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1. Wykaz prac wchodzacych w sklad cyklu

Rozprawa doktorska stanowi spojny tematycznie zbior trzech publikacji naukowych w sktad
ktorych wchodza dwie prace oryginalne oraz jedna praca pogladowa. taczna punktacja
cyklu wynosi IF 7,9 oraz 320 punktow MNiSW.

W sktad zbioru wchodza nastepujace prace:

* Kapten K., Orczyk K., Smolewska E. Immunity in SARS-CoV-2 Infection: Clarity or
Mystery? A Broader Perspective in the Third Year of a Worldwide Pandemic. Arch.
Immunol. Ther. Exp. 71, 7 (2023). https://doi.org/10.1007/s00005-023-00673-0 IF
2,9, 140 pkt. MNiSW

* Kapten K., Orczyk K., Smolewska E. Application of Interferon-y Release Assay in the
Assessment of T-Cell Immunity to SARS-CoV-2 Antigens in the Cohort of Pediatric
Patients with Juvenile Idiopathic Arthritis. Children 2024, 11, 736. https://doi.org/
10.3390/children11060736 - IF 2,0, 40 pkt. MNiSW

* Kapten K., Orczyk K., Maeser A., Smolewska E. Interferon-y Release Assay in the
Assessment of Cellular Immunity—A Single-Centre Experience with mRNA SARS-
CoV-2 Vaccine in Patients with Juvenile Idiopathic Arthritis. J. Clin. Med. 2024, 13,
2523. https://doi.org/10.3390/jcm13092523 IF 3,0, 140 pkt. MNiSW



2. Wprowadzenie

Badania naukowe dotyczace reumatologii dzieciecej w duzej mierze obejmuja pacjentow z
najczestsza artropatia zapalng wieku rozwojowego, jaka jest mtodziencze idiopatyczne
zapalenie stawow (MIZS). [1] Jest to klinicznie heterogenna jednostka chorobowa
obejmujaca zapalenia stawdw o nieznanej etiologii, o poczatku przed 16 rz. i czasie
trwania co najmniej 6 tygodni, po wykluczeniu innych przyczyn obserwowanych objawdw.
[2] Aktualnie trwaja prace nad nowa klasyfikacja MIZS, jednak na ten moment obowiazuje
klasyfikacja przyjeta przez International League of Associations for Rheumatology (ILAR) w
1997 r. w Durban, zmodyfikowana w 2001 r. w Edmonton, na jej podstawie wyrozniamy 7
podtypow MIZS: MIZS o poczatku uogdlnionym, MIZS o poczatku skapostawowym, MIZS o
poczatku wielostawowym bez obecnosci czynnika reumatoidalnego (RF-), MIZS o poczatku
wielostawowym z obecnoscig czynnika reumatoidalnego (RF+), tuszczycowe MIZS, MIZS z
towarzyszacym zapaleniem przyczepow Sciegien oraz niezréznicowane MIZS, niespetniajace
kryteriow zadnego z powyzszych zapalen lub spetniajace kryteria wiecej niz jednego
podtypu MIZS. [3] Wskazniki zapadalnosci i chorobowosci roznia sie znacznie w zaleznosci
od rejonu geograficznego, z fragmentarycznych danych dla Polski liczba nowych
przypadkow oscyluje w granicach 5-6,5/100 000/rok. [4] Etiopatogeneza tej jednostki
chorobowej pozostaje nie w petni poznana, na jej rozwoj wptywaja ztozone interakcje
miedzy predysponujacymi czynnikami genetycznymi, Srodowiskowymi i zaburzeniami w
uktadzie immunologicznym, co ma odzwierciedlenie w zrdznicowaniu poszczegélnych
podtypow MIZS. Mimo braku leczenia przyczynowego, klasyczne leki modyfikujace przebieg
choroby (LMPCh), takie jak metotreksat czy sulfasalazyna, pozostajg pierwsza i w
wiekszosci przypadkow skuteczna linig leczenia. Dzieki postepowi w rozwoju oraz coraz
wiekszej dostepnosci szeregu lekdéw biologicznych skierowanych przeciwko cytokinom
zapalnym, ktoérych nadmierna aktywacja lezy u podtoza chordb autoimmunizacyjnych,
osiagnieto znaczne polepszenie rokowania i szanse na osiagniecie remisji nawet u
pacjentdw z ciezkimi postaciami choroby, opornymi na LMPCh. [5] Rozwoj celowanych
terapii ograniczyt rowniez pézne powiktania MIZS prowadzace do pogorszenia jakosci zycia,
sprawnosci fizycznej, a w ciezkich przypadkach nawet do kalectwa. [6] Mimo tego, dzieci z
artropatiami zapalnymi pozostaja grupa pacjentow wymagajaca szczegoélnej uwagi ze
strony lekarzy i opiekundw, szczegoélnie w sytuacjach duzego narazenia na infekcje, jak
podczas zagrozenia epidemiologicznego w trakcie pandemii SARS-CoV-2. Wedtug wiekszosci
dostepnych badan leki stosowane u pacjentéw cierpigcych na MIZS, poza
glikokortykosteroidami systemowymi, nie powinny miec istotnego wptywu na czestos¢
wystepowania, czy ciezszy przebieg infekcji gornych drog oddechowych w tej grupie
chorych. [7-9] Nadal jednak wystapienie jakiejkolwiek infekcji u pacjenta
reumatologicznego jest czynnikiem ryzyka zaostrzenia choroby podstawowej, ktére moze
prowadzi¢ do koniecznosci intensyfikacji lub zmiany leczenia, czy nawet hospitalizacji.
[10]

Pandemia SARS-CoV-2 od swojego poczatku na przetomie 2019 i 2020r. stanowita wyzwanie
zarowno dla systeméw opieki zdrowotnej na catym swiecie, jak i dla naukowcow, ktérzy
staneli przed trudnym zadaniem jak najszybszego znalezienia efektywnych metod
diagnostycznych, terapeutycznych oraz prewencyjnych, majacych na celu zatrzymanie lub
przynajmniej zwolnienie tempa rozprzestrzeniania sie epidemii nowego patogenu. Jednym
z gtownych kierunkow badan naukowych w dobie pandemii SARS-CoV-2 byta weryfikacja
dostepnych metod potwierdzajacych przebycie zakazenia, w tym metod oceny
wytworzonej odpornosci komérkowej i humoralnej oraz jej wptywu na uktad
immunologiczny. [11] Osoby dotkniete chorobami autoimmunizacyjnymi stanowia
szczeg6lng grupe pacjentow, ze wzgledu na odrebnosci w funkcjonowaniu ich uktadu
odpornosciowego i stanowia tym samym dodatkowe wyzwanie zarowno diagnostyczne, jak i
terapeutyczne w przypadku zakazenia SARS-CoV-2. [12] Co wiecej, szeroko opisywana w
literaturze rola wirusow, a nawet bakterii, takich jak wirusa Epsteina-Barr, wirusa rézyczki



czy bakterii Mycoplasma pneumoniae jako czynnikow spustowych kaskady
immunologicznej, prowadzacej do rozwoju choréb autoimmunizacyjnych, czy nowotworéw
nasuwa pytanie o istnienie podobnych mechanizmow w przypadku infekcji nowym
koronawirusem. [13-15] Pomimo licznych doniesien w literaturze dotyczacych istotnego
rozregulowania uktadu odpornosciowego w reakcji na zakazenie SARS-CoV-2, indukowanie
konkretnych choréb autoimmunizacyjnych, czy zaostrzanie istniejacych proceséw nadal
pozostaje przedmiotem badan. [16, 17] Wraz z wprowadzeniem programow szczepien
przeciwko COVID-19 pojawita sie potrzeba wprowadzenia wytycznych dla chorych z
chorobami autoimmunizacyjnymi, zaréwno ze wzgledu na proces chorobowy mogacy
wptywaé¢ na reakcje na szczepienie, jego skuteczno$¢ i wystapienie ewentualnych
powiktan, jak i na przyjmowane leki immunomodulujace [18, 19]. Dzieci cierpiace na
choroby autoimmunizacyjne, takie jak MIZS, sa szczego6lng podgrupa pacjentow, dla ktorej
istnieje ciagta potrzeba doprecyzowania wytycznych postepowania w przypadku zakazenia
SARS-CoV-2 i przyjmowania szczepien ochronnych przeciwko zakazeniu koronawirusem.
Takie rekomendacje powinny by¢ oparte na jak najwiekszej ilosci dobrze
przeprowadzonych badan naukowych i musza uwzgledniac¢ zrdznicowanie terapii
stosowanych przez dzieci cierpiace na MIZS. [20, 21]

Od poczatku pandemii na szeroka skale wykonywane byty ilosciowe badania pozwalajace
okresli¢ stezenia przeciwciat przeciwko antygenowi S1 wirusa SARS-CoV-2 w klasie 1gG oraz
IgM przy uzyciu testow immunoenzymatycznych (ELISA). [22] Badania te maja jednak swoje
ograniczenia, istnieje grupa pacjentow, ktora mimo przebycia zakazenia pozostaje
seronegatywna. Sa to zarowno pacjenci, ktorzy przebyli zakazenie bezobjawowo, mieli
objawy infekcji, jak i zostat u nich zdiagnozowany tzw. ,long Covid”. [23-25] Ze wzgledu
na zwiekszone ryzyko reinfekcji w poréwnaniu do pacjentéw seropozytywnych, istotna jest
ich identyfikacja [24] i mozliwos¢ weryfikacji przebycia zakazenia poprzez ocene
odpowiedzi komorkowej. Dzieki od dawna znanej i szeroko wykorzystywanej w diagnostyce
zakazenia Mycobacterium tuberculosis metodzie badajacej komodrkowa odpowiedz
immunologiczng przy wykorzystaniu testow uwalniania interferonu gamma (IGRA),
okreslajacych zdolnos¢ rozpoznawania antygenow wirusa przez limfocyty T CD4+ po
przebytym zakazeniu, mamy mozliwosc¢ zastosowania badania IGRA rowniez w diagnostyce
zakazenia SARS-CoV-2. Dostepna literatura dotyczaca oceny odpowiedzi limfocytow T
pokazuje skutecznosc tej metody zaréwno w ocenie wytworzonej odpornosci po przebytym
zakazeniu, jak i po szczepieniu przeciwko SARS-CoV-2. [26-28] Ocena odpornosci
komorkowej moze by¢ szczegdlnie przydatna w przypadku pacjentéw obcigzonych
chorobami autoimmunizacyjnymi, u ktorych zaburzenia immunologiczne oraz zastosowane
leczenie moga wptywaé na odpowiedz uktadu odpornosciowego. Mimo pojawiania sie
pojedynczych badan dotyczacych przebiegu zakazenia SARS-CoV-2 u pacjentow z
chorobami autoimmunizacyjnymi oraz jego wptywu na chorobe podstawowa, ciagle brakuje
publikacji dotyczacych pacjentow pediatrycznych, w tym uwzgledniajacych zalecenia
dotyczace szczepien przeciwko SARS-CoV-2 w tej szczegoblnej grupie chorych. [29, 30]



3. Cel pracy:

ocena wytworzonej odpowiedzi immunologicznej, zarowno komoédrkowej, jak i
humoralnej, na zakazenie wirusem SARS-CoV-2 u pacjentow cierpiacych na MIZS, w tym u
pacjentdw, ktoérzy otrzymali szczepienie przeciwko COVID-19, uwzgledniajac czynniki
takie jak: wiek, ptec, rozne podtypy choroby podstawowej, czas od rozpoznania choroby
podstawowej, trwajace zaostrzenie (objawy kliniczne, wartosci markerow stanu
zapalnego),

poszukiwanie zaleznosci miedzy stopniem wytworzonej odpornosci, a stosowanym
leczeniem immunomodulujacym, ze szczegolnym uwzglednieniem pacjentow leczonych
biologicznie,

okreslenie przydatnosci testu IGRA jako wiarygodnego narzedzia do oceny wytworzonej
odpowiedzi komorkowej po kontakcie z wirusem SARS-CoV-2 i ustalenie znaczenia
reaktywnosci limfocytow T w praktyce klinicznej,

dalsza obserwacja kliniczna pacjentéw uwzgledniajaca wystepowanie zakazenia SARS-
CoV-2 po zakonczeniu badania i ocena jego zaleznosci z wczesniej oznaczonymi
wartosciami wytworzonej odpowiedzi immunologicznej.



4. Omowienie publikacji wchodzacych w sklad cyklu

4.1. Publikacjal

Publikacja ,,Immunity in SARS-CoV-2 Infection: Clarity or Mystery? A Broader Perspective in
the Third Year of a Worldwide Pandemic” jest praca pogladowa. Jej celem byt przeglad
istniejacego pisSmiennictwa dotyczacego odpowiedzi immunologicznej zaréwno na
zakazenie SARS-CoV-2, jak i na szczepienie przeciwko nowemu koronawirusowi. Publikacja
uwzgledniata mechanizmy immunologiczne odpowiadajace za wytworzong odpornos¢ wraz
z  aspektami klinicznymi, w rdéznych kohortach, w tym pacjentow z zaburzeniami
odpowiedzi immunologicznej.

We wstepie pracy odniesiono sie do wptywu trzech lat trwania pandemii na
bezprecedensowa skale badan naukowych majacych na celu zatrzymanie
rozprzestrzeniania sie wirusa SARS-CoV-2. Zwrdcono rowniez uwage na dwie poprzednie
epidemie beta-koronawiruséw i mozliwe korzysci ptynace z dokonanych odkry¢ i osiagniec
na polu choréb zakaznych, nie tylko w kontekscie ostatniej pandemii, ale rowniez
ewentualnych przysztych zagrozen epidemiologicznych.

Praca obejmuje mechanizmy odpowiedzi immunologicznej od pierwszej, nieswoistej linii
obrony po swoista odpornos¢ humoralng i komorkowa. Publikacja miata na celu
uzupetnienie istniejacej literatury o kompleksowy przeglad aktualnego stanu wiedzy na
temat wirusa SARS-CoV-2, dostepnych metod diagnostycznych oraz skutecznosci szczepien
ochronnych, uwzgledniajacy pacjentow immunoniekompetentnych.

Publikacja przedstawia ogo6lng charakterystyke wirusa SARS-CoV-2. Autorzy omowili
budowe nowego koronawirusa, ktéra ma bezposredni wptyw na jego zdolnos¢ wiagzania sie
z receptorami komorek cztowieka, mozliwosci replikacji oraz patogennos¢. Podkreslono
powinowactwo SARS-CoV-2 do konkretnych komoérek, gtownie nabtonka drog oddechowych,
ale rowniez przewodu pokarmowego i miokardium. Oméwiono rowniez, jak wirus wiaze sie
z komodrkami gospodarza, podkreslajac, ze roznorodnos¢ mechanizmow i drog, ktorymi
SARS-CoV-2 infekuje tkanki ludzkie, razem ze zdolnoscig do czestych mutacji, ma istotny
wptyw na szybkos¢ rozprzestrzeniania sie zakazenia w populacji.

Przeglad obejmuje rowniez omowienie wrodzonych mechanizméw odpowiedzi
immunologicznej, ktore odgrywaja istotng role w obronie przed wirusem SARS-CoV-2, a
czesto s wystarczajaca barierg ochronng i hamuja rozwoj zakazenia, jeszcze zanim
dotaczy do nich odpowiedz swoista. W pracy omoéwiono poszczegblne mechanizmy
odpornosci nieswoistej, dzielac je na komoérkowe oraz humoralne. Podkreslono znaczenie
cytokin prozapalnych, takich jak Interleukina-6 (IL-6), ktérej nadmierna produkcja
powoduje burze cytokinowa, uszkodzenie komdrek srodbtonka, nieszczelnosc¢ kapilar i w
rezultacie prowadzi do rozwoju zespotu niewydolnosci oddechowej. Omdwiono réwniez
znaczenie nadmiernej aktywacji makrofagow i wtérnego zespotu hemofagocytarnego jako
zagrazajacego zyciu procesu, prowadzacego do rozlegtej mikrozakrzepicy ptuc. Kolejnym
istotnym mechanizmem podjetym w pracy byty zaburzenia w wydzielaniu Interferonéw
(IFN), prowadzace do nieadekwatnej reakcji zapalnej w odpowiedzi na zakazenie SARS-
CoV-2. W publikacji podkreslono réowniez role neutrofildw odpowiedzialnych za rozwoj
procesu nazywanego NET-oza, w ktorym wytwarzane s zewnatrzkomoérkowe sieci
neutrofilowe promujace uszkodzenia narzadowe oraz koagulopatie. Jeszcze innym
procesem obserwowanym w trakcie zakazenia SARS-CoV-2 jest wyczerpanie komoérek NK
(ang. Natural Killers), jednak ze wzgledu na istnienie sprzecznych informacji dotyczacych
tych mechanizmow, jest to temat wymagajacy dalszych badan.



Sekcja pracy dotyczaca swoistych mechanizméw odpowiedzi immunologicznej zostata
podzielona na cze$¢ traktujaca o odpornosci humoralnej oraz na segment poswiecony
odpowiedzi komodrkowej. Publikacja podkresla, ze jedna z pierwszych i podstawowych
metod diagnostyki zakazenia SARS-CoV-2 jest ocena miana wytworzonych przeciwciat,
gtownie w klasie IgM oraz IgG, ale rowniez IgA. Autorzy omowili wptyw nasilenia
odpowiedzi humoralnej na przebieg zakazenia, poruszajac problem potencjalnego
utatwiania przedostawania sie czastek patogenu przez przeciwciata, skutkujacego ciezsza
odpowiedzia zapalna. Jednak ze wzgledu na brak udowodnionej korelacji miedzy wysokimi
stezeniami przeciwciat a zgonami z powodu COVID-19, zaleznosci te pozostajg tematem
badan. Ponadto poruszono istotny wptyw dynamiki reakcji organizmu i opdznionej
produkcji przeciwciat, jako kolejnego czynnika negatywnie wptywajacego na obrone przed
zakazeniem. Omowiono réwniez dostepna literature dotyczaca przebiegu infekcji SARS-
CoV-2 u pacjentow z niedoborami odpornosci humoralnej, zwracajac uwage na role innych
mechanizmoéw immunologicznych, w tym odpowiedzi komérkowej. Ponadto przedstawiono
aktualny stan wiedzy dotyczacy czasu utrzymywania sie¢ dodatniego miana przeciwciat, i
tym samym trwatosci odpowiedzi humoralnej oraz istotnosci serologii w klasie IgA, w
kontekscie powinowactwa wirusa SARS-CoV-2 do bton $luzowych.

Omawiajac znaczenie odpornosci komodrkowej w odpowiedzi na zakazenie nowym
koronawirusem, przedstawiono publikacje odnoszace sie do poprzednich epidemii
koronawirusowych i trwatosci odpornosci wytworzonej przez limfocyty T. Dostepna
literatura przedstawiona w aktualnej publikacji pokazuje zaleznos¢ sprawnej aktywacji
limfocytow T CD8+ ze skutecznym usuwaniem wirusa oraz zte rokowanie co do przebiegu
zakazenia przy niskiej reaktywnosci limfocytow T CD8+. Omdwiono rowniez mozliwe
mechanizmy wytwarzania skutecznej odpowiedzi komérkowej przy braku serokonwersji, a
réwniez przypadki pacjentow niewytwarzajacych zadnej wykrywalnej swoistej odpowiedzi
na zakazenie SARS-CoV-2. Przedstawiono ponadto wykorzystanie testu IGRA w diagnostyce
odpowiedzi T-komorkowej.

Publikacja zawiera takze najwazniejsze informacje dotyczace szczepien przeciwko
zakazeniu SARS-CoV-2, ich bezpieczenstwa oraz skutecznosci. Autorzy omodwili mozliwe
dziatania niepozadane szczepionek przeciwko COVID-19. Ukazano wptyw programéw
szczepien na zmniejszenie liczby zachorowan, podkreslajac jednak trudnosci ptynace z
czestych mutacji, ktorym podlegaja koronawirusy i ktore moga ogranicza¢ efektywnosc
szczepien ochronnych. Oméwiono rowniez skutecznos¢ i dtugotrwatos¢ wytworzonej w
odpowiedzi na szczepienie odpornosci humoralnej oraz komoérkowej. Podsumowujac,
podkreslono znaczenie odpornosci hybrydowej (zaréwno naturalnej, jak i poszczepiennej)
jako najskuteczniejszej i najtrwalszej.

Ostatnim poruszanym w pracy zagadnieniem byta odpowiedz na szczepienia u pacjentow z
zaburzeniami odpornosci. Przedstawiono badania wykonane u biorcow przeszczepow,
ukazujace ostabienie reakcji na szczepienia. Podobne badania wykonano tez w grupie
pacjentow cierpiacych na stwardnienie rozsiane, w ktérym podkreslano znaczenie
otrzymywanego leczenia immunosupresyjnego.

Podsumowujac przeglad pismiennictwa, autorzy znalezli kilka obszaréw wymagajacych
dalszych badan. Jednym z nich byta doktadna ocena czasu utrzymywania sie odpornosci,
zarowno poszczepiennej, jak i po zakazeniu SARS-CoV-2, szczegdlnie w kontekscie
pojawiania sie nowych mutacji wirusa i tym samym dostosowanie liczby i czasu podawania
dawek przypominajacych szczepionki. Ponadto, istotnym problemem jest poprawna
identyfikacja grup pacjentow mogacych wymaga¢ dodatkowej ochrony przed zakazeniem i
tym samym dostosowanie do nich programow szczepien. Przedstawienie petnej ztozonosci
mechanizmoéw immunologicznych sktadajacych sie na odpornos¢ na zakazenie SARS-CoV-2
jest niemal niemozliwe, autorzy starali sie jednak omowié te najbardziej aktualne i o
najwiekszej wartosci klinicznej. Na zakonczenie publikacji podkreslono znaczenie



wrodzonych mechanizméw odpornosci oraz role odpowiedzi komoérkowej, jako niezwykle
istotnej komponenty swoistej odpowiedzi uktadu odpornosciowego, zwracajac réwniez

uwage na potrzebe dalszych badan majacych na celu ustalenie konkretnych wytycznych
dotyczacych szczepien przeciwko SARS-CoV-2 u pacjentow z zaburzeniami odpornosci.
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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and its mechanisms have been thoroughly studied by
researchers all over the world with the hope of finding answers that may aid the discovery of new treatment options or effec-
tive means of prevention. Still, over 2 years into the pandemic that is an immense burden on health care and economic sys-
tems, there seem to be more questions than answers. The character and multitude of immune responses elicited in coronavirus
disease 2019 (COVID-19) vary from uncontrollable activation of the inflammatory system, causing extensive tissue damage
and consequently leading to severe or even fatal disease, to mild or asymptomatic infections in the majority of patients,
resulting in the unpredictability of the current pandemic. The aim of the study was to systematize the available data regard-
ing the immune response to SARS-CoV-2, to provide some clarification among the abundance of the knowledge available.
The review contains concise and current information on the most significant immune reactions to COVID-19, including
components of both innate and adaptive immunity, with an additional focus on utilizing humoral and cellular responses as
effective diagnostic tools. Moreover, the authors discussed the present state of knowledge on SARS-CoV-2 vaccines and
their efficacy in cases of immunodeficiency.

Keywords SARS-CoV-2 - Innate immunity - Humoral response - Cellular response - Vaccinations - Immunosuppression

Introduction more challenging than initially suspected, with the complex-

ity of the coronavirus disease 2019 (COVID-19) and its vari-

Since the end of 2019, when the novel coronavirus emerged
in Wuhan, China, there has been an unprecedented incen-
tive of researchers, doctors, and scientists from all over the
world attempting to get the full picture of the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) infec-
tion. Soon it became clear that only a complete and com-
prehensive understanding of the new virus could provide the
healthcare systems and governments with the means to not
only limit the spread of the disease but also provide neces-
sary data for drugs and vaccine development. Even though,
during the course of the pandemic, these aims proved to be
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ous clinical presentations (Dong et al. 2020). Nearly three
years into the pandemic we ended up with more detailed
knowledge of SARS-CoV-2 than possibly any other virus
throughout history. As of today, the current pandemic is the
third serious epidemic caused by beta-coronavirus since
2002 preceded by severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS) (Gusev et al.
2022). Since these pathogens bear high resemblance in their
capability of infecting multiple cell types in several organ
systems (Gu et al. 2005), the discoveries made regarding
SARS-CoV-2 may not only benefit us in the current epide-
miological situation but also in the years to come, as new
challenges may arise for medical professionals.

In this narrative review, the authors attempt to systema-
tize the data on both innate and adaptive immunity to the
SARS-CoV-2 infection (Table 1). The scope of this paper is
to cover immune mechanisms, from the most indispensable
in the first line of defense against pathogens, like the role of
combined influx of cytokines, macrophages and interferons
(IFNs), which significance was well noted by Silva et al.
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Table 1 Main immunity mechanism in SARS-CoV-2 infection mentioned in the paper

Main immunity mechanisms in SARS-CoV-2 infection

Innate immunity

Adaptive immunity

Humoral components Complement

Coagulation-fibrinolysis cascades

Proteins

B-cell produced antibodies mediated immunity

Cytokines: chemokines, ILs, IFNs, TNF

Naturally occurring antibodies
Macrophages and monocytes
NK cells

Nonspecific leucocytes

Cellular components

T cells mediated immunity (mainly CD8%)
IL (IL-6, IL-17) produced by T cells

IL interleukin, /FN interferons, TNF tumor necrosis factor, NK natural killer

(2022), to a more comprehensive insight into both humoral
and cellular immunity. As stated by Vélyi-Nagy et al. (2022)
in a review on adaptive immunity in SARS-CoV-2, only a
coordinated and balanced work of both immune systems
guarantee overcoming the infection. Additionally, the arti-
cle explores the immune reactions to the newly developed
and widely used vaccines, pointing out the limitations of
the sole assessment of antibodies titers and significance of
cellular immunity as was signaled in similar reviews con-
centrating solely on vaccinations to SARS-CoV-2 (Laidlaw
and Ellebedy 2022; Sadarangani et al. 2021). The authors
aimed to add to the current literature a comprehensive over-
view of a current state of knowledge regarding SARS-CoV-2
virus with its implications on available testing methods and
vaccination efficacy, with an additional focus on immuno-
deficient patients.

General Characteristics of SARS-CoV-2

SARS-CoV-2 is an enveloped, positive-sense single-stranded
RNA virus. It shares main structural and molecular charac-
teristics with other coronaviruses, such as the presence of
four structural proteins: S (spike), E (envelope), M (mem-
brane), and N (nucleocapsid) that are critical for binding
with cellular receptors, viral replication, and pathogenicity
(Huang and Wang 2021). The M glycoprotein is responsible
for the formation and stability of the viral envelope and the N
protein interacts with the genomic RNA. Communication of
the virus with the host cell is facilitated by angiotensin con-
verting enzyme 2 (ACE2) receptors and is mediated by the
S protein of the virus. ACE2 receptors are highly expressed
on the cell surface of many tissues and organs, mainly the
respiratory tract mucosa, but also the myocardial surface and
digestive system mucosa (Lei et al. 2021; Rizzo et al. 2020).
The S1 region of the S protein is responsible for binding to
the host cell receptor, while the S2 region is responsible for
the fusion of the viral particles and genome with the host cell

@ Springer

(Gadanec et al. 2021). Binding of the viral S glycoprotein
to the ACE2 receptor on the cell's surface must be followed
by the proteolytic cut at the S1/S2 site of the S glycoprotein
by the host protease furin. S protein has to be cleaved by the
host factor, transmembrane serine protease 2 (TMPRSS2)
at the S2 site in order to expose a fusion peptide which is an
essential step for viral fusion with the host cell. These pro-
cesses occur sequentially, with the cleavage at the S1/S2 site
occurring first followed by the subsequent cleavage at S2'.
TMPRSS?2 and furin are both essential for proteolytic acti-
vation of SARS-CoV-2 (Bestle et al. 2020). ACE2 presence
on the plasma membranes is regulated by A disintegrin and
metalloprotease 17 (ADAM17) which promotes the shed-
ding of the protein (Rizzo et al. 2020) (Fig. 1). However, as
the newest research shows, ACE?2 receptors are not impera-
tive for SARS-CoV-2 infection. Not only does the presence
of specific co-receptors enables the virus to infect cells with
low ACE2 expression on membranes, but there is also grow-
ing evidence of the existence of alternative ACE2 pathways
for target cell infection, utilizing immune receptors like neu-
ropilin-1, C-lectin type receptors, Toll-like receptors and the
non-immune receptor glucose regulated protein 78 (Amraei
et al. 2021; Choudhury and Mukherjee 2020; Gadanec et al.
2021; Gao et al. 2020; Ibrahim et al. 2020). The variety
of pathways in which SARS-CoV-2 infects human tissues
may explain its high affinity and robust spread through the
population.

As aresult of replication errors mediated by RNA poly-
merase and reverse transcriptase enzymes, SARS-CoV-2 as
an RNA virus has a substantially higher mutation rate than
DNA viruses. Thus, the continuous transmission and the
high rate of replication errors of the virus have led to the
emergence of many mutations across geographical regions,
mainly observed in the receptor-binding domain in the
S-glycoprotein. Therefore, the identification of all SARS-
CoV-2 variants and specification of their pathophysiology
is merely impossible (Gusev et al. 2022; Huang and Wang
2021; Santacroce et al. 2021).
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SARS-CoV-2
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Fig. 1 Structure and cell entry mechanism of SARS-CoV-2. The fig-
ure illustrates the architecture of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). It is characterized by the presence of
four structural proteins: S (spike), E (envelope), M (membrane), and
N (nucleocapsid), which interacts with the genomic RNA. Virus com-
munication with the host cell is mediated by S protein and facilitated
mainly by angiotensin-converting enzyme 2 (ACE2) receptors, which
are highly expressed on the cell membranes of many tissues and
organs. The binding of the S glycoprotein to the ACE2 receptor is fol-
lowed by the proteolytic cut at the S1/S2 site of the S glycoprotein by
the host protease furin and cleavage at the S2 site by transmembrane
serine protease 2 (TMPRSS2), subsequently. ACE2 presence on the
plasma membranes is regulated by the shedding of the protein, pro-
moted by A disintegrin and metalloprotease 17 (ADAM17)

Innate Immunity

As an effective adaptive immune response to SARS-CoV-2
could not be expected to occur until at least 2—3 weeks after
the initial exposure, very efficient control of the infection
was observed in the vast majority of first-time infected
population which shows that the added value of the innate
immune response cannot be overlooked. Antiviral innate
immunity reaction includes both humoral components, such
as complement, coagulation-fibrinolysis cascades, proteins,
chemokines, and naturally occurring antibodies, as well as
cellular components like natural killer (NK) cells and other
nonspecific phagocytic and cytolytic leukocytes (Boechat
et al. 2021; Weber 2021).

Interleukin (IL)-6 was identified as one of the first poten-
tially pathogenic factors in the development of acute respira-
tory distress syndrome (ARDS) in the course of COVID-19.
Being a part of both innate and adaptive immunity, IL-6
has a crucial role in the initial response to pathogens and
ischemic injury by producing acute phase proteins. Addi-
tionally, it directs immune cell differentiation and takes part
in immunoglobulin production, by having stimulatory effects
on both B cells and T cells, thus, promoting chronic inflam-
mation (Gabay 2006). The uncontrolled production of IL-6

is a common characteristic of autoimmune and autoinflam-
matory diseases. The introduction of anti-IL-6 receptor mon-
oclonal antibodies has resulted in great therapeutical suc-
cess in rheumatic diseases (Jordan et al. 2020; Jordan 2021).
The excessive IL-6 production in SARS-CoV-2 infection is
reported to cause a cytokine storm, leading to endothelial
cell damage, capillary leak, and eventually ARDS (Jordan
2021). Additionally, it was proved to be a risk factor for the
requirement of mechanical ventilation in COVID-19 patients
(Herold et al. 2020). For this reason, preventing excessive
IL-6 production or targeting IL-6 receptors, was considered
a viable treatment approach that could potentially limit mor-
bidity and mortality in the context of SARS-CoV-2 infec-
tion. However, while initial results from observational stud-
ies were very promising (Guaraldi et al. 2020; Price et al.
2020; Somers et al. 2021; Wise 2020), they were not always
followed by comparable results in clinical trials (Garcia-
Lled¢ et al. 2022; Stone et al. 2020).

Furthermore, patients with a severe course of SARS-
CoV-2 infection were found to have significantly elevated
serum levels of not only IL-6 but also several other pro-
inflammatory cytokines, including IL-16, IL-2, IL-8, IL-17,
as well as granulocyte and granulocyte—macrophage colony-
stimulating factors, IFN-y-induced protein 10, monocyte
chemoattractant protein-1 and tumor necrosis factor. The
newest studies stress the role of IL-17, which high levels in
both nasal swabs and lung autopsies of patients with fatal
SARS-CoV-2 infection were associated with higher levels
of proinflammatory cytokines. Hence, creating a positive
feedback loop intensifies the impact of IL-17 and causes a
possibly self-sustaining process of IL-17 secretion (Sharif-
Askari et al. 2022). Furthermore, it can lead to a cytokine
storm, which, through a further positive feedback circuit can
cause multiple organ failure with extensive tissue damage to
the heart, liver, and kidneys, as well as substantial pulmo-
nary pathology with neutrophils and macrophages infiltra-
tion, leading to diffused alveolar damage. Autopsies done on
patients who died from COVID-19 revealed a high infiltra-
tion of macrophages within the areas of bronchopneumo-
nia (Barton et al. 2020). In addition, laboratory parameters
found in patients with severe SARS-CoV-2 infection, such
as abnormally high levels of C-reactive protein, b-dimers,
and ferritin, together with coagulopathy and hypoproteine-
mia are characteristic features of hyperinflammation known
under the umbrella term of macrophage activation syndrome
(MAS) or secondary hemophagocytic lymphohistiocytosis
(HLH) (Cao 2020; McGonagle et al. 2020). It is a life-
threatening condition characterized by pancytopenia, liver
failure, hyperferritinemia, coagulopathy, and neurologic
symptoms due to uncontrolled proliferation of well-differen-
tiated macrophages, leading to cytokine overproduction and
hemophagocytosis. Macrophages which are, essentially, the
tissue analogues of monocytic cells, are classified according
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to their activation pathways. While both classically (M1),
and alternatively polarized macrophages (M2) can suppress
SARS-CoV-2 infection, M1 activated mainly by IFN-y or
lipopolysaccharides, and non-activated macrophages (MO)
have been found to overstimulate the inflammatory response
and lead to lung cells apoptosis. Adversely, M2 activated
by IL-3 or IL-13, can be generally characterized as anti-
inflammatory agents (Lian et al. 2022; Swidrowska-Jaros
et al. 2016). Secondary HLH has been already observed
during lethal influenza pandemics and previous SARS and
MERS coronavirus outbreaks (Gémez-Rial et al. 2020).
The MAS-like disease which may develop in the course
of SARS-CoV-2 infection is mainly limited to the lungs
and characterized by extensive pulmonary microthrombo-
sis rather than disseminated intravascular coagulation that
typically follows, making it difficult to discern from ARDS
(McGonagle et al. 2020).

As we already know, monocytes and macrophages fuel
the cytokine storm observed in COVID-19 patients, there-
fore they are one of the key elements leading to ARDS and
subsequently poor prognosis (Schiuma et al. 2022). The
newest research on the topic indicates, that the replication of
SARS-CoV-2 in human lung macrophages activates inflam-
masomes which initiate an inflammatory cascade, eventually
resulting in pyroptosis of macrophages and contributing to
the downstream type-I-IFN response. While the inflamma-
some activation stops the virus replication, the excessive
inflammation that occurs through this mechanism alongside
the dysregulated IFN response may lead to an over-exuber-
ant inflammatory reaction that we observe in COVID-19
(Sefik et al. 2022).

Neutrophils may as well play an important role in the
inflammatory response to SARS-CoV-2, by promoting organ
injury and coagulopathy (immunothrombosis) via direct
tissue infiltration and formation of neutrophil extracellular
traps (NETs) in a process known as NETosis (Middleton
et al. 2020; Zuo et al. 2020). Activated through inflamma-
some pathways, CD14" monocytes accomplish phagocytosis
of dead neutrophils and promote NETosis in the lungs, lead-
ing to decreased lymphocyte/neutrophils ratio and therefore,
as ample pieces of evidence suggest, a higher risk of death
(Roy et al. 2021).

Lymphopenia was found to be one of the hallmarks of
SARS-CoV-2 infection, with lower lymphocyte counts,
including three main populations, T, B, and NK cells, closely
linked to bad prognosis (Antonioli et al. 2020; Moss 2022;
Tan et al. 2020; Wang et al. 2020). NK cells are yet another
component of the dysregulated immune system that proved
to play a pivotal role in the pathogenesis of COVID-19. The
evidence shows that SARS-CoV-2 infection might compro-
mise the innate antiviral immunity by exhaustion of NK cells
functions (Antonioli et al. 2020; Market et al. 2020). Simul-
taneously, an increase in NK cells count and a decrease in
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NK cell receptor (NKG2A) expression were observed (Bor-
tolotti et al. 2020; Market et al. 2020; Yaqinuddin and Kashir
2020). Interestingly, a notable reduction of NK cells activa-
tion and their ability to degranulate was observed while no
direct effect of the viral proteins on NK cells activation was
proved in vivo if the same process was evaluated in lung
epithelial cells (Bortolotti et al. 2020). It has also been pos-
tulated that SARS-CoV-2 infection can compromise innate
immunity even after the patient’s recovery.

A delayed and inadequate IFN response to COVID-19
contributed further to the unrestrained viral replication and
therefore tissue damage. Upon SARS-CoV-2 infection, sign-
aling cascades are activated, which results in IFN production
by epithelial and endothelial cells, alveolar macrophages,
NK cells, dendritic cells, and inflammatory monocyte-mac-
rophages. SARS-CoV-2 developed mechanisms to weaken
the IFN response, such as proteins that interspersed between
the structural genes of the virus, antagonizing or evading
the IFN response, contributing to its delayed expression. As
IFNs are a wide group of cytokines that are divided into
three main groups IFN-I, IFN-II, and IFN-III, a multitude of
research was performed attempting to correlate the release
of specific IFNs to the severity of SARS-CoV-2 infection.
However, with contradicting data on that matter, an inter-
patient variability in IFN response should be assumed. A
severe course of the disease was found to be accompanied
by both prolonged or insufficient IFN-I and IFN-3 produc-
tion depending on the individual, while other data suggests
an upregulation of IFN-II production in critically ill patients
(Galani et al. 2021; Hadjadj et al. 2020; Huang et al. 2020;
Lowery et al. 2021; Lucas et al. 2020b). What remains evi-
dent is that early IFN response can be protective in the acute
phase of the infection while a disrupted IFN production is a
risk factor for severe COVID-19 (Bastard et al. 2020; Low-
ery et al. 2021).

Adaptive Immunity
Humoral Immunity

While the humoral response to SARS-CoV-2 has been one
of the most thoroughly investigated components of the
immunity against the virus, there is still some controversy
over its role in the defense against subsequent COVID-19, as
well as its place in the assessment of both post-vaccination
and post-exposure immunity.

The seroconversion of IgM and IgA antibodies can vary
between 4 and 6 or even 3—12 days after the onset of the
disease, for IgG antibodies between 5 and 18 days, depend-
ing on the source and individual. With a substantially high
positive detection rate of SARS-CoV-2 utilizing IgM anti-
body ELISA assays and the possibility of achieving even
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higher sensitivity by combining antibodies detection with
polymerase chain reaction, IgM antibodies testing has
become a viable accessory in the diagnosis of COVID-19
in its acute phase (Choteau et al. 2022; Guo et al. 2020; Zhao
et al. 2020).

Numerous research show early appearance and higher
titers of anti-SARS-CoV-2 antibodies in patients suffer-
ing from severe forms of the disease compared with milder
cases, suggesting not only the relation between the magni-
tude of IgG response to both viral load and disease sever-
ity but also raising the possibility of a pathological role of
antibody response (Boechat et al. 2021; Choteau et al. 2022;
Lynch et al. 2021; Zhang et al. 2020; Zhao et al. 2020). As
has been observed in other infections, there is a potential
antibody-dependent enhancement mechanism of SARS-
CoV-2, which is characterized as antibody-mediated aug-
mentation of viral entry and initiation of a severe inflam-
matory response (Arvin et al. 2020; Cao 2020; Lee and Oh
2021). However, Lucas et al. (2021) found that deceased
patients did not have overall higher titers of antibodies than
recovered individuals, suggesting that in severe cases, there
is a robust, but short-lived immune response. Therefore,
slow kinetics and delayed production of neutralizing anti-
body may be the key to the impaired viral control in fatal
cases of SARS-CoV-2 (Lucas et al. 2020a).

While studies on COVID-19 patients suffering from pri-
mary humoral immunodeficiencies (such as common vari-
able immunodeficiency) confirm that B-cell response plays
an important role in the course of the infection (Quinti et al.
2020), a full recovery in patients with immune deficits have
been observed. Cases of patients with agammaglobulinemia
show that even with a higher risk of developing pneumonia
in the course of SARS-CoV-2 (Soresina et al. 2020), mild
symptoms and eventually favorable outcome of the disease
was attained (Quinti et al. 2020). Similarly, the report on
patients with common variable immunodeficiencies sug-
gested that they are at a standard risk for developing severe
disease (Cohen et al. 2021). Moreover, studies suggest that
in cases of limited humoral responses, the role of T-cell
immunity should not be overlooked (Bange et al. 2021).

A further concern is the longevity of humoral immunity
and its critical role in protection from pathogen re-infec-
tion, since the existence of controversial data concern-
ing the persistence of antibodies titers after SARS-CoV-2
exposure (Isho et al. 2020). While some studies have shown
long-lasting and stable levels of neutralizing antibodies
(Al-Naamani et al. 2021; Choteau et al. 2022) others have
described a rapid decline of anti-SARS-CoV-2 IgG titers in
a few months after the disease has resolved. A prompt drop
in antibody levels is mostly associated with mild or asymp-
tomatic disease, which cannot be ignored since they account
for the majority of COVID-19 cases (Ibarrondo et al. 2020;
Long et al. 2020).

While most of the standard serological testing in SARS-
CoV-2 focuses on IgM and IgG antibodies, IgA response
to coronavirus infection was found to be stronger and more
persistent than IgM does (Padoan et al. 2020). According to
Sterlin et al. (2021), IgA contributed to virus neutralization
to a greater extent than IgG. IgA antibodies measured in
serum, saliva, and bronchoalveolar lavage fluid dominated
in the early response to the virus. However, whilst specific
neutralizing antibodies remained detectable in saliva for a
long time, IgA titers in serum decreased notably a month
after the onset of symptoms, keeping the long-term efficacy
of this first wave response still in question. As we know,
IgA is critical in the protection of mucosal surfaces against
pathogens. As showed in the previous studies conducted
both on influenza and parainfluenza viruses, IgA neutraliz-
ing antibodies are not only blocking the attachment of viri-
ons to the host epithelial cells but also inhibit intracellular
viral replication (Mazanec et al. 1995; Sterlin et al. 2021).
Likewise, the IgA response to pathogens has been widely
investigated in a vast array of infections, ranging from rota-
virus to human immunodeficiency virus (Blutt et al. 2012;
Planque et al. 2010). Therefore, specific IgA antibodies may
provide effective immunity against SARS-CoV-2 within the
respiratory system, in a similar manner, that was already
observed in other infectious diseases (Ejemel et al. 2020).

Cell-Mediated Immunity

Despite the initial underestimation, there has been growing
evidence indicating a critical role of T-cell adaptive immune
response in the control of SARS-CoV-2. Studies on SARS-
CoV-1 clearly showed the durability of cellular immunity,
which was found to prevail 17 years after the infection, while
antibodies titers proved to be considerably short-lived and
undetectable after approximately 3—6 years post-exposure
(Hellerstein 2020; Le Bert et al. 2020; Ng et al. 2016; Tang
et al. 2011; Wu et al. 2007). Evidence gathered during both
SARS-CoV-1 and MERS outbreaks confirm the findings
regarding the novel coronavirus, suggesting that high anti-
body titers are associated with impaired clinical outcomes,
presumably due to the extensive and uncontrollable inflam-
mation (Hellerstein 2020; Liu et al. 2019; Lynch et al. 2021;
Zhang et al. 2020), Additionally, low lymphocyte count,
along with high levels of specific cytokines, were one of
the first immunological discoveries in moderate and severe
SARS-CoV-2 cases, suggesting a missing key element in the
disease control, beyond the sole role of the humoral response
(Cao 2020; Neidleman et al. 2021; Zhao et al. 2017).

Early and potent cellular response which rises seven days
after exposure and peaks around 14th day, more precisely the
activation of bystander CD8* T cells was found to correlate
with efficient viral clearance and therefore a mild or asymp-
tomatic disease. Meanwhile, delayed bystander responses,
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together with systemic inflammation, were characteristic
for subjects that required hospitalization (Bergamaschi et al.
2021; Moss 2022). More severe cases were also observed in
delayed humoral response and poor antibody kinetics (Lucas
et al. 2020a, 2021). Low CD8" T cell count was found to
be an independent mortality-related risk factor in SARS-
CoV-2 infection while higher proportions of specific CD8*
lymphocytes were associated with milder cases, suggesting
their role in mitigating the disease severity (Kared et al.
2021; Luo et al. 2020; Neidleman et al. 2021; Peng et al.
2020; Schulien et al. 2021; Sekine et al. 2020). Overall, an
effective and sustainable neutralizing antibody protection
along with broad and functional CD8* T-cell response is
associated with low inflammation and early recovery. What
is more, CD8" lymphocytes developed during COVID-19
were found to specifically differentiate into stem cells or
transitional memory states, which may be crucial in form-
ing durable protection (Kared et al. 2021). Individuals with
the asymptomatic disease were found to have a highly bal-
anced secretion of IFN-y, IL-2, IL-10, and other inflam-
matory mediators, while a disproportionate secretion of
pro-inflammatory cytokines was typical for symptomatic
patients (Le Bert et al. 2021; Mathew et al. 2020). Numer-
ous studies showed that CD4* and CD8* T cells in patients
with a severe course of disease present a disrupted status of
activation and function, with high concentrations of genes
encoding pro-inflammatory cytokines (de Candia et al. 2021;
Xu et al. 2020). Dysregulation of T helper 17 cells was found
to enhance the expression of IL-17 in the lungs and thus pro-
mote the production of pro-inflammatory cytokines, which
elevated levels correlated positively with the severity of
COVID-19 symptoms (Sharif-Askari et al. 2022).
Interestingly, T-cell responses have been found in the
majority of convalescent patients, including those with
undetectable serology (Schulien et al. 2021; Sekine et al.
2020). In most human infections the presence of antibodies
against a pathogen is typically regarded as a “gold standard”
of immune response since antibodies are known to provide
protection in the first stage of infection. However, an impor-
tant concept of “cellular sensitization without seroconver-
sion” in SARS-CoV-2 infection has emerged. Growing evi-
dence shows that there are individuals who fail to produce
virus-specific antibodies, regardless of significant expo-
sure. However, they do develop a specific T-cell response,
suggesting that a cell-mediated immune response has the
potential of eliminating an infection before it fully develops
(Moss 2022; Sekine et al. 2020). In addition, early studies
on seronegative unexposed to SARS-CoV-2 individuals have
shown that S and N-protein-specific T-cells can be found in
healthy humans with no contact with the COVID-19 virus
as a result of cross-reactivity with human endemic corona-
viruses that cause the common cold (Le Bert et al. 2020;
Pia 2020). Another theory that underpins the value of T-cell
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response and requires a more thorough investigation is the
cell-to-cell transmission potential of SARS-CoV-2, an eva-
sion mechanism that can explain the limitation of antibodies
and complement inhibition in sera (Zeng et al. 2022).

Even though the majority of individuals develop immune
response after exposure to SARS-CoV-2, whether it is
humoral, cellular or both, there are cases of patients that
failed to mount any immunological reaction, despite the lack
of any immunodeficiencies and regardless of the severity
of the disease. Therefore, providing a plausible cause for
re-infections observed in some patients (Mohn et al. 2022;
Nielsen et al. 2021).

While major progress has been done regarding the devel-
opment of immunoassays detecting antibody responses to
SARS-CoV-2, the means of assessing cell-mediated immune
response are considerably less explored. However, since
the IFN-y release assay (IGRA), a well-tested and widely
used tool for diagnosis of latent Mycobacterium tubercu-
losis infection, has been applied to measure IFN-y release
by antigen-specific T cells that have been developed during
SARS-CoV-2 infection, the evaluation of cellular immune
response has become more accessible for clinical use. As
the research shows, IGRA can detect a cellular immune
response to SARS-CoV-2 and therefore distinguish between
convalescents and uninfected healthy blood donors with high
sensitivity and accuracy. Thus, serology alone may not be
sufficient in assessing the individual's protection after infec-
tion, while IGRA can serve as an invaluable diagnostic tool
in the current and possibly future epidemics, especially in
the assessment of patients with mild infections (Fernandez-
Gonzalez et al. 2021; Murugesan et al. 2021; Wyllie et al.
2020).

Vaccinations

Since the end of 2020 and the beginning of pro-vaccination
campaigns all over the world, an abundance of research has
emerged trying not only to assess their effectiveness but also
their safety, taking into consideration the very limited time-
scale in which the vaccines were produced. As for today,
approximately 2 years since the launch of large-scale vac-
cination programs, first further-reaching conclusions can
be drawn. Most studies confirm the statistical reliability
of the relatively high safety of currently used COVID-19
vaccines, concluding that the risk of the administration is
commensurate and acceptable. The majority of adverse
effects that have been observed after the first dose of the
vaccine included symptoms like fever, headache and joint
pain. Less frequently, cases of myocarditis or pericarditis
have been reported. Among the more serious reactions that
have occurred, death cases were not related to an anaphylac-
tic or allergic reaction to the vaccine but to an aggravation
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of pre-existing chronic diseases (Castells et al. 2009; Fazio
et al. 2022; Prakash 2022). The Pfizer/BioNTech and Mod-
erna vaccines, both being based on the new technology of
mRNA molecules, have been available on the market since
the very beginning of the mass inoculation campaigns.
Their efficacy in disease prevention of 95-87.5% and pro-
tection from a severe course of the infection on the level
of 94.5-100%, showed the indisputable benefit of inocula-
tion for an individual (Mascellino et al. 2021). Population
wise, as far as the effectiveness of rapid, mass vaccinations
to SARS-CoV-2 is concerned, the high rate of inoculation
within the community was proved to be a competent tool to
curb the spread of the virus (Paetzold et al. 2022). However,
the decline of vaccine efficacy in preventing viral transmis-
sion over time, is one of the leading concerns regarding
vaccine protection in the long term (Dakovi¢ et al. 2022;
Thomas et al. 2021). Moreover, the occurrence of new vari-
ants of SARS-CoV-2, such as Delta, is yet another factor that
was reported to lower the vaccine-induced immunity against
SARS-CoV-2 infection (Keehner et al. 2021; Nanduri et al.
2021; Rivasi et al. 2022).

According to the data available, the vast majority of indi-
viduals develop a serological response to vaccine, which was
found to be stronger in the younger population and previ-
ously infected subjects. The levels of immune response to
one dose of vaccination in pre-exposed subjects were com-
parable to two doses of vaccinations in naive individuals
(Bradley et al. 2021; Dan et al. 2021; Krammer et al. 2021;
Prendecki et al. 2021; Sariol et al. 2021; Visci et al. 2022).
The rapid decrease in antibody titers that were observed after
SARS-CoV-2 infection, has been reported after vaccination,
likewise (Visci et al. 2022). Nonetheless, it remains to be
determined to what extent the antibody titers correspond
with the efficacy of one’s immune response. Sariol et al.
(2021) state that a decline in specific antibody titers is not
commensurate to the neutralizing activity, suggesting the
relevance of functional neutralizing antibody testing. Het-
erogeneous findings are assessing the potency of immune
response elicited by vaccination in comparison with natural
infection, with some reports of lower titers of antibodies
after mRNA vaccine and others stating that vaccinations
elicit stronger and broader immune responses than those
after natural SARS-CoV-2 exposure (Altawalah 2021; Gre-
aney et al. 2021; Richardson et al. 2022; Sariol et al. 2021).
Furthermore, just as the role of cellular response to COVID-
19 infection has been recently acknowledged and thoroughly
investigated, so has the T-cell reaction to the vaccination. As
confirmed with IGRA testing, which is slowly becoming a
more popular and most importantly reliable method of quan-
tifying T-cell response after SARS-CoV-2 infection or vac-
cination, cellular response is elicited in nearly all vaccinated
individuals, including immunosuppressed patients, adding
value to the sole serological testing (Fernandez-Gonzélez

et al. 2021; Huzly et al. 2022; Sahin et al. 2020). Moreover,
researchers state that T-cell responses are not affected by the
mutations of SARS-CoV-2 and thus can provide effective
protection against the new variants of the virus that escape
humoral responses (Geers et al. 2021; Tarke et al. 2022).

As we approach the end of the third year of the pandemic,
with possibly half of the global population infected with
SARS-CoV-2 by early 2022, the promising data regarding
the natural protection against the virus has emerged. Fatality
rates of SARS-CoV-2 infection in 2022 have been very low,
when compared to the previous years. It is yet to be deter-
mined to which extent: whether it was due to less immuno-
genic potential of Omicron and its subvariants that caused
milder course of the disease (Pilz and Ioannidis 2022), or it
was the result of a growing virus resistance after vaccina-
tion and prior infections, or both. Nonetheless, the epide-
miological data confirms, that previous infections generated
immunity against any SARS-CoV-2 infection that relatively
waned over time (Isho et al. 2020). However, the protec-
tion against a severe course of disease remained strong. As
studies show, the natural immunity may offer greater or at
least equal defense against COVID-19 infection compared to
one after the mRNA vaccine. The hybrid immunity, which
is the combination of a previous infection and a vaccina-
tion still seems to confer the greatest protection against the
disease, the benefit—cost ratio of future vaccination recom-
mendations, especially regarding numerous vaccine boost-
ers, should be carefully evaluated (Flacco et al. 2022; Pilz
et al. 2022).

Immune Response to Vaccine Antigens
in Inmunocompromised Patients

Immune response after SARS-CoV-2 vaccination among
immunosuppressed patients has been of great concern to
healthcare professionals in a variety of medical fields. Not
only are the immunocompromised individuals a consider-
able number of patients, but they are also the frailest and
are most likely to have a severe course of COVID-19 infec-
tion. Hence, the benefit of an effective vaccination in this
cohort of patients is invaluable. Among the liver transplan-
tation recipients that were under immunosuppressive regi-
mens, almost half of the patients failed to develop a neither
humoral nor a cellular response to the vaccines. The adjust-
ment of drug regimens, together with the administration
of calcineurin inhibitors have provided the best immune
response potential, in contrast to multi-drug immunosup-
pressive regimens containing mycophenolate mofetil, and
possibly implementing additional vaccine boosters may
lead to better post-vaccination results (D’ Offizi et al. 2022;
Ruether et al. 2022). Correspondingly, studies performed on
a group of immunocompromised kidney transplant patients
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showed a weakened immune response. Nonetheless, a num-
ber of seronegative patients did develop T-cell responses,
suggesting the development of partial immunity, that may
limit the infection, if not prevent it (Zhang et al. 2022).
As far as immunomodulatory medications are concerned,
studies conducted among patients with multiple sclerosis
emphasized the radical difference in developing an immune
reaction to vaccination depending on drug regimens, from
intact to strongly reduced immune responses. Interestingly,
as far as B-cell depleting therapies are concerned, the advan-
tage of T-cell response testing over serological assays has
been proved within the scope of different studies (Bock et al.
2022; Marty et al. 2022).

Limitations and Gaps Found by the Study

While immense progress was made in our understanding of
COVID-19 infection since the beginning of the pandemic,
some knowledge gaps remain to be filled. The authors
revealed some visible limitations in the accuracy of the
assessment of protective immunity waning and duration,
whether on previous infection or vaccination. Identifying
the individuals in need of extra protection against the virus
is still not clear and needs further investigation. Another,
and possibly the most crucial issue at the moment, is the
lack of a consensus on SARS-CoV-2 vaccination programs,
specifically with the constant occurrence of new variants of
the virus and the benefit—cost ratio of recommending mul-
tiple vaccine boosters within the population. Possibly, more
research concerning individual needs for vaccinations could
be valuable at the moment.

Closing Remarks

As presenting the full complexity of the SARS-CoV-2
mechanisms and the immune responses it elicits is nearly
impossible, the authors tried to outline the most current and
clinically valuable data. As far as the COVID-19 infection is
concerned, the value of innate immunity components must
not be overlooked, as they directly affect the outcome of the
disease. However, one of the main points of focus of this
study was to present the role of cellular immunity as it has
proved to play a vital role in the immune defense against
the novel coronavirus. New available methods of marking
T-cell responses, such as applying IGRA testing, should be
thoroughly explored as an effective tool in the assessment
of immunity post-SARS-CoV-2 infection and vaccination.
Additionally, with the development of new vaccines against
SARS-CoV-2, there is a great need for elaboration on effec-
tive vaccination programs in immunocompromised patients.
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4.2. Publikacja II

Publikacja Il ,,Application of Interferon-y Release Assay in the Assessment of T-Cell
Immunity to SARS-CoV-2 Antigens in the Cohort of Pediatric Patients with Juvenile
Idiopathic Arthritis” jest praca oryginalng. Celem pracy byta ocena uzytecznosci
oznaczania odpowiedzi komdrkowej na zakazenie SARS-CoV-2 przy pomocy testu IGRA w
grupie pacjentéw chorujacych na MIZS.

We wstepie opisano aktualny rozwodj epidemii SARS-CoV-2 zaznaczajac, ze zakazenia
nowym koronawirusem w niedalekiej przysztosci z ogélnoswiatowej pandemii przeksztatca
sie w problem endemiczny i najprawdopodobniej w takiej formie zostang z nami na dtuzszy
czas. Obecnie, gdy wiekszos¢ populacji zostata w sposéb naturalny narazona na kontakt z
wirusem i/lub zostata zaszczepiona, istotna wydaje sie ocena wytworzonej odpornosci i jej
bezposrednie przetozenie na ochrone przed zakazeniem SARS-CoV-2. Prezentujac ztozonos¢
odpowiedzi immunologicznej na infekcje COVID-19, podkreslono mozliwe kierunki dalszych
badan celem lepszego zrozumienia mechanizmow odpowiedzialnych za wytwarzanie
odpornosci swoistej na infekcje koronawirusowa i ich istotnos¢ kliniczna. Ponadto
wyjasniono zastosowanie testu IGRA w ocenie odpowiedzi immunologicznej na zakazenie
SARS-CoV-2.

Badanie przeprowadzono na grupie 55 dzieci w wieku od 2 do 16 lat, chorujacych na MIZS
i hospitalizowanych w Klinice Kardiologii i Reumatologii Dzieciecej Uniwersytetu
Medycznego w todzi w okresie od czerwca 2021 r. do lutego 2023 r. Zakwalifikowani do
badania pacjenci byli w roznych stadiach choroby, od nowo rozpoznanych przypadkéw, po
pacjentdéw chorujacych od wielu lat, bedacych na roznych etapach leczenia, zaréowno w
stadiach remisji, jak i zaostrzenia choroby podstawowej. Ponadto do kohorty wtaczono
zarowno pacjentéw z zakazeniem SARS-CoV-2 potwierdzonym metoda PCR (n = 8), jak
rowniez dzieci, ktore nie przebyty takiej infekcji lub nie uzyskaty pozytywnego wyniku
testu PCR (n = 47). Wsrdd uczestnikdéw badania 8 pacjentéow otrzymato szczepionke mRNA
przed jego rozpoczeciem. Zaden z pacjentdw zaszczepionych przeciwko COVID-19 nie
przebyt w przesztosci zakazenia SARS-CoV-2. Probki krwi potrzebne do przeprowadzenia
eksperymentu zostaty pobrane podczas rutynowych badan wykonywanych w trakcie
hospitalizacji. Odpowiedz limfocytow T na antygeny SARS-CoV-2 mierzono za pomoca
ilosSciowego testu IGRA w petnej krwi (EUROIMMUN Quan-T-Cell ELISA). Po stymulacji
biatkiem S oraz odwirowaniu otrzymane osocze analizowano ilosciowym testem ELISA w
celu okreslenia stezenia uwolnionego IFN-y. Nastepnie u wszystkich pacjentéow wykonano
badanie na obecnos¢ przeciwciat anty-SARS-CoV-2 testem EUROIMMUN Anty-SARS-CoV-2
ELISA w klasach IgA, 1gG oraz IgM. Dodatkowo w celu doktadniejszego oznaczenia
przeciwciat zastosowano czuta detekcje IgG przy uzyciu biatka nukleokapsydu (NCP).
Oprocz wynikow testow immunologicznych analizowano takze nastepujace parametry
pobierane podczas hospitalizacji niezaleznie od przeprowadzanego eksperymentu
medycznego: catkowita morfologie krwi, biatko C-reaktywne (CRP) i Odczyn Biernackiego
(OB).

Analizowane zmienne ciggte nie miaty rozktadu normalnego na podstawie testu Shapiro -
Wilka. Dlatego tez wszystkie porownania grupowe obliczono przy uzyciu testu U Manna -
Whitneya oraz testu H Kruskala - Wallisa. Do oceny zaleznosci pomiedzy zmiennymi
iloSciowymi wykorzystano wspotczynniki korelacji rang Spearmana. Roznice uznawano za
istotne statystycznie, gdy wspodtczynnik p wynosit ponizej 0,05. Wszystkie obliczenia
statystyczne wykonano przy uzyciu programu Statistica 13.1.

Badanie wykazato istotng statystycznie korelacje pomiedzy odpowiedzig limfocytow T na
zakazenie SARS-CoV-2 mierzong testem IGRA, a odpowiedzig humoralng mierzong mianem
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przeciwciat w klasie IgA (p < 0,00003, R = 0,537) oraz IgG (p < 0,0001, R = 0,668), tacznie z
wysoce czutym IgG NCP (p < 0,003, R = 0,0399). Nie stwierdzono korelacji z mianami IgM w
surowicy. U pieciu pacjentow seronegatywnych (we wszystkich klasach przeciwciat)
stwierdzono wytworzenie odpowiedzi komoérkowej. Podobnie u kilku pacjentow, u ktorych
nie stwierdzono odpowiedzi limfocytow T, oznaczono dodatnie wartosci przeciwciat w
klasie 1gG (n=2) i IgA (n=3).

Ponadto po przeanalizowaniu réznych lekow stosowanych u uczestnikow badania
(metotreksat, sulfasalazyna, cyklosporyna, hydroksychlorochina, azatiopryna oraz
glikokortykosteroidy stosowane krotkotrwale w matych lub srednich dawkach) nie
wykazano istotnego obnizenia odpowiedzi immunologicznej podczas zadnej z tych terapii.
Pacjenci otrzymujacy leczenie biologiczne, w tym blokery czynnika martwicy nowotworu
(TNF) (adalimumab, etanercept), inhibitor IL-6 (tocilizumab) i inhibitor kinazy janusowej
(baricytynib), mieli istotnie nizsze (p = 0,0369) miano przeciwciat SARS-CoV-2 w
porownaniu z pacjentami, ktorzy nie otrzymywali takiego leczenia. Autorzy zaznaczyli, ze
nie zaobserwowano podobnego wptywu lekéw biologicznych na odpornos¢ komorkowa, ani
nie odnotowano znaczacych zmian w liczbie limfocytow T u pacjentow stosujacych taka
terapie. Nie stwierdzono korelacji odpowiedzi immunologicznej ze standardowymi
badaniami krwi, ani ze wskaznikami stanu zapalnego (CRP czy OB).

W dyskusji porownano uzyskane wyniki z danymi przedstawionymi w innych artykutach
naukowych i badaniach populacyjnych.

Niniejszym badaniem potwierdzono, ze test IGRA moze stac sie przydatnym narzedziem do
oceny odpornosci jednostki na zakazenie SARS-CoV-2. Odpowiedz limfocytow T nie tylko
korelowata z wynikami badan serologicznych, ale w niektorych przypadkach wskazywata na
obecnos¢ odpornosci komoérkowej przy braku odpowiedzi humoralnej. Bardzo mozliwe, ze
w pewnych przypadkach oznaczanie wytacznie humoralnej odpowiedzi na wirusa moze
prowadzi¢ do niepetnej oceny odpornosci jednostki, a nawet negatywnie wptywacé na
dalsze postepowanie kliniczne. Patrzac w przysztos¢, istnieje potrzeba przeprowadzenia
bardziej kompleksowych badan w celu ustalenia, jaki stopien i rodzaj odpornosci
resztkowej jest niezbedny, aby uniknac ciezkiej choroby w razie ponownej infekcji. Co
wiecej, potrzeba duzych badan prospektywnych z udziatem populacji pediatrycznej celem
doktadnej oceny wptywu lekow biologicznych na odpowiedz humoralna.
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Abstract: Background: an accurate assessment of the immunity against SARS-CoV-2 can facilitate a
better understanding and management of not only the recent coronavirus but similar pathogens as
well. Objective: the aim of this study was to evaluate T-cell immunity with reference to antibody
titers in a group of pediatric patients with autoimmune arthritides utilizing the widely known
Interferon-y Release Assay (IGRA). Materials and Methods: This study was conducted in the cohort
of 55 children suffering from Juvenile Idiopathic Arthritis (JIA). This research analyzed the SARS-
CoV-2 T-cell response measured by a specific quantitative IGRA, followed by a serological ELISA test
measuring the presence and quantity of IgG, IgM, and IgA antibodies in serum. Results: The cellular
response to SARS-CoV-2 measured by the IGRA test significantly correlated with the antibody titers,
IgA (p <0.00003, R = 0.537), IgG (p < 0.0001, R = 0.668), and IgG nucleocapsid protein (NCP) (p < 0.003,
R = 0.0399), with no correlation with IgM levels. The antibody levels in patients receiving biological
agents were significantly lower compared to the rest of the cohort (p = 0.0369), while traditional
disease-modifying antirheumatic drugs had no such effect. Limitations: the main limitation of the
research is the small sample size, mostly due to the specific cohort of patients and the lack of a healthy
control. Conclusions: IGRA appears to be a viable tool in the accurate evaluation of T-cell responses
to SARS-CoV-2, and serodiagnostics alone is not always sufficient in the assessment of immune
responses.
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1. Introduction
1.1. Current State of the Pandemic

Despite the substantially diminishing morbidity rate of SARS-CoV-2, with more than
700 million confirmed cases and almost 7 million fatalities worldwide in over 3 years,
COVID-19 continues to be a global health concern [1]. As for today, scientists predict
that it will remain an endemic issue for the foreseeable future [2]. In the course of the
pandemic that was announced on 11 March 2020 by the World Health Organization,
the scientists and healthcare professionals encountered a great many obstacles, showing
the level of challenges that public health had to face [3]. While the rapid identification
and isolation of infected individuals became the main objective at the beginning of the
pandemic, currently, after most of the population was naturally exposed to the virus or/and
vaccinated, the researchers’ attention shifted to accurately assessing one’s immunity which
directly translates to the protection against SARS-CoV-2.
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1.2. Humoral Immunity

Viruses such as SARS-CoV-2 initiate the infection with the viral antigen, activating
adaptive immune responses through the antigen-presenting cells or B-cell receptors, induc-
ing defense mechanisms against the pathogen. Following the infection, immunological
memory is developed [4]. Due to the sterilizing qualities of antibodies, they were the first
target for vaccine development and therefore the primary interest of the majority of the
research. However, it was not long before it became clear that the antibody responses to
COVID-19 were far more complex than simply marking the past infection. Early studies
showed that higher antibody titers in SARS-CoV-2 infection are associated with more
severe clinical manifestations of the disease [5,6], while a weak IgG response correlated
with a significantly higher viral clearance, suggesting a pathological role of antibodies [7].
Interestingly, further research proved this correlation to be far more complex, and various
factors, including the kinetics of seroconversion, antibody isotypes, and antigen specificity,
should be considered to determine the effect of humoral response on disease severity. While
a correlation between the longevity of antibody titers in serum and protection against re-
infection was confirmed in numerous studies [8,9], factors like the severity of the infection
or different variants of the virus may affect patients’ seropositivity [10,11].

1.3. Cellular Immunity

As adaptive immunity consists both of humoral and cellular components, the assess-
ment of the T-cell response to COVID-19 appears to be no less relevant. The research
on cellular immunity after SARS-CoV-1 infection indicated the high durability of T-cells,
prevailing even 17 years after exposure to the virus, while a considerable drop in anti-
body titers was observed in the same patients just after 3-6 years [12,13]. Furthermore,
it was noted that the cellular immunity gained by exposure to SARS-CoV-1 exhibited
robust and expanding cross-reactivity to the N protein of SARS-CoV-2 and, even more
interestingly, SARS-CoV-2-specific Interferon-y (IFNy) responses were found in donors
previously unexposed to neither SARS-CoV-1 nor SARS-CoV-2 and thus are believed to
come from exposure to unknown coronaviruses [13]. Similarly, the newest data on cellular
memory against SARS-CoV-2 indicate a high durability of CD4+ and CD8+ T-cells [14],
proposing its assessment, as they are essential for viral clearance and long-term, sustainable
antiviral immunity. Moreover, the diagnostic T-cell assays for SARS-CoV-2 can be utilized
in the cohorts of immunodeficient patients, who fail to produce antibodies or were given
antibodies passively through immunoglobulins, but can still develop a cellular response
to the virus [15,16]. While T-cells have a major protective role in the early stages of the
disease, they can potentially contribute to the onset of fatal comorbidities, through T-cell
exhaustion and hyperinflammation. As these new findings present a potential for new
treatment options, further research on T-cell responses is essential [17,18].

1.4. Interferon--y Release Assay (IGRA)

The Interferon-y Release Assay (IGRA) is a widely known and validated test, utilized
not only in the diagnostic process of diseases like tuberculosis [19] but also in other, mostly
viral, infections [20,21]. Today, we can use the IGRA to determine the activity of SARS-
CoV-2-reactive T-cells. Its high specificity, as well as sensitivity, has been confirmed in
numerous research, emphasizing the potential in marking a long-lasting, durable cellular
immunity, both shortly after exposure to the virus and weeks or months after the infection
or vaccination against COVID-19 [22-24]. It becomes more apparent that reinfections with
SARS-CoV-2 will remain a medical issue for quite some time. Therefore, the proper assess-
ment of post-exposure immunity to SARS-CoV-2 can give us information on a person’s
residual immunity and therefore the likelihood of a serious infection.

The objective of this study was to validate IGRA as a feasible tool to test cellular
immunity, mediated by both CD4+ and CD8+ cells in possibly immunocompromised
individuals exposed to SARS-CoV-2.
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2. Materials and Methods

This prospective study was performed in the cohort of 55 pediatric patients diagnosed
with Juvenile Idiopathic Arthritis (JTA) during their hospitalization in the Department of
Pediatric Cardiology and Rheumatology, Medical University of Lodz. The recruitment for
this study and all the laboratory testing that was part of this research took place between
June 2021 and February 2023. The study group consisted of children between the ages of 2
and 16, in different stages of the disease, receiving various treatment regimes. The cohort
included patients with both a negative (n = 47) and positive, PCR-confirmed, history of
COVID-19 infection (n = 8), before this study commenced. Only 8 patients received the
mRNA vaccine before being included in this study, while the rest of the group (n = 47)
had not received the SARS-CoV-2 inoculation before this study commenced. None of the
patients vaccinated against COVID-19 had a past history of SARS-CoV2 infection. The
inclusion criteria for this study were confirmed JIA, in compliance with the International
League of Associations for Rheumatology (ILAR) classification, and an age below 16 years
old, with no lower age limit. All the patients in the cohort were previously immunized with
the Bacillus Calmette-Guérin (BCG) vaccine against tuberculosis (TB), as it is an obligatory
inoculation for newborns in Poland. None of the subjects reported having contact with TB.
Additionally, all the patients who were qualified for biological treatment were tested for
TB as part of the qualification procedure before receiving biological agents. The exclusion
criteria for this study were a severe flare of JIA that required high immunosuppressive
doses of steroids and the presence of concomitant autoimmune diseases, including diabetes
mellitus, that could affect the results of this research.

SARS-CoV-2 T-cell response was measured using the EUROIMMUN Quan-T-Cell
ELISA, catalog No. EQ 6841-9601 assay, which is a specific quantitative IGRA in whole
blood. About 1.5 mL of blood was sampled during routine testing. The heparinized blood
was then incubated in a set of three tubes (EUROIMMUN SARS-CoV-2 IGRA stimulation
tube set, catalog No. ET 2606-3003): first tube—IGRA BLANK with no activating compo-
nents, marking the individual’s Interferon as background; second tube—IGRA TUBE for
specific T-cell stimulation by SARS-CoV-2 antigen spike protein; and third tube—IGRA
STIM for unspecific T-cell stimulation with mitogen, for determining stimulation ability.
Then, the obtained plasma was analyzed by the quantitative enzyme-linked immunosor-
bent assay (ELISA) to determine the concentration of released IFN-y. All the patients
were then tested for anti-SARS-CoV-2 antibodies, with EUROIMMUN Anty-SARS-CoV-2
ELISA, catalog No. EI 2606-9601 A (IgA); EUROIMMUN Anty-SARS-CoV-2 QuantiVac
ELISA, catalog No. EI 2602-9601-10 G (IgG); and EUROIMMUN Anty-SARS-CoV-2-NCP,
catalog No. EI 2606-9601-2 M (IgM). Additionally, the sensitive detection of IgG using the
nucleocapsid protein (NCP) was used for the more accurate marking of antibodies [25]
(EUROIMMUN Anty-SARS-CoV-2-NCP, catalog No. EI 2606-9601-2 G).

One of the prerogatives of this study was collecting blood samples needed for the
tests mentioned above, during the standard blood drawing performed upon every hos-
pitalization. Thus, in addition to the results of immune assays, the following parameters
were analyzed as well: Total Blood Count, including leucocytes and platelets, as possible
markers of ongoing inflammation and the most common inflammatory markers; C-reactive
Protein (CRP); and Erythrocytes Sedimentation Rate (ESR).

All continuous variables were non-normally distributed based on the Shapiro-Wilk
test. Therefore, all group comparisons were calculated utilizing the Mann-Whitney U test
and Kruskal-Wallis H test. Spearman’s rank correlation coefficients were used to assess
dependencies between quantitative variables. All statistical calculations were performed
using Statistica 13.1 software (Statsoft Polska, Krakow, Poland). All the diagnostic tools
were ordered from EUROIMMUN POLSKA, Wroclaw, Poland. This study was approved
by the local Bioethics Committee, with approval number RNN/117/21/KE.

3. Results
The specifics of the cohort included in this study are presented in Table 1.
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Table 1. General characteristics of the study group.

n =55
Male/Female 14/41
Age on examination (years) 10.31 £4.16
Positive IgA antibodies 33
Positive IgG antibodies 40
Positive IgG NCP antibodies 23
Positive IgM antibodies 6
Positive IGRA (>200 mlU/mL) 41
History of confirmed SARS-CoV-2 infection 8
Received SARS-CoV-2 vaccination 8%
COVID-19-like symptoms in the history 32
Treatment protocol:

Biological agents: 22
adalimumab 13
tocilizumab 6
etanercept 2
baricitinib 1

Methotrexate 32

Sulfasalazine 8

Hydroxychloroquine 7

Cyclosporine 3

Azathioprine 1

Glucocorticoids 4

Values presented as mean =+ standard deviation (SD). NCP—nucleocapsid protein; IGRA—Interferon-y Release

Assay. * None of the vaccinated subjects had a history of PCR-confirmed SARS-CoV-2 infection.

This research confirmed a significant correlation between the T-cell response to SARS-
CoV-2 infection measured by the IGRA test and the humoral response measured by anti-
body titers. While IGRA positively correlated with the levels of IgA (p < 0.00003, R = 0.537)
(Figure 1) and IgG antibodies, both in the test utilizing the modified S1 domain of the spike
protein as an antigen (p < 0.0001, R = 0.668) (Figure 2), and in the highly sensitive NCP
(p < 0.003, R = 0.0399), no correlation with IgM titers in serum was found.
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Figure 1. Group analysis of IGRA levels between IgA-negative and IgA-positive patients.

IgA positive

28



Children 2024, 11, 736

50f11

7000

p=0.000072

6000

5000

4000

3000

IGRA [mIU/mL]

2000

1000
o

. P 1

1gG negative 1gG positive
Figure 2. Group analysis of IGRA levels between IgG-negative and IgG-positive patients.

Within the study group, five seronegative patients (in all antibodies classes), which
constitute over 9% of the cohort, presented a SARS-CoV-2 T-cell response. While in patients
with positive IgG titers, two had negative IGRA, and two had a cellular response in the grey
area (100-200 mlU/mL), similarly, in patients with positive IgA titers, three had negative
IGRA results. Regarding IgM response, one patient had positive IgM titers with no T-cell
response; however, this was a patient with no IgG and no IgA response as well. This study
analyzed the effects of different drug protocols on patients” immunity. The investigated
disease-modifying antirheumatic drugs (DMARDs) included methotrexate, sulfasalazine,
cyclosporine, hydroxychloroquine, and azathioprine. None of these therapies significantly
lowered immune responses, neither humoral nor cellular. Moreover, no correlation was
found between children receiving glucocorticoids (GCs) in the study group and their
immunity levels. However, it needs to be noted that none of the patients were on high
doses of the GCs, none of the patients reached 2 mg of prednisone per kilogram of body
weight, and none were receiving a prolonged GC therapy.

Patients receiving biological treatment, including Tumor Necrosis Factor (TNF) block-
ers (adalimumab, etanercept), interleukin 6 inhibitor (tocilizumab), and Janus kinase in-
hibitor (baricitinib), had significantly lower (p = 0.0369) SARS-CoV-2 antibody titers when
compared to the patients not receiving such treatment (Figure 3). The most promising
results were noted with baricitinib; however, there was only one patient under this regime.
Notably, no effects of biological agents were observed regarding cellular immunity, and no
significant changes in T-cell levels of patients receiving such therapy were noted.

The age and sex of the patients did not correspond with immune responses. No
correlation with standard blood tests was found, neither with inflammatory markers
like CRP or ESR nor with leukocytosis or levels of platelets. Additionally, neither the
SARS-CoV-2 antibody titers nor the specific T-cells levels correlated with the confirmed
COVID-19 cases. However, it should be noted that only eight patients had tested positive
for SARS-CoV-2 in Real-Time Polymerase Chain Reaction (RT-PCR) before this research
commenced. Also, the history of COVID-like symptoms reported by the children’s parents
did not correspond with the markers of the immune response.
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Figure 3. Group analysis of received biological treatment between IgG-negative and IgG-positive
patients. bDMARDS—biological disease-modifying anti-rheumatic drugs.

4. Discussion

Cellular immunity is an invaluable component of the immune response to intracellular
pathogens; thus, it is critical for the control of viruses, such as SARS-CoV-2 [17,26]. As
randomized controlled trials have shown, the virus-specific cellular immune response
prevents the spread of the virus within the host and eradicates the pathogen [27].

Evaluating cellular immunity as well as humoral responses to COVID-19 has proven to
be an added value to standard serological testing [28]. A recent study confirmed a positive
correlation between T-cell responses and SARS-CoV-2 antibody titers. These results are
consistent with multiple studies, including one by Brand et al. [29] who evaluated T-cell re-
sponses against multiple SARS-CoV-2 structural proteins in a large number of patients, both
exposed and unexposed to COVID-19, as well as with the results of Bjérkander et al. [30]
who conducted a large population study on humoral and cellular immunity to SARS-CoV-2
in young adults. Moreover, Oja et al. postulated that antibody titers significantly correlate
with S-specific CD4+ T-cell responses in patients with mild coronavirus disease, which re-
mains in accordance with the results from the current study, as no patients within the cohort
were reported to suffer from severe SARS-CoV-2 infection or required hospitalization [31].
In asymptomatic and mild cases of COVID-19, cellular immunity has been proven to be a
better predictor of long-term immune memory than antibodly titers, since T-cell responses
remain at a detectable level when humoral memory starts to wane [32-34]. Interestingly,
Wang et al. noted the importance of the coordination of cellular and humoral immunity for
long-term protection, as he unraveled that high levels of virus-specific CD4+ T cells were
associated with a slower decline in antibody titers [35]. However, the lack of consistent cut-
off values for IGRA across different studies, with proposed values ranging from 25 IU/mL
to 200 IU/mL, is notably a point that requires further validation. Applying universal values
to this assay will benefit its utility both in clinical practice and research [22-24].

While the recent study proved the correlation between humoral and cellular responses,
the lack of seroconversion in several patients who still mounted T-cell immunity should be
noted. These results are concordant with multiple studies [36,37] postulating that exposure
to SARS-CoV-2 can induce virus-specific T-cell responses without eliciting specific antibody
production. In the study of Reynolds et al. on healthcare workers exposed to COVID-19,

30



Children 2024, 11, 736

7 of 11

some seronegative subjects had undetectable T cell responses to spike protein, as well as T
cells reactive to other SARS-CoV-2 antigens [38]. Thus, it can be speculated that pre-existing,
cross-reactive memory T-cells can support the rapid clearance of infection in previously
unexposed individuals [37,39].

Positive IgA antibodies titers that were found in 33 out of 55 patients within the
study group correlating with cellular responses to the virus support the previous findings,
stating that an early SARS-CoV-2-specific humoral response is dominated by IgA antibodies
and is crucial in virus neutralization [40,41]. IgA is produced by B lymphocytes with T-
independent and T-dependent mechanisms and its subclass is the primary immunoglobulin
in the respiratory tract, protecting the epithelial barriers from pathogens. While the IgA
response to COVID-19 was proved to be highly effective and contributed significantly to
virus neutralization, it is predominantly associated with early viral response as its titers
in serum decreases notably as soon as a month after the infection, and while it has been
found that specific local neutralizing IgA remains detectable in the saliva and airways for
a longer period of time, it remains to be discovered whether these secretory antibodies
may contribute to a long-term immunity against reinfection [40-42]. As SARS-CoV-2is a
mucosal-targeted virus (Figure 4), IgA plays a vital role in its management and should not
be overlooked when assessing immunological responses in respiratory tract infections [43].
According to Infantile et al., the assessment of IgA antibodies in patients with early COVID-
19 infection could help with closing the gap in serological testing, as they appear early, in
high concentrations, and persist up to over 25 days from the disease onset [44]. However,
there are some conflicting results regarding the correlation between the severity of COVID-
19 and IgA levels. While Hennings et al. postulated that IgA-dominated responses was
more likely to occur in asymptomatic infection with asymptomatic infection, Zervou et al.
stated that high IgA titers positively correlated with the severity of the disease and were
the highest in critically ill patients [42,45].
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Figure 4. IgA eliminating SARS-CoV-2 on mucous membranes.

The figure illustrates the pathway of IgA from the blood circulation to mucous mem-
branes in the human respiratory system. IgA is secreted by plasma cells, which are differen-
tiated B cells after class switch recombination. IgA in secretions like mucus is found mainly
in its dimeric form (d-IgA). Polymeric immunoglobulin receptor (pIgR) is a transmembrane
protein that transports d-IgA across the mucosal epithelium. In order to cross the mucous
layer by diffusion, the secretory component of pIgR (SC) undergoes endoproteolytic cleav-
age. Lastly, S-IgA consisting of d-IgA and SC can bind and neutralize pathogens, including
SARS-CoV-2.

The data on immune responses to SARS-CoV-2 in patients suffering from immune-
related rheumatic diseases (RD) are quite scarce; however, the available literature suggests
that both cellular and humoral responses elicited in patients suffering from RD are com-
parable to healthy control groups and not impaired by standard immunomodulating
therapies [46-48]. The recent study, for the most part, confirms these findings, where
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patients receiving DMARDs did not have impaired immunological mechanisms. However,
the weakening of the humoral response was noted in patients receiving biological treatment.
These results are consistent with the study conducted by Simon et al., who noted lower IgG
titers, less frequent seroconversion, and reduced longevity of the humoral response in adult
patients with RD receiving TNF-blockers and cytokine inhibitors [49]. Nonetheless, the data
on clinical implications of the usage of biological agents in patients with RD suggest that
the therapies should be continued; hence, they do not lead to more severe manifestations
of COVID-19, including in the pediatric population [50,51]. In addition, many studies
suggest that the usage of biological agents may have a protective effect against SARS-CoV-2
infection, since some of the drugs, like tocilizumab, have been successfully used in the
management of COVID-19 [52-55]. Nevertheless, we should still be wary of rheumatic
patients during this viral pandemic, as they may be at risk of poor outcomes of the infection;
in particular, if the RD activity is high, they suffer from comorbidities or receive specific
treatments like high doses of GCs or rituximab [55,56].

We acknowledge that our study has several limitations, such as a relatively small
sample size and the lack of a control group. Adding a healthy control of children without
RD may have yielded more solid results in the assessment of immunological responses to
SARS-CoV-2 in patients with autoimmune disease when compared to their healthy peers.
Additionally, due to a dynamic course of the pandemic, it has been nearly impossible to
pinpoint the immunization stage of each and every patient from the onset of this study.
Due to a low rate of PCR testing for SARS-CoV-2 within the pediatric population [57],
including the cohort in the recent study, an undocumented or unrealized contact with
the virus cannot be excluded. Moreover, a heterogeneous group with a relatively small
number of patients being subjected to specific drug regimes allowed us to find trends
rather than draw highly detailed conclusions regarding therapeutic recommendations. As
the utilization of biological agents becomes more and more common in immune diseases,
as well as in children, expanding the sample size to a larger cohort of pediatric patients
receiving such treatment and focusing on specific agents may lead to the most reliable
results and seems to be the best way forward for this research.

5. Conclusions

IGRA appears to be a valid tool in the assessment of individuals’ immunity to SARS-
CoV-2 infection. T-cell responses proved to not only statistically correlate with the patient’s
serological results, but in some cases indicate immunity in the absence of a humoral
response. Thus, it is possible that, in some circumstances, marking solely the humoral
responses to the virus can lead to an incomplete assessment of individual immunity and
even negatively affect further clinical management. Looking into the future, there is a need
for more comprehensive research to establish what level and type of residual immunity
are needed to avoid severe disease after reinfection. Moreover, while, according to a recent
study, the usage of DMARDs by patients with RD does not affect their immunity, a larger
cohort study involving the pediatric population may help in investigating the effect of
biological agents on humoral responses.
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4.3. Publikacja III

Publikacja Ill ,, Interferon-y Release Assay in the Assessment of Cellular Immunity—A Single-
Centre Experience with mRNA SARS-CoV-2 Vaccine in Patients with Juvenile ldiopathic
Arthritis.” jest praca oryginalna. Jej celem byta ocena przydatnosci testu IGRA w ocenie
odpowiedzi immunologicznej na szczepienie przeciwko zakazeniu SARS-CoV-2 wsrod
pacjentéw z MIZS.

We wstepie przedstawiono najnowsze, dostepne w czasie publikacji artykutu, dane
dotyczace wyszczepialnosci populacji przeciwko zakazeniu nowym koronawirusem oraz
zalecenia United States Food and Drug Administration (FDA) na jesien 2023r. dotyczace
przyjmowania dodatkowych dawek szczepionki przeciwko zakazeniu SARS-CoV-2. Nastepnie
opisano sprzeczne doniesienia dotyczace wystepowania zwigekszonego ryzyka zakazenia i
ciezszego przebiegu COVID-19 w populacji osob cierpigcych na choroby autoimmunizacyjne
i autozapalne oraz luke w wiedzy dotyczaca szczegoblnej grupy pacjentdw, jaka sa pacjenci
pediatryczni z powyzszymi zaburzeniami. Skutecznos¢ i bezpieczenstwo programoéow
szczepien przeciwko SARS-CoV-2 u dorostych pozwolity na stopniowe rozszerzanie grup
wiekowych mogacych przyjac szczepienie, wtaczajac w nie osoby matoletnie. Niestety
ciagle brakuje duzych wieloosrodkowych badan prospektywnych dotyczacych efektywnosci
oraz bezpieczenstwa szczepien przeciwko koronawirusowi u dzieci z chorobami
reumatycznymi. Dostepne wyniki, i tym samym wydawane zalecenia, opierajg sie gtownie
na retrospektywnych analizach i ocenie miana wytworzonych przeciwciat z pominieciem
oceny odpowiedzi komdrkowej czy dalszej obserwacji klinicznej pacjentéw w kontekscie
reinfekcji. Ponadto opisano aktualny stan wiedzy dotyczacy wykorzystania testu IGRA do
diagnostyki odpowiedzi komoérkowej po zakazeniu lub szczepieniu przeciwko SARS-CoV-2.

Badanie przeprowadzono na grupie 55 pacjentéw (41 dziewczynek i 14 chtopcow) z
mediang wieku 10,31 lat, u ktorych rozpoznano MIZS zgodnie z kryteriami ILAR.
Kwalifikacja do badania odbywata si¢ podczas hospitalizacji w Klinice Kardiologii i
Reumatologii Dzieciecej Uniwersytetu Medycznego w todzi. U pietnastu pacjentow byto to
Swieze rozpoznanie choroby, reszta zgtosita sie do Oddziatu z powodu zaostrzenia objawéw
lub celem podazy leku biologicznego. Jedynymi kryteriami wytaczenia z badania byty: wiek
pacjenta >16 r.z. oraz zaostrzenie choroby wymagajace podazy wysokich dawek
glikokortykosteroidow systemowych. Dwudziestu dziewieciu pacjentow byto
zdiagnozowanych jako typ skapostawowy zapalenia stawow (co jest najczestszym
podtypem choroby), dwudziestu jako typ wielostawowy, a pozostatych szesciu jako MIZS o
poczatku uogélnionym. Uczestnicy badania znajdowali sie na réznych etapach leczenia, w
tym biologicznego. Osmioro dzieci otrzymato co najmniej jedna dawke szczepionki mRNA
Comirnaty w okresie od 1 do 18 miesiecy przed kwalifikacja do badania, pozostali pacjenci
nie zostali uodpornieni przeciwko SARS-CoV-2. Wsrdd uczestnikow badania byli zaréwno
pacjenci, ktorzy przebyli COVID-19, jak i ci, ktorzy negowali zakazenie SARS-CoV-2.

Zmiennymi ilosciowymi analizowanymi w badaniu byta odpowiedz humoralna, mierzona na
podstawie miana wytworzonych przeciwciat w klasie IgM, IgG i IgA oraz odpornos¢
komodrkowa limfocytow T po kontakcie z antygenem SARS-CoV-2. Probki krwi pobierane
byty wraz z rutynowymi badaniami laboratoryjnymi wykonywanymi w trakcie hospitalizacji.
Specyficzna odpowiedz komérek T na antygeny SARS-CoV-2 mierzono za pomoca
ilosciowego testu IGRA w petnej krwi przy uzyciu testu Quan-T-Cell SARS-CoV-2
EUROIMMUN. Heparynizowana krew inkubowano w zestawie trzech probowek: (1)
probowka bez sktadnikow aktywujacych; (2) probowka IGRA do specyficznej stymulacji
komorek T biatkiem S antygenu SARS-CoV-2; oraz (3) probowka do nieswoistej stymulacji
komoérek T, celem okreslenia zdolnosci do stymulacji. Po usunieciu komoérek podczas
wirowania, otrzymane osocze analizowano za pomoca testu ELISA w celu okreslenia
stezenia uwolnionego IFN-y. Dodatkowo u wszystkich pacjentow wykonano badanie ELISA
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anty-SARS-CoV-2 w celu oznaczenia stezen przeciwciat IgA, IgM i IgG. Zaréwno testy IGRA,
jak i ELISA, przeprowadzono przy uzyciu probek pobranych w tym samym momencie, zaraz
po wtaczeniu do badania.

Ponadto przeprowadzono ankiete telefonicznag z rodzicami uczestnikow dotyczaca
wystapienia infekcji COVID-19 lub jej podejrzenia u ich dzieci w miesigcach po
zakonczeniu badania. Celem zachowania bezstronnosci, rozmowe z rodzicami
przeprowadzit lekarz niezaangazowany wczesniej w eksperyment i niemajacy wgladu w
jego wyniki.

Analize statystyczna przeprowadzono za pomoca oprogramowania Statistica 13.3.
Porownania grupowe przeprowadzono za pomoca testu U Manna-Whitneya. Wartosci p
ponizej 0,05 uznawano za istotne statystycznie. Aby obliczy¢ najdoktadniejsza wartosc¢
odciecia dla testu IGRA, autorzy wykorzystali indeks Youdena. Czutos¢ i swoistos¢ badania
IGRA jako markera podatnosci poszczegélnych osob na zakazenie SARS-CoV-2 analizowano
za pomoca krzywej ROC (ang. Receiver Operating Characteristic curve).

Wszyscy pacjenci bioracy udziat w badaniu, ktorzy otrzymali szczepienie przeciwko SARS-
CoV-2, wytworzyli zarowno specyficzng odpowiedz limfocytow T mierzong testem IGRA (p =
0,0016), jak i odpowiedz humoralng oceniang na podstawie miana przeciwciat, istotng w
klasie IgA (p = 0,001) i I1gG (p = 0,008). Nie stwierdzono zaleznosci z przeciwciatami w
klasie IgM. Ponadto stwierdzono réznice w odpornosci wytworzonej po szczepieniu oraz
odpornosci ,dzikiej” po przechorowaniu infekcji SARS-CoV-2. Zaréwno odpowiedz
limfocytow T, jak i wartosci przeciwciat w klasach IgG i IgA, byty wyzsze po uodpornieniu
biernym niz po przebyciu choroby. Wedtug przeprowadzonej ankiety jedynie szostka dzieci
zgtosita potwierdzong w PCR infekcje COVID-19 po zakonczeniu badania. Dziesiecioro
dzieci miato objawy sugerujace zakazenie SARS-CoV-2, jednak bez potwierdzenia
laboratoryjnego. Ze wzgledu na brak uniwersalnej normy laboratoryjnej dla badania IGRA,
autorzy ustalili warto$¢ punktu odciecia na 1022,15, przy 60% czutosci i 80% swoistosci.
Wsrod osob zaszczepionych, pacjenci, ktorzy zgtosili zakazenie SARS-CoV-2 w dalszej
obserwacji mieli istotnie nizsze miano przeciwciat IgA (p = 0,0102), 1gG (p = 0,058) i
wysokoczutego IgG NCP (p = 0,0029) niz dzieci, u ktoérych nie zgtaszano wystapienia
COVID-19 po zakonczeniu badania.

W dyskusji poréownano uzyskane wyniki z danymi z innych badan nad odpornoscia
komodrkowaq oraz publikacji zawierajacych badania uwzgledniajace pacjentow z chorobami
autoimmunizacyjnymi. Odniesiono sie rowniez do ograniczen badania zwigzanych z
relatywnie mata liczebnoscia grupy badanej oraz braku grupy kontrolnej.

Aktualnie dostepne szczepienia przeciwko zakazeniu SARS-CoV-2 powoduja efektywne
wytworzenie zaréwno odpornosci komoérkowej, jak i humoralnej u pacjentow
pediatrycznych z MIZS, niezaleznie od przyjmowanego przez nich leczenia. Test IGRA
stuzacy do oceny odpowiedzi komoérek T na kontakt z antygenem moze stanowic
wartosciowe narzedzie w ocenie wytworzonej odpowiedzi immunologicznej, samodzielnie
lub jako uzupetnienie serologii. Dalsza obserwacja po zakonczeniu badania wskazuje na
niski odsetek zakazen SARS-CoV-2, mimo spodziewanych zaburzen odpornosci
spowodowanych choroba podstawowa lub przyjmowanym leczeniem. Konieczne sa jednak
wieksze badania kohortowe w celu ustalenia kompleksowych wytycznych dotyczacych
programoéw szczepien przeciwko SARS-CoV-2 u dzieci chorych z chorobami
autoimmunizacyjnymi.
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Abstract: Background: As the SARS-CoV-2 virus remains one of the main causes of severe respiratory
system infections, the Food and Drug Administration strongly advises the continuation of current
vaccination programs, including the distribution of updated boosters, especially in high-risk groups
of patients. Therefore, there is an unceasing need for further research on the safety and, no less
importantly, the clinical effectivity of the vaccines, with an extra focus on cohorts of patients with
underlying health problems. This study aimed to assess the efficacy of the SARS-CoV-2 vaccine
in possibly immunocompromised children with rheumatic disease while utilizing the interferon-
gamma release assay (IGRA) as a marker for COVID-19 immunity in the study follow-up. Methods:
This prospective study was performed in a group of 55 pediatric patients diagnosed with juvenile
idiopathic arthritis. Eight participants were immunized with the Comirnaty mRNA vaccine before
the research commenced, while the rest of the group (n = 47) had not been vaccinated against
SARS-CoV-2. At the study baseline, the cellular response to the virus antigen was measured using
a specific quantitative IGRA in whole blood; subsequently, the anti-SARS-CoV-2 test was performed,
marking the antibodies’ levels in serum. Around four months after the enrollment of the last
patient in the study, a follow-up survey regarding the events of COVID-19 infection within the
cohort was conducted. Results: The study confirmed that all the vaccinated children developed
specific T-cell (p = 0.0016) and humoral (p = 0.001 for IgA antibodies, p = 0.008 for IgG antibodies)
responses to the inoculation, including those receiving biological treatment and those on conventional
disease-modifying anti-rheumatic drugs. The study also showed the different patterns of immunity
elicited both after infection and post-vaccination, with higher levels of antibodies and T-cell response
after inoculation than after natural exposure to the pathogen. According to the follow-up survey,
six children developed PCR-confirmed SARS-CoV-2 infection, whereas the additional 10 patients
admitted to having COVID-like symptoms with no laboratory verification. Conclusions: SARS-CoV-2
vaccinations elicit valid immune responses in pediatric rheumatic patients. Including the assessment
of T-cell immunity in the evaluation of inoculation-induced immunization can enhance the accuracy
of sole humoral response assays.

Keywords: SARS-CoV-2; mRNA vaccine; cellular immunity; juvenile idiopathic arthritis

1. Introduction

As of July 2023, more than 70% of the world population had received at least one dose
of the SARS-CoV-2 vaccine, which accounts for over 13 billion doses administered globally
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and more than 40 thousand shots administered every single day [1]. A variety of advanced
vaccine candidates, including i. a. mRNA, inactivated virus, protein subunit and virus-
like particles, entered different phases of clinical trials [2], while more than 20 have met
approval to be used [3]. The current guidelines of the United States Food and Drug
Administration (FDA) for fall 2023 advise that everyone, including children older than
six months, should receive at least one dose of the Pfizer-BioNTech or Moderna COVID-19
vaccine updated with an XBB-lineage of the Omicron variant [4]. Moreover, moderately
and severely immunocompromised patients may require additional boosters [5]. That
being said, there is an urgent and unfaltering need for continuous monitoring of both the
safety and efficacy of vaccines against SARS-CoV-2.

There is still a lack of consensus regarding the risk of more severe or fatal COVID-19
infection in patients suffering from autoimmune and inflammatory disorders, including
rheumatic diseases (RDs). While initial studies suggested a similar or just slightly higher
risk of contracting the virus or worse prognosis for infection in patients with RDs compared
to healthy individuals [6,7], a more recent and extensive meta-analysis states that RDs
predispose to substantially higher rates of SARS-CoV-2 infection and increased mortal-
ity [8]. Notably, most of the data available are obtained from the adult population, leaving
a knowledge gap in the management of pediatric patients. While the studies that evaluated
the course of COVID-19 in children with RDs did not prove a significantly higher risk
of poor disease outcomes compared to the previously healthy population, the infection
can still lead to a flare of the underlying condition and a need for therapy escalation. In
some cases, it can result in a reduced health-related quality of life [9,10]. Thus, pediatric
patients with RDs or other autoimmune diseases seem to represent a special group of
interest in which protective measures taken to prevent the severe course of COVID-19
should remain significant.

After a successful trial of the BNT162b2 mRNA vaccine in adults, it was also approved
for the inoculation of children between the ages of 12 and 18. Regarding the safety of
vaccination in the population suffering from RDs, it may be important to acknowledge
the dependencies between the SARS-CoV-2 vaccine and the onset of autoimmune dis-
eases mentioned in several studies. In their extensive systematic reviews of new cases of
arthritis or the worsening of the already existing condition as a result of the SARS-CoV-2
vaccine, researchers stressed the need for awareness of joint-related inoculation side ef-
fects. However, the lack of data from well-controlled trials questions the significance of
these findings. Additionally, in most of the patients, the clinical symptoms subsided after
the use of nonsteroidal anti-inflammatory drugs or glucocorticoids without the need to
introduce disease-modifying antirheumatic drugs (DMARDs) [11]. A similar response to
steroid therapy, with a tendency to resolve spontaneously in some cases, was observed in
SARS-CoV-2 vaccine-induced vasculitides [12]. However, there are also reports of more
severe, life-threatening cases of autoimmune and autoinflammatory syndromes after the
new vaccination, including dermatomyositis complicated by lung disease [13] and adult-
onset Still disease [14]. Markedly, these complications were predominantly found in adults,
seemingly sparing the pediatric population.

The safety and presence of humoral response to the vaccination in the cohort of ado-
lescents with RDs have been confirmed in the prospective studies [15,16]. However, while
the most accurate assessment of inoculation efficacy should be performed in randomized
control trials (RCTs) with the evaluation of mild to severe infections, the assessment may be
problematic in trials with smaller sample sizes [17,18]. Therefore, the majority of available
data on the assessment of vaccine potency in children with RDs are based primarily on the
sole analysis of antibody titers.

However, during the pandemic, numerous studies confirmed the utility of marking
cellular immunity after COVID-19 infection or inoculation. The currently available mRNA
vaccines are found to elicit long-lasting T-cell responses across variants of the virus, de-
tectable even after the decrease in antibody titers [19]. Interestingly, with the new mutations
of COVID-19, like Omicron, it was suggested that the T-cell response was retained in vac-
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cinated individuals, even with the lack of neutralizing antibodies [20]. The SARS-CoV-2
interferon-gamma release assay (IGRA), which was previously used mainly in the diag-
nostics of tuberculosis [21], is a useful tool for the assessment of immune responses after
inoculation. The test measures the levels of interferon gamma (IFN-y) secreted by T-helper
1 and T-cytotoxic cells that were previously primed and activated by SARS-CoV-2-specific S
protein produced upon vaccination [22]. The authors present the more detailed mechanism
of the mRNA vaccine in Figure 1. Moreover, the assessment of vaccine-elicited cellular
response has been successfully applied to cohorts of immunocompromised individuals,
including patients suffering from RDs [23,24]. IGRA has already been utilized in the moni-
toring of cellular response and therefore the efficacy of vaccination in pediatric patients
suffering from inflammatory bowel disease [25].

MRNA SARS-CoV-2 Vaccine

Syringe with
drug particles

o
@]
0®e ; .
© 5 T Co8e Teell @ mRNA in lipid nanoparticle
_ MRNA
protein
\ \ SARS-CoV-2 spike protein

8-cells with complex of
/). CD4+lymphocytes with
S MHC I
= CDB+lymphocytes
with MHC |

S  proteasome
o® antigen peptides

Figure 1. Mechanism of messenger ribonucleic acid (mnRNA) vaccine. The mRNA molecules en-
capsulated in lipid nanoparticles facilitating the release of mRNA into the cells are injected into the
body. Once the mRNA molecules are inside the cytosol of the host cell, they are translated into viral
protein to elicit a specific immune response. Once inside host cells, the mRNA is translated into
SARS-CoV-2 spike protein, which is expressed on the surface of the host cells and is exposed to the
extracellular space. The transient expression of this spike antigen induces neutralizing antibodies and
cellular immune responses against it. After proteasomal processing, antigen peptides join the major
histocompatibility complex class I molecule (MHC I) and are transferred to the antigen-presenting
cell surface, activating CD8+ T cells. Protein antigens can activate CD4+ T cells via the MHC Class II
presentation pathway.

The current research aimed to conduct a comprehensive assessment of both humoral
and cellular immunity mounted by the SARS-CoV-2 mRNA vaccine in patients with JIA
and to assess IGRA as a marker of immunity against COVID-19 in the study follow-up.

2. Materials and Methods

The design of this prospective study included the assessment of humoral and cellular
responses to SARS-CoV-2 in a group of vaccinated and unvaccinated pediatric patients with
JIA. After the enrollment of all the participants, a follow-up survey regarding breakthrough
COVID-19 cases was conducted.

The research was performed in a cohort of 55 children with juvenile idiopathic arthritis
(JTA) during their hospitalization in the Department of Pediatric Cardiology and Rheuma-
tology, Medical University of Lodz, Poland, between June 2021 and February 2023 with
the follow-up survey 2 years after the recruitment of the first patient and 4 months after
including the last participant. All the patients were diagnosed with JIA according to the
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International League of Associations for Rheumatology (ILAR) classification criteria [26],
with onset before the 16th birthday and arthritis persisting for at least 6 weeks. Among
the causes of hospitalization were a newly diagnosed JIA, a flare of the disease demanding
modification of the treatment, or routine day-case hospitalizations that are a part of biologi-
cal agent protocols. Eight children within the study group received the Comirnaty mRNA
vaccine between 1 and 18 months prior to their enrollment in the study, whereas the rest
of the group (n = 47) had not been vaccinated against SARS-CoV-2 when the tests were
performed. Patients who qualified for the study had both positive and negative histories
of COVID-19. The inclusion criteria for the study were a confirmed diagnosis of JIA and
a maximum age of 16 years on the day of recruitment. The cohort consisted of both newly
diagnosed cases (1 = 15) and patients with years-long treatments; participants were selected
consecutively. None of the patients were in a flare of the rheumatic process severe enough
to require high doses of steroids. The results of the follow-up questionnaire were acquired
from 53 out of the 55 parents of the patients included in the research. The questionnaire
was designed to include all the participants, although two patients could not be reached by
phone and were therefore not considered in this final part of the research.

The quantitative variables measured in this study were the cellular and humoral re-
sponses to SARS-CoV-2 antigens. The endpoint of the study in the follow-up was COVID-19
(whether confirmed or assumed). While the cohort of the study was not homogenous re-
garding the age of the children, social status and the received immunomodulating treatment,
the study was conducted during the peak of the pandemic in Poland, so exposure to the
virus should remain fairly comparable for all the participants. The specific T-cell response to
SARS-CoV-2 antigens was measured using quantitative IGRA in whole blood with a Quan-
T-Cell SARS-CoV-2 EUROIMMUN assay. Blood samples with 1.5 mL nominal volume were
drawn simultaneously with routine laboratory tests during the patients” hospitalization.
The heparinized blood was then incubated in a set of three tubes: (1) IGRA BLANK with
no activating components for the individual’s IFN-y background; (2) IGRA TUBE for
specific T-cell stimulation by SARS-CoV-2 antigen spike protein; and (3) IGRA STIM for
unspecific T-cell stimulation with mitogen for determining stimulation ability. After the
removal of cells during centrifugation, the obtained plasma was analyzed by a quantitative
enzyme-linked immunosorbent assay (ELISA) to determine the concentration of released
IFN-y. Additionally, the anti-SARS-CoV-2 ELISA was performed in all patients to mark
the levels of IgA, IgM and IgG antibodies. Both IGRA and ELISA assays were performed
using the samples gathered at the same time point during the initial enrollment of each
participant in the study.

During the follow-up survey, the parents of the children who participated in the
study were asked questions regarding confirmed or suspected SARS-CoV-2 infection in the
months following the trial. To keep the follow-up survey unbiased, it was conducted by
a doctor not previously involved in the study and with no access to the acquired data. The
achieved sample size was the result of a two-year timeframe established by the authors at
the beginning of the research.

Group comparisons were performed using the Mann—-Whitney U test. p values below
0.05 were considered significant. To calculate the most accurate cutoff value for IGRA, the
authors utilized the Youden index. The sensitivity and specificity of IGRA as a marker
for individuals’ susceptibility to SARS-CoV-2 infection were analyzed using the receiver
operating characteristic (ROC) curve. All statistical calculations were performed using
Statistica 13.1 software (Statsoft Polska, Krakow, Poland). The reporting in this study
conforms to STROBE [27].

The study was approved by the local Bioethics Committee, with approval number
RNN/117/21/KE. All the diagnostic tools were ordered from EUROIMMUN POLSKA,
Wroclaw, Poland.
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3. Results

The general characteristics of the study group are presented in Table 1. Patient age,
sex, subtype of JIA (oligoarthritis, polyarthritis or systemic-onset arthritis) and time from
the initial diagnosis to study onset or rheumatic disease flare were all found to have no
statistical significance for the patients’ immune responses.

Table 1. General characteristics of the study group.

Total Number of Patients EIETE DI

Vaccine

n=>55 n=_8
Male/Female 14/41 2/6
Age on examination (years) 10.31 £4.16 13.75 £1.47
Type of JIA:
systemic 6 2
oligoarticular 29 4
polyarticular 20 2
Newly diagnosed JIA 15 2
Flare of JIA 8 0
History of confirmed 8 0
SARS-CoV-2 infection
Treatment regime:
Biolqgical agents » 3
specifically:
adalimumab 13 3
tocilizumab 6 0
etanercept 2 0
baricitinib 1 0
Methotrexate 32 4
Sulfasalazine 8 0
Hydroxychloroquine 7 2
Cyclosporine 3 0
Azathioprine 1 1
Glucocorticoids 4 0

Values presented as mean =+ standard deviation (SD), JJA—Juvenile Idiopathic Arthritis.

Participants in the study received various immunomodulating treatments, including
biologic and oral disease-modifying antirheumatic drugs; a few children were on moderate
or small doses of prednisone. Among the vaccinated individuals, three were receiving
biological treatment with tumor necrosis factor (TNF) inhibitor, four were treated with
methotrexate, two with hydroxychloroquine and one with azathioprine.
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The research confirmed that all the vaccinated children developed specific T-cell
responses measured by IGRA (p = 0.0016) (Figure 2A) and humoral responses assessed by
antibody titers, significant in IgA (p = 0.001) (Figure 2B) and IgG (p = 0.008) class (Figure 2C).
No dependencies with IgM antibody levels were found. When analyzing and comparing
humoral and cellular immunity after vaccination with the naturally induced immune
responses, there was a notable difference between the immunity elicited by vaccination and
post-exposure immunity. The study indicated higher levels of IGRA (Figure 3A) and higher
titers of IgG (Figure 3B) and IgA (Figure 3C) antibodies after inoculation in comparison
with natural exposure to the virus.
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Figure 2. (A) Association between Interferon-y Release Assay (IGRA) and SARS-CoV-2 vaccination.
(B) Dependency between IgA antibodies and SARS-CoV-2 vaccination. (C) Dependency between IgG

antibodies and SARS-CoV-2 vaccination.

Details of the survey are presented in Table 2. Among the participants, 37 patients
denied contracting SARS-CoV-2 in the months following their participation in the study.
Only six children had SARS-CoV-2 infection confirmed by PCR, while 10 participants
admitted to having COVID-like symptoms with no PCR confirmation (Scheme 1). None
of the cases of SARS-CoV-2 within the study group were severe. As there is no well-
established cutoff value for IGRA, the authors attempted to calculate one utilizing the
follow-up survey results. IGRA showed higher specificity and sensitivity when the clinical
symptoms were supplemented with laboratory confirmation. The proposed cutoff value for
positive IGRA was 1022.15 (Figure 4), with 60% sensitivity and 80% specificity, as calculated
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with the ROC curve (Figure 5). The results obtained after the follow-up survey indicated
that, among the vaccinated patients, significantly lower IgA (p = 0.0102), IgG (p = 0.058),
and IgG NCP (p = 0.0029) antibody titers were found in participants with breakthrough
SARS-CoV-2 infections.
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Figure 3. (A) Association between Interferon-y Release Assay (IGRA) and postinfection natural immu-
nity. (B) Dependency between IgA antibodies and postinfection natural immunity. (C) Dependency
between IgG antibodies and postinfection natural immunity.

Table 2. A follow-up telephone survey concerning SARS-CoV-2 infection events.

Did Your Child Have Confirmed SARS-CoV-2
Questions Infection or COVID-like Symptoms since
Being Included in the Clinical Trial?

Answers: Number of patients

No 37

Possible, present some of COVID-like 8
symptoms, no PCR confirmation

Highly possible, many COVID-like symptoms, 5

no PCR confirmation
Yes, infection confirmed in PCR 6
Did not answer the phone 2

Question and answers have been translated into English. PCR-polymerase chain reaction.
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Scheme 1. A flow diagram showing the steps of the study and the results of the follow-up survey.
IGRA-interferon-gamma release assay, ELISA-enzyme-linked immunosorbent assay, PCR-polymerase

chain reaction.
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Figure 4. The receiver operating characteristic curve and the cutoff value for a positive IGRA result.
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Figure 5. The specificity and sensitivity of IGRA in terms of assessing a patient’s susceptibility to
SARS-CoV-2 infection.

4. Discussion

As far as the main goals of the current research are concerned, the study confirmed the
validity of SARS-CoV-2 vaccination programs in the cohort of pediatric patients with RDs.
All the participants undergoing treatment protocols and other variables, regardless of the
type of JIA, elicited both humoral and cellular responses to the inoculation. Moreover, the
application of IGRA to marking T-cell immunity proves to be a viable way to mark indi-
vidual immunity. The follow-up of the participants confirmed a low rate of breakthrough
infections among children with JIA.

It has already been proven in a few sources that the assessment of cellular responses
after SARS-CoV-2 infection or vaccination provides a more comprehensive evaluation of in-
dividual immunity than the sole use of serological testing [28-30]. While different branches
of adaptive immunity coordinate to maintain optimal protection against pathogens, T-cells
play a key role in controlling the developing infection by modulating disease severity
and in creating long-term memory pools that are believed to decline at a slower rate than
antibody titers [30,31]. A recent study confirmed a positive association between SARS-
CoV-2 specific T-cell responses and antibody titers after inoculation. These results are
concordant with multiple studies [30-33], including one by Agrati et al. [34], who evaluated
the elicited immunity to the second dose of the mRNA vaccine, early after the shot and
12 weeks later, noting the decrease in antibody titers while the T-cell memory persisted.
Still, the study showed dependencies between cellular and humoral responses, suggesting
the perseverance of coordinated immunity. The diversity of IGRA methodology results
in difficulties in comparing results between studies. The standardized cutoff level would
facilitate the collection of all the results for future meta-analysis. The cutoff values proposed
in the current study are considerably higher than in most of the publications, where they
were established at around 200 mIU/mL [35-37]. According to Lled¢ et al. [38], cellular
responses to SARS-CoV-2 antigens were comparable between RD patients and healthy
controls; they stated that neither the disease nor RD therapies should affect individual
adaptive immune responses. However, there are some conflicting data on adaptive immu-
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nity elicited in children compared to that in adults. Some studies evaluating the immune
reaction to SARS-CoV-2 infection in the pediatric population have stated that the specific
T-cell responses were comparable between adolescents and adults [39]. However, multiple
studies regarding immune reactions to infection or vaccination have identified age as
a factor significantly associated with the magnitude of cellular responses to SARS-CoV-2
antigens [40-42].

According to previous research on immunological responses to the SARS-CoV-2
vaccine in a group of individuals suffering from autoimmune diseases, the patients did
develop humoral response to the inoculation. However, when compared to the healthy
controls, the immune reactions were considerably delayed or reduced [43,44]. Notably, in
accordance with Simon et al., the reduced effect of the vaccine resulted from the underlying
autoimmune disease and its impact on individuals” immune reactions rather than from
the immunomodulating treatment [44]. These results are concordant with the data that
were acquired during the current study, as none of the treatments that the patients were
receiving proved to affect their immune reactions to the inoculation. However, it should be
stressed that this is not always true regarding some specific treatments used in RDs. As
seen in the study by Oyaert et al., in which around half of the patients with RDs failed
to evoke a humoral response and had lower cellular responses to the vaccine, all the
patients were receiving immunosuppressive treatment with rituximab [45]. The current
recommendations concerning the management of patients with RDs, including vaccination
programs in both adults [6] and children [15-17], are based mainly on the antibody-eliciting
potential. There is scarce data regarding cellular responses in patients with RDs after
vaccination. Nevertheless, in a study by Mahil et al., conducted in a group of patients
suffering from psoriasis and receiving immunomodulating treatment (MTX and biological
agents), all subjects elicited a humoral response to the vaccine, although some did not
have detectable T-cell responses even after the second dose [23]. The potency of existing
antibodies and their clinical impact on undetectable cellular responses remains to be
further explored.

However compelling the data on elicited humoral and cellular immunity may be,
the clinical implications of the obtained results need to remain a priority. In a study by
Calcoen et al. [46], even the slight decrease in immune response to SARS-CoV-2 three months
after vaccination co-occurred with a high incidence rate of symptomatic breakthrough in-
fections. Additionally, Vogrig et al. [47] conducted a prospective study on a group of
80 vaccinated individuals and reported that both the decreased IGRA response and, to
a smaller extent, the humoral response were associated with the higher rate of reinfections
during the follow-up period. To conclude, both methods can be valid measures for the
prediction of breakthrough infections. A search for corresponding data in the cohort of
patients with autoimmune diseases on immunomodulating therapies reveals a certain
knowledge gap. Nevertheless, a study by Ahmed et al. [48] confirmed that the SARS-CoV-2
infections occurring after vaccination in patients with RDs were associated with COVID-19
seronegativity. Unfortunately, cellular responses were not taken into account in this paper.
The results of the follow-up conducted in the recent study align with those results, as the
lower IgA and IgG titers correlated with an occurrence of breakthrough infections after
inoculation. Nonetheless, due to the small sample size of the vaccinated children included
in the study, these data should be considered more as a trend.

The question of the differences between the immune responses to the SARS-CoV-2
vaccine, in comparison to the naturally acquired immunity, has been a point of interest
in multiple studies. Amanat et al. analyzed naive individuals after inoculation with
the SARS-CoV-2 mRNA vaccine and found that while antibody responses to the vaccine
were robust and even exceeded those seen after natural infection, the majority of vaccine-
induced antibodies did not have neutralizing activity [49]. These conclusions should be
taken into account when evaluating the results acquired during the current study, where
inoculation leads to both higher antibody responses and levels of IGRA than natural
infection. Moreover, in a study utilizing single-cell nRNA sequencing to compare similar
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cohorts of patients, the authors noted the expansion of CD8+ T-cell clones in more distinct
clusters induced by natural infection compared to those induced by vaccination, meaning
that they were more likely to recognize a broader spectrum of viral antigens, thus indicating
the superiority of natural immunization [50].

We acknowledge that our study has some limitations, mostly due to the small sample
size of patients who received the mRNA vaccine and the lack of a control group consisting
of healthy individuals. Differences in time intervals between the inoculation and sample
taking between the study participants may be another effect modifier. Additionally, the
results obtained from the survey, for the most part, relied on the parents’ evaluations of
their children’s symptoms, which may be highly biased.

To expand and add value to our observations, adding a control group of children
without JIA in future research could provide interesting and reliable results regarding the
differences in the immunity elicited in patients with RDs and healthy children. A larger
cohort study with a comparison group would be highly valuable for future guidelines
regarding COVID-19 vaccine programs in this specific cohort of patients. Additionally, the
results obtained from the survey, for the most part, relied on the parents’ evaluations of
their children’s symptoms, which may be highly biased. A more standardized follow-up of
vaccinated children with JIA may provide essential knowledge of the clinical outcomes of
inoculations among immunocompromised patients.

5. Conclusions

SARS-CoV-2 mRNA vaccine may successfully elicit humoral and cellular immune
responses in children with JIA, including patients receiving biological treatment and /or con-
ventional DMARD:s. IGRA assays for the evaluation of T-cell responses to inoculation may
add value to quantitative ELISA antibody tests. Moreover, the study follow-up indicates
a low rate of breakthrough SARS-CoV-2 infections, even in possibly immunocompromised
children. The study postulates that pediatric patients with RDs develop substantial immune
responses to the SARS-CoV-2 mRNA vaccine, regardless of the disease-modifying therapies
they are receiving. Larger cohort studies are needed to establish comprehensive guidelines
regarding SARS-CoV-2 inoculation programs in children with RDs.
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5. Whioski

. uzyskane w badaniu rezultaty pokazuja, ze w grupie badanej odpowiedz komorkowa na
kontakt z antygenem SARS-CoV-2 koreluje z wynikami badan serologicznych, a w
niektéorych przypadkach dochodzi do jej wytworzenia nawet u pacjentow
seronegatywnych, tym samym badanie swoistej odpowiedzi limfocytow T na zakazenie
wirusowe moze by¢ niezwykle przydatnym narzedziem w diagnostyce odpowiedzi
immunologicznej,

. W niektérych przypadkach oznaczanie wytacznie odpowiedzi humoralnej moze
prowadzi¢ do niepetnej diagnostyki i powodowad btedne decyzje kliniczne,

. test IGRA moze stanowi¢ wartosciowe narzedzie diagnostyczne do oceny odpornosci
komodrkowej zarowno po przechorowaniu SARS-CoV-2, jak i po szczepieniu przeciwko
nowemu koronawirusowi,

. W zakresie badanych parametréw nie odnotowano zaleznosci miedzy leczeniem choroby
podstawowej a wytworzeniem odpornosci komoérkowej i humoralnej przeciw SARS-
CoV-2,

. zebrane dane ankietowe w badanej grupie dzieci z MIZS wykazaty niski odsetek infekcji
po szczepieniu przeciwko COVID-19, a w przypadkach wystapienia zakazenia nie
raportowano jego ciezkich przebiegow,

. uzyskane w aktualnym badaniu wyniki, cho¢ napawaja optymizmem, wymagaja dalszego
potwierdzenia, gtownie ze wzgledu na stosunkowa mata grupe badawcza, brak grupy
kontrolnej oraz dotychczas niska dostepnosc analizowanej metody badawczej,

. wytyczne dotyczace szczepien ochronnych, w tym szczepien przeciwko zakazeniu SARS-
CoV-2 w grupach pacjentow z chorobami autoimmunizacyjnymi, jakimi s dzieci z MIZS,
powinny opiera¢ sie na duzych, najlepiej wieloosrodkowych i prospektywnych
badaniach.
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6. Streszczenie pracy

Publikacja |

Niniejsza publikacja stanowi przeglad literatury dotyczacej mechanizmow
immunologicznych towarzyszacych chorobie COVID-19. Autorzy podjeli probe
usystematyzowania danych na temat mechanizméw odpornosci wrodzonej i nabytej na
antygeny SARS-CoV-2. W artykule oméwiono ogolna charakterystyke nowego koronawirusa
oraz implikacje wynikajace z jego cech strukturalnych i molekularnych, takich jak zdolnosc
wiazania, silne rozprzestrzenianie sie w populacji i wysoki wspotczynnik mutacji.
Omawiajac najwazniejsze sktadniki odpornosci wrodzonej, w artykule wyjasniono wazng
role interleukin, gtownie IL-6 i IL-17, interferonow, makrofagow, neutrofili, komorek NK
oraz mechanizmow takich jak burza cytokinowa czy NEToza, odpowiedzialnych za
patologiczne reakcje immunologiczne wystepujace w przebiegu COVID-19. W odniesieniu
do wtornej odpowiedzi humoralnej na antygeny SARS-CoV-2, w publikacji wykazano
zaleznosc ciezkosci przebiegu choroby od miana wytworzonych przeciwciat oraz kinetyki
ich produkcji. Oméwiono takze znaczenie przeciwciat IgA i ich powinowactwo do bton
sluzowych. Przedstawiono zagadnienie odpowiedzi immunologicznej, w tym komorkowej, u
pacjentow, ktorzy pomimo zdiagnozowanego niedoboru odpornosci tagodnie przebyli
zakazenie SARS-CoV-2. Poruszono temat utrzymywania sie pamieci limfocytow T, ktora
zauwazono juz w czasie epidemii SARS-CoV-1. Z dostepnej literatury wiadomo, ze
skuteczna i silna aktywacja limfocytéw T CD8+ jest odpowiedzialna za usuwanie wirusa, a
zatem za tagodne lub bezobjawowe zakazenie. Podsumowujac, skuteczna i trwata
odpowiedz humoralna wraz z szeroka i funkcjonalng odpornoscia limfocytéw T wiaze sie z
dobrym rokowaniem w przypadku COVID-19. Niezawodnosé, bezpieczenstwo i wysoka
skutecznos¢ szczepionek mRNA przeciwko SARS-CoV-2 zostata potwierdzona w wiekszosci
badan, co pozwala na wdrazanie programoéw szczepien na catym swiecie. Jednakze tempo
spadku ochrony immunologicznej i liczebnos¢ nowych mutacji wirusa pozostaja powaznym
problemem w kontekscie przysztych zalecen dotyczacych szczepien przeciwko SARS-CoV-2.
Co wazne, poza ogdlnymi wytycznymi dotyczacymi przebiegu epidemii COVID-19, a takze
podobnych, ktére moga wystapi¢ w najblizszej przysztosci, istnieje potrzeba dostosowania
wytycznych postepowania w grupach pacjentow z niedoborami odpornosci wynikajacymi
zarowno z choroby podstawowej, jak i ze stosowanego leczenia.

Publikacja Il oraz Il

Wstep

Od konca 2019 roku uwaga lekarzy i badaczy z catego swiata skupita sie na nowym
koronawirusie i poznaniu mechanizmow lezacych u podstaw zakazenia SARS-CoV-2, celem
spowolnienia jego rozprzestrzeniania, znalezienia skutecznych mozliwosci leczenia i
prewencji, w tym mozliwie jak najszybszego wprowadzenia szczepien ochronnych. Czesc z
tych celow udato sie zrealizowaé, cze$s¢ wymaga dalszych badan, jednak wraz z
wchodzeniem ogoélnoswiatowej pandemii w faze endemiczna, jednym z priorytetow
powinno stac sie znalezienie wiarygodnych metod oceny odpornosci jednostki na antygeny
wirusa i dostosowanie zalecen dotyczacych szczepien, szczegélnie w grupach pacjentow z
obnizona odpornoscia.

Mtodziencze idiopatyczne zapalenie stawow (MIZS) jest najczestsza artropatig zapalng
wystepujaca u dzieci. Dzieki szybkiemu postepowi w rozwoju terapii biologicznych i ich
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rosnacej dostepnosci, uzyskano znaczng poprawe rokowania i szanse na uzyskanie
dtugoterminowej remisji, nawet u pacjentow opornych na klasyczne leki modyfikujace
przebieg choroby. Mimo to dzieci z chorobami o podtozu autoimmunizacyjnym wymagaja
szczegolnej uwagi lekarzy i opiekundw, zwtaszcza w czasie zagrozenia epidemiologicznego,
jak podczas pandemii SARS-CoV-2. Chociaz ani sama choroba podstawowa, ani wiekszosc
stosowanych obecnie terapii nie powinny znaczaco zwiekszaé ryzyka ciezkiego przebiegu
COVID-19, kazda infekcja u pacjenta z choroba reumatyczna stanowi czynnik ryzyka
wystapienia zaostrzenia i moze prowadzi¢ do powiktan, takich jak koniecznosc
intensyfikacji lub zmiany aktualnego leczenia albo hospitalizacji. Tym samym zasadna jest
potrzeba rewalidacji i udoskonalenia aktualnych zalecen dotyczacych postepowania z
chorymi na MIZS zakazonymi SARS-CoV-2, w tym dostosowania programow szczepien, ktore
beda opierac sie na badaniach prowadzonych w tej specyficznej grupie chorych.

Ztozonos¢ mechanizméw immunologicznych w zakazeniu SARS-CoV-2 zaczyna sie od
pierwszej, nieswoistej linii obrony i konczy sie na wysoce specyficznych mechanizmach
humoralnych i komorkowych. Podczas gdy serologia wiekszosci powszechnych infekcji
wirusowych, w tym koronawirusowych, zostata dos¢ dobrze zbadana, odpowiedz
komdrkowa na zakazenie SARS-CoV-2 wymaga dalszych badan. Wiadomym jest, ze ocena
odpowiedzi komoérek T na nowego koronawirusa stanowi istotne uzupetnienie dla samego
badania przeciwciat, szczegdlnie u pacjentow, ktorzy z réznych przyczyn nie wytwarzaja
odpowiedzi humoralnej. Wykorzystanie dobrze znanego ze swojej roli w diagnostyce
gruzlicy testu uwalniania interferonu gamma (IGRA) do oznaczania odpowiedzi komorkowej
na antygeny SARS-CoV-2 dato nowe mozliwosci diagnostyczne, zaréwno w badaniach
naukowych, jak i w praktyce klinicznej.

Cel
Cele pracy obejmowaty:

- zbadanie zaleznosci pomiedzy wytwarzang przez pacjentow z MIZS odpornoscia na
zakazenie SARS-CoV-2, a otrzymywanym leczeniem, w tym klasycznymi lekami
modyfikujacymi przebieg choroby (LMPCh) i lekami biologicznymi,

- okreslenie przydatnosci testu IGRA jako narzedzia do oceny odpowiedzi komdrkowej
powstajacej po kontakcie z antygenami SARS-CoV-2,

- dalsza obserwacje pacjentow z uwzglednieniem wystapienia zakazenia SARS-CoV-2 po
zakonczeniu badania i ocena jego zwiazku z wczesniej zmierzona odpowiedzig
immunologiczna.

Materiaty i metody

Badanie przeprowadzono w grupie 55 pacjentow (41 dziewczat i 14 chtopcéw) z MIZS
zdiagnozowanym wedtug kryteriow klasyfikacji ILAR w trakcie ich hospitalizacji w Klinice
Kardiologii i Reumatologii Dzieciecej Uniwersytetu Medycznego w todzi, rekrutacja
uczestnikow odbywata sie w okresie od czerwca 2021 r. do lutego 2023 r. Przyczynami
hospitalizacji byto nowo zdiagnozowane MIZS, zaostrzenie procesu reumatoidalnego lub
pobyty jednodniowe bedace czescia protokotow stosowania lekéw biologicznych. W
badaniu uczestniczyli zaréwno pacjenci, ktorzy przebyli Covid-19, jak rowniez ci, ktorzy
negowali zakazenie SARS-CoV-2. Osmioro dzieci w grupie badanej otrzymato szczepionke
MRNA Comirnaty w okresie od 1 do 18 miesiecy poprzedzajacym wtaczenie do badania,
natomiast reszta grupy (n = 47) nie byta zaszczepiona przeciwko SARS-CoV-2 do momentu
zakonczenia eksperymentu. Kohorta sktadata sie z nowo zdiagnozowanych przypadkow (n =
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15) oraz pacjentdw pozostajacych pod wieloletnia opieka Kliniki jeszcze przed
rozpoczeciem omawianego badania, zaréwno w okresie remisji, jak i zaostrzenia choroby.
Zadne z dzieci nie wymagato stosowania wysokich dawek systemowych
glikokortykosteroidow.

Probki krwi pobierano podczas rutynowych badan laboratoryjnych wykonywanych podczas
pobytu pacjentow w szpitalu. Specyficzng odpowiedz komorek T na antygeny SARS-CoV-2
mierzono za pomoca ilosciowego testu IGRA w petnej krwi (Quan-T-Cell SARS-CoV-2
EUROIMMUN). Nastepnie heparynizowana krew inkubowano i stymulowano biatkiem S
antygenu SARS-CoV-2, a otrzymane osocze analizowano za pomoca ilosciowego testu
immunoenzymatycznego (ELISA) w celu okreslenia stezenia uwolnionego IFN-y. Dodatkowo
u wszystkich pacjentow wykonano badanie ELISA anty-SARS-CoV-2 w celu oznaczenia miana
przeciwciat IgA, I1gM i 1gG. Protokot badania zostat zaaprobowany przez Komisje Bioetyczna
Uniwersytetu Medycznego w todzi, otrzymujac numer zgody RNN/117/21/KE.

Publikacja Il

Rownolegle z pobieraniem probek krwi do omawianego eksperymentu, pobierano rowniez
rutynowe badania krwi: morfologie catkowita krwi, biatko C-reaktywne (CRP) i Odczyn
Biernackiego (OB).

Zmienne ciagte nie miaty rozktadu normalnego zgodnie z wynikami testu Shapiro - Wilka.
Dlatego tez wszystkie porownania grupowe obliczono przy uzyciu testow U Manna -
Whitneya oraz H Kruskala - Wallisa. Do oceny zaleznosci pomiedzy zmiennymi ilosciowymi
wykorzystano wspotczynniki korelacji rang Spearmana.

Publikacja Ill

Dwa lata od rekrutacji pierwszego pacjenta oraz cztery miesigce po wtaczeniu ostatniego z
nich, tj. po zakonczeniu catej rekrutacji oraz fazy laboratoryjnej, przeprowadzono
telefoniczna ankiete dotyczaca wystepowania nowych zachorowan uczestnikéw badania na
COVID-19. Wyniki ankiety uzyskano od 53 z 55 rodzicow pacjentow objetych badaniem.

Poréwnania grupowe przeprowadzono za pomoca testu U Manna-Whitneya, za istotne
uznano wartosci p ponizej 0,05. Do obliczenia najdoktadniejszej wartosci odciecia dla
testu IGRA autorzy wykorzystali indeks Youdena. Czutosc¢ i swoistos¢ badania IGRA jako
markera podatnosci poszczegdlnych oséb na zakazenie SARS-CoV-2 analizowano za pomoca
krzywej ROC (Receiver Operating Characteristic).

Wyniki
Publikacja Il

Odpowiedz komédrek T na antygen SARS-CoV-2 mierzona za pomoca testu IGRA istotnie
korelowata z odpowiedzig humoralng w IgA (p < 0,00003, R = 0,537), IgG (p < 0,0001, R =
0,668) i IgG (NCP) (p < 0,003, R = 0,0399), bez korelacji z przeciwciatami IgM. W obrebie
kohorty wykryto specyficzng odpowiedz limfocytéw T na antygeny SARS-CoV-2 u pieciu
pacjentdw seronegatywnych (we wszystkich klasach przeciwciat). Dwoch uczestnikow
badania z dodatnim mianem IgG nie wytworzyto odpowiedzi komoérkowej, dodatkowo u
dwoch pacjentéw wartosci odpowiedzi komorkowej znajdowaty sie w szarej strefie (100-
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200 mlU/ml). Wsréd pacjentow z dodatnim mianem przeciwciat w klasie IgA, trzech
uzyskato ujemne wyniki IGRA. Stezenie przeciwciat u pacjentow otrzymujacych leki
biologiczne byt istotnie nizszy w pordwnaniu z reszta kohorty (p = 0,0369), podczas gdy
podobnego efektu nie zaobserwowano u pacjentow przyjmujacych tradycyjne LMPCh. Nie
stwierdzono korelacji miedzy wytworzong odpowiedzig immunologiczna, a markerami
stanu zapalnego, takimi jak CRP, OB, liczba ptytek krwi czy leukocytoza krwi obwodowej.

Publikacja Ill

Wszyscy uczestnicy badania, ktorzy otrzymali szczepienie mRNA SARS-CoV-2 rozwineli
zarowno specyficzng odpowiedz komorkowa (p = 0,0016), jak i humoralng (p = 0,001 dla
przeciwciat IgA, p = 0,008 dla przeciwciat IgG) niezaleznie od przyjmowanego leczenia.
Badanie wykazato, ze naturalna infekcja wywotata inny wzdér odpornosci niz szczepienie, z
wyzszym mianem przeciwciat i odpowiedzig komoérek T po szczepieniu niz po naturalnej
ekspozycji na patogen. Proponowana warto$¢ odciecia dla dodatniego IGRA obliczona za
pomoca krzywej ROC wynosita 1022,15, przy 60% czutosci i 80% swoistosci. Badanie
ankietowe wykazato, ze po zakonczeniu eksperymentu tylko u szostki dzieci doszto do
zakazenia SARS-CoV-2 potwierdzonego metodg PCR, dodatkowo 10 uczestnikow miato
objawy przypominajace COVID-19, ale nie zweryfikowato ich za pomoca badan
laboratoryjnych. Wyzszy odsetek zakazen SARS-CoV-2 po zakonczeniu eksperymentu
odnotowano u pacjentdéw, u ktérych w toku badania obserwowano nizsze miana przeciwciat
IgA, 1gG i 1gG NCP.

Whnioski

Stwierdzono, ze IGRA moze stanowi¢ uzyteczne narzedzie w ocenie odpowiedzi
komdrkowej na antygeny SARS-CoV-2 w kohorcie dzieci chorych na MIZS, zaréwno po
zakazeniu, jak i po szczepieniu. Ocena wytacznie odpowiedzi humoralnej na infekcje
wirusowe, takie jak COVID-19, moze nie by¢ wystarczajaca i prowadzi¢ do btednych lub
niekompletnych wynikdw, szczegdlnie u pacjentow, u ktorych nie zostaje wytworzona
odpornos¢ humoralna pomimo kontaktu z antygenem i pojawienia sie odpowiedzi
limfocytow T. Uzupetnienie standardowej serologii o ocene odpornosci komérkowej moze
znacznie zwiekszyc¢ jej doktadnosé szczegolnie w przypadku oséb
immunoniekompetentnych. Wytyczne dotyczace nie tylko zakazenia SARS-CoV-2, ale takze
innymi patogenami, powinny uwzglednia¢ specyfike konkretnych grup pacjentow w tym
dzieci z chorobami reumatycznymi, a zalecenia powinny opiera¢ sie na rzetelnych,
najlepiej wieloosrodkowych badaniach.
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7. Streszczenie pracy w jezyku angielskim

Publication |

This publication is a literature review on the immunity in SARS-CoV-2 infection. Authors
attempted to systematize data on both innate and adaptive immune mechanisms to SARS-
CoV-2 antigens. The paper covered general features of the novel coronavirus and the
implication of its structural and molecular characteristics, such as its binding capabilities,
robust spread through the population and high mutation rate. As the most important
components of the innate immunity are concerned, the article explained the important
role of interleukins, mainly IL-6 and IL-17, interferons, macrophages, neutrophiles, NK
cells and the mechanisms like cytokine storms or NETosis responsible for pathological
immune reactions observed in COVID-19 infection. Regarding the secondary humoral
responses to SARS-CoV-2 antigens, the publication showed dependencies between antibody
titers with the kinetics of their production and the severity of the disease. It also
deliberated on the importance of IgA antibodies and their affinity with mucosal
membranes. Moreover, it discussed the immune responses to COVID-19 in immunodeficient
patients that are unable to produce antibodies, but had positive outcome of the SARS-
COV-2 infection that can be explained by effectiveness of cellular responses. The durability
of antibody titers and the protection they provide has been questioned in many
publications, while the longevity of T cells memory has been noticed already during the
SARS-CoV-1 outbreak. Regarding the cellular responses, the effective and robust activation
of bystander CD8+ T cells was found to be responsible for viral clearance and therefore a
mild or asymptomatic disease. All in all, an effective and sustainable humoral response
along with broad and functional T-cell immunity was associated with early recovery from
COVID-19. The reliability, safety and high efficacy in disease prevention of the new
technology mRNA molecules vaccines against SARS-CoV-2 has been confirmed in most of
the studies, therefore allowing for implementing inoculation programs all over the world.
However, the rate of decline of immune protection and the abundance of new mutation of
the virus remain a great concern regarding the future recommendations for the SARS-CoV-2
vaccines. Importantly, except for general guidelines for COVID-19 or similar outbreaks that
may occur in the near future, there is a great need for adapting the course of action in
groups of patients with immunodeficiencies both due to an underlying disease or received
treatment.

Publication Il and lli

Introduction

Since the end of 2019 the focus of the medical professionals and researchers from all over
the world was on the new coronavirus, having a similar goal-to understand the mechanisms
that underlies SARS-CoV-2 infection in order to slow down its spreading, find effective
treatment options and methods of prevention, including introduction of inoculation
programs as fast as possible. Some of this goals have been successfully fulfilled till now,
some need more research. However, as the worldwide pandemic enters a more endemic
phase, establishing the most accurate ways of assessing one’s immunity against the viral
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antigens and adjusting the vaccination recommendations, especially in the groups of
possibly immunocompromised patients, should be a priority.

Juvenile idiopathic arthritis (JIA) is the most common arthropathy in children. It is a
heterogeneous group of chronic arthritis of still not fully known and complex etiology, with
its onset before 16 years of age, symptoms persisting for more than 6 weeks and the
diagnosis made after excluding all the other possible causes of joint inflammation. Due to
the rapid progress in development and the increasing availability of biological agents for
patients with JIA, a significant improvement in achieving the long term remission and
overall good prognosis has been achieved, even in patients that are resistant to classic
disease modifying drugs. Still, children with rheumatic diseases, such as JIA, require
special attention from doctors and caregivers, especially in terms of epidemiological
threat like the SARS-CoV-2 pandemic. While neither most of the therapies that are
currently used in JIA, nor the disease itself should significantly elevate the risk of SARS-
CoV-2, it is known that the occurrence of any infection in a rheumatological patient is still
a risk factor for exacerbation of the arthritis, which may lead to further complications,
like the need for intensification or a change in treatment or even hospitalization.
Therefore there is an unceasing need for up-to-date recommendations regarding the SARS-
CoV-2 infection in patients with JIA, including the vaccination programs, that will be based
on research on this specific cohort of patients.

The complexity of immune mechanisms in SARS-CoV-2 infection starts with the first,
unspecific line of defense and continues to highly specific humoral and cellular
mechanisms. While the serological responses have been thoroughly studied both in the
current COVID-19 outbreak and in other common viral infections, the cellular immunity is
still less explored. Assessing T-cell responses to the novel coronavirus adds a lot of value
to the sole serological testing, especially in patients that, for different reasons, may not
elicit humoral responses. Utilizing IGRA test, that is well known for its role in the diagnosis
of Tuberculosis for marking the levels of cellular responses to SARS-CoV-2 antigens, opened
new possibilities for assessing the T-cell responses in research and possibly clinical
practice.

The aim
The main objectives of the study were as follows:

- the assessment of the immune responses to SARS-CoV-2 antigens, both cellular and
humoral, in JIA patients receiving different treatment protocols, including both classic
disease-modifying anti-rheumatic drugs and the biological agents,

- determining the usefulness of the IGRA test as a tool for assessing the cellular response
generated after contact with the SARS-CoV-2 antigens,

- clinical follow-up of patients, taking into account the occurrence of SARS-CoV-2 infection
after the end of the study and assessing its relation to previously determined levels of
the immune responses.

Materials and methods

The study was conducted on a group of 55 patients (41 girls and 14 boys) with JIA
diagnosed according to ILAR classification criteria, during their hospitalization in the
Department of Pediatric Cardiology and Rheumatology, Medical University of Lodz, Poland,
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between June 2021 and February 2023. Among the causes of hospitalization were a newly
diagnosed JIA, a flare of the disease or a routine day-case hospitalizations that are a part
of biological agent protocols. Participants had both positive and negative history of past
SARS-CoV-2 infection. Eight children within the study group received the Comirnaty mRNA
vaccine between 1 and 18 months prior to their enrollment to the study, whereas the rest
of the group (n = 47) had not been vaccinated against SARS-CoV-2 till the end of the
experiment. The cohort consisted of both newly diagnosed cases (n = 15) and patients with
years-long treatments; both in remission and during the disease flare, however none of the
patients required high doses of systemic steroids due to the severity of the rheumatic
process. Participants of the study were receiving different drug regimes, including classic
antirheumatic drugs and biologic agents.

Blood samples were collected during routine laboratory tests performed on the patients’
hospital stay. The specific T-cell response to SARS-CoV-2 antigens was measured using
quantitative IGRA in whole blood with a Quan-T-Cell SARS-CoV-2 EUROIMMUN assay. The
heparinized blood was then incubated and stimulated with SARS-CoV-2 antigen spike
protein, then the obtained plasma was analyzed by a quantitative enzyme-linked
immunosorbent assay (ELISA) to determine the concentration of released IFN-y.
Additionally, the anti-SARS-CoV-2 ELISA was performed in all patients to mark the levels of
IgA, IgM and IgG antibodies. The study was approved by the local Bioethics Committee,
with approval number RNN/117/21/KE.

Publication Il

Additionally to the results of immune assays, the following parameters were obtained from
the routine blood testing, that was performed simultaneously with obtaining blood samples
for the current research: Total Blood Count, C-reactive Protein (CRP), and Erythrocytes
Sedimentation Rate.

All continuous variables were non-normally distributed based on the Shapiro-Wilk test.
Therefore, all group comparisons were calculated utilizing the Mann-Whitney U test and
Kruskal-Wallis H test. Spearman’s rank correlation coefficients were used to assess
dependencies between quantitative variables.

Publication Il

After the enrollment of all the participants to the study and finishing the laboratory phase
of the research, 2 years after the recruitment of the first patient and 4 months after
including the last participant a follow-up telephone survey regarding breakthrough
COVID-19 cases was conducted. The results of the questionnaire were acquired from 53 out
of the 55 parents of the patients included in the research.

Group comparisons were performed using the Mann-Whitney U test, p values below 0.05
were considered significant. To calculate the most accurate cutoff value for IGRA, the
authors utilized the Youden index. The sensitivity and specificity of IGRA as a marker for
individuals’ susceptibility to SARS-CoV-2 infection were analyzed using the receiver
operating characteristic (ROC) curve.
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Results
Publication Il

The T-cell responses to SARS-CoV-2 antigens measured utilizing the IGRA test significantly
correlated with the humoral responses in IgA (p < 0.00003, R = 0.537), IgG (p < 0.0001, R =
0.668), and IgG nucleocapsid protein (NCP) (p < 0.003, R = 0.0399) antibodies, with no
correlation with IgM. Within the cohort, a specific T-cell response to SARS-CoV-2 was
detected in five seronegative patients (in all antibodies classes). While in patients with
positive IgG titers, two did not mount any cellular responses and two had a cellular
response in the grey area (100-200 mlU/mL). Similarly, in patients with positive IgA titers,
three had negative IGRA results. Moreover, the antibody levels in patients receiving
biological agents were significantly lower compared to the rest of the cohort (p = 0.0369),
while similar effect was not noted in patients on traditional disease modifying drugs. No
correlation between immunological results and inflammatory markers like CRP, ESR,
platelets levels or leukocytosis was found.

Publication Il

All the participants that received SARS-CoV-2 mRNA vaccination, regardless of the
treatment protocols they were on, developed both specific cellular (p = 0.0016) and
humoral (p = 0.001 for IgA antibodies, p = 0.008 for IgG antibodies) responses to the
inoculation. The study also showed that natural infection elicited different pattern of
immunity than the vaccination, with higher levels of antibodies and T-cell response after
inoculation than after natural exposure to the pathogen. The proposed cutoff value for
positive IGRA calculated with the ROC curve was 1022.15, with 60% sensitivity and 80%
specificity. The follow-up survey showed that only six children developed PCR-confirmed
SARS-CoV-2 infection after the end of the study, with additional 10 participants admitting
to having COVID-like symptoms but failing to verify it with laboratory tests. Among the
vaccinated patients, significantly lower IgA, IgG and IgG NCP antibody titers were found in
participants that reported breakthrough SARS-CoV-2 infection.

Conclusions

IGRA was found to be a useful tool in the evaluation of cellular responses to SARS-CoV-2
antigens, both after infection and vaccination in the cohort of children with JIA. Assessing
solely the humoral responses to the viral infections, such as COVID-19, may often not be a
sufficient and lead to faulty or incomplete results, as some patients fail to mount humoral
responses despite the contact with the antigen and producing T-cell responses. Therefore,
adding the assessment of T-cell immunity in the evaluation of viral-induced immune
responses can enhance the accuracy of serological testing. The guidelines, regarding not
only SARS-CoV-2 infection but also other pathogens outbreaks should be adjusted to
specific groups of patients, like children with rheumatic diseases, and the
recommendations need to be based on reliable, preferably multi center studies in order to
provide the best care for all the individuals.
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8. Wykaz skrotow

CRP - biatko c-reaktywne (ang. c-reactive protein)

ELISA - test immunoenzymatyczny (ang. enzyme-linked immunosorbent assay)
FDA - Agencja Zywnosci i Lekow (ang. Food and Drug Administration)

IF - wspotczynnik wptywu publikacji (ang.impact factor)

IFN - Interferon

IGRA - test uwalniania interferonu gamma (ang. Interferon-y Release Assay)

ILAR - Miedzynarodowa Liga Stowarzyszen Reumatologicznych (ang. International League of

Associations for Rheumatology)

IL - Interleukina

LMPCh - leki modyfikujace przebieg choroby

MIZS - mtodziencze idiopatyczne zapalenie stawow

MNiSW - Ministerstwo Nauki i Szkolnictwa Wyzszego

NCP - biatko nukleokapsydu N

NET - Neutrofilowe sieci zewnatrzkomorkowe (ang. Neutrophil extracellular traps)
komorki NK - Naturalni Zabdjcy (ang. Natural Killer cells)

OB - odczyn Biernackiego

PCR - reakcja tancuchowa polimerazy (ang. polymerase chain reaction)
RF - czynnik reumatoidalny (ang. rheumatoid factor)

krzywa ROC -ang. Receiver Operating Characteristic curve

SD - odchylenie standardowe (ang. standard deviation)

TNF - czynnik martwicy nowotwordw (ang. tumor necrosis factor)
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