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WYKAZ STOSOWANYCH SKROTOW

e AITD: autoimmune thyroid disease — choroba autoimmunizacyjna tarczycy

e Anti-Tg: thyroglobulin antibodies — przeciwciala przeciw tyreoglobulinie

e Anti-TPO: thyroid peroxidase antibodies — przeciwciala przeciw peroksydazie
tarczycowe;j

e BMI: body mass index — wskaznik masy ciata

e (D: cluster of differentiation — grupa réznicowania (marker powierzchniowy
komorek)

e COVID-19: coronavirus disease 2019 — choroba koronawirusowa 2019

e DCs: dendritic cells — komorki dendrytyczne

e DM2: type 2 diabetes mellitus — cukrzyca typu 2

e DN: double negative — subpopulacja podwojnie ujemna (CD4-CDS-)

e DP: double positive — subpopulacja podwojnie dodatnia (CD4+CD8+)

e ECLIA: electrochemiluminescence immunoassay — elektrochemiluminescencyjna

e FC: flow cytometry — cytometria przeptywowa

e FACS: fluorescence-activated cell sorting — sortowanie komorek aktywowanych
fluorescencjg

e GD: Graves’s disease — choroba Gravesa-Basedowa

e HT: Hashimoto’s thyroiditis — choroba Hashimoto

e [FN-y: interferon gamma — interferon gamma

e IL: interleukin — interleukina

e iNKT: invariant Natural Killer T cells -komorki invarant Natural Killer T

e mRNA: messenger ribonucleic acid — informacyjny kwas rybonukleinowy

e NK cells: Natural Killer cells — komoérki Natural Killer

e NKT cells: Natural Killer T cells — komorki Natural Killer T

e NKT-like cells: Natural Killer T-like cells — komorki podobne do Natural Killer T

e PBMC:s: peripheral blood mononuclear cells — jednojadrzaste komorki krwi
obwodowej

e rhTSH: recombinant human thyroid-stimulating hormone — rekombinowana
ludzka tyreotropina

e RNA: ribonucleic acid — kwas rybonukleinowy
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RT-PCR: reverse-transcription polymerase chain reaction — reakcja tancuchowa
polimerazy z odwrotng transkrypcja

STATG: Signal Transducer and Activator of Transcription 6 — transduktor sygnatu
1 aktywator transkrypcji 6

TCR T-cell receptor — receptor TCR

TGF-: transforming growth factor beta — transformujacy czynnik wzrostu beta
Th1: T-helper type 1 — limfocyty pomocnicze typu 1

Th2: T-helper type 2 — limfocyty pomocnicze typu 2

TNF-a: tumour necrosis factor alpha — czynnik martwicy nowotworéw alfa
TRAD: thyroid-stimulating hormone receptor antibodies — przeciwciata przeciw
receptorowi TSH

TSH: thyroid-stimulating hormone — hormon tyreotropowy

TSHR: thyroid-stimulating hormone receptor — receptor hormonu tyreotropowego

VDR: vitamin D receptor — receptor witaminy D



OMOWIENIE CYKLU PUBLIKACII

Zatozenia 1 cele pracy wraz z uzasadnieniem potgczenia publikacji w cykl

Uktad odpornosciowy oraz uktad wydzielania wewnetrznego sa Scisle ze sobag
powigzane i tworzac skomplikowang sie¢ regulacyjng, w ktorej interakcje pomigdzy
hormonami, cytokinami a komérkami efektorowymi sg ztozone i nie do konca poznane [1].
Coraz liczniejsze dane naukowe wskazuja na obecnos¢ receptorow dla hormonow, w tym
m.in. tyreotropiny (TSHR) oraz witaminy D (VDR), na powierzchni réznych komoérek
uktadu odpornosciowego, takich jak limfocyty T 1 B, monocyty, makrofagi, komorki
dendrytyczne (DC), a takze komorki Natural Killer (NK) [2—-7]. Obecnos$¢ tych receptorow
odgrywa istotng role w modulacji funkcji komorek immunokompetentnych, co w
konsekwencji moze wplywaé na regulacje¢ odpowiedzi immunologicznej oraz przebieg
licznych choréb, w tym autoimmunologicznych, metabolicznych 1 nowotworowych. Na
aktywnos$¢ 1 funkcje komorek ukladu odpornosciowego, oddziatujg nie tylko czynniki
hormonalne, ale réwniez czynniki metaboliczne, wsrod ktorych istotng role odgrywa
hiperglikemia. Utrzymujace si¢ podwyzszone stezenie glukozy moze wplywaé na
aktywacje, profil wydzielanych cytokin oraz zdolnosci cytotoksyczne komorek
immunokompetentnych, przyczyniajac si¢ do zaburzenia rownowagi immunologicznej [8-

12].

Szczegblne znaczenie w kontekscie wyzej wymienionych czynnikow majg komorki NKT-
like, taczace cechy odpornosci wrodzonej 1 nabytej [13]. Komorki NKT-like, wczesniej
opisywane w literaturze jako komorki Natural Killer T (NKT), tworzg zr6znicowang grupe
limfocytéw T, ktore posiadaja wiasciwosci komorek T (obecno$é receptora TCR) oraz
komoérek NK (ekspresja molekuty CD56). Dotychczas przynalezno$¢ do populacji NKT
opierata si¢ na jednoczesnej obecnosci antygenow CD3 1 CDS56, jednakze zgodnie z
aktualnym stanem wiedzy ekspresj¢ molekuty CD56 uznaje si¢ za wskaznik aktywnego
fenotypu, czesto powiagzanego ze zwigkszong cytotoksycznos$cia 1 czgSciowym
podobienstwem funkcji do komdrek NK. Wraz z odkryciem, ze CD56 nie jest markerem
swoistym jedynie dla komorek NK, lecz wystepuje takze na aktywowanych limfocytach yd
1 af, klasyfikacja komorek NKT zostala zrewidowana celem wyodrebnienia nowej
subpopulacji okreslanej jako NKT-like [14-17]. Komoérki NKT-like wykazuja zdolno$¢ do
szybkiej produkcji szeregu cytokin m.in. interleukiny 4 (I1-4), interferonu gamma (IFN-y)

oraz czynnika martwicy nowotworow alfa (TNF-a) przez co wchodza w sposob posredni
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w interakcje z innymi komoérkami uktadu odpornosciowego i reguluja odpowiedz zapala
organizmu. Wytwarzaja takze cytotoksyczne biatka tj. perforyny i granzym B,
przyczyniajace si¢ do bezposredniej obrony skierowanej przeciw drobnoustrojom oraz
komoérkom nowotworowym [13,17]. Z uwagi na ich wysoka reaktywno$¢ i potencjat
immunomodulacyjny, stanowig one innowacyjny cel badan nad wptywem czynnikow
hormonalnych na funkcj¢ uktadu immunologicznego cztowieka. Rozw¢j immunologii, a w
szczeg6lnosci nowych metod szczegdlowej identyfikacji komorek, spowodowat

konieczno$¢ ponownej oceny 1 udoskonalenia klasyfikacji komorek.

Na podstawie ekspresji molekut powierzchniowych CD4+ i CD8+ komodrki NKT-like
mozemy podzieli¢ na 4 subpopulacje: CD8+CD4-, CD4+CD8-, CD4-CDS8- (double
negative; DN), and CD4+CD8+ (double positive; DP) [18]. Co istotne, powyzsze
subpopulacje r6znig si¢ profilem wydzielanych cytokin oraz sita zdolnosci
cytotoksycznych. Subpopulacja CD4-CD8+ komoérek NKT-like wydziela gtownie
cytokiny typu Thl, takie jak IFN-y 1 TNF-a. Z kolei subpopulacja CD4+CDS8- wykazuje
profil cytokinowy typu Th2, produkujac przede wszystkim IL-4, interleuking 10 (IL-10)
oraz interleuking 13 (IL-13). Subpopulacja DN charakteryzuje si¢ najsilniejszym
potencjatem cytotoksycznym sposrod wszystkich frakcji NKT-like, natomiast
subpopulacja DP jest najmniej liczna 1 wykazuje mieszany profil wydzielania cytokin
Th1/Th2, co $wiadczy o jej plastycznosci funkcjonalnej 1 zdolno$ci do modulowania

odpowiedzi immunologicznej w zaleznos$ci od kontekstu biologicznego [19,20].

Jak wspomniano powyzej, dotychczasowe badania wykazaly obecnos¢ licznych
receptorow hormonalnych, w tym TSHR na r6znych komorkach uktadu odpornosciowego.
W modelach do$wiadczalnych wykazano, ze tyreotropina (TSH) zwigksza aktywnos$¢
fagocytarng mysich DC, a takze selektywnie nasila wydzielanie interleukiny 1 beta (IL-1P)
1 interleukiny 12 (IL-12) w odpowiedzi na stymulacje czynnikami aktywujacymi
fagocytoze [3]. Dodatkowo, w potaczeniu z IL-2, TSH zwigkszata aktywnos¢ komorek NK
[21]. Natomiast Adamczewski 1 wsp. w swojej pracy wykazali istotny wzrost odsetka
komoérek NKT po podaniu rekombinowanej ludzkiej tyreotropiny (rhTSH) [22], co
sugerowato bezposredni mechanizm dzialania TSH na te komodrki. Podobne
przypuszczenia dotyczace takiego mechanizmu zostaly wysunigte rowniez w innych
badaniach [23]. Oprdcz bezposredniego wpltywu na komorki odpornosciowe, TSH moze

réwniez oddziatywaé posrednio, modulujagc wydzielanie cytokin przez komorki
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immunokompetentne oraz modyfikujac ich wrazliwos$¢ na te cytokiny. Pomimo rosnacej
liczby doniesien dotyczacych udziatu ukladu wydzielania wewngtrznego w regulacji
odpowiedzi odpornosciowej, ekspresja receptora TSHR na komoérkach NKT-like nie byta

dotad przedmiotem badan.

Uwzgledniajac znaczenie TSH w regulacji funkcji uktadu odpornosciowego, zasadne stato
si¢ rozszerzenie analiz o inne czynniki hormonalne o udokumentowanym dziataniu
immunomodulujacym, takie jak witamina D [4-7]. Wykazano, ze aktywacja szlaku
sygnatowego witamina D — VDR odgrywa istotng role¢ w prawidtowym rozwoju komoérek
invariant Natural Killer T (iNKT). W modelach zwierzecych niedobor witaminy D w
okresie ptodowym prowadzil do epigenetycznych zmian skutkujagcych zmniejszeniem
liczby tych komoérek [24-25]. Udowodniono réwniez, ze suplementacja witaming D
zwigkszala 1los¢ komorek NKT we krwi obwodowej pacjentow z chorobg koronawirusowg
(COVID-19) przebywajacych na oddziale intensywnej opieki medycznej [26]. Pomimo
rosngcego zainteresowania rolg witaminy D w regulacji odpowiedzi immunologicznej, jej
wplyw na poszczegdlne subpopulacje komorek NKT-like nie zostal dotychczas

szczegdlowo przeanalizowany.

Nie tylko czynniki hormonalne, lecz takze metaboliczne 1 srodowiskowe, takie jak stres
oksydacyjny czy hiperglikemia, mogg wplywa¢ na funkcjonowanie komodrek
immunokompetentnych. W badaniu Tang 1 wsp. [8] wykazano istotne zmniejszenie liczby
komorek NKT-like we krwi obwodowej pacjentow z cukrzyca typu 2 (DM2) i
wspotistniejacg cigzka hiperglikemig. Zanotowano réwniez, ze hiperglikemia nie tylko
modyfikuje profil wydzielanych przez komorki NKT-like cytokin z Th1 na Th2, ale takze
nasila ich aktywnos$¢ [9—12]. Majac na uwadze powyzsze wyniki, poziom glikemii jest
ewidentnie czynnikiem oddziatujacym na komoérki NKT-like, jednakze w dostepnej
literaturze wcigz brakuje szczegdétowych danych dotyczacych wplywu hiperglikemii na

subpopulacje komoérek NKT-like.

Zatem celem naszego projektu byto w pierwszym jego etapie — okreslenie ekspresji TSHR
na komoérkach NKT-like, a w kolejnych etapach — ocena wptywu hiperglikemii i steZzenia

witaminy D na subpopulacje komoérek NKT-like.

W pierwszej z cyklu prac analizowane komorki CD3+CD56+ okreslono jako komorki

NKT, co bylo zgodnie z éwczesnym stanem wiedzy oraz obowigzujagcym w literaturze
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naukowej nazewnictwem. Takie podej$cie pozwalato na mozliwo$¢ pordéwnania z
wczesniejszymi badaniami, w ktérych stosowano identyczng metodologie. W kolejnych
latach, wraz z rozwojem metod detekcji komodrek uktadu odpornosciowego, dokonano
aktualizacji terminologii i populacj¢ komoérek CD3+CD56+, bedaca grupa heterogenna
limfocytéw T o cechach komoérek NK, zaczeto okreslaé jako komorki NKT-like, a nazwa
komorki NKT zostata zarezerwowana wylacznie dla komorek rozpoznajacych antygeny za
pomoca czasteczki CD1d (invariant NKT, iNKT). W zwiazku z tym, w drugiej i trzeciej
publikacji przyjeto juz zaktualizowane nazewnictwo, ktore lepiej odzwierciedla obecny
stan wiedzy immunologicznej. Zmiana ta stanowi efekt modyfikacji terminologii 1 jest
skutkiem postepu naukowego, a nie r6znic metodologicznych pomiedzy poszczegdlnymi
badaniami. Dla zachowania spdjnosci terminologicznej, w dalszej czgsci pracy komorki o

fenotypie CD3+CD56+ beda okreslane jako NKT-like.

Grupe badang stanowili pacjenci z cytologicznie tagodnymi zmianami ogniskowymi
tarczycy, hospitalizowani w Klinice Endokrynologii i Chorob Metabolicznych Instytutu
Centrum Zdrowia Matki Polki w Ltodzi Iub tez diagnozowani w poradni
endokrynologicznej Instytutu w latach 2022-2024. Od kazdego uczestnika badania pobrano
probki krwi zylnej (2 % 4,9 mL), z ktérych nastepnie wyizolowano jednojadrzaste komorki
krwi obwodowej (PBMC). Z uzyskanej frakcji PBMC wyodrebniono populacje komoérek
NKT-like (CD3+CD56+) przy uzyciu technik cytometrii przeptywowej (FC). Do
pierwszego etapu badan obejmujgcego analiz¢ ekspresji TSHR, wiaczono 86 pierwszych
przebadanych pacjentow, ktoérych podzielono na dwie grupy: 28 pacjentow z
autoimmunologicznymi chorobami tarczycy (AITD), w tym 21 z chorobg Hashimoto i 7 z
chorobg Gravesa-Basedowa, oraz grupe kontrolng (58 osob) bez AITD. Ekspresje TSHR
na powierzchni komorek NKT oceniano z wykorzystaniem techniki sortowania komorek
znakowanych fluorescencja (FACS), a nastepnie uzyskane wyniki potwierdzono metoda
reakcji tancuchowej polimerazy z odwrotng transkrypcja (RT-PCR). Na etapie kolejnej
pracy, analizujacej wptyw hiperglikemii na rozktad subpopulacji komorek NKT-like,
sposrod 104 wlaczonych pacjentéw wyodrgbniono 24 pacjentéw z rozpoznang cukrzyca
typu 2 (DM2) oraz 62 osoby stanowigce grupe kontrolng. Z badania wykluczono osoby ze
stanem przedcukrzycowym, chorobami nowotworowymi oraz aktywnymi infekcjami,
ktore mogltyby wptywaé na wyniki analiz. Do ostatniej z analiz cyklu, oceniajacej wpltyw
stezenia witaminy D na subpopulacje komoérek NKT-like zakwalifikowano wytacznie

pacjentdéw, u ktorych nie stwierdzono schorzen, ani nie odnotowano przyjmowania lekow
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wplywajacych na gospodarke wapniowo-fosforanowa. Wiekszos$¢ badanych (71 osob, tj.
82,6%) przyjmowata suplementacj¢ cholekalcyferolem w dawkach od 1000 do 4000 IU na
dobe. Ponadto 8% uczestnikow stosowato preparaty magnezu, a 5% — suplementy kwasoéw

omega-3.

Od wszystkich uczestnikow badania uzyskano pisemna, $wiadomg zgode na udzial w
projekcie po uprzednim przedstawieniu celu, zakresu i zalozen badania. Projekt uzyskat

pozytywng opini¢ Komisji Bioetycznej Instytutu Centrum Zdrowia Matki Polki w Lodzi.

O zasadnosci potaczenia trzech publikacji w jeden cykl badawczy decyduje przede
wszystkim fakt, iz wszystkie prace koncentrujg si¢ na analizie komorek NKT-like. W
pierwszej z publikacji oceniano ekspresj¢ TSHR na komorkach NKT-like, porownujac
dodatkowo pacjentow z AITD z osobami bez cech autoimmunizacji. Druga praca
poswiecona byta analizie wptywu stezenia glukozy w surowicy krwi obwodowej oraz
istniejgcego rozpoznania cukrzycy na subpopulacje komorek NKT-like, natomiast trzecia
dotyczyta zalezno$ci pomiedzy stezeniem witaminy D a immunofenotypowym
zroznicowaniem subpopulacji  komorek NKT-like. Poza $cistym powigzaniem
tematycznym 1 logiczng cigglos$cig zagadnien, prace te taczy réwniez wspoOlny zespot
badawczy, zaangazowany w opracowanie koncepcji 1 realizacj¢ badan, oraz jednolita

metodologia, obejmujgca zarowno czes$¢ laboratoryjna, jak i analize statystyczng.

Zebrane wyniki badan opublikowano w postaci trzech wzajemnie powigzanych prac
oryginalnych, ktore wspolnie tworzg spojny cykl badawczy, bedacy zrédtem nowych

wnioskéw naukowych.

Cykl obejmuje:

1. Publikacje okreslajaca ekspresje receptora dla tyreotropiny (TSHR) na komérkach
NKT-like.

2. Publikacje oceniajaca wplyw hiperglikemii na subpopulacje komorek NKT-like.

3. Publikacje oceniajaca wptyw stgzenia witaminy D na subpopulacje komdrek NKT-

like.
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Omowienie osiggnie¢ badawczych kandydata opisanych w cyklu publikacji, na tle

aktualnego stanu wiedzy.

Cykl publikacji otwiera praca, ktorej celem byta analiza ekspresji TSHR na powierzchni
komorek NKT-like. Dotychczas wykazano ekspresj¢ TSHR w licznych narzadach i
tkankach ludzkiego organizmu, m.in. na komoérkach uktadu odpornosciowego takich jak
limfocyty B, T, makrofagi, DC oraz komorki NK, jednakze ekspresja TSHR na komoérkach
NKT-like nie byta do tej pory przedmiotem badan [2,3].

W tej pracy badane komorki CD3+CD56+ okreslono jako ,.komorki NKT”, co byto zgodne
z 6wczesnym stanem wiedzy. W kolejnych pracach cyklu oraz w dalszej czgsci rozprawy,
majac na uwadze aktualne dane literaturowe, przyjeto jednolite okreslenie ,,komdrki NKT-
like”, ktore doktadniej charakteryzuje heterogenng populacje limfocytow T o cechach
komoérek NK. Zmiana ta — jak wspomniano powyzej — byla efektem rewizji terminologii 1
skutkiem postepu naukowego, a nie r6znic metodologicznych pomiedzy poszczegdlnymi

badaniami.

Analizg objeto 86 pacjentow z tagodnymi zmianami ogniskowymi tarczycy, w tym 28 0so6b
z AITD oraz 58 bez cech autoimmunizacji. W obu grupach poréwnano podstawowe
parametry kliniczne takie jak wiek, ple¢ oraz poziomy hormondéw 1 przeciwciat
przeciwtarczycowych [tyreotropiny (TSH), wolnej trijodotyroniny (fT3), wolnej tyroksyny
(fT4), przeciwciat przeciwko peroksydazie tarczycowej (anty-TPO), przeciwciat
przeciwko tyreoglobulinie (anty-Tg), przeciwcial przeciwko receptorowi dla TSH
(TRADb)]. Obie grupy nie réznily si¢ istotnie pod wzgledem wieku, plci 1 czynnosci
tarczycy, natomiast w grupie z AITD stwierdzono znaczaco wyzsze st¢zenia przeciwciat
anty-TPO 1 anty-Tg, co potwierdzato aktywny proces autoimmunologiczny. Nie wykazano
istotnosci statystycznej w zakresie TRAb, co mozna ttumaczy¢ faktem, ze w grupie z AITD
jedynie 7 os6b chorowato na GD, z czego tylko jedna byla pacjentem ze §wiezo rozpoznang

postacig choroby i wysokim ste¢zeniem TRAD.

Krew Zylng pobierano od uczestnikow badania o godzinie 6:00, na czczo, a z probek
izolowano jednojadrzaste komorki krwi obwodowej (PBMC) metoda gradientows.
Nastepnie z frakcji PBMC wyodrebniono komoérki NKT-like (CD3+CD56+) przy uzyciu
magnetycznego separatora komoérek (Miltenyi Biotec). Uzyskana czysto$¢ frakcji NKT-

like wynosita §rednio 93,2%, co potwierdzono analizg FACS.
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W pierwszym etapie badania ekspresj¢ TSHR na komoérkach NKT-like oceniono przy
pomocy FACS, wykorzystujac przeciwciata sprzezone z fluorochromami przeciwko CD3,
CD56 oraz TSHR. Dodatkowo wykonano barwienia kontrolne na catej populacji PBMC,
aby potwierdzi¢ wiarygodno$¢ zastosowanego przeciwciala anty-TSHR, uzyskujac
ekspresje TSHR na 2,77% komorek sposrod PBMC. W drugim etapie badania celem
weryfikacji wynikow zastosowano wysokoczuta reakcje tancuchowej polimerazy z
odwrotng transkrypcja (RT-PCR), umozliwiajacg oceng ekspresji genu TSHR na poziomie
mRNA. Z uwagi na potrzebe uzyskania duzej ilo$ci materiatu komérkowego, do analiz RT-
PCR wykorzystano kozuszki leukocytarno-ptytkowe od zdrowych oséb z Regionalnego

Centrum Krwiodawstwa 1 Krwiolecznictwa w Lodzi.

Wyniki uzyskane metoda FACS wykazaty brak ekspresji receptora TSHR na komorkach
NKT-like zaré6wno u pacjentéow z AITD, jak 1 bez tych chorob. Nie stwierdzono rowniez
wplywu leczenia tyreostatycznego ani leczenia lewotyroksyna wynik analizy. Metoda RT-
PCR takze nie wykazata ekspresji genu 7SHR w wyizolowanych komoérkach NKT-like,
podczas gdy w calej frakcji PBMC sygnat ekspresji dla TSHR byt obecny (mediana ACt =
10,3). Analizy statystyczne z wykorzystaniem testu Fishera oraz testu chi-kwadrat
wykazaly istotno$¢ réznic (p < 0,0001), co potwierdzito wiarygodno$¢ uzyskanych
rezultatow. Wyniki analizy ekspresji genow uzyskane metodg RT-PCR przedstawiono na

Rycinie 1.
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Rycina 1. Wyniki reakcji tancuchowej polimerazy z odwrotng transkrypcja (RT-PCR).
Krzywe amplifikacji dla genow: dehydrogenazy gliceraldehydu-3-fosforanu (GAPDH)
oraz receptora dla tyreotropiny (TSHR), uzyskane z jednojadrzastych komorek krwi

obwodowej (PBMC) oraz komorek Natural Killer T-like (NKT-like).

Zgodnie z dotychczasowymi badaniami ekspresja TSHR jest najbardziej nasilona na DC 1
limfocytach B, natomiast niewielka na komorkach T 1 NK [2-4]. Adamczewski 1 wsp. [22]
opisali wzrost liczby komoérek NKT po podaniu rekombinowanej ludzkiej tyreotropiny
(rhTSH), a Miko i1 wsp. [23] zaobserwowali zwigkszenie odsetka tych komorek u kobiet z
AITD 1 zaburzeniami ptodno$ci. Wyniki naszej pracy neguja mozliwos$¢ bezposredniego
receptorowego oddziatywania TSH na komorki NKT-like. Wskazuja natomiast na posredni
mechanizm regulacyjny, zwigzany prawdopodobnie z udzialem innych komorek
immunokompetentnych lub cytokin. Mozliwym mechanizmem posredniczacym w szlaku
sygnatowym TSH — komorki NKT jest udziat DC, ktorych zwigkszong liczbg wykazano w
tkankach tarczycy oséb z GD i1 HT [27-31]. Ponadto, w pracy opublikowanej przez
Bessoles 1 wsp. [32] zaobserwowano, ze interleukina 2 (IL-2) moze aktywowaé w
komorkach NKT szlak sygnatowy transduktora sygnatu i aktywatora transkrypcji 6
(STAT6), prowadzac do sekrecji cytokin zaré6wno prozapalnych (IFN-y), jak i

przeciwzapalnych (IL-4). W $wietle analiz Komorowskiego 1 wsp. [33,34], ktorzy opisali
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wzrost stezenia IL-2 u chorych z niedoczynno$cig tarczycy, mozna przypuszczaé, ze TSH

reguluje funkcje komoérek NKT-like posrednio rowniez poprzez produkcje 1L-2.

Podsumowujac, nasze badanie dostarczylo pierwszych w literaturze dowodoéw na brak
ekspresji TSHR na komodrkach NKT-like, zar6wno na poziomie biatkowym, jak i na
poziomie mRNA. Wynik ten wskazuje, ze wplyw TSH na komorki NKT-like ma charakter
posredni, zwigzany prawdopodobnie z oddzialywaniem z innymi komorkami uktadu
odpornosciowego oraz wydzielanymi przez nie cytokinami. Odkrycie to podwaza
wczesniejsze hipotezy dotyczace bezposredniego dziatania TSH na komorki NKT-like w
chorobach autoimmunizacyjnych tarczycy, wskazujac jednoczesnie nowe kierunki badan

nad ztozonymi zaleznosciami migdzy uktadem dokrewnym a odpornosciowym.

Celem drugiej publikacji z omawianego cyklu bylo przeanalizowanie wplywu
hiperglikemii, w tym istniejacej cukrzycy, na subpopulacje komoérek NKT-like. W
dotychczasowej literaturze wykazano negatywny wplyw hiperglikemii na liczebnos¢ 1
czynno$¢ komoérek NKT-like, jednakze brakuje badan oceniajacych wplyw stezenia

glukozy na subpopulacje komoérek NKT-like [8-12].

Badaniem objeto 24 pacjentow z DM2, natomiast grupe kontrolng stanowity 62 osoby bez
zaburzen gospodarki weglowodanowej. Kryteriami  wykluczenia byly: stan
przedcukrzycowy, aktywne choroby nowotworowe, infekcyjne lub zapalne, mogace

wplywac na stezenie glukozy.

Probki krwi zylnej pobrano od pacjentow o godzinie 6.00, na czczo. Nastepnie izolowano
PBMC metoda gradientowa oraz wyodrebniano komorki NKT-like (CD3+CD56+) za
pomoca FC. Uzyskano wysoka czysto$¢ populacji, ze $rednim odsetkiem 93,2% (zakres
80,1-99,1%). W kolejnym etapie badania dokonano analizy subpopulacji komorek NKT-
like. Komorki znakowano przeciwcialami monoklonalnymi  sprz¢zonymi z
fluorochromami: CD3 (APC, klon UCHT1), CD56 (PE-Cy7, klon B159), CD4 (FITC, klon
SK3) oraz CD8 (PerCP, klon SK1). Dodatkowo zastosowano przeciwciato przeciwko
tancuchowi TCR Va24JaQ (PE, klon 6B11), celem wyodrebnienia populacji komorek
INKT, uzyskujac bardzo niska liczebno§¢ wymienionej populacji (~1,2% analizowane;j
populacji). W badaniu nie oceniano ekspresji receptorow TCR off 1 v, dlatego dalsze

wyniki odnoszg si¢ do heterogennej populacji CD3+CD56+ NKT-like.
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Komorki NKT-like podzielono wedlug ekspresji molekut CD4 i CD8 na cztery
podstawowe subpopulacje: CD4-CDS8- (double negative, DN), CD4-CD8+, CD4+CD8—
oraz CD4+CD8+ (double positive, DP). Dalsza, szczegoétowa analiza ujawnita
zréznicowanie w obrebie populacji CD8+ pod wzgledem sity ekspresji tej molekuty oraz
molekuly CD4, dlatego wyodrebniono dodatkowe podtypy, t.j. wsréd komoérek DP:
CD4highCD8mid oraz CD4midCD8high, natomiast w grupie CD4-CD8+: CD4-CD8mid i
CD4-CD8high. Wprowadzony tutaj podziat subpopulacji komoérek NKT-like jest
catkowicie nowatorski, a w dotychczas opublikowanych pracach nigdy nie wyodrebniono
tak szczegdtowych podtypow subpopulacji komorek NKT-like. Odsetki poszczegolnych
subpopulacji wyrazano procentowo wzgledem catkowitej liczby komoérek NKT-like oraz,
w analizach szczegdlowych, wzgledem odpowiedniej populacji nadrzgdnej. Strategi¢ ich
identyfikacji przedstawiono na Rycinie 2, ilustrujacej przyktad bramkowania komorek z

wykorzystaniem cytometrii przeptywowe;.
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Rycina 2. Przyktad ilustrujacy strategi¢ identyfikowania subpopulacji komorek NKT-like

w analizie z wykorzystaniem cytometrii przeplywowe;j
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Sredni wiek pacjentéow w grupie kontrolnej wynosit 59,7 + 13,7 lat, natomiast w grupie
DM2 — 64,96 + 11,3 lat. Stezenie glukozy na czczo byto istotnie wyzsze u pacjentow z
cukrzyca ($rednio 125,9 mg/dl) niz w grupie kontrolnej (91,1 mg/dl). Analiza nie wykazata
wplywu plci na rozktad subpopulacji NKT-like. We wstgpnym etapie badania dokonano
porownania czterech glownych subpopulacji NKT-like, ktére ujawnitlo znamiennie
mniejszy odsetek komoérek DN u pacjentow z DM2 (8,28 + 8,76%) w poréwnaniu do grupy
kontrolnej (16,67 £ 15,84%; p = 0,007). Dla pozostatych subpopulacji (CD4-CD8+,
CD4+CDS8-, CD4+CD8+) nie stwierdzono istotnych réznic. Dodatkowa analiza z
wykorzystaniem wartosci progowe] 9% udzialu DN NKT-like wykazata, ze czestos¢
cukrzycy byta ponad trzykrotnie nizsza w grupie z wyzszym odsetkiem DN niz wsrod osob
z jego niskim poziomem (OR = 0,318; p = 0,023). Szczegoétowe wyniki analiz progowych

przedstawiono na Rycinie 3.
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Rycina 3 Odsetek pacjentow z niskg (ponizej danego progu) procentowa zawartoscia
subpopulacji CD4-CDS8- we krwi obwodowej w grupie z cukrzycg typu 2 (DM2 — zotty
wykres, n = 24) i w grupie kontrolnej (zielony wykres, n = 62).

Kolejnym etapem badania byta ocena zalezno$ci pomig¢dzy odsetkiem poszczeg6lnych
subpopulacji komorek NKT-like a stezeniem glukozy 1 wskaznikiem masy ciata (BMI).
Analiza ta miata na celu ustalenie, czy obserwowany spadek liczby komérek DN NKT-like

u pacjentow z DM2 stanowi bezposrednia konsekwencje hiperglikemii, czy raczej posredni

23



skutek zaburzef immunologicznych zwigzanych z otylosciag. Wykazano istotng, ujemnag
korelacj¢ pomiedzy odsetkiem komoérek DN NKT-like a poziomem glukozy, natomiast nie
stwierdzono zalezno$ci migedzy subpopulacjami NKT-like a warto§ciag BMI. Na podstawie
powyzszych wynikow sformutowano hipotezg, w ktorej zatozono, ze hiperglikemia
wptywa na subpopulacje komoérek NKT-like wykazujace niska ekspresje molekulty CDS8
lub jej brak. Przeprowadzono wnikliwg ocene, ktora wykazata ujemna korelacje pomiedzy
stezeniem glukozy a odsetkiem komoérek CD4-CD8mid, zaréwno wzgledem catkowitej
liczby komorek NKT-like jak 1 wylacznie wobec subpopulacji CD4-CD8+. Nie
stwierdzono natomiast istotnych zaleznos$ci dla pozostalych podtypow (CD4-CD8high,
CD4+CD8+, CD4+CDS8-, CD4highCD8mid, CD4midCD8high). Otrzymane wyniki
potwierdzity przypuszczenie, iz hiperglikemia moze prowadzi¢ do redukcji liczby komorek
NKT-like o braku lub niskim poziomie ekspresji molekuly CD8. Nie zaobserwowano

natomiast podobnej zalezno$ci w odniesieniu do podtypu CD4-CD8high.

Uzyskane wyniki pozostajg w zgodzie z doniesieniami z pracy Tang i wsp. [8], ktorzy
zaobserwowali zmniejszenie liczby krazacych komoérek NKT-like u pacjentow z DM2,
zwlaszcza u osob z przewlekta, cigzka hiperglikemig. Natomiast w naszym badaniu
oceniano subpopulacje komorek NKT-like pacjentow z umiarkowanie podwyzszonym
poziomem glukozy, co potwierdza, ze nawet niewielkiego stopnia hiperglikemia moze

prowadzi¢ do zmian w profilu immunologicznym komorek NKT-like.

Wazne wnioski dotyczace zaburzen w funkcjonowaniu komorek NKT-like w cukrzycy
przedstawita takze Dworacka 1 wsp. [9], wykazujac, ze w stanie przedcukrzycowym
wystepuje zwigkszona liczba aktywowanych komorek NKT-like. natomiast u pacjentow z
rozwinigta cukrzycg ich ilo$¢ ulega zmniejszeniu. Réwniez Guo i wsp. [11] analizowali
aktywno$¢ komorek NKT u pacjentdéw z nowo rozpoznang cukrzyca, uzyskujac rezultaty
odpowiadajace wynikom pracy Dworackiej. Z kolei badanie Phoksawat 1 wsp. [10]
wykazato, ze u chorych z DM2 komoérki NKT-like charakteryzuja si¢ nasilonym
wytwarzaniem IL-17, co wskazuje na zmiang ich profilu wytwarzanych cytokin w kierunku
prozapalnym. Natomiast Gajovi¢ i wsp. [12] wykazali, ze hiperglikemia moze powodowac
modyfikacj¢ profilu cytokinowego NKT w kierunku odpowiedzi typu Th2, z wigksza
produkcja IL-4 i transformujacego czynnika wzrostu beta (TGF-). Autorzy sugeruja, ze
zmiana ta moze przyczynia¢ si¢ do zwigkszonej podatnosci na infekcje i nowotwory u

pacjentéw z DM2. Wyniki naszej pracy potwierdzaja powyzsze obserwacje i — co
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najwazniejsze — dostarczajg catkowicie nowatorskich wnioskow, iz ostabienie odpornosci
chorych z DM2, moze by¢ zalezne od redukcji subpopulacji komoérek DN NKT-like,
odznaczajacych si¢ szczegdlnie silnymi wiasciwosciami cytotoksycznymi w obronie
przeciwdrobnoustrojowej oraz przeciwnowotworowej. Warto ponownie podkresli¢, ze
zaobserwowane zaburzenia sg bezposrednim skutkiem hiperglikemii, niezaleznym od

zaburzen metabolicznych zwigzanych z otytoscia.

Kolejna praca, ostania z cyklu publikacji, badata wpltyw stezenia witaminy D na
subpopulacje komoérek NKT-like. Dotychczasowe badania wykazatly, ze szlak sygnatowy
witamina D — VDR niezbedny jest do prawidtowego rozwoju komoérek iNKT [24,25].
Udowodniono rowniez, ze podawanie witaminy D prowadzito do wzrostu liczby komorek
NKT we krwi obwodowej u pacjentow z COVID-19 hospitalizowanych na oddziale
intensywnej terapii [26]. Mimo intensywnie rozwijajacych si¢ badan nad wplywem
witaminy D na uktad odpornosciowy, jej oddziatywanie na poszczegdlne subpopulacje

komorek NKT-like nie byto jak dotad analizowane.

Analizg objeto pacjentéw (68 kobiet 1 18 mezczyzn) z potwierdzong cytologicznie fagodna
chorobg guzkowg tarczycy. Z badania wykluczono osoby ze schorzeniami oraz
przyjmowanymi lekami mogacymi wplywaé na stezenie wapnia i/lub witaminy D.
Wigkszos¢ uczestnikow (82,6%) suplementowata witaming D w dawkach 1000—4000
IU/dobe. Sredni wiek badanych wynosit 58,1 + 14,1 lat, a sredni wskaznik BMI 25,3 + 3,9
kg/m?.

Probki krwi zylnej celem oznaczenia witaminy D oraz wapnia catkowitego pobierano o
godzinie 6:00, na czczo. Stgzenia witaminy D 1 wapnia catkowitego oznaczano metoda
elektrochemiluminescencyjng (ECLIA, Cobas e601, Roche Diagnostics). PBMC
izolowano metoda gradientowa, a nastgpnie wyodrebniano komoérki NKT-like
(CD3+CD56+) przy uzyciu FC. W dalszym etapie analizowano subpopulacje NKT-like,
wykorzystujac znakowanie przeciwciatami monoklonalnymi molekuty: CD3 (APC, klon
UCHT1), CD56 (PE-Cy7, klon B159), CD4 (FITC, klon SK3) i CD8 (PerCP, klon SK1).
Dodatkowo zastosowano przeciwciato anty-TCR Va24JaQ (PE, klon 6B11) w celu
identyfikacji komorek iNKT, ktore stanowily okoto 1,2% badanej populacji. Z uwagi na
brak oceny ekspresji receptoréw TCR aff i yd, dalsze analizy dotyczyly heterogennej
populacji CD3+CD56+ NKT-like. Na podstawie ekspresji CD4 i CD8 wyrdzniono cztery
gléwne subpopulacje: CD4-CDS-, CD4-CD8+, CD4+CD8- oraz CD4+CDS8+.
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Zastosowano nastgpnie nowatorski podziat subpopulacji na podtypy, ktory
wprowadziliSmy w poprzedniej pracy. Ta dodatkowa analiza wykazata zréznicowanie w
obrebie komorek CD8+, co pozwolito na wyodrgbnienie podtypow, t.j. wérod komorek DP:
CD4highCD8mid oraz CD4midCD8high, natomiast w grupie CD4-CD8+: CD4-CD8mid i
CD4-CD8high. Udziaty poszczegolnych subpopulacji wyrazano jako procent catkowitej
liczby komorek NKT-like oraz, w analizach szczegdtowych, wzglgdem populacji

nadrzedne;.

Srednie stezenie witaminy D w grupie badanej wynosito 31,7 + 16,9 ng/mL, a stezenie
wapnia catkowitego 2,33 + 0,15 mmol/L. Nie wykazano istotnej korelacji pomig¢dzy
poziomami obu wymienionych parametrow, co bylo oczekiwane w grupie bez zaburzen

gospodarki wapniowo-fosforanowe;.

Dalsza analiza ujawnita, ze sposrod czterech gtownych subpopulacji komérek NKT-like
jedynie komorki CD4-CD8+ wykazywaly istotng dodatnig korelacj¢ z poziomem witaminy
D (wspodiczynnik korelacji Pearsona wynosit 0,312 (p = 0,003)), natomiast wspotczynnik
rang Spearmana (p) — 0,225 (p = 0,006). Dla pozostatych populacji nie stwierdzono

zaleznosci istotnych statystycznie.

W kolejnym etapie badania, z zastosowaniem bardziej szczegotowego podziatu
subpopulacji wzgledem sity ekspresji molekuly CD8 wykazano, ze podtyp CD4-CD8high
rowniez korelowat dodatnio z poziomem witaminy D (wspotczynnik korelacji Pearsona p
= 0,328, p = 0,004; oraz wspotczynnik rang Spearmana p = 0,262, p = 0,021). Zaleznosci
tej nie obserwowano w przypadku komoérek CD4-CD8mid oraz — co istotne — efekt ten byt

niezalezny od st¢zenia wapnia.

Aby potwierdzi¢ powyzsze wyniki, przeprowadzono analiz¢ klasterowa wyrozniajac trzy
grupy pacjentow, z ktorych klaster o najwyzszym odsetku komorek CD4-CD8+
charakteryzowat si¢ istotnie wyzZszym poziomem witaminy D w poréwnaniu z klastrem z
przewaga komoérek CD4+CD8— (p = 0,027, test Manna—Whitneya). Wykonano takze
analiz¢ progowa, dzielac uczestnikow na grupy z wyraznym (>50%) lub mniejszym
udziatem komorek CD4-CD8+. Analiza potwierdzita, Ze osoby z przewaga subpopulacji
CD4-CD8+ mialy wyraznie wyzsze st¢zenie witaminy D (34,4 vs 25,2 ng/mL; p = 0,002).
Zalezno$¢ pomiedzy podtypem CD4-CD8high a stezeniem witaminy D przedstawiono na
Rycinie 4.
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Rycina 4. Zalezno$¢ pomigdzy poziomem witaminy D a warto$cig odsetkowa komorek

NKT-like podtypu CD4-CD8high (na czerwono — prosta regresji liniowe;j).

Wykazana dodatnia korelacja pomiedzy stezeniem witaminy D a ilo$cig komorek CD4-
CD8+ NKT-like, a szczegdlnie populacji CDS8high, wskazuje, ze witamina D moze
promowaé rozwoj lub przezycie tych komorek. Jest to zgodne z wczesniejszymi
obserwacjami z modeli zwierzgcych, gdzie suplementacja witaming D prowadzita do
zwiekszenia liczby 1 aktywnosci komorek iNKT wyizolowanych z watroby oraz $ledziony
[24,25]. Ponadto zaobserwowano, ze suplementacja witaminy D moze zwieksza¢ odsetek
komorek NKT we krwi pacjentow z COVID-19 hospitalizowanych na oddziale

intensywnej terapii [26], co istotnie podkresla potencjat immunostymulujacy tej zaleznosci.

Warto zwrdci¢ uwage, ze zwigzek pomiedzy stezeniem witaminy D a subpopulacjami
NKT-like nie byt dotychczas opisywany. Dostepne dane skupiaty sie przede wszystkim na
jej dziataniu wobec catkowitej populacji komoérek NKT-like, w kontekscie regulacji
odpowiedzi immunologicznej w  przebiegu chordéb autoimmunizacyjnych i
nowotworowych [35-37]. Uzyskane w niniejszej pracy wyniki rozszerzaja t¢ wiedze,
pokazujac, ze witamina D moze réwniez modulowac rozktad subpopulacji komorek NKT-
like promujac podtyp CD4-CD8+ wydzielajacy istotne dla przebiegu wyzej wymienionych
schorzen cytokiny, takie jak IFN-y and TNF-o. Brak korelacji ze st¢zeniem wapnia
calkowitego potwierdza, ze efekt ten wynika 2z bezposredniego dziatania

immunomodulujacego witaminy D, a nie z jej wplywu na gospodarke wapniowa.
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Podsumowanie 1 wnioski

Komorki NKT-like sg tzw. pomostem taczacym odpornos¢ wrodzong i nabyta oraz
odgrywaja istotng role w przebiegu choréb autoimmunizacyjnych, nowotworowych i
zakaznych. Cykl przedstawionych badan obejmowat trzy prace oryginalne, ktore tacznie
stanowig istotny wktad w poznanie czynnikow oddziatujacych na komoérki NKT-like. Brak
ekspresji receptora TSHR na powierzchni komorek NKT-like wyklucza mozliwos¢ ich
bezposredniego oddziatywania z TSH 1 sugeruje posredni wplyw tego hormonu na ich
funkcje, prawdopodobnie poprzez inne komorki uktadu odpornosciowego lub cytokiny.
Obserwacja ta zmienia wczesniejsze zatozenia dotyczace mechanizmu oddziatywania
TSH-NKT w patogenezie AITD i1 wskazuje nowy obszar badan nad interakcjami uktadu
immunologicznego 1 dokrewnego. Innym czynnikiem modulujacym komorki NKT-like, a
doktadniej rozklad ich subpopulacji, okazata si¢ hiperglikemia. W kolejnym badaniu
wykazano, ze nawet umiarkowanie podwyzszone st¢zenie glukozy, niezaleznie od warto$ci
wskaznika BMI, wigze si¢ ze zmniejszeniem odsetka subpopulacji CD4-CD8- komorek
NKT-like, charakteryzujacej si¢ wysokim potencjatem cytotoksycznym. Obserwowana
zmiana w strukturze subpopulacyjnej tych komorek moze stanowi¢ istotny mechanizm
immunologiczny, ktory przyczynia si¢ do zwigkszonej podatnosci pacjentow z DM2 na
infekcje oraz rozwoj chorob nowotworowych. Liczebnos$¢ subpopulacji komorek NKT-like
ksztaltowana jest rowniez przez stg¢zenie witaminy D. W ostatniej z cyklu prac
zaobserwowano dodatnig korelacje pomiedzy st¢zeniem witaminy D a odsetkiem komorek
CD4-CD8+ NKT-like, szczegolnie podtypu CD8high. Efekt ten byt niezalezny od stezenia
wapnia, co potwierdza, ze zanotowany zwigzek wynika z immunomodulujacego dziatania
witaminy D, a nie z jej wptywu na gospodarke wapniowo-fosforanowa. Otrzymane dane
wskazuja, iz witamina D moze odgrywac role w utrzymaniu i réznicowaniu subpopulacji
CD4-CD8+ komoérek NKT-like, odpowiedzialnych za wydzielanie cytokin, takich jak IFN-
vy and TNF-a, zaangazowanych w  odpowiedz przeciwdrobnoustrojowa,
przeciwnowotworowa oraz w regulacje¢ procesow autoimmunizacyjnych. Uzyskane analizy
podkreslaja znaczenie wspotdziatania uktadow odpornosciowego oraz dokrewnego w
utrzymaniu homeostazy immunologicznej, a takze wskazuja nowe kierunki badan nad
kolejnymi czynnikami regulujacymi rozklad subpopulacji komorek NKT-like.
Przedstawione wyniki dostarczaja nowych informacji o znaczeniu komoérek NKT-like,
ktére moga mie¢ istotne znaczenie dla codziennej praktyki klinicznej w endokrynologii,

diabetologii 1 immunologii kliniczne;.
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STRESZCZENIE W JEZYKU POLSKIM

Tytul: Znaczenie komoérek NKT-like dla funkcjonowania uktadu dokrewnego

Wstep: Uktad immunologiczny i uklad dokrewny tworza wzajemnie powigzang sie¢, w
ktoérej hormony, cytokiny oraz komorki efektorowe oddziatuja na siebie wielokierunkowo,
zarbwno w sposob bezposredni jak i1 posredni. Coraz wigcej dowodow naukowych
potwierdza obecnos¢ receptoréw hormonalnych, takich jak receptor dla tyreotropiny
(TSHR) czy receptora dla witaminy D (VDR), na powierzchni komorek uktadu
odpornosciowego, w tym limfocytow T 1 B, monocytow, komoérek dendrytycznych (DC)
czy komorek Natural Killer (NK). Odkrycia te podkreslaja, ze czynniki endokrynne moga
petni¢ wazng role w ksztattowaniu odpowiedzi immunologicznej, co ma znaczenie w
patogenezie choroéb autoimmunizacyjnych, nowotworowych i zakaznych. Unikalng grupe
komorek o cechach taczacych odpornos¢ wrodzong i nabyta stanowig komorki Natural
Killer T-like (NKT-like), zdolne do szybkiej produkcji cytokin oraz biatek
cytotoksycznych. Z uwagi na ich zdolno$¢ do modulacji odpowiedzi zapalnej, stanowig
one wazny element badan nad mechanizmami wspoétdziatania uktadu immunologicznego 1
dokrewnego. Ocena czynnikéw hormonalnych i metabolicznych wptywajacych na rozktad
subpopulacji komoérek NKT-like we krwi obwodowej cztowieka stanowi istotny krok w
zrozumieniu zalezno$ci miedzy uktadem wydzielania wewnetrznego a ukladem
odpornosciowym i1 moze mie¢ znaczenie w rozwoju nowych narzedzi diagnostycznych i

terapeutycznych w medycynie kliniczne;.

Cele: Celem cyklu prac byta analiza ekspresji TSHR na powierzchni komorek Natural
Killer T (NKT) oraz ocena czynnikéw hormonalnych i metabolicznych modulujacych
rozktad subpopulacji komorek NKT-like. Badania miaty na celu poglgbienie wiedzy na
temat wspoétdziatania uktadu dokrewnego i odpornosciowego w regulacji funkcji tych

komorek.

Materialy i metody: Analiza objgto pacjentow diagnozowanych w Klinice
Endokrynologii i Choréb Metabolicznych oraz poradni przyklinicznej z powodu
cytologicznie tagodnych zmian ogniskowych tarczycy w latach 2022-2024. U wszystkich
uczestnikow wyizolowano metoda gradientowa jednojadrzaste komorki krwi obwodowe;j
(PBMC), a nastgpnie identyfikowano komorki NKT-like oraz ich subpopulacje za pomoca
cytometrii przeptywowej (FC).

33



W pierwszej z prac, analizujacej ekspresje TSHR, w celu potwierdzenia wynikow,
zastosowano rowniez metode reakcji tancuchowej polimerazy z odwrotng transkrypcja
(RT-PCR), wykorzystujac kozuszki leukocytarno-plytkowe od zdrowych dawcow krwi.
Poziom glikemii, wapnia catkowitego i witaminy D oznaczano z prébek krwi zylnej

pobranych rano, na czczo.

Wyniki: W pierwszej pracy wykazano brak ekspresji receptora TSHR na powierzchni
komorek NKT-like, a uzyskane wyniki potwierdzono zaré6wno na poziomie biatkowym,
jak 1 genetycznym, z wykorzystaniem metody sortowania komorek znakowanych
fluorescencja (FACS) oraz reakcji fancuchowej polimerazy z odwrotng transkrypcja (RT-
PCR). W drugim badaniu wykazano negatywny, niezalezny od BMI, wplyw umiarkowane;j
hiperglikemii na odsetek subpopulacji CD4-CD8- komoérek NKT-like. Zaobserwowano
rowniez ujemng zaleznos¢ miedzy stezeniem glukozy a liczbg komoérek CD4-CD8mid, co
sugeruje, ze nawet umiarkowana hiperglikemia moze prowadzi¢ do zaburzen profilu
immunologicznego tych komorek.
W trzecim badaniu stwierdzono dodatnig, niezalezng od stezenia wapnia catkowitego
korelacje pomiedzy poziomem witaminy D a liczebnosciag subpopulacji CD4-CD8+
komorek NKT-like, szczeg6lnie populacji CD8high, co wskazuje, ze witamina D moze

sprzyja¢ rozwojowi 1 przezyciu tych komorek.

Whioski: Cykl przedstawionych badan pozwolil na poszerzenie wiedzy dotyczacej
czynnikéw wplywajacych na komoérki NKT-like oraz ich subpopulacje. Wykazano, ze
komorki te nie wykazujg ekspresji TSHR, co wyklucza bezposredni wptyw tyreotropiny
(TSH), szczegbélnie w aspekcie autoimmunizacyjnych choroéb tarczycy (AITD).
Zaobserwowano takze, ze nawet umiarkowana hiperglikemia prowadzi do istotnego
zmniejszenia odsetka subpopulacji CD4-CD8- komorek NKT-like, co moze by¢ przyczyna
zwigkszonej podatnoscia pacjentow z cukrzyca typu 2 (DM2) na infekcje oraz choroby
nowotworowe. Ponadto zaobserwowana zalezno$¢ migdzy st¢zeniem witaminy D a
subpopulacja CD4-CD8+ komorek NKT-like, produkujacych cytokiny typu Thl,
przemawia za tym, ze witamina D moze uczestniczy¢ w regulacji aktywnos$ci tych
komorek. Uzyskane wyniki podkres$laja znaczenie czynnikow hormonalnych i
metabolicznych w modulowaniu funkcji uktadu odporno$ciowego oraz moga stanowié
podstawe do opracowania nowych strategii diagnostycznych i terapeutycznych w

chorobach autoimmunizacyjnych, nowotworowych oraz zakaznych.
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STRESZCZENIE W JEZYKU ANGIELSKIM

Title: The role of NKT-like cells in endocrine system

Introduction: The immune and endocrine systems form an interconnected network in
which hormones, cytokines, and effector cells interact in multiple directions, both directly
and indirectly. Increasing scientific evidence confirms the presence of hormonal receptors,
such as the thyroid-stimulating hormone receptor (TSHR) and the vitamin D receptor
(VDR), on the surface of immune cells, including T and B lymphocytes, monocytes,
dendritic cells (DC), and Natural Killer cells (NK). These data confirm that endocrine
factors have an important role in modulating the immune response, which is relevant to the
pathogenesis of autoimmune diseases, cancers, and infectious diseases. Natural Killer-T
like cells (NKT-like) form a unique population that links innate and adaptive immunity and
can rapidly produce cytokines and cytotoxic proteins. Due to their ability to modulate
inflammatory responses, these cells constitute an important aim of research on the
mechanisms integrating immune and endocrine system functions. The assessment of
hormonal and metabolic factors influencing the distribution of NKT-like cell
subpopulations in human peripheral blood represents a significant step toward
understanding the interrelationship between endocrine and immune systems and may
contribute to the development of new diagnostic and therapeutic strategies in clinical

medicine.

Aim: The purpose of the presented series of articles was to analyze the expression of TSHR
on the surface of NKT cells and to assess hormonal and metabolic factors modulating the
distribution of NKT-like cell subpopulations. The studies aimed to expand the knowledge
on role of the interactions between endocrine and immune systems in regulation of function

of these cells.

Materials and Methods: The analysis included patients diagnosed at the Department of
Endocrinology and Metabolic Diseases and in an outpatient clinic for benign thyroid
nodules between 2022 and 2024. Peripheral blood mononuclear cells (PBMCs) were
isolated using the gradient method from all the participants, followed by identification of
NKT-like cells and their subpopulations by a flow cytometry (FC) method. In the first
study, which analyzed TSHR expression, the results were additionally verified using
transverse transcription polymerase chain reaction (RT-PCR) method, performed on

leukocyte—platelet buffy coats obtained from healthy blood donors. The levels of glucose,
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total calcium, and vitamin D were determined from venous blood samples collected in the

morning, after overnight fasting.

Results: In the first study, no expression of TSHR was detected on the surface of NKT
cells, and this result was confirmed at both protein and genetic levels using fluorescence-
activated cell sorting (FACS) and RT-PCR. In the second study, a negative, BMI-
independent, effect of hyperglycemia on the percentage of CD4-CD8- NKT-like
subpopulations was demonstrated. A negative correlation between glucose concentration
and the number of CD4-CD8mid cells was also observed, suggesting that even moderate
hyperglycemia may lead to alterations in the immunological profile of these cells. In the
third study, a positive correlation, independent of total calcium levels, was found between
vitamin D concentration and the frequency of CD4-CD8+ NKT-like subpopulations,
particularly the CD8high subset, indicating that vitamin D may promote the development

and survival of these cells.

Conclusions: The presented series of articles broadened the knowledge on factors
influencing NKT-like cells and their subpopulations. It was shown that these cells do not
express TSHR, which excluded a direct effect of TSH on these cells, particularly in the
context of autoimmune thyroid diseases (AITD). It was also demonstrated that even
moderate hyperglycemia leads to a significant reduction in the proportion of CD4-CD8-
NKT-like subpopulations, which may be associated with increased susceptibility of patients
with type 2 diabetes (DM2) to infections and cancers. Moreover, the association between
vitamin D levels and the Th1-producing CD4-CD8+ NKT-like subpopulation supports the
hypothesis that vitamin D may contribute to regulating the functional activity of these cells.
The obtained results emphasize the significance of hormonal factors in modulating immune
system functions and may form the basis for developing new diagnostic and therapeutic

strategies in autoimmune diseases, cancers, and infectious diseases.
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Abstract: The expression of thyroid-stimulating hormone receptor (TSHR) has been documented on
various immune cells, including B lymphocytes, T lymphocytes, Natural Killer (NK) cells, monocytes,
and dendritic cells (DCs). Natural Killer T (NKT) cells serve as a crucial link between innate and
adaptive immunity, playing significant roles in immunological interactions and autoimmune diseases.
The aim of the present study was to evaluate the presence of TSHR on NKT cells. Our research
involved patients with thyroid disease, as well as healthy controls. Peripheral blood mononuclear
cells (PBMCs) and, thereafter, NKT cells were isolated from 86 patients with benign nodular thyroid
disease with and without autoimmune thyroid disease (AITD) (28 and 56 cases, respectively), and
TSHR expression was analyzed using fluorescence-activated cell sorting (FACS). In order to confirm
the results, the reverse-transcription polymerase chain reaction (RT-PCR) method was used in cells
obtained from healthy individuals. Our findings obtained with application of the FACS method
revealed that TSHR is not expressed on NKT cells in either AITD or non-AITD patients, though TSHR
was detected in the total PBMC population (TSHR+ cells 2.77%). The absence of TSHR on NKT cells
was further confirmed with RT-PCR in healthy individuals (p < 0.0001). These results questioned the
previously suggested direct influence of NKT cells on AITD development.

Keywords: natural killer T cells; thyroid-stimulating hormone receptor; autoimmune thyroid disease

1. Introduction

The functional interplay between the immune and endocrine systems is complex, with
numerous cell types and humoral mediators involved, yet not fully understood [1]. Apart
from the well-known direct effects of thyroid hormones on the immune system, alterations
in the hypothalamic—pituitary—thyroid axis, particularly changes in thyroid-stimulating
hormone (TSH) levels, may be of significance. While the role of thyroid-stimulating
hormone receptor (TSHR) in thyroid function is well established, recent studies suggested
TSHR expression in certain immune cells, potentially influencing immune responses [2,3].
In studies performed by immunoprecipitation and by flow cytometry, TSHRs were found
on B and T lymphocytes, Natural Killer (NK) cells, monocytes, and—in a large amount—on
dendritic cells (DCs) [2,3]. Although the impact of TSH levels on the quantity of Natural
Killer T (NKT) cells in peripheral blood has been postulated [4,5], no reported studies have
explored the expression of TSHR on NKT cells.

NKT cells represent a unique T cell subpopulation characterized by the presence of
markers of both NK cells (NK1.1, CD56) and T cells (TCR—T cell receptor). This dual
marker expression makes NKT cells essential for bridging innate and adaptive immunity.
NKT cells constitute approximately 0.1% of peripheral blood lymphocytes [6]. Unlike
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conventional T « lymphocytes, NKT cells possess TCR receptors capable of recognizing
glycolipid, glycosphingolipid, and lipid structures presented on non-polymorphic CD1d
molecules on both professional and non-professional antigen-presenting cells. This unique
feature allows NKT cells to recognize both foreign and self-lipid antigens, granting them
regulatory and potentially effector roles in various immune responses, including those
related to autoimmune diseases, allergies, infections, and cancers [7].

NKT cells are crucial regulators of autoimmune diseases [8,9]. Dysregulation or de-
ficiency of NKT cells is associated with type 1 diabetes, lupus erythematosus, multiple
sclerosis, myasthenia gravis, Guillain-Barré syndrome, and autoimmune thyroid diseases
(AITDs) [10-14]. AITDs are a group of disorders characterized by an immune system attack
against the thyroid gland antigens, including Graves’ disease (GD) and Hashimoto's thy-
roiditis (HT). These diseases involve complex interactions between genetic predispositions
and environmental factors, resulting in autoantibody production targeting thyroid-specific
proteins, including TSHR [15]. TSHR is part of the G protein-coupled receptor group and
is composed of a wide extracellular domain, seven transmembrane passages, and a small
intracellular domain [16]. TSHR is mostly expressed in the basolateral membrane of thyro-
cytes where its stimulation enhances iodine uptake, the synthesis and secretion of thyroid
hormones, and the proliferation of thyroid follicular cells, and regulates the expression of
thyroid-specific genes like those coding thyroglobulin (Tg), thyroid peroxidase (TPO), and
sodium/iodide symporter (NIS) [17-20]. Moreover, several extrathyroidal cell types with
expression of TSHR have been revealed, including immune system cells [2,3,21]. Regardless
of the low TSHR expression on non-thyroidal cells, the very high binding affinity for TSH
contributes to activating the response despite the low density of TSHR on the cellular
surface [22]. Many studies have been conducted to test molecular mechanisms involving
TSHR in the pathogenesis of AITD. Cuddihy et al. in 1995 discovered the first potential
single-nucleotide polymorphism (SNP) of codon 52 of TSHR gene connected with GD in a
female population [23]. Recent studies, including three meta-analyses, confirmed important
associations between SNPs in intron 1 of the TSHR gene and the risk of GD [24-26]. In a
previous study performed in our center, a significant increase in the percentage of NKT
cells after administration of recombinant human TSH (thTSH) was observed [4], suggesting
a direct mechanism of TSH action on NKT cells. Such a mechanism was also postulated
in other studies [5]. Therefore, in order to evaluate whether the mechanism of TSH action
on NKT is direct or indirect, the present study aimed to assess TSHR expression on NKT
cells, analyzing NKT cells isolated from the peripheral blood of individuals with and
without AITDs.

2. Results
2.1. Comparison of AITD and Non-AITD Groups

The mean age of the patients was 55.54 4= 11.4 and 61.72 £ 14.43 years in the AITD
and non-AITD groups, respectively. The non-AITD group included 45 women and 13 men,
while the AITD group consisted of 23 women and 5 men, with 2 cases of overt hyperthy-
roidism, 3 cases of subclinical hyperthyroidism, and 2 cases of subclinical hypothyroidism.

The AITD and non-AITD groups were similar in terms of age and gender. The
comparison of both groups revealed statistically significant higher anti-TPO and anti-Tg
levels in patients with AITD. TRAb level was higher in the AITD group but the difference
did not reach statistical significance, as there was only one patient with newly diagnosed
GD and a high TRAD level, while other GD patients were either on thiamazole or had
received radioiodine therapy. The characteristics of the AITD and non-AITD groups are
presented in Table 1.
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Table 1. Clinical characteristics of the study group.
Patients with AITD Patients without AITD p Value
Mean + SD Mean + SD (AITD Versus Non-AITD

(n =28) (n =58) Group)

Age 55.54 +-11.4 61.72 4 14.43 p=0.05
Female/Male (n) 23/5 45/13 p=0.63

T4 (0.93-1.7 ng/dL) 1.25 +0.27 1.27 £0.34 p=09
fT3 (2-4.4 pg/mL) 283 +1.01 294 4+ 0.69 p=0.56
TSH (0.27-4.2 uTU/mL) 1.6 +2.39 13+1.1 p=042
anti-TPO (<34 TU/mL) 157.28 + 149.04 11.39 + 4.9 p<0.05*
anti-Tg (<115 IU/mL) 187.37 + 193.65 15.5 +8.12 p<0.05*
TRAD (0.8-1.75TU/L) 2.63 +5.17 0.99 + 0.26 p=0.09

Abbreviations: fT4, free thyroxine; T3, free triiodothyronine; TSH, thyroid-stimulating hormone; anti-TPO,
thyroid peroxidase antibodies; anti-Tg, thyroid antithyroglobulin antibodies; TRAb, thyroid-stimulating hormone
receptor antibodies. * indicates statistical significance.

2.2. Absence of TSHR Expression on NKT Cells

No expression of TSHR on the surface of NKT cells was detected by FACS in either the
AITD or non-AITD patient group. Neither thyroid function nor thyroid-related pharma-
cotherapy in AITD group influenced this observation. This finding was further confirmed
by an analysis performed with RT-PCR gene assays in the cells obtained from the healthy
blood donors.

FACS analysis of NKT cells revealed no TSHR+ NKT cells in any of the patients,
showing only neglectable detection of high-autofluorescence individual cells, analogous
to the isotype control (Figure 1E). However, positive control staining conducted on seven
patients detected TSHR+ cells (2.77%) among the total population of PBMCs (Figure 1F).
The difference was statistically significant with p = 0.018 (Figure 2).

For further confirmation of the obtained results, a more sensitive method of RT-
PCR was used in NKT cells isolated from healthy individuals. To achieve high RNA
concentrations, NKT cells were isolated from up to 1 x 108 PBMCs isolated from 10 buffy
coats collected from healthy donors. The purity of the NKT cells after magnetic sorting—
prior to RNA isolation—was measured by FACS and showed a high (median 94.15%)
percentage of NKT cells (Figure 3). During the analysis, one result was excluded due to
low amplification of the tested genes.
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Figure 1. Exemplary plots of flow cytometry fluorescence-activated cell sorting (FACS) analysis
showing the gating strategy of analyzed cells: (A): Natural Killer T (NKT) cells after magnetic
sorting. (B): Peripheral blood mononuclear cells (PBMCs). (C): CD3+ CD56+ NKT cells after sorting.
(D): CD3+ CD56+ NKT cells (green) among PBMCs. (E): Thyroid-stimulating hormone receptor
(TSHR)-expressing NKT cells after sorting. (F): TSHR-expressing cells among PBMCs (blue). Black
dots represent particles not recognized as single cells. Red dots represent negatively gated cells.

RT-PCR analysis has demonstrated no TSHR expression in NKT cells, while TSHR
expression was present in the total PBMC population (Figure 4A). The results were normal-
ized as positive (1) vs. negative (0) and significant difference was confirmed with Fisher’s
exact test with p < 0.00001, and with chi-square test with p = 0.0002. The median value of
ACt (relative TSHR gene expression to housekeeping gene expression) for the TSHR gene
in PBMCs was 10.3 (Figure 4B).
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Figure 2. Percentage of cells expressing TSHR among whole PBMC fractions and in NKT cells.
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Figure 3. Gating strategy showing the purity of NKT cells isolated from buffy coats.
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Figure 4. Reverse-transcription polymerase chain reaction (RT-PCR) results: (A): Amplification plots
of target genes—(glyceraldehyde-3-phosphate dehydrogenase) GAPDH and TSHR from PBMC and
NKT cells. (B): All measured ACt (relative TSHR gene expression to housekeeping gene expression)
and AACt (ACt normalized to ACt median) values for TSHR gene in PBMC cells. Each dot identifies
the mean expression calculated from triplets.
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3. Discussion

This study provides the first evidence of the absence of TSHR on the surface of
NKT cells in the peripheral blood of both healthy individuals and patients with benign
thyroid nodular disease with and without AITD. The use of both FACS and RT-PCR
strengthens the validity of our findings. FACS provides a robust method for detecting
surface proteins, while RT-PCR allows for the detection of mRNA expression, confirming
the absence of TSHR at both the protein and gene levels in NKT cells. The absence of TSHR
expression on NKT cells in both AITD and non-AITD patients suggests that NKT cells do
not participate directly in the TSHR-mediated pathways involved in thyroid autoimmunity.
This finding is significant as it challenges previous assumptions about the involvement of
these immune cells in AITD pathophysiology [5,27-29]. However, this does not exclude
the involvement of NKT cells in AITD development driven through indirect mechanisms
involving other humoral, cellular, or hormonal factors and further modulated by already
triggered pathological processes. Additionally, NKT cells are suggested to play a role in
AITD development and progression at the local thyroid gland tissue level, through the
switch of activating versus inhibiting regulatory roles [29].

Despite the lack of TSHR on NKT cells, the relationship between peripheral blood
NKT cell quantity and TSH levels has been previously documented. Adamczewski et al. [4]
showed a significant increase in NKT cells after in vivo administration of rhTSH in pa-
tients after total thyroidectomy due to differentiated thyroid cancer. Moreover, Miko
etal. [5] found a remarkably elevated peripheral NKT level in euthyroid and subclinical
hypothyroid women with thyroid autoimmunity experiencing reproductive failure.

The detection of TSHR expression in the total PBMC population, but not in isolated
NKT cells, suggests that TSHR expression on immune cells might be restricted to specific
PBMC subpopulations. This aligns with previous studies identifying a high expression of
TSHR mainly on DCs and B cells but a low expression on T cells or NK cells [2,3]. As men-
tioned above, NKT cells may be affected by abnormal TSH levels through complex, indirect
interactions with other immune cells. One potential intermediary mechanism involving
NKT cells in AITD pathophysiology may be related to interactions with antigen-presenting
cells (APCs). APCs can capture and transform antigens in order to present them within
the context of appropriate major histocompatibility complex (MHC) molecules [30]. NKT
cells have a diverse range of TCRs, allowing them to recognize various antigens, though
CD1d-restricted invariant NKT (iNKT) cells specifically recognize lipid antigens presented
by CD1d molecules [31]. CD1d is a non-polymorphic, MHC class I-like molecule expressed
on various APCs, primarily DCs, and to a lesser extent on B cells and macrophages. Its
primary function is to present lipid antigens, such as glycolipids and glycosphingolipids,
to NKT cells. The interaction between CD1d and the TCR on NKT cells is crucial for their
activation. Upon recognizing lipid antigens presented by CD1d, NKT cells rapidly produce
a diverse array of cytokines, such as interferon gamma (IFN-v), interleukin-4 (IL-4), and
interleukin-17 (IL-17), modulating the immune response. This activation triggers both direct
cytotoxic effects and the recruitment and activation of other immune cells, thereby playing
a pivotal role in bridging innate and adaptive immunity. The ability of CD1d to present
both self and foreign lipid antigens allows NKT cells to participate in immune surveillance
and regulation, contributing to the body’s defense mechanisms against infections, tumor
surveillance, and the modulation of autoimmune responses [32,33].

A role of DCs, as a population of the most potent APCs, should be considered in
the TSH-mediated regulation of NKT cell function. In humans, two main DC groups are
known: conventional/myeloid (cDCs) and plasmacytoid (pDCs) [34,35]. Through the
expression of numerous co-stimulatory molecules and a unique secretion profile, DCs are
involved in cross-interactions with other immune cells. Thus, DCs play a role in stimulating
the immune response and ensuring immunological tolerance, making them key subjects
in research on the pathogenesis of autoimmune diseases [36]. Interestingly, only a few
studies assess DCs’ role in human AITD. Leskela et al. [37] revealed a notably elevated
amount of pDCs in thyroid tissue compared to peripheral blood in patients with GD and
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HT. Stasiotek et al. [38] observed a significantly higher percentage of cDCs in fine-needle
aspiration biopsy (FNAB) material than in peripheral blood in a group of AITD patients.
Other studies also revealed an increased DC population in thyroid-infiltrating cells in
patients with both GD and HT [39-41]. Elevated NKT [5,29] and DC [37—41] levels in AITD
patients suggest a complex, indirect, co-stimulatory interaction between NKT cells and
DCs as a possible mechanism involving NKT cells in thyroid diseases.

Another potential mechanism involving TSH in correlation with peripheral NKT cells
was also postulated. Studies by Bessoles et al. [42] highlighted the complex interaction
between glycolipids and environmental signals in regulating cytokine production by NKT
cells, thereby modulating immune responses. To elucidate NKT cells” regulatory mech-
anisms, their activation by interleukin-2 (IL-2) and associated signaling pathways were
examined. IL-2 uniquely activates the Signal Transducer and Activator of Transcription 6
(STAT6) pathway in NKT cells, leading to the production of both pro-inflammatory (IFN-y)
and anti-inflammatory (IL-4) cytokines, and to cell proliferation.

Clinical studies by Komorowski et al. [43,44] indicated that patients with primary
hypothyroidism and elevated TSH levels exhibited increased IL-2 concentrations in pe-
ripheral blood, suggesting that elevated TSH levels may influence IL-2 production. Hence,
it can be hypothesized that TSH might modulate NKT cell function indirectly through
IL-2 mediation, thereby affecting the immune response. This linkage provides a potential
pathway wherein TSH could exert its effects on NKT cells via IL-2, underscoring a novel
intersection between endocrine and immune regulation.

This study has potential limitations as we used only two methods for the detection
of TSHR expression on NKT cells. The FACS method has been broadly accepted for the
detection of TSHR on cells of non-thyroid origin including peripheral blood cells [45-47].
Anti-TSHR antibody (clone C-10) was already proven to sufficiently detect TSHR [48-51].
Additionally, we confirmed that Alexa Fluor-conjugated antibody was sufficient for detect-
ing even low TSHR expression (Figure 1F). However, we are aware that the FACS method
is not sufficient to prove the absence of expression of any receptor. Therefore, our findings
were verified by a very sensitive method of RT-PCR, which is considered a gold standard in
gene expression analysis, including TSHR expression in immune cells [52,53]. Nevertheless,
we believe that our results require further confirmation in studies with the application of
other methods, including those with the highest available sensitivity (e.g., next-generation
sequencing, NGS).

4. Materials and Methods
4.1. Patients

This study involved 86 patients with cytologically benign thyroid nodules (68 and
18 females and males, respectively) treated in the Department of Endocrinology and
Metabolic Diseases, Polish Mother’s Memorial Hospital—Research Institute, E6dz, Poland.
Among the study group, 28 patients were diagnosed with AITD, including 7 cases of
Hashimoto’s thyroiditis treated with L-thyroxine, 14 cases of euthyroid chronic thyroiditis,
and 7 cases of Graves’ disease, with 5 patients treated with thiamazole and 2 euthyroid
patients who had received radioiodine therapy. The mean age of the study participants
was 59.7 & 13.69 years.

4.2. Inclusion Criteria

AITD diagnosis was based on standard criteria including elevated thyroid peroxi-
dase antibody (anti-TPO) level and /or elevated thyroglobulin antibody (anti-Tg) level, or
elevated TSH receptor antibody (TRAD) level [54].

4.3. Biochemical Analysis

Serum levels of TSH, free triiodothyronine (FT3), free thyroxine (FT4), anti-Tg, anti-
TPO, and TRAb were measured by the electrochemiluminescence immunoassay (ECLIA)
with Cobas e601 analyzer (Roche Diagnostics, Indianapolis, IN, USA).

45
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4.4. NKT Cell Isolation

Peripheral blood samples (2 x 4.9 mL) were collected from each patient via venipunc-
ture into EDTA-containing Blood Collecting Systems (Sarstedt, Niimbrecht, Germany).
Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation at
400 g for 30 min using Histopaque®-1077 (Thermo Fisher Scientific, Waltham, MA, USA).
NKT cells were then isolated from PBMCs using a CD3+ CD56+ NKT Cell isolation kit
with a magnetic bead cell separator (Miltenyi Biotec, Bergisch Gladbach, Germany). In
each patient, the cell purity was measured and the median NKT cell percentage was 93.2%
(range 99.1-80.1%). NKT cells were gated as CD3+ CD56+ cells for further analysis.

4.5. Fluorescence-Activated Cell Sorting (FACS)

To analyze TSHR expression on NKT cells, fluorescence-activated cell sorting (FACS)
was employed. Fluorochrome-conjugated antibodies against human CD3 (Becton Dickin-
son, Franklin Lakes, NJ, USA) and CD56 (Becton Dickinson, NJ, USA) were used to identify
NKT cells, and an antibody against human TSHR (Santa Cruz, Santa Cruz, CA, USA) was
used to determine TSHR expression on isolated NKT cells. Additional positive staining
for antibody validation was conducted on whole blood samples from 7 patients (including
3 patients with AITD and 4 patients without AITD) to recognize TSHR+ cells in the PBMC
population (Figure 1A-D). Appropriate isotype controls were used. FACS analyses were
conducted using a BD FACSCanto II flow cytometer (Becton Dickinson, NJ, USA).

4.6. Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

In order to confirm the obtained results with the application of a different method,
TSHR expression was analyzed by reverse-transcription polymerase chain reaction (RT-
PCR). To obtain a high number of NKT cells (0.5-1 x 10°), needed for sufficient RNA
isolation, up to 100 mL of peripheral blood would have been needed from each patient.
Therefore, for ethical reasons, we obtained a 10 buffy coats from the healthy blood donors
registered in the Regional Center of Blood Donation and Treatment. PBMCs and NKT
cells were isolated as described above, using a CD3+ CD56+ NKT Cell isolation kit with a
magnetic bead cell separator (Miltenyi Biotec, Germany). Total ribonucleic acid (RNA) was
extracted from both PBMCs and NKT cells, and TSHR expression was analyzed by RT-PCR
using TagMan assays. The GAPDH gene was used as a housekeeping gene. Analyses
were performed on a 7500 Real-Time PCR System (Thermo Fisher Scientific, USA). Each
measurement was conducted in triplets.

4.7. Statistical Analysis

Descriptive statistics of the collected material contained the mean and standard devia-
tion (SD). For comparisons between the groups, Student’s t-test for normally distributed
variables and the Mann-Whitney U test for the other ones were used. Positive /negative
values were tested using Fisher’s exact test as well as with the chi-square test with Yates
correction. The normality of data distributions was verified by the Shapiro-Wilk test. In
all the tests, p-value < 0.05 was considered significant. Statistical Package for the Social
Sciences (SPSS 20.0) software for Windows was used for all the calculations.

4.8. Ethics Procedures

Written informed consent was obtained from all patients for the procedures performed
after their purpose and course were thoroughly explained. This study was approved by
the Ethics Committee of the Polish Mother’s Memorial Hospital—Research Institute, Lodz,
Poland (approval code—41/2021).

5. Conclusions

The present study demonstrated for the first time that TSHR expression was not
found on NKT cells. This observation provides new insight on the potential mechanism of
TSH’s impact on NKT cells, which seems to be indirect. These findings have significant
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implications as therapeutic strategies targeting TSHR on immune cells should consider the
specific immune cell subtypes involved in the disease development mechanisms. As the
expression of TSHR on NKT cells had not been studied before, our findings require further
confirmation with the application of different methods.
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Abbreviations
AITD autoimmune thyroid disease

Anti-Tg thyroid antithyroglobulin antibodies
Anti-TPO  thyroid peroxidase antibodies

APCs antigen-presenting cells

CD cluster of differentiation

DCs dendritic cells

pDCs plasmocytoid dendritic cells
cDCs conventional dendritic cells
EDTA ethylenediamine tetraacetic acid
FACS fluorescence-activated cell sorting

FNAB fine-needle aspiration biopsy
GAPDH  glyceraldehyde-3-phosphate dehydrogenase

GD Graves's disease

HT Hashimoto's thyroiditis

IEN-y interferon-gamma

1L-2 interleukin-2

1L-4 interleukin-4

1L-17 interleukin-17

iNKT invariant Natural Killer T cells

MCH major histocompatibility complex

NK Natural Killer cells

NKT Natural Killer T cells

NIS sodium/iodide symporter

PBMCs peripheral blood mononuclear cells

mRNA messenger ribonucleic acid

rhTSH recombinant human thyroid stimulating hormone
RNA ribonucleic acid

RT-PCR reverse-transcription polymerase chain reaction
SNP single-nucleotide polymorphism

STAT6 Signal Transducer and Activator of Transcription 6
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TCR  T-cell receptor

Tg thyroglobulin

TPO  thyroid peroxidase

TRAb  thyroid-stimulating hormone receptor antibodies
TSH  thyroid-stimulating hormone

TSHR  thyroid-stimulating hormone receptor
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An impact of type 2 diabetes
mellitus on NKT-like cell
population in humans: a new
insight into impaired immune
response in hyperglycemia

Emilia Adamska-Fita®, Przemystaw Wiktor Sliwka®?,
Barttomiej Stasiak®, Matgorzata Karbownik-Lewiriska®?,
Andrzej Lewiniski*?* and Magdalena Stasiak™

Department of Endocrinology and Metabolic Diseases, Polish Mother's Memorial Hospital — Research
Institute, Lodz, Poland, ?Department of Endocrinology and Metabolic Diseases, Medical University of
Lodz, Lodz, Poland, *Institute of Information Technology. Lodz University of Technology.

Lodz, Poland

Background: Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease
characterized by insulin resistance and pancreatic B-cell dysfunction. T2DM is
associated with increased risk of infections and of several malignancies, although
the underlying immune mechanisms remain not fully elucidated. Natural Killer T-
like cells (NKT-like) belong to a unique subpopulation of T lymphocytes defined
by expression of the markers specific to NK (Natural Killer) cells (CD56) and T cells
(TCR - T cell receptor). As NKT-like cells possess unique cytotoxic properties,
they form a bridge between innate and adaptive immunity. The aim of our study
was to assess associations between the presence of T2DM and the profile of
NKT-like cell subpopulations.

Methods: Peripheral blood mononuclear cells (PBMCs) were obtained from 86
patients. NKT-like cells were subsequently isolated from the PBMC fraction using
a CD3+ CD56+ NKT cell isolation kit in combination with magnetic bead-based
separation. To evaluate NKT-like cells subpopulations distribution, flow
cytometry (FC) was used. NKT-like cells were categorized into CD4-CD8-
(double negative, DN), CD4+CD8-, CD4-CD8+, and CD4+CD8+ (double
positive, DP) subpopulations, with further subdivision of DP and CD4-CD8+
subpopulations into CD4highCD8mid/CD4midCD8high and CD4-CD8mid/
CD4-CD8high subpopulations, respectively. Associations between NKT-like
cells subpopulation and T2DM, and - additionally — correlations between
NKT-like and glucose levels and body mass index (BMI) were evaluated.
Results: T2DM group demonstrated a significantly diminished percentage of DN
NKT-like cells as compared to control group. A strong negative correlation was
observed between DN NKT-like cell levels and glucose concentration, but not
BMI. Based on further subdivision of DP and CD4-CD8+ subpopulations a
significant negative correlation was also observed between glucose levels and
the CD4°CD8mid NKT-like cell subpopulation. No such association was
detected for the other subpopulations.

Conclusions: Our study demonstrated that DN NKT-like cells, which possess
significant cytotoxic activity, are depleted in T2DM patients. These results may
explain the novel potential mechanism of increasing susceptibility to infections
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and cancers in T2DM and emphasize the need for precise glycemic control. The
novel insights into NKT-like cell immunomodulation role in T2DM may open
new, targeted therapies in metabolic diseases. Further research in larger cohorts
is needed to confirm these pioneering observations.

KEYWORDS

NKT-like cells, CD4-CD8-NKT-like cells, diabetes mellitus, T2DM, glucose, immune

response, IFN-y

1 Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic
disorder characterized by insulin resistance and progressive
pancreatic B-cell dysfunction, leading to hyperglycemia (1). The
pathophysiology of T2DM involves a combination of various
factors including chronic low-grade inflammation and
dysregulation of the immune system (2-4). In 1993, Hotamisligil
et al. conducted pioneering research in which a link between
inflammation and metabolic dysfunction was found. Authors
revealed that tumor necrosis factor alpha (TNF-0), produced by
adipose tissue, is a significant mediator of insulin resistance in the
context of obesity (5). The underlying mechanisms of T2DM
pathogenesis and complications are still incompletely understood,
but many studies have proven that immunocompetent cells
including T cells, B cells, Natural Killer (NK) cells, and
macrophages infiltrate adipose tissue and play a crucial role in
adipose inflammation, and in the development of insulin resistance
which leads to the onset of T2DM (6-11). However, little is known
about the involvement of other immune cells, including Natural
Killer T (NKT) cells and Natural Killer T-like (NKT-like) cells, in
the pathogenesis of T2DM-related complications.

NKT-like cells, until recently often referred as NKT cells, are a
unique, heterogenous subset of T lymphocytes that share properties
of both conventional T cells (i.e. T cell receptor - TCR) and NK cells
(i.e. cluster of differentiation (CD) 56). Classically, NKT cells were
divided into two primary categories: type I NKT cells (invariant
NKT - iNKT) and type IT NKT cells (variant - vNKT). The classical

Abbreviations: o-GalCer, o-Gal 1 ide; APC, Allopt in; BMI,

body mass index; CD, cluster of differentiation; CDF, cumulative distribution

function; CG, control group; DMG, diabetes mellitus group; DN, double negative;
DP, double positive; FC, Flow cytometry; FITC, Fluorescein isothiocyanate;
HbAlc, hemoglobin Alc; IFN-y, interferon gamma; 11, interleukin; iNKT,
invariant Natural Killer T cells; MHC, major histocompatibility complex; NK
cells, Natural Killer cells; NKT cells, Natural Killer T cells; NKT-like cells, Natural
Killer T-like cells; NOD, nonobese diabetic; PE, Phycoerythrin; PerCP, Peridinin-
Chlorophyll-Protein; PeCy7, Phycoerythrin/Cyanine7; TIDM, type 1 diabetes
mellitus; T2DM, type 2 diabetes mellitus; TCR, T cell receptor; TGF-B,
transforming growth factor beta; Thl, T-helper type 1; Th2, T-helper type 2;

TNF-0., tumor Necrosis Factor alpha; vNKT, variant Natural Killer T cells.
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identification of NKT cells, based on CD3 and CD56 surface
antigens, have been reconsidered with the discovery of unspecific
expression of CD56 molecule on more broad spectrum of T
lymphocytes - mainly activated ¥ T lymphocytes and a
percentage of o8 T lymphocytes (12). It is, however, strongly
considered, that cells expressing CD56 antigen are characterized
by higher state of activation, exhibiting some level of cytotoxic
properties, therefore, possibly sharing similar properties (13).
Unlike conventional T cells that recognize peptide antigens
presented by classical major histocompatibility complex (MHC)
molecules, iNKT cells recognize lipid antigens presented by the
non-classical MHC molecule CD1d (14). Invariant NKT cells are
very rare in peripheral blood unlike other subpopulations of NKT-
like cells, that occur more frequently in the circulation and their
activation is independent of CD1d-mediated antigen presentation.
NKT-like cells indicate significant cytotoxic activity and produce
proinflammatory cytokines such as IFN-y and TNF-0, contributing
to their anti-tumor and antimicrobial defense (15). NKT-like cells
serve as a link between innate and adaptive immunity, exhibiting
cytotoxic capabilities through the release of perforin and granzyme
B and producing a diverse array of cytokines that modulate
inflammatory responses both directly, and indirectly by
interacting with various immune cells (16). Recent advances in
immunology, particularly in cell identification techniques, have led
to ongoing revisions in the classification of iNKT and NKT-like cell
subpopulations. Depending on CD4 and CD8 expression, iNKT
and NKT-like cells can be categorized into four subpopulations:
CD4-CD8+, CD4+CD8, CD4+CD8+ (double positive; DP) and
CD4-CD8- (double negative; DN) (17). In the past, CD4-CD8-
and CD4-CD8+ NKT cells were considered a part of the same
subpopulation (18, 19). However, recent research has demonstrated
significant gene expression differences between DN and CD4-CD8+
NKT cells, highlighting their distinct identities (19).

NKT-like cells as extraordinary subset of T lymphocytes
characterized by potent cytotoxic activity and their ability to
respond rapidly through cytokine production have regulatory
effects which makes them a target for new therapeutic
interventions related to infections, cancer, and autoimmune
disorders (15, 20-23).

In the recent years, significant advancement in immunology is
observed, particularly in the characterization of immune cell
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subpopulations. The application of high-dimensional cytometry,
single-cell RNA sequencing, and detailed profiling of surface and
functional markers has facilitated the identification of novel,
functionally distinct subpopulations of immune cells. Data on the
impact of T2DM on NKT-like cells are scarce and include only the
influence on a total number of NKT-like cells (15, 24, 25). There is a
lack of comprehensive study on the impact of NKT-like cell
subpopulations on T2DM-related complications. Therefore, the
aim of the present study was to evaluate potential association
between the presence of T2DM the distribution of CD4/CD8-
defined subpopulations within NKT-like cells, as well as
correlation between glucose concentration and the distribution of
NKT-like subpopulations, in order to find potential mechanisms
which can lead to impaired immune response in T2DM via
modification of NKT-like cell subpopulation profile.

2 Materials and methods
2.1 Patients

The research included 86 patients (66 women and 20 men)
treated at the Department of Endocrinology and Metabolic Diseases
of the Polish Mother’s Memorial Hospital — Research Institute in
Lodz, Poland. The study group included 24 patients with T2DM
(DM group, DMG) and 62 persons without glucose metabolism-
related disorders (control group, CG). Individuals with prediabetic
states, active malignancy, active infection or inflammatory diseases
which might have influenced the results were excluded from
the study.

2.2 Biochemical analysis

Glucose concentration was assessed using electrochemiluminescence
immunoassay (ECLIA) method on the Cobas e601 analyzer
(Roche Diagnostics, Indianapolis, IN, USA).

2.3 NKT-like cell isolation

Peripheral blood samples (2 x 4.9 mL) were obtained from each
participant into EDTA-coated collection tubes (Sarstedt,
Niimbrecht, Germany) using standard venipuncture techniques.
Peripheral blood mononuclear cells (PBMCs) were subsequently
isolated via density gradient centrifugation with Histopaque®»1077
(Thermo Fisher Scientific, Waltham, MA, USA), performed at 400
x g for 30 minutes at room temperature. In order to isolate NKT-
like cells, the PBMCs fraction was subjected to two-step magnetic
separation using a CD3+ CD56+ NKT Cell Isolation Kit in
combination with a magnetic column system (Miltenyi Biotec,
Bergisch Gladbach, Germany). Cell purity was assessed
individually for each subject, yielding a median purity of 93.2%
across samples, with values ranging from 80.1% to 99.1%.
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Downstream analyses were conducted on cells gated as CD3
+CD56+ to ensure population specificity.

2.4 Flow cytometry

In order to examine the distribution of NKT-like cell subsets,
flow cytometry (FC) was employed. Cells were stained with
fluorochrome-conjugated monoclonal antibodies specific to
human CD3 (APC, clone UCHT1) and CD56 (PE-Cy7, clone
B159), (both Becton Dickinson, Franklin Lakes, NJ, USA) for
NKT-like cell identification. Anti V024JoQ TCR Chain antibody
(PE, clone 6B11) was used to determine the percentage of Invariant
NK T Cell population resulting in very low (~1.2%) frequency of
this cell subtype. We did not analyze the oy T-cell receptor nor the
Y8 T-cell receptor on the surface of isolated cells, therefore,
according to current standards, we assume that all further subset
analysis are performed on heterogenous population of CD3+CD56
+ NKT-like cells. Subset differentiation was further refined using
antibodies targeting CD4 (FITC, clone SK3) and CD8 (PerCP, clone
SK1) surface markers (both Becton Dickinson, NJ, USA). Tsotype-
matched control antibodies were included in each experiment to
verify staining specificity. Flow cytometric analysis was performed
on a BD FACSCanto IT cytometer (Becton Dickinson, NJ, USA),
and data were analyzed using the associated software.

Based on the framework established by Montoya et al. (14) for
invariant NKT cells (iNKT), four primary subsets were initially
defined: CD4-CD8- (double negative), CD4-CD8+, CD4+CD8-,
and CD4+CD8+ (double positive). Subsequent high-resolution
analysis revealed notable heterogeneity within the population of
cells expressing CD8 molecule. As a result, CD4+CD8+ cells were
further stratified into CD4highCD8mid and CD4midCD8high
subtypes, while CD4-CD8+ cells were subdivided into CD4-
CD8mid and CD4-CD8high subtypes. The detailed gating
strategy used for these analyses is shown in Figure 1.

2.5 Statistical analysis

For each patient, the number of NKT-like cells of each type
(CD4-CD8-, CD4-CD8+, CD4+CD8-, CD4+CD8+) was obtained,
as detailed above, and expressed as a percentage of the total number
of NKT-like cells gated as CD3+CD56+ cells. Additionally, the
number of CD4highCD8mid cells (and - similarly - of
CD4midCD8high cells) was also expressed as a percentage value.
In this case, we used two different representations: percentage with
respect to the total number of NKT-like cells (as above) and
percentage with respect to the number of CD4+CD8+ cells only
(note that in this representation CD4highCD8mid sums up to 100%
with CD4midCD8high). Similarly, the numbers of CD4-CD8mid
and of CD4-CD8high cells were also transformed to percentages in
the same two ways: with respect to the total number of NKT-like
cells and with respect to the number of CD4-CD8+ cells only. All
the analyses reported in the present study were based on thus
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Representative flow cytometry (FC) plots illustrating the gating strategy used for cell analysis: (A) PBMC-derived population post-magnetic
enrichment; (B) CD37CD56™ NKT-like cells following FC purification; (C) Primary gating scheme for initial NKT-like cell identification; (D) Refined

gating strategy for distinguishing NKT-like cell subpopulations.

defined percentage values (no absolute values of NKT-like cell
counts were used).

The NKT-like cell percentages were subjected to statistical
analysis including empirical distribution assessment of each NKT-
like type/subtype within the DM and control groups. In both
groups, summary statistics (mean, standard deviation and order
statistics) were computed for all NKT-like types/subtypes and
statistical tests were performed to reveal statistically significant
differences between DMG and CG. Student’s t-test was used for
normally distributed variables and Mann-Whitney U-test
otherwise. The normality of distribution was assessed with
Shapiro-Wilk test. Additionally, for contingency tables obtained
from splitting the patients into two groups on the basis of NKT-like
cell percentage, chi-squared test was applied. In the case of real-
valued variables (glucose level and body mass index) Pearson’s
linear correlation coefficient and Spearman’s rank correlation
coefficient with respect to NKT-like cell percentage were
computed. All the computations were performed with the use of
SciPy library for Python programming language.

2.6 Ethics procedures

All patients provided written informed consent for the
procedures after receiving a full explanation of their purpose and
course. The study received approval from the Ethics Committee of
the Polish Mother’s Memorial Hospital - Research Institute in
Lodz, Poland (approval code: 41/2021).
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3 Results

The study group included 24 patients with T2DM and 62
persons without glucose metabolism-related disorders. The mean
age of the included patients was 59.7 + 13.7 years. The mean age of
patients in DMG and CG was 64,96 * 11,3 and 58,25 + 14,1 years,
respectively. The whole cohort included 66 females and 20 males,
and the proportion of males to females in DMG and CG was 9:15
and 11:51 respectively. The mean level of glucose in DMG was
125.88 mg/dl, median 122.5 mg/dl. The mean level of glucose in CG
was 91.08 mg/dl, median 90.0mg/dl.

Taking into account the differences between DMG and CG with
regard to gender, with significantly higher proportion of males in
DMG, we performed an initial analysis of potential association
between gender and NKT-like cell subpopulation. No association
between gender and the percentage of NKT-like cells was found,
with p value of 0.866, 0.826, 0.388 and 0.203 for CD4+CD8-, CD4
+CD8+, CD4-, CD8+ and CD4-CD8- subpopulations, respectively,
which confirmed the lack of gender-related bias.

In the first part of the main study, we analyzed a possible
relationship between our main four NKT-like cell subpopulations
and the presence of T2DM. Student t-test and Mann-Whitney test
were used to compare the percentage of NKT-like cells (of a given
subpopulation) between DMG and CG. This analysis showed
significant negative association (p-value = 0.007) between the
presence of T2DM and the percentage of CD4-CD8- NKT-like
cells (with respect to the total number of NKT-like cells gated as
CD3+CD56+ cells, as described above). In the case of the other
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TABLE 1 Associations between percentage of NKT-like cell types and T2DM.

10.3389/fendo.2025.1641318

mean + SD Median Min max (@] p-value

CD4+CDS8- G 17.61 £ 1557 134 03 62.1 19.7

0.647
CD4+CDS- DMG 17.08 + 16.63 102 0.6 65.9 2278
CD4+CD$+ CG 693 +994 325 05 523 5.68

0.394
CD4+CD8+ DMG 823 1068 5.8 03 50.0 7.45
CD4-CD8- G 1667 + 15.84 103 0.0 60.7 146

0.007
CD4-CD8- DMG 828 + 8.76 6.4 0.4 36.0 7.33
CD4-CD8+ G 58.81 £ 20.39 62.1 112 91.6 28.93

0.112
CD4-CD8+ DMG 66.41 + 24.36 68.45 77 97.3 36.28

Statistically significant p-values are presented in bold.

NKT-like cell types, no significant association with T2DM was
found. Table 1 presents the obtained results (only Mann-Whitney
test results are reported, as most of the considered distributions
deviated significantly from the normal distribution.

We explored further the dependence between CD4-CD8- and
T2DM, by splitting all the patients into two subgroups on the basis
of the number of CD4-CD8- cells. We set the percentage threshold
to 9%, as this particular value yielded approximately equal-sized
groups: 44 patients below the threshold (i.e. having less than 9% of
CD4-CD8- cells among all four studied NKT-like cell types gated as
CD3+CD56+ cells) and 42 patients over the threshold (with more
than 9% of CD4-CD8- cells). The corresponding contingency is
presented in Table 2. We performed chi-squared test which clearly
confirmed the correlation with T2DM (3? = 5.16, p-value = 0.023).
The obtained odds ratio (OR=0.318) indicates that the incidence of
T2DM in the group with high CD4-CD8- percentage (7 vs 35) is
over three times lower than in the control group (17 vs 27). It
should be stressed that these results are stable in a range of
threshold values (with the maximum at threshold of 10% which
generates groups of 47 and 39 patients respectively, yielding x> =
5.56, p-value = 0.018 and OR=0.293).

Figure 2 shows how many T2DM patients (yellow line) and CG
individuals (green line) fall below the threshold, for all possible
threshold values. To make comparison more clear, we present the
percentage instead of absolute numbers (i.e. the number of T2DM
patients below the threshold with respect to all T2DM patients —
and similarly for the CG persons). The curves obtained in this way
may be interpreted as the estimates of cumulative distribution
function (CDF) of CD4-CD8- level in DMG and CG, respectively.
For example, all T2DM patients have CD4-CD8- below 37%, so the
yellow line hits 100% for the threshold of 37%, while the green line
reaches only 85% at this point, as 9 non-DM patients (out of 62)
have CD4-CD8- level higher than 37%. It is worth noting that the p-
value for this particular case is 0.049.

In the further analysis we evaluated correlation between CD4-
CD8- percentage (with respect to the total number of NKT-like
cells) and glucose level. Figure 3A shows the scatter plot of glucose
level vs CD4-CD8- percentage in our whole study group (DMG +
CQG). The negative trend is clearly visible here although it is non-
linear so we decided to use Spearman’s rank correlation coefficient
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(which yields p = -0.27 with p-value 0.011) instead of Pearson’s p.
Linear correlation is better visible after logarithmic scaling of both
variables (Figure 3B). Pearson’s correlation coefficient after this
transformation is equal to -0.29 with p-value = 0.007 (Spearman’s p
remains equal to -0.27, due to the rank-preserving monotonicity of
the log function).

In the next part of the study, we additionally analyzed
correlation of the subtypes of NKT-like cells with glucose level.
The analysis revealed negative correlation between glucose and
CD4-CD8mid subtype. This correlation was visible irrespective of
the method of CD4-CD8mid level representation — either as
percentage of all four studied NKT-like types or as percentage of
CD4-CD8+ cells only (see Section 2.5). The first case is depicted in
Figure 4A (Spearman’s p = -0.292 with p-value = 0.01) and the
second one - in Figure 4B (p = -0.25 with p-value 0.029).

The results for all NKT-like subtypes are presented in Table 3. It
should be noted that the results presented in its lower half are obtained
for CD4-CD8mid and for CD4-CD8high cells represented as a
percentage of CD4-CD8+ cells, as described in Section 2.5. That is
why these two results are basically the same (the only difference is the
sign of the correlation coefficient), as CD4-CD8mid is simply equal to
(100% - CD4-CD8high) in this case. Similarly, CD4highCD8mid and
CD4midCD8high are expressed relative to CD4+CD8+ cells in the
lower part of Table 3 and therefore their results are also symmetrical
(and non-significant, with p-value = 0.554).

In the last step of the study, in order to exclude the potential
impact of obesity, we evaluated correlation of NKT-like types with
BMI and we did not find any significant correlation (Table 4).
Similarly, for NKT-like subtypes no correlation with BMI was
found (all p-values for Spearman’s correlation coefficient > 0.326).

4 Discussion

The pathogenesis and complications of T2DM are not only related
to metabolic disorders, but there is also increasing evidence for the
important role of immune system impairment. Studies analyzing the
role of NKT-like cells in T2DM etiology and in the development of
complications have remained deficient. The currently available
literature focused on this issue is scarce and mainly regarded the
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TABLE 2 Contingency table for two binary variables: CD4-CD8- (after
thresholding) and DM.

No diabetes Diabetes

Percentage of CD4-CD8- < 9% = 27 17

Percentage of CD4-CD8- = 9% = 35 7

absolute counts of circulating NKT-like cells (15, 24, 25) or overall
NKT cell population (26, 27), with no analysis of NKT-like types with
regard to the CD4 and CD8 molecule expression.

To the best of our knowledge, this study is the first one to assess
specific NKT-like cell subpopulations in the peripheral blood of
individuals with T2DM in comparison to individuals without
glucose-metabolism-related disorders. Our results demonstrated
that patients with T2DM had significantly lower percentage of
DN NKT-like cells than healthy individuals. In order to further
confirm this observation, we searched for a threshold of percentage
of DN NKT-like cells which would divide the whole study cohort
into two subgroups of approximately equal number of patients. This
analysis demonstrated that the proportion of T2DM to healthy
subjects in the group with high DN cells percentage was over three
times lower than in the group with low DN cells percentage, and
that the group with low DN cells percentage included nearly 2.5
times more patients with T2DM than CG. These results suggested
that a distribution of NKT-like cell population was significantly
different in T2DM as compared with CG and was associated with
lower CD4-CD8- percentage.

The next part of the present study aimed to evaluate correlation
between the proportion of NKT-like cell types and glucose level as
well as BMI, in order to find out whether the observation of
decreased percentage of DN NKT-like cells in T2DM should be
considered as a direct consequence of hyperglycemia or as an

100 T T

10.3389/fendo.2025.1641318

indirect consequence of immune disorders in obesity. The
significant negative correlation was confirmed between DN NKT-
like cells and glucose level, while no correlation between any of
NKT-like cell types and BMI was found.

Having demonstrated that our results are BMI-independent
and related to glucose level, we made a hypothesis that
hyperglycemia leads to changes in NKT-like cell population
towards cells with no or low CD8 expression. In order to
investigate this issue, we additionally analyzed correlation of the
distribution of subpopulations of NKT-like cells with glucose level.
In our study, NKT-like cells were initially subdivided into four main
subpopulations: CD4-CD8-, CD4-CD8+, CD4+CD8- and CD4
+CD8+. However, advanced research provided a discovery of
significant heterogeneity of both CD8+ subpopulations, which led
to further subdivision of CD4+CD8+ and CD4-CD8+
subpopulations into CD4highCD8mid/CD4midCD8high and
CD4-CD8mid/CD4-CD8high subtypes. To the best of our
knowledge, such subclassification of NKT-like cell subpopulations
has never been described in the literature. It was used for
subclassification of classic CD8 T cells, however, we would like to
underline, that our strict gating strategy and high cell isolation
purity let us analyze virtually only the cells expressing CD56.
Therefore, CD8+ NKT-like cells analyzed in our study cannot be
directly compared to total circulating classic CD8+ T cells.

Having applied this subclassification for NKT-like cells, we
demonstrated significant negative correlation between glucose
level and the percentage of CD4-CD8mid subtype, while no
correlation with other subpopulations was found. This
observation confirmed our hypothesis that hyperglycemia can be
associated with decreased percentage of NKT-like cells both with no
expression or low expression of CD8 molecule. No such correlation
was found for CD4-CD8high cells if their percentage with respect to
the total number of NKT-like cells was analyzed.
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FIGURE 2

50 60 70 80 90 100

The proportion of patients with low CD4-CD8- percentage in peripheral blood in type 2 diabetes group (DMG) (n = 24) and control group (CG) (n =
62). Yellow plot presents how many DMG patients (among all DMG patients) have CD4-CD8- percentage (with respect to all studied NKT-like cell
types) lower than a given threshold. Green plot presents how many CG patients (among all CG patients) have CD4-CD8- percentage (with respect
to all studied NKT-like cell types) lower than a given threshold. Blue vertical line presents a specific case (approximately equal-sized groups)
described in the text and in Table 2; chi-squared test value: 5.16, p-value: 0.023. Red vertical line presents a specific case for the threshold of 37%
(all DMG patients have the CD4-CD8- percentage below this threshold) described in the text; chi-squared test value: 3.891, p-value: 0.049)
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FIGURE 3

(A) Relation between glucose level {mg/dl) and CD4-CD8- percentage in peripheral blood of type 2 diabetes group (n = 24) and control group (n =
62). (B) The same relation after logarithmic scaling of both axes. The linear regression parameters are -0.062 and 2.06 (slope and intercept,
respectively) and Pearson’s p: -0.29 with p-value: 0.007 (plot B). Spearman’s p: -0.27 with p-value: 0.011 (both plots: A and B)

These findings cannot be directly compared to those of other
authors due to the absence of similar analyses in the existing studies.
However, previous research made attempts to analyze changes of
the number of NKT cells and NKT-like cells in T2DM. In the study
by Tang et al. the authors found that the frequency and absolute
counts of circulating NKT-like cells were significantly lower in
patients with T2DM compared to healthy volunteers (15). The
study differed significantly from ours, as it included T2DM patients
with chronic severe hyperglycemia with a mean HbAlc level
exceeding 10%, which indicated a potential presence of multiple
T2DM-related complications. In our study, the mean glucose level
in T2DM group was 125.88 mg/dl, while in the quoted study it had
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to be approximately 250 mg/dl (on the basis of HbAlc value).
Therefore, our results may be different from those by Tang et al. as
very high glucose levels could significantly influence immune
responses. We demonstrated that DN NKT-like cell population
was depleted, but we did not find a decrease in total number of
NKT-like cells. Our study demonstrated that even slight
hyperglycemia is associated with impairment of NKT-like cell
distribution, and that DN NKT-like cells can be the first or
maybe the only population of NKT-like cells depleted in T2DM.
In the study by Dworacka et al. (24), no significant difference in the
total number of NKT-like cells in the peripheral blood of patients
with T2DM compared to healthy controls was found. These results
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FIGURE 4

Relation between glucose level (mg/dl) and CD4-CD8mid percentage in peripheral blood of type 2 diabetes group (DMG, n = 21) and control group
(n = 56). (A) CD4-CD8mid percentage represented as % of all studied NKT-like cell types (Spearman’s p: -0.292 with p-value: 0.01). (B) CD4-
CD8mid percentage represented as % of CD4-CD8+ cells {Spearman’s p: -0.25 with p-value: 0.029)

were consistent with the findings by Guo et al. (26) and by
Phoksawat et al. (25). Although Guo et al. demonstrated no
difference in the total NKT cell number, they observed high level
of activated NKT cells in patients with new onset of T2DM and
concluded that activated NKT cells played a role in T2DM
pathogenesis. Contrary, Dworacka et al. observed that patients
with prediabetes presented significantly higher amount of
activated NKT-like cells in peripheral blood as compared to both
T2DM patients and healthy controls. Moreover, the increased
NKT-like cell count in prediabetes was negatively associated with
glycated hemoglobin (HbA1c) levels. Authors hypothesized that the
diminished number of NKT-like cells in T2DM patients is possibly
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linked to chronic inflammation and NKT-like cells relocation to
vessel walls. On the other hand, Phoksawat et al. (25) did not find
any difference in the number of activated NKT-like cells in the
peripheral blood of T2DM patients compared to healthy controls.
The discrepancies between the studies may be related to a relatively
small study groups (24-26) However, the widely observed lack of
differences in the total number of NKT-like cells between T2DM
and controls may be related to the fact that the changes concern the
profile of NKT-like cell subpopulations, as it was demonstrated in
our present study, but the total number of cells is not significantly
disturbed. In a study conducted by Gajovic et al. (27), oxidative
stress caused by hyperglycemia led to a depletion in the amount of
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TABLE 3 Correlations between percentage of NKT-like cell subtypes
and glucose level.

NKT-like cell subtype

(% of all NKT-like cells) SPearman’sp  p-value
CD4highCD8mid 0.056 0.627
CD4midCD8high 0.209 0.07
CD4-CD8mid -0.292 0.01
CD4-CD8high 0.096 0.407
NKT-like cell subtype (% of CD4+CD8+)
CD4highCD8mid -0.068 0.554
CD4mid(:D8high 0.068 0.554
NKT-like cell subtype (% of CD4-CD8+)

CD4-CD8mid -0,249 0,029
(:D4-(:L)8high 0,249 0,029

Statistically significant p-values are presented in bold.

TABLE 4 Correlation between percentage of NKT-like cell types and
body mass index (BMI).

NKT-like Spearman’s p Pearson'’s p
cell type (p-value) (p-value)
CD4+CD8- 0.18 (0.101) 0.14 (0.187)
CD4+CD8+ 0.14 (0.197) 0.11 (0.316)
CD4-CD8- 005 (0.681) -0.05 (0.666)
CD4-CD8+ -0.1 (0.352) -0.124 (0.256)

splenic NKT cells. Additionally, there was an increase of NKT cells
excreting transforming growth factor beta (TGF-B), interleukin
(IL)-4, and IL-5. These results led to a hypothesis that T2DM
induces a change in cytokine secretion by NKT cells towards a T-
helper type 2 (Th2) cytokine profile, which may lead to increased
susceptibility of diabetic patients to infections and tumors (27). In
this regard, our observations are highly consistent with findings by
Gajovic et al., as we demonstrated that T2DM is associated with a
decreased percentage of DN NKT-like cells which possess
extraordinary cytotoxic properties. Important role in
antimicrobial response is connected with innate immunity and
production of antimicrobial peptides and cytokines such as
interferon-gamma (IFN-y), tumor necrosis factor alpha (TNF-ct)
by NKT-like cells (28-30). It was also proven that IFN-y plays a
crucial role in bacterial clearance including L. monocytogenes and
M. tuberculosis infections (31-33). Furthermore, TNF-¢, IFN- 7y
and granzyme B produced by NKT-like cells is also involved in
antitumor defense (21, 34-36). In the context of the results of the
present study, it seems highly important that the cytokine profile of
DN NKT-like cells, particularly their production of IFN-y, TNF-o is
essential for their antitumor and antimicrobial activity (21, 28-36).
It should be underlined that the association between T2DM and
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increased risk of cancer was demonstrated for a number of
malignancies, including breast, liver, pancreas, colon/rectum,
endometrium, and bladder cancer (37, 38). On the other hand,
anti-tumor activity of NKT-like cells was proved (21, 34, 35, 39).

The immunoregulatory function of NKT-like cells in metabolic
diseases is further supported by research on type 1 diabetes mellitus
(T1DM), which was proven to be associated with abnormalities in
NKT-like cells and NKT-cells distribution and function (40-43).
Among metabolic diseases, obesity seems to became more and more
important, especially because it constitutes the main risk factor of
T2DM. Although we did not find any association between the
distribution of NKT-like cell populations, other authors
demonstrated that pathogenesis of obesity is closely linked to the
dysregulation of immune system cells, including NKT-like cells In
study conducted by Donninelli et al,, accumulation of NKT-like cells
was observed in the visceral adipose tissue of obese patients (44). This
study does not contradict our results, as tissue distribution and function
of NKT-like cells may differ. It was previously demonstrated for NKT
cells that they can reduce inflammation in adipose tissue, whereas in
the liver, their activation may exacerbate it (45, 46). Future studies
analyzing adipose-resident NKT-like subpopulations could provide
valuable insights into their role in obesity.

Until very recently, most studies analyzing NKT cells focused
either on very unique invariant NKT (iNKT) cells based on Vo24-
Jol8 TCR antigen, or on broad spectrum of CD3+CD56+ NKT
lymphocytes. When discussing any data, obtained from analysis of
NKT-like cells, it should be underlined, that raw comparison of
results between different studies is still valid, as long as the same
method of NKT-like cells identification was used. We acknowledge,
however, that new insights into the heterogeneity of CD3+CD56+
NKT-like cells complicates the discussion of results obtained in
various studies, including our study on T2DM patients. We are
aware, that the differences in the percentage of any NKT-like cells
subtype, based on CD4 and CD8 segregation, might be the
reflection of any alternations in cell structure. That includes, but
is not limited to: changes in only one NKT-like cell subtype - e.g.
of T-cells vs. ¥8 T-cells; different state of activation of various
subtypes - including changes in CD56 expression, resulting in
different cells being sorted as CD3+CD56+ NKT-like cells; or
changes affecting every CD3+CD56+ expressing cell. In the aspect
of interpretation of our findings in context of T2DM patients, it is
important to mention, that cells expressing CD56 antigen are
considered to be activated cells exhibiting some level of cytotoxic
properties, therefore, possibly sharing similar properties. Statistical
significant differences, between healthy individuals and T2DM
patients, may indicate their contribution in the disease
mechanisms. Further distinguishing NKT-like cells based on
CD4/CD8 markers can provide some initial insights into the
subtypes of those cells, pointing on potential subpopulations that
are more important for the understanding the immunology of
T2DM and helping for the design of further studies in the field.

Taking into account all these observations, the results of our
study may constitute an important step in broadening the
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knowledge on harmful effects of hyperglycemia on immune cells
and on mechanisms contributing to the impaired immune defense
in T2DM, mainly with regard to increased risk of bacterial
infections and complications of infections, as well as of cancer
development. The observed depletion represents a novel insight
into immune dysregulation in metabolic disease and may serve as a
potential therapeutic target. Importantly, this progress would not be
possible without detailed analysis of NKT-like subpopulation
heterogeneity. The data that NKT-like subpopulations
heterogeneity correlate with glucose level suggest that the
immune cells subpopulations, rather than total cell counts, should
be the core of future studies.

Considering the novelty of our results, the limitations of this
study should be taken into account. The main limitation is a
relatively small sample size, although it should be noted that no
larger cohort has been analyzed with regard to association of NKT-
like cell subpopulations and T2DM. Additionally, the DMG
included patients treated with different antidiabetic medications,
which may influence the results. Moreover, we have not analyzed
HbAIlc level in our patients and an analysis of correlation of HbAlc
and NKT-like cell subpopulations may provide further evidence
supporting the results. Our study also did not involve patients with
uncontrolled T2DM and extremely high glucose concentrations.
Therefore, no conclusion on the impact of severe hyperglycemia on
NKT-like cells can be stated. On the other hand, we believe that the
strength of this study is the fact that all T2DM patients had similar
disease control with only moderately increased glucose level. This
fact indicates that even moderate hyperglycemia is associated with
changes in NKT-like cell profile with significant decrease in DN
subpopulations, which can potentially lead to increased
susceptibility to infections as well as increased risk of cancer
development. Another strength of our study is the fact that the
glucose and NKT-like cell subpopulations were analyzed from the
blood collected at the same time point in the same conditions, in
order to avoid the impact of other factors, such as meal, physical
effort or others.

5 Conclusions

Our study has provided evidence that DN NKT-like cell
population is decreased in T2DM, and that this phenomenon is
related to increased glucose level but not to BML. As DN NKT-like
cells play important role in antimicrobial and antitumor immune
defense, the decreased percentage of these cells may explain one of
the mechanisms of increased susceptibility and worse course of
infections in hyperglycemic conditions as well as increased
malignancy risk in T2DM. It is worth emphasizing, that our
study revealed that significant depletion of DN NKT-like cells
occurs even if glucose level is only moderately elevated.
Therefore, our study provides a new point for strict control of
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glycemia in T2DM. Taking into account the novelty of our findings
and the fact that no other research on associations between NKT-
like cell subpopulations has been performed so far, our observations
should be considered pioneering and they require further
confirmation in larger cohorts. These results shed new light on
significance of NKT-like cell subpopulations in T2DM, which - if
confirmed - may pioneer the way for new therapeutic strategies
targeting immune dysfunction in metabolic disorders.
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Abstract

Background: Vitamin D has a significant role in immune system regulation due to its
profound impact on various immune cells, including Natural Killer T-like (NKT-like) cells.
While previous studies have explored the effects of vitamin D on the overall NKT-like cell
population, detailed investigations into its impact on specific NKT-like subpopulations
are lacking. This study aimed to analyze the correlation between vitamin D levels and
NKT-like cell subpopulations (CD4+CD8+; CD4-CD8+; CD4+CD8-; CD4-CD8-) in periph-
eral blood collected from patients without diseases that can influence vitamin D and/or
calcium levels. Methods: Peripheral blood mononuclear cells (PBMCs) were isolated from
86 patients. NKT-like cells were separated from PBMCs using a CD3+ CD56+ NKT cell
isolation kit and a magnetic bead separator. Flow cytometry (FC) was applied in order to
evaluate the distribution of NKT-like cell subpopulations. Results: A significant positive
correlation between vitamin D levels and the CD4-CD8+ NKT-like cell population, particu-
larly the CD4-CD8high subtype was found. Importantly, this correlation was independent
of calcium levels, emphasizing the unique impact of vitamin D on CD4-CD8+ NKT-like
cells. Conclusions: Our findings suggest that vitamin D concentrations may influence
the distribution of NKT-like cell subpopulations in peripheral blood, although further
evidence is necessary to confirm this observation. These novel results provide a foundation
for elucidating the mechanism underlying the effect of vitamin D on the immune system
and may contribute to future therapeutic strategies targeting CD4-CD8+ NKT-like cells in
immune and oncological disorders.

Keywords: NKT-like cells; CD4-CD8+ NKT-like cells; vitamin D; 25-hydroxycholecalciferol;
immunomodulation; autoimmune disorders; immune response; cancer

1. Introduction

The role of vitamin D in human physiology has been a focus of scientific interest for
over 100 years. The earliest studies linking vitamin D to the prevention of rickets date back
to the early 20th century. However, the natural form of vitamin D was not discovered until
1936, and its active form, 1,25-dihydroxyvitamin D (1,25(0OH)2D), was identified in 1971 [1].
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Vitamin D plays a dual role, functioning both as a vitamin and a hormone, depend-
ing on its form and function. It is considered a vitamin because vitamin D is obtained
from external sources and is essential for calcium and phosphate homeostasis and bone
mineralization. After undergoing 25- and 1a-hydroxylation in the liver and kidneys to
its active form (calcitriol), it functions as a hormone, binding to the vitamin D receptor
(VDR) in the cellular nucleus [2]. Upon the binding of calcitriol to VDR, a heterodimer is
formed with the retinoid X receptor (RXR); this binds to DNA sequences known as vitamin
D response elements (VDRESs) in the promoter regions of target genes, leading to increased
or decreased gene transcription [3]. The VDR belongs to the steroid hormone receptor su-
perfamily and is located in various tissues, including the kidneys, skeletal system, digestive
system, endocrine system, and nervous system, as well as being expressed in immune cells
such as monocytes, macrophages, T lymphocytes, B lymphocytes, Natural Killer (NK) cells,
and Natural Killer T (NKT) cells [4-12].

Previously described in the literature as Natural Killer T (NKT) cells, NKT-like cells
form a distinct and diverse group of T lymphocytes that combine functional and phenotypic
features of T cells (i.e., T cell receptor (TCR)) and NK cells (i.e., cluster of differentiation
(CD)56). The primary classification of NKT cells, which was based on CD3 and CD56
antigen expression, has been changed according due to the finding that CD56 is non-specific
and can be detected on a broader spectrum of T lymphocytes, particularly among activated
Y8 T cells and within populations of o3 T cells [13-15]. Cells expressing CD56 are generally
known to have a more activated phenotype that is frequently connected with cytotoxic
potential and the partial sharing of functional properties [16]. NKT-like cells act as a bridge
between innate and adaptive immunity, as they possess cytotoxic properties due to the
production of perforin and granzyme, and produce a broad range of cytokines regulating
inflammatory responses through direct and indirect interactions with other cells of the
immune system [15,17]. Unlike other subpopulations of NKT-like cells, invariant NKT
(iNKT) cells are very rare in peripheral blood; these cells are characterized by recognizing
lipid antigens presented by the non-classical MHC molecule CD1d [18,19]. Advances in
immunology, with particular emphasis on more detailed cell identification approaches,
have resulted in continual reassessment of iNKT and NKT-like cell categorization [13,14].
Based on the expression of CD4 and CD8, iNKT-cells and NKT-like cells can be divided
into four subpopulations: CD8+CD4-, CD4+CD8-, CD4-CD8- (double negative; DN), and
CD4+CD8+ (double positive; DP) [20]. The CD4-CD8+ subpopulation predominantly
releases Th1 cytokines (interferon gamma—IFN-vy; tumor necrosis factor alfa—TNF-o) and
exhibits cytotoxic activity, thereby participating in antiviral, antibacterial, and antitumor
responses [21].

Numerous studies have evaluated the impact of vitamin D on cancer and autoim-
mune and infectious diseases in both human and animal models [1,22]. The potential
of adequate vitamin D levels to produce a protective effect in autoimmune diseases has
been postulated [23]. Vitamin D-VDR signaling is also essential for proper NKT-like cells
functioning. In murine models, vitamin D-VDR signaling has been identified as a critical
point of iNKT cell maturation and thymic development. Evidence from prenatal vitamin
D deficiency showed that improper fetal exposure resulted in epigenetic modifications
that persistently reduce iNKT cell populations [11,12]. Undeniably, vitamin D modulates
immune system function, including interaction with NKT-like cells [7,9-12]. Previous
studies, including our own research on the impact of type 2 diabetes mellitus (T2DM) on
NKT-like cell populations, have emphasized the vulnerability of NKT-like cells to metabolic
disorders [24-26].

Nevertheless, specific effects of vitamin D on NKT-like subpopulations remain insuffi-
ciently characterized. The aim of our study was to analyze the correlation between serum
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vitamin D levels and the distribution of NKT-like cell subpopulations in the peripheral
blood of patients without parathyroid gland disorders or other diseases that could affect
vitamin D or calcium homeostasis.

2. Materials and Methods
2.1. Patients

The research included 86 patients of Caucasian origin (68 women and 18 men) diag-
nosed in the Department of Endocrinology with thyroid nodular disease, in whom the
benign character of the thyroid nodules was cytologically confirmed. Inclusion criteria
were as follows: adult patients; benign thyroid nodular disease confirmed cytologically
with no other thyroid disease; patient consent for participation in the study; absence of
any of the exclusion criteria. The group was selected from outpatient clinic patients living
in the same geographical area. Exclusion criteria included presence of any other acute
or chronic disease that may influence either vitamin D and/or calcium levels or immune
system response and function. Similarly, patients who used any medication that may
influence the result were excluded from the study. Seventy-one of the patients (82.56%)
took cholecalciferol in doses ranging from 1000 to 4000 IU/day. Other medications used by
the patients included magnesium supplements (8%) and omega 3 acid supplements (5%).
The mean age of participants was 58.09 & 14.07 years. The clinical characteristics of the
study group, including vitamin D and calcium levels, are presented in Table 1.

Table 1. Clinical characteristics of the study group.

Parameter [unit] Mean SD Median Reference Range
Vitamin D [ng/mL] 317 16.87 28.7 30-50

Calcium 2.33 0.15 2.33 2.2-2.55

CRP [mg/L] 0.64 0.56 0.5 <1.0

ESR [mm/h] 10.94 19.29 2 <15

TSH [mIU/L] 141 1.61 1.03 0.27-4.2

FT4 [ng/dL] 1.28 0.31 1.25 0.93-1.7
Creatinine [mg/dL] 0.78 0.17 0.76 0.55-1.2

Glucose [mg/dL] 94.04 11.30 92 70-99

BMI [kg/m?] 25.29 3.86 24.58 <30

2.2. Biochemical Analysis

For the evaluation of serum vitamin D levels, peripheral venous blood samples were
obtained from patients at 6:00 a.m. under fasting conditions, regardless of the time of
year. Serum concentrations of vitamin D and total calcium were assessed using the elec-
trochemiluminescence immunoassay (ECLIA) method on the Cobas e601 analyzer (Roche
Diagnostics, Indianapolis, IN, USA).

2.3. NKT-like Cell Isolation

Peripheral blood samples (2 x 4.9 mL) were collected into EDTA tubes (Sarstedt,
Niimbrecht, Germany) via venipuncture. Peripheral blood mononuclear cells (PBMCs)
were isolated through gradient centrifugation at 400x g for 30 min using Histopaque®-1077
(Thermo Fisher Scientific, Waltham, MA, USA).

NKT-like cells were separated from PBMCs using a CD3+ CD56+ NKT cell isolation
kit (No. 130-093-064) and a magnetic bead separator (Miltenyi Biotec, Bergisch Gladbach,
Germany). Sequential isolation was performed in two steps following the manufacturer’s
instructions: first, PBMCs were initially depleted of NK cells and monocytes, which were
indirectly magnetically labelled using a cocktail of biotin-conjugated antibodies and Anti-
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Biotin MicroBeads. CD3+ CD56+ NKT-like cells are further enriched in the second step of
magnetic separation.

2.4. Flow Cytometry (FC)

To characterize the distribution of NKT-like cell subpopulations, flow cytometry (FC)
was applied. Cells were labelled using fluorochrome-conjugated monoclonal antibodies
directed against human CD3 (APC, clone UCHT1) and CD56 (PE-Cy7, clone B159), both
obtained from Becton Dickinson (Franklin Lakes, NJ, USA), to enable identification of NKT-
like cells. In addition, an anti-Va24JaQ TCR chain antibody (PE, clone 6B11) was used
to quantify the invariant NKT (iNKT) fraction, which was found to be very low (~1.2%).
Since neither «f3 nor y& T-cell receptors were assessed on the isolated cells, all subsequent
analyses were carried out on the heterogeneous CD3+CD56+ NKT-like population, in line
with current conventions. For subset discrimination, further staining was performed with
antibodies recognizing CD4 (FITC, clone SK3) and CD8 (PerCP, clone SK1), also supplied
by Becton Dickinson. To confirm the specificity of staining, isotype-matched controls
were included in every experiment. Flow cytometric acquisition was performed on a BD
FACSCanto II cytometer (Becton Dickinson, NJ, USA), and data processing was carried out
with the manufacturer’s analysis software (BD FACSDiva Software 6.1.2).

Initially, NKT-like cells were divided into four main subpopulations, CD4-CD8- (dou-
ble negative), CD4-CD8+, CD4+CD8-, and CD4+CD8+ (double positive), according to the
classification described by Montoya et al. [20], which was originally developed for iNKT
cells. Further analysis led to the discovery of clear heterogeneity in both CD8+ subpopula-
tions, leading to advanced subdivision of CD4+CD8+ and CD4-CD8+ subpopulations into
CD4highCD8mid/CD4midCD8high and CD4-CD8mid /CD4-CD8high, respectively. The
detailed gating strategy is presented in Figure 1.
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Figure 1. An example of flow cytometry (FC) plots demonstrating the gating strategy used for
cell analysis. (A) PBMC-derived population post-magnetic enrichment; (B) CD3*CD56% NKT-like
cells following FC purification; (C) Primary gating scheme for initial NKT-like cell identification;
(D) Refined gating strategy for distinguishing NKT-like cell subpopulations.
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2.5. Statistical Analysis

Analysis of the correlation between vitamin D levels and the percentage of indi-
vidual subpopulations of NKT-like cells—including both the main four subpopulations
(henceforth denoted as “types”) and the results of the subsequent subdivisions (mid/high
subtypes)—was performed on the basis of Pearson’s linear correlation coefficient and Spear-
man’s rank correlation coefficient. For the analysis of statistically significant differences
between patient groups, Student’s t-test and the Mann-Whitney U-test were applied, while
the normality of parameter distribution within groups was controlled using the Shapiro—
Wilk test. For the statistical analysis and plot generation, scipy.stats and matplotlib libraries
(version 1.10.1 and 3.7.5, respectively) were used. Patients were clustered into groups with
the Expectation-Maximization (EM) algorithm implemented in the Waikato Environment
for Knowledge Analysis (Weka, version 3.6.14).

2.6. Ethics Procedures

After receiving a detailed explanation of the purpose and course of the study, all
patients signed written informed consent. The study was approved by the Ethics Committee
of the Polish Mother’s Memorial Hospital—Research Institute in £.6dz, Poland (approval
code: 41/2021).

3. Results

The mean level of vitamin D was 31.7 +16.87 ng/mL, median 28.7 + 10.57 ng/mL.
The mean level of calcium was 2.33 + 0.15 mmol/L), median 2.33 + 0.11 mmol /L. No
correlation between vitamin D and calcium level for the whole group was found: Pearson’s
correlation coefficient was equal to 0.179 (p-value = 0.102), while Spearman’s ¢ was 0.183
(p-value = 0.093).

In the first part of the study, we analyzed correlations of the main NKT-like cell
types (i.e., CD4-CD8+, CD4-CD8-, CD4+CD8+, CD4+CD8-) with vitamin D level. A
significant positive correlation between vitamin D level and CD4-CD8+ NKT-like cells was
demonstrated. Pearson’s correlation coefficient was equal to 0.312 (p-value = 0.003), while
Spearman’s ¢ was 0.225 (p-value = 0.006) (Table 2). In the case of other NKT-like cell types,
no significant correlation with vitamin D was found (Table 2). Additionally, a slight positive
correlation between CD4-CD8+ NKT-like cells and calcium level was demonstrated, with
statistical significance reached only for Spearman’s rank correlation (¢ = 0.293, p-value
0.039) (Table 2).

Table 2. Correlations of NKT-like cell type percentage with vitamin D and calcium levels.

Sli I;:j;ll(ﬁactf;; Mean + Std (lj,(::xet::: Pearson’s ¢ p Value  Spearman’s ¢  p Value
CD4+CD8- 17.46% + 15.68%  vs.  Vitamin D -0.177 0.103 —0.185 0.089
CD4+CD8- 17.46% + 15.68%  vs.  Calcium —0.183 0.093 —0.247 0.022
CD4+CD8+ 7.29% +10.05%  vs. Vitamin D —0.174 0.109 —0.203 0.061
CD4+CD8+ 7.29% 4+ 10.05%  vs.  Calcium —0.06 0.586 —0.152 0.165
CD4-CD8- 14.32% 4+ 14.58%  vs.  Vitamin D —0.141 0.196 —0.182 0.093
CD4-CD8- 14.3%2 + 14.58% vs.  Calcium —0.083 0.452 —0.037 0.736
CD4-CD8+ 60.93% =+ 21.57%  vs.  Vitamin D 0.312 0.003 0.225 0.006
CD4-CD8+ 60.93% =+ 21.57%  vs.  Calcium 0.212 0.051 0.293 0.039

In the next part of the study, we analyzed correlations of the subtypes of each type of
NKT-like cell (i.e., CD4highCD8mid, CD4midCD8high, CD4-CD8mid, CD4-CD8high) with
vitamin D and calcium, respectively. The analysis revealed a significant positive correlation
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between vitamin D and the CD4-CD8high subtype (Pearson’s ¢ = 0.328, with p-value 0.004;
and Spearman’s ¢ = 0.262, with p-value 0.021).

Figure 2 presents the correlation between vitamin D level and the CD4-CD8high NKT-
like cell subtype. It should be stressed that removal of the two prominent outliers (with
increased vitamin D levels due to excessive supplementation) did not greatly influence the
obtained correlation coefficients—for either the types or subtypes of NKT-like cells. For
example, the value of Pearson’s g for vitamin D vs. CD4-CD8+ after outlier removal was
0.304 (p 0.005).
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Figure 2. Correlation and linear regression between vitamin D level and the CD4-CD8high subtype
(n=77).

In the case of other NKT-like cell subtypes, including the CD4-CD8mid subtype, no
significant correlation with vitamin D was found (Table 3). No correlation between the
CD4-CD8high subtype and calcium level was found, although significant correlation was
demonstrated between the CD4-CD8mid subtype and calcium level (Table 3).

Table 3. Correlations of NKT-like cell subtype percentage with vitamin D and calcium levels.

NKT Cell Subtype Correlation
(Absolute Mean =+ Std Parameter Pearson’s ¢ p Value Spearman’s ¢ p Value
Percentage)
CD4highCD8mid 6.88% £ 10.26%  vs. Vitamin D —0.145 0.208 —0.202 0.079
CD4highCD8mid 6.88% +10.26%  vs. Calcium —0.113 0.33 —0.135 0.246
CD4midCD8high 1.04% +1.18%  vs.  Vitamin D —0.123 0.289 0.013 0.909
CD4midCD8high 1.04% £ 1.18%  vs. Calcium 0.103 0.378 0.04 0.73
CD4-CD8mid 8.04% +871%  vs.  Vitamin D —0.055 0.635 0.022 0.85
CD4-CD8mid 8.04% £+ 8.71%  wvs. Calcium 0.222 0.054 0.25 0.029
CD4-CD8high 52.64% + 21.74%  vs.  Vitamin D 0.328 0.004 0.262 0.021
CD4-CD8high 52.64% £ 21.74%  vs. Calcium 0.087 0.454 0.042 0.716

The correlations in Table 3 were calculated for the raw percentages of the NKT-like
cells of each subtype. For example, if the CD4+CD8+ type constituted 40% of all NKT-
like cells of a patient, divided equally into CD4highCD8mid and CD4midCD8high, both
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these subtypes were represented as 20% and 20%, respectively. We additionally tested a
hypothesis that it is not the absolute percentage but the relative proportion of the subtypes
that should be taken into consideration (so both subtypes would be represented as 50%
and 50% in our example, irrespective of the absolute percentage of CD4+CD8+ cells). This
hypothesis was not confirmed, as demonstrated in Table 4.

Table 4. Correlations of NKT-like cell subtype related proportion with vitamin D and calcium levels.

]\ill{(eji-al:il;ee(lz’i:)lpsol:ri:)};ge Mean =+ Std (;:::::et:::‘ Pearson’s ¢ p Value Spearman’s ¢ p Value
CD4highCD8mid 69.36% = 27.27% vs. Vitamin D —0.022 0.848 —0.145 0.209
CD4highCD8mid 69.36% = 27.27% vs. Calcium —0.068 0.562 —0.124 0.284
CD4midCD8high 30.64% = 27.27% vs. Vitamin D 0.022 0.848 0.145 0.209
CD4midCD8high 30.64% = 27.27% vs. Calcium 0.068 0.562 0.124 0.284

CD4-CD8mid 14.06% =+ 12.54% vs. Vitamin D —-0.129 0.265 —0.099 0.392
CD4-CD8mid 14.06% - 12.54% vs. Calcium 0.173 0.135 0.175 0.13
CD4-CD8CD8high 85.94% = 12.54% vs. Vitamin D 0.129 0.265 0.099 0.392
CD4-CD8CD8high 85.94% =+ 12.54% vs. Calcium -0.173 0.135 =0.175 0.13

In the third step of the study, in order to investigate potential relationship between the
proportions of individual NKT-like cell types and vitamin D levels, we clustered the patients
into three groups using a standard EM approach (Expectation-Maximization [27,28]). The
clustering was performed in a four-dimensional space spanned by all four CD4/CD8
NKT-like cell types (CD4+CD8+, CD4+CD8-, CD4-CD8+, CD4-CD8-). Figure 3 shows the
obtained groups in some selected subspaces (i.e., in all subspaces involving the CD4-CD8+
NKT-like cell type). The cardinality of the groups, the coordinates of their respective
centroids, and standard deviations along individual axes are presented in Table 5.

Table 5. The parameters of the obtained clusters.

Cluster ID 0 1 2
Number of Patients 43 26 17
CD4+CDS- e s e 601
CD4+CD8+ o %3 igjg %:(613
coscos T 574 5% 127
coscps: O 1021 1675 1105

Figure 3 presents the cluster distribution, with cluster 0 containing the patients with
high a percentage of CD4-CD8+ NKT cells; cluster 1 grouping the patients with a low-to-
medium percentage of CD4-CD8+, low CD4-CD8-, and rather high CD4+CD8-; and cluster
2 grouping patients with low CD4+CD8+ and CD4+CD8-, medium CD4-CD8+, and high
CD4-CD8-.

An important conclusion is that the clustering procedure (assuming the fixed number
of three groups) proved quite stable, yielding very similar results for different initial condi-
tions and for a different clustering algorithm based on the standard k-means approach [29].

The results of clustering are presented in Table 6. As for the choice of the test type,
we additionally tested for the normality of the vitamin D distribution in each cluster. It
revealed that it deviates from normal pdf in cluster 0; therefore, the non-parametric Mann—
Whitney test should be used in the first two cases (cluster 0 vs. 1 and 0 vs. 2), which means
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that the only comparison result that should be considered statistically significant is cluster
0 (involving the highest percentage of CD4-CD8+ NKT-like cells) vs. cluster 1 (involving
the lowest percentage of CD4-CD8+ NKT-like cells and the highest percentage of CD4+

NKT-like cells) (p-value = 0.027) (Table 6).
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Figure 3. Visualization of NKT-like type clusters (from top to bottom: CD4-CD8- vs. CD4-CD8+;
CD4+CD8+ vs. CD4-CD8+; CD4+CD8- vs. CD4-CD8+); number of cases in clusters 0, 1, and 2 was

43, 26, and 17, respectively.
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Table 6. The results of vitamin D level comparison between the clusters.
Cluster 0 vs. Cluster 1 Cluster 0 vs. Cluster 2 Cluster 1 vs. Cluster 2
Student’s t t=2729 (p-value =0.008)  t=2.049 (p-value = 0.045) t= —0.624 (p-value = 0.537)
Mann-Whitney U =738 (p-value =0.027)  U=4615 (p-value =0.117) U =198.5 (p-value = 0.585)
To further demonstrate the relationship between vitamin D and CD4-CD8+ NKT-like
cells, we divided the patients into two groups by thresholding the CD4-CD8+ percentage
value. Using the threshold of 50%, we obtained the two groups presented in Table 7.
Table 7. The characteristics of vitamin D parameters in patients with high (>50) and low (<50)
percentages of CD4-CD8+ NKT-like cells.
Group Vitamin D
CD4-CD8+ N Mean Std IQR Min 1st Quart. Median 3rd Quart. Max
>50% 61 3438  18.77 14.90 11.20 24.60 30.00 39.50 120.00
<50% 25 25.16 8.07 12.70 11.60 18.00 24.70 30.70 38.90

A statistically significant difference between the groups was found (Student’s t-test
statistic t = 3.185; p-value = 0.002). As the vitamin D distribution in the first group deviated
significantly from normal pdf, we repeated the analysis with a Mann-Whitney test, which
also confirmed statistical significance (U = 1018; p-value = 0.015). The effect size (rank-
biserial correlation) computed for the U statistic is 0.335.

4. Discussion

Research conducted so far emphasizes that vitamin D plays a pivotal role in the
development, function, and regulation of NKT-like cells, a crucial component of the immune
system [11,12]. Current studies have focused on correlations between vitamin D levels
and the overall NKT-like cell population or iNKT cells specifically [11,12]. However,
detailed results on the interactions between NKT-like cell subpopulations and vitamin D
are still lacking.

To the best of our knowledge, our study is the first one to analyze the correlation
between vitamin D level and NKT-like cell subpopulations in the peripheral blood of
patients without disorders that may influence calcium and/or vitamin D levels. The lack of
correlation between vitamin D and total calcium in the study cohort further confirmed that
the results were not influenced by any calcium/vitamin D-related disturbances. Previous
studies primarily classified NKT cells into two or three subpopulations: CD4+, CD4-, and
CD4-CD8- (double negative) [30-33]. Using fluorescence-activated cell sorting, we catego-
rized NKT-like cells into four subpopulations, CD4+CD8-, CD4-CD8+, CD4-CD8- (double
negative, DN), and CD4+CD8+ (double positive, DP), following the classification applied
by Montoya et al. [20]. A more detailed analysis revealed significant heterogeneity within
the CD8+ subpopulations. Therefore, we further performed an advanced stratification of
the CD4+CD8+ and CD4-CD8+ subpopulations. Specifically, CD4+CD8+ and CD4-CD8+
cells were subdivided into CD4highCD8mid/CD4midCD8high and CD4-CD8mid/CD4-
CD8high, respectively. Such a stratification of NKT-like cell subpopulations has not been
presented in the literature before, but seems highly important for detailed knowledge on
the actual role of NKT-like cells, due to the potentially different functions of the NKT-like
cell subpopulations, which may not be demonstrated for the whole NKT-like population or
even for the CD4+CD8-, CD4-CD8+, CD4-CD8-, CD4+CD8+ subpopulations. Our study
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involved detailed subpopulations and subpopulations of the subpopulations to confirm
the observed correlation of CD4-CD8+ with vitamin D level.

The current analysis identified a positive correlation exclusively between vitamin D
levels and the number of CD4-CD8+ cells. No other significant correlations were observed
between vitamin D and the other NKT-like cell subpopulations. To further confirm this
correlation, we performed clustering in a four-dimensional space spanned by all four
CD4/CD8 NKT cell types (CD4+CD8+, CD4+CD8-, CD4-CD8+, CD4-CD8-). This approach
allowed us to demonstrate a significant difference between vitamin D levels in patients
belonging to the cluster with the highest percentage of CD4-CD8+ NKT-like cells and
the ones belonging to the cluster with the highest percentage of CD8-negative NKT-like
cells. As our observation is novel and constitutes an important step in the development of
knowledge on vitamin D-immune system interplay, we decided to apply a third different
approach to confirm the results. In this analysis, the patients were divided into two groups
by thresholding the CD4-CD8+ percentage value at 50%. This approach further confirmed
our previous results, as a significantly higher vitamin D level was detected in a group
of patients with a domination (above 50%) of CD4-CD8+ cells. Modest simultaneous
correlation of total calcium with CD4-CD8+ demonstrated in the first analysis was not
confirmed in the further steps of the study, which leads to presumption that the correlation
between vitamin D and NKT-like cell subpopulations is calcium-independent, at least in
patients without diseases influencing calcium levels.

Our results are difficult to compare with other studies as, to date, no other results
regarding the correlation between vitamin D and NKT-like cell subpopulations have been
published. Only studies analyzing the total NKT cell population or iNKT cell population
are available [11,12,34].

Taking into account the novelty of our results, we decided to perform even more
detailed analysis. Initially, NKT-like cells were subdivided into four main subpopu-
lations: CD4-CD8-, CD4-CD8+, CD4+CD8- and CD4+CD8+. However, further anal-
ysis led to the discovery of clear heterogeneity in both of the CD8+ subpopulations,
leading to advanced subdivision of CD4+CD8+ and CD4-CD8+ subpopulations into
CD4highCD8mid/CD4midCD8high and CD4-CD8mid/CD4-CD8high cells, respectively.
This subclassification of NKT-like cell subpopulations has never been described before. Our
investigation revealed a significant positive relationship between vitamin D and the CD4-
CD8high subtype, but no significant associations were found between vitamin D and the
other NKT-like cell subtypes, including the CD4-CD8mid subtype, which further indicates
the possible exclusive influence of vitamin D on NKT-like cell subpopulations with high
CD8 expression. As, conversely, calcium levels were not correlated with CD4-CD8high
subtype but with CD4-CD8mid subtype, we can consider this observation as further proof
that vitamin D’s impact on NKT-like cells is calcium-independent. Studies exploring the
connection between NKT-like cells and calcium levels are scarce and primarily concen-
trated on intracellular calcium regulation mechanisms and their influence on NKT cell
activity [35]. Direct studies assessing the correlation between serum calcium concentration
and NKT-like cell numbers are lacking.

As mentioned above, our results cannot be directly compared to other authors’ obser-
vations due to lack of similar analyses in the literature. However, the available results of
studies in the field of vitamin D and the immune system provide data that may explain
the importance of our findings. Bychinin et al. reported a positive association between
vitamin D levels and NKT cells in COVID-19 patients admitted to the intensive care unit
(ICU). Their study demonstrated that vitamin D supplementation significantly increased
the total number of NKT cells in peripheral blood compared to the placebo group [34].
Additionally, based on murine models, it was revealed that the vitamin D-VDR signal-
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ing pathway is essential for the proper maturation and maintenance of adequate NKT
cell populations [11,12]. These studies did not analyze the CD4CD8-subpopulations of
NKT-like cells, but their results are crucial in underscoring the critical role of sufficient
vitamin D levels in the development and maintenance of NKT-like cells. At present, there
is a lack of research directly investigating the molecular mechanisms by which vitamin
D regulates NKT-like cells. The available literature focuses predominantly on vitamin
D-VDR signaling in iNKT cell development [11,12]. Yue et al. demonstrated that the
transcriptional co-activator Med1, which interacts with VDR, is essential for iNKT cell
development [36]. The analysis of molecular mechanisms was not the aim of our study,
and further investigations are required to explain this association.

The impact of vitamin D on the immune system is currently being thoroughly an-
alyzed. The interaction between vitamin D and NKT-like CD4-CD8+ cells is crucial for
maintaining human health. Vitamin D has been shown to have a protective effect on many
pathological conditions, including allergic diseases such as allergic rhinitis and atopic
dermatitis [37-40]. Animal model studies suggest a correlation between serum vitamin D
levels and inflammatory markers [37,41]. NKT-like cells are critical regulators of immune
responses in allergic diseases due to their ability to secrete both pro-inflammatory and
anti-inflammatory cytokines that modulate allergic reactions [15]. IFN-y, primarily pro-
duced by the NKT-like CD4-CD8+ subpopulation, antagonizes Th2 cytokines like IL-4 and
IL-13, promoting a more balanced immune response and reducing tissue damage [42]. Our
results may provide a potential key mechanism regarding vitamin D’s action on NKT-like
cells in allergic reactions, i.e., attenuating the Th2-related response by increasing the num-
ber CD4-CD8+ NKT-like cells. This hypothesis requires further study to confirm such a
causality.

Furthermore, vitamin D has been shown to exert protective effects against autoimmune
diseases. The immunomodulatory effect of vitamin D involves, among others, modification
of the profile of cytokines produced by NKT-like cells. Increasing the production of anti-
inflammatory cytokines can suppress excessive immune responses and tissue injury. The
VITAL study revealed that long-term vitamin D supplementation reduced the risk of all
autoimmune diseases by 22% compared to the placebo group [23]. Moreover, in an experi-
mental autoimmune encephalomyelitis (EAE) mouse model, Waddell et al. demonstrated
that interactions between vitamin D and NKT cells are essential for protection against
EAE. In NKT-deficient mice, the protective effects of vitamin D were attenuated [43]. A
reduction in the amount NKT-like cells has also been consistently noted in other autoim-
mune diseases. Zhou et al. [44] found that patients with primary Sjégren’s syndrome have
significantly diminished circulating NKT-like cells, and this phenomenon correlates with
higher disease severity. Also, Lin et al. [45] revealed that NKT-like cell numbers are reduced
in systemic lupus erythematosus patients and that NKT-like cells are functionally impaired,
with decreased cytotoxicity and IFN-y production.

Through its influence on gene transcription, vitamin D plays a crucial role in regulating
the growth, differentiation, and apoptosis of human cells [46]. Some epigenetic studies
have shown that VDR is overexpressed in colorectal, prostate, and ovarian cancers, and
increased VDR expression on tumor cells may be associated with a more favorable response
to treatment [47-51]. A meta-analysis conducted by Keum et al. suggested that vitamin
D reduces cancer mortality [52]. While the underlying mechanism remains unclear, it is
likely influenced by the effects of vitamin D on the various types of immune cells, including
T lymphocytes, NK cells, macrophages, dendritic cells (DCs), and CD4-CD8+ NKT-like
cells. NKT-like CD4-CD8+ cells interact with tumor cells by releasing cytolytic proteins
and producing of a wide range of cytokines, such as IFN-y and TNF-«, affecting other im-
munocompetent cells, including DCs, T lymphocytes, and NK cells [15,17,53]. Furthermore,
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IEN-y, when secreted in significant amounts by CD4-CD8+ NKT-like cells, inhibits angio-
genesis, thereby exhibiting strong antitumor activity [51,54]. Alves et al. demonstrated
that NKT-like cells can be expanded ex vivo from patients with ovarian cancer, where
they have strong cytotoxicity against tumor cells [55]. Conversely, Yuen et al. [56] showed
that tumor-infiltrating NKT-like cells in hepatocellular carcinoma upregulate inhibitory
receptors, indicating suppression of effector function within the tumor microenvironment.
These findings support our results, suggesting that vitamin D may enhance the antitumor
role of CD4-CD8+ NKT-like cells, particularly regarding the novel CD8high subtype.

Vitamin D and NKT-like cells are synergistic elements of antimicrobial defense, with
their combined actions strengthening the immune response and modulating its course in
a manner beneficial to the organism. Vitamin D plays a significant role in antibacterial
and antiviral responses by stimulating the production of antimicrobial peptides, such as
cathelicidins and alpha- and beta-defensins, and enhancing the cytotoxic activity of NK cells
and macrophages [22,51]. Additionally, vitamin D stimulates CD4-CD8+ NKT-like cells to
produce IFN-y and other cytokines, which in turn increase the activation of macrophages
and T lymphocytes—key players in the antimicrobial immune response [15,17]. Moreover,
in study conducted by Kokordelis et al. [57], NKT-like cells have been shown to contribute
to antiviral defense in patients with acute hepatitis C. While the antimicrobial properties
of vitamin D have been extensively studied, the findings remain inconsistent [1,22,58].
Research conducted by Liu et al. demonstrated that vitamin D promotes the expression
of cathelicidin LL-37/hCAP-18 in human macrophages, offering protection against M.
tuberculosis infection through the activation of TCR 2/1 and VDR [58]. On the other hand,
the incidence of respiratory infections occurred at similar levels in placebo and vitamin
D groups [1]. Further studies are required to assess the effect of vitamin D on the risk of
occurrence and course of infectious diseases, but an adequate supply of vitamin D seems
beneficial for the antimicrobial actions of NKT cells and other immune cells [58].

Vitamin D has a significant role in immune system regulation by influencing NKT-like
cells, which affect allergic reactions, autoimmune disorders, cancers, and antimicrobial
defense. Our study demonstrated a positive correlation between vitamin D and CD4-CD8+
NKT-like cells (further defined as CD4-CD8high) and may constitute the initial step for
further explanation of immunomodulatory effect of vitamin D in several disorders and
contribute to the future development of novel therapeutic approaches to treat a wide range
of immunological and oncological disorders. However, the study has several limitations
that should be taken into account. Firstly, the cohort was relatively small, restricted to
Caucasian patients, and predominantly included females with benign thyroid nodules.
Secondly, we did not analyze the functional properties of NKT-like cells with regard to
the observed correlation with vitamin D. Moreover, the majority of participants (82.6%)
were receiving vitamin D supplementation, and the impact of supplementation dose and
duration on NKT-like cells subpopulations was not analyzed. However, we believe that
analysis performed on a population with overt vitamin D deficiency may be less reliable,
as different immune response disturbances may result from the vitamin D deficiency. We
aimed to analyze whether vitamin levels in patients without overt deficiency may influence
the profile of NKT-like cell types and subtypes. Therefore, the choice of a cohort in whom
the supplementation was common was intentional.

5. Conclusions

Our study is the first to demonstrate a positive correlation between vitamin D and
the number of CD4-CD8+ NKT-like cells, with a more detailed analysis emphasizing the
particular effect regarding the CD4-CD8high subtype, which provided further evidence of
the immunomodulatory properties of vitamin D. These findings highlight the critical role
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of the CD4-CD8+ NKT-like cell subpopulation in the interplay between vitamin D and the
immune system. Further studies in larger, multicenter cohorts are warranted to confirm
our results and explore the underlying molecular mechanisms. Emphasis should be put on
assessment of the functional properties of NKT-like cells, including cytokine production
and cytotoxic activity, to support the development of new, targeted therapies in immune
and oncological disorders.
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Abbreviations

The following abbreviations are used in this manuscript:

1,25(0OH)2D 1,25-dihydroxyvitamin D

«-GalCer a-galactosylceramide

AITD autoimmune thyroid disease
anti-Tg thyroglobulin antibodies
anti-TPO thyroid peroxidase antibodies
APCs antigen presenting cells

CD cluster of differentiation
COVID-19 coronavirus disease 2019

DCs dendritic cells

DN double negative

DP double positive

EAE experimental autoimmune encephalomyelitis
ECLIA electrochemiluminescence immunoassay
EDTA ethylenediamine tetraacetic acid
EM Expectation-Maximization

FC flow cytometry

ICU intensive care unit

1 interleukin

IFN-y interferon gamma

iNKT invariant Natural Killer T cells
MCH major histocompatibility complex
mRNA messenger ribonucleic acid

NK cells Natural Killer cells
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NKT cells Natural Killer T cells
NKT-like cells  Natural Killer T-like cells
PBMCs peripheral blood mononuclear cells
RXR retinoid X receptor
T2DM type 2 diabetes mellitus
TCR T cell receptor
TNF-a tumor necrosis factor alfa
TRAb thyroid stimulating hormone receptor antibodies
VDR vitamin D receptor
VDREs vitamin D response elements
vNKT variant Natural Killer T cells
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Number of CD4-CD8+ NKT-like Cells in Humans-A Novel Insight into Potential Immunomodulatory
Action” autoréw: Emilia Adamska-Fita, Przemystaw Wiktor $liwka, Barttomiej Stasiak, Matgorzata
Karbownik-Lewiriska, Magdalena Stasiak w Nutrients (2025 Oct 14;17(20):3216. doi:
10.3390/nu17203216).
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tédi, 19.11.2025

Prof. dr hab. n. med. Malgorzata Karbownik-Lewiriska
Klinika Endokrynologii i Choréb Metabolicznych

Uniwersytet Medyczny w todzi
OSWIADCZENIE WSPOLAUTORA

Osdwiadczam, iz wyrazam zgode na wykorzystanie przez lek. Emilie Adamska-Fita w
postgpowaniu o nadanie tytutu doktora nauk medycznych publikacji ,,Vitamin D May Increase the
Number of CD4-CD8+ NKT-like Cells in Humans-A Novel Insight into Potential Inmunomodulatory
Action” autoréw: Emilia Adamska-Fita, Przemystaw Wiktor Sliwka, Barttomiej Stasiak, Matgorzata
Karbownik-Lewiriska, Magdalena Stasiak w Nutrients (2025 Oct 14;17(20):3216. doi:
10.3390/nu17203216).
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t6dz, 12.11.2025

Prof. dr hab. n. med. Magdalena Stasiak
Klinika Endokrynologii i Choréb Metabolicznych

Instytut Centrum Zdrowia Matki Polki
OSWIADCZENIE WSPOLAUTORA

Oswiadczam, iz wyrazam zgode na wykorzystanie przez lek. Emilie Adamska-Fita w
postepowaniu o nadanie tytutu doktora nauk medycznych publikacji ,,Vitamin D May Increase the
Number of CD4-CD8+ NKT-like Cells in Humans-A Novel Insight into Potential Inmunomodulatory
Action” autoréw: Emilia Adamska-Fita, Przemystaw Wiktor Sliwka, Bartfomiej Stasiak, Matgorzata
Karbownik-Lewiriska, Magdalena Stasiak w Nutrients (2025 Oct 14;17(20):3216. doi:

10.3390/nu17203216).
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Curriculum Vitae

Imi¢ i nazwisko: Emilia Magdalena Adamska-Fita

Data urodzenia: 26.11.1992

Adres: ul. Dylewska 86, 95-080 Gorki Male

Telefon: 693 788 686

E-mail: emila0079@gmail.com

Numer prawa wykonywania zawodu: 3484144

Adres pracy: Instytut Centrum Zdrowia Matki Polki, Klinika Endokrynologii i Choréb
Metabolicznych, ul. Rzgowska 281/289, 93-338 L.6dz

Wyksztatcenie

2011-2017 — studia na kierunku lekarskim, Uniwersytet Medyczny w Lodzi
2018-2025 — szkolenie specjalizacyjne z endokrynologii, Klinika Endokrynologii 1
Choréb Metabolicznych, ICZMP w Lodzi

Listopad 2023 — uzyskanie tytulu specjalisty endokrynologii (Panstwowy Egzamin
Specjalizacyjny)

Doswiadczenie zawodowe

2025 — do chwili obecnej — lekarz specjalista endokrynolog w Zespole Poradni
Specjalistycznych ICZMP

2018-2025 — lekarz w trakcie specjalizacji z endokrynologii, ICZMP w Lodzi
2017-2018 — lekarz stazysta, Szpital MSWiA w Lodzi

Publikacje naukowe

Adamska-Fita E, Sliwka PW, Stasiak B, Karbownik-Lewinska M, Lewinski A, Stasiak
M. An impact of type 2 diabetes mellitus on NKT-like cell population in humans: a new
insight into impaired immune response in hyperglycemia. Front Endocrinol
(Lausanne). 2025;16:1641318.

Adamska-Fita E, Sliwka PW, Stasiak B, Karbownik-Lewifiska M, Stasiak M. Vitamin
D May Increase the Number of CD4-CD8+ NKT-like Cells in Humans—A Novel
Insight into Potential Immunomodulatory Action. Nutrients. 2025;17(20):3216.
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e Adamska-Fita E, Sliwka PW, Karbownik-Lewinska M, Lewinski A, Stasiak M. The
Absence of Thyroid-Stimulating Hormone Receptor Expression on Natural Killer T
Cells: Implications for the Immune-Endocrine Interaction. Int J Mol Sci.
2024;25(21):11434.

e Stasiak M, Witek P, Adamska-Fita E, Lewinski A. Response to Osilodrostat Therapy
in Adrenal Cushing’s Syndrome. Drug Healthc Patient Saf. 2024;16:35-42.

e Stasiak M, Dedecjus M, Zawadzka-Starczewska K, Adamska E, Tomaszewska M,
Lewinski A. Novel germline c¢.105 107dupGCT MENI mutation in a family with

newly diagnosed multiple endocrine neoplasia type 1. Genes. 2020.

Streszczenia zjazdowe

e Adamska-Fita E, Sliwka PW, Stasiak B, Karbownik-Lewinska M, Stasiak M.
Limmunomodulacyjne wlasciwosci witaminy D: wplyw stezenia witaminy D na
subpopulacje komoérek NKT-like? XXIII Zjazd Polskiego Towarzystwa
Endokrynologicznego, wrzesien 2025r. (Gdansk), Abstrakt wyr6zniony.

e Stasiak M., Adamska-Fita E, Sliwka PW, Zygmunt A., Lewinski A. Lack of Thyroid-
Stimulating Hormone Receptor Expression on Natural Killer T Cells: Implications for
the Immune-Endocrine Interaction. Endocrine Abstracts 2024; 99: EP697, doi:
10.1530/endoabs.99.EP697. Wspotautorstwo plakatu prezentowanego na ECE 2024
(Sztokholm)

e Stasiak M, Adamska E, Lewinski A. Treatment with osilodrostat in ACTH-independent
Cushing’s syndrome. Endocrine Abstracts 2023;90:RC11.4 doi:
10.1530/endoabs.90.RC11.4). Wspoétautorstwo doniesienia ustnego prezentowanego
na ECE 2023 (Stambut)

*  Uczestnictwo w 4th Healthly Ageing Research Centre (HARC) Workshop 2014 —
Respiratory infections in the elderly — the role in exacerbations of chronic airway

diseases.

Nagrody i wyrdznienia
e Juvenes Pro Medicina 2014 — 3. miejsce za pracg pt. ,,Comorbidities and polypharmacy
among the students of Academy of Healthy Ageing.”

e Stypendium Rektora Uniwersytetu Medycznego w todzi w roku akademickim:

2013/2014, 2014/2015, 2015/2016, 2016/2017
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Kota naukowe
Przynalezno$¢ do Studenckiego Kota Naukowego Alergia Astma Immunologia

Uniwersytetu Medycznego w L.odzi w latach 2013-2015

Przynalezno$¢ do towarzystw naukowych
Cztonek Polskiego Towarzystwa Endokrynologicznego oraz Polskiego Endokrynologii

Onkologicznej

Zainteresowania
Immunoendokrynologia ze szczegdélnym uwzglednieniem populacji komoérek NKT-like,

literatura obyczajowa 1 biograficzna, kinematografia amerykanska.

Jezyki obce

angielski — poziom $rednio zaawansowany (B2)
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