regeneracyjny i immunomodulacyjny
moga stanowi¢ wazne wsparcie w terapii ran przewlektych. (7)

MSC to populacja komorek multipotencjalnych, ktére mozna izolowaé z wielu
tkanek organizmu, w tym szpiku kostnego, tkanki tluszczowej, krwi pepowinowej czy
galarety Whartona. (8) W warunkach in vitro wykazuja one zdolno$¢ rdznicowania si¢
m.in. w kierunku osteocytéw, chondrocytéw i adipocytow, a takze wyrdzniajg si¢
wydzielaniem licznych czynnikow wzrostu (np. VEGF, FGF czy HGF), cytokin
immunomodulujgcych 1 biatek o dziataniu przeciwzapalnym. (9) Z tego powodu MSC
byty juz testowane w wielu modelach regeneracji tkanek, w tym w gojeniu ran skornych
czy regeneracji migs$nia sercowego. (10)

Statyny, to leki z grupy inhibitoréw reduktazy 3-hydroksy-3-metyloglutarylokoenzymu
A (HMG-CoA), powszechnie stosowane w celu obnizania poziomu cholesterolu frakcji
LDL i redukcji ryzyka sercowo-naczyniowego. W ostatnich latach wykazano jednak
szereg efektow plejotropowych tych lekow, co oznacza, ze ich dziatanie wykracza poza
redukcje stezenia cholesterolu. Okazuje si¢, ze statyny moga wptywaé m.in. na proces
zapalny, funkcje $rodblonka, czy angiogeneze. W kontekscie gojenia ran interesujace sg
doniesienia, ze statyny moga modulowa¢ aktywno$¢ MSC - zaré6wno pobudzaé

proliferacj¢ tych komorek, jak i zwigksza¢ ich potencjat parakrynny. (10) W hodowli
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komorek zwierzgcych wykazano, ze statyny hamujag w MSC szlak apoptozy indukowane;j
hipoksja (11) 1 nasilajg proces autofagii (12). W badaniach na modelu §winskim podanie
atorwastatyny skutkowato zwigkszong skutecznoscig terapii z uzyciem MSC po zawale
serca (13).

Hipoksja, czyli obnizone st¢zenie tlenu w srodowisku, stanowi jeden z istotnych
czynnikow patogenetycznych w procesie rozwoju stopy cukrzycowej. Niedotlenienie
tkanek pogarsza rokowanie co do wygojenia ran, zwlaszcza w obecnosci infekc;ji.
Z drugiej strony, istnieja doniesienia naukowe sugerujace, ze krotkotrwata ekspozycja
MSC na warunki niedotlenienia (czy tez inne bodZce stresowe) moze wzmacniaé ich
potencjal regeneracyjny oraz wydzielanie cytokin i czynnikow wzrostu, zjawisko to
nazywane jest prekondycjonowaniem. Powszechnie wiadomo, Ze st¢zenie tlenu znaczaco
wplywa na zachowanie komodrek. Analiza wykazata, ze ponad 440 genow MSC byto
w rozny sposob regulowanych pod wptywem niedotlenienia (0,5% O» przez 24 h)
w poréwnaniu do standardowych warunkow hodowli (21% O») (14). Wptyw hipoksji na
aktywno$¢ MSC jest szczegolnie istotny, jesli chodzi o potencjat terapeutyczny leczenia
powiktan wielu choréb, takich jak ostry zespdt wiencowy. Wptyw hipoksji badano
réwniez u pacjentéw z zespotem stopy cukrzycowej, gdzie powtarzalne zaciski mankietu
na przedramieniu wywotywatly przyspieszenie procesu gojenia si¢ rany na przeciwleglej
konczynie dolnej w poréwnaniu do grupy pacjentow, u ktéorych nie stosowano
powyzszego sposobu interwencji (15).

W pracy nr 1 niniejszego cyklu wykazano, Ze atorwastatyna i rosuwastatyna moga
w warunkach in vitro wspomaga¢ proliferacj¢ mezenchymalnych komorek macierzystych
1 jednoczesnie nie wywolywac istotnych efektow cytotoksycznych, zwlaszcza w stezeniach
zblizonych do tych osigganych w surowicy pacjentéw leczonych standardowymi dawkami.
Szczegdlnie interesujacy jest fakt, iz wplyw statyn na MSC moze by¢ zalezny od poziomu
tlenu w $rodowisku hodowli (normoksja vs. hipoksja) oraz od wieku dawcy komorek.
Zaleznodci te maja kluczowe znaczenie przy projektowaniu potencjalnych zastosowan
klinicznych.

Polaczenie statyn i kontrolowanej hipoksji w kontekscie prekondycjonowania
MSC wydaje si¢ szczegdlnie obiecujace, gdyz oba czynniki - cho¢ réznymi szlakami
- moga poprawia¢ zdolno$ci regeneracyjne tych komorek. Statyny moga wspomagaé
przezycie MSC w niekorzystnych warunkach tlenowych, natomiast hipoksja w sposob
naturalny ,,przygotowuje” komorki do funkcjonowania w niedotlenionym obszarze rany,

jednoczesnie stymulujac wydzielanie czynnikdw wzrostu. Mechanizmy te wymagaja
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dalszego zbadania in vitro i in vivo, ale juz obecne dane opisane w pracach bedacych
cze¢$cig tej rozprawy wskazuja na ich realny potencjat kliniczny.

Korzystny wptyw MSC na gojenie ran w cukrzycy jest szeroko omawiany
w literaturze. W pracy nr 2 niniejszej rozprawy wykazano, ze ADSC sprzyjaja gojeniu
si¢ ran w stopie cukrzycowej poprzez zwigkszenie angiogenezy i modulacj¢ stanu
zapalnego. Z kolei w pracy nr 3 zwrocono uwage na wielokierunkowe mechanizmy
dziatania MSC - w tym na zdolno$¢ do wydzielania czynnikow wzrostu, cytokin
immunomodulujgcych i proteolitycznych enzyméw uczestniczacych w przebudowie
macierzy pozakomoérkowej. taczenie tych komorek z dodatkowymi metodami
wspomagajacymi, takimi jak zastosowanie statyn, czynnikow wzrostu czy warunkow
hipoksji, moze prowadzi¢ do jeszcze bardziej efektywnej terapii.

Rownoczesnie warto podkresli¢, ze w dotychczasowych badaniach klinicznych
z udziatem MSC, czg$¢ pacjentdw z cukrzyca odniosta znaczaca poprawe w zakresie
gojenia si¢ ran stopy, co przekladalo si¢ na zmniejszenie ryzyka amputacji oraz poprawe
jakosci zycia. Z tego powodu opracowanie protokotow klinicznych optymalizujacych
wykorzystanie MSC u chorych z zaawansowanym zespotem stopy cukrzycowej wydaje
si¢ obiecujgcym kierunkiem badan.

Przedstawione w cyklu trzy publikacje koncentrujg si¢ na powigzanych aspektach:

e praca nr 1 odnosi si¢ do badania efektow statyn w zalezno$ci od st¢zenia tlenu
oraz wieku dawcy MSC w warunkach in vitro;

e prace nr 2 i 3 omawiaja potencjal MSC w terapii przewlektych ran, z naciskiem
na mechanizmy molekularne, w tym udzial cytokin i czynnikoéw wzrostu.
Wspdlnym mianownikiem tych prac jest dazenie do optymalizacji terapii

komorkowych w warunkach, jakie spotykamy u pacjentow z cukrzyca i powikfaniami
naczyniowymi, w tym w zespole stopy cukrzycowej. W kazdym z artykutow analizowano
potencjalne sposoby wzmacniania wlasciwosci MSC (statyny, hipoksja, protokoty hodowli),
co ostatecznie ma shuzy¢ poprawie skutecznosci klinicznej. Takie wieloptaszczyznowe
spojrzenie, od badan podstawowych po wskazania kliniczne, czyni prace komplementarnymi

1 uzasadnia ich wlaczenie w jeden cykl rozprawy doktorskie;.
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5. Zalozenia i cel pracy

Gléwnym celem rozprawy doktorskiej jest zbadanie wptywu statyn oraz hipoksji

na wybrane parametry metaboliczne mezenchymalnych komoérek macierzystych (MSC)

oraz ocena potencjatlu terapeutycznego tych komorek, zwlaszcza w kontekscie leczenia

trudno gojacych si¢ ran w przebiegu cukrzycy (w tym zespotu stopy cukrzycowej).

Prekondycjonowanie z wuzyciem statyn oraz hipoksji moze wplywaé
korzystnie na proliferacj¢ oraz przezywalnos¢ MSC, a tym samym
potencjalnie wspiera¢ ich zastosowanie w regeneracyjnych terapiach
ukierunkowanych na uszkodzenia niedokrwienne.

ADSC sa zdolne do przyspieszania procesu gojenia ran w zespole stopy

cukrzycowej.

Celem rozprawy byto:

Okreslenie wplywu wykorzystania statyn w procesie prekondycjonowania na
aktywno$¢ 1 cytotoksycznos¢ ludzkich MSC w warunkach normoksji 1 hipoksji,
z uwzglednieniem potencjalnych roznic zwigzanych z wiekiem dawcy.

Ocena klinicznej skutecznosci oraz bezpieczenstwa podania allogenicznych ADSC
w leczeniu przewleklych owrzodzen stopy cukrzycowej, w tym w kontekscie zmiany
rozmiaru rany i czgstosci catkowitego wygojenia.

Analiza molekularnych podstaw dziatania MSC na proces gojenia ran,
uwzgledniajagca m.in. badania proteomiczne tozyska rany i oceng¢ czasu przezycia
komorek dawcy w miejscu owrzodzenia, w celu lepszego zrozumienia

mechanizméw regeneracyjnych.
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6. Kopie opublikowanych prac

6.1. The influence of oxygen deprivation and donor age on the effect of statins
on human mesenchymal stromal cells
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ARTICLE INFO ABSTRACT

Keywords: To date, no study evaluated the effect of oxygen deprivation together with statin: pretreatment on human
Atorvastann mesenchymal stromal cell: (MSCz). The aim of our study was to establich the influence of atorvastatin and
Rowmwasatin rocuvastatin on MSC proliferation and cytotoxicity in different oxygenic conditions. Human MSCs izolated from
::;::ymdmmﬂu“‘ the bone marrow (n = 12) were incubated with statinz The proliferation rate and cytotoxic effect were evaluated

in normoxic (21 %0,) and hypoxic (2%0,) conditions, alzo in relation to donor age. The treatment with ator-

vamnwuamtedmnhngxnﬁmd higher proliferation rate pared to 1, both in hypoxic (19 %
median i ) and fitiona (20 %), p=0.02 and p= 0.04, respectively. Atorvastatin had no
significant cytotoxic effect on MSCz. Ti with i mhvpouumulmdmnmﬁc:mlvhxghu
pmlx!u’::wnnte(ls% p= 0.02) comparing to control with no significant cy ? heric oxygen
conoenmm, was imd:nomgmﬁcm:chmgempmhfenﬂonamlludurcywwmtv

mpared to 1 l (p=0.042 and p = 0.015, for 0.04 M and 1 UM zolutions respectively). There
were no differences in the effect of statinz on MSC from young & ve. aged d These Itz suggest that

stating could support MSC-based therapy of acute myocardial infarction

1. Introduction

Mesenchymal stromal cells (MSC) constitute a population primarily
residing in the bone marrow where they support the process of hae-
matopoiesis. Apart from bone marrow, they can also be izolated from a
variety of human tissues, including adipose tissue, umbilical cord blood,
and Wharton's jelly (Secunda et al | 2015). MSCs can be easily expanded
in vitro, are able differentiate into several cell types and therefore are
perceived as a material for the repair or rejuvenation of diseased and
aging tissues (Hwang et al., 2009). Myocardial infarction is a leading
cause of morbidity and mortality worldwide. Results of many preclinical
studies indicate that MSC trancplantation can improve left ventricular
ejection fraction in animals with induced ischemic heart disease (van der
Spoel et al, 2011). It seems that exact mechanism of MSC action after
intramyocardial injection is still to be clarified, but meta-analyses of
results obtained during controlled clinical trials in patients with acute
myocardial infarction (AMI) (Lalu et al, 2018) suggest that MSC
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trancplantation can have beneficial functional effect, which justify
further efforts to investigate the potential for MSC in this group of
patients.

It iz known that different drugs can affect activity of both endoge-
nous and transplanted MSC. Statins seem to be of particular interest in
the treatment of patients after myocardial infarction and one of the most
widely prescribed medicaments in cases of ischemic heart disease. These
pharmaceuticals have gained more interest in recent decades due to the
pleiotropic abilities they precent. Interestingly, statins have been shown
to have a beneficial impact on transplanted MSC activity in animal
models with AMI (Yang et al., 2009; Dai et al., 2015). Therefore, it seems
important to evaluate the influence of statins on the proliferative po-
tential of human MSC. Previous reports regarding the in vitro effect of
statins on MSC are not consistent. Zhang et al. (2012) demonstrated, that
in conditions which induce apoptosis (hypoxia with serum deprivation)
statins have protective effect on MSCs by inducing autophagy (instead of
apoptosis). On the other hand, many other reports indicate that statins
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impair MSC’ viability (Baek et al., 2005; Izadpanah et al., 2015; Lietal,,
2015; Zanette et al., 2015). However, it is important to state that cyto-
toxic effect of statins in these studies was observed mainly if drugs were
used in concentrations many times higher than thosce found in the pa-
tient’s serum  (Baek et al., 2005)

Another issue is the effect of oxygen conditions on MSC activity. The
microamray analysis revealed that the expression of over 440 genes was
changed under the influence of severe hypoxia (0,5% O, for 24h) in
bone mamrow MSCs in comparizon to standard culture conditions (21 %
02) (Huetal., 2014). The effect of hypoxia on MSC activity appears to be
particularly important in the potential treatment of AML The impact of
oxygen conditions on the effect of statins on human MSCs was not re-
ported untl now.

Finally, considering MSC transplantation in cases of cardiomyopa-
thies it is reasonable to take into account the age of cell donors.
Although there is an increasing amount of data that allogeneic MSCs
transfer is safe (Lin et al., 2012), autologous therapy is still chosen in
many clinical tials. Moreover, the dogma that allogeneic MSCs are
immunologically privileged iz currently being questioned by some au-
thors (Berglund et al., 2017). Some animal studies indicate that major
histocompadbility complex mismatched MSC wtansplantation can
induce an immune response and graft elimination (Berglund and
Schnabel, 2017). Therefore, the question about the impact of aging on
cell features is stll valid, especially that previous reports indicate that
donor’s age affects the proliferation capacity of human MSCs isolated
from bone marrow (Li et al., 2014a).

Taken together, there were several objectives of the present study.
First, to evaluate the effect of statins (atorvastatin and rosuvastatin)
used in concentrations which are found in patients’ serum on human
mesenchymal stromal cells. Second, to assess what is the influence of
different oxygen conditions (atmospheric oxygen vz 2% oxygen) on the
effect of statins on human MSCs. And third, to determine if donor age
influences the effect of statins on MSC proliferation rate.

2. Materlal and methods
2.1. Material and donors

Bone marrow samples were obtained from 12 patients after receiving
their written concent The procedure wa: approved by the Local
Bioethics Committee (approval numbers: KB/130,/2013 and KB/115/
2016). The bone mamrow was collected during standard orthopaedic
surgeries which required opening of bone marrow cavity. All sample
donors were male; the mean age was 50 years. For some analyses sam-
ples were divided depending on donor age for two groups: young (Y-
MSC, N = 6) - cells from donors younger than 40 years old (the mean age
in this group was 33 + 6.8) and aged (A-MSC, N = 6) - cells from donors
elder than 40 years (the mean age in this group was 67.8 + 6).

2.2, Cell isolation and expansion

Bone marrow, after mechanical disassociation (pushing through a
syringe and, if possible, 26 G needle), was washed with PBS and
centrifuged for Smin at 300g. The samples were then expanded in
growth medium composed of DMEM-LG (Dulbecco’s modified Eagle's
Medium with low glucose; LONZA) supplemented with fetal calf serum
(FCS; 10 %; LONZA) and antibiotic-antimycotic (AA) solution (Peni-
cillin-streptomycin-amfoterycin B; 1.5 %; Invitrogen), seeded on BD
Primaria™ culture dishes (Becton Dickinson) and incubated under
standard cell culture conditions (37 °C, 5% CO2, 95 % humidity, and
atmospheric oxygen concentration). After 2 days growth medium (GM)
was replenished and after another 2 days non-adherent cells was
removed and first fibroblast-like adherent cells could be observed. After
7-10 days (depending on the primarily attached cell number), when the
colonies were well formed the cells were passaged. Subsequent passages
were performed when cells were reaching about 80 % of confluence.
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After the 3rd paczage the cells were frozen in liquid nitrogen. The ex-
periments were performed after thawing, on cells between 4-6 paszage.
The cells from different donors were always cultured separately. In each
set of experiments one population from A-MSC group and one popula-
tion from Y-MSC group were analyzed in parallel

2.3. MSC:s identification

Isolated cells displayed fibroblastic morphology and created colonies
when seeded in a very low density. The ability to multlineage differ-
entiation and the expression of surface antigens were analysed after the
3rd or the 4th passage.

2.3.1. Osteogenic differentiation

The efficacy of osteogenic differentiation was evaluated with twvo
methods - the visualization of calcium deposits (Alizarin red staining)
and measuring the activity of alkaline phosphatase (AP) using semi-
quantitative colorimetric method. The cells were seeded on 12-well
plates (4 wells per donor). When reached 70 % of confluence, the me-
dium on 2 wells were changed into differentiating medium containing
0.1yM dexamethasone, 10mM {-glycerophosphate, S0uM AA-2P
(ascorbic acid 2-phosphate) in standard GM with 10 % FBS (all the
supplements were purchased from Sigma-Aldrich), while another 2
wells remained negative control (standard GM with 10 % FBS). Culture
media were changed every 3 days. After 2 weeks of culturing cells on one
control and one differentiating well were fixed for 15Smin with 4%
formaldehyde and stained with Alizarin Red (Sigma-Aldrich) in order to
visualize caleium deposits. On the other control and differentiating well
the cells were treated with 0.2 % Triton X-100 in PBS for 20 min. The
lysates, after centrifugation, were combined with reaction substrate
(The Alkaline Phosphatase Liquid Substrate assay, Sigma-Aldrich,
P7998) and incubated for up to 30min in RT and read at 405nm ac-
cording to the manufacturer instruction.

2.3.2. Adipogenic differentiation

The efficacy of adipogenic differentiation was evaluated by visuali-
zation of lipid droplets using Oil Red O staining. The cells were seeded
on 12-well plates (2 wells per donor). When reached 90-100 % of
confluence, one dish was started being treated with differentiation
medium containing 0.5 pM IBMX (isobutyl methyl xanthine), 1 pM
dexamethasone, 10 pg/mL insulin, 60 pM indomethacin in standard GM
with 10 % FBS (all the supplement: were purchased from Sigma-
Aldrich), while the second dish remained negative control (standard
GM with 10 % FBS). Culture media were changed every 3 days. After 3
weeks cells were fixed for 45 min with 10 % formakiehyde and then for
Smin with 60 % isopropanol and stained with Oil Red O (Sigma-
Aldrich) in order to visualize lipid droplets.

2.3.3. Chondrogenic differentiation

To assess the ability to chondrogenic differentiaton, three-
dimensional pellet culture was performed. Unsuspended cell pellets
were cultured for two-three weeks in chondrogenic medium composed
of DMEM high glucose medium supplemented with 0.5 % FBS, 1% (v/v)
ITS (insulin-transfernin-celenium), 0.1 pM dexamethasone, 100 pM
ascorbic acid 2-phosphate, 100 pg/mL sodium pyruvate, and 10 ng/mL
recombinant human trancforming growth factor-§2 and 1% (v/v)
penicillin-ctreptomycin solution. Medium were changed every 3 days.
For histological analysis, pellet was immersed in paraffin, sectioned and
stained with haesmatoxylin-eosin.

2.3.4. Assessment of surface antigens

Phenotype of cells was determined with the use of Human MSCs
Analysis Kit (BD Biosciences). Expression of positive (CD73, CD90,
CD105, CD44) and negative (CD34, CD45, CD11b, CD19, HLA-DR) cell
surface markers were investigated. Cells were detached, rinsed 2 times
with PBS and incubated with antibodies following manufacturer’s
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instructions, then incubated 30 min in the dark. After 3 times rinse, the
cells were evaluated using BD FACSCanto Il flow cytometer equipped
with BD FACSDiva Software.

2.4. Cell treatment

2.4.1. Reagents and doses

Statins used in this study were: 1. Atorvastatin calcium trihydrate,
European Pharmacopoeia (EP) Reference Standard (cat no. Y0001327);
2. Rosuvastatin calcium >98 % (HPLC) (cat no SML1264), both from
Sigma-Aldrich. The main doses used in this study were: 0.05 uM (27 ng/
mlL) for Atorvastatin and 0.04 pM (37 ng/ml) for Rosuvastatin. Both
concentrations correspond to the maximum concentration (Cmax) ach-
ieved in patients’ serum Additionally, for cytotoxicity assay, the lower
and higher doce was used.

2.4.2. Cell proliferation assay

The rate of cell proliferation was determined using a colorimetric 5-
bromo-2-deoxyuridine (BrdU) proliferation ELISA immunoassay
(Roche). MSC were seeded into 96-well plates in a density 4 x 10° cells
per well on 2 plates — one designated to normoxic conditions (atmo-
spheric oxygen concentration) and the second designated to hypoxic
conditions (2% oxygen level). For attachment both plated were kept in
normoxic conditions. The next day (day O of the experiment), the me-
dium was changed and the cells were exposed to statins: atorvastatin —
0.05 pM or rocuvastatin - 0.04 pM. Cells cultured in parallel in standard
growth medium served ac negative control whereas cells cultured in
5 ng/ml basic fibroblast growth factor (bFGF) served as positive control
to confirm the ability of MSC to respond to mitogenic stimuli. The plates
were placed under appropriate oxygen conditions - one in 21 % O, and
the second in 2% Oz. The medium was changed the next day (day 1 of
the experiment). Atday 2, BrdU was added to each well according to the
16— 18 hours during which BrdU was incorporated into the DNA of
proliferating cells. Further, the immunostaining was performed ac-
cording to manufacturer instructions. The absorbance was measured at
wavelength 450 nm (BioTek PowerWave XS). All reatments were per-
formed in triplicates.

2.4.3. Cell cytotoxicity assay

To measure the cytotoxic effect of statin on MSCs - a colorimetric
assay for quantifying the cytolysis process was used (Cytotoxicity
Detection Kit PLUS (LDH) purchased from Roche). The cells were seeded
into 96-well plates in a density 8 x 10° cells per well on 2 plates. The
next day after seeding, the medium was changed and the cells were
exposed to statins: atorvastatin — 0.025 pM, 0.05 pM and 1 M or
rocuvastatin— 0.02 pM, 0.04 pM and 1 pM. The plates were placed under
appropriate oxygen conditions - one in 21 % Oz and the second in 2%
O,. Background control, low control and high control were also included
as recommended by manufacturer instruction. The experiment lasted
72h. The medium was changed once, in the middle of the experiment.
At the end, the amount lactate dehydrogenase (LDH) activity was
measured in cell culture supernatants. LDH is a stable cytoplasmic
enzyme that is rapidly released into the supematant upon damage of the
plasma membrane. The colorimetric analysic was performed using
spectrophotometry at wavelength 490 nm (BioTek PowerWaveXS). All
experiments were done in triplicates. To determine the percentage
cytotoxicity of statins on MSCs we calculated absorbance values in the
equation suggested by a manufacturer, where:

Cytotoxicity [%]=(experimental value-low control)/(high control-
low control)*100

2.5. Sratistical analysis

All the statistical analyses were conducted using STATISTICA soft-
ware (StatSoft®). First, the data distribution within groups were
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evaluated using Shapiro-Wilk test The groups of related data with
abnommal distribution were compared using Wilcoxon matched-pairs
signed-ranks test. Student’s t-test was uced to compare values groups
with confirmed normal distribution. Significance was set at p < 0.05 and
graphs are presented as mean + standard error of the mean (SEM).

3. Results
3.1. MSC identification

Human bone marrow-derived mesenchymal stromal cells (hRMSC)
were isolated from 12 donors. All MSC populations adhered to the sur-
face of the plastic culture dishes forming fibroblast-like colonies. Flow
cytometry analysis of cell-surface antigen profiles revealed that isolated
cells possessed mesenchymal soomal cells phenotype. The median
percentage of positive cells amounted 99.3 % for CD44, 99.5 % for
CD73, 98.6 % for CD90 and 99.4 % for CD105 and 1.3 % for hemato-
poietic markers (cocktail of CD11b, CD19, CD34, CD45 and HLA-DR).
The expression of surface markers did not differ significantly between
cells isolated from young and aged donors. In order to confirm the
ability of isolated cells to differentiate into osteocytes, chondrocytes and
adipocytes, specific staining was successfully performed (Fig. 1).
Moreover, osteogenic differentiation was confirmed by measuring
alkaline phosphatase. The mean AP activity increased after osteogenic
differentiation 4.7-fold comparing to untreated control (p= 0.01). The
was no significant difference in response to osteogenic differentiation
between cells from MSC-Y and MSC-A group.

3.2, The effect of statins on proliferation rate of hMSCs in different
oxygen conditions

The treatment with statins in doses corresponding with the Cmax
achieved in patients’ serum significantly affected the proliferation rate
of human mesenchymal stromal cells. Comparing to untreated cells, the
median increase in proliferation after treatment with atorvastatin (0.05
pM) amounted to 20 % in atmospheric oxygen conditions and 19 % in
hypoxic conditions (p=0.04 and p= 0.02, respectively). Treatment
with rocuvastatin (0.04 pM) affected MSC proliferation only in hypoxic
conditions (median increase by 15 9% in comparizon to untreated con-
trol, p=0.02), whereas the same treatment in atmospheric oxygen
concentration had no effect in BrdU test (p=0.81) (Fig. 2.AB). The
analysis of the effect of oxygen conditions on the cell response to statins
revealed, that the proliferation rate under influence of rosuvastatin was
significantly higher in hypoxia than in “normoxia”™ (median increase by
64 %, p=0.028). This effect was not obcerved in cells treated with
atorvastatin (Fig. 2C).

3.3. The cytotoxic effect of statins on hMSCs in different oxygen
it

LDH Colorimetric Assay allowed to assess the effect of statins on the
cell membrane damage in hMSCs. For this test statins were used in three
different concentrations: *: Cuyax, Cuax and 1 pM (which is 20-25 fold
higher than C,,, concentration). The results indicate that atorvastatin
did not induce significant cell membrane damage in hMSC in any of used
dases and regardless of aerobic conditions (Fig. 3A,B). The response to
rosuvastatin differed depending on oxygen concentration. In “nor-
moxia” rocuvastatin appeared to significantly increase LDH release in
Cuax and 1 pM in comparison to unteated control (p=0.042 and
p=0.015, respectively) (Fig. 3A). This effect was abolished in hypoxic
conditions, in which rocuvastatin was not cytotoxic in any concentration
(Fig. 3B). Moreover, in hypoxia the amount of released LDH was
inversely proportional to the rocuvastatin concentration. These differ-
ences were not statistically significant in comparison to the untreated
cells, however, cytotoxic effect of rocuvastastin was significantly lower
at the 1 yM dose than in C,,, and *: C,,,,,. The comparizons of data from
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the same treatments for normoxia and hypoxia revealed no significant
differences. Raw data (mean OD490 and SEM) for each group are pre-
sented in Suppl. Table 1.

3.4. The effect of statins on hMS5Cs depending on donor's age
Additionally, the influence of cell donor age on the MSC response to
statins was evaluated. The basic proliferation rate did not differ between

cells from MSC-Y and MSC-A groups regardless of aerobic conditions.
MSC-Y and MSC-A significandy increased the proliferation rate under
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concentration found in

influence of bFGF both in atmopsheric oxygen concentration and in
hypoxia In comparison to the untreated control bFGF increased prolif-
eration in nomoxia by 2.8-fold for MSC-Y and by 2.1 for MSC-A (for
both groups p < 0.05). There was no significant difference in response
between groups. In hypoxia, MSCs from elder donors responded to bFGF
significantly less than MSCs from younger donors (mean 2, 6-fold in-
crease for MSC-Y vz 1.7-fold increase for MSC-A, p= 0.04) (Fig. 4).
There was no significant difference between MSC-Y and MSC-A groups
in response to atorvastatin and rosuvastatin regardless to aerobic con-
ditions (Fig. 4). Raw data (mean OD450 and SEM) for each group are
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presented in suppl. Table 2. Alzo, the results of LDH test did not differ
between MSC-Y and MSC-A groups for any treatment.

4. Discussion

In this first study evaluating the effect of rosuvastatin and atorvas-
tatin on human bone marrow MSCs in different oxygenic conditions, we
have obcerved that atorvastatin significantly increased proliferation rate
of MSCs without significant cytotoxic effect irrespectively of oxygenic
conditions. Rosuvastatin significantly increased MSCs proliferation rate
without cytotoxic effect only in hypoxic conditions, whereas its appli-
cation was associated with no change in proliferation rate but with
significant cytotoxic effect in atmospheric oxygen concentration.

To date, the influence of statins on MSC observed in vitro has been
described in several scientific papers. Among them, atorvastatin has
been reported to reduce the apoptosis of oxygen-deprived animal bone
marrow mesenchymal stem cells (BM-MSC) and specific mechanisms
involved in this positive effect have been identified (Zhang et al., 2012;
Dong et al., 2011; Li et al., 2014b). However, none of the researchers
have evaluated the effect of atorvastatin combined with hypoxia on the
proliferation of human MSC. Some researchers have explored the
viability or proliferation rate of atorvastatin-treated human MSC at at-
mospheric oxygen concentration. For instance, Izadpanah et al
observed an increase in doubling time of human adipose tissue-denived
MSC (AD-MSC) treated with atorvastatin at 65 ng/mL, which is almost
twice higher than the dosce evaluated in our proliferation assay (lzad-
panah et al., 2015). Li et al. chowed that atorvastatin may be associated
with reduced human bone marrow MSC wiability (Li et al., 2015).
However, in this paper atorvastatin concentration (0.1-1.0 pM) which
substantally exceeded maximal serum concentration used in our

mocbyT-mtfotrehnwvﬂuudepmdmgmdmdutnbump~ 0.05 waz assumed to be statiztically
‘epe mecemp:nmeI'RL[lowomolmuaylﬁ p< 0.05 - comparizon b different

N=12.

experiment. Therefore, we hypothesize that the effect on MSC prolifer-
ation and viability exerted by atorvastatin is dose~dlependent and only
doses that do not exceed maximal serum concentration may be benefi-
cial to human BM-MSC.

To the best of our knowledge, no study so far has evaluated the
impact of rosuvastatin on human MSCs in hypoxia either. Based on
observations in atmospheric oxygen concentration, Xu et al. found that
pretreatment with rosuvastatin can significantly improve the viability of
human MSEC after exposure to TNF-a and the protective mechanism of
rosuvastatdn is partly mediated through miRNA-210 up-regulation (Xu
et al., 2014). We have observed increased proliferation of
rosuvastatn-treated MSC in hypoxia compared to atmospheric oxygen
concentration. Moreover, in hypoxia the amount of released LDH was
inversely proportional to the rosuvastatin concentration. The underlying
mechanizme remain unknown, but this observation holds promise for
MSC transplantation into ischemic tissues.

Myocardial ischemia appears especially suited for the statins com-
bined with MSC application. The effect of atorvastatin and rocuvastatin
with MSC transplantation had been evaluated on animal models of AMI
in several studies with promising results (Yang et al., 2008; Tian et al.,
2019; Zhang et al, 2014).

Guo et al in the meta-analysis of preclinical studies on animal
models, concludes that addition of atorvastatin to MSC therapy leads to
significant improvement in left ventricular ejection fraction (Dai et al.,
2015). Several biological pathways leading to these beneficial effects
were identfied includingSDF-1/CXCR4 activation, RhoA/ROCK/ERK
pathway inhibition, the increase of endothelial nitric oxide synthase
expression in the peri-infarct zone and reduces MSC apoptosis (Yang
et al, 2008; Tian et al., 2019; Zhang et al,, 2014). The first human
randomized, double-blind placebo-controlled study evaluating the
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combination of oral atorvastatin with MSC injection in ST-elevation
myocardial infarction is on-going (Xu et al., 2019).

The impact of MSC transplantation in combination with oral rosu-
vastatin supplementation on the infarcted murine hearts was also
explored. Fu et al. reported that BMSC therapy with oral rosuvastatin
administration promoted the survival of implanted cells by ~45-fold
while compared with BMSC therapy alone. They observed that BMSC
therapy with rosuvastatn (instead of BMSC therapy alone) upregulated
the VEGF and bFGF expression, increased the capillary density and
improved the cardiac function (Fu et al., 2016). Zhang et al. (2013)
demonstrated that oral administration of rosuvastatin improved the
survival of transplanted MSCs. Moreover, the authors have shown thatin
group receiving rosuvastatin, the proliferation of transplanted cells was
significantly higher than in the group without rocuvastatin (based on
co-localization of marker of grafted cells and Ki-67). These results are
very consistent with our finding.

In our study we did not notice the significant difference in the basic
proliferation rate between MSC-A and MSC-Y. Previously, many authors
reported that proliferation activity of MSCs declines with age (Gnani
etal, 2019; Mohd Ali et al, 2016). This inconsistence can be caused by
two reasons. First, the difference of mean donors age between groups in
our study was relatively small comparing to some other reports (Gnani
etal., 2019). Second, we used the BrdU test which assesses proliferation
over a chort period of time. The results of data comparisons obtained ie.
during the evaluation of population doubling time may differ signifi-
cantly from the BrdU test. Nevertheless, although we did not observed
differences between MSC-Y and MSC-A in basic proliferation, we did
noticed that cells from elder donor were less prone to respond to mito-
genic factor (bFGF) than MSC-Y. In hypoxic conditions this difference
was significant (Fig. 4). Age-dependent effect of statins on MSC prolif-
eration was previously studied by Izadpanah at al. (Izadpanah et al.,
2015). The authors did not report significant difference in the response
to statins between MSCs from younger and elder donors. In our study we
obtained similar results. Comparing the MSC responses to statins be-
between the groups was noted (Fig. 4). However in hypoxia mare
distinet response to statine could be observed in cells from younger
donors than from aged group. It seems that this issue requires further
investigation on a larger sample size and more age-diverse donors.

Our study provides important data on human MSC, that merit further
preclinical and clinical studies. Most of the studies evaluated oral statin
administration, whereas it requires further verificadon whether MSC
pretreatient or pretreatment combined with oral administration could
vield better results. It could alzo be advantageous to apply hypoxia
additionally to atorvastatin and, especially, rosuvastatin in the process
of MSC preconditioning, as well as carefully choose the age of recipients.
However, the mechanizms behind different response to rosuvastatin
preconditioning in various oxygenic conditions and the impact of statins
on secretory and migratory properties of MSC requires further
investigation.

In conclusion, both atorvastatin and rosuvastatin at maximum serum
concentrations increase MSC proliferation in hypoxic conditions without
a significant change in cytotoxicity. Qur results allow to propose a new
explanation for the phenomenon previously observed in animal models
in which statinc enhanced the beneficial effects of MSC transplantation
in cases of acute myocardial infarction.
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Abstract: Although encouraging results of adipose-derived stem cell (ADSC) use in wound healing
are available, the mechanism of action has been studied mainly in vitro and in animals. This work
aimed to examine the safety and efficacy of allogenic ADSCs in human diabetic foot ulcer treatment,
in combination with the analyses of the wound. Equal groups of 23 participants each received fibrin
gel with ADSCs or fibrin gel alone. The dinical effects were assessed at four time points: days 7, 14,
21 and 49. Material collected during debridement from a subset of each group was analyzed for the
presence of ADSC donor DNA and proteomic changes. The reduction in wound size was greater at
all subsequent visits, significantly on day 21 and 49, and the time to 50% reduction in the wound size
was significantly shorter in patients who received ADSCs. Complete healing was achieved at the
end of the study in seven patients treated with ADSCs vs. one treated without ADSCs. One week
after ADSC application, 34 proteins significantly differentiated the material from both groups, seven
of which, i.e., GAPDH, CAT, ACIN1, KRT1, KRTY, SCL4A]1, and TP, positively correlated with
the healing rate. We detected ADSC donor DNA up to 21 days after administration. We confirmed
ADSC-related improvement in wound healing that correlated with the molecular background, which
provides insights into the role of ADSCs in wound healing—a step toward the development of
cell-based therapies.

Keywords: cell therapy; diabetic foot ulcer; adipose-derived stem cells; ADSC; ATMP; proteomics;
clinical trial; allogenic cell therapy

1. Introduction

Diabetic foot ulcer (DFU) is one of the most common complications of poorly controlled
diabetes mellitus [1]. Despite many efforts, the search for an effective therapy in the healing
of DFU remains a very topical clinical issue and one of the major problems in the field of
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chronic wounds [2,3]. Cell-based therapies using mesenchymal stem cells (MSCs) are of
high interest due to their pro-regenerative and immunomodulatory properties [4]. MSCs
were discovered in the bone marrow [5,6]; currently, they are obtained from various tissues,
e.g., adipose tissue, umbilical cord, and even menstrual blood [7,8]. Adipose-derived stem
cells (ADSCs) are one of the most common materials used for MSC therapy, as they are
abundant, easy to obtain and have high immunomodulatory potency [4,9-12]. More than
300 clinical trials using ADSCs can be found at clinicaltrials.gov, while there is only one
ADSC-based medicinal product registered in the EU as of now. There is some evidence that
ADSCs can support wound healing through anti-inflammatory and proangiogenic effects
and can enhance granulation tissue formation [9,13].

In 2019, Moon reported the successful treatment of DFU using allogenic ADSCs in
a clinical trial. ADSCs were administered in the form of a hydrogel patch as a primary
dressing, while in the control arm, only a secondary dressing was applied [14].

Encouraged by these results, we took the next step toward confirming and under-
standing the role of ADSCs as the active substance in the treatment of DFU. We also used
allogenic ADSCs, though in our study design, the addition of these cells was the only
variable examined. Furthermore, we tested for the presence of donor cells in the wound
at subsequent time points and monitored molecular markers of ADSC-modulated wound
healing by means of proteomic analysis of the recipient wound site. Currently, our knowl-
edge about supportive MSC healing properties originates mainly from in vitro observations
and animal studies. Therefore, we expect our approach to bring us closer to elucidating the
mode of action of ADSCs in DFU treatment.

2. Results
2.1. Clinical Outcomes

Among 58 screened patients with neuropathic DFU (grades IA and IIA, according
to the University of Texas classification), 47 individuals fulfilled the inclusion/exclusion
criteria and were allocated to a study group (24 vs. 23 patients). In one patient initially
allocated to the ADSC group, a small wound appeared on the contralateral leg 5 days after
the application of ADSCs. This adverse reaction was assessed and determined as ADSC-
independent. Following the exclusion criteria, this patient was excluded from the study
group and was not included in the group statistics. Hence, both groups finally contained
46 patients, 23 each, who completed all planned medical procedures, including follow-up
assessments. Notably, despite nonrandomized patient allocation, the study groups did not
differ significantly in demographic or clinical baseline parameters (see Table 1). Moreover,
they did not differ in wound area on the day of administration of fibrin gel with or without
ADSCs (day 0) (average wound size 2.68 am? vs. 272 cm?, p=042).

Table 1. Group characteristics.
ADSC Fibrin Gel Total Val
(N=23) (N=23) (N =46) PR
M 20 (87%) 17 (74%) 37 (80%) 0.459
Gender (N, %) F 3(13%) 6 (26%) 9 (20%)
Mean + SD 56.7 (11.1) 61.7 (7.5) 59.2(9.7) 0.130
Age (years) Median 56.0 63.0 61.0
Min, Max 420,750 38.0,74.0 38.0,75.0
Mean + SD 97.0(20.4) 103.6 (18.2) 100.3 (19.4) 0.395
Body weight (kg) Median 98.0 105.0 101.0
Min, Max 49.0, 1300 68.0, 140.0 49.0, 1400
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Table 1. Cont.
ADSC Fibrin Gel Total i
(N=23) (N=23) (N =46) F
Mean + SD 179.7 (9.2) 177.1(7.6) 1784 (8.5) 0.499
Height (cm) Median 178.0 179.0 178.0
Min, Max 160.0, 200.0 160.0, 188.0 160.0, 200.0
Mean + SD 30.0 (5.9) 33.0 (5.6) 315 (5.9) 0.068
Body mass index (kg/m?) Median 308 33.0 316
Min, Max 191,398 215,49.6 19.1,49.6
Mean + SD 272 (2.85) 268 (1.58) 270 (2.28) 0.420
Wound size in week 0 (cm?) Median 19 220 195
Min, Max 1.0,14.0 1.00,5.6 1.00, 14.00
Left limb 11 (48%) 11 (48%) 22 (48%) 1.000
Right limb 12 (52%) 12 (52%) 24 (52%)
Forefoot 18 (78%) 16 (70%) 34 (74%) 0.099
Ulcer location (N, %) Hindfoot 0(07%) 4 (17%) 4(9%)
Midfoot 5(22%) 3(13%) 8 (17%)
Plantar 17 (74%) 20 (87%) 37 (80%) 0.486
Dorsal 3(13%) 2(9%) 5(11%)
Both 3(13%) 1(4%) 4(9%)
: oz 2% Mean + SD 19.5(31.1) 30.2(35.9) 24.9 (33.6) 0.155
D‘"""l°“ °f( ““’::;" foot Median 9.0 140 120
ey Min, Max 1.0, 144.0 1.0,156.0 1.0,156.0
) : z Mean + SD 161 (8.6) 19.7 (10.7) 17.9 (9.8) 0.424
Eicatisa °‘(;’::’::" elitas Median 16.0 18.0 16.0
Min, Max 20,39.0 30,440 20,440
Type 1 4(17%) 5 (22%) 9 (20%) 0.361
DM type (n, %) Type 2 15 (65%) 17 (74%) 32 (70%)
Other 4(17%) 1(4%) 5 (11%)
Yes 23 (100%) 23 (100%) 46 (100%) gt
Neuropathy (N, %) No 0 (0%) 0 (0%) 0 (0%)
A Yes 14 (61%) 13 (57%) 27 (59%) 0.811
Retinopathy (N, %) No 9 (39%) 10 (43%) 19 (41%)
: Yes 3(13%) 6 (26%) 9 (20%) 0.459
Ciynary actery disease (N, %) No 20 (87%) 17 (74%) 37 (80%)
. Yes 16 (70%) 22 (96%) 38 (83%) 0.130
Bypectenslen (N, %) No 7 (30%) 1(4%) 8 (17%)
sisoa Yes 15 (65%) 14 (61%) 29 (63%) 0.811
Senoking histary (N, %) No 8 (35%) 9 (39%) 17 (37%)
Mean + SD 1.05 (0.14) 1.11 (0.18) 1.08 (0.16) 0.130
ABI Median 1.00 1.08 1.00
Min, Max 0.83, 1.40 0.70, 1.45 0.70, 1.45
Mean + SD 54.6 (19.3) 52.3(17.9) 53.4 (18.4) 0.695
tPO2 Median 53.0 50.0 505
Min, Max 25.0,98.0 25.0,87.0 25.0,98.0
Glycated hemoglobin Mean + SD 725(131) 7.57 (1.35) 7.41(1.33) 0.536
Alc at screening visit Median 7.40 730 7.40
(%) Min, Max 5.00,10.70 5.40, 10.80 5.00, 10.80
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Table 1. Cont.
ADSC Fibrin Gel Total Valoe
(N=23) (N =23) (N = 46) P
Mean + SD 1.11 (0.28) 1.17 (0.38) 1.14 (0.33) 0.828
Creatinine level (mg/dL) Median 11 105 107
Min, Max 0.64, 1.60 0.74, 1.87 0.64, 1.87
Mean + SD 74.8(21.2) 71.3(24.4) 73.0 (22.7) 0.811
GFR (mL/min/1.73 m?) Median 78.0 740 76.0
Min, Max 45.0,113.0 27.0,105.0 27.0,113.0

Data for patients’ clinical parameters mean (SD), median, minimum and maximum. In the last column are the
results of the Wilooon test (for quantitative variables) and Fisher's exact test (for categorical variables) comparing
the ADSC and the fibrin gel groups. None of the differences fulfilled the p < 0.05 cutoff point. DM-—diabetes
mellitus; ABl—ankle brachial index; GFR—glomerular filtration rate; tPOZ—transcutaneous oxygen tension

The time to 50% reduction in the size of the wound in the group receiving fibrin gel
was 25.5 + 4.2 days and in the ADSC-group it was 17.6 + 1.5 days (p = 0.029). Figure la
compares the time of wound area reduction based on the changes in wound size measured
on a weekly basis. Additionally, photographic documentation was taken to illustrate the
changes in patients wounds. Figure 1b shows exemplary photographs of wounds in the
studied groups (for photographic documentation from the complete set of patients see
Figure S1). The wound size quotient at subsequent visits was smaller in the ADSC group
than in the gel group. The differences were not significant on day 7 and 14 (p = 0.109 and
0.055, respectively), while they were significant (p = 0.019 and p = 0.023) on day 21 and
49. The results are presented in Figure 1a. At the end of the study the wound completely
healed in seven patients from the ADSC group and in only one patient from the gel
group. The evaluation of pain sensation did not differ significantly between the groups
(Table S1). The lack of differences in pain between the study groups indicates that patients
were appropriately selected for the study groups due to the inclusion criteria—all were
characterized by an established form of neuropathy. The occurrence of pain in such a
patient could be indicative of a significantly increased inflammatory process, which was an
exclusion criterion for the study. As for the possible effect of ADSCs on nerve regeneration,
at this stage of neuropathy, the reversal of damage to the vasa nervorum, and therefore
nerve fiber reinnervation, has not yet been described in humans, and further research is
needed. For example, analysis of the SDF-1/CXCR4, a pathway important for the process
of neovascularisation, which is of critical importance for neuroregeneration in DFU, may
be taken into account, as well as its changes under the influence of stem cells and factors
secreted by them [15,16]).

The groups had similar rates of adverse events (Table 52). None of them were re-
lated to the medical procedures that the patients underwent. No serious adverse events
were observed.

In general, the ADSC group benefited from the use of stem cells in terms of accelerated
wound healing and a had a greater likelihood of complete wound healing.

2.2. Proteomic Analysis

We identified and quantified over 300 proteins in wound scrapings from each of the
three LC-MS/MS groups. The samples were characterized by high heterogeneity and
a wide range of protein concentrations. Sets 2 and 3 were merged for analysis. In the
ADSC group, 34 proteins statistically significantly differentiated the day 0 and day 7 time
points (p < 0.05, Benjamin-Hochberg correction) (Figure 2a—c). The identified enriched
proteins are functionally connected (Figure S4). The Reactome platform identified several
processes, such as antimicrobial peptide (AMP) synthesis (Table 53), integrin signaling, and
amyloid formation (Figure 52) [17]. We further compared the upregulated proteins with the
course of the treatment in the ADSC group patients and found that seven of the identified

Y



it . Mol. Sci. 2023, 24,1472

S50f16

a) 120 - - - - " .
100} a0
\ "
. 80 | \
= [
T | I
=
w ] T
x | B
é |
40 | | ;
201}
I
0L —— - - ; — ; A ;"' B Tissue Glue
0 1 2 4 6 8 Tissue Glue
Weok * ADSC

b) Fibrin gel Fibrin gel + ADSC

Day -7

9
Day0

-

-
Day 14

) - »
Day 21

o,

Patient Patient Patient Patient Patient Patient
#02 203 #05 #14 #16 #28

proteins—GAPDH, TPI1, CAT, SCL4A1, ACTNI, KRTY and KRT1 positively correlated
with the wound closure rate (Table S4).

Figure 1. Comparison of fibrin gel group and ADSC group patients’ course of treatment: (a) Time
dependence of the relative size of the wound in both groups. Relative wound size is defined as the
ratio of the wound size at a given week to the size at week zero. At week zero, patients received
either tissue glue or tissue glue along with ADSC; (b) Photographs of wound areas in the studied
groups illustrating the course of DFU treatment in the study and the difference between patients
from the fibrin gel group and the ADSC group. Photographs were taken in weekly intervals starting
from the screening visit (Day-7), treatment application (Day 0), and two and three weeks into the

treatment (Day 14 and Day 21, respectively).
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a) Day 0 vs day 7 ADSC-group |b) Day 0 vs day 7 gel-group

d) 34 upregulated proteins in wound scrapings
from ADSC-treated patients
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Figure 2. Results of wound scrapings proteomic analysis—Volcano plot of the identified protein
intensities: (a) ADSC group day 0 vs. day 7; (b) Fibrin gel group day 0 vs. day 7; {¢) Venn diagram
comparing identified proteins in the ADSC group and fibrin gel group in both day 0 and day 7;
{d) Position at volcano-plot and highlighted antimicrobial proteins and proteins correlating positively
with wound healing.

Summing up, we not only discovered a panel of proteins which differentiated wound
scrapings from the ADSC group and fibrin gel group, but we also found out that seven of
them were positively correlated with the progress of healing.

2.3. Donor DNA in Wound Samples

Wound scraping samples for donor DNA admixture assessment were collected from
21 patients from the ADSC group at three time points—day 7, day 14 and day 21. Of all
63 recipient wound scraping samples (three time points per patient) from the ADSC group,
donor DNA was detected in eight and nine samples using STR and ADS, respectively.
Both methods detected the admixture in the same 8 scraping samples, while one more
sample was positive by ADS. Donor DNA was mainly found in samples from day 7 (in
7 out of 21 patients), but single samples from day 14 and day 21 time points were also
positive. The amount of donor DNA ranged from 1.4 to 4.7% of the total DNA. In the two
scraping samples, where donor DNA was detected on day 14 (patient 1ABC01019) or on
day 21 (patient IABC01027), the amount present was similar to (for 1ABC01019) or higher
than (for 1ABC01027) that in the same patient on day 7 (Table S5). However, no donor
DNA was detected in samples from patient 1ABC01027 collected on day 14. An analysis
of the amount of donor DNA detected through STR loci with relatively long and short
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amplicon sizes did not show consistent differences (Figure 53). Only in one sample (sample
1ABCO01019, day 14) did we find a significant difference (p = 0.0041), indicating a higher
result with the short loci (4.6%) than the long loci (1.9%). In other samples the trends were
mixed. In four samples there was a trend for higher values at the short loci; in two samples
the opposite was true; and in one sample the values were virtually identical. When samples
were pooled, there was no significant difference between the mean values for the short and
long loci (0.042 vs. 0.038, respectively, p = 0.28, for raw data see Tables S5-S8).

Taken together, by using two independent methods, we were able to confirm the
presence of donor DNA in the samples of the treated wounds. Therefore, we have shown
that ADSCs are capable of migrating from the fibrin gel into the wound bed. Moreover, the
STR analysis results are compatible (although they clearly do not constitute proof) with the
presence of at least some living donor cells at the time of sampling.

3. Discussion

DFU poses a serious clinical threat, so there is a need for new therapeutic approaches,
such as advanced wound healing technologies that harness the pro-regenerative and
immunomodulatory potential of ADSCs. We were inspired by Moon et al., who provided
evidence of allogenic ADSCs’ safe and effective use in the treatment of DFU when applied
to the wound in a hydrogel patch as a primary dressing [14]. In our study, fibrin gel
was administered with or without ADSCs in suspension, allowing us to confirm Moon's
findings under an experimental setup in which the presence of cells, as an active substance,
was the only variable. This design was necessary to distinguish their role in wound healing.
Qur observations also differ from Moon's study in that Moon et al. used cells frozen in a gel
dressing, whereas in our work, cells were frozen, thawed and cultured before application
in the fibrin gel. Therefore, we were able to examine cells’ viability before application, thus
providing better control over the medicinal product’s quality as well as the similarity of
subsequent product batches. Moreover, Moon et al.’s control group was treated solely with
a polyurethane foam dressing, whereas in our work the same fibrin gel was applied in both
groups. Taking into account the composition of the hydrogel used by Moon et al. was not
provided, the influence of the hydrogel itself on the healing process cannot be excluded.
Thus, our observation is a step forward. It supports Moon's observation of the safety of
using allogenic ADSCs in DFU—no adverse effects were connected with the procedure. We
also demonstrated ADSC efficacy in terms of the time needed to reduce the wound area by
50% from the initial size, the wound size decrease at each visit, and the number of patients
who achieved fully closed wounds within the time frame of the study. These findings were
obtained from a nonrandomized and nonblinded study, which is a limitation of our work,
even though the groups being compared did not differ significantly in demographic or
clinical parameters at baseline.

On the other hand, while Moon focused on the clinical effect, we also tried to get closer
to assessing the impact of the cells themselves at the molecular level. Our donor ADSC
detection in the wound site as well as our proteomic analysis of wound scraping samples
are novelties of this work. The presence of the ADSC donor’s genetic traces was assessed by
two independent methods: STR and ES/ADS. Both methods showed that the DNA traces
of donor cells were found even 21 days after administration of the medicinal product—in
this case, in one sample, patient 1ABC01027 (see Table 55). To date, cell viability after ADSC
administration has been observed only in animal models [15,19], but our results show that
ADSCs migrated from the fibrin gel into the wound site. Moreover, the low degradation
of STR markers suggests that the DNA traces found in the wound scraping samples up
to 21 days after application could come from viable ADSCs. Our observations confirm
the worth of ADSC therapy and suggest that it may exert a direct impact on the course of
wound healing in DFU even 21 days after application. Although we found ADSC donor
genetic traces in only about 30% of patients at different time points after application, mainly
on day 7, one should keep in mind that they were observed in wound scraping samples
obtained during routine wound cleanup. While these procedures are meant to only remove
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fragments of unhealed tissue, we assume that ADSCs could have accumulated in healthy
tissue that had already undergone epithelialization.

In fact, if we didn"t find traces of the donor material in the scrapings at all, it still would
not rule out the presence of donor material in the healed part of the wound. Interestingly, in
patient 1ABCD1027, where donor DNA was detected on day 21, there were no donor DNA
traces found in the sample from day 14. It seems possible that ADSCs were present in the
healing part of the wound on day 14 and then migrated from there to become detectable
in scrapings on day 21. Taking into account the low degradation of STR markers, we
may assume that the detected cells were alive and, as such, capable of proliferation and
migration. This would explain the similar or even higher amounts of DNA detected in some
cases at later time points compared to earlier ones (patients IABC01019 or 1ABC01027).
Nevertheless, such interpretations are only speculative. What we really proved was the
presence of ADSCs donor DNA, at various time points from application, in human clinical
observation, which is an important contribution to our knowledge of cell-based therapies.

We identified 34 proteins that were highly overrepresented or identified exclusively
in samples from day 7 after ADSC application, compared to day 0 (before application).
We observed elevated levels of APOAI and PFNI1 proteins in the ADSC group, proteins
reported to play a role in proangiogenic processes, either by facilitating vascular endothelial
cell migration (PFN1) [20] or the promotion of proliferation and differentiation of human
endothelial progenitor cells (APOAT) [21]. Interestingly, increases in the levels of GAPDH,
CAT, ACTNI1, KRT1, KRT9, SCL4Al, and TPI correlated with the rate of wound healing by
the individual patient (Figure 2d and Table 54). The immunomodulatory characteristics
of GAPDH [22] and CAT proteins have been shown in humans and in animal models,
respectively [23]. These proteins are involved in macrophage polarization from the M1 to
the M2 phenotype and in the inflammation-to-proliferation phase shift in wound healing, a
process crucial to wound healing progress.

The overrepresentation of KRT1 and KRTY, which are specific to keratinocytes, indi-
cates ongoing regenerative processes, as keratinocytes are not present in the native chronic
wound bed [24]. ACTNI regulates the directional migration of keratinocytes [25]. The
increase in these molecules might be considered a molecular marker of re-epithelialization.
It is noteworthy that the increase in the levels of these three proteins correlated positively
with the wound closure rate in the ADSC group. This finding might suggest that KRT1,
KRT9, and ACTNI1 could become prognostic markers for ADSC-based therapies in DFU
treatment. This possibility should be tested in future validation studies.

To better understand the ADSCs’ influence on wound healing, we performed a path-
way analysis with the Reactome platform. We focused on the highest-probability identified
pathways (p < 0.0001, FDR 0.01%). A number of processes might be connected to the
healing process (e.g., amyloid fiber formation, plasma lipoprotein remodeling, integrin
signaling). Others, such as antimicrobial peptides, play a supportive role in the process, e.g.,
modulating chronic inflammation, mainly by wound microbiome control [26]. Sequential
activation of the processes that must occur in the wound healing process is, in our opinion,
additional proof that the obtained data are not random findings. Interestingly, 40% of
proteins observed in increased levels have or are predicted to have AMP properties. Five
proteins were already annotated in databases as AMPs (Figure 2d), and nine others were
highly scored by AmpGram to have AMP probability [27] (Table S3). Keeping potentially
harmful microbiota at bay may be one of the factors that enhance wound healing [28,29).
These findings show the variety of wound healing-accelerating effects generated by ADSCs.

4. Materials and Methods
4.1. Clinical Observation Design

The study was performed under hospital exemption in patients with DFU of neuro-
pathic origin for whom standard wound healing treatment had failed. It was a prospective
parallel-group trial without randomization and without blinding. Patient preselection
was based on the inclusion /exclusion criteria described below. This clinical observation
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was performed with a strict adherence to “STROBE" (Strengthening The Reporting and
OBservational studies in Epidemiology) guidelines.

The patient inclusion criteria were as follows: age >18; chronic wound area of 1-25 cmz;
glycated hemoglobin (HbAlc) <11%; transcutaneous oxygen tension (tPO2) >30 mmHg in
the wound area or systolic pressure on the distal tibial arteries =50 mmHg; and general
condition of the patient that in the opinion of the investigator allowed participation in all
study procedures.

The patient exclusion criteria were ulcer etiology other than DFU; wound area >25 om?,
HbAlc >11%; clinically significant limb ischemia as shown by tPO2 <30 mmHg or arterial
pressure on the distal tibial arteries <530 mmHg; active wound infection; allergy to thrombin;
active venous thrombosis; presence of the wound on the contralateral foot; any systemic
disease in the stage of exacerbation (acute or uncontrolled); and any oncological treatment
within the last 5 years.

The early study termination conditions were as follows: the withdrawal of the patient's
consent to participate in the study, significant violations of the study protocol by the patient
or investigator, and any condition where (upon individual decision of the investigator)
further participation in the study could pose any risk to the patient.

Patients who fulfilled all inclusion criteria and did not meet any exclusion criteria
were allocated to one of two study groups as follows. The first, called the fibrin gel group,
was treated with fibrin gel covered with a secondary dressing, and the second, the ADSC
group, was treated with ADSCs suspended in fibrin gel and secured with a secondary
dressing. Although the study was not randomized, we confirmed that the two groups were
similar at baseline. After the study, demographic and clinical parameters were compared
to detect any differences that might have arisen between them.

The volunteers gave their informed consent to participate in the trial. The Bioethics Com-
mittee at the Medical University of Warsaw approved the trial (approval no. KB/128/2019 and
KB/3/A2021), and the trial was conducted according to the ethical guidelines of the World
Medical Association Declaration of Helsinki. The clinical part of the study was registered at
ClinicalTrials.gov (identifier: NCT(3865394) and ran from October 2019 to July 2021 in the
Department of Diabetology and Internal Diseases of the Medical University of Warsaw.

The clinical outcomes were the wound healing rate and the safety of the applied
therapy. The former was assessed as the time needed to reduce the wound area by 50%
from the initial size, determined by calculating the relative size of the wound at each visit
to the size on the day of application of fibrin gel with or without ADSCs, and the number of
patients who achieved a fully closed wound within the time frame of the study. Molecular
assessment of the therapeutic efficiency was accomplished by analyzing the expression of
selected proangiogenic and immunomodulatory factors and detecting donor DNA traces
in the wounds of both study groups.

4.2. ADSC Collection and Preparation

ADSCs from one healthy donor were used in order to avoid any donor-related vari-
ability in results. The informed consent of the donor, approved by the Bicethics Committee
{opinion nos. KB/128/2019 and KB/3/A2021), was obtained. Medical qualification of the
donor was based on the rules determined by a transplantation law. ADSCs for clinical
application were produced in the Laboratory for Cell Research and Application, Medical
University of Warsaw, in compliance with the GMP standard laid down for Advance Ther-
apy Medicinal Products (ATMF) with the consent of the Chief Pharmaceutical Inspectorate
{consent no. 01/0556/2019). Lipoaspirate obtained from the abdominal adipose tissue
at the Mellitus Clinic was used as a starting material. After isolation, cells were cultured
to obtain MSCs and stored frozen in liquid nitrogen. Prior to application, the cells were
thawed, briefly cultured and then used up to the third passage.

For the ADSCs isolation, collagenase NB 6 GMP Grade (Nordmark Pharma GmbH,
Uetersen, Germany) solution was used in the proportion of adipose tissue to collagenase
equal to 1:1 (v/v). The collagenase treatment was carried out for 1 h at 37 °C under constant
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shaking. Prior to digestion, the adipose tissue was washed extensively with 1% antibiotic-
antimycotic solution (Corning Inc., Corning, NY, USA) in phosphate-buffered saline (PBS)
{ThermoFisher Scientific, Waltham, MA, USA). To get rid of the blood cells, ZAPR™ (Incell,
Frisco, TX, USA) a buffer for lysis of erythrocytes, was used according to the manufacturer’s
recommendations. The cells were then separated by centrifugation {at 300x g for 5min at
RT), rinsed with fresh NutriStem® XF Basal Medium, and filtered through a cell strainer.
After isolation cells were counted with an ADAM-MC automated cell counter (NanoEnTek
Inc., Seoul, Republic of Korea), plated in T75 culture flasks and cultured at 37 °C and 5%
CO; in a humidified atmosphere in the complete culture medium MSC NutriStem® XF
Basal Medium with Supplement Mix (Biological Industries, Beit-Haemek, Israel) and 0.1%
antibiotic-antimycotic solution (Coming Inc., Corning, NY, USA). MSC NutriStem? is a
xeno-free and serum-free medium devoted to translational use for cell cultures carried out
under the Good Manufacturing Practice (GMP) regime. Isolated cells were expanded in
culture using the same conditions. Cells from the first and the second passage were stored
frozen in liquid nitrogen.

In order to confirm the desired immunophenotype of the cells, a common set of positive
and negative cell surface markers were determined by means of cytometric analysis [30].
Conjugated mouse monoclonal antibodies directed against CD29, CD31, CD34, CD45,
CD73, CD105 and CD146 (ThermoFisher Scientific, Waltham, MA, USA) were used, and the
analysis was performed by using a CytoFlex Beckman Coulter flow cytometer. More than
98% of the population was CD105+, CD73+ and CD29+, CD31—, CD45—, and CD146—,
and more than 907% of the cells were CD34-. Overall, FACS analysis revealed that 98.66% of
the total population of analyzed cells fulfilled the minimal criteria for ADSCs.

4.3. Manufacturing of the Medicinal Product

Prior to application, the cells were thawed, cultured in complete MSC NutriStem®
XF Basal Medium with Supplement Mix (Biological Industries, Beit-Haemek, Israel) and
0.1% antibiotic—antimycotic solution (Corning Inc., Corning, NY, USA) until appropriate
confluence (2-3 days cultured) and passaged—only cells from the second or third passage
were used for the final product. The cells were then detached using StemPro™ Accutase™
Cell Dissociation Reagent (ThermoFisher Scientific, Waltham, MA, USA). The cells were
then rinsed twice with sodium chlorate (Fresenius Kabi, Warsaw, Poland), and they were
centrifuged at 350 x ¢ for 5 min at 22 “C after each rinse. Cell number and viability were
then assessed (automated cell counter ADAM-MC, NanoEnTek Inc., Seoul, Republic of
Korea). Finally, each individual batch released to the clinic consisted of a 1 ml suspension
of 2.5 x 10° ADSCs in sodium chloride with a cell viability greater than 70%.

Additionally, to assure patient safety, samples were taken several times during the
manufacturing process for analysis to confirm sterility and to test the level of endotoxins
according to the GMP rules specific to ATMPs.

4.4. Clinical Procedures

At the screening visit (day-7), all eligible patients were subjected to verification of
the inclusion /exclusion criteria. The main criteria for participation in the study included
wound size, assessed using a Silhouette® laser scanner; tPO2, measured by a TCM400
device; systolic pressure in the distal limb arteries; and other clinical features described in
the study protocol. Furthermore, blood samples were taken for basic laboratory and viral
tests. The same procedures were repeated during a visit on day 0 before the application of
the tested formulation to the wound.

In the ADSC group, the cell suspension in fibrin gel was applied directly onto the
wound using a special applicator. In order to ensure the required quality of the fibrin gel,
the commercially available medicinal product TISSEEL Lyo (Baxter, Deerfield, IL, USA) was
used. According to the manufacturer’s instructions, the two components of the product,
ie., the Sealer Protein (Human Fibrinogen and Aprotinin) Solution and Thrombin Solution
can be applied using a Duploject system, which allows for the combination of the two
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components during application. For the ADSC group, cell suspension in NaCl 0.9%, as
described above, was added to each component of the system in equal proportions, mixed,
and applied to the wound using a Duploject system. For the patients who received fibrin
gel only (Fibrin gel group), the same procedure was used with !he addition of NaCl 0.9%,
without cells as the only difference. For wounds up to 12 cm?, 2.5 x 10 cells in 1 ml of
fibrin gel were used, whereas for wounds above 12 cm?, the volume of cell suspension
was increased proportionally. Patients were administered this formulation only once,
during a visit on day 0. The wound was then covered with a secondary dressing (UrgoTul,
Laboratoires Urgo, Chendve, France). That dressing was changed every 3 =+ 1 days, and
control hospital visits were every 7 £ 3 days. The treatment efficacy was assessed at
weekly intervals (days 7, 14, 21) and on day 49. The same procedures, except for the ADSC
admixture to the fibrin gel suspension, were applied in the gel group (Figure 3).

S Ry M| K e
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Fibon gel + ADSC (n=31) Fibrin gel (n=27)

Screening fallure (n=4)
-3 M positve anb-HBC
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Figure 3. A consort diagram illustrating the flow of patients included in the study. Gray boxes
represent the main stages of the study, with the total number of patients at the respective study point;
vertical arrows illustrate the flow of patients between them. White frames below show the number
of individuals in the respective treatment arms (“Fibrin gel + ADSC" or “Fibrin gel” alone), at each
study stage. The drop-out cases are shown in boxes lateral to the horizontal arrows.

Patient participation in the study was terminated when the wound was healed or
49 days after the application, whichever came first. If the wound was not completely healed
49 days after application, the patient was further treated in compliance with the general
principles of chronic wound care.

4.5. Evaluation of the Clinical Outcomes
The clinical effectiveness and safety of treatment were assessed at each visit through
the following:

e measurement of the wound surface;

e local and systemic tolerance of therapy, including the episodes of wound infection or
any other adverse events;

e number of patients in each group who achieved complete wound closure;
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e evaluation of the pain scale: evaluation of the changes in pain experienced by the
patient due to the wound treated with the tested method, in relation to the wound
treated in a standard way through the use of the visual analog scale (VAS).

4.6. Wound Debridement

According to the TIME recommendations, to remove any unvital or contaminated
material, the wound was cleaned up using a Volkmann spoon curette during each visit
until the wound was completely healed. Part of this waste material (hereafter, scrapings),
particularly those removed from the bottom of the ulcer, was deep-frozen and stored at
—80 “C until further molecular assessments were undertaken. The above debridement was
not performed after the wound had completely healed.

4.7. Proteomic Analysis

Each wound scraping sample was dissolved in a lysis buffer, denatured and sonicated.
Debris was removed by centrifugation. Proteins were then precipitated with a modified
methanol/chloroform protocol [31].

The pellet of extracted proteins was digested with LysC/trypsin as described [32] and
labeled with iTRAQS-plex. Samples were organized into three sets for LC-MS/MS analysis:
set 1: scrapings samples of three patients from the fibrin gel group at two time points
(day 0, day 7); sets 2 and 3: scrapings samples of six patients from the ADSC group at two
time points (day 0, day 7) analyzed as two separate groups of three. Combined samples
were prefractionated and analyzed by LC-MS/MS online UPLC and a QExative Orbitrap
mass spectrometer at the Institute of Biochemistry and Biophysics PAS. Data were searched
using the MaxQuant platform against UniProt reference proteome database taxonomy for
statistical analysis with Scaffold Q+S. For the detailed protocol, see Description S1. Data
were deposited in the PRIDE repository under access number PXD032099.

4.8. Search for Donor DNA in Wound Scrapings

Seventy wound scraping samples were analyzed (63 samples collected from 21 re-
cipients in the ADSC group at three time points (day 7, day 14, day 21)), six negative
controls collected from two recipients in the gel group and one positive control (donor).
We searched for donor DNA in wound samples by two methods: (i) short tandem repeat
(STR) analysis; and (ii) amplicon deep sequencing (ADS) designed to contain a rare variant
{A/G at rs35874463) selected after exome sequencing (ES) of the donor. The size of donor
DNA admixture was estimated as a percentage of total DNA in the scraping samples by
measuring the areas under the peak (STR analysis) or as the proportion of variant reads
{amplicon sequencing). Donor DNA degradation was assessed by analyzing whether the
amount of donor DNA detected was higher when shorter vs. longer STR alleles were
considered. Detailed methods are described in Description S2.

4.9. Statistical Analyses

To compare the ADSC and fibrin gel groups before treatment, the Wilcoxon test (for
quantitative variables) and Fisher's exact test (for categorical variables) were used. The
group comparison results are summarized in Table 1.

Significantly changed proteins in the proteomics experiment were those with p < 0.05
in the Mann-Whitney test after Benjamini-Hochberg correction.

To minimize the effect of the initial wound size variance, for each patient the wound
size measured at subsequent visits was divided by the wound size during the application
of treatment, yielding a relative wound size (wound size quotient). The quotients on day 7,
day 14, day 21, and day 49 are named Q1, Q2, Q3 and Q4, respectively. These new variables
were used in several statistical analyses:

e  Tocompare the healing rate in both groups, the Wilcoxon-Mann-Whitney test was used;
e  Exponential regression was used to determine the half-time of wound surface decline;
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e A Spearman correlation was used to evaluate the relationship between the rate of
healing and upregulated protein expression. The correlations were calculated between
the relative wound size and a measure of increase in protein expression. This measure
was defined as the difference in the logarithm of the protein intensities from the mass
spectrometry measurements. The measurements were performed in weeks 0 and 1.

To test whether the number of adverse events was different in the two groups, a
two-sample Poisson test was used.

5. Conclusions

Successful ADSC-related improvement of wound healing correlated with the molecu-
lar profile, shedding light on the principles of cell-based therapy for DFU.

The encouraging clinical outcomes warrant further investigation of ADSC-based
DFU treatment.

The accessibility of the material of treated wound sites at successive observation
timepoints, as done here, presents a unique opportunity for further research on controlling
the healing process and understanding the delivered cell-related pathway.

Given the state of the art so far, where the mode of action of cells applied for therapy
has been elucidated mainly by in vitro studies and animal experiments, such a possibility
might be a fundamental step toward realizing cell-based therapies for humans.
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Abstract: The tr t of diabetic wounds is impaired by the intricate nature of diabetes and its
assocated complications, necessitating novel strategies. The utilization of mesenchymal stem /stromal
cells (MSCs) as a therapeutic modality for chronic and recalcitrant wounds in diabetic patients is an
active area of investigation aimed at enhancing its therapeutic potential covering tissue regeneration.
The threat posed to the patient and their environment by the presence of a diabetic foot ulcer (DFU)
is so significant that any additional therapeutic approach that opens new pathways to halt the
progression of local changes, which subsequently lead to a generalized inflammatory process, offers a
chance to reduce the risk of amputation or even death. This article explores the potential of MSCs in
diabetic foot ulcer treatment, examining their mechanisms of action, clinical application challenges,
and future directions for research and therapy.

Keywords: mesenchymal stem/stromal cells; cell therapy; diabetic foot ulcer; allogenic cell
therapy; ATMP

1. Introduction

The global incidence of diabetes mellitus (DM) in individuals aged 20-79 years was
estimated at 10.5%, encompassing approximately 536.6 million individuals in 2021. This
figure is projected to rise to 12.2%, affecting an estimated 783.2 million by 2045 [1]. A
prevalent complication of DM, diabetic foot ulcer (DFU), afflicts up to one-third of patients
over their lifetime, leading to substantial morbidity characterized by challenging treatment
courses and a high recurrence rate.

The management of chronic and recalcitrant wounds in diabetic patients remains
a significant challenge in contemporary medicine. The intricacies of wound healing in
diabetic patients, compounded by impaired angiogenesis, delayed re-epithelialization, and
diminished collagen deposition, contribute to the chronic nature of these wounds [2,3]. In
light of the constraints inherent in conventional therapeutic modalities for diabetic wound
care, contemporary research has increasingly pivoted toward exploring the potential of mes-
enchymal stem/stromal cells (MSCs) as a novel therapeutic approach in this domain. MSCs
are extensively recognized for their crucial role in immunomodulation, hematopoiesis, and
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tissue repair. Due to these distinctive characteristics, they have gained rapid recognition
as a promising therapeutic agent in the field of regenerative medicine [4,5]. MSCs are
multipotent cells capable of differentiating into adipocytes, osteoblasts, and chondrocytes.
They are identified by positive expressions of CD73, CD90, and CD105, and the absence of
hematopoietic markers like CD34 and CD45. MSCs can be derived from various tissues,
including bone marrow and adipose tissue, and exhibit heterogeneity based on their ori-
gin. In clinical contexts, pure MSCs refer to isolated, well-characterized cell populations
that meet specific phenotypic and functional criteria. In contrast, MSCs in the stromal
vascular fraction (SVF) are part of a mixed cell population, containing other cell types like
endothelial and immune cells. This distinction is critical for interpreting clinical outcomes,
as pure MSCs offer targeted effects, whereas SVF-derived therapies involve multiple cell
interactions, potentially complicating the understanding of therapeutic efficacy [6,7]. MSCs,
particularly those derived from sources like umbilical cords and adipose tissue, have shown
promise in enhancing wound healing through differentiation and angiogenesis [3,8]. In
the context of diabetic foot ulcers (DFUs), MSCs exhibit the capacity to modulate various
critical processes essential for efficacious wound healing. As demonstrated by randomized
clinical trials, stem cells are capable of improving the treatment of DFU, reducing its cost,
and additionally decreasing the frequency of hospital admissions for patients with this
complication [9-12]. These processes include the modulation of inflammatory responses,
the synthesis of the extracellular matrix, the facilitation of keratinocyte migration, and the
promotion of angiogenesis [13-15]. In pursuit of augmenting the therapeutic efficacy of
MSCs, several innovative methodologies are being employed. These include precondi-
tioning of MSCs, genetic modification, the application of combination therapies, and the
utilization of exosome-based approaches [16]. For instance, recent advancements in eluci-
dating the role of MSC-derived extracellular vesicles (EVs) have unveiled novel therapeutic
pathways. These developments promise substantial benefits in the realms of tissue repair
and regeneration, particularly in the treatment of diabetic wounds [17].

Despite significant progress in delineating the pathophysiology of DFUs and asso-
ciated cellular and molecular mechanisms, there remains a notable deficit in efficacious
treatment modalities. Present therapeutic approaches are often ineffectual in expeditiously
healing deep, chronic wounds, particularly those complicated by microvascular obstruc-
tion. This challenge is further exacerbated by the frequent recurrence of DFUs, coupled
with their correlation to elevated mortality rates and substantial healthcare expenditures.
The current evidence underpinning much of the routine clinical management of DFUs is,
regrettably, limited. This paucity of robust evidence underscores the imperative need for
enhanced clinical trials and systematic evaluations of routine care outcomes, particularly
across diverse health economies [18,19].

This manuscript endeavors to investigate the potential applications of MSCs in the
therapeutic management of DFUs. It aims to elucidate the underlying mechanisms of action
of MSCs, delineate the challenges associated with their clinical application, and forecast
future trajectories for both research and therapeutic interventions in this domain.

2. Pathophysiology of Impaired Wound Healing in Diabetes Mellitus

Impaired wound healing in diabetes results from several overlapping processes, in-
cluding endotheliopathy, neuropathy, and immunopathy.

2.1. Endoteliopathy

Endotheliopathy plays a critical role in the dysfunction of wound healing observed
in patients with diabetes mellitus, acting as a fundamental mechanism that underpins the
complex interplay between vascular, neuropathic, and metabolic disturbances characteristic
of this condition. The pathological changes initiated by endothelial dysfunction in diabetes
include both microvascular and macrovascular alterations, which collectively impair blood
flow, reduce nutrient and oxygen delivery to the wound site, and hinder the removal of
metabolic waste products [20]. Research underscores that the persistent hyperglycemic
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state characteristic of type 2 diabetes mellitus initiates non-enzymatic glycation reactions
with proteins, lipids, and nucleic acids, leading to the formation of advanced glycation
end products (AGEs). These AGEs are central to the progression of diabetic complica-
tions, contributing to oxidative stress and inflammation through various mechanisms,
including the activation of the receptor for AGEs pathway. This process, in turn, exac-
erbates endothelial damage and impairs the natural angiogenic response necessary for
tissue repair and vascular health [21-23]. Furthermore, hyperglycemia-induced metabolic
derangements in endothelial cells, as evidenced by experimental models, lead to increased
endothelial cell layer permeability and decreased capillary density. These changes under-
line the vascular dysfunction integral to diabetic cardiomyopathy, emphasizing the role of
chronic hyperglycemia in inducing oxidative stress within diabetic endothelial cells [24].
This understanding is pivotal for developing targeted therapeutic interventions aimed at
mitigating these vascular complications.

Research indicates that in diabetic patients, impaired immune response significantly
hampers wound healing. Diabetic foot ulcers show a lack of necessary immune cell
recruitment for normal healing processes. This deficiency points to potential targets for
future therapeutic interventions, highlighting the importance of understanding how the
healing process is disrupted in diabetic wounds to design more effective treatments [25].
Collectively, these factors underscore the critical role of endotheliopathy in the multifaceted
process of wound healing dysfunction in diabetes mellitus, highlighting the need for
targeted therapeulic strategies to mitigate vascular complications and enhance wound
repair. Recent studies suggest MSC-based therapy may have a positive effect on the process
of endotheliopathy by reducing endothelial cell damage and inflammation, thus improving
vascular function in diabetic patients [26].

2.2. Newropathy

Diabetic neuropathy (DN) is a prevalent and debilitating complication of diabetes
mellitus, affecting up to 51% of patients [27]. Recent studies from 2021 onwards continue
to support the understanding that chronic hyperglycaemia, activation of the polyol path-
way, increased oxidative stress, and the formation of advanced glycation end products
{AGESs) are central to the pathogenesis of diabetic neuropathy. Research provides further
insights into these contributing factors. The activation of the polyol pathway, a conse-
quence of persistent hyperglycaemia, contributes significantly to nerve damage through
the accumulation of sorbitol and fructose, leading to osmotic and oxidative stress within
nerve cells [28,29]. Oxidative stress, heightened by chronic hyperglycaemia and acute
glucose fluctuations, plays a significant role in endothelial dysfunction and diabetic neu-
ropathy, indicating its role in the deterioration of nerve function [20,31]. Additionally,
the formation of AGEs through non-enzymatic reactions between proteins and reducing
sugars contributes to the structural and functional alterations of tissues, exacerbating neu-
ropathic conditions in diabetes [32,33]. These above-mentioned mechanisms collectively
underscore the complex nature of diabetic neuropathy’s development, highlighting the
importance of controlling hyperglycaemia and addressing oxidative stress as part of compre-
hensive management strategies to mitigate the progression of this debilitating complication
{Figure 1). In addition to hyperglycaemia, factors including fluctuations in blood sugar
levels, disturbances in lipid profiles, smoking, and excessive alcohol consumption can also
affect the presence and intensity of neuropathy symptoms [34]. Damage to the vasa nervo-
rum, the blood vessels that nourish diverse nerve fibers including C-type and delta fibers
vital for nervous system functions, is primarily linked to the hindered healing of wounds in
diabetes mellitus, particularly recurring issues in diabetic foot ulcers [35]. Recent research
has shown that MSC-based therapy can significantly influence neuropathy by promoting
nerve regeneration and reducing inflammation. MSCs release exosomes that carry proteins,
microRNAs, and other factors, which can suppress inflammatory pathways and enhance
nerve repair in diabetic neuropathy. These therapeutic effects have been observed in both
animal models and preclinical studies, where MSCs improved nerve function and reduced
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neuropathic pain, suggesting a promising avenue for treating peripheral neuropathy in
diabetic patients [36].

LIPID PROFILE DISTURBANCES
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Figure 1. llustration of pathophysiological factors that contribute to the development of neuropathy
in diabetic foot syndrome.

2.3. Immunopathy

Diabetic immunopathy refers to the complex alterations in the immune system result-
ing from diabetes mellitus, contributing to a wide array of complications that significantly
impact patient morbidity and mortality. The pathophysiology of diabetic immunopathy is
multifaceted, involving again hyperglycemia-induced oxidative stress, chronic inflamma-
tion, and immune dysregulation, which collectively predispose individuals to infections,
impaired wound healing, and accelerated atherosclerosis. Hyperglycemia plays a cen-
tral role in diabetic immunopathy by promoting oxidative stress and the production of
advanced glycation end products (AGEs) [23]. These processes lead to endothelial dys-
function and a pro-inflammatory state, characterized by increased circulating levels of
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-x) and interleukin-6
(IL-6) [37]. Chronic inflammation significantly contributes to the dysregulation of both in-
nate and adaptive immunity, impairing neutrophil function and reducing the proliferative
response of lymphocytes, thereby compromising the body’s ability to combat infections
and heal wounds effectively [38—10]. In another study, proteomic analysis demonstrated
the presence of proteins that may be responsible for mitigating inflammatory processes
in patients with diabetic foot syndrome undergoing allogeneic MSC therapy [26]. The
alteration of the immune system in diabetic individuals also exacerbates the severity of viral
infections, such as SARS-CoV-2, dengue, and influenza, compared to healthy individuals.
The dysregulated immune response in diabetes leads to heightened susceptibility and esca-
lated disease severity, emphasizing the critical need for effective management of diabetes
to mitigate these adverse outcomes. Moreover, diabetic immunopathy contributes to the
pathogenesis of microvascular and macrovascular complications. The immune-mediated
inflammatory processes accelerate the development of diabetic retinopathy, nephropathy,
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and neuropathy, with diabetic nephropathy being particularly influenced by the role of
innate immunity in promoting inflammation and tissue fibrosis, ultimately leading to renal
failure [41-43]. This illustrates the significant impact of immune dysregulation on the
progression of diabetes-related complications.

The underlying pathophysiology of diabetes, including impaired angiogenesis, chronic
inflammation, and reduced neovascularization, often compromises wound healing in
diabetic foot syndrome [44].

3. MSC Role in Wound Healing Phases

MSCs have emerged as a promising therapeutic strategy to enhance wound healing
in DFU, leveraging their multifaceted role in the wound healing processes, including
inflammation, proliferation, and tissue remodeling [45,46].

3.1. Inflammatory Phase

In diabetic patients, the inflammatory phase of the wound healing process is often
prolonged, leading to chronic wound occurrence. MSCs have the potential to react to the
inflammatory environment affecting various molecular pathways. In vitro studies have
demonstrated that MSCs can reduce the expression of pro-inflammatory cytokines such as
tumor necrosis factor (TNF)-a and interleukin (IL)-1p [47]. They have also shown that MSCs
secrete anti-inflammatory cytokines, including interleukin-10 (IL-10) and transforming
growth factor-beta (TGF-B), which modulate T-cell responses by suppressing excessive Thl
responses and promoting a shift toward a Th2-type response [45,49]. Another pivotal role
of MSCs is the reduction in reactive oxygen species (ROS), which are elevated in diabetic
wounds. By regulating ROS levels, MSCs mitigated oxidative stress-induced damage
in the murine model, facilitating the resolution of inflammation [50]. Additionally, Cho
et al. demonstrated, using an in vitro co-culture system with mouse bone marrow-derived
macrophages, that MSCs modulated macrophage polarization, shifting them from a pro-
inflammatory (M1) to an anti-inflammatory (M2) phenotype, which supported healing and
reduced chronic inflammation [51,52]. All those actions lead to the faster transition from
the inflammatory phase to the proliferation phase of wound healing,.

3.2. Proliferation Phase

During the proliferation phase, MSCs contribute to tissue formation and repair by
promoting the proliferation of fibroblasts, keratinocytes, and endothelial cells, as well as
enhancing angiogenesis. Throughout this process, MSCs release paracrine growth factors
that facilitate tissue regeneration and promote wound healing [45]. Saheli et al. investi-
gated using MSC-conditioned media (MSC-CM) in enhancing wound healing in diabetic
conditions. By using both in vivo diabetic rat models and in vitro high-glucose fibroblast
cultures, researchers observed improved wound closure rates, reduced inflammation, bet-
ter tissue remodeling, and increased vascularization in MSC-CM-treated wounds. Gene
analysis showed upregulation of growth factors epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF), indicating that MSC-CM promotes fibroblast viability, pro-
liferation, and migration [53]. Yates et al. showed that MSC treatment supports fibroblast
function by promoting their survival and movement, which leads to enhanced extracellular
matrix (ECM) deposition, boosting overall healing effects in the in vivo murine model [54].
Additionally, Li et al. demonstrated that exosomes derived from MSCs play a crucial
role in stimulating fibroblast proliferation and migration, further aiding the wound repair
process [55]. At the same time MSCs enhance neovascularization by secretion of growth
factors such as vascular endothelial growth factor (VEGF) crucial for new blood vessel
formation and wound closure. Wu et al. conducted a study using genetically diabetic
db/db mice and discovered that lesions treated with M5Cs exhibited significantly increased
levels of VEGF, Angiopoietin-1, and keratinocyte-specific proteins. The MSCs enhanced
keratinocyte proliferation, stimulated angiogenesis, promoted epithelial regeneration, and
accelerated overall wound healing [2,56]. Moreover, in the context of chronic wounds
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associated with diabetes, the application of a synthetic three-dimensional collagen scaffold
infused with VEGF has been shown to improve blood vessel formation and accelerate
wound healing in diabetic murine model [57].

3.3. Remodeling Phase

The remodeling phase focuses on the scar’s maturation and achieving optimal tensile
strength through the rearrangement, breakdown, and renewal of the ECM. In this phase,
the density of collagen fibers within the granulation tissue increases as part of the tissue
structure’s restoration [58]. During the remodeling phase, MSCs modulate the activity of
matrix metalloproteinases (MMPs) and their inhibitors (TIMPs), balancing the breakdown
and synthesis of ECM components and allowing tissue remodeling [59]. Lozito et al.
demonstrated this regulatory effect in an in vitro model, showcasing MSCs’ capacity to
modulate ECM dynamics, essential for effective wound healing and tissue restructuring [60].
Similarly, Li et al. revealed that MSC-CM can significantly modulate ECM remodeling
by upregulating mRNA levels of matrix metalloproteinases MMP-2 and MMP-9, while
downregulating tissue inhibitors TIMP-1 and TIMP-2, thereby promoting the wound
healing remodeling phase [61]. Additionally, MSC-CM activates the Erk signaling pathway,
especially in diabetes-mimicking environments, to enhance keratinocyte proliferation
and migration [61]. These in vitro findings emphasize MSCs’ therapeutic potential in
regulating ECM dynamics and support MSC-based therapies to improve tissue repair
and regeneration.

Reassuming MSCs offer a promising therapeutic approach for the regeneration of
injured tissues in patients with diabetes mellitus, especially with diabetic foot ulcer. Their
ability to modulate the inflammatory response, promote tissue proliferation and enhance
vasculature regeneration addresses the multifaceted challenges in healing diabetic foot
ulcers (Figure 2). However, clinical application requires further research to optimize MSC
delivery methods and dosages and understand their mechanisms of action in diabetic
foot syndrome.

(2) Proweration Phase

() wammatcey prase (3) Remosetung Prase

- B | T [/__ ‘@j

=)|_ . =m_o
) B

X =
? REMOOQ.IJNO/

Figure 2. MSCs role in wound healing is based on the modulation of three key phases: the inflamma-
tory phase, where MSCs reduce inflammation via cytokine regulation and macrophage polarization;
the proliferation phase, where MSCs enhance fibroblast activity and angiogenesis through VEGF and
FGF signaling; and the remodeling phase, where MSCs regulate extracellular matrix breakdown and
keratinocyte migration to promote tissue regeneration.

57



Int. J. Mol. Sci. 2024, 25, 12171

7019

4. The Legal Regulations Regarding Cell-Based Products

Researchers who explore the properties of mesenchymal stem/stromal cells (MSCs) to
apply them in clinical practice must navigate a challenging process to prepare these cells for
administration to patients. Below, we describe the regulatory issues governing the clinical
application of cell-based products. These include compliance with stringent regulations
on cell isolation, cultivation, quality control, and safety measures, as well as obtaining the
necessary approvals from relevant health authorities to ensure the product’s safety and
efficacy for therapeutic use. The cell-based medicinal products and related procedures are
regulated by law and are considered Advanced Therapy Medicinal Products (ATMP) [62].
Throughout the European Union, there are three main categories of ATMPs. First, somatic-
cell therapy medicines (also called somatic Cell Therapy Medical Products- sCTMF) are
products containing manipulated cells to change their biological properties or be used for
purposes other than their primary function in the human body. The second group of ATMP
is called tissue-engineered medicines (TEM) or products (TEP), and it contains cells that
are modified in such a way that they can be used to repair, regenerate, or replace diseased
or damaged tissues. The third category includes gene therapy medicines (GTM, also called
gene therapy medicinal products—GTMP), which are increasingly popular nowadays.
These involve introducing laboratory-recombined genes into a patient’s body, such as Gene
Therapy Medicinal Products (GTMP), for example, Chimeric Antigen Receptor T-cells
(CAR-T). There are also combined ATMPs with one or more medical devices, e.g., cells
seeded on a scaffold [62-64]. In the EU, the first ATMP product appeared on the market in
2009, and, to date, at least 24 products have been approved by a regulatory body [65]. In
the US there are only two categories of this type of product: Cellular and Gene Therapy
Products (accessed on 16 September 2024) [66]. Currently, there are 38 licensed cellular and
gene therapy products (accessed on 16 September 2024) [66]. Overall, ATMP constitute
only a small part of the pharmaceutical market and are mostly developed in academic
centers [67].

Not every new ATMP medicinal product will have a chance to appear on the market.
Some products will not successfully pass the preclinical phase, others will stop at the
early phases of clinical trials. Only a few, such as Alofisel, containing expanded ADSC,
will complete the registration process. It illustrates the wider problem concerning the
ATMPs’ development. First of all, the requirements of the regulatory bodies are identical,
i.e,, equally demanding for the different stages of the product development. Therefore,
validation of each production stage must be carried out in accordance with many strict
regulations at a very early stage of ATMP development. In the case of the standard medicine,
there are fewer regulations to be watched and the general methodology is, in principle,
the same—typical for chemical substances. In the case of advanced therapy medicinal
products (ATMPs), the validation plan is in most cases individual, which is associated
with a significantly greater investment of time and costs and is always associated with
a longer path to regulatory approval. It is also burdened with the risk of additional
requirements. Furthermore, the EMA recommendations dedicated to ATMPs change
dynamically. It should be mentioned that the “Guideline on quality, non-clinical and
clinical requirements for investigational advanced therapy medicinal products in clinical
trials” (EMA /CAT/123573 /2024), currently required by the Clinical Trials Registration
Offices, was announced on March 2024 as a draft with no date for coming into effect,
while the previous version, from January 2019 (EMA /CAT /852602 /2018), remains at the
draft stage, also with no date for coming into effect. Those guidelines are accompanied by
many other obligatory recommendations—frequently changing and not always entirely
consistent with each other. Taking into account, that because of the species-determined
active substance, the preclinical proof of concept based on animal observations is far from
the real situation, as pharmaceutical companies are not interested in investing in ATIMP
development during the early stages of clinical trials. Therefore, in this phase, the financial
and organizational burden falls on the shoulders of the research centers, which is a serious
obstacle to ATIMP being introduced to the market.
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After entering the keyword “cell therapy” the clinicaltrials.gov website searches
for 8266 completed in phases spanning from early phase 1 to phase 4 (Figure 3). After
introducing an additional filter, “diabetic foot” only 24 trials were found (as of 24 October
2024) (Table 1).

Number of MSC-related clinical trials by
phases

EARLY PHASE ! PHASE PHASEZ PHASE PHASED PHASEL NAD  NDIT
PHASE 1 v m

Figure 3. Number of MSC-related dinscal trials found in dlinscaltrials gov database with “cell therapy”
keyword, and “completed” filter. Clinical trials were divided according to the declared trial phase
into: early phase 1; phase 1/2; phase 2; phase 2/3; phase 3; and phase 4. +—"N/A" trial phase
information was deemed “not applicable” in clinicaltrials gov; 4+—"N/D" no data were provided
regarding the trial phase in clinicaltrials gov database.

Table 1. Completed clinical trials listed in the clinicaltrials gov database, which uses cells in the

therapy of diabetic foot syndrome.

NCT Number MSC Type Phases Completion Date
NCT01065337 BMSC PHASE2 1 February 2009
NCT02619877 ADSC PHASE2 1 October 2016
NCT02070835 other N/At 1 December 2022
NCT03183804 ADSC N/D ¢t 24 October 2018
NCT06373809 PDSC EARLY_PHASE1 31 March 2024
NCT02092870 ADSC PHASE2 9 September 2019
NCT02799121 other PHASEA 29 March 2019
NCT03881254 other N/At 28 July 2021
NCT03276312 ADSC/Adipose tissue N/A Y 1 March 2018
NCTO0536744 other PHASE3 1 September 2010
NCT04255004 other N/At 1 December 2019
NCT04633642 other N/At 31 December 2019
NCT03183726 ADSC N/D tt 31 July 2017
NCT0386539%4 ADSC PHASE1 | PHASE2 30 September 2021
NCT01596920 other PHASEA 1 March 2014
NCT00872326 BMSC PHASE1 | PHASE2 1 May 2009
NCT00987363 BMSC PHASE1 | PHASE2 1 March 2013
NCT02224742 other PHASE4 1 May 2018
NCT02329366 other N/D ¢t 1 December 2020
NCT03547635 other N/At 26 February 2019
NCT03636867 other N/D tt 31 August 2020
NCT03267784 other MSC PHASE1 | PHASE2 29 June 2020
NCT01232673 BMSC PHASE2 1 December 2010
NCT01113307 other N/D #+ 1 September 2011

t-trial phase information was deemed “not applicable” in clinicaltrials gov. tH—no data were provided regarding

the trial phase in clindcaltrials gov database
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There are two legislative pathways regulating the application of ATMP to patients.
The first describes the use of ATMP in a clinical study (also called Advanced Therapy
Investigational Medicinal Product when undergoing clinical study—ATIMP). The second
is the use of ATMP in a hospital-exemption (ATMP-HE) route where the ATMP is prepared
on request, under the responsibility of the doctor, according to the individual needs of the
patient (Figure £).
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Figure 4. An exemplary route of biological material for ATMP in connection with legal regulations.
Only the most fundamental regulations are indicated.

The estimated time that may pass from the idea to launching the new product on the
market lasts on average 15 years and it consumes large amount of financial resources [67,68].

It was expected that, due to their properties, cell-based products will enable the
treatment of patients for whom current therapies cannot bring results or their effects
are unsatisfactory. Regulatory authorities are aware of the unmet needs of the health
market and are taking steps to accelerate the evaluation of new drugs. However, the legal
requirements for ATMP consist of a plethora of documents and regulations, many of which
are often intertwined. This leads to ambiguous interpretations hindering the development
and approval processes.

Production of ATMP takes place in the pharmaceutical factory (PhF) that meets the
requirements of the directive that regulates the good manufacturing practice (GMP) rules
in respect of medicinal products for human use [69]. However, a pharmaceutical factory
cannot accept biological material as a starting material for ATMP production directly from
a recruiting center (clinic). Such a material has to go through the Tissue and Cell Bank
(TCB) where it is qualified and accepted for further use (Figure 4). In Poland, entities
that own ATMP factories are sometimes also registered as Tissue and Cell Banks and are
therefore subjected to the regulations of European Commission: 2004/23/EC (directive
on tissue and cells banking) [70], 2002/98/EC (directive on human blood banking) [71],
or both, as well as the national regulatory system Biological material, e.g., adipose tissue,
is verified twice, first in TCB and then in PhF. Then, after the positive qualification in
PhF, the biological material (e.g., adipose tissue) is subjected to the cell isolation process
{usually using the enzymatic method). After isolation, the final cell-containing product
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can be prepared in a straight line, or cells are subjected to other manipulations. Under
the regulations, even if nothing more than cell culture is carried out for the purpose of
increasing a cell population to obtain a desired cell resource, it is considered “substantial
manipulation”. Potential more invasive interference, like gene transduction, may require
a different, separate infrastructure. In the case of MSCs intended to be used in wound
healing, there are no genetic manipulations proposed so far. However, the stage of cell
culture is obligatory for MSCs isolated from adipose tissue not only because of the desired
cell expansion but also in order to obtain the pure MSC immunophenotype [72]. During
the ATMP manufacturing process, there are many steps where samples are acquired to
perform quality control tests (e.g., sterility, determining the level of endotoxins, excluding
mycoplasma). For a more detailed description of the manufacturing process using ADSC
and quality control steps see Szablowska-Gadomska et al., 2023 [73].

To sum up, there are several regulatory bodies involved in the process of making MSC-
based products available for the treatment of diabetic wounds. On the one hand, it makes
the road to the patient complicated, costly, and time consuming. On the other hand, it is
intended to ensure the safety of the treatment. Importantly, we are observing the growing
understanding of the specificity of cell-based products by regulatory bodies. Especially,
agencies such as FDA or EMA are constantly working on making regulations more and
more adequate. It seems that the evidently growing interest in cell-based therapies for
various clinical situations will guarantee the expected progress—for the benefit of their use
in diabetic foot ulcer as well.

5. Allogeneic Products’ Advantages and Challenges

The rising research focus toward allogeneic applications in therapies using mesenchy-
mal stem/stromal cells isolated from adipose tissue seemed to be a natural consequence of
the already known positive effects of using allogeneic mesenchymal stem/stromal cells
isolated from bone marrow. In immunological terms, mesenchymal stem/stromal cells
belong to a special group of cells because they do not express or have significantly reduced
expression of MHC class I and I and co-stimulatory molecules (CD40, CD80/CD86) [74].
According to the clinicaltrials gov website (keyword allogeneic MSC), 169 clinical trials
using MSC in an allogeneic system are being conducted worldwide (accessed on 16 Septem-
ber 2024). There are also products available on the medical market containing allogeneic
mesenchymal cells isolated from adipose tissue, e.g., Alofisel. Currently, more studies
where MSC-based drug products are subsequently administered in an allogeneic setting
are conducted.

The path to development of the allogenic MSC therapies is related to their described
and extensively studied immunomodulatory properties [75]. ATMPs based on allogeneic
material provide a chance to manufacture the product even when the recipient-patient’s
health prevents the collection process, as may happen in the case of autologous products.
Even a relatively minimally invasive procedure such as liposuction may pose a risk for
patients with tendencies for the occurrence of chronic wounds (e.g., patients suffering
from diabetes).

Allogeneic ATMPs also have a greater potential to be available in a shorter time, almost
immediately. There is no need to wait for a long process of cell isolation and multiplication
because they can be performed even before qualifying the recipient-patient for treatment.

The allogeneic system makes it possible to obtain cells from waste material, e.g., after
liposuction, which would be of no use for donor-patients. Such material from healthy
donors, after positive qualification, can be a valuable source of cells or a secretome for
patients with health deficits.

However, despite the ever-growing research interest in MSC-based therapies, from a
PhF’s point of view, the allogenic ATMPs pose quite a challenge. In case of direct autol-
ogous transplantations (without isolation, manipulation, etc.), in Poland, the acceptance
criteria are well-defined and classified by national regulatory system, whereas for ATMP
production (especially allogenic) the biological material has to undergo additional selec-
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tion according to criteria based on Directive 2004 /23 /EC—Setting standards of quality
and safety for the donation, procurement, testing, processing, preservation, storage and
distribution of human tissues and cells [70].

Therefore, in addition to serological tests, physical examination and diagnostic tests
are performed to exclude the most common cancer diseases, e.g., breast cancer, prostate
cancer, uterus cancer, and lung cancer. The latter are also indicated by cancer marker tests.
This approach toward potential donors of biological material may be seen as an advantage
as it provides access to a wider panel of tests that are not routinely performed diagnostic
tests but that have a significant preventive effect.

Regardless of whether therapies based on the administration of live cells or their
secretome will ultimately prove to be the most effective therapies, the possibility of using
an allogeneic system is critically important, especially in applications in diabetic patients.

6. Practical Issues Related to ATMP Release, and Its Delivery from the PhF to the Patient

A short shelf-life and strict requirements for storage and transport conditions of
ATMP intended for immediate application after production pose a serious challenge for
manufacturers and clinicians. The expiration date of such products varies and depends
on the specificity of the cells themselves as well as the excipient in which the cells are
suspended. Most often, the shelf-life spans a dozen to several dozen hours from the time
the products are manufactured. This is especially important when the distance between
the PhF and the clinic is long. A solution may be to transport deep-frozen products and
defrost them in the clinic at the patient’s bedside. However, this method requires the use of
cryoprotectants (e.g., DMSO), which may sometimes pose an additional risk to patients. In
addition, the condition of freshly thawed cells may be worse, compared to those obtained
directly from the culture dish (for purely biological reasons) and may result in a weakened
therapeutic effect. Frangois et al. showed that the percentage of viability MSC collected
from continuous culture was about 90%, while their freshly thawed counterparts dropped
to about 40%. They also found a deterioration in the immunosuppressive properties of
the tested cells [76]. Some authors even suggest that the poorer properties of the cells
after thawing may be the reason for the unsatisfactory results of clinical trials with their
participation [77-79]. Therefore, it is recommended to consider this important aspect during
the planning of the manufacturing process, creation of the new product specification, and
later during the testing of cell parameters at the stage of application of the finished product.
This will allow us to avoid the high costs of clinical trials due to suboptimal use of the
potential of MSC cells during manufacturing and the risk of interference resulting from the
impact of the thawing process itself.

The use of a cell secretome may be a cheaper and logistically easier solution due to
feasible normalization of the storage conditions [80]. MSCs can secrete substances capable
of, among others: regulating the functions of inmune system cells, and improving the
healing microenvironment [81]. Medicinal products containing cell secretome may be
perceived as safer from a microbiological point of view versus cells because they could be
sterilized (e.g., by filtration). Additionally, it would be easier to standardize the secretome
in terms of the tested parameters, e.g., dose and potency. However, the use of cells
has the advantage that their secretome may vary depending on changing environmental
conditions [42]. Therefore, a specific cell response to the local environment of the wound
might be expected and result in secreting a specific and the most required cocktail of factors.

In the case of medicinal products with live cells, it is permissible and is often the
practice to administer them to the patient before receiving all the results of analytical tests,
including the initial certification and release for administration. Then, the final certification
is carried out by a Qualified Person (QP) after acquiring all test results. This is due to the
required sterility tests, which according to pharmacopoeial methods require 14 days of
incubation, while the shelf life of the product may be several hours. More information on
this subject can be found in the work of Szablowska-Gadomska et al. [73].
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The biological properties of MSCs are difficult to assess in animal models, espe-
cially when considering the immunomodulatory properties as their main therapeutic
value [81,83]. Using the immunocompromised animals required for human MSC testing,
to assess the dosage of MSCs while preparing the ATMF, e.g., for DFU treatment, may
result in a loss of information regarding the immunomodulatory properties of MSCs and
its relation to the dosage. Thus, ATMPs containing live MSCs face a critical issue of dosage
selection. In clinicaltrials.gov, the variety of doses used in registered clinical studies ranges
from 2 to 100 x 10°/mL applied both systemically or locally per injection or directly on
wounds (accessed on 19 February 2024).

One of the concerns expressed by regulatory bodies is the supposed cancerogenic po-
tential of MSC. Therefore, EMA guidelines were issued in 2024 regarding the requirements
for preclinical ATIMP studies involving an extensive tumorigenic and immunogenic safety
assessment (EMA /CAT/123753/2024). However, MSCs show almost negligible immuno-
genicity and by some are even called immune-evasive [75,84]. Moreover, unmodified MSCs,
that are often used in cell therapies, which underwent only minimal in vitro manipulations
such as isolation and expansion retain their genetic stability. The reported rare tumorigenic
events were not caused by MSC but by the ATIMP contamination with tumor cells [85].
Therefore, legal bodies have applied an especially high pressure on researchers to ascertain
the identity of cells used in ATIMP as the origin and purity of starting cellular material is
one of the key factors in the safety of the ATIMP.

7. The Ways of Administration of MSC to Intended Locations

The utilization of MSC as a therapeutic modality for chronic and recalcitrant wounds
in diabetic patients is an active area of investigation aimed at enhancing its therapeutic
potential and expediting tissue regeneration. The method of delivering MSC to the intended
location of action is a key topic of scientific interest. Through a comprehensive review of
existing literature and clinical studies we can distinguish two main ways of administering
MSC, which are a systemic delivery and a local administration.

Local administration includes the direct injection of MSC into the wound alone or the
inclusion in a collagen sponge, on hydrogel scaffolds, or on other specially designed platforms.

Systemic delivery is divided into intravenous and arterial administration [45].

By investigating the complex differences between the mentioned two methods, we
intend to analyze each modality’s safety record, therapeutic utility, and effectiveness in
relation to find the proper administration method for chronic wound therapy.

The utilization of specialized scaffolds as a platform for the local delivery of the stem
cells has emerged as a promising therapeutic approach that has garnered significant atten-
tion in the scientific community and clinical trials. Regardless of the constituent materials
utilized, the shared objective of these scaffolds is to promote tissue repair, improve stem
cell survival, augment cell distribution within the wound and support their secretory func-
tions [86]. The most advantageous modalities appropriate for the chosen biomaterials have
been carefully determined and selected by the authors as part of the scope of this review.

Hydrogel scaffolds have emerged as a promising approach in regenerative medicine
due to their biodegradability, ability to promote cellular survival, and controlled release
of drugs and biomolecules [86,87]. Furthermore, hydrogel can be developed into a three-
dimensional printing nano-architecture to create a sustainable and attractive stem cell
niche, ensuring proper micro-structure and support. The three-dimensional extracellular
matrix created by the Pluronic F-127 hydrogel exhibits excellent cellular affinity, making
it a supportive environment for stem cell proliferation and it has been frequently utilized
as a graft medium in cellular therapies with a high rate of success [#3]. Collagen fibrils
in hydrogels, which contain Arg-Gly-Asp (RGD) sequences, provide binding sites for cell
interaction and adhesion [89]. Following this, MSC bound to the scaffolds can be mini-
mally invasively injected at the site of a lesion, reducing the need for surgical intervention.
Moreover, hydrogel scaffolds are capable of loading hydrophilic drugs and biomolecules,
and fibrin hydrogel has been proposed as a means of improving the retention and stability
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of BMSCs-exos in vivo [%0]. However, one of the drawbacks associated with hydrogel
scaffolds is that the release of drugs can be problematic, as uncontrolled diffusion, or unfa-
vorable conditions, can lead to inadequate kinetics and delivery. In particular, molecules
with low steric hindrance may diffuse uncontrollably, making them difficult to manage
with precision. Additionally, the loading of hydrophobic drugs with limited affinity for the
aqueous environment presents a significant limitation. However, it is possible to address
these issues by incorporating bonds between drug molecules to regulate the rate of release.
Depending on the strength of these bonds, they can be broken more or less easily, resulting
in a more controlled delivery of stem cell biofactors.

In a study conducted by Shi et al., a chitosan/silk hydrogel was used in an in vivo
animal setting. The resulting scaffold demonstrated desirable properties, including ap-
propriate moisture retention and swelling characteristics. Studies have demonstrated the
potential of GMSC-derived exosomes transferred in the environment of a chitosan/silk
hydrogel in promoting wound healing in diabetic patients. The addition of GMSC-derived
exosomes resulted in a significant reduction in wound size compared to both the control
group and the group treated with hydrogel alone, indicating the potential of exosomes
as a therapeutic agent for diabetic wound healing. Furthermore, it was observed that the
group treated with hydrogel alone exhibited a significantly smaller wound size at both
1 and 2 weeks of treatment compared to the control group, highlighting the potential of
hydrogel as a treatment option for wound healing [91].

Overall, hydrogel scaffolds offer a promising avenue for regenerative medicine, with
further research needed to address the limitations and optimize their potential.

A widely used strategy in scaffold design is to utilize materials that can stimulate
MSC and boost their secretory functions by modulating their molecular behavior. This
category of materials is quite extensive, and for the purpose of this study, we selected the
most promising candidates. Among these candidates is the gelatin-sericin (GS) scaffold,
which is coated with laminin (GSL) and a silk fibroin/chitosan composite scaffold.

The combination of gelatin and sericin is capable of binding to cells, promoting cell
proliferation in fibroblasts and keratinocytes. In vitro studies demonstrated that GS scaf-
folds had significantly increased cell proliferation when compared to non-scaffold models.
Sericin has been found to enhance the migratory properties and adhesiveness of mam-
malian cells by activating the c-Jun pathway. It has also been suggested that it can increase
cellular proliferation via a mechanism that has not yet been fully characterized, showing
mitogenic properties. The GS scaffold promotes the clearance of cytotoxic reactive oxygen
species, which can inhibit angiogenesis, and confers protection against oxidative stress to
stem cells. Meanwhile, laminin, a component of the endothelial basal lamina, accelerates
neovascularization in the wound bed, thereby enhancing wound healing and treatment
efficacy. In the study conducted by Tyeb and colleagues, the authors demonstrated on a
rat model that the MSC therapy group with GSL scaffold exhibited the most favorable
outcomes in terms of wound healing, highlighting the potential of this approach as a
therapeutic strategy for treating wounds in diabetic patients [92].

A silk fibroin /chitosan composite scaffold was used by Wu et al. to transfer adipose-
derived stem/stromal cells (ADSC) to the wound site in diabetic rats. In this trial, there
were a total of two control groups: one received only ASC grafts applied to the lesion, while
the other received no grafts at all. Epidermal growth factor (EGF), tumor growth factor beta
(TGF-B), and vascular endothelial growth factor (VEGF) were among the substances that
the study group secreted in a higher amount than the control. The graft-only group’s VEGF
expression was considerably higher. These results provide further evidence supporting the
use of such scaffolds for the administration of ADSCs (Figure 5) [93].

There have also been several attempts to deliver MSC to the site of a wound, with the
addition of pharmacological molecules as stimulating factors. One of the more promis-
ing studies was conducted by Seo et al., who superficially applied Exendin-4 (Ex-4), a
glucagon-like peptide-1 receptor agonist, to the wound area after injecting MSCs. Ex-4 is
known to have beneficial effects on diabetes. In vitro angiogenesis assays demonstrated
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that treatment with Ex-4 and ADSC-conditioned media (CM) improved migration, inva-
sion, and proliferation of human endothelial cells. Combining a cell transplant with a
topical application of a diabetes drug did not result in a decrease in blood glucose. Nev-
ertheless, concomitant administration of Exendin-4 (Ex-4) and ADSC-conditioned media
{CM) resulted in a significantly superior therapeutic effect compared to the individual
treatments alone. Proliferation assays revealed a marked increase in proliferation following
treatment with Ex-4, ADSC-CM, or the combination of both. The investigation demon-
strated an increase in vascular endothelial growth factor (VEGF) expression in the wound
area following treatment with Exendin-4 (Ex-4), ADSCs, or their combination. Nonethe-
less, co-administration of Ex-4 and ADSCs did not elicit a further enhancement in VEGF
expression [94].

HYDROGEL GELATIN-SERICIN s'&.‘,‘g@f&"'
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Figure 5. A comparison of three different scaffolds used in tissue engineering: hydrogel scaffolds,
known for their biodegradability, cellular survival promotion, and exosome stability; gelatin-sericin
scaffolds, which offer high cellular affinity, induce reactive oxygen speces (ROS) dearance, and
enhance fibroblast and keratinocyte proliferation; and silk fibroin/ chitosan scaffolds, which accelerate
angiogenesis and stimulate the expression of growth factors like EGF, VEGF, and TGF-§, crucial for
tissue regeneration.

The systemic administration of MSC remains poorly understood, with limited clinical
trials exploring this route for treating diabetic foot ulcers. Unlike in systemic diseases like,
for example, scleroderma, where MSCs are widely distributed and have been shown to halt
internal fibrosis [95,96].

One such study, conducted by Yan et al,, sought to directly compare intravenous (IV)
administration with topical administration of MSCs in a rat model. Their findings shed light
on the comparative efficacy and safety of these two modalities. In the research, wounds
treated with bone marrow-derived MSC showcased faster healing rates in both the topical
and intravenous (IV) administration groups compared to the control group throughout the
study period (p < 0.05). Notably, the IV group exhibited a significantly superior healing rate
compared to the topical group atdays 3 (p < 0.01) and 10 {p < 0.05). Additionally, histological
examination revealed complete epithelialization in both the topical and IV groups by day 14,
indicating the effectiveness of both administration methods in facilitating wound closure.
These studies also have detected systemically administered cells in various organs such
as the lungs, pancreas, liver, kidneys, and the wound site. Moreover, the study unveiled
supplementary advantages linked with systemic transplantation of BM-MSCs, such as the
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amelioration of hyperglycemia. These findings highlight the potential systemic effects of
MSC therapy beyond wound healing, further emphasizing the importance of considering
both local and systemic implications when choosing the administration route [97].

8. Summary

The utilization of MSC represents a propitious therapeutic avenue for wound healing.
Nevertheless, further investigation is warranted to refine the technique of administration
and to discern the optimal milieu for cellular delivery. Although the outcome of current
research is encouraging, they are not suitable enough to determine whether this treatment
modality is effective. Recent clinical trials investigating the use of MSCs in chronic wounds,
such as DFU, have explored both autologous and allogeneic MSCs. Autologous MSCs,
derived from the patient’s own tissue, have demonstrated promising results in accelerating
wound healing and reducing ulcer size. Studies, such as Tanios et al., reported significantly
faster healing rates with autologous adipose-derived MSCs compared to standard care [95].
Meanwhile, trials with allogeneic MSCs, where cells are donated from another individual,
have shown similar positive outcomes. For example, Uzun et al. reported the safe and
effective use of allogeneic MSCs, with no significant immune reactions observed [99]. Both
types of MSC therapies, autologous and allogeneic, exhibited enhanced healing capabilities
in chronic wounds, though more research is needed to address long-term safety and efficacy.
Therefore, future research ought to concentrate on improving MSC delivery to the wound
site and investigating the underlying mechanisms by which we can maximize MSC'’s
regenerative potential. It is believed that via continued research and development efforts,
MSC-based therapies may be more widely adopted in the clinical setting, improving the
clinical outcomes of patients with chronic wounds.
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7. Podsumowanie

Przedstawione w rozprawie doktorskiej publikacje wnoszg istotny wkiad w rozwdj
wiedzy na temat wykorzystania mezenchymalnych komorek macierzystych w leczeniu
trudno gojacych si¢ ran w przebiegu cukrzycy oraz wptywu statyn i hipoksji na wtasciwosci
tych komodrek. W ujeciu globalnym badania nad MSC, prekondycjonowaniem komorek
i terapig komorkowa ciesza si¢ coraz wigkszym zainteresowaniem. Wpisujg si¢ rowniez
w nowe trendy medycyny regeneracyjnej, dazacej do opracowania skutecznych,

bezpiecznych i mozliwych do szerokiego zastosowania metod leczenia powiktan cukrzycy.

Praca nr 1 koncentruje si¢ na ocenie wpltywu statyn oraz st¢zenia tlenu na MSC.
Autorzy przeprowadzili seri¢ doswiadczen, w ktorych badano przede wszystkim proliferacje
oraz zywotno$¢ MSC pochodzacych ze szpiku kostnego po ekspozycji na rézne stezenia
atorwastatyny i rosuwastatyny. Jednoczesnie komorki hodowano w warunkach normoksji
(21% O2) 1 hipoksji (2% O:), aby odwzorowa¢ mozliwe warunki panujace w tkankach
niedotlenionych, co jest szczegdlnie istotne w stanach niedokrwiennych (np. w uszkodzonym
migsniu sercowym). Wyniki wskazuja, Zze cho¢ obie statyny w warunkach hipoksji
zwigkszaly indeks proliferacji MSC, to atorwastatyna wykazywala bardziej stabilny profil
bezpieczenstwa, z niewielkim efektem cytotoksycznym w pordéwnaniu z rosuwastatyng.
Natomiast w warunkach normoksji atorwastatyna istotnie sprzyjata proliferacji komorek,
jednoczesnie nie zwigkszajac ich apoptozy. Dodatkowo, nie stwierdzono znaczacych rdéznic
w odpowiedzi na statyny pomigdzy grupami komodrek pozyskanych od mtodszych oraz
starszych dawcow, co moze sugerowa¢ podobng zdolno$¢ terapeutyczng komodrek
niezaleznie od wieku. Praca ta wnosi istotny wktad w zrozumienie wptywu statyn na MSC,

zwlaszcza w warunkach niedotlenienia i w kontekscie réznic zwigzanych z wiekiem dawcy.

Praca nr 2 dotyczy zastosowania allogenicznych ADSC w leczeniu owrzodzen
w zespole stopy cukrzycowej. W badaniu klinicznym pacjentéw z zespotem stopy
cukrzycowej o etiologii neuropatycznej podzielono na dwie grupy - w jednej grupie
zastosowano klej tkankowy niezawierajacy komorek, w drugiej podano do zmiany troficznej
ten sam preparat, lecz z dodatkiem allogenicznych ADSC. Wyniki potwierdzily istotne,
statystycznie znaczace przyspieszenie gojenia ran w grupie otrzymujacej ADSC.
Zaobserwowano krotszy czas do zredukowania rozmiaru rany o 50%, czgstsze catkowite

zagojenie oraz brak istotnych dziatan niepozadanych zwigzanych z uzyciem allogenicznych
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ADSC. Co wigcej, autorzy przeprowadzili analiz¢ proteomiczng materiatu uzyskanego
z lozyska rany, a takze potwierdzili obecnos¢ komorek dawcy nawet do kilku tygodni
po aplikacji. Dzigki temu uchwycono mozliwy mechanizm molekularny dziatania ADSC
- przede wszystkim w zakresie modulacji odpowiedzi zapalnej oraz wsparcia procesow
angiogenezy. Wnioski te wspieraja dalszy rozwdj terapii komorkowych w leczeniu trudno

gojacych si¢ ran, w tym zwlaszcza ran w przebiegu cukrzycy.

Praca nr 3 stanowi przeglad literatury na temat wykorzystania mezenchymalnych
komorek zrgbowych w leczeniu ran u pacjentow z cukrzyca, skupiajac si¢ w szczegolnosci
na owrzodzeniach stopy cukrzycowej. Autorzy omawiajg patofizjologiczne aspekty
zaburzonego gojenia ran w cukrzycy, w tym roli endoteliopatii, neuropatii i immunopatii,
oraz analizuja najnowsze wyniki badan wskazujace na skutecznos¢ MSC w terapii
komorkowej. W przegladzie wyrdzniono kilka mechanizmow dziatania MSC, w tym ich
zdolno$¢ do immunomodulacji (np. hamowanie nadmiernej reakcji zapalnej), wspierania
angiogenezy 1 produkcji czynnikow wzrostu czy regulacji przebudowy macierzy
zewnatrzkomoérkowej. Omowiono tez nowe strategie majace na celu optymalizacje terapii,
np. prekondycjonowanie komoérek w warunkach hipoksji, inzynieri¢ genetyczng lub faczenie
MSC z no$nikami hydrozelowymi. Autorzy wskazuja na konieczno$¢ prowadzenia dalszych,
wickszych badan klinicznych, niezb¢dnych do ujednolicenia protokotdw podawania MSC

i potwierdzenia bezpieczenstwa oraz trwatosci efektu terapeutycznego w codziennej praktyce.
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8. Whnioski

Na podstawie zebranych wynikdw i przeprowadzonej analizy mozna wyciagnac

nastepujace wnioski:

Zastosowanie statyn moze korzystnie modulowa¢ aktywno$¢ MSC w warunkach
ograniczonej dostgpnosci tlenu. W szczegdlnosci atorwastatyna wydaje si¢
wykazywac stabilny profil bezpieczenstwa i zwigksza¢ tempo proliferacji MSC,
co podkre$la jej potencjal we wspieraniu terapii opartych na komoérkach
macierzystych, zwlaszcza w modelach niedotlenienia.

ADSC mogg istotnie usprawnia¢ proces gojenia ran w zespole stopy cukrzycowej,
co potwierdzono w badaniu klinicznym opisanym w pracy nr 2. Przyspieszone
zmniejszanie si¢ obszaru rany oraz wickszy odsetek catkowitego wygojenia wskazuja
na potencjat ADSC w terapii trudno gojacych si¢ owrzodzen, przy jednocze$nie
niskim ryzyku powiktan.

Analizy proteomiczne potwierdzajag molekularne podstawy korzystnego dziatania
MSC, w tym modulacj¢ proceséw zapalnych i wsparcie angiogenezy. Obserwowana
obecno$¢ allogenicznych MSC w tozysku rany przez kilka tygodni po podaniu
sugeruje, ze komorki te aktywnie uczestnicza w procesie regeneracji tkanek i moga
sprzyja¢ uruchamianiu lokalnych szlakéw naprawczych.

Szeroki zakres immunomodulacyjnych, angiogennych i regeneracyjnych wlasciwosci
MSC (zar6wno w warunkach in vitro, jak 1 in vivo) stanowi przestanke do dalszego
rozwijania zaawansowanych terapii komorkowych w leczeniu przewleklych ran,
zwlaszcza w przebiegu cukrzycy. Przeglad dotychczasowych doniesien wskazuje,
ze taczenie MSC z innowacyjnymi technologiami (np. hydrozelami, modyfikacjami
genetycznymi) moze dodatkowo poprawia¢ efektywno$¢ terapii.

Konieczne jest kontynuowanie badan klinicznych i1 standaryzacja protokotow
terapeutycznych, obejmujaca m.in. dobor optymalnego zrédta komorek, sposob ich
przygotowania i aplikacji, a takze $cista kontrole¢ parametrow bezpieczenstwa.
Uzyskane dotad wyniki sa obiecujace i otwieraja droge do wprowadzenia terapii
z udzialem MSC do rutynowej praktyki klinicznej, jednak kluczowe pozostaje

przeprowadzenie dalszych badan z wigkszg liczbg pacjentdéw i dluzsza obserwacja.
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10. Oswiadczenia wspoétautorow

Warszawa, 24.03.2025 1.
(miejscowodé, data)

Agnieszka Kulesza
(imig i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. o$wiadczam, iz méj wlasny
wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:
przeprowadzenie badania, przygotowanie manuskryptu.

M¢j udziat procentowy w przygotowaniu publikacji okre§lam jako 4 %.
Wktad Damian Siefiko w powstawanie publikacji okreslam jako 30 %,

(imig¢ i nazwisko kandydata do stopnia)

obejmowal on: pozyskanie finansowania, opracowanie koncepcji i metodyki pracy,
przeprowadzenie badania, interpretacja wynikow, przygotowanie manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*
Jednoczesnie wyrazam zgod¢ na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

lek. Damiana Sienko.

(imig i nazwisko kandydata do stopnia)

(podpis os$wiadczajgcego)

*yw szozegolnosci udziatu w przygotowaniu koncepciji, metodyki, wykonaniu badai, interpretacji wynikéw
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Warszawa, 24.03.2025 .
(micjscowosc, data)

Leszek Czupryniak
(imieg i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. o$wiadczam, iz mdj whasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanic badan oraz przedstawicnic pracy w formic publikacji
stanowi:
opracowanic koncepcji i metodyki pracy, umozliwienie przeprowadzenia badania, opicka
merytoryczna.
Méj udziat procentowy w przygotowaniu publikacji okreslam jako 2,5 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 3 %,

fimig i nazwisko kundydata do stopiz)

obejmowat on: przeprowadzenie badania i przygotowanie manuskrypru

{merytoeycany opis whiadu kandsduts do stopnm w powstane publikaci)®

Jednoczesnie wyrazam zgode na wykorzystanic w/w pracy jako czg$¢ rozprawy doktorskiej
lek. Damiana Siefko,

Cenig | mazw isko Kandydata do stopria)

(podpis oswiadczajacego)

*w szczegoinodel udzialy w przygotowaniu koncepcji, metodyki, wykonaniu badadh, interpretacii wynikow
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Warszawa, 24.03.2025 r.
(miejscowosc, data)

Leszek Czupryniak
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? o$wiadczam, iz méj wlasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawicniec pracy w formie publikacji
stanowi:
opieka merytoryczna.

M¢j udzial procentowy w przygotowaniu publikacji okreslam jako 2,5 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 50 %,
(imie i nazwisko kandydatn do stopeia)
obejmowat on: opracowanie konceptu i metodyki pracy, analiz¢ danych, przygotowanic
manuskryptu.

{menytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanic w/w pracy jako czgs$¢ rozprawy doktorskiej

lek. Damiana Sienko,
(g | nazwsko kandydata do stopeia)

(podpis oswiadczajgcego)

*w szezegblnodei udzialu w przygotowaniu koncepei, metodyki, wykonaniu badas, interpretacii wynikéw
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Warszawa, 24.03.2025 .
(miejscowosc, data)

Anna Nowak-Szwed
(imig i nazwiska)

OSWIADCZENIE

Jako wspotautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? o$wiadczam, iz m6j wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badaf oraz przedstawienie pracy w formie publikacji
stanowi:
przygotowanie manuskryptu,

Mdj udzial procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wktad Damian Sienko w powstawanie publikacji okreslam jako 50 %,
{imig i srwiskn kandydata do ssapnia)
obejmowal on: opracowanie konceptu i metodyki pracy, analiz¢ danych, przygotowanice

manuskryptu.

(meryloeyceny ops whladu Kandydata do stopnia w powstanie publicacjil*

Jednoczesnie wyrazam zgode¢ na wykorzystanic w/w pracy jako czgsé rozprawy doktorskiej
lek. Damiana Sienko.

{imig 1 niew ko kandydita do stopnia)

(podpis o$wiadczajgeego)

*w szczegbinosci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikdw
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Warszawa, 24.03.2025 r.
{micjscowosc, data)

llona Szablowska-Gadomska
{imie i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oswiadczam, iz moj wlasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
opracowanie konceptu pracy i przygotowanie manuskryptu,

M¢j udzial procentowy w przygotowaniu publikacji okreslam jako 12 %.
Wkiad Damian Sienko w powstawanie publikacii okreslam jako 50 %,
(imse | mazwiske kandydatn do stopeis)
obejmowal on: opracowanic konceptu i metodyki pracy, analize danych, przygotowanie
manuskryptu.

{menyweyczny apis whkads Kandychits do stopoia w powstane publikngi)*
Jednoczesnie wyrazam zgod¢ na wykorzystanie wiw pracy jako cz¢$é rozprawy doktorskicj

lek. Damiana Sienko.

(mig i mazwisko kandydata do stopmia)
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o, Sealdasto Gadomidl
(podpis oswiadczajgcego)

*w szczegdlnosci udzialu w przyzotowaniu koneepejt, metodyki, wykonaniu badai, interpretac)i wynikow
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Warszawa, 24.03.2025 .
(micjscowosé, data)

Ilona Szablowska-Gadomska
(imig¢ 1 nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. o$wiadczam, iz mdj whasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
pozyskanie finansowania, opracowanie koncepcji i metodyki pracy, umozliwienie
przeprowadzenia badania, analiza danych, przygotowanie manuskryptu.
Moj udzial procentowy w przygotowaniu publikacji okre§lam jako 25 %.
Wktad Damian Sienko w powstawanie publikacji okreslam jako 3 %,

Gimi¢ | nazweko kandvdasa do ssopnin)

obejmoswal on: przeprowadzenie badania i przygotowanic manuskryptu

(merylorycny opes wiklado kandydita o stopain w powstanie publikaciin®

Jednoczesnie wyrazam zgod¢ na wykorzystanie w/w pracy jako czesé¢ rozprawy dokitorskiej

lek. Damiana Sienko.
(g | mawisko kandydata do stopmia

Hame Saollda Eodows
(podpis oswiadczajgcego)

*w szczegblnodei udzialu w przygotowaniu koncepeji, metodyki. wykonaniu badai, interpretacji wynikdw
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Warszawa, 24.03.2025 r.
(migjscowose, data)

Stefan Rudzinski
{imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Uleer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. oswiadczam, iz moéj whasny wkiad merytoryczny w przygotowanic,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
opracowanie koncepcji i metodyki pracy, przeprowadzenie badania, analiza danych,
przygotowanie manuskryptu.
M¢j udzial procentowy w przygotowaniu publikac)i okre$lam jako 5 %.
Wktad Damian Siefiko w powstawanie publikacji okreslam jako 3 %,

{imis | razwisko kandydata do stopoia)

obejmowal on: przeprowadzenie badania i przygotowaniec manuskryptu

(merytoeyczmy opis whiadu Kandydaw do scopnia w powstanie publikac)i*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
lek. Damiana Sienko.

F1vg 3 naevasio Kimsdydita do stopnind

..................................................

(podpis o$wiadczajacego)

*w szczegblnoei udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badai, interpretacii wynikaw
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Warszawa, 24.03.2025 .
(miejscowosé, data)

Stefan Rudzinsk:
(imig i nazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oéwiadczam, iz moj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
przygotowanie manuskryptu oraz wizualizacja danych.

Maj udziat procentowy w przygotowaniu publikacji okredlam jako 4 %.
Wktad Damian Sienko w powstawanie publikacji okreslam jako 50 %,

(mig | nrewssko kaschydac da stopaia)
obejmowal on: opracowanie konceptu i metodyki pracy, analiz¢ danych, przygotowanie

manuskryptu.

(merytoryezny opis wilade kandvdats o stogeia w pawstanie publikac)in®

Jednoczesnie wyrazam zgode na wykorzystanie wiw pracy jako cz¢sSé rozprawy doktorskic)
lek. Damiana Siefiko.

{imee & npzwisko kpedhvdima do stopnind
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(podpis o$wiadczajacego)

*w szczegblnosci udzialu w przygotowaniu koncepeit, metodyki, wykonaniu badan, interpretacii wynikdw
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Warszawa, 24.03.2025 .
(micjscowosé, data)

Rafal Ploski
(imie i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Uleer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. ofwiadczam, iz mo) wilasny wkiad merytoryczny w przygotowanie,
przeprowadzenic 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
opracowanie koncepcji i metodyki pracy, przeprowadzenie badania, analiza danych,
przygotowanie manuskryptu.
Maj udziat procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wkitad Damian Siefiko w powstawanie publikacji okreslam jako 3 %,

(g | nwisko kasdydata do stopnia)

obejmowal on: przeprowadzenic badania i przygotowanie manuskryptu

(merytoryceay apis wklndu kesdvdata do stopaia w powstanie publikacjin®

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej
lek. Damiana Sieriko.

{imee 3 neewisko kesdvdata do stopmind

(po oswiadczajgcego)

*w szezeglinoscl udzialu w przyzotowaniu koncepeji, metodyki. wykonaniu badai, interpretacji wynikdw

84



Warszawa, 24.03.2025 r.
(miejscowodé, data)

Piotr Gasperowicz
(imig i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. oswiadczam, iz méj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowani¢ badan oraz przedstawienie pracy w formie publikacji
stanowi:
opracowanic metodyki pracy, analiza danych, przygotowanie manuskryptu.
Mdj udziat procentowy w przygotowaniu publikacji okreslam jako 2,5 %.

Wklad Damian Sienko w powstawanie publikacji okreslam jako 3 %,
(imae i« nizwisko Kandydata da stopens)

obejmowal on: przeprowadzenie badania i przygotowanie manuskryptu

{menweyeany opis whiudu Kandydata do stupnia w powstanse publikacyi)*

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cz¢$¢ rozprawy doktorskicj
lek. Damiana Sienko.

(imnig 1 mrew ske kandydata do stopaia)

..... R e Y T TN

(podpls oswiadczajacego)

*w szezegbinosci udziatu w przygotowaniu koncepeji. metodyki, wykonaniu badan, interpretaci wynikéw
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Warszawa, 24.03.2025 .
(micjscowosd, data)

Beata Mrozikiewicz-Rakowska
(imie i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oswiadczam, iz m6j wiasny wklad merytoryczny w przygotowanie,
przeprowadzenic i opracowanie badan oraz przedstawienie pracy w formic publikacji
stanowi:
opracowanie koncepcji i metodyki pracy, przygotowanie manuskryptu, opicka merytoryczna.
Moj udziat procentowy w przygotowaniu publikacji okreslam jako 12 %.

Wkiad Damian Siefiko w powstawanic publikacji okreslam jako 50 %,

i § niewisko Kandydata o stopiay
obejmowal on: epracowanic konceptu i metodyki pracy. analiz¢ danych, przygotowanie
manuskryptu.

ey tonyveany opis whiads Kandyvdan do sopnin w pawstanic publikecg o

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$é rozprawy doktorskiej
lek. Damiana Sienko.

i i naewisho Kindvdata do stopodal

...................................................

(podpis oswiadczajgcego)

*w szezeglnosci udziaty w praygotowaniu koncepeji, metodyki. wykonanio badan, interpretacii wynikow
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Warszawa, 24.03.2025 r.
(miejscowost, data)

Beata Mrozikiewicz-Rakowska
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. o$wiadczam, iz mdj wlasny wklad meryloryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawicnic pracy w formic publikacji
stanowi:
opracowanie koncepeji i metodyki pracy, umozliwienie przeprowadzenia badania. analiza
danych, przygotowanie manuskryptu.
Méj udzial procentowy w przygotowaniu publikacji okreslam jako 25 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 3 %,

{imie i naewisko kissdydina & slopodal

obejmowal on: przeprowadzenie badania | przygotowanie manuskry ptu

imeryioryezny opis whladu kandy dar do stopmin w pawstamic publfaii)

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiei

lek. Damiana Sienko.

domie | naewesho Kundydae & stopoakst

(podpis oswiadczajacego)

*w szezegolnosci udziatu w przygotowaniu koneepcji, metodyki, wykonania badan, interpeetaci wynikow
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Warszawa, 24.03.2025r.
(micjscowosc, data)

Marek Kuch
(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. oswiadczam, iz méj wlasny
wklad merytoryczny w przygotowanie, przeprowadzeniec i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:
przygotowanie manuskryptu i wsparcie merytoryczne.

Mdj udzial procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 30 %,

Cmig » naew isko handy data do stopitia)
obejmowal on:  pozyskanie finansowania, opracowanie koncepeji i metodyki  pracy.
przeprowadzenie badania, interpretacja wynikow, przygotowanie manuskryptu.

Imerytorvesny opes Whiladu Kaesdvdina & stopars w powstasie publibaciin®
Jednoczesnic wyrazam zgodg na wykorzystanie w/w pracy jako czg$é rozprawy doktorskiej

lck. Damiana Sienko.

Gomie  naswasko kandy data do stopanin)

£0)

*w szczegolnosci udzialu w przygotowaniu koncepci, metodyki. wykonaniu badan, interpretacji synikow
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Warszawa, 24.03.2025 r.
(miejscowodc, data)

Tomasz Grzela
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Tmpact. o$wiadczam, iz méj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanic badah oraz przedstawienic pracy w formie publikacji
stanowi:
opracowanie koncepcji i metodyki pracy, analiza danych i przygotowanie manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okreslam jako 3 %.
Wkiad Damian Siefnko w powstawanie publikacji okreslam jako 3 %,

(imi¢ i nazwisko kandydata do stopnia)

obejmowal on: przeprowadzenie badania i przygotowanie manuskryptu
(merytoryemy opis wkisdu kandydata do stopnin w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg¢s¢ rozprawy doktorskiej
lek. Damiana Sienko.
(imig i nazwisko kandydata do stopaia)

(podpis o§wiadczajacego)

*w szczegolnosel udziatu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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Warszawa, 24.03.2025 r.
(miejscowosc, data)

Anna Burdzinska

(imig i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. o§wiadczam, iz méj wilasny
wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:
opracowanie koncepcji i metodyki pracy, przeprowadzenie badania, interpretacja wynikow,
wizualizacja wynikow, przygotowanie manuskryptu.

MGéj udziat procentowy w przygotowaniu publikacji okreslam jako 25 %.
Wkiad Damian Siefiko w powstawanie publikacji okreslam jako 30 %,

(imig i nazwisko kandydata do stopnia)
obejmowal on: pozyskanic finansowania, opracowanie koncepcji i metodyki pracy,

przeprowadzenie badania, interpretacja wynikow, przygotowanie manuskryptu,
(merylocycany opis wkiadu kandydata do stopnsa w powstanie publikacjiy®

Jednoczesnie wyrazam zgode na wykorzystanic w/w pracy jako czgs¢ rozprawy doktorskiej

lek. Damiana Sienko.
(imi¢ | nazwisko kandydata do stopeis)

(podpis o$wiadczajacego)

*w szezegblnodci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badaf, interpretacji wynikow
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Warszawa, 24.03.2025 r.
(miejscowosé, data)

Dominika Klimczak-Tomaniak
(imi¢ i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. o$wiadczam, iz méj wlasny
wkiad merytoryczny w przygotowanie, przeprowadzenic i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:
opracowanie koncepcji i metodyki pracy, przeprowadzenic badania, interpretacja wynikéw,
przygotowanie manuskryptu.

MG udzial procentowy w przygotowaniu publikacji okreslam jako 30 %.
Wklad Damian Sienko w powstawanic publikacji okreslam jako 30 %,

(imes ez wisko Rasdyvclata do stoppaa)
obcjmowal on: pozyskanie finansowania. opracowanie koncepcji i metodyki pracy,
przeprowadzenie badania, interpretacja wynikow. przygotowanie manuskry ptu.

(erytonceny opes widlada Kandvdata do stopnia w powstanic publiaci)*

Jednoczesnie wyrazam zgode na wykorzystanic wiw pracy jako czg$é rozprawy doktorskiej
lek. Damiana Sienko.

(i & mazwisko kandydata do stopnes) . o hab n. med.
Dominika Klimczak-Tomaniak
sneqalizia chorob evmenrznych

ol K. aale. 12 Gt Bt c
(podpis oswiadczajacego)

*w szczegolnosci udzialu w przyzotowaniu koncepcji, metodvki, wykonaniu badas, interpretach wynikow
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Warszawa, 24.03.2025 r.
(migjscowosc, data)

Malgorzata Lewandowska-Szumiet
{imig 1 nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oswiadczam, iz mdj] wlasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
przygotowanie manuskryptu, opieka merytoryczna.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wkiad Damian Sienko w powstawanie publikacji okre$lam jako 50 %,
(imig i nawickn kandydata do sapnia)
obejmowal on: opracowanie konceptu i metodyki pracy, analiz¢ danych, przygotowanie

manuskryptu,

{menytoryczny opes wkhadu kandydata do stopmia w p ie publikacji)*

Jednoczesnie wyrazam zgodg na wykorzystanic w/w pracy jako cze¢sé rozprawy doktorskicj
lek. Damiana Sienko.
(g | rarwisko kandydata do stopaia)

(podpis o$wiadczajacego)

*w szczegdlnosci udziotu w przygotowaniu koncepcji, metodyki, wykonaniu badai, interpretacji wynikow
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Warszawa, 24.03.2025r.
(miejscowosc, data)

Maksymilian Gofron
(imie 1 nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oswiadczam, 1z mo6j wiasny wklad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
przygotowanie manuskryptu.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 50 %,
(imdg £ mazwiske kandydata do stopaia)
obejmowal on: opracowanie konceptu 1 metodyki pracy, analize danych. przygotowanie

manuskryptu.

(zoerytoryczny opis wilads kandydata do stopnia w powstanie publidkacyi)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskie)
lek. Damiana Sienko.
(imig § marwisko kandydata do stopmia)

(podpis oswiadczajacego)

*w szczegolnosd udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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Przemyslaw Zygmunciak
(imie 1 nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapv—Is It Time for Use
in Evervday Practice? oswiadczam 1z mdj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
wizualizacja danych.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 2 %.
Wkiad Damian Sienko w powstawanie publikac)i okreslam jako 50 %,
(o i mrwisko kandydata 3o stopaia)
obejmowal on: opracowanie konceptu 1 metodyki pracy. analize danych, przygotowanie

manuskryptu.
(merytoryczny opis wkiadu kandydata do stopnia w powstanio pablikac:)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
lek. Damiana Sienko.

(insis i arwisko kandydata do stopzia)

(podpis oswiadczajacego)

*w szczegolnosci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow

95



Warszawa, 24.03.2025 .
(miejscowos¢, data)

Wojciech Stanistaw Zgliczynski
(imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. The Potential of Mesenchymal Stem/Stromal Cells in
Diabetic Wounds and Future Directions for Research and Therapy—Is It Time for Use
in Everyday Practice? oswiadczam, iz m6j wlasny wktad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
opieka merytoryczna.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 2.5 %.
Wktad Damian Siefiko w powstawanie publikacji okreslam jako 50 %,
(imi¢ i nazwisko kandydata do stopnia)
obejmowat on: opracowanie konceptu i metodyki pracy. analiz¢ danych, przygotowanie
manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanic publikacjiy*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs$¢ rozprawy doktorskiej

lek. Damiana Sienko.

(imi¢ i nazwisko kandydata do stopnia)
K

KIERCWNI
RY [SGIH CMKP

KLINIKI ENDPK

Prof. dr hab. n, med. Wojciech Zgliczyris%i
(podpis o$wiadczajacego)

*w szczeg6Inoscei udziahu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow

96



Warszawa, 24.03.2025 r.
(mici ié. data)

Barbara Paleska
(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and

Proteomic Impact. o$wiadczam, 1z moj whasny wkiad merytoryczny w przygotowanie,
przeprowadzenic i opracowanic badan oraz przedstawienie pracy w formie publikacji
stanowi:
analiza i wizualizacja danych, przygotowanie manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okreslam jako 3 %.
Wkiad Damian Sienko w powstawanie publikacji okreslam jako 3 %,
(emig i nazwisko kandydsts do stopns)
obejmowal on: przeprowadzenie badania i przygotowanie manuskryptu
{merytorycany opis wkiadu kandydata do W po se publikocyiy*

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskic)
lek. Damiana Sienko.
(imig i narwsko kendydata do stopasa)

adave (odeiee,

(podpis oswiadczajgcego)

*w szezegblnoéci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretac)i wynikow
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Warszawa, 24.03.2025 r.
(migjscowodd, data)

Dominik Cysewski

(imig i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. o$wiadczam, iz mé) wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanic badan oraz przedstawicnie pracy w formie publikacji
stanowi:
opracowanie koncepcji i metodyki pracy, przeprowadzenie badania, analiza danych,
przygotowanie manuskryptu.
Méj udzial procentowy w przygotowaniu publikacji okreslam jako 10 %.
Wkiad Damian Siefiko w powstawanic publikacji okreslam jako 3 %,

(imi i nazwisks kandydana g stopaia)

obejmowal on: przeprowadzenie badania i przygotowanie manuskryptu
(meryteryeay opis wiiadu kandydats &o stopakia w powstane publikasji*

Jednoczeénie wyrazam zgodg na wykorzystanie w/w pracy jako cz¢& rozprawy doktorskiej

Jek. Damiana Sienko.
vl A

{irmg 3 resewisko kandydats do ssopaiad
(podpis o$wiadczajgcego)

*w szczegdinodei udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badah, nterpeetac)i wynikéw
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Warszawa, 24.03.2025 .
(miejscowodé, data)

Magdalena Konarzewska
(imig i nazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. oéwiadczam, iz mé] wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badaf oraz przedstawicnic pracy w formie publikacji
stanowi:
opracowanie metodyki pracy, analiza danych, przygotowanie manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okreslam jako 3 %.
Wkiad Damian Siefiko w powstawanie publikacji okre$lam jako 3 %,

(imig i nazwiske kandydats &o stopnia)
obejmowat on: przeprowadzenie badania i przygotowanie manuskryptu
(merylaryczny opis whisdu kandydata do stopmin w powstanie publitac))®

Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej
lek. Damiana Sienko.

(imig i mazwisko kandydata do stopnia)

e

-------------------------------------------------

(podpis o§wiadczajacego)

*w szezegdlnoéci udziahu w przygotowaniu koncepceji, metodyki, wykonaniu badaf, interpretacji wynikow
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Warszawa, 24 03 2025 ¢
(mmeyscowoid, data )

Alcksandra Helena Symonides-Pomianck
(rmeg 1| nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. oéwizadczam. iz moy wiasny
wklad merytoryczny w przygotowanie, przeprowadzenie 1 opracowame badan oraz
przedstawienue pracy w formie publikac): stanowi
przeprowadzenie badania, przygotowanie manuskryptu.

Moj udzial procentowy w przygotowaniu publikagy okreslam jako 3 %.
Wkiad Damian Sienko w powstawame publikacy okreslam jako 30 %,
) earwwho kamovdats do corma )
obggmowa! on pozyskamie finansowania, opracowanie koncepc 1 metodyki pracy.
przeprowadzenie badama | interpretacja wynikow, przygotowanie manuskryptu

(morylaryersy ope whisds eadvdeta do ropes w powstams pebldox s

Jednoczesmie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskieg

lek. Damiana Sienko.
U it

(Mg maremks kamdh dxo do mopesa )
pis oswiadczajaceg

*w eczegdinoia adrals w prry gotowsmm koncepeyi, metodyia. wykosanm bades, mterpretacy: wynkis
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Warszawa, 24.03.2025 .
(miejscowosd, data)

Malgorzata Lewandowska-Szumiel
(imig i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. odwiadczam, iz moj wlasny wklad mervtoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi;
ustalenia koncepcji i metodyki pracy, pozyskanic finansowania, umozliwicnic wykonania
badania, analiza danych, przygotowanic manuskryptu, opicka merytoryczna.
Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wkilad Damian Sienko w powstawanie publikacji okre$lam jako 3 %,

(ienig i narwisko kendyidata do stapeia)

obejmowal on: przeprowadzenie badania 1 przygotowanie manuskryptu

(merytoryceny opes whinda kandydita do stopaia w powstame publikac)i)®

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako cz¢$é rozprawy doktorskie)
lek. Damiana Sienko.

(imig 1 marasko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegdinoder udzialu w przygotowaniu koncepei, metodyki, wykonaniu badan, interpretacji wynikow
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Warszawa, 24.03.2025r.
(miejscowosc, data)

Jakub Zieliniki
(imie 1 nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. oswiadczam. 1z mo] wiasny wklad merytoryczny w przygotowanie,
przeprowadzenie 1 opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi:
opracowanie metodyki pracy, analiza danych, przygotowanie manuskryptu.
Moj udziat procentowy w przygotowaniu publikacji okreslam jako 3 %.
Wklad Damian Sienko w powstawanie publikacji okreslam jako 3 %,

(09 £ naxwisko kandydata do stopmia)
obejmowal on: przeprowadzenie badania 1 przygotowanie manuskryptu
(menytoryczny opis wilads kandydata do stopnia w powstanie publiacyi)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej

lek. Damiana Sienko.
(im3s i mazwisko kandydata do stopmia)

/ZAKZJQJZ

(podpis oswiadczajacego)

*w szczegolnosci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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Warszawa, 24.03.2025 r.

Prof. dr hab. med. Leszek Paczek

OSWIADCZENIE

Jako wspotautor pracy pt. The influence of oxygen deprivation and donor age on
the effect of statins on human mesenchymal stromal cells. oswiadczam. iz méj wlasny
wklad merytoryczny w przygotowanie. przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:
umozliwienie wykonania badania, przygotowaniec manuskryptu i wsparcie merytoryczne.

Mdj udzial procentowy w przygotowaniu publikacji okreslam jako 4 %.
Wklad Damian Siefiko w powstawanie publikacji okreslam jako 30 %,
(g 1 niewisko Kandydata do stopial
obejmowal on: pozyskanie finansowania, opracowanie koncepcji i metodyki pracy.
przeprowadzenie badania, interpretacia wynikow, przygotowanie manuskryptu.

tmeryryezny opis whiindu kandvdasa do stopnia w powstanie publikaci)®

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako ¢zg$é rozprawy doktorskicj
lek. Damiana Sienko.

(mie 1 nazwisko kandvdata do <topniay

(podpis oswiadczajacegd)

*w szczegolnosci udzialu w przygotowaniu koncepcji, metodyki. wykonaniu badai, interpretacii wynikow
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Warszawa, 24.03.2025 r.
(miejscowose, data)

Maria Noszczyk
(imig¢ i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Allogenic Adipose-Derived Stem Cells in Diabetic Foot
Ulcer Treatment: Clinical Effectiveness, Safety, Survival in the Wound Site, and
Proteomic Impact. oswiadczam, iz méj wlasny wklad merytoryezny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formic publikacji
stanowi:
opracowanie koncepeji i metodyki pracy. analiza danych i przygotowanie manuskryptu.

- Mé6j udzial procentowy w przygotowaniu publikacji okreslam Jjako 3 %,
Wkiad Damian Siefiko w powstawanie publikacji okreslam jako 3 %,
{imi i nazwisko kandydata do stopaie)

obejmowat on: przeprowadzenie badania i przygotowanie manuskryptu

{merytoey czmy opis whladu kandydata do stopnia w powstanie publikacii)*

Jednoczesnie wyrazam zgode na wykorzystanie wiw pracy jako czesé rozprawy doktorskici
lek. Damiana Sierko.

(imbe § nazwisko kandydata do szopain)

...................................................

(podpis oswiadczajacego)

*w szczegdlnosei udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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