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4. Wykaz stosowanych skrétow

ARDS — Acute respiratory distress syndrome; zesp6t ostrej niewydolnosci

oddechowe;j

BBB — Blood-brain barrier; bariera krew-mozg

Biatko E — Envelope protein, biatko otoczki

Biatko M — Membrane protein,; biatko btonowe

Biatko N — Nucleocapsid protein; biatko nukleokapsydu
Biatko S — Spike protein,biatko kolca

COVID-19 — Coronavirus disease 2019; choroba zakazna uktadu oddechowego

wywolana zakazeniem wirusa SARS-CoV-2
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NFZ — Narodowy Fundusz Zdrowia
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IgG-S1RBD — Przeciwciata w klasie IgG skierowane przeciwko domenie wigzacej
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IgM — Immunoglobulina M

INF B — Interferon beta; interferon beta
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stwardnienia rozsianego

SARS-CoV-2 — Severe acute respiratory syndrome coronavirus 2; drugi

koronawirus ciezkiego ostrego zespotu oddechowego
SM — Sclerosis multiplex; stwardnienie rozsiane

WHO — Word Health Organisation; Swiatowa Organizacja Zdrowia
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5. Wstep

5.1 Wirus SARS-CoV-2

W listopadzie 2019 r. w prowincji Wuhan w Chinach obserwowano pacjentéw
z nietypowym przebiegiem zapalenia pluc i powiklaniami wielonarzagdowymi [1].
Za te zakazenia okazal si¢ odpowiedzialny drugi koronawirus ci¢zkiego ostrego
zespotu oddechowego (SARS-CoV-2; severe acute respiratory syndrom
coranovirus). Chorobe, ktorag wywoluje wirus SARS-CoV-2 nazwano COVID-19
(coronavirus disease 2019) [2]. W marcu 2020 r. Swiatowa Organizacja Zdrowia
WHO oglosita pandemi¢ COVID-19. W dniu 16.06.2023 r. stan zagrozenia
epidemicznego na obszarze Rzeczpospolitej Polskiej zostat odwotany, zgodnie
z rozporzadzeniem Ministra Zdrowia. dotej pory wedlug oficjalnych danych,
na caltym $wiecie, zarejestrowano ponad 700mln zachorowan oraz 7mln zgonéw

z powodu COVID-19, jednak liczby te prawdopodobnie pozostaja niedoszacowane
[3].

Wirus SARS-CoV-2 nalezy do grupy koronawirusow o jednoniciowym RNA. Jest
jednym z 7 koronawirusow wywotujacych infekcje u cztowieka [4]. Jego material
genetyczny jest w 80% homologiczny z materialem genetycznym wirusa
SARS-CoV-1, odpowiedzialnego za epidemi¢ na Bliskim Wschodzie w latach
2002/2003 [5]. Poza kwasem nukleinowym, SARS-CoV-2 sktada si¢ z 4 bialek
strukturalnych: biatka kolca (S), biatka nukelokapsydu (N), biatka otoczki (E)
oraz biatka btonowego (M) [4]. Biatko S, a dokladnie podjednostka wiazaca
receptor (RBD; receptor binding domain), odgrywa kluczowa rolg w patogenezie
infekcji, gdyz taczy si¢ z receptorem dla konwertazy angiotensyny II (ACE II) 1 tg
droga wirus wnika do komorki gospodarza [6]. Warto w tym miejscu zaznaczyc,
ze receptory te znajduja si¢ w wielu organach ludzkiego organizmu, takich
jak ptuca, nerki, naczynia krwionos$ne, ale réwniez neurony ikomorki glejowe
osrodkowego uktadu nerwowego [7]. Biatko N pelni funkcje ochronng
dla materiatu genetycznego i jest odpowiedzialne za replikacje wirusa [8]. Biatko E
bierze udziat w formowaniu wirionéw, natomiast biatko M jest gtéwnym biatkiem

macierzy wirusa [8].

Do gtéwnych objawéw COVID-19 naleza kaszel, goraczka i duszno$¢. W trakcie
trwania pandemii  zaobserowowano, ze wigkszo$§¢ przypadkow  choroby

ma przebieg tagodny i dobre rokowanie [9] [10]. Jednakze wirus moze atakowac
13



wiele narzadow w organizmie i prowadzi¢ réwniez do zespotu ostrej niewydolnosci
oddechowej (ARDS), niewydolnosci watroby lub nerek [11]. Ponadto w trakcie
pandemii COVID-19 odnotowano wzrost czestosci wystepowania kryptogennych
udaréw mozgu [12] [13]. Powiktania neurologiczne takie jak zespdt Guillain-Barre,
zapalenie mozgu czy poprzeczne zapalenie rdzenia okazaty sie¢ by¢ rzadkimi
powiktaniami [14] [15] [16] [17]. Natomiast najczesciej odnotowywane objawy
neurologiczne podczas infekcji SARS-CoV-2 to: encefalopatia, bol gtowy, zawroty
glowy, hyposmia/anosmia, hypogeusia/agusia [18]. Ponadto, po ustgpieniu ostrych
objawow infekcyjnych, duza grupa pacjentow zglasza objawy rezydualne, takie jest
przewlekte zmeczenie, oslabienie funkcji poznawczych iobnizony nastréj [19].
WHO wprowadzita termin long-COVID, ktory zgodnie z definicja, mozna
zdiagnozowac¢, gdy spetnione sg nastepujece warunku: kontynuacja lub rozwdj
nowych objawdéw 3 miesigce po infekcji SARS-CoV-2, objawy utrzymuja si¢
powyzej dwoch miesiecy a ich wystepowanie nie jest mozliwe do wytlumaczenia
inng przyczyng niz przebyty COVID-19. Infekcja SARS-CoV-2 moze tez pogarszaé

przebieg wielu chordb wspoétistniejacych, w tym chorob uktadu nerwowego [18].

Odpowiedz immunologiczna na zakazenie SARS-CoV-2 opiera si¢ na dwodch
mechanizmach: odpowiedzi humoralnej iodpowiedzi komorkowej [20] [21].
Odpowiedz humoralna, ktéora wydaje si¢ odgrywaé kluczowa rolg, polega
na produkcji przeciwciat przeciwko poszczegdlnym biatkom wirionu [22].
Najszybciej, w ciggu kilku pierwszych dni od infekcji, pojawiaja si¢ przeciwciata
w klasie IgM, ktore sg skierowane gléwnie przeciwko biatku N 1 wykazujg wysoki
poziom homologii (90%) w stosunku do biatek innych koronawiruséw
patogennych dla cztowieka [4]. Przeciwciala w klasie IgA stanowig pierwsza lini¢
obrony przed patogenami dostajacymi si¢ do organizmu czlowieka droga
kropelkowa, pojawiaja si¢ w ciggu pierwszych 10 dni od zakazenia i mogg stanowic
wskaznik wczesnej infekcji. Przeciwciata w klasie IgG stanowia ok. 75%
produkowanych przeciwcial, pojawiaja si¢ mniej wigcej pook 10-14 dniach
od poczatku infekcji. Okres utrzymywania si¢ przeciwciatl jest zréznicowany
osobniczo.  po przechorowaniu  infekcji, przeciwciala IgG  przeciwko
bialku S utrzymuja si¢ we krwi zazwyczaj ok. 10 miesigcy, natomiast u osob
ktore przeszty infekcj¢ tagodna lub bezobjawowa ok. 6 miesigcy [23] [24] [25].
Najczes$ciej w codziennej praktyce, poziom przeciwcial IgG przeciwko

biatku S oznacza si¢ metodg immunoenzymatyczng (ELISA) [26].
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Oprocz klasy przeciwciat istotne kliniczne znaczenie maja ich wilasciwosci
neutralizujace. Przeciwciata skierowane przeciwko biatku S naleza do przeciwcial
neutralizujacych, czyli chroniacych przed kolejnym zachorowaniem [27]. Obecno$¢
przeciwcial przeciwko biatku S stala si¢ wigc wyznacznikiem odpornosci
na reinfekcj¢  oraz czynnikiem ochronnym przed ciezkim  przebiegiem
potencjalnego zakazenia [28] [29]. Nalezy zaznaczy¢, ze dotychczas nie zostat
jednoznacznie ustalony poziom przeciwcial, ktoéry chroni przed infekcja [30].
Biatko kolca (biatko S) stato si¢ punktem uchwyty dla wigkszosci szczepionek
przeciwko SARS-CoV-2. Co wazne, przeciwciata neutralizujace przeciwko
biatku S s3 produkowane zaréwno po naturalnym przechorowaniu (immunizacja
czynna), jak i po szczepieniu (immunizacja bierna) [30]. Innymi przeciwcialami
majacymi  znaczenie w praktyce klinicznej s3a przeciwciala przeciwko
biatku N, ktoére powstaja tylko po naturalnym zachorowaniu, natomiast nie sg
produkowane po szczepieniu [8]. W przeciwienstwie do przeciwciat przeciwko
biatku S, przeciwciata przeciwko biatku N nie maja wlasciwosci neutralizujacych,

a wigc ochronnych przed infekcjg [31].

Kluczowym narzedziem walki zpandemig staly si¢ szczepienia przeciwko
SARS-CoV-2. Pierwsza zarejestrowang szczepionka byla  szczepionka
mRNA ComirnatyPheizer/BioNTech, nastgpnie zarejestrowano kolejny preparat
mRNA—-Spikevax (Moderna) [32]. Mechanizm dziatania szczepionek mRNA opiera
si¢ na wprowadzeniu do komorki gospodarza materiatu genetycznego (mRNA)
kodujacego biatko kolca (biatko S) [33]. Na podstawie wprowadzonego mRNA
organizm gospodarza syntetyzuje immunogenne bialko S, przeciwko ktéoremu
nastgpnie wytwarza przeciwciala neutralizujace (odpowiedz humoralna)
oraz aktywuje limfocyty T cytotoksyczne (odpowiedz komodrkowa) [34]. Kolejna
grupg szczepionek sg szczepionki wektorowe. Mechanizm dziatania szczepionek
wektorowych polega na wprowadzeniu do organizmu gospodarza wektora—
adenowirusa. Wektory wirusowe zostaly zmodyfikowane metodami inZynierii
genetycznej, wtaki sposob, ze staly si¢ nos$nikami materialu genetycznego
kodujacego biatko S wirusa SARS-CoV-2. Ponadto, co wazne, wektory nie majg
zdolnosci replikacji [33]. Wszystkie wymienione szczepionki maja potwierdzong
skuteczno$§¢ w badaniach klinicznych 1 zostaty zatwierdzone przez Agencj¢
Zywnosci i Lekow (Food and Drug Administration; FDA) oraz Europejska Agencje

Lekéw (European Medicines Agency; EMA). Schematy szczepien poszczegolnymi
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preparatami sg zawarte w charakterystykach produktéw leczniczych oraz sa
uaktualniane przez Ministerstwo Zdrowia. Zalecane jest szczepienie rOwniez 0sob,
ktére przebyty COVID-19, gdyz w licznych badaniach wykazano, ze odporno$¢
hybrydowa, wynikajaca z przebytej infekcji szczepienia, jest trwalsza

1 skuteczniejsza [35].

Juz od pierwszych miesigcy trwania pandemii WHO zalecila oceng¢ prewalencji
wirusa SARS-CoV-2 w schematach powtarzanych badan serologicznych, opisanych
w protokole = WHO-Unity: “Population-based age-stratified seroepidemiological
investigation protocol for COVID-19 infection” [36]. Badania oparte natym
protokole zostaty przeprowadzone w réznych okresach trwania pandemii w wielu
krajach $wiata, wtym wPolsce - wramach Ogo6lnopolskiego Badania
Seroepidemiologicznego COVID-19 (OBSER-CO) [37]. Dzigki powtarzanym
badaniom serologicznym, mozna pozyska¢ dane natemat rozprzestrzeniania si¢
wirusa w populacji, zmian w terytorialnej dystrybucji wirusa, zakazeniach
bezobjawowych czy tez stopnia uodpornienia badanej populacji w zwigzku
z wprowadzonymi szczepieniami ochronnymi. Obserwacje bazujace na schemacie
seroepidemiologicznych badan przekrojowych majg rowniez zastosowanie
w monitorowaniu pandemii w poszczegdlnych grupach spotecznych czy tez

grupach ryzyka obcigzonych konkretnymi schorzeniami [36][38].

5.2 Stwardnienie rozsiane

Stwardnienie rozsiane (SM) jest chorobg autoimmunologiczng o$rodkowego uktadu
nerwowego (OUN), na ktéra cierpi w Polsce ok. 50 000 os6b [39]. Choroba jest
rozpoznawana najczesciej] u mlodych kobiet, ale w grupie chorych znajduja si¢
pacjenci obu plci, we wszystkich grupach wiekowych [40]. Obserwujac chorych
mozemy wyr6zni¢ kilka najczestszych postaci klinicznych choroby najczestsza jest
posta¢ rzutowo-remisyjna (relapsing-remmiting multiples sclerosis; RRMS),
rzadziej wystepujg postaci: pierwotnie postepujaca (primary progressive multiple
sclerosis;, PPMS) 1 wtornie postepujaca (secondary progressive multiple sclerosis,
SPMS). Stwardnienie rozsiane daje r6znorodne objawy, ktére wynikaja z obecnosci
ognisk demielinizacyjnych w OUN. Symptomatologia SM u poszczegdlnych
chorych zalezy od lokalizacji tych zmian. Do najczestszych objawow nalezg m.in.:
pozagatkowe zapalenie nerwu wzrokowego, ktore czegsto bywa pierwszym objawem

postaci rzutowo-remisyjnej, zaburzenia czucia, objawy piramidowe, zaburzenia
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rownowagi 1 koordynacji, zaburzenia zwieraczy [41]. Ponadto, u wielu pacjentéw
na przestrzeni lat rozwijaja si¢ zaburzenia funkcji poznawczych, objawy depresyjne
1 zespot przewlektego zmegczenia [42]. Do klinicznej oceny pacjentow z SM stuzy
Rozszerzona Skala Niepelnosprawnosci EDSS (Expanded Disability Status Scale)
[43].

Diagnozujac stwardnienie rozsiane klinicysci opieraja si¢ na kryteriach McDonalda,
wedtug ktorych do postawienia rozpoznania niezbedne jest wykazanie rozsiania
choroby w czasie i w przestrzeni [44]. Diagnostyka opiera si¢ przede wszystkim
na wystepowaniu objawdéw klinicznych, pojawiajacych si¢ najczesciej podczas
rzutow choroby. nie ma zadnych swoistych testow diagnostycznych. Znaczenie
pomocnicze majg badania dodatkowe, takie jak: neuroobrazowanie mozgu i rdzenia
kregowego metodg rezonansu magnetycznego (MRI) oraz badanie bialek ptynu
moézgowo-rdzeniowego (PMR). Ogniska demielinizacyjne sg najczgsciej potozone
okotokomorowo, przykorowo, wciele modzelowatym ipodnamiotowo [45].
Obecnos¢ ognisk wzmacniajacych si¢ po podaniu kontrastu gadolinowego $wiadczy
o aktywnosci choroby i najczes$ciej mozna takie ogniska uwidoczni¢ podczas rzutu
choroby [46]. Wigkszos¢ pacjentéw w trakcie diagnostyki SM ma wykonywang
punkcje ledzwiowa celem pobrania ptynu mézgowo-rdzeniowego. Oprocz badania
ogolnego ptynu mézgowo-rdzeniowego, ocenia si¢ 1 porownuje obecnos¢ prazkow
oligoklonalnych w PMR oraz surowicy krwi [47]. Typowe dla SM sa prazki
typu 2 13, ktérych obecnos¢ $wiadczy o wewnatrzoponowej syntezie
immunoglobulin. Ponadto, wykazanie obecnosci tych prazkow jest, wedlug
aktualnych kryteriow McDonalda, ekwiwalentem rozsiania w czasie, co moze by¢
niezbedne do postawienia rozpoznania u niektorych chorych [47]. Przed
postawieniem rozpoznania SM konieczne jest przeprowadzenie diagnostyki

rdzZnicowej.

Aktualnie dysponujemy lekami, ktére korzystnie modyfikujg przebieg stwardnienia
rozsianego (ang. disease modyfying therapies; DMTs). W Polsce sa one dostepne
w ramach Programu Lekowego finansowanego przez Narodowy Fundusz Zdrowia.
Aktualnie dysponujemy 15 preparatami, do ktorych nalezg substancje o dziataniu
immunomodulujagcym 1immunosupresyjnym [48]. Obecnie, celem leczenia
stwardnienia rozsianego jest osiggniecie NEDA 3 (ang. no-evidance of disease

activity) tz. brak rzutow choroby, brak postgpu niepelnosprawnosci 1 brak
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aktywno$ci rezonansowej [49]. Pierwszymi substancjami stosowanymi w leczeniu
rzutowo-remisyjnej postaci stwardnienia rozsianego byly podawane parenteralnie
interferony beta 1b i la, znane gltownie z dziatania przeciwwirusowego, jednak
w terapii SM znaczacg rolg odgrywa ich dzialanie immunomodulujace [50] [51].
Nastgpnie zarejestrowano, podawany podskornie, octan glatirameru, réwniez
o dziataniu immunomodulujagcym, o nie do konca poznanym mechanizmie
dziatania. Prawdopdobnie moduluje on uktad odporno$ciowy poprzez wypieranie
biatek mieliny zwigzan pomiedzy biatkami gléwnego ukladu zgodnosci
tkankowego typu II (MHC II) a komoérkami prezentujacymi antygen [52]. Fumaran
dimetylu jest rowniez czgsto stosowang czasteczka wleczeniu SM. Jego
mechanizm dzialania nie zostal w peini poznany, jednak badania wskazuja,
ze wynika on gldwnie z aktywacji Sciezki transkrypcyjnej czynnika jadrowego Nrf2
[53]. Teryflunomid, zmniejsza liczbg¢ limfocytow, poprzez hamowanie aktywnos$ci
enzymu mitochondrialnego - dehydrogenazy dihydrooratonowej, co skutkuje
zmniejszeniem syntezy pirymidyn [54]. Innymi czasteczkami o dzialaniu
modyfikujacym przebieg choroby stosowanym w SM sa doustne leki z grupy
modulatoréw sfingozyno-1-fosforanu, ktore blokuja uwalnianie autoagresywnych
limfocytow T z weztow chtonnych [55]. Najstarszym lekiem ztej grupy jest
fingolimod, do nowszych czasteczek nalezy ponesimod, ozanimod i siponimod. Ten
ostatni jest aktualnie jednym lekiem , obok interferonu beta 1b, zarejestrowanym
do leczenia postaci wtornie postepujacej stwardnienie rozsianego [56].
Zastosowanie w leczeniu SM ma rowniez kladrybina. Jest to antagonista purynowy,
ktory wywotuje efekt cytotoksyczny w stosunku do limfocytow T i B, wbudowujac
si¢ do tancucha DNA w miejsce deoksyadenozyny (dA), powoduje pekniecia helisy
DNA, co prowadzi do $§mierci komorki [57]. Alemtuzumab jest rzadko stosowanym
w Polsce humanizowanyn przeciwciatem monoklonalnym skierowanym przeciwko
glikoproteinie CD52. Kladrybina oraz alemtuzumab stanowia przyktad terapii
rekonstytucyjnej uktadu immunologicznego. na szczeg6lng uwage zashuguje grupa
lekow bedacych przeciwciatami monoklonalnymi [58]. Nalezy do nich, oprécz
wspomnianego juz alemtuzumabu, natalizumab - rekombinowane humanizowane
przeciwcialo monoklonalne skierowane przeciwko integrynie o4, ograniczajace
przechodzenie autoreaktywnych limfocytow T przez bariere¢ krew-mozg do OUN
[58]. Lek ten moze by¢ podawany dozylnie lub podskornie. Inny mechanizm

dzialania maja podawany dozylnie okrelizumab (przeciwcialo humanizowane)
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oraz podskdrnie ofatumumab (przeciwcialo w petni ludzkie). Obie czasteczki
skierowane s3 przeciwko antygenom CD20 zlokalizowanym na limfocytach B,
w tym roéwniez limfocytach B pamigci [59]. Okrelizumab jest aktualnie jedyna
czasteczkg zarejestrowang do terapii zardwno postaci rzutowo-remisyjnej,

jak 1 pierwotnie postepujacej SM [60].

Od poczatku trwania pandemii COVID-19 temat przebiegu infekcji SARS-CoV-2
u pacjentéw ze stwardnieniem rozsianym wzbudzat zainteresowanie [61] [62].
Z uwagi nato, ze stwardnienie rozsiane to choroba autoimmunologiczna,
zastanawiano si¢, czy pacjenci chorujagcy na SM naleza do grupy szczegodlnego
ryzyka cigezkiego przebiegu COVID-19 [63] [64]. Z jednej strony nieprawidlowe
dzialanie ukladu immunologicznego, a z drugiej leczenie immunomodulujace
1 immunosupresyjne stosowane przez pacjentdw czesto przez wiele lat, wzbudzaty
niepokoj zar6wno neurologéw, jak i chorych [65]. Podejrzewano, ze zarowno sama
choroba, jakijej leczenie moga wplywaé naprzebieg infekcji, odpowiedz
immunologiczng organizmu na infekcje, jak i odpowiedZ na szczepienia ochronne

[66].

Aktualne dane wskazuja, zZe u pacjentow z SM przebieg COVID-19 nie r6zni si¢
istotnie od tego w populacji ogélnej [67] [38]. Pojawily si¢ doniesienia, ze pacjenci
stosujacy niektore leki modyfikujagce przebieg choroby: modulatory receptora
dla sfingozyno-1-fosforamu (fingolimod, siponimod, ozanimod, ponesimod),
przeciwciata monoklonalne anty-CD20 (okrelizumab, ofatumumab, rytkusymab)
oraz alemtuzumab, moga nie odpowiedzie¢ na szczepienia ochronne w petnym
zakresie [68]. W przypadku stosowania niektorych ztych terapii (okrelizumab,
alemtuzumab) nalezy zwrdci¢ uwage na odpowiedni czas przyjecia szczepionki
wzgledem kolejnej dawki leku, co zwicksza szanse¢ na uzyskanie optymalnej
odpowiedzi na szczepienie [69]. Jednak zdecydowana wigkszo$¢ pacjentdow z SM
leczona DMT, w tym pacjenci leczeni fumaranem dimetylu, interferonem beta
1 octanem glatirameru, powinni stosowa¢ si¢ do schematow szczepien przeciwko

COVID-19 zgodnie z wytycznymi dla populacji ogdlnej [70] [71].
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6. Cel pracy doktorskiej

Celem pracy doktorskiej byta analiza wystgpowania w réznych okresach pandemii
COVID-19 przeciwcial przeciwko biatku N 1ibiatku S wirusa SARS-CoV-2
u pacjentow Z rZutowo-remisyjng postacig stwardnienia rozsianego,
zamieszkujacych w Polsce potnocno-wschodniej, leczonych wybranymi lekami

modyfikujacymi przebieg choroby.

7. Metodologia

7.1 Analiza dost¢pnego piSmiennictwa

Przed przystapieniem do badan wlasnych przeprowadzono analize dostgpnego
piS$miennictwaw bazach PubMed, Scholar, Cochrane, Scopus, natemat statusu
serologicznego u pacjentow z chorobami uktadu nerwowego, ktorzy przebyli
COVID-19. Na podstawie zebranych publikacji, przygotowano i opublikowano
w recenzowanym czasopiSmie pracg¢ pogladows, ktora powstala wcelu
usystematyzowania aktualnej wiedzy naten temat w momencie rozpoczynania

badan wlasnych.
7.2 Badania wlasne

7.2.1 Grupa badana oraz harmonogram przeprowadzonych badan

Grup¢ badang stanowili pacjenci zrzutowo-remisyjng postacig stwardnienia
rozsianego, rozpoznang wedlug kryteriow McDonalda z 2010 12017 r. leczeni
wybranymi lekami modyfikujacymi przebieg choroby. Wlaczeni do badania
pacjenci pozostawali pod opieka Kliniki Neurologii Uniwersytetu Medycznego
w Bialymstoku. Kazdy z pacjentdw zostal zbadany przez neurologa i oceniony wg.
rozszerzonej skali niepetnosprawnosci (EDSS; Expanded Disability Status Scale).
Zebrano wywiad lekarski uwzgledniajacy:date rozpoznania i czas trwania choroby,
stosowany DMT, czas stosowania DMT, przebyta infekcje SARS-CoV-2 (data
uzyskania dodatniego wyniku test antygenowego lub PCR), przebyte szczepienie
przeciwko SARS-CoV-2 (liczba otrzymanych dawek, daty szczepien, zastosowany
preparat szczepionki). Szczegdétowa charakterystyka grupy badanej znajduje si¢
w pracach oryginalnych wchodzacych w sktad rozprawy doktorskiej. Uzyskano

zgod¢e Komisji Bioetycznej przy Uniwersytecie Medycznym w Biatymstoku

20



(APK.002.230.2020) na przeprowadzenie badan. Kazdy zuczestnikow podpisat

swiadomg zgode na udzial w badaniu.

Ponizej (Tabela 1.) przedstawiono harmonogram pobierania materialu
do przeprowadzonych badan. W trakcie kazdej wizyty od pacjenta pobrano 9 ml

krwi  pelnej, ktérag nastgpnie odwirowano, uzyskujac surowice krwi.

Tabela 1. Harmonogram pobierania materiatu.

I ETAP: Analiza obecnosci przeciwcial przeciwko bialkom S i N
wirusa SARS-CoV-2

Numer wizyty .
liczba pob h
(pobrania termin wizyty 1ezbd pro e stosowany DMT!
. probek
materiatu)
DMF? (n=79)
. . . . _ INF? (n=49)
wizyta pierwsza | Maj -czerwiec 2020 n= 186 GA* (n=37)
Inne® (n=21)
DMF (n=29)
INF (n=34
wizyta druga Maj-czerwiec 2021 n=88 GA ((1111: ) 8))
Inne® (n=7)

II ETAP: Analiza pozioméw przeciwcial w klasie IgG przeciwko biatkom S i N
wirusa SARS-CoV-2

, , Grudzien 2021 DMF (n=14)
wizyta trzecia luty 2022 n=38 INF (n=10)
i GA (n=14)

, Grudzien 2022 DMEF (n=14)
wizyta czwarta lutv 2023 n=38 INF (n=10)
i GA (n=14)

'DMT, disease modifying teraphies; 2INF, interferon; >DMF; fumarandimetylu; *GA octan glatirameru;
Steriflunomid (n = 11); fingolimod (n = 5); kladribina (n = 3); natalizumab (n = 2)
Steriflunomid (n = 5); fingolimod (n = 1); kladribina (n = 1)
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7.3 Analiza laboratoryjna
Analize laboratoryjng uzyskanego materiatu biologicznego (surowica krwi)
przeprowadzono w Zaktadzie Diagnostyki Biochemicznej Uniwersytetu

Medycznego w Biatymstoku.

I etap badan : Analiza obecnoSci przeciwcial przeciwko bialkom S i N wirusa

SARS-CoV-2.

W trakcie I etapu badan, w latach 2020-2021, oznaczono obecno$¢ przeciwciat
przeciwko bialku S w klasie IgG iIgA, (oznaczone dalej jako: IgG-S, IgA-S)
1 przeciwko biatku N w klasie IgG (oznaczone dalej jako: IgG-N) SARS-CoV-2.
Obecnos¢  przeciwciala  IgG-S  1IgA-S  oceniano  zapomoca  testu
immunoenzymatycznego ELISA przy uzyciu zestawdéw anty-SARS-CoV-2 IgA
i IgG (Euroimmun, Medizinische Labordiagnostika AG, Niemcy) stosujac si¢
do zalecen producenta. Wyniki oceniono metoda potilosciowa poprzez obliczenie
warto$ci stosunku ekstynkcji probki osoby do ekstynkcji  kalibratora. Wyniki
interpretowano zgodnie z zaleceniem producenta: warto$ci wspoOtczynnikéw
<0,8 byly uznawany zaujemny, >0,8 do<I,1 jakowyniki graniczny,
oraz > 1,1 jako dodatnie.

Obecnosé przeciwcial IgG-N W surowicy mierzono metoda
immunochemiluminescencji (CMIA; chemiluminescence immunoassay). Ocene
przeprowadzono na automatycznym analizatorze Alinity (Abbott, Chicago, IL,
USA). Otrzymang reakcje chemiluminescencyjng oceniano we wzglednych
jednostkach $§wiatla (RLU). Wynik >1,4 uznawano za wynik pozytywny,

<1,4 za ujemny.

II etap badan: Analiza poziomow przeciwcial w klasie IgG przeciwko

bialkom S i N wirusa SARS-CoV-2.

W trakcie II etapu badan, w latach 2022-2023, oznaczono jako$ciowo i ilo$ciowo
przeciwciala przeciwko domenie wigzacej receptor (receptor binding domain;
RBD) podjednostki S1 wirusa SARS-CoV-2 wklasie IgG (dalej oznaczone
jako IgG-S1RBD) oraz przeciwciata przeciwko biatku N w klasie IgG metoda
CMIA (Abbott, IL, USA). Wyniki >1,4 dla przeciwciat IgG-N 1 >50 AU/ml
dla przeciwcial IgG-S1RBD uznano za pozytywne.
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8. Analiza statystyczna.
Szczegdlowy opis analizy statystycznej znajduje si¢ w pracach oryginalnych

wchodzacych w sktad rozprawy doktorskie;.

Analize statystyczng przeprowadzono na podstawie opisu grup pacjentow wedtug
DMT izmiennych demograficznych (pte¢, wiek, czas trwania SM, EDSS).
jako poziom istotnosci testow  statystycznych przyjeto a=0,05. Analizg
statystyczng przeprowadzono w oparciu o model regresji logistycznej i za pomoca
liniowego modelu mieszanego. Do pomiaru sily 1ikierunku zwigzku migdzy
dwiema zmiennymi wykorzystano wspoiczynnik korelacji rang Spearmana.
Cato$¢ analizy zrealizowano za pomocg oprogramowanie R (wersja 4.1.0 1 wersja

4.1.1, R Core Team 2021).
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9. Wyniki

9.1 Wyniki I etapu badan: analiza obecnosci przeciwcial przeciwko bialkom

Ni S wirusa SARS-CoV-2.

Szczegolowe informacje dotyczace wynikow I etapu badan zostaly zawarte
w pracy oryginalnej: Kulikowska J, Czarnowska A, Gudowska-Sawczuk M,
Kulczynska-Przybik A, Bazylewicz M, Collins F, Chorgzy M, Mroczko B,
Kochanowicz J, Kapica-Topczewska K, Kutakowska A. Antibodies against SARS-
CoV-2 S and N proteins in relapsing-remitting multiple sclerosis patients treated
with disease-modifying therapies. NeurolNeurochir Pol. 2023;57(1):121-130.
Doi: 10.5603/PJNNS.a2022.0067. Epub 2022 Nov 24. PMID: 36421067.

Podczas wizyty pierwszej wroku 2020 (n=186) uzyskano wynik dodatni
w kierunku obecnosci przeciwcial przeciwko biatku S u 6,98% (n=13) osob
badanych. Sposréd nich: 7 pacjentow miato przeciwciata w klasie IgA
(3,76%; IgG-A) a 6 pacjentow w klasie IgG (3,22% IgG-S). W zadnej
z pobranych prdobek nie wykryto przeciwcial przeciwko biatku N w klasie 1gG
(IgG-N). Ponadto, do czasu pierwszej wizyty u zadnego z badanych pacjentow
nie zdiagnozowano infekcji SARS-CoV-2 (to znaczy: nie uzyskat dodatniego
testu PCR/antygenowego doczasu tej wizyty). Szczepionki przeciwko

SARS-CoV-2 nie byly jeszcze woéwczas dostepne.

Podczas wizyty drugiej w2021 roku (n=88) przeciwciata IgG-S
zidentyfikowano u 71,3% (n=62) badanych pacjentow, I1gG-A u 64,7% (n=55),
natomiast najrzadziej, u 18,4% (n=16), wykrywane byly IgG-N. Podczas wizyty
drugiej, potwierdzenie przebytego COVID-19 zostalo odnotowane u 20,45%
(n=18) pacjentéow. Jedna osoba uzyskala wynik watpliwy. Sredni czas
od dodatniego wyniku w kierunku SARS-CoV-2 do momentu oznaczenia
przeciwcial wynosit 151 dni (SD + 66,75). Podczas wizyty drugiej, 42,04%
pacjentow (n = 37) bylo wpelni zaszczepionych przeciwko wirusowi
SARS-CoV-2, tzn. otrzymali 2 dawki szczepionki. nie wykazano wplywu rodzaju
szczepionki na wytwarzanie przeciwcial. Zaznaczy¢ nalezy,
ze wigkszo$¢ uczestnikow badania (72,97%; n=27) byla zaszczepiona preparatem

Pfizer-BioNTech (COMIRNATY), w zwigzku zczym nie mozna wyciggnadé
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wiarygodnych wnioskéw na temat wptywu rodzaju szczepienia na obecno$¢
przeciwcial przeciwko biatku S.

Przeprowadzono analiz¢ przeciwciat w poszczegolnych podgrupach:

1) pacjenci COVID (-) i nieszczepieni
2) pacjenci COVID (-) i zaszczepieni
3) pacjenci COVID (+) 1 nieszczepieni
4) pacjenci COVID (+) i zaszczepieni

W grupie zaszczepionych pacjentow z potwierdzong przebyta infekcjag COVID-19
100% (n=9), mialo obecne przeciwciala neutralizujgce zaréwno IgG-S,
jak 1IgA-S  (odporno$¢ hybrydowa). Wsrdod pacjentow nieszczepionych
oraz bez potwierdzonej w przesztosci infekcji SARS-CoV-2 1 50,0% (n=14)
wykryto przeciwciata 1gG-S, u42,9% (n=12) IgA-S a u17,9% (n=5) IgG-N.
Wskazuje to, ze okolo potowa pacjentow nieszczepionych ma przeciwciala
neutralizujgce, chronigce przed reinfekcja. Wynika to prawdopodobnie z przebytej

infekcji bezobjawowej/skapoobjawowe;.

Podczas analizy statystycznej wykazano, ze szczepienie istotnie statystycznie
indukuje obecnos$¢ przeciwciat przeciwko biatku S (IgG-S 11gG-A), natomiast
nie indukuje przeciwcial przeciwko biatkku N (IgA-S, p<0,0001; IgG-S,
p<0,0001; IgG-N; p=0,91). nie wykazano zalezno$ci statystycznej pomi¢dzy
udokumentowang infekcjg SARS-CoV-2 a obecno$cig przeciwciat przeciwko
biatku N. Rozktad przeciwcial nie r6znit si¢ pomigdzy pacjentami leczonymi

poszczegolnymi DMT.
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9.2 Wyniki II etapu badan: analiza pozioméw przeciwcial przeciwko domenie

wigzacej receptor bialka S1 (S1-RBD) i przeciwcial przeciwko bialtku N.

Szczegolowe informacje dotyczace wynikow Il etapu badan zostaly zawarte
w pracy oryginalnej: Kulikowska, J.; Kapica-Topczewska, K.; Gudowska-
Sawczuk, M.; Kulczynska-Przybik, A.; Bazylewicz, M., Mironczuk, A.;
Czarnowska, A.; Brola, W.; Mroczko, B.; Kochanowicz, J.; et al. Analysis
of the Presence and Levels of IgG Antibodies Directed against the SI Protein
Receptor Binding Domain and the N Protein of SARS-CoV-2 in patients with
multiple sclerosis treated with immunomodulatory therapies. Vaccines 2024, 12,

255. https://doi.org/10.3390/vaccines 12030255

9.2.1. Analiza przeciwcial IgG- SIRBD

A. Wplyw szczepienia na obecnos$¢ i poziom przeciwcial IgG-S1IRBD

Obecnosé przeciwcial IsG-S1RBD

Podczas wizyty trzeciej w 2022 roku pacjenci z RRMS, zaszczepieni przeciwko
wirusowi SARS-CoV-2 stanowili 60,53% (n=23). w grupie zaszczepionych
pacjentow 91,30% (n=21) mialo obecne przeciwciata IgG-SIRBD. Natomiast
w grupie nieszczepionych IgG-S1RBD stwierdzono u 66,67% badanych (n=10).
Podczas wizyty czwartej w2023 roku 71,05% (n=27) pacjentow bylo
zaszczepionych przeciwko SARS-CoV-2. Sposréd zaszczepionych pacjentow
96,30% (n=26) miato obecne przeciwciata neutralizujace IgG-S1RBD, podczas
gdy w grupie nieszczepionych: 90,91% (n=10).

Analiza statystyczna wykazata, ze obecno$¢ przeciwcial neutralizujacych
IgG-S1RBD u pacjentéw zaszczepionych i nieszczepionych w latach 2022-2023
nie réznita si¢ istotnie statystycznie (trzecia wizyta: p=0,089; czwarta wizyta

p=0,501).
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Poziom przeciwcial IsG-S1IRBD

Podczas wizyty trzeciej w2022 r. Sredni poziom przeciwciat IgG-S1IRBD
w grupie  zaszczepionych pacjentéw z RRSM wynosit 16863,40 AU/ml,
a uniezaszczepionych byt réwny 197,90 AU/ml . Podczas wizyty czwartej
w 2023 r. $redni poziom przeciwcial IgG-SIRBD w grupie zaszczepionych
pacjentow wyniost 6997,30 AU/ml, a u grupie niezaszczepionych byt rowny

1342,50 AU/ml. .

Analiza statystyczna wykazala ze szczepienie przeciwko SARS-CoV-2 istotnie
statystycznie zwigkszato poziom przeciwciat I[gG-S1RBD (wizyta trzecia p<0,001
1 wizyta czwarta p=0,038). Nalezy zauwazy¢, ze poziom przeciwciatl u pacjentow
nieszczepionych,  nie osiaggngt  poziomu  obserwowanego U pacjentow

zaszczepionych.

B. Wplyw przebycia infekcji SARS-CoV-2 (potwierdzonej testem
antygenowy lub PCR) na obecnos¢ i poziom przeciwcial IgG-SIRBD

Obecnosé przeciwcial IsG-S1RBD

Podczas wizyty trzeciej w 2022 roku, wszyscy (n=7) pacjenci, ktorzy przebyli
potwierdzong infekcje SARS-CoV-2 (COVID-19 (+)), mieli dodatni wynik
w kierunku obecnosci przeciwciat IgG-SIRBD. w grupie pacjentow, ktorzy
nie przebyli infekcji SARS-CoV-2 (COVID-19 (-)) 77,42% (n=24) rowniez miato
wynik dodatni. Podczas wizyty czwartej w 2023 roku u wszystkich (n=9)
pacjentow COVID-19 (+) uzyskano pozytywny wynik na obecno$¢ przeciwciat
neutralizujacych. W grupie pacjentow COVID-19 (-) 93,10% (n=27) réwniez
uzyskato wynik dodatnina obecnos¢ przeciwciat [gG-S1RBD.

Analiza statystyczna nie wykazata istotnych r6zni¢ co do obecnos$ci przeciwciat
neutralizujagcych w grupie pacjentdw, ktorzy przebyli infekcje SARS-CoV-2
potwierdzong testem antygenowym lub PCR 1w grupie badanych, ktorzy
nie mieli potwierdzonej przebytej infekcji SARS-CoV-2 (wizyta trzecia p=0,309;
wizyta czwarta p=1,0), co moze wskazywac na szerokie rozprzestrzenienie wirusa

w badanej populacji oraz liczne infekcje skapoobjawowe/bezobjawowe.
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Poziomy przeciwcial IsG-S1RBD

Podczas wizyty trzeciej w 2022 roku, u pacjentow COVID (+) $redni poziom
przeciwcial IgG-SIRBD wynosit 27086,20 AU/ml, natomiast wsréd pacjentéw
COVID (-) wynosit on 1953,90 AU/ml. Podczas wizyty czwartej w 2023 roku,
w grupie pacjentow z COVID-19 (+) poziom przeciwciat IgG-SIRBD wyniost
3886,90 AU/ml, natomiast u pacjentow COVID (-) 4165,20 AU/ml.

Analiza statystyczna wykazala, ze osoby, ktore przebyly infekcje¢ SARS-CoV-2
(dodatni wynik antygenowy/PCR), mialy istotnie statystycznie wyzszy poziom

przeciwcial IgG-SIRBD podczas wizyty trzeciej (p=0,001), nie stwierdzono
réznic w poziomach przeciwcial podczas wizyty czwartej (p=0,410). Wzrost
poziomu przeciwciat neutralizujgcych u pacjentow bez potwierdzonej przebytej
infekcji SARS-CoV-2 rowniez wskazuje na szerokie rozprzestrzenienie wirusa

w badanej populacji oraz liczne infekcje skapoobjawowe/bezobjawowe.

9.2.2 Analiza przeciwcial IgG-N

Wplyw przebytej infekcji SARS-CoV-2 (potwierdzonej testem antygenowy

lub PCR) na obecnos¢ i poziom przeciwcial przeciwko bialku N w klasie IgG.

Podczas wizyty trzeciej u 28,57% (n=2) pacjentow COVID-19 (+) stwierdzono
obecnos¢ przeciwcial IgG-N. Podczas wizyty trzeciej w grupie pacjentow
z COVID-19 (+) $redni poziom IgG-N wyniost 0,90 AU/ml, natomiast w grupie
pacjentow COVID-19 (-) wynosit on 0,14 AU/ml.

Podczas wizyty czwartej u 66,67% (n=6) pacjentow COVID-19 (+) stwierdzono
obecnos¢ przeciwcial IgG-N. Podczas wizyty czwartej wsréd pacjentow
COVID-19 (+) poziom przeciwcial IgG-N wyniost 1,99 AU/ml, natomiast
u pacjentéw COVID-19 (-) wyniost on 0,79 AU/ml.

W trackie obu etapow badania wykazano, ze szczepienie nie indukowato
obecnosci przeciwciat przeciwko biatku N w klasie 1gG. Uzyskany wynik byt

oczekiwany 1 zgodny z danymi z literatury.
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Analiza statystyczna wykazala, ze wystepowanie przeciwciat IgG-N u pacjentow
COVID-19 (+) 1COVID-19 (-) nieroznily si¢ istotnie statystycznie (wizyta
trzecia: p=0,223; wizyta czwarta p=0,249). Wykazano jednak, ze pacjenci
COVID (+) mieli statystycznie istotnie wyzszy poziom przeciwcial IgG-N
podczas trzeciej wizyty (p=0,040) niz pacjenci COVID (-), nie stwierdzono réznic

podczas wizyty 4 (p=0,363).
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10. Whnioski

e Pacjenci chorujacy na rzutowo-remisyjna posta¢ stwardnienia
rozsianego, leczeni intereftonem beta, octanem glatirameru
i fumaranem dimetylu sa immunokompetentni. Szczepienie
przeciwko SARS-CoV-2 w badanych podgrupach pacjentow
istotnie indukowalo wytwarzanie przeciwcial neutralizujacych
oraz zwi¢kszalo ich poziom.

e Obserwowony, w trakcie kolejnych lat trwania pandemii, wzrost
odsetka  pacjentow  seropozytywnych, ktorzy  nie mieli
zdiagnozowanej infekcji i nie zostali zaszczepieni
przeciwko SARS-CoV-2  wskazuje naliczne zachorowania
skapoobjawowe/bezobjawowe.

e Nasilenie zapadalnosci na COVID-19 w grupie badanej, w roznych
okresach pandemii, bylo zblizone do stwierdzanego w polskiej
populacji ogélne;j.

e U wszystkich pacjentow  z potwierdzona w przeszlosci
infekcja SARS-CoV-2 izaszczepionych na COVID-19 wykazano
obecnos¢ przeciwcial neutralizujacych, co sugeruje, ze w badanej
grupie pacjentow duze znaczenie dla ochorny przed infekcja
ma odporno$s¢ hybrydowa iwskazuje na celowo$¢ szczepienia
osob, ktore przebyly juz infekcje SARS-CoV-2.

e Szczepienia ochronne nie wplywaja na produkcje przeciwcial

przeciwko bialku N.
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Abstract: SARS-CoV-2/Coronavirus 2019 (COVID-19) is responsible for the pandemic, which started
in December 2019. In addition to the typical respiratory symptoms, this virus also causes other
severe complications, including neurological ones. In diagnostics, serological and polymerase chain
reaction tests are useful not only in detecting past infections but can also predict the response to
vaccination. It is now believed that an immune mechanism rather than direct viral neuroinvasion
is responsible for neurological symptoms. For this reason, it is important to assess the presence of
antibodies not only in the serum but also in the cerebrospinal fluid (CSF), especially in the case of
neuro-COVID. A particular group of patients are people with multiple sclerosis (MS) whose disease-
modifying drugs weaken the immune system and lead to an unpredictable serological response
to SARS-CoV-2 infection. Based on available data, the article summarizes the current serological
information concerning COVID-19 in CSF in patients with severe neurological complications and in
those with MS.

Keywords: COVID-19; SARS-CoV-2; neuro-COVID; serology; antibodies; cerebrospinal fluid; multi-
ple sclerosis

1. Introduction

Coronavirus 2019 (COVID-19) is a newly emerging disease, which has caused a global
pandemic as announced by the World Health Organization (WHO) in March 2020 [1].
Severe acute respiratory virus-2 (SARS-CoV-2), the virus responsible for COVID-19, has
affected over 151 million people and contributed to over 3 million deaths [2]. SARS-CoV-2
is an enveloped positive-sense single-stranded RNA virus and is composed mainly of N
(nucleocapsid), S (spike), M (membrane) and E (envelope) proteins [3,4]. Entrance into a
host cell is induced by a connection between a spike protein and angiotensin-converting
enzyme 2 (ACE2) receptor. The same mechanism was responsible for the SARS pandemic in
2002/2003 [5]. The incubation period of the disease is 2-14 days, and its main symptoms in-
clude fever, cough and shortness of breath [6]. A SARS infection can lead to pneumonia and
acute respiratory distress syndrome that can result in death [7]. According to present data
99.6% cases are mild, and 0.4% are serious or critical [2]. The severe course mainly involves
the elderly and patients with comorbidities [8,9]. However, recently, some new variants
(such as B.1.1.7 [or VOC 202012/0], B.1.351 [or 501.V2], B.1.617) with many new mutations
have emerged and are potentially more virulent and infectious, and more importantly,
cause severe disease in young people in addition to the elderly [2,10]. Due to the presence
of asymptomatic infections, the number of infected people remains underestimated [9].
For routine diagnostic processes, molecular tests, such as polymerase chain reaction in real
time (qPCR), which indicates the acute phase of the disease, and serological tests that can
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detect specific antibodies are used [11]. The second type of test can determine whether
the patient has had contact with the virus, determines its serological status and is used,
among others, in epidemiological studies assessing the incidence of SARS-CoV-2 infection
in the population [12]. A crucial issue is the body’s immune response to SARS-CoV-2
infection. During infection, an increase in the production of numerous proinflammatory
cytokines, such as tumor necrosis alpha and interleukins-2 and -6 (TNF-« and IL-2 and
-6, respectively) is observed [13]. A severe course of SARS-CoV-2 infection is undeniably
connected with dysregulation of immune system and cytokine release syndrome [8]. Part
of the immune response also involves the production of antibodies, mainly against S and
N proteins, also known as neutralizing antibodies. The crucial role of these antibodies is
to block virus entrance into host cell and activation of antibody-dependent cell cytotoxity
(ADCC). As a result, the disease could be defeated, or the immune system'’s overactivity
could induce a cytokine storm [12]. In addition, patients showed a reduction in B- and
T-lymphocytes and natural killer (NK) cells. Both the increase in inflammatory cytokines
and the decrease in lymphocyte counts are associated with the severity of the disease [13].
Due to the fact that entry into the human cell is associated with the ACE2 receptor and
these receptors also exist on neurons and glial cells, speculations about the neurotropism
of SARS-CoV-2 began [14]. From the early stages of the pandemic, neurological symptoms
have been described, of which the most common are anosmia, ageusia, headaches and
dizziness (Table 1) [15]. In addition, the course of COVID-19 may be associated with much
more severe neurological complications, such as encephalopathy, Guillain-Barre syndrome,
meningitis, encephalitis and /or necrotizing hemorrhagic encephalopathy [15,16]. More-
over, the relationship between SARS-CoV-2 infection and acute cerebrovascular diseases,
such as acute ischemic stroke, cerebral venous sinus thrombosis, cerebral hemorrhage and
subarachnoid hemorrhage, were sought [15]. During studies on the neuroinvasiveness of
SARS-CoV-2, the presence of anti-SARS-Cov-2 antibodies in the cerebrospinal fluid (CSF)
and intrathecal synthesis were found; interestingly, in these cases, the PCR results from
nasopharyngeal swabs remained negative [17]. Reports of possible cross-reactions with
human proteins and formation of autoantibodies and as a consequence, development of
autoimmune encephalitis have been published [18]. As previously mentioned, the severe
course of COVID-19 is associated with the presence of comorbidities in people. It can be
assumed that such comorbidities are neurological disorders, such as multiple sclerosis
(MS). An interesting issue is the serological status of people with MS, especially those
undergoing treatment with disease-modifying therapy. The current data suggest that even
in the presence of a altered immune system, the risk of severe course and serological status
are similar to those in the general population [19]. This review summarizes the current
knowledge of severe neurological complications in COVID-19 and the serological status of
those with neurological diseases.

Table 1. Neurological symptoms and possible complications related to severe acute respiratory coronavirus -2 (SAR-CoV-2)

infection.

Coronavirus-2019 (COVID-19) and Neurological Disturbances

Neurological Symptoms

COVID-19 Complicates Course of

Severe Neurological Complications Neurological Diseases

Headaches
Dizziness
Seizures
Anosmia/hyposmia
Ageusia/hypogeusia
Hypoesthesia
Paresis and paralysis
Disturbances of
consciousness
Urination disorders

Guillain-Barre Syndrome
and Miller-Fisher Syndrome
Acute Transverse Myelitis
Encephalopathy
Demyelination
Encephalitis/ meningoencephalitis

Multiple sclerosis
Neuromyelitis optica
spectrum disorders

Autoimmune encephalitis EpllEPSy
S . Amyotrophic lateral
Necrotizing hemorrhagic X
Encephalopath: sclerosis,
P Opaty; Parkinson disease
Ischemic stroke .
Dementia

Cerebral hemorrhage
Cerebral venous sinus thrombosis
Subarachnoid hemorrhage
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2. Immune Response to SARS-CoV-2 Infection: Most Important Facts

A critical issue that is necessary for understanding the processes occurring during
viral neuroinvasion is the immune response to SARS-CoV-2 infection. It is worth noting
that 80% of the viral RNA is identical to that in SARS-CoV. Therefore, some mechanisms
described in 2002/2003 can also be applied to the present pandemic [4,20]. After the virus
enters the body, it is likely that any antigen can be presented by the major histocompatibility
class 1 (MHCI), which leads to stimulation of both CD4 + and CD8 + T-cells [3,20]. As a
consequence of many processes, the production of antibodies most often against the N
protein and the receptor-binding domain (RBD) of the S protein occurs. Anti-S antibodies
are called neutralizing antibodies [3]. It has been assumed that the early CD4 + and CD8 +
response is protective, and if it is not inhibited after a while, the late response is excessive
and destructive for the organism [21,22]. It is worth mentioning that the SARS-CoV-2
infection is divided into four phases, of which phase III is characterized by an abnormal in-
flammatory response, which is associated with systemic complications and extrapulmonary
manifestation of the disease that led to phase IV infection, including acute respiratory
distress syndrome (ARDS) and multi-organ failure [23,24]. In critically ill patients, a drastic
decrease in T-lymphocytes has been noted [21,25]. Interestingly, this finding turned out to
be inversely related to the amount of pro-inflammatory cytokines that were produced [21].
The recovery of the CD4 + and CD8 + populations was associated with their decline and
improvement in the patient’s clinical condition [21]. This excessive inflammatory response
is associated with a large number of pro-inflammatory cytokines, including interleukins-2,
-6 and -7 (IL-2, -6 and -7,) macrophage inflammatory protein 1, monocyte chemoattractant
protein 1, tumor necrosis factor alpha (TNFx) and colony-stimulating factor, and is called a
cytokine storm [26]. A similar phenomenon has already been described in the case of infec-
tions with Ebstein-Barr virus as the so-called hemophagocytic lymphohistiocytosis with
sudden and fatal hyperketonemia leading to the syndrome of multi-organ failure [20,27,28].
A cytokine outbreak leads to an influx of neutrophils to the lung parenchyma and, conse-
quently, to excessive myelopoiesis [21]. The resulting immature neutrophils are believed to
have immunosuppressive properties [21]. IL-6 and ferritin levels have proven to be associ-
ated with an increase in COVID-19 mortality [13]. This “viral sepsis-like syndrome” is the
focal point when treating COVID-19 using a biological drug called Tocilizumab [23]. The
drug is a monoclonal antibody directed against IL-6, which leads to an improvement in the
lungs’ condition in 77% of patients [21,29]. In contrast to excessive inflammatory responses,
CD8 + lymphocytes and interstitial macrophages in the lungs produce anti-inflammatory
IL-10, which limits infection [21]. In summary, the body’s immune response may turn out
to be either adequate to respond to the ongoing infection and result in disease control, or it
may be excessive and fatal [26].

3. Serology in SARS-CoV-2 Infection

Currently, qPCR remains the gold standard for diagnosing an active SARS-CoV-2
infection. Despite the high sensitivity and specificity of the test, a risk of obtaining a
false positive (sample contamination) or a false negative (incorrect storage of the collected
material) results exists [2,30]. Serological tests are a valuable supplement to the diagnosis
of SARS-CoV-2 as they enable retrospective detection of infection and remain irreplaceable
in population studies. Moreover, they are cheaper, easier to make and the collected material
is less complicated to store [3]. These types of tests are also invaluable in assessing the risk
of infection in risk groups. To understand the mechanism of serological diagnostics, it is
worth reviewing the structure of the SARS-CoV-2 virus. This virus consists of structural
proteins, the most important of which in serological terms are the nucleocapsid protein
(N) and the spike protein (S) as almost all serological methods detect the IgG and IgM
produced against these proteins. The S protein is a homotrimer whose key element is
the S1 subunit and the receptor binding domain (RBD) against which the neutralizing
antibodies are being produced [3]. The S1 subunit has been shown to be the most specific
for SARS-CoV-2, while the N protein is produced in the greatest amount [30,31]. It was
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shown that the antibodies against the N protein correspond more closely to the previous
SARS-CoV-2 infection, while the antibodies against the S protein are part of the humoral
response and have a greater neutralizing potential [32]. Coronaviruses are respiratory tract
viruses, and because they come into contact with mucous membranes in the respiratory
tract, they induce the formation of IgA antibodies, while at present, the diagnostics of
IgM and IgG antibodies is of the greatest clinical importance [12]. Researchers disagree
about the order in which seroconversion occurs in the SARS-CoV-2 infection. It has been
reported that the typical order of production is IgM first after which IgG is absent [33].
However, other studies have shown that seroconversion occurs in a manner similar to other
infections. A study of 173 patients with SARS-CoV-2 infections showed that conversion
of total antibodies, IgM and IgG was 93.1%, 82.7% and 64.7%, respectively. The mean
seroconversion times in this study were 11, 12 and 14 days, respectively [3]. Similarly, in
a study on 214 patients, it was shown that the highest sensitivity involved detection of
IgM antibodies to the S protein. In this study, the sensitivity in the IgM class was 77.1%,
and IgG was 74.3%. For comparison, the sensitivity to the N protein was 68.2% in the
IgM class and 70% in the IgG class [3]. The median detection of IgA of 5 days and IgG of
14 days were also compared. Comparing the IgM and IgA responses, the corresponding
peak response was obtained on days 10-12 and 20-22 of the disease, respectively [34]. The
IgA response turned out to be stronger and more durable than the response associated
with IgM. A meta-analysis of 3856 confirmed cases showed that the positive index of
IgM, IgG and their combined detection amounted to 61.2%, 58.8% and 62.1%, respectively.
Furthermore, it turned out that IgM/IgG was detected in 19% of asymptomatic cases [35].
In addition to the enzyme-linked immunosorbent and chemiluminescent assay (ELISA
and CLIA, respectively) methods that are most commonly used in serological diagnostics,
it is worth mentioning the lateral flow immunoassay, which can detect total IgG or IgM
even in 15 min [36]. The meta-analysis showed a sensitivity for these tests ranging from
72.2% to 100% and a specificity from 98.9% to 100% [36]. Another serological method is
the magnetic chemiluminescence test, which is based on the double antibody sandwich
method. This test demonstrates concurrent seroconversion for IgG and IgM. After 19 days
of illness, 100% of patients had positive IgG. The antibodies reached a plateau after six
days of seroconversion [37]. However, the ELISA test is still the most frequently used
technique. The sensitivity, specificity and positive and negative predictive values for I[gM
were assessed as 87.5%, 100%, 100%, 95.2%, respectively, and for IgG, these values were
70.8%, 96.6%, 85%, 89% and 1%, respectively [3]. The mechanism of action of the antibodies
produced by plasma cells occurs via prevention of virus entry into the cell by shielding
the N and S proteins and activating antibody-dependent cytotoxicity. Interestingly, it
was shown that patients with a more severe disease course had an earlier and higher
antibody response. This phenomenon, called antibody-dependent enhancement (ADE),
can be explained by the fact that anti-S antibodies inhibit viral entry into the cell, thereby
enhancing the binding of the virus to B-cells and macrophages via the Fcy-II receptor after
which these cells are activated, and the cytokine storm intensifies [38]. Serological tests
have their advantages, but their limitations should be kept into consideration. Researchers
should be aware of the possibility of false-negative results in cases in which the patient has
not yet developed antibodies. It is worth noting that despite the time of seroconversion
determined in many studies, individual variability also exists. False positive results may be
the result of a cross-reaction between other human coronaviruses. Determining antibodies
also requires skillful interpretation of the selected test. Due to the above factors, serological
tests remain additional tools in the diagnosis of the SARS-CoV-2 virus [35].

4. Cerebrospinal Fluid Serology: General Information

Substantial evidence in favor of the destructive effects of COVID-19 on the nervous
system has been provided by studies conducted on post-mortem brain tissues collected
from patients who had COVID-19. During an autopsy of people who died from COVID-19,
the virus was detected in cortical neurons, and inflammatory response was observed in
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the brain tissue [39]. Moreover, the S1 protein has been shown to damage the endothelial
cells in the brain by disrupting the blood-brain barrier (BBB) [40]. However, the exact
mechanism action of COVID-19 virus on the central nervous system is still unknown.
The most common neurological manifestations observed in patients with SARS-COV-2
infection are dizziness, headaches and confusion. In an extensive study by Saieght et al.
involving 214 cases with confirmed SARS-CoV-2 infection, it was revealed that up to 36.4%
of patients presented such neurological symptoms [41].

Most of the literature concerns serological diagnostic tests in the serum of patients
with neuro-COVID diseases; few studies have been conducted in cerebrospinal fluid, and
findings seem to be inconsistent (Tables 2 and 3). Before discussing the reports on serology,
in particular neuro-COVID diseases, it is worth becoming acquainted with the general
issues concerning antibodies in the cerebrospinal fluid and its biochemical features in case
of neurological symptoms. It would be interesting for researchers to determine whether
this unexceptional virus neurotropism is detected in cerebrospinal fluid (CSF) and whether
a specific CSF biomarker exists for neuroinvasion. In the beginning, it is worth noting
that serology turned out to be much more useful for the assessment of neuroinvasion than
did the PCR test. One of the first studies concerning neurological patients revealed that
two patients with ischemic stroke and confirmed COVID-19 based on nasopharyngeal
swabs had negative PCR results from the cerebrospinal fluid [41]. In the next study, thirty
patients with neurological symptoms were examined, and none of them showed positive
PCR results from CSF samples [42]. Similar findings were obtained from one of the largest
retrospective studies. In 555 CSF samples from patients with genetically confirmed COVID-
19, all but two samples had negative PCR results. Interestingly, two positive samples were
collected post-mortem [43]. On the other hand, inconsistent data are also found in the
literature. A study by Moriguchi et al. confirmed direct invasion by COVID-19 into the
nervous system. In the first described case of meningitis, the authors observed negative
PCR from the swab and positive from the CSF [16]. These findings agreed with another
study in which subjects suspected of demyelination associated with SARS-COV-2 infection
also had positive PCR results from CSF samples [44]. The positive CSF PCR seems to be
related to more serious neurological manifestations. So far, no large studies have been
conducted to assess the presence of anti-SARS-CoV-2 antibodies in the CSF. However,
findings from smaller studies indicate a substantial role for SARS-COV-2 antibodies in CSF.
Eight patients hospitalized in the intensive care unit (ICU) were examined, and each of
them had antibodies against SARS-COV-2 virus in the CSF as determined using the ELISA
method (Euroimmun, Liibeck, Germany). However, none of the detected autoantibodies
were characteristic for autoimmune encephalitis (anti-N-methyl-D-aspartate receptors,
NMDAr, alpha-amino-3-hydroxy-5-methyl-isoxale-type glutamate, gamma aminobutyric
acid, contact-associated protein-like 2, dipeptidyl-peptidase-like protein, leucine-rich and
glioma-inactivated 1 receptors (AMPAr, GABAbr, CASPR2, DPPX and LGI1, respectively).
Similarly, CSF PCR results were negative in all patients. Interestingly, in one patient,
intrathecal antibody synthesis was detected, and in three subjects, disruption of the BBB
was detected. Additionally, three patients were positive for the 14-3-3 protein, which
indicated an ongoing neurodegenerative process [17]. In the case report of two patients
with neurological symptoms, antibodies against SARS-CoV-2 were detected in the CSE. The
leakage rates were 1.08% and 3.12%, which indicate that the presence of these antibodies in
the cerebrospinal fluid was due to leakage rather than intrathecal production. Additionally,
the presence of the viral proteins N, S1 and S2 was detected. The samples were strongly
positive for N and weaker but also positive for the S1 and S2 proteins [45]. A growing
body of evidence indicates the possibility of autoantibody formation during the course of
SARS-CoV-2 infection, which is very interesting due to the possible mechanism explaining
the course of neuroinvasion. Franke et al. assessed serum levels of autoantibodies in 11
critically ill patients with confirmed COVID-19 who presented new neurological symptoms,
such as myoclonus, seizures, dystonias and oculomotor disturbances. Interestingly, all
tested patients showed anti-Yo receptor or anti-NMDA receptor antibodies in addition to
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“various specific, undefined epitopes, resembling the binding of brain tissue observed with
some human SARS-CoV-2 monoclonal antibodies” [46]. A few literature studies suggest
that neurological diseases may develop as a complication following SARS-CoV-2 infectious.
For example, a Spanish group of researchers reported a patient with asymptomatic SARS-
CoV-2 infection and hypoesthesia in the limbs and perineum. The radiographic image
corresponded to acute transverse myelitis, and CSF tests showed bands corresponding
to IgM anti-GD2 and GD3 antibodies [47]. A negative PCR result and the presence of
antibodies or autoantibodies strongly suggest that the indirect mechanism of SARS-CoV-2
is via an attack on the nervous system. Some researchers suggest that secondary damage to
the nervous system cells may be caused by the phenomenon of immune mimicry between
viral proteins and human antigens as described, for example, in the case of encephalitis after
infection with the herpes simplex virus. The phenomenon of molecular mimicry consists
in exterminating the structural similarity between antigens of microorganisms and human
ones. As a consequence, in cases in which an infection occurs, the resulting antibodies will
attack not only the microorganism but also its own tissue antigens [48,49]. Many other
viruses, such as other coronaviruses, adenoviruses and enteroviruses, are also suspected
of inducing autoimmune processes [50]. Perhaps the neuro-COVID syndrome will prove
to be similar to the lethargic encephalitis that occurred during the influenza pandemic
of 1918 [51]. The hypothesis of the autoimmune mechanism of neurological symptoms
may be confirmed by studies on autopsy cases in which pathological changes, mainly in
the brainstem and cerebellum corresponding to the picture of autoimmune encephalitis,
were described. The presence of the virus was detected in half of the tested preparations;
however, it did not correlate with the severity of the brain damage, which further supports
the immune mechanism of neuroinvasion [52]. A literature review also allows general
conclusions to be drawn about the changes in the CSF study. Pleocytosis is very common
and usually presents with increased lymphocytes and possible elevated levels of protein.
An increase in the level of albumin indicates damage to the BBB. Moreover, in some patients,
oligoclonal bands were found [48,53]. Additionally, reports in the literature can be found
in which levels of pro-inflammatory cytokines (IL-1 and monocyte chemoattractant protein
[MCP]-1) in CSF were determined, and it was found that they remained elevated [54].
Encephalopathy and other neurological symptoms are seen in many seriously ill patients,
possibly due to several mechanisms: (1) direct viral neuroinvasion may occur, which is
explained by the presence of ACE2 receptors in cells of the nervous system, (2) neurological
symptoms occur as a result of systemic biochemical and metabolic complications and (3) the
BBB can be damaged by an excessive inflammatory response and multiple mediators. In
the light of the cited studies, the latter hypothesis seems to be the most justified as it
explains the negative PCR in most studies and the presence of SARS-CoV-2 antibodies,
autoantibodies and abnormalities in the general CSF test [17].
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Table 2. Serology and polymerase chain reaction (PCR) in the cerebrospinal fluid (CSF) of patients with neurological
manifestation during SARS-CoV-2 infection.

Neurological « Antibody Time after
N Complication PCR PCR in CSF Serology Qlass Tifection Metodology Ref.
2 patients Ischemic stroke + - Not given [7]
Guillain-Barre
syndrome,
30 patients encephalophaty, + = Not given [8]
seizures, ischaemic
stroke and others
Headaches, meningitis N
555 patients or no neurological + (in 2/555) Not given [91
symptoms
Case report Meningitis - + Not given [10]
Case report Demyelination - + Not given [11]
. During hos-
8ICU Encephalopathy + Not given + 1gG pitalization ELISA [1]
i >16 days
2 patients Encephalopathy Not given N Not given During hos- ELISA [12]
pitalization
anti-Yo Cell-based
Myoclonus, seizures, receptoranti- . assays and
N .ICU dystonias, oculomotor + Not given NMDA Not given D.urL?g hos- indirect [13]
patients . pitalization .
disturbances receptor immune
antibodies fluorescence
Hypoaesthesia in the anti-GD2 During hos- .
Case report limbs and perineum * - and GD3 + 1M pitalization not given (4l
Abbreviation: Intensive care unit (ICU), PCR: polymerase chain reaction, ELISA: enzyme-linked polymerase chain reaction.
Table 3. Serology in the severe neurological manifestation of Coronavirus 2019 (COVID-19).
N PCR Swab PCR in CSF Antibodies Ref.
Case report = + Not tested [10]
Meningoencephalitis
and autoimmune 54 patients + : t Not tested [15]
. (in 3 patients)
encephalitis
2 patients + Not tested Anti-NMDA [16,17]
10 Patients + (in all) Not tested [14]
Acute myelitis Case report + IgM ant GD2/GD3 [14]
Case report + Not tested Lupus anticoagulant [18]
Case report + Not tested Anti-GD1 [19]
Gg"f‘;r‘:::e — in31 out 36 tested
Y 83 patients + Not given +in 5 out of 36 tested (ani-G1b, anti- asialo [20]

GM1, anti-GDl1a, anti-GM2)

5. Serology in Severe Neurological Manifestations of COVID-19
5.1. Meningoencephalitis and Autoimmune Encephalitis

Meningoencephalitis has a wide possible etiology. Viruses are known causes of this
disease; they are responsible for often varied clinical picture and characteristic changes
when examining the CSE. The SARS-CoV-2 virus was suspected of causing meningitis
and meningoencephalitis during the first months of the pandemic. In the first described
case, PCR from the nasopharynx was negative with a positive result from the CSF. At that
time, the CSF was not tested for the presence of antibodies and autoantibodies [16]. One
of the largest studies to date that included patients with meningitis was a meta-analysis
of 54 cases of meningitis in patients with COVID-19. Interestingly, the virus was detected
in the CSF of three patients. Additionally, in the analyzed CSF results, the following
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laboratory tests turned out to be statistically significant: (1) total protein (n = 18; p = 0.004),
(2) lymphocytes (n = 6; p = 0.009) and (3) IgG (n = 5; p < 0.0001). The described studies
showed a statistically significant reduction in IgG levels, which could be explained by the
hypoglobulinemia resulting from lymphopenia [55,56]. Contradictory results are presented
in a study by the scientists from Wuhan, who found meningeal symptoms in a patient with
SARS-CoV-2 and demonstrated a positive PCR swab result but did not detect any antibodies
in the cerebrospinal fluid despite a diagnosis of COVID-19-related meningitis [57]. Anti-N-
methyl-D-aspartate (NMDA) autoantibody encephalitis is a neurological and psychiatric
symptomatic disorder, often on the psychotic spectrum. During the pandemic, reports
concerning the presence of autoantibodies in the CSF of patients with encephalitis after
COVID-19 infection have been published. For example, in a 23-year-old man from Ecuador
with COVID-19 who developed psychotic symptoms had anti-NMDA antibodies in the
CSF and was diagnosed with autoimmune encephalitis [58]. Likewise, in a 50-year-old
male with COVID-19 symptoms, development of refractor epilepticus status was suspected
because anti-NMDA antibodies in the CSF in addition to pleocytosis and oligoclonal bands
were detected [59].

5.2. Acute Myelitis

Acute myelitis is a disease with various possible etiologies. It is often the first symptom
of other neurological diseases, such as MS [60]. Moreover, it is also often associated with a
previous viral or bacterial infection that triggered autoimmune mechanisms [61]. During
the SARS-CoV-2 pandemic, myelitis in patients with COVD-19 has been reported. In
a study, PCR from CSF samples, antibodies and autoantibodies were found. The most
common acute myelitis-associated symptoms are sensory disturbances, paresthesia, paresis
and spinal pain. The radiographic images most often show hyperintense signals on T2
images, characterized by longitudinal myelitis [62]. In study of COVID myelitis cases, it
was found that the most common changes in the cerebrospinal fluid were lymphocytosis
and elevated protein levels. Oligoclonal bands were usually negative. The CSF PCR
test was negative in each analyzed case [47]. An interesting case was presented by a
60-year-old woman with transverse myelitis with positive IgM anti-GD2 and IgM anti-GD3
antibodies [47]. One case report suggests the possibility of a lupus anticoagulant in acute
myelitis accompanying the COVID-19 infection. Literature data show COVID-19 and
lupus anticoagulant coexistence in 45% to 87% of patients, especially those hospitalized
in the intensive care unit (ICU). No studies assessing the relationship between lupus
anticoagulant and neurological complications have been published [63]. A review of the
literature indicates more cases of myelitis (about 15 studies so far) while the analysis of the
tests performed allows us to state that the determination of antibodies against SARS-CoV-2
in CSF is not a routine test, which does not allow clear conclusions about the serological
status of these patients to be drawn.

5.3. Guillain-Barré Syndrome

Guillain-Barré syndrome (GBS) and its variants, such as Miller-Fisher syndrome, is an
acute autoimmune neuropathy that can lead to ARDS and consequently, to death. The most
frequently reported symptoms of GBS include symmetrical limb paresis, cranial nerves
palsy and sensory disturbances. It is recognized that the disease is related to a recent
bacterial or viral infection [64]. The phenomenon of molecular mimicry is the mechanism
responsible for GBS pathogenesis. The data show a cross-reaction between pathogenic
antigens and com peripheral nerve components, mainly gangliosides. The antibodies
anti-gangliosides, GM1, GM2, GD1a, GD1b and GQ1b, are included in the panel of the
most frequently measured antibodies. The most common antibody in GBS is anti-GM1,
while anti-GQ1b is associated with the Miller-Fisher variant [65,66]. During the COVID-19
pandemic, an increase in the number of GBS cases was observed, and interestingly, the
average age of patients in these pandemic-associated cases was also higher than in GBS
cases before COVID-19 [67]. A few review articles about the relationship between GBS and
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COVID-19 have appeared in the literature so far. In the most recent study, they reported
that of 36 cases in which the autoantibody panel was evaluated, 31 were negative and five
were positive. Interestingly, no case of anti-GM1 antibodies has been reported in classical
GBS, and no case of anti-GQ1b antibodies in Miller—Fisher variant [65]. As shown above,
the vast majority of cases remained negative for the presence of anti-ganglia antibodies
that are characteristic of pre-pandemic GBS in up to 88% of patients [66]. In the analyzed
cases, the typical GBS treatment (an infusion of intravenous immunoglobulins) was used
with great effectiveness [65]. This finding suggests that GBS after COVID-19 may have an
autoimmune basis. Based on this information, it is suspected that the SARS-CoV-2 virus
induces an autoimmune response through different autoantigens than before [65]. One
theory states that the presence of anti-ganglioside antibodies is related to the axonal subtype
of GBS, while the lack of these antibodies suggests a demyelinating effect [68]. This process
gives rise to the assumption that the SARS-CoV-2 virus may cause demyelination in the
nervous system. In the case reports published so far, routine determination of antibodies
against SARS-CoV-2 has not been done. Therefore, the serological status of these patients
is unknown. Positive CSF PCR was not demonstrated in any of the cases described in
these papers [65,68]. An interesting case was presented in a study describing a patient who
returned to the hospital after COVID-19 with neurological symptoms, including dizziness,
eye movement disorders and disorientation. Anti-GD-1 antibodies were found in the
serum, and Bickerstaff encephalitis was diagnosed [69,70].

6. Serology in Multiple Sclerosis in the Course of COVID-19

Comorbidities are an acknowledged risk factor of severe COVID-19. MS has been
considered such a disease since the beginning of the pandemic. MS is an autoimmune
disease in which demyelination occurs in the central nervous system as a result of au-
toantibody formation in response to myelin proteins. Concern over the severe course of
COVID-19 is caused not only by the disease itself, in which the immune system remains
altered, but also by disease-modifying treatments (DMTs). These drugs cause various types
of immunosuppression and can affect both the course of the infection and the serological
response after infection [71]. Interestingly, viral infections, including coronaviruses, can be
a pathogenetic factor in multiple sclerosis. In addition, intrathecal synthesis of anti-HCoV
antibodies against coronaviruses has been reported in MS patients [14,72]. Currently, vari-
ous disease-modifying drugs, which have different mechanisms and differently influence
the serological response after an illness, are used in the treatment of MS (Table 4). To
date, reports of some of these drugs affecting the presence of seroconversion following
SAS-CoV-2 infection can be found [71]. Cladribine is a drug that restores the immune
system and has proven long-term efficacy. Concerns about this therapy are related to
the risk of severe infections due to possible lymphocyte depletion [73]. The literature
describes a case of a 35-year-old woman with MS who underwent two 5-day cycles of
cladribine treatment a year ago and developed a mild SARS-CoV-2 infection. Antibodies to
SARS-CoV-2 were positive three months after the disease (no antibody class or method
of determination was given) [74]. Another patient with a short disease duration, who
was using cladribine from January 2020 and had mild lymphopenia (0.9 x 10?/L) did not
develop a serological response even after four months after contracting a SARS-CoV-2
infection. A 40-year-old patient described in the same article who had a long history of
the disease and was treated with cladribine in February and March 2020 achieved sero-
conversion four months after contracting COVID-19 [75]. Contradictory findings were
obtained by Gelibter et al., who reported a patient also with mild COVID-19 but who did
not seroconvert IgM and IgG. The lymphocyte count was then 730/uL [22,76]. Anti-CD20
monoclonal antibodies, such as rituximab and ocrelizumab, are increasingly used drugs,
especially in the forms of primary progressive MS. A reduction in the immunoglobulin
production, mainly IgG, has been documented. At the beginning of the pandemic, the
question arose as to whether people taking anti-CD-20 monoclonal antibodies could be
at risk of more severe COVID-19 infections and whether they could develop normal im-
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munity after exposure or vaccination [77]. The literature presents a case of a 65-year-old
patient who had mild COVID-19 and in whom positive IgA antibodies to SARS-CoV-2
were detected 10 weeks after the infection, while IgG antibodies remained negative [78].
IgA antibodies are associated with the immune system of the mucous membranes, and the
detection of IgA antibodies to SARS-CoV-2 in patients treated with ocrelizumab may indi-
cate a lower effect of this drug on mucosa-associated lymphoid tissue (MALT) compared to
other components of the immune system [79]. In another study, five patients treated with
anti-CD-20 therapy had negative IgG antibodies. In the same study, another six patients
treated with other disease-modifying drugs (teriflunomide, glatiramer acetate, dimethyl
fumarate, natalizumab) showed IgG seroconversion. In the above-mentioned study, the
minimum time between COVID-19 and antibody testing was 23 days [80]. The literature
also includes an example of two patients with relapsing-remitting MS that was treated
with ocrelizumab; one patient was a 39-year-old woman and the other was a 42-year-old
male after ambulatory-treated COVID-19. Neither of them showed seroconversion in the
IgG class. Antibody levels were tested in the female at week 6 and 12 after infection, and in
the male at week 7 and 9 post-infection [81]. Similar results were obtained in a 48-year-old
woman treated with ocrelizumab, in whom IgG anti-SARS-CoV-2 antibodies were not
detected three months after recovering from COVID-19 despite double testing within a few
days [82]. In one study, 84 out of 93 MS patients, whether treated with disease-modifying
therapy (DMT) or not, were tested by PCR, serological tests, or both. In 79 patients, sero-
logical tests were performed three months after obtaining a positive PCR test. In this
study, a serological response was achieved in 17.6% of patients treated with anti-CD-20,
48.8% of those treated with other DMTs and 68.4% of untreated patients [83]. Another
drug that binds to CD-20 epitopes is ofatumumab, which is also used in multiple sclerosis
treatment [84]. One case report describes a patient suffering from MS who was treated
with ofatumumab and showed the presence of IgG and IgM antibodies against the spike
protein three months after contracting COVID-19 [85]. Other medications used to treat MS
include fingolimod and teriflunomide. Fingolimod is a sphingosine 1-phosphate type 1
receptor modulator that stops the migration of T-lymphocytes from the lymph nodes to the
central nervous system, thus limiting the autoimmune process [86]. Teriflunomide inhibits
de novo pyrimidine synthesis by blocking the enzyme dihydrouridine dehydrogenase [86].
In two post-COVID patients who had been treated with fingolimod or teriflunomide, the
serum levels of IgG antibodies against the S1 or N protein of SARS-CoV-2 virus on days 7,
21, 28 and 35 from the time of coronavirus infection diagnosis were examined. The patient
treated with fingolimod achieved a limited serological response only against the N protein,
which was defined as being slightly positive at day 35, whereas in a patient treated with
teriflunomide detected anti-N and -S antibodies on day 21 after diagnosis of SARS-CoV-2
infection [87]. Similar differences in the immune response of these substances have been
shown after vaccination with seasonal influenza [88].
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Table 4. Multiple sclerosis: serology results post-COVID-19.
Disease-Modifying Group of Serological Response Antibody Time after SARS-CoV-2
. 3 . Ref.
Therapy Patients in Plasma Class Infection
Case report + Not given 3 months [23]
Cladribine Case report + Not given 4 months [24]
Case report - Not given 4 months [24]
— IgM
Case report -0 15G 2 months [22]
+ IgA »
Case report - 15G 10 weeks [25]
Anti-CD-20 + IgM
Case report =@ 15G 3 months [26]
Case report = 1gG 3 months [27]
2 patients = 1gG 6-12 weeks [28]
5 patients = 1gG 23-64 days [29]
Glatiramer 2 patients * 1gG 51-54 days [29]
Dimethyl fumarate 2 patients + 1gG 40-71 days [29]
Natalizumab 1 patients + 1gG 68 days [29]
Teriflunomid 2 patients + 1gG 66 days [29]
+ 1gG anti- S1
Case report /=) IgG anti-N 21 days [30]
. . - IgG anti S1
Fingolimod Case report " I5G anti N 35 days [30]

7. Discussion

SARS-CoV-2, which is responsible for the pandemic that started in December 2019, is
the cause of significant medical problems. Within a year, this new virus was isolated, its
structure was described, both the pathogenesis of the new disease and associated symptoms
were characterized, diagnostic methods were introduced, a treatment was proposed and
most importantly, an effective vaccine was developed. Currently, the diagnostic standard
is the PCR test, which detects the genetic material of the virus [1]. However, serological
diagnostics also provides very important information, not only about the history of the
disease, but also about the population immunity and the potential capability of an immune
response to the administered vaccine. Serological tests are based on antibody detection
against SARS-CoV-2 virus antigens, most often against the N and S1 proteins, which are
characterized by the highest immunogenicity compared to other viral proteins [89]. The
severe course of the disease is associated with the phenomenon of a cytokine storm in which
excessive and abnormal immune responses to ongoing infection occur [4]. Based on the
available data, this article focuses on characterizing the serological statuses of patients who
present with neurological complications after SARS-CoV-2 infection and patients with MS
who have had COVID-19. Antibodies to the SARS-CoV-2 virus, apart from the blood serum,
can also be identified in the cerebrospinal fluid [17]. The available data show that despite
frequent neurological complications, antibody detection is not yet used as a standard
procedure. In such situations, a PCR test is performed more frequently although the
current data indicate that the mechanism responsible for the development of neuro-COVID
is an immune mechanism rather than direct viral neuroinvasion [17]. This difference is
indicated by a negative CSF PCR test in almost all of the described cases with a single
exception [16]. On the other hand, just a few studies have been conducted to assess the
presence of anti-SARS-CoV-2 antibodies in the CSF. The available data indicate the presence
of such antibodies, especially in patients hospitalized in the ICU [17]. The presence of
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anti-SARS-CoV-2 antibodies in the CSF can be explained by damage to the BBB caused by a
cytokine storm rather than by intrathecal synthesis [90]. Cases of autoimmune encephalitis
during or after COVID-19 can be found in the literature. Interestingly, despite the presence
of clinical and radiological symptoms, in most of the described patients’ autoantibodies
typical for this disease could not be identified [17,46]. This situation is similar to that of GBS
and acute myelitis, which is the reason for concluding that over the course of COVID-19,
the immune system is stimulated with other than the previously identified autoantigens of
the nervous system, which have not been identified so far [64]. A positive 14-3-3 protein
was detected in samples from a few patients, which indicates a possible initiation of the
neurodegenerative process due to SARS-CoV-2 infection [17]. More data on serology
related to COVID-19 can be found on patients with multiple sclerosis. From the beginning
of the pandemic, it has aroused the interest of researchers whether MS patients are at risk of
severe COVID-19 [31]. The available data tend to negate these concerns [91]. Many people
with MS are treated with DMTs, which often cause immunosuppression and can interfere
with the serological responses to both past infection and vaccination [92]. Many DMTs,
such as anti-CD20 drugs, present great concern with respect to immunosuppression.

Interestingly, the production of antibodies, mainly in the IgG class, against the SARS-
CoV-2 virus in patients taking these medications turned out to be the weakest [81,83]. In
one study, the researchers determined the presence of positive IgA antibodies, which could
be explained by the fact that ocrelizumab has a lower effect on MALT tissues than did
other similar drugs [93]. Conflicting data about the serological responses can be found
with cladribine. Out of four analyzed cases, three patients seroconverted, and one did
not [74-76]. For other DMTs (such as: glatiramer acetate, dimethyl fumarate, natalizumab,
teriflunomide) IgG seroconversion has been described [80]. Only one patient treated with
fingolimod was found who was given a serology test after COVID-19 infection. This patient
seroconverted slightly positive against the N protein, whereas antibodies against the S
protein were negative [87]. Based on this case, it is difficult to draw conclusions regarding
the entire group of patients treated with these drugs.

8. Conclusions

In summary, serological tests are an integral part of COVID-19 diagnostics and provide
a great deal of valuable information. Up to 36% of patients with SARS-CoV-2 infection
show neurological symptoms. Furthermore, with the progression of the pandemic, the
range of neurological symptoms is becoming more extensive and also includes serious
complications, such as autoimmune encephalitis or GBS [7,41]. However, it is not yet well
understood whether these symptoms are due to direct damage to the nervous system by the
virus or via the indirect consequences of an infection. The available data indicate immune
pathogenesis rather than direct viral neuroinvasion [14]. Therefore, it can be concluded
that in the diagnosis of such patients, antibodies to COVID-19, including those in the
CSE, should be evaluated in order to understand better biological mechanisms underlying
neurological manifestation of SARS-CoV-2 infection and also to confirm viral etiology.
Unfortunately, this diagnostic procedure is not standard today. It is hoped that such a
procedure will be included in future guidelines for neuro-COVID diagnostics. More data
are available for multiple sclerosis, especially for patients treated with disease-modifying
drugs. The capability of their immune systems to produce antibodies is particularly
important in terms of administering preventive vaccinations in this group of patients.
However, still a lack of data on the serological status of the entire group of patients with
multiple sclerosis still exists. Moreover, further studies are needed to assess post-infection
immunity in the population of neurological patients. As we gain more knowledge about
the different ways in which COVID-19 can destroy the human body, understanding the
neurological symptoms will be pivotal in helping people recover from this severe viral
infection.
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ABSTRACT

Clinical rationale for the study. The course of COVID-19 in people with multiple sclerosis (PwMS) has been described, while the
serological status after SARS-CoV-2 infection or vaccination, especially in patients treated with disease-modifying therapies (DMT),
is still under investigation. This is a significant clinical problem, as certain DMTs may predispose to a severe course of viral infections.

Aim of the study. We analyzed the presence of antibodies against spike (S) and nucleocapsid (N) proteins of SARS-CoV-2 in
relapsing-remitting PWMS treated with DMT, especially dimethyl fumarate, interferon beta, and glatiramer acetate, in a single
multiple sclerosis (MS) centre in north-eastern Poland (the Department of Neurology, Medical University of Bialystok).

Material and methods. The presence of antibodies against Sand N proteins in PwMS was assessed twice: on visit one (between
May and June 2020) (n = 186) and on visit two (between May and June 2021) (n = 88). Samples were taken from 68 individuals
on both visits. Demographic and clinical data was collected: duration of MS, Expanded Disability Status Scale Score (EDSS), type
of DMT, history of COVID-19 (positive PCR or antigen test in the past), vaccination status, and the type of vaccine.

Results. It was shown that on visit one: 3.7% (n = 7) PWMS were positive for IgA against S protein (IgA-S), 3.2% (n = 6) for IgG
against S (IgG-S) protein, and none of those examined was positive for IgG against N protein (IgG-N). On visit two, the most
common detected antibodies were IgG-S (71.3%; n = 62), then IgA-S (65.1%; n = 55), and the least common was IgG-N (18.2%;
n = 16). On visit two: 20.45% of PwMS had a history of a positive SARS-CoV-2 PCR or antigen test during the last year. By the time
of visit two, 42.05% (n = 37) of patients who participated in visit two had been full-course vaccinated against COVID-19. It was
demonstrated that vaccination against SARS-CoV-2 significantly induces the production of IgG-S and IgA-S (p < 0.0001), while
no difference between vaccinated and unvaccinated patients was shown in the detection of IgG-N. There was no correlation
between COVID-19 infection and antibodies against proteins S and N in the study group. Moreover, the presented study did not
show any relationship between the ability to produce antibodies against the S protein with any of the used DMTs.

Conclusions and clinical implications. According to our study, PwMS treated with dimethyl fumarate, interferon beta, or gla-
tiramer acetate can efficiently produce antibodies against SARS-CoV-2 both after infection and after vaccination.

Key words: COVID-19, SARS-CoV-2, multiple sclerosis, disease-modifying therapies, antibodies, vaccines, serology
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Introduction

The coronavirus disease (COVID-19) pandemic caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
-CoV-2) was announced by the World Health Organisation
on 11 March, 2020 [1]. In COVID-19 diagnostics, molecular
(real-time polymerase chain reaction; RT-PCR) and serological
tests to detect specific antibodies against the virus are used [2].

Since the introduction of vaccines against COVID-19,
the assessment of antibodies against SARS-CoV-2 is a highly
important element of a post-vaccine immune response eval-
uation. SARS-CoV-2 belongs to the beta-coronavirus group,
and is one of the five pathogenic human coronaviruses. The
virus is made up of the following proteins: spike protein (S),
membrane protein (M), envelope protein (E), and nucleocap-
sid protein (N). The virus uses angiotensin-converting enzyme
(ACE) receptors, which are present in many human organs,
to penetrate the host cells.

The element of the S protein: S1 subunit - the receptor-
-binding domain (RBD) binds to the ACE receptor, which leads
to cell infection [3]. The antibodies against the S protein have
neutralising properties. Antibodies against N protein do not
have neutralising properties, but indicate a past infection [4,
5]. The SARS-CoV-2 virus attacks the mucous membranes.
Therefore, the production of IgA starts early and persists for
about two months after infection. IgG antibodies are detect-
able c.14 days after the infection and are present for at least
a few months [4, 6]. The sensitivity of IgG detection after at
least 14 days from the onset of COVID-19 is 100% for the
Enzyme-Linked Immunosorbent Assay (ELISA), Chemilu-
minescent Inmunoassay (CLIA), and Lateral Flow Immuno-
assay (LFIA) methods [7]. Current reports indicate that the
cumulative assessment of anti-S antibodies and anti-N protein
antibodies, assessed in two classes of immunoglobulins (IgG
and IgA), constitute both a sensitive and specific serological
diagnostic approach to SARS-CoV-2 infection [8].

Multiple sclerosis (MS), as a chronic autoimmune disease
of the central nervous system, may, under certain circumstanc-
es, predispose to a more severe course of COVID-19 [9]. In MS
pathogenesis, activation of circulating T and B lymphocytes
and excessive production of pro-inflammatory cytokines
(e.g. IL-17, IL-6) plays an important role [10]. In treating MS,
immunomodulatory and immunosuppressive medications
(disease-modifying therapies or DMTs) are used [11]. Certain
DMTs may predispose to the development of viral infections
and worsen the prognosis [9, 12]. On the other hand, stud-
ies evaluating the course of COVID-19 in people with MS
(PwMS), including those treated with DMTs, have indicated
a relatively mild course of infection in most cases [13, 14].

Clinical rationale for study

To the best of our knowledge, no analysis of antibodies
against the SARS-CoV-2 protein (S and N) has been carried

out in north-eastern Poland or indeed north-eastern Europe.
Moreover, the current literature does not provide data on the
presence of antibodies as well against N and S proteins in
other MS populations.

Here we assess the presence of anti-$ antibodies in class
IgG (IgG-S), IgA (IgA-S), and anti-N protein antibodies in
class IgG (IgG-N) in PwMS treated with different DMTs
in a single MS centre in north-eastern Poland i.e. the Depart-
ment of Neurology, Medical University of Bialystok (MUB).

Material and methods

Study group

PwMS who had the relapsing-remitting course of disease
(RR PwMS) diagnosed according to the McDonald’s 2010
and 2017 criteria, and who were being treated with DMTs at
the Department of Neurology, MUB, were included in this
study. Blood samples were collected during two routine visits
to the MS centre. The first visit (visit 1) was between May
and June 2020, and the second one (visit 2) one year later,
between May and June 2021. 186 patients participated in visit
1, 88 patients participated in visit 2, and 68 individuals took
part in both visits. On each visit, the following survey data was
collected: duration of MS, Expanded Disability Status Scale
score (EDSS), type of used DMT, COVID-19 history (positive
PCR or antigen test in the past), vaccination against SARS-
CoV-2 status, and the type of used vaccine against COVID-19.
During both visits, each study participant was examined by
a neurologist. All individuals signed informed consent to
participate in this study. The study was approved (approval No.
APK.002.230.2020) by the Bioethics Committee at the Medical
University of Bialystok, Poland. The clinical characteristics of
the study group are set out in Table 1.

Laboratory tests

Assessment of antibodies against the SARS-CoV-2 virus
was conducted: IgG-S, IgA-S, IgG-N. Serum levels of the
IgG-S and IgA-S antibodies were assessed with the ELISA
using the anti-SARS-CoV-2 IgA and IgG kits (Euroimmun,
Medizinische Labordiagnostika AG, Germany) adhering to
the manufacturer’s instructions. The results were assessed
semi-quantitatively by calculating the value of the ratio of
the extinction of the person sample to the extinction
of the calibrator. Results were interpreted according to the
manufacturer’s recommendation: ratio values < 0.8 were
considered negative, > 0.8 to < 1.1 as borderline, and
> 1.1 as positive.

Serum levels of the IgG antibodies against the N protein
of the SARS-CoV-2 were measured by Chemiluminescent
Microparticle Inmunoassay (CMIA) on the automatic Alinity
system (Abbott, Chicago, IL, USA). The obtained chemilumi-
nescent reaction was assessed as relative light units (RLU).
The level of serum antibodies was directly proportional to the
RLU detected by the system optics. The S/C (serum/cut-off)
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Table 1. Study group characteristics

DMT DMF INF GA Other* All

n (n=79) (n=49) (n=37) (n=21) (n=186)

Sex

Female 67.09% (n =53) 63.27% (n=31) 62.16% (n = 23) 80.95% (n=17) 66.67% (n =124)

Male 32.91% (n =26) 36.73% (n=18) 37.83% (n=14) 19.05% (n = 4) 33.33% (n=62)

Age

Mean 38 46 45 44 42

SD 105 {122 124 137 121

MS duration

Mean 86 9.0 9.1 10.0 9.0

SD 579 541 6.39 5172 578

EDSS

Mean 1.6 18 25 2.5 1.8

SD 1.18 1.01 117 1.62 1.25
. Gowvswz |

DMT DMF INF GA Other** All

n (n=29) (n=34) (n=18) (n=7) (n=88)

Sex

Female 58.62% (n=17) 67.65% (n=23) 44.44% (n=8) 71.42% (n=5) 60.23% (n=>53)

Male 41.38% (n=12) 3235%(n=11) 55.56% (n=10) 2857% (n=2) 39.77% (n=35)

Age

Mean 57 42 45 48 41

SD 101 121 116 85 15

MS duration

Mean 6.5 76 104 9.1 8.0

SD 6.03 5.00 931 6.82 6.59

EDSS

Mean i 18 23 26 18

SD 1.26 1.10 123 1.88 1.28

History of COVID-19

Yes 13.79% (n=4) 17.65% (n = 6) 33.33%(n=6) 28.57% (n=2) 20.45% (n=18)

No 86.21% (n =25) 79.41% (n=27) 66.67% (n=12) 71.43% (n=5) 78.41% (n = 69)

Questionable 0% (n=0) 2.94% (n=1) 0% (n=0) 0% (n=0) 1.14% (n=1)

Vaccine against COVID-19 (full vaccine course)

None 58.62% (n =17) 58.82% (n = 20) 61.11% (n=11) 42.86% (n = 3) 57.95% (n=51)
Pfizer (2 doses) 31.03% (n=9) 29.41% (n=10) 33.33%(n=6) 28.57% (n=2) 30.68% (n = 27)
Astra Zeneca (2 doses) 345%(n=1) 2.94% (n=1) 0% (n=0) 28.57% (n=2) 4.55% (n=4)
Moderna (2 doses) 345%(n=1) 8.82% (n=3) 5.56% (n=1) 0% (n=0) 5.68% (n=5)
Johnson & Johnson (1 dose) 345(n=1) 0%(n=0) 0% (n=0) 0% (n=0) 1.14% (n=1)
Group vi
DMT DMF INF GA Other*** All
n (n=23) (n=26) (n=15) (n=4) (n=68)
Sex
Female 17.39% (n = 14) 65.38% (n=17) 46.67% (n=7) 75.00% (n=3) 60.29% (n=41)
Male 39.13%(n=9) 3462% (n=9) 56.33% (n=8) 25.00% (n=1) 39.71% (n=27)
-
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Table 1. cont. Study group characteristics

Age

Mean 37 43

SD 9.7 126

MS duration

Mean 6.7 87

sD 524 4.69
EDSS

Mean 13 18

SD 127 0.92
History of COVID-19

Yes 435%(n=1) 19.23% (n=5)
No 95.65% (n=22) 76.92% (n = 20)
Questionable 0.00% (n=0) 385%(n=1)

Vaccine (full vaccine course)

None 52.17% (n=12) 46.15% (n=12)
Pfizer (2 doses) 34.78% (n=8) 38.46% (n = 10)
Astra Zeneca (2 doses) 435% (n=1) 385%(n=1)
Moderna (2 doses) 435%(n=1) 11.54% (n=3)
Johnson&Johnson (1 dose) 435% (n=1) 0.00% (n = 0)

46 52 2
104 8.2 15
102 42 8.1
7.49 263 565
26 12 18
118 096 118
3333% (n=5) 50.00% (n=2) 19.12% (n=13)
66.67% (n=10) 50.00% (n=2) 79.41% (n = 54)
0.00% (n=0) 0.00% (n=0) 447% (n=1)
5333% (n=8) 25.00% (n=1) 4853% (n=33)
40.00% (n = 6) 25.00% (n=1) 36.76% (n = 25)
0.00% (n=0) 50.00% (n=2) 5.88% (n=4)
6.67% (n=1) 0.00% (n=0) 7.35% (n=5)
0.00% (n=0) 0.00% (n=0) 147% (n=1)

Group visit 1 — patients participated in first visit; group visit 2 — patients participated in second visit; group visit 1+ 2 — patients participated in both first and second visits; DMT — disease-modifying therapy;
DMF — dimethyl fumarate; INF — interferon; GA — glatiramer acetate; MS — multiple sclerosis, EDSS — Expanded Disability Status Scale; SD — standard deviation: yes — positive antigen/PCR test in past;

10 — no positive antigen/PCR test in past

*other: teriflunomide (n = 11); fingolimod (n = 5); cladribine (n = 3); natalizumab (n = 2) **other: teriflunomide (n = 5); fingolimod (n = 1); cladribine (n = 1) ***other: teriflunomide (n = 4)

index was determined based on the above relationship. A titre
> 1.4 was considered a positive result.

Statistical analysis

The statistical analysis was based on a description of groups
of patients by DMT and demographic variables (sex, age, MS
duration, EDSS). This was followed by estimating the Odds
Ratio for positive Ig bioassays based on logistic regression
models (logit link function). The Wald test evaluated the pres-
ence of antibodies, vaccination status, vaccine type, multiple
sclerosis disease duration, EDSS, DMTs, and COVID status.
Tukey’s multiple comparison test was conducted to account for
all paired comparisons. Graphical representations supported
these statistical models, mainly forest plots comparing the
least mean square estimations of the odds ratio and the 95%
confidence interval. The whole analysis was realised with
R software (V4.1.0, R Core Team 2021).

Results

Visit 1
On visit 1, 186 PwMS were enrolled in the study, of whom
66.67% (n = 124) were women. The mean age of the PwMS
was 42 years (+ 12.1). The mean disease duration was 9 years
(+5.78). The most commonly used DMT was dimethyl fumarate
(42.47%; n=79), followed by interferon-beta (26.34%; n = 49),

124

and then glatiramer acetate (19.89%; n = 37). Detailed data
on the characteristics of the study group during visit 1 are set
out in Table 1.

During visit 1, 6.98% (n = 13) of the PwMS had positive
antibodies to the S protein: 3.22% (n = 6) IgG-S and 3.76%
(n = 7) IgA-S. No IgG-N was detected in any of the tested
samples. At the time of visit 1, no patient had a history of
positive antigen or PCR test for SARS-CoV-2. In addition, on
visit 1, vaccinations against COVID-19 were not yet available.
Detailed data on the analysis of anti-SARS-CoV-2 antibodies
are set out in Table 2.

Visit 2

On visit 2, 88 PwMS participated, of whom 60.22%
were women (n = 53). The mean age of PWMS was 41 years
(+11.5), and the mean disease duration was 8.0 years (+ 6.59).
The most commonly used DMT was interferon-beta (38.63%;
n = 34), followed by dimethyl fumarate (32.95%; n = 29), and
then glatiramer acetate (20.45%; n = 18). Patients attending
visit 2 did not significantly differ in sex, age, disease duration,
or EDSS from those on visit 1. At visit 2, 20.45% (n = 18) of
the PwMS had a history of a positive SARS-CoV-2 antigen or
PCR result [hereinafter referred to as COVID-19 (+)]. One
person obtained questionable results. The mean time from
COVID-19 onset to antibodies determination was 151 days (SD
+66.75). On visit 2, 42.04% (n = 37) of the PwMS had already
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Table 2. Analysis of anti-SARS-CoV-2 antibodies

Antibody type IgA-S
Group visit 1

Percentage of positive results 3.8%(h=7) 0.0% (n=0) 3.2% (h=6)

Sex

Female 4.8% (n=6) 0.0% (n=0) 3.2%(n=4)

Male 1.6%(n=1) 0.0% (n=0) 3.2%(n=2)

DMT

DMF 1.3%(n=1) 0.0% (n=0) 2.5% (n=2)

INF 4.1%(n=2) 0.0% (n=0) 4.1%(n=2)

GA 54%(n=2) 0.0% (n=0) 2.7%(n=1)

Other* 9.5% (n=2) 0.0% (n=0) 48%(n=1)

History of COVID-19/Vaccine status

COVID (+) 0.00% (n = 0)

Vaccine (+) 0.00% (n =0)
_____________ oGowwse2_ |

Percentage of positive results 64.7% (n =55) 18.4% (n=16) 71.3% (n=62)

Sex

Female 69.2% (n = 36) 15.1% (n=8) 73.6% (n=39)

Male 57.6% (n=19) 23.5% (n=8) 67.6% (n=23)

DMT

DMF 62.1% (n=18) 6.9% (n=2) 72.4% (n=21)

INF 63.6% (n=21) 27.3%(n=9) 64.7% (n=22)

GA 68.8% (n=11) 16.7% (n=3) 82.4% (n=14)

Other** 714% (n=5) 28.6% (n=2) 71.4% (n=5)

History of COVID-19/Vaccine status

COVID-19(-) 61.2% (n=41) 14.5% (n =10) 66.7% (n = 46)

COVID-19 (+) 77.8% (n=14) 333%(n=6) 88.9% (n=16)

Vaccine (-) 42.9% (n=21) 18.0% (n=9) 54.0% (n=27)

Vaccine (+) 94.4% (n =34) 18.9% (n=7) 94.6% (n = 35)

Percentage of positive results 72.1% (n =49) 17.6% (n=12) 76.5% (n=52)

Sex

Female 78.0% (n=32) 14.6% (n =6) 78.0% (n =32)

Male 63.0% (n=17) 222% (n=6) 74.1% (n =20)

DMT

DMF 69.6% (n=16) 43%(n=1) 78.3% (n=18)

INF 73.1% (n=19) 30.8% (n=8) 76.9% (n = 20)

GA 66.7% (n=10) 133% (n=2) 733%(n=11)

Other*** 100.0% (n=4) 25.0% (n=1) 75.0% (n=3)

History COVID-19/Vaccine status on visit 2

COVID-19 (-) 64.81% (n =35) 22.22%(n=12) 70.37% (n = 38)

COVID-19 (+) 9231% (n=12) 38.46% (n=5) 92.31% (n=12)

Vaccine (-) 46.88% (n=15) 18.75% (n=6) 53.13% (n=17)

Vaccine (+) 91.43% (n=32) 17.14% (n=6) 94.29% (n=33)
Group visit 1 — patients participated in first visit; group visit 2 — patients participated in second visit; group visit 1 + 2 — patients participated in both first and second visits; IgG-S — IgG antibodies against

S protein; IgA-S — antibodies against S protein; IgG-N — IgG antibodi t N protein; Ig — lin; DMT — di ying therapy; DMF ! fumarate; INF — i GA—
glatiramer acetate; history of COVID-19 — positive antigen or PCRtest in past; COVID-19 (-) — no positive antigen/PCR test in past; COVID-19 (+) — positive history of COVID-19; vaccine (-) — patients who
‘were not vaccinated against COVID-19; vaccine (+) — patients who were full-course vaccinated against COVID-19

*other: teriflunomide (n = 11); fingolimod (n = 5); cladribine (n = 3); natalizumab (n = 2)

**other: teriflunomide (n = 5); fingolimod (n = 1); cladribine (n = 1)

**other: teriflunomide (n = 4)
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Table 3. Analysis of anti-SARS-CoV-2 antibodies in subgroups of patients on visit 2

Subgroup IgA-S 1gG-N 1gG-S
COVID-19 (-) and vaccine (-) 41.5% (n=17, 19.0% (n=8) 50.0% (n=21)
n=46
COVID-19 (-) and vaccine (+) 92.3% (n=24) 74%(n=2) 92.6% (n = 25)
n=51
COVID-19 (+) and vaccine (-) 50.0% (n=4) 12.5% (n=1) 75.0% (n =6)
n=11
COVID-19 (+) and vaccine (+) 100.0% (n=10) 50.0% (n=5) 100.0% (n = 10)
n=25
19G-5 — IgG antibodies against S protein; IgA-5 — antibodies against S protein; IgG-N — IgG antibodies against N protein; COVID-19 (-) — no positive antigen/PCR test in past; COVID-19 (+) — positive antigen
/PCRtest in past; vaccine (-) — patients who were not vaccinated against COVID-19 with any dose; vaccine (+) — patients who were full-course vaccinated against COVID-19
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Figure 1. 0dds Ratio of positive anti-SARS-COV-2 antibodies test by vaccine status at visit 2 and at visit 1 and 2

been vaccinated with the full anti-SARS-CoV-2 vaccine course.
The PwMS were mostly vaccinated with the Pfizer-BioNTech
(COMIRNATY) vaccine (72.97%; n = 27). The mean time
from the first dose (after Pfizer, AstraZeneca, Moderna
and Johnson & Johnson vaccines) was 56.59 days (SD +39.79) and
from the second dose (after Pfizer, AstraZeneca, and Moderna
vaccines) was 28 days (SD + 27.84). Detailed data on the char-
acteristics of the study group during visit 2 is set out in Table 1.
On visit 2, IgG-S were the most common in PwMS (71.3%,
n=062). IgA-S were present in 64.7% (n = 55), and PwMS and
IgG-N in 18.4% (n = 16). The distribution of antibodies did
not differ between males and females and between patients
treated with individual DMTs. Detailed data on the analysis
of anti-SARS-CoV-2 antibodies is set out in Table 2.

On visit 2, PWMS were divided into four subgroups:
1) COVID-19 (-) and not vaccinated with any dose of vac-
cine; 2) COVID-19 (-) and vaccinated with the full course of
vaccination; 3) COVID-19 (+) and not vaccinated with any
dose of vaccine; and 4) COVID-19 (+) and vaccinated with
a full course of vaccination. Detailed data on the presence of
antibodies in subgroups on visit 2 is set out in Table 3.

The vaccine increased the chance of detection of IgG-$
and IgA-S, while no stat istical difference was indicated for the
detection of IgG-N (IgA-S, p < 0.0001; IgG-S, p < 0.0001; IgG-N
p =0.91) (Fig. 1). Moreover, no effect of the individual vaccine
type on the presence of antibodies was demonstrated. In addi-
tion, no variation in vaccine effect in relation to the used DMT
was detected (IgA-S, p = 0.28; IgG-S, p = 0.26; IgG-N, p = 0.99).

In the logistic regression model, no statistical difference
between the results of any immunoglobulin tests could be
identified between the COVID-19 (+) and COVID-19 (-)
groups. There was no DMT effect on antibody production
against SARS-CoV-2. There was no association between EDSS
and antibody results (IgA-S, p = 0.80; IgG-S, p = 0.50; IgG-N,
p = 0.41). The history of COVID-19 was not associated with
any of the used DMTs. No effect of the MS duration on the syn-
thesis of antibodies against SARS-CoV-2 was demonstrated.

Both visits
Sixty-eight patients participated in both visits, of whom
60.29% (n = 41) were women. The mean age of the patients
was 42 years (+ 11.5). The mean disease duration was 8.1 years
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Table 4. Analysis of anti-SARS-CoV-2 antibodies in subgroups (patients attended both visits 1 and 2)

Level IgA-S 1gG-N 19G-S
COVID-19 (-) and vaccine (-) 429% (n=12) 17.9% (n=5) 50.0% (n = 14)
n=31
COVID-19 (-) and vaccine (+) 92.0% (n=23) 7.7% (n=2) 92.3% (n =24)
n=49
COVID-19 (+) and vaccine (=) 75.0% (n=3) 250%(n=1) 75.0% (n=3)
n=7
COVID-19 (+) and vaccine (+) 100.0% (n = 9) 44.4% (n=4) 100.0% (n=9)
n=22
19G-5 — IgG antibodies against S protein; Ig o tS protein; Ig6-N — gG antibodies against N protein; COVID-19 (-) — no positive antigen/PCR test in past; COVID-19 (+) — positive history
of COVID-19; vaccine (-) — patients who were not vaccinated against COVID-19 with any dose of vaccine; vaccine (+) — patients who were vaccinated with full course against COVID-19

(+ 6.59). In this group of patients, the most common DMT
was INF (38.23%; n = 26), then DMF (33.82%; n = 23), and
then GA (22.06%; n = 15). Detailed data on the characteristics
of the study group that participated in both visits 1 and 2 is
set out in Table 1.

On visits 1 and 2, 2.9% (n = 2) and 76.47% (n = 52)
PwMS were IgG-S positive, respectively. On visit 1, 2.9%
(n = 2) PwMS were IgA-S positive, compared to 72.06%
(n = 49) on visit 2. On visit 1, none of the PwMS detected
IgG-N; on visit 2, these antibodies were present in 17.65%
(n =12). Detailed data on the analysis of anti-SARS-CoV-2 an-
tibodies is set out in Table 2.

The PwMS who participated in both visits were divided
into four subgroups: 1) COVID (-) and not vaccinated with
any dose of vaccine; 2) COVID (-) and vaccinated with a full
course of vaccine; 3) COVID (+) and not vaccinated with
any dose of vaccine; and 4) COVID (+) and vaccinated with
a full course of vaccine. In the COVID (+) and vaccinated
PwMS (n = 9), 100% were positive for both IgG-S and
IgA-S. When analysing the entire group of vaccinated PwMS
(n = 35), regardless of the earlier SARS-CoV-2 infection
history, the presence of IgG-S was demonstrated in 94.3%
(n=33), and IgA-S in 94.1% (n = 32). Detailed data on the
analysis of anti-SARS-CoV-2 antibodies in subgroups is set
out in Table 4.

Discussion

This study presents the serological status of PwMS treated
with DMTs in a single MS centre in north-eastern Poland.
Antibodies were assessed for two SARS-COV-2 proteins (S
and N) in two immune classes (IgA and IgG). The study group
included PwMS vaccinated with a full course against COV-
ID-19 and unvaccinated, with and without a history of SARS-
CoV-2 infection. The age of the study group, the percentage of
each sex, and the average duration of the disease corresponded
with the entire population of PwMS in Poland [11]. Although
it is known that PwMS are at higher risk of death from some
infections including respiratory failure, recent reports have
shown that PwMS do not suffer from COVID-19 more severely

than the general population, and there is no significantly high-
er mortality in this group of patients [13, 15, 16].

However, the serological response to SARS-CoV-2 infec-
tion and vaccination is still being investigated [17]. Serological
tests determine who has been exposed to the virus and are an
essential tool for assessing vaccine immunity. In our study,
PwMS were examined for the ability to produce antibodies
against SARS-CoV-2, both after infection and vaccination.
For this reason, our study determined antibodies against the
N and § proteins. Available vaccines against SARS-CoV-2 in-
duce the production of antibodies against the spike (S) protein
only [18]. After infection, antibodies to various coronavirus
proteins may be synthesised, e.g. against S and N protein
[19]. The clinically most important difference between these
antibodies is that only antibodies to the S protein have neutral-
ising properties, which means they have protective properties
against subsequent infection [5].

During visit 1, approximately 3-4 months after the be-
ginning of the pandemic, only a few patients had antibodies
against the S protein; no antibodies against the N protein
were detected in any of the participants. This proves the low
prevalence of SARS-CoV-2 infection among PwMS at that
time. This was probably due to the extensive restrictions in
Poland and the self-isolation of PwMS in the first months of
the pandemic. No epidemiological studies conducted in Poland
in 2020 have been published. Therefore, the data from visit
1 cannot be compared. The OBSER-CO seroepidemiological
study conducted in Poland in May-June 2021 calculated the
prevalence of SARS-CoV-2 in the 20-59 year-old age group
(Podlaskie Voivodeship, Poland) to be 46.8-52.5% [20]. Our
research shows that PwMS had lower exposure to the SARS-
-CoV-2 virus compared to the general population of a similar
age. Similar conclusions were observed by Morales et al. in
Spain, who assessed the incidence of COVID-19 in the local
MS population as being lower than that in the Spanish general
population [21].

This is probably, as mentioned earlier, due to the high fear
0of COVID-19 and the self-isolation of PwMS, especially among
those treated with DMT. Neurologists treated PwMS from the
first months of the pandemic, appealed for epidemiological
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vigilance, and called for an improved sanitary regime due
to the suspected more severe course of the disease. The data
from visit 2 clearly showed the dynamics of the pandemic
development, including the introduction of vaccination against
COVID-19. The most common antibodies detected during
visit 2 were IgG-S (71.6%), then IgA-S (65.1%), and the least
common among PwMS were IgG-N (18.2%). In one study of
546 (74.2% taking DMT) PwMS, 11.7% (n = 64) of them had
antibodies to SARS-CoV-2 [22]. Unfortunately, this study did
not mention either the class of antibodies or the protein against
which these antibodies were directed.

In another multicentre study by Sormani et al., con-
ducted on 423 PwMS in Italy, Turkey, and Brazil, who were
taking DMTs, the prevalence of IgG antibodies against SARS-
-CoV-2 was 76.8% [23]. Another study (n = 28) in PwMS with
confirmed COVID-19 reported IgG seroprevalence in 83.3%
(n = 20) of patients [23].

The results of the abovementioned studies seem to be
in line with our observations. In our cohort, the mean time
from COVID-19 positive antigen/PCR result to antibodies
determination was 151 days (SD t 66.75), and the mean time
from the first dose of vaccine was 56.59 days (SD + 39.79) and
from the second dose was 28 days (SD =+ 27.84). Recent data
from a general Norwegian population shows that neutralising
antibodies produced after the disease are maintained in 95%
10-12 months after COVID-19 onset [24]. Antibodies to
S protein, produced after vaccination, are also detected one
year after immunisation [25]. Therefore, in the study group, the
time from vaccination and infection to sample collection was
selected so that humoral immunity had time to develop and not
disappear. Our work presents an analysis of antibodies in the
IgG and IgA class and against individual SARS-CoV-2 proteins
(Sand N). It should be noted that no commercial IgA-N tests
were available at the time of our study.

It is worth emphasising that most patients in the study
group were treated with DMF, GA, or INF, and that DMT is
most used in Poland. It has been demonstrated that PwMS
treated with DMTs (particularly DMF, GA, INF) are immu-
nocompetent in producing antibodies to SARS-CoV-2. It
has also been demonstrated that vaccination against SARS-
-CoV-2 significantly induces the production of antibodies to
the $ protein (p < 0.0001), which has neutralising properties.
Recent studies and meta analyses have confirmed the efficacy
of COVID-19 vaccines among PwMS treated with DMF, INE,
and GA [26]. The presented study showed that more vacci-
nated PwMS with no history of COVID-19 (92.6%; n = 25)
produce neutralising antibodies than do those who suffered
from COVID-19 but were not vaccinated (75.0%; n = 6). This
indicates that vaccination is more effective than infection in
generating immunity against SARS-CoV-2.

Moreover, in the group of PwMS who were infected
with COVID-19 and vaccinated, the presence of neutralising
antibodies was 100%. On visit 2, among both unvaccinated

patients and those who had no history of COVID-19, neu-
tralising antibodies were found in 50% (n = 21), which shows
that there is a group of PWMS who have contracted SARS-
-CoV-2 asymptomatically, producing immune antibodies.
The presented study did not show any relationship between the
ability to produce antibodies against the S protein concerning
any of the tested DMTs.

This study has some limitations. Notably, the proportion
of PwMS treated with individual DMTs was uneven. Most
patients were treated with DME INF, or GA. The results of the
study refer only to these medications. It should be noted that
the study did not include PwMS treated with ocrelizumab or
another anti-CD-20 DMT. A study conducted on 473 PwMS$
has shown that anti-CD-20 treatment generates a lower
antibody response after COVID-19 and after vaccination
(p > 0.001) [27]. Other studies and reviews conducted so far
confirm these conclusions [28, 29]. Soromani et al., in a study
conducted on 780 PwMS, indicated that patients treated with
fingolimod did not produce neutralising antibodies effectively
after vaccination, possibly related to the leukopenia present
with fingolimod treatment [26, 30]. Although our study
group included patients treated with fingolimod, cladribine,
and natalizumab, these groups of patients were too small for
areliable statistical analysis. In the presented study, it was im-
possible to demonstrate the vaccine’s effect on the production
of antibodies, as a majority of the participants were vaccinated
with the Pfizer vaccine.

As expected, the analysis of responses against the N pro-
tein was inconsistent. Statistical analyses showed that IgG-N
is not associated with infection of COVID-19. A study carried
out among 683 healthcare workers at one hospital in Tokyo
showed that IgG-N antibodies are the most reliable test for
assessing past SARS-CoV-2 infections, including asympto-
matic infections [31]. Our research does not confirm that
conclusion, but the different study groups are worth noting.
It seems that assessment of past infection on the basis of the
N protein test is ineffective in the group of PwMS treated
with DMT. The relationship between IgG-N and time from
COVID-19 was also analysed, which confirmed statistical
insignificance. So far, no other studies have been published
analysing the anti-N protein response in PwMS. Investigating
this problem in a larger group of patients with multiple sclero-
sis should be considered in the future. To sum up, it is worth
emphasising that analyses were carried out on a population
not-examined (so far) in terms of humoral response to SARS-
CoV-2. Multiple sclerosis patients are a diverse population
that, in addition to genetic factors, are also influenced by
environmental factors. The research we present is novel be-
cause analysis of antibodies against the SARS-CoV-2 protein
has not previously been carried out in north-eastern Poland.
Moreover, the current literature does not provide data on
the presence of antibodies against N and S proteins in other
multiple sclerosis populations.
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Clinical implications/future research

We have here demonstrated that vaccination against SARS-
-CoV-2 significantly induces the production of antibodies
against the S protein, while no difference between vaccinated
and unvaccinated patients was shown in the detection of the
N protein. The PWMS population requires further research
in terms of serology after SARS-CoV-2 infection. Moreover,
the present study did not show any relationship between the
ability to produce antibodies against the S protein concerning
any of the used DMTs (particularly DMFE, GA, and INF). Our
research showed that PwMS treated with a DMT used in the
study group, especially DME, GA and INF, are immunocom-
petent in producing antibodies against the SARS-CoV-2 virus,
and that the prevalence of SARS-CoV-2 is lower than in the
general population.
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Abstract: The coronavirus 2019 disease (COVID-19) course and serological statuses of patients with
relapsing-remitting multiple sclerosis (RRMS), treated with disease-modifying therapies (DMTs) are
generally parallel that of the general population. Over the pandemic’s course, however, a notable
increase in the number of RRMS patients who received vaccination against severe acute respiratory
coronavirus 2 (SARS-CoV-2) and those who had COVID-19 (symptomatic and asymptomatic) was
reported. This virus and/or vaccination likely influenced DMT-treated RRMS patients’ serological
statuses regarding the presence of SARS-CoV-2 antibodies and their quantitative expression. This
investigation assesses the presence and levels of the antibody directed against the S1 protein receptor
binding domain (SRBD) and against the N protein of SARS-CoV-2 in 38 DMT-treated RRMS patients.
The findings indicate that people vaccinated against SARS-CoV-2 exhibited significantly higher
levels of IgG antibodies against S1-RBD at both assessment points. Patients with a prior history of
COVID-19 demonstrated statistically significant increases in anti-N antibodies at visit 1, whereas such
statistical significance was not observed at visit 2. DMT-treated RRMS patients generated neutralizing
antibodies following vaccination and/or COVID-19 infection. Nevertheless, it is noteworthy that
antibody levels more accurately reflect the serological status and exhibit a stronger correlation with
vaccination than just the presence of antibodies.

Keywords: COVID-19; SARS-CoV-2; receptor binding domain; spike protein; nucleocapsid protein;
multiple sclerosis; disease-modifying therapies; antibodies; vaccines; serology

1. Introduction

Coronavirus 2019 (COVID-19) is a disease caused by the severe respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus, which is responsible for the pandemic that started in
2019 [1]. The genetic material of the virus comprises a single-stranded RNA that encodes
16 non-structural proteins and four structural proteins: spike (S), nucleocapsid (N), enve-
lope (E), and membrane (M) [2]. In a clinical context, the pivotal protein is the S protein,
which was found to be accountable for facilitating virus entrance into the host cell via
binding to the ACE2 (angiotensin-converting enzyme 2) receptor [3]. The spike protein
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was selected as a therapeutic target in the design of vaccines against the SARS-CoV-2
virus [4]. In addition, the antibodies against the S protein, which are produced as a result
of active immunization (natural infection) and passive immunization (vaccination), are
the only ones that have a neutralizing capability, thereby conferring protection against
infection or reinfection [5]. It is also known that antibodies directed against the receptor
binding domain (RBD) within the S1 subunit (anti-SIRBD antibodies) have the highest
neutralizing capacity [6]. Moreover, the S1-RBD subunit exhibits minimal amino acid
sequence homology compared to other coronaviruses [4]. The second clinically significant
protein of the SARS-CoV-2 virus is the nucleocapsid (N) protein, which is responsible for
the replication and transcription of viral RNA [7]. The N protein, as with the S protein,
induces a humoral response. However, antibodies directed against the N protein are solely
generated after natural infection but not after vaccination [8]. As in most European coun-
tries, in Poland, in December 2020, a mass vaccination program against COVID-19 began,
initially available to selected risk groups (including healthcare workers). From May 2021,
all adult Poles could receive the first dose of the vaccine. Registration for the second dose
of the vaccine opened in November 2021. From April 2022, the second booster dose of the
vaccine could be administered to people over 80 years of age, and from September 2022, all
people over 12 years of age. The first available vaccine was the Comirnaty mRNA vaccine
(Pfizer-BioNTech; Marburg, Germany). Subsequently, another mRNA vaccine, Spikevax
(Moderna Biotech Spain, S.L, Madrit, Spain), was approved. Other vaccines approved in
EU countries (including those used en masse in Poland) were vector vaccines: Vaxzeve-
ria (AstraZeneca; Cambridge, UK) and Janssen Vaccine (Janssen-Cilag International NV;
Beerse, Belgium) and a protein vaccine (Nouvaxovid Novavax; Gaithersburg, MD, USA).
In May 2021, the Polish Neurological Society published an official position recommending
COVID-19 vaccination for patients suffering from multiple sclerosis. Patients treated with
beta interferons (INF), glatiramer acetate (GA), teriflunomide (TFN), dimethyl fumarate
(DMF), and natalizumab (NTZ) should consider vaccination at every stage of treatment
(no change in the therapy schedule is necessary). The guidelines specify groups of patients
treated with fingolimod, ocrelizumab, cladribine, and alemtuzumab, where vaccination
schemes are proposed depending on the time of DMT administration [9]. Insubsequent
stages of the pandemic, the Polish Neurological Society updated its position on additional
doses and booster doses [10].

Multiple sclerosis (MS) is a demyelinating autoimmune disease that impacts indi-
viduals across various age groups. The disease is predominantly diagnosed during the
third decade of life [11]. MS is treated with immunomodulating and immunosuppressive
drugs, termed disease-modifying therapies (DMTs). In Poland, 15 DMTs are currently
available and financed by the National Health Fund. Nevertheless, the predominant cohort
comprises individuals primarily undergoing treatment with dimethyl fumarate (DMF),
glatiramer acetate (GA), or beta-interferon (INF) [12]. During the first months of the pan-
demic, physicians and patients wanted to know whether the treatment and the disease
itself would negatively affect the course of SARS-CoV-2 infection [13]. In line with current
knowledge, MS patients treated with most of the DMTs were infected by the SARS-CoV-2
infection at similar rates as the rest of society [14]. In addition, the response of this group
of patients to vaccination against COVID-19,except for patients treated with anti-CD20
therapies and fingolimod, is normal [15]. At the time of the pandemic and afterward, the
number of patients who had received subsequent vaccine doses and those who had come
into contact with the SARS-CoV-2 virus increased. This increase probably affected the
serological status of this specific group of patients, not only in terms of the mere presence
of antibodies against S and N proteins but also the levels of these proteins, which seems to
be important for future monitoring of the immunity of patients with MS who are treated
with DMTs.
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2. Materials and Methods
2.1. Study Group

The study group consisted of patients (n = 38) with relapsing-remitting multiple
sclerosis (RRMS) who were treated with selected DMTs: DMF (36.84%; n = 14), GA (26.32%;
n = 10), or INF (36.84%; n = 14). All examined patients were diagnosed in accordance with
the McDonald criteria 2017 and were under the care of the Department of Neurology, Med-
ical University of Bialystok [16]. Blood samples were collected twice between December
2021 and February 2023 (median 18.33 months) from each patient. During each visit, the
following data were collected: (1) patient’s age, type and duration of disease-modifying
drug used, COVID-19 vaccinations received (number of doses, dates of vaccinations, types
of vaccinations), and documented positive result based on the polymerase chain reac-
tion (PCR/COVID-19 antigen test). During both visits, the patients were examined by a
neurologist. All individuals signed informed consent to participate in this study.

A total of 57.89% (n = 22) of the study group were women. The average age at the
first visit was 44.5 years. The average duration of the disease was 9 years. The average
duration of using DMF is 3.4 years (SD =+ 1.4-6.3), GA 5.1 years (SD =+ 1.3-9.1), INF 10 years
(SD + 1.0-9.2). Among all vaccine doses received by patients, 75% were vaccinated with
the Comirnaty vaccine (Pfizer-BioNtech; Marburg, Germany)., 12.50% with the Vaxzeveria
vaccines (AstraZeneca; Cambridge, Great Britain, 6.94% with the Spikevax (Moderna
Biotech Spain, S.L, Madrit, Spain) and 5.56% with the Janssen Vaccine (Janssen-Cilag
International NV; Beerse, Belgium).

The study was approved (approval NAPK.002.230.2020) by the Bioethics Committee
at the Medical University of Bialystok, Poland.

The detailed clinical characteristics of the study group are shown in Tables 1 and 2.

Table 1. Characteristics of the study group.

Female 57.89% (n = 22)
Sex
Male 42.11% (n = 16)
Age (on visit 1) 44,50 (36.25, 48.75) !
DMF 36.84% (n = 14)
DMT GA 26.32% (1 = 10)
INF 36.84% (n = 14)
Time between visit 1 and 2 18.33 (17.70,18.84) !

1 Median (Q1, Q3); DMT, dimethyl fumarate; GA, glatiramer acetate; INF, interferon beta.

2.2. Laboratory Tests

An assessment of antibodies against the SARS-CoV-2 virus was conducted: (1)IgG
antibodies against the receptor binding domain of Slprotein (IgG-SIRBD) and (2) IgG
antibodies against N protein (IgG-N). Serum levels of the IgG-S1IRBD and IgG-N antibodies
were measured by chemiluminescent microparticle immunoassay (CMIA) according to the
manufacturer’s instructions. The result in the chemiluminescent reaction was assessed as
relative light units (RLU) using the automatic Alinity system (Abbott, Chicago, IL, USA)
according to the manufacturer’s instructions. The level of serum antibodies was directly
proportional to the RLU detected by the system optics. The S/C (serum/cut-off) index was
determined based on the above relationship. A titer > 1.4 (IgG-N) and >50 (IgG-SRBD)
was considered a positive result.
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Table 2. Detailed characteristics of study groups.

Visit 1 Visit 2
Vaccinated 2 60.52% (n = 23) 71.05% (n = 27)
One dose 26.09% (n = 6) 3.70% (n=1)
Two doses 73.91% (n =17) 40.74% (n =11)
Three doses 0 48.15% (n =13)
Four doses 0 741% (n=2)
Time between first dose and visit [months] 1.69 (1.10; 2.48) ! 27.37(26.24;28.21) 1
Time between second dose and visit [months] 1.03 (0.38;1.53) ! 18.74 (17.77; 19.66) !
Time between third dose and visit [months] - 11.70 (10.81; 12.42) !
Time between fourth dose and visit [months] - 11.70 (1.81; 12.42)
unvaccinated 39.47% (n = 15) 28.95% (n =11)
COVID-19"+"3 18.42% (n =7) 23.68% (11 =9)
COVID-19"—" 4 81.58% (1 = 31) 76.32%(n = 29)
Time between COVID-19 and visit [months] 4.93 (4.70;5.95) 1 23.56 (12.78; 25.00) !

1 Median (Q1, Q3); 2 Vaccinated—people with multiple sclerosis (PwMS) vaccinated against coronavirus 2019
disease (COVID-19); > COVID-19"+"—PwMS with registered positive PCR/antigen test in the past; * COVID-
19”—"—PwMS with no registered positive PCR/antigen test in the past.

2.3. Statistical Analysis

The statistical analysis was based on a description of groups of patients classified by
DMT and survey data (sex, age, COVID-19 status, vaccination status). The significance
level of the statistical tests in this analysis was set at o = 0.05. The normality of the distri-
butions of the variables was analyzed using the Shapiro-Wilk test. Numerical variables
with distributions deviating from the normal distribution were reported as Mdn (Q1, Q3).
Examination of differences within a numerical variable with a non-normal distribution
between two groups was performed with the Wilcoxon rank sum test and between three or
more groups was performed with the Kruskal-Wallis rank sum test. The significance of
differences between pairs of groups was tested using Dunn’s test. The effects of vaccination
or pastCOVID-19 infection over time (visits 1 and 2) on the concentration of SARS-CoV-2
IgG (S-RBD, N) were examined using a linear mixed model. In the case of dichotomous
response variables (SARS-CoV-2 IgG positive result for S-RBD or N), a generalized linear
model was applied. The magnitude of the effect between categories within an exploratory
variable with more than two categories (such as the number of vaccine doses) was estimated
by contrast analysis of the estimated marginal means with the Tukey adjustment. Spear-
man’s rank correlation coefficient (rho) was used to measure the strength and direction
of association between two variables. Analyses were conducted using the R Statistical
language (version 4.1.1; R Core Team, 2021) on Windows 10 x64 (build 19045).

3. Results
3.1. Analysis of Antibodies against S1 Protein
3.1.1. Impact of Vaccination

At visit 1, patients with RRMS who had not been vaccinated against SARS-CoV-2
accounted for 39.47% (n = 15) and vaccinated 60.53% (1 = 23). At visit 1, among unvacci-
nated patients with RRMS, 33.33% (1 = 5) had no antibodies against S1-RBD, while 66.67%
(n = 10) had positive antibodies. Among vaccinated patients with RRMS, 91.30% (n = 21)
showed positive anti-SIRBD IgG antibodies. At visit 2, 28.95% (1 = 11) of RRMS patients
were unvaccinated, and 71.05% (n = 27) were vaccinated against SARS-CoV-2. Among the
unvaccinated patients, 9.09% (n = 1) tested negative for SIRBD antibodies, while 90.91%
(n = 10) tested positive. Of the vaccinated patients, 3.70% (1 = 1) were SIRBD negative
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and 96.30% (n = 26) positive. Statistical analysis showed that percentages of IgGSIRBD
results between vaccinated and unvaccinated patients with RRMS were not statistically
significant (visit 1: p = 0.089; visit 2 p = 0.501). However, at visit 1, the number of positives
was higher in the vaccinated group than in the unvaccinated group, which was significant
at the trend level (0.050 < p < 0.100). In addition, a significant main effect of the time factor
(the odds of getting a positive SARS-CoV-2 anti-SIRBD result at visit 2 was significantly
higher (41.227-fold) than at visit 1. Detailed data concerning the presence of anti-SIRBD
antibodies are shown in Table 3.

Table 3. Presence of anti-S1RBD IgG antibodies in COVID-19 vaccinated and unvaccinated patients
at visits 1 and 2.

IgG-S1IRBD Vaccination against SARS-CoV-2 4
p-Value
Results No Yes
Visit 1 Negative 33.33% (n =5) 8.70% (n=2)
(n=38) — p =0.089
Positive 66.67% (1 =10) 91.30% (n =21)
Visit 2 Negative 9.09% (n=1) 3.70% (n =1)
p=0501
(n=38) Positive 90.91% (1=10)  96.30% (11 = 26)

! Fisher’s exact test.

At visit 1, the mean anti-S1IRBD antibody level was 16,863.40 AU/mL among vacci-
nated patients with RRMS and 197.90 AU/mL among unvaccinated. At visit 2, the mean
level of anti-S1-RBD antibodies was 6997.30 AU/mL among vaccinated patients with RRMS
and 1342.50 AU/mL among unvaccinated. The statistical analysis showed that vaccination
had a statistically significant effect on anti-51-RBD antibody levels at visit 1 (p < 0.001) and
visit 2 (p = 0.038). Detailed data on the level of anti-SIRBD antibodies are given in Figure 1.

visit 2
P<0.001 P=0.038
80,000~ V V

= 0000~
3
<
)
Q
4
@ 40,000
o
2
3
3
E

L - = 20000~

Fimedan = 16,880.70|

) [/3\‘ :L.A..-smmj
e = 148.65 0- @-.—M e
yes ™
n=22) n=11)
vaccination vaccination

Figure 1. Level of anti-SRBD antibodies in COVID-19 vaccinated and unvaccinated patients at visit
land 2.

3.1.2. Impact of COVID-19

A positive antigen test or PCR was a COVID-19 infection indicator. At visit 1, patients
withCOVID-19 (+), 100% (1 = 7) were positive for anti-SIRBD antibodies. However, among
patients withCOVID-19 (—), 77.42% (n = 24) were positive for anti-SIRBD antibodies. At
visit 2, amongCOVID-19 (+) patients, 100% (1 = 9) tested positive for anti-SIRBD antibodies.
However, among COVID-19 (—) patients, 93.10% (n = 27) tested positive for anti-SIRBD
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antibodies. Detailed data on the presence of anti-SRBD antibodies are shown in Table 4.
The statistical analysis showed that the percentages of anti-SIRBD results between patients
with COVID-19 (+) and COVID-19 (—) illness were not statistically significant (visit 1:
p = 0.309; visit 2 p = 1.00).

Table 4. Presence of anti-SRBD IgG antibodies in patients with or without a registered history of
COVID-19 at visit 1 and visit 2.

History of COVID-19

IgG-SRBD B 1
Results No Yes pValue
Positive 77.42% 100%
_— n=24 n=
Vlsusé (22 58 /) . A
n= %
Negative i 0.00%
8 (n=7)
Positive 93.10% 100%
Visit 2 (n=27) n=9) 100
=38 Negative golie 0.00% T
g (=2) .00%

! Fisher’s exact test.

History of COVID-19 registered positive polymerase chain reaction (PCR)/antigen
test in the past. Among the patients with confirmed COVID-19, just one patient was
hospitalized due to COVID-19, and the patient received convalescent plasma and steroids.

At visit 1, among COVID-19 (+) patients, the mean level of anti-SIRBD antibodies was
27,086.20 AU/mL, while among COVID-19 (—) patients, it was 1953.90 AU/mL. At visit
2, among COVID-19 (+) patients, the level of anti-SIRBD antibodies was 3886.90 AU/mL,
while among COVID-19 (—) patients, it was 4165.20 AU/mL. Statistical analysis showed
that COVID-19 survivors had statistically significantly higher levels of anti-SIRBD antibod-
ies at visit 1 (p = 0.001) but not at visit 2 (p = 0.410). Detailed data on the level of anti-SIRBD
antibodies are presented in Figure 2.

visit 2

P=0.01 P=0.41

80,000~

g
g

19G-SRBD [AU/mI]
]

@ fiecn - 27.085.20)

20,000~

w { Gt =4165.20)
- U J

yes
=7

no yes
n=29) n=9
Covid Covid

Figure 2. Level of anti-SRBD IgG antibodies in patients with or without registered history of COVID-
19 at visit 1 and 2.
3.2. Analysis of Antibodies against N Protein

At Visit 1, 28.57% (n = 2) of COVID-19 (+) patients were positive for anti-N antibodies.
However, among COVID-19 (—) patients, 9.68% (1 = 3) were negative for anti-N antibodies.
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visit 1

At visit 2, 66.67% (n = 6) of COVID-19 (+) patients were positive for anti-N antibodies.
Among COVID-19 (—) patients, 37.93% (n = 11) tested positive for anti-N protein antibodies.
Detailed results of anti-N protein antibodies are shown in Table 5. Statistical analysis
showed that the percentages of IgG-N results between patients withCOVID-19 (+) and
COVID-19 (—) were not statistically significant (first visit: p = 0.223; second visit p = 0.249).

Table 5. Presence of IgG-N antibodies in patients with or without registered history of COVID-19 at
visit 1 and visit 2.

History of COVID-19

IgG-N Results p-Value 1
No Yes
Positive 9.68% 71.43%
Visit 1 (n=3) (1=89) =0223
n=38 Nosaiiy 90.32% 28.57% e
gative (1=28) (n=2)
N 37.93% 66.67%
. Positive (n=11) (1=6)
Visit 2 p=0.249
n=38 Riaative 62.07% 33.33%
8 (n=18) (n=3)

! Fisher’s exact test. History of COVID-19 registered positive PCR/antigen test in the past.

At visit 1, among COVID-19 (+) patients, the mean level of IgG-N was 0.90 AU/mL,
while among COVID-19 (—) patients, it was 0.14 AU/mL. At visit 2, amongCOVID-19 (+)
patients, the level of anti-N antibodies was 1.99 AU/mL, while for COVID-19 (—) patients,
it was 0.79 AU/mL. Detailed data on the level of anti-N antibodies are shown in Figure 3.
The statistical analysis showed that COVID-19 (+) patients had statistically significantly
higher levels of anti-N antibodies at visit 1 (p = 0.040) but not at visit 2 (p = 0.363). A
significant main effect of time was observed, indicating that anti-N levels were significantly
higher than at visit 1. Levels of antibodies IgG-S1RBD and IgG-N according to particular
DMTs are presented in the Supplementary Materials.

visit 2
P=0.038 R0:563
100-
75~
Z s0-
Q
2
25-
- = { Himegan = 1.99
= { Hinesan =0.90
o i
yes o yes
(n=7) (n=29) n=9)
Covid Covid

Figure 3. Level of IgG-N antibodies in patients with or without registered history of COVID-19 on
visit 1 and 2.

4. Discussion

Our study shows the result of the analysis of both the presence and actual levels of
antibodies directed against the receptor binding domain of the S1 protein and against
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the N protein of the SARS-CoV-2 virus in patients with RRMS who were treated with
DMF, GA, or INE. During the first months of the pandemic, it was unknown whether
patients undergoing immunomodulatory treatment were at risk of a more severe course
of the disease [17]. Current clinical experience shows that SARS-CoV-2 infection can
impact on central nervous system, but patients with MS, in most cases, do not suffer more
seriously from COVID-19 than the general population [14]. Risk factors for a more severe
course, such as male sex, comorbidities, or severe disability, are similar to those in the
non-MS group [18-20]. The subsequent months of the pandemic also showed that patients
treated with selected and often used DMTs showed an adequate humoral response to
vaccinations [21,22]. Moreover, the side effects of vaccinations against SARS-CoV-2 were
mild, and the vaccinations themselves were safe in this group of patients [14,23]. During
the first period of the pandemic, the serological status of patients was also assessed. It was
shown that vaccinations significantly induced the production of neutralizing antibodies in
patients treated with DMT, GA, or INF [24]. It is worth noting that it is currently known
that in the group treated with anti-CD20 and sphingosine-1-phosphate modulators, the
course of the disease may be more severe, and the immune response to vaccinations may
be impaired [22]. Over the duration of the pandemic and after it ended, the group of
patients who received subsequent doses of the vaccine, in addition to those who had
COVID-19 infections, grew. For this reason, the serological status of this group of patients
may change, and it seems that in addition to the presence of antibodies, their levels may
also be important. Neutralizing IgG antibodies are known to increase from two to eight
weeks post-infection, followed by a decline ranging from four to six months with a median
time to seronegativity of approximately two years [25].

The literature shows that the most specific and the least likely to cross-react antibodies
are those directed against the S1 protein receptor binding domain, so we tested these
antibodies in our research [26]. At visit 1, the presence of these antibodies was found in
almost 82% of the study group. Analyzing the subgroups at visit 1, we could see that in the
vaccinated group, neutralizing antibodies were present in 91.30% of patients with RRMS. At
visit 2, in the entire study group, neutralizing antibodies were found in 94.74% of patients,
including 96.30% of vaccinated and 90.91% of unvaccinated patients. In the latter group of
patients, the presence of neutralizing antibodies is probably due to passive immunization
after asymptomatic contact with SARS-CoV-2. The results obtained in our study are similar
to previously published studies. A meta-analysis by Gombolay et al. showed that the
humoral response after vaccination occurs in 77% of patients with MS compared to 93% of
the healthy population [22]. This study also analyzed individual DMTs and found that 96%
of those were treated with INF, 95% of those treated with GA, and 99% of those treated
with DMF [22]. However, results from the statistical analysis did not show a difference
between vaccinated and unvaccinated people, which is probably due to the high prevalence
of the SARS-CoV-2 virus in the population of patients with MS. In Poland, the OBSER-
CO seroepidemiological study was conducted (IV series of analysis in 2021 and 2022)
based on the WHO-Unity protocol: “Population-based age-stratified seroepidemiological
investigation protocol for COVID-19 infection” [27]. Comparing the results obtained in our
study to the results conducted as part of OBSER-CO in northeastern Poland on a group
of patients ofa similar age, we can note that during visit 1, more patients with MS were
vaccinated than in the general population (61% vs. 31 -58%). However, during visit 2, these
proportions practically equalized (71% vs. 67%). Comparing the seroprevalence (presence
of IgG-S antibodies) in the MS population to the general population in northeastern Poland
during visit 1, it can be seen that the prevalence of neutralizing antibodies was much higher
in the MS group (84.2% vs. 57-73%) [28]. This can be explained by the higher vaccination
rate of the studied group of patients, as shown by previous data. During visit 2, within
1.5 years later, the seroprevalence was practically at the same level (94.7% vs. 93.4%). Data
from OBSER-CO 2023 have not been published yet.

At visit 1, the number of neutralizing antibody positives was higher in the group
vaccinated at the trend level (p = 0.089). Many of these patients treated with DMTs had
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asymptomatic contact with the virus, which induced the presence of antibodies. In the
next step, levels of antibodies directed against the receptor binding domain of the S1 pro-
tein were analyzed. A statistical analysis of these data showed that vaccinated patients
with RRMS had statistically significantly higher antibody levels at both visits than un-
vaccinated subjects. It is worth noting that in vaccinated people with multiple sclerosis
(PwMS), neutralizing antibody levels were lower at visit 2 (16,863.40 AU versus 6997.30 AU
at visit 1). A similar observation was made after analyzing IgG-S1IRBD and IgG-N ac-
cording to particular DMTs. At visit 2, the median time since the last vaccination was
longer than at visit 1 (<2 months since the last vaccination at visitl versus approximately
12-18 months at visit 2). Due to this strong induction of antibody levels, subsequent vacci-
nation doses against COVID-19 are still highly recommended forMS patients. Interestingly,
the level of neutralizing antibodies in unvaccinated patients increased at visit 2 (1342.5 AU)
compared to visit 1 (197.80 AU) but did not reach the level observed in vaccinated PwMS.
However, it should be noted that, currently, the level of neutralizing antibodies that would
protect against COVID-19 has not been determined. It is not known whether a higher
level clearly means higher protection. Research conducted by Hickey et al. on the general
population showed that the levels of antibodies in vaccinated people were significantly
higher than in people after infection. Studies show that in addition to antibody levels,
avidity was higher in the vaccinated group, which may even better reflect the level of
protection against reinfection. For each vaccine, circulating antibody levels decreased one
to four months after the second dose [29]. It is worth emphasizing at this point that the
protective level of neutralizing antibodies has not yet been determined. In a multicenter
study, a group of 2nd and 3rd doses administered to patients with MS similarly caused a
decrease in neutralizing antibodies within six months post-vaccination but still remained
high compared to unvaccinated subjects. We also analyzed IgG antibodies against the
N protein, which are induced only after natural contact with the virus. No significant
differences in the percentage of positive results between people with and without previous
COVID-19 were found. After analyzing the levels of antibodies, a statistically significantly
higher level of antibodies was shown only during the first visit (2021). This seems to be
related to less frequent testing of patients forSARS-CoV-2 during the subsequent years
of the pandemic (second visit in 2023) and to the greater prevalence of the virus in the
population. In addition, a significant factor is also the short duration of antibodies directed
against the N protein, namely, less than one year. All these factors make the interpretation
of the presence and levels of anti-N protein antibodies difficult and should be closely
correlated with the clinical status of the patient. Literature shows that vaccinated people
who contracted COVID-19 have higher levels of antibodies compared to people who were
only vaccinated or only after natural infection (hybrid immunity) [30]. An interesting
observation is that during visit 2, in the subgroup of patients with confirmed COVID-19 in
the past, the level of neutralizing antibodies was lower than in the group of patients without
documented COVID-19 (3886.9 AU versus 4165.2 AU). In addition to high vaccination rates
in the subsequent years of the pandemic, it can be assumed that a significant percentage of
the population and patients with MS have already had natural contact with the virus. Our
data shows that none of the participants tested positive (PCR or antigen test) for COVID-19
between visits 1 and 2. Moreover, the levels of IgG-N at visit 2 were higher than that in
visit 1 in vaccinated and unvaccinated patients and according to particular DMTs. That
may indicate that part of the study group probably had SARS-CoV-2 infection and did not
decide to test or had asymptomatic infections. Recent studies and literature reviews also
point to the importance of assessing not only antibodies but also cell-mediated immunity,
which seems to last longer than humoral immunity [31].

Our research has limitations, one of which includes a small study group. The small
size probably contributed to the limitations of statistical analyses and did not allow for
reliable analysis of particular DMT subgroups. In conclusion, our research shows that,
in addition to the presence of antibodies against the S1 protein (RBD), it is important to
assess their levels. Patients with RRMS who were vaccinated against SARS-CoV-2 had
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significantly higher levels of neutralizing antibodies in subsequent years of the pandemic.
The assessment of anti-N antibodies is difficult due to the high seroprevalence of the
virus in the population and the short half-life and should be closely correlated with the
clinical picture.

5. Conclusions

Our research shows that SARS-CoV-2 vaccinated patients with RRMS treated with
DMT, GA, or INF have statistically significantly higher levels of antibodies directed against
the receptor binding domain of the S1 protein compared to unvaccinated. This was observed
over the course of two years of the pandemic. Levels of neutralizing antibodies seem to
better reflect the level of protection against the SARS-CoV-2 virus than their presence alone,
but this requires further research. In the presented retrospective study, it was observed that
patients treated with the selected DMTs (INF, GA, DMF) were immunocompetent in terms
of the production of neutralizing antibodies. In conjunction with the above data and current
world literature, recommendations for preventive vaccinations for MS patients are justified.
Although a clearly protective level of antibodies has not been currently determined, a higher
level potentially provides better protection for patients against disease and reinfection.
Further randomized studies are still necessary.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vaccines12030255/s1, Table S1. IgG-S1RBD and IgG-N levels
according to particular DMTs.
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14.  Streszczenie w jezyku polskim

W listopadzie 2019 r. w prowincji Wuhan w Chinach zaobserwowano pacjentéw
z nietypowym przebiegiem zapalenia ptuc oraz powiktaniami wielonarzadowymi.
Za te zakazenia okazat si¢ odpowiedzialny drugi koronawirus ciezkiego ostrego
zespolu oddechowego (SARS-CoV-2; severe acute respiratory syndrom
coranovirus), ktory doprowadzit do globalnej pandemii, ogloszone; przez
Swiatowa Organizacje Zdrowia (WHO; World Health Organization) w marcu
2020 r. Wirus SARS-CoV-2 zbudowany jest z jednoniciowego RNA oraz bialek
strukturalnych: biatka kolca (S), biatka nukleokapsydu (N), biatka blonowego (M)
oraz biatka otoczki (E). Najwazniejsze znaczenie kliniczne ma biatko S,
ktore taczy si¢ z receptorem dla konwertazy angiotensyny II i1tg droga infekuje
komorki gospodarza. Istotne jest réwniez biatko N, ktore petni funkcje ochronng
dla materiatu genetycznego wirusa 1ijest odpowiedzialne zajego replikacjg.
Przeciwciata skierowane przeciwko biatku S sg produkowane zaréwno
po immunizacji biernej, jak i czynnej, wykazuja tez zdolno$ci neutralizujace,
to znaczy chroniace przed zakazeniem. Przeciwciata skierowane przeciwko biatku

N pojawiaja si¢ tylko po przebytej infekcji i nie maja zdolnosci ochronnych.

Stwardnienie rozsiane jest chorobg autoimmunologiczng o$rodkowego uktadu
nerwowego, na ktorg choruje w Polsce ponad 50 000 osob. Podstawa terapii
stwardnienia rozsianego sg leki immunomodulacyjne 1immunosupresyjne
modyfikujace przebieg choroby, ktore sa dostgpne dla pacjentéw w Polsce
w ramach programu lekowego, finansowanego przez Narodowy Fundusz

Zdrowia.

Celem pracy doktorskiej byta analiza przeciwcial przeciwko biatkom S 1N
wirusa SARS-CoV-2 u pacjentdéw z rzutowo-remisyjng postacig stwardnienia
rozsianego leczonych wybranymi lekami modyfikujagcymi przebieg choroby

w pétnocno-wschodniej Polsce.

Przed przystapieniem do badan wtlasnych przeprowadzono analiz¢ dostgpnego
piSmiennictwa na temat statusu serologicznego pacjentow z chorobami uktadu
nerwowego, ktorzy przechorowali COVID-19. natej podstawie przygotowano

1 opublikowano w recenzowanym czasopi$mie prac¢ pogladowa, ktora powstata
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w celu usystematyzowania aktualnej wiedzy naten temat w momencie

rozpoczynania badan wiasnych.

Grupg badang stanowili pacjenci zrzutowo-remisyjng postacig stwardnienia
rozsianego leczeni wybranymi lekami modyfikujacymi przebieg choroby.
Wigkszo$¢ pacjentow byla leczona interferonem beta, octanem glatirameru

oraz fumaranem dimetylu.

Podczas etapu Ibadan oznaczono obecno$§¢ przeciwcial przeciwko
biatku S w klasie IgG i IgA (oznaczone dalej jako: IgG-S, IgA-S) oraz przeciwko
biatku N w klasie 1gG (oznaczone dalej jako: IgG-N) wirusa SARS-CoV-2.
Obecno$¢  przeciwciala  IgG-S  1IgA-S  oceniano  zapomoca  testu
immunoenzymatycznego ELISA przy uzyciu zestawdéw anty-SARS-CoV-2 IgA
1 IgG (Euroimmun, Medizinische Labordiagnostika AG, Niemcy). Podczas I etapu
oznaczenia laboratoryjne przeprowadzono dwukrotnie (wizyta pierwsza: maj-
czerwiec 2020, n=186; wizyta druga: maj-czerwiec 2021 n=88). Podczas II etapu
badan oznaczono jako$ciowo oraziloSciowo przeciwciata przeciwko domenie
wiazacej receptor (receptor binding domain, RBD) podjednostki Sl
wirusa SARS-CoV-2 wklasie IgG (dalej oznaczone jako IgG-SIRBD)
oraz przeciwciata przeciwko biatku N w klasie IgG metoda chemiluminescencji
(CMIA; Abbott, IL, USA). Podczas etapu II oznaczenia laboratoryjne
przeprowadzono dwukrotnie (wizyta trzecia; grudzien 2021-luty 2022, n=38;

wizyta czwarta: grudzien 2022-luty 2023, n=38).

Po przeprowadzeniu I etapu badan wykazano, ze szczepienie istotnie statystycznie
indukuje obecnos¢ przeciwciat przeciwko biatku S (IgG-S 11gG-A), natomiast
nie indukuje przeciwciat przeciwko biatku N (IgA-S, p<0,0001; IgG-S, p<0,0001;
IgG-N p=0,91). Podczas analizy statystycznej wynikow etapu II badan
wykazano, ze obecno$¢ przeciwcial neutralizujacych IgG-SIRBD u pacjentow
zaszczepionych 1nieszczepionych nie réznita si¢ istotnie statystycznie (trzecia
wizyta: p=0,089; czwarta wizyta p=0,501), natomiast szczepienie istotnie
statystycznie zwigkszato poziom przeciwcial IgG-S1-RBD (wizyta trzecia
p<0,001 i wizyta czwarta p=0,038). Ponadto, w latach 2022-2023, nie wykazano
istotnych 16zni¢ co do obecnosci przeciwciat neutralizujacych w grupie

pacjentéw, ktorzy przebyli infekcje SARS-CoV-2 potwierdzong testem
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antygenowym lub PCR iw grupie badanych, ktoérzy nie mieli potwierdzonej
przebytej infekcji SARS-CoV-2 (wizyta trzecia p=0,309; wizyta czwarta p=1,0).
Osoby, ktore przebyty potwierdzong infekcj¢ SARS-CoV-2 (dodatni wynik
antygenowy/PCR), mialy istotnie statystycznie wyzszy poziom przeciwciat
IgG-SIRBD podczas wizyty trzeciej (p=0,001), nie stwierdzono roznic
w poziomach przeciwciat podczas wizyty czwartej (p=0,410). Wzrost poziomu
przeciwcial  neutralizujacych  u pacjentéw  bez potwierdzonej  przebytej
infekcji SARS-CoV-2 wskazuje na szerokie rozprzestrzenienie wirusa w badane;j
populacji oraz liczne infekcje skapoobjawowe/bezobjawowe. Stosowane
w grupie badanej leki modyfikujace przebieg stwardnienia rozsianego nie miaty
wptywu na produkcje przeciwcial neutralizujacych. Pacjenci z potwierdzong
przebyta infekcja SARS-CoV-2 mieli statystycznie istotnie wyzZszy poziom
przeciwcial IgG-N podczas trzeciej wizyty (p=0,040) niz pacjenci COVID (-),

nie stwierdzono réznic podczas wizyty 4 (p=0,363).
Analiza uzyskanych wynikow pozwolita wyciggnac¢ wnioski:

e Pacjenci chorujacy narzutowo-remisyjng posta¢ stwardnienia
rozsianego, leczeni intereftonem beta, octanem glatirameru
i fumaranem dimetylu s3 immunokompetentni.  Szczepienie
przeciwko SARS-CoV-2 w badanych podgrupch pacjentéw istotnie
indukowato wytwarzanie przeciwcial neutralizujacych oraz zwigkszato
ich poziom.

e Obserwowony, w trakcie kolejnych lat trwania pandemii, wzrost
odsetka pacjentow seropozytywnych, ktérzy nie mieli zdiagnozowane;j
infekcji 1 nie zostali zaszczepieni przeciwko SARS-CoV-2 wskazuje
na liczne zachorowania skapoobjawowe/bezobjawowe.

e Nasilenie zapadalnosci na COVID-19 w grupie badanej, w réznych
okresach pandemii, bylto zblizone do stwierdzanego w polskiej
populacji ogdlne;.

e U  wszystkich pacjentow  z potwierdzong  w przesztosci
infekcjag SARS-CoV-2 izaszczepionych na COVID-19 wykazano
obecno$¢ przeciwcial neutralizujacych, co sugeruje, ze w badanej

grupie pacjentdéw duze znaczenie dla ochorny przed reinfekcja ma
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odpornos¢ hybrydowa i wskazuje na celowos$¢ szczepienia 0sob,
ktore przebyty juz infekcje SARS-CoV-2.
Szczepienia ochronne nie wplywaja na produkcje¢  przeciwcial

przeciwko biatku N.
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15.  Streszczenie w jezyku angielskim

In November 2019, patients with an atypical course of pneumonia and multi-
organ complications were observed in Wuhan Province, China. Severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) was found to be responsible
for these infections, leading to a global pandemic declared by the World Health
Organisation in March 2020. SARS-CoV-2 is composed of single-stranded RNA
and structural proteins: the spike protein (S), the nucleocapsid protein (N),
the membrane protein (M) and the envelope protein (E). The most clinically
significant is the S protein which binds to the receptor for angiotensin-converting
enzyme II and infects host cells via this pathway. The N protein is also important
as it serves a protective function for the genetic material of the virus
and is responsible for its replication. Antibodies against the S-protein
are produced after both passive and active immunisation, and show neutralising
abilities, i.e. protecting against infection. Antibodies against the N protein

typically develop after natural infection and have no protective abilities.

The course of COVID-19 in multiple sclerosis (MS) patients has been
of particular interest since the start of the pandemic. Currently available data
indicate that in patients with MS, the course of COVID-19 is not significantly
different from that in the general population. MS is an autoimmune disease
of the central nervous system with more than 50,000 patients in Poland.
The mainstay of MS treatment are disease-modifying therapies (DMTs) which

is available to patients in Poland on the National Health Fund.

The aim ofthe PhD thesis was to analyse antibodies against SARS-CoV-2
S and N proteins in patients with the relapsing-remitting form of MS treated

with selected DMTs in North East Poland.

Prior to commencement of the research, analysis of the available literature
on the serological status of patients with nervous system diseases who had had
COVID-19 was performed. Following the analysis, and at the time of starting
the study, a review paper that aimed to systematise the existing knowledge

on the subject was published in a peer-reviewed journal.
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The study group consisted of patients with the relapsing-remitting form of MS
treated with selected DMTs. The majority of patients were treated with

beta interferon, glatiramer acetate and dimethyle fumarate.

During the first stage of the study, the presence of antibodies against the S protein
in IgG and IgA class (hereafter: IgG-S, IgA-S), and against the N protein in IgG
class (hereafter: I[gG-N) of SARS-CoV-2 was determined. The presence of IgG-S
and IgA-S antibodies was assessed by immunoenzymatic ELISA using anti-
SARS-CoV-2 IgA and IgG kits (Euroimmun, Medizinische Labordiagnostika AG,
Germany). During the first stage of the study, laboratory determinations were
performed twice (visit one: May—June 2020, n=186; visit two: May—June 2021
n=88). During the second stage of the study, antibodies against the receptor
binding domain (RBD) of the S1 subunit of SARS-CoV-2 in IgG class (hereafter
designated as IgG-S1RBD) and antibodies against the N protein in IgG class were
determined qualitatively and quantitatively by chemiluminescence (CMIA;
Abbott, IL, USA). During the second stage of the study, laboratory determinations
were performed twice (visit three; December 2021—February 2022, n=38; visit

four: December 2022—February 2023, n=38).

During the first stage ofthe study, it was demonstrated that vaccination
statistically significantly induced the presence of antibodies against the S protein
(IgG-S and IgG-A), but did not induce antibodies against the N protein (IgA-S,
p<0.0001; IgG-S, p<0.0001; IgG-N p = 0.91). Statistical analysis of the results
of the second stage of the study demonstrated that vaccination increased the level
of IgG-S1RBD (visit three p<0.001 and visit four p=0.038), while there was no
statistically significant difference in the presence of IgG-SIRBD neutralising
antibodies in vaccinated and unvaccinated patients (third visit: p = 0.089; fourth
visit p = 0.501). Furthermore, during the second stage of the study (2022—2023),
no significant differences were found in the presence of neutralising antibodies
between the group of patients who had had SARS-CoV-2 infection confirmed by
an antigen or PCR test and the group ofpatients who had not had a
confirmed SARS-CoV-2 infection (third visit p=0.309; fourth visit p=1.0). Study
participants who had had SARS-CoV-2 infection (positive antigen/PCR result)
had a statistically significantly higher level of IgGSIRBD antibodies during
the third visit (p=0.001), but no differences were found in antibody levels during
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the fourth visit (p=0.410). An increase in the level of neutralising antibodies
in patients without a confirmed previous SARS-CoV-2 infection indicates
a widespread presence of the virus in the studied population and numerous mildly
symptomatic/asymptomatic infections. Patients with a confirmed past
SARS-CoV-2 infection had a statistically significantly higher level of IgG-N
antibodies on the third visit (p=0.040) in comparison to COVID (-) patients, but
no differences were found on the fourth visit (p=0.363). Drugs modifying
the course of MS used inthestudy group did not affect the production
of neutralising antibodies. Analysis of the obtained data allowed us to arrive at the
following conclusions:

e Patients suffering from relapsing-remitting MS treated with interferon
beta, glatiramer acetate and dimethyle fumarate are immunocompetent.
Vaccination against SARS-CoV-2 inthe study group significantly
induced the production of neutralising antibodies and increased their
level.

e The observed increase in the percentage of seropositive patients who had
not had a confirmed infection andhad not been vaccinated
against SARS-CoV-2 during the subsequent years of the pandemic
indicates numerous mildly symptomatic/asymptomatic infections.
Vaccination did not affect the production of antibodies against the N
protein in the study group.

e The overall incidence of COVID-19 infection in the study group at
various points during the pandemic was similar to that observed
in the general Polish  population. All study participants with
a confirmed previous SARS-CoV-2 infection and vaccinated against
COVID-19 showed the presence of neutralising antibodies, which
suggests that hybrid immunity is of great importance for protection
against infection inthe studied group ofpatients and indicates
the usefulness of vaccinating individuals who have already had

SARS-CoV-2 infection.

75



16. Pismiennictwo
Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X_;
Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from Patients with
Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727733,
doi:10.1056/nejmoa2001017.
Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.;
Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. Clinical Characteristics of
Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020,
doi:10.1056/NEJM0a2002032.
Covid-, B.S. OBSER-CO Raport z I tury badania. 2021.
Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.;
Huang, B.; Zhu, N.; et al. Genomic characterisation and epidemiology of
2019 novel coronavirus: implications for virus origins and receptor binding.
Lancet 2020, 395, 565-574, d0i:10.1016/S0140-6736(20)30251-8.
Kirtipal, N.; Bharadwaj, S.; Kang, S.G. From SARS to SARS-CoV-2,
insights on structure, pathogenicity and immunity aspects of pandemic
human coronaviruses. Infect. Genet. Evol. 2020, 85,
doi:10.1016/J.MEEGID.2020.104502.
Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.;
Hu, J.; et al. Characterization of spike glycoprotein of SARS-CoV-2 on
virus entry and its immune cross-reactivity with SARS-CoV. Nat.
Commun. 2020, 11, doi:10.1038/S41467-020-15562-9.
Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.;
Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike receptor-
binding domain bound to the ACE2 receptor. Nature 2020, 581, 215-220,
doi:10.1038/s41586-020-2180-5.
Dutta, N.K.; Mazumdar, K.; Gordy, J.T. The Nucleocapsid Protein of
SARS-CoV-2: a Target for Vaccine Development. J. Virol. 2020, 94,
doi:10.1128/JV1.00647-20.
Louapre, C.; Collongues, N.; Stankoff, B.; Giannesini, C.; Papeix, C.;
Bensa, C.; Deschamps, R.; Créange, A.; Wahab, A.; Pelletier, J.; et al.
Clinical Characteristics and Outcomes in Patients with Coronavirus Disease
2019 and Multiple Sclerosis. JAMA Neurol. 2020, 77, 1079—1088,
doi:10.1001/jamaneurol.2020.2581.

76



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wu, C.; Chen, X.; Cai, Y.; Xia, J.; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.;
Zhou, X.; Du, C.; et al. Risk Factors Associated with Acute Respiratory
Distress Syndrome and Death in Patients with Coronavirus Disease 2019
Pneumonia in Wuhan, China. JAMA Intern. Med. 2020,
doi:10.1001/jamainternmed.2020.0994.

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.;
Xu, J.; Gu, X.; et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. Lancet 2020, doi:10.1016/S0140-
6736(20)30183-5.

Luo, W.; Liu, X.; Bao, K.; Huang, C. Ischemic stroke associated with
COVID-19: a systematic review and meta-analysis. J. Neurol. 2022, 269,
1731-1740, doi:10.1007/S00415-021-10837-7.

Czarnowska, A.; Zajkowska, J.; Kutakowska, A. Impact of SARS-CoV-2
on the nervous system. Neurol. Neurochir. Pol. 2023, 57, 2635,
doi:10.5603/PINNS.A2023.00009.

Aguila—GordO, D.; Manuel Flores-Barragén, J.; Ferragut-Lloret, F.; Portela-
Gutierrez, J.; LaRosa-Salas, B.; Porras-Leal, L.; Carlos Villa Guzman, J.
Acute myelitis and SARS-CoV-2 infection. A new etiology of myelitis? J.
Clin. Neurosci. 2020, 80, 280-281, doi:10.1016/j.jocn.2020.07.074.
Mondal, R.; Ganguly, U.; Deb, S.; Shome, G.; Pramanik, S.;
Bandyopadhyay, D.; Lahiri, D. Meningoencephalitis associated with
COVID-19: a systematic review. J. Neurovirol. 2020.

Los, K.; Kulikowska, J.; Waszkiewicz, N. The Impact of the COVID-19
Virus Pandemic on the Incidence of First Psychotic Spectrum Disorders.
Int. J. Environ. Res. Public Health 2022, 19,
doi:10.3390/IJERPH19073781.

Carrillo-Larco, R.M.; Altez-Fernandez, C.; Ravaglia, S.; Vizcarra, J.A.
COVID-19 and Guillain-Barre Syndrome: A systematic review of case
reports. Wellcome Open Res. 2020, 5,
doi:10.12688/wellcomeopenres.15987.2.

Gklinos, P. Neurological manifestations of COVID-19: a review of what
we know so far. J. Neurol. 2020, 267, 2485-2489.

Percze, A.R.; Nagy, A.; Polivka, L.; Barczi, E.; Czaller, I.; Kovats, Z.;
Varga, J.T.; Ballai, J.H.; Muller, V.; Horvath, G. Fatigue, sleepiness and

77



20.

21.

22.

23.

24.

25.

26.

27.

sleep quality are SARS-CoV-2 variant independent in patients with long
COVID symptoms. Inflammopharmacology 2023, 31, 2819-2825,
doi:10.1007/S10787-023-01190-4.

Chowdhury, M.A.; Hossain, N.; Kashem, M.A.; Shahid, M.A.; Alam, A.
Immune response in COVID-19: A review. J. Infect. Public Health 2020,
13,1619-1629.

Shrotri, M.; van Schalkwyk, M.C.1L.; Post, N.; Eddy, D.; Huntley, C.;
Leeman, D.; Rigby, S.; Williams, S. V.; Bermingham, W.H.; Kellam, P.; et
al. T cell response to SARS-CoV-2 infection in humans: A systematic
review. PLoS One 2021, 16, doi:10.1371/JOURNAL.PONE.0245532.
Melenotte, C.; Silvin, A.; Goubet, A.G.; Lahmar, I.; Dubuisson, A.; Zumla,
A.; Raoult, D.; Merad, M.; Gachot, B.; Hénon, C.; et al. Immune responses
during COVID-19 infection. Oncoimmunology 2020, 9.

Stadlbauer, D.; Amanat, F.; Chromikova, V.; Jiang, K.; Strohmeier, S.;
Arunkumar, G.A.; Tan, J.; Bhavsar, D.; Capuano, C.; Kirkpatrick, E.; et al.
SARS-CoV-2 Seroconversion in Humans: A Detailed Protocol for a
Serological Assay, Antigen Production, and Test Setup. Curr. Protoc.
Microbiol. 2020, 57, doi:10.1002/cpmc.100.

McAndrews, K.M.; Dowlatshahi, D.P.; Dai, J.; Becker, L.M.; Hensel, J.;
Snowden, L.M.; Leveille, J.M.; Brunner, M.R.; Holden, K.W.; Hopkins,
N.S.; et al. Heterogeneous antibodies against SARS-CoV-2 spike receptor
binding domain and nucleocapsid with implications for COVID-19
immunity. JCI Insight 2020, 5, doi:10.1172/JCL.INSIGHT.142386.

Long, Q.X.; Liu, B.Z.; Deng, H.J.; Wu, G.C.; Deng, K.; Chen, Y.K.; Liao,
P.; Qiu, J.F.; Lin, Y.; Cai, X.F.; et al. Antibody responses to SARS-CoV-2
in patients with COVID-19. Nat. Med. 2020, 26, 845-848,
doi:10.1038/s41591-020-0897-1.

Xiang, F.; Wang, X.; He, X.; Peng, Z.; Yang, B.; Zhang, J.; Zhou, Q.; Ye,
H.; Ma, Y.; Li, H.; et al. Antibody Detection and Dynamic Characteristics
in Patients with Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 71,
1930-1934, doi:10.1093/cid/ciaa461.

Guo, L.; Ren, L.; Yang, S.; Xiao, M.; Chang, D.; Yang, F.; Dela Cruz,
C.S.; Wang, Y.; Wy, C.; Xiao, Y.; et al. Profiling Early Humoral Response
to Diagnose Novel Coronavirus Disease (COVID-19). Clin. Infect. Dis.

78



28.

29.

30.

31.

32.

33.

34.

35.

2020, doi:10.1093/cid/ciaa310.

Hickey, T.E.; Kemp, T.J.; Bullock, J.; Bouk, A.; Metz, J.; Neish, A.;
Cherry, J.; Lowy, D.R.; Pinto, L.A. SARS-CoV-2 IgG Spike antibody
levels and avidity in natural infection or following vaccination with
mRNA-1273 or BNT162b2 vaccines. 2023,
doi:10.1080/21645515.2023.2215677.

Li, K.; Huang, B.; Wu, M.; Zhong, A.; Li, L.; Cai, Y.; Wang, Z.; Wu, L.;
Zhu, M.; Li, J.; et al. Dynamic changes in anti-SARS-CoV-2 antibodies
during SARS-CoV-2 infection and recovery from COVID-19. Nat.
Commun. 2020, 11, 1-11, doi:10.1038/s41467-020-19943-y.

Gruell, H.; Vanshylla, K.; Weber, T.; Barnes, C.O.; Kreer, C.; Klein, F.
Antibody-mediated neutralization of SARS-CoV-2. Immunity 2022, 55,
925, doi:10.1016/J.IMMUNI.2022.05.005.

Okba, N.M.A.; Muller, M.A.; Li, W.; Wang, C.; GeurtsvanKessel, C.H.;
Corman, V.M.; Lamers, M.M.; Sikkema, R.S.; Bruin, E. de; Chandler,
F.D.; et al. SARS-CoV-2 specific antibody responses in COVID-19
patients. medRxiv 2020, doi:10.1101/2020.03.18.20038059.
Flores-Gonzalez, R.E.; Hernandez, J.; Tornes, L.; Rammohan, K.; Delgado,
S. Development of SARS-CoV-2 IgM and IgG antibodies in a relapsing
multiple sclerosis patient on ofatumumab. Mult. Scler. Relat. Disord. 2021,
49.

Feikin, D.R.; Higdon, M.M.; Abu-Raddad, L.J.; Andrews, N.; Araos, R.;
Goldberg, Y.; Groome, M.J.; Huppert, A.; O’Brien, K.L.; Smith, P.G.; et
al. Duration of effectiveness of vaccines against SARS-CoV-2 infection
and COVID-19 disease: results of a systematic review and meta-regression.
Lancet (London, England) 2022, 399, 924-944, d0i:10.1016/S0140-
6736(22)00152-0.

Stellini, R.; Gianello, R.; Gomarasca, W. Durability of anti-spike
antibodies after vaccination with mRNA SARS-CoV-2 vaccine is longer in
subjects with previous infection: could the booster dose be delayed?
Infection 2022, 50, 1573—-1577, doi:10.1007/S15010-022-01816-9.
Bobrovitz, N.; Ware, H.; Ma, X.; Li, Z.; Hosseini, R.; Cao, C.; Selemon,
A.; Whelan, M.; Premji, Z.; Issa, H.; et al. Protective effectiveness of

previous SARS-CoV-2 infection and hybrid immunity against the omicron

79



36.

37.

38.

39.

40.

41.

42.

variant and severe disease: a systematic review and meta-regression.
Lancet. Infect. Dis. 2023, 23, 556-567, doi:10.1016/S1473-3099(22)00801-
5.

Bergeri, I.; Lewis, H.C.; Subissi, L.; Nardone, A.; Valenciano, M.; Cheng,
B.; Glonti, K.; Williams, B.; Abejirinde, 1.0.0.; Simniceanu, A.; et al.
Early epidemiological investigations: World Health Organization UNITY
protocols provide a standardized and timely international investigation
framework during the COVID-19 pandemic. Influenza Other Respi. Viruses
2022, 76, 7-13,doi:10.1111/IRV.12915.

National Institute of Public Health, P. Ogo6lnopolskie Badanie
Seroepidemiologiczne COVID-19: OBSER-CO. Raport koncowy z
badania. 2022.

Capasso, N.; Palladino, R.; Montella, E.; Pennino, F.; Lanzillo, R.;
Carotenuto, A.; Petracca, M.; lodice, R.; Iovino, A.; Aruta, F.; et al.
Prevalence of SARS-CoV-2 Antibodies in Multiple Sclerosis: The Hidden
Part of the Iceberg. J. Clin. Med. 2020, 9, 4066, doi:10.3390/jcm9124066.
Kapica-Topczewska, K.; Collin, F.; Tarasiuk, J.; Chorazy, M.;
Czarnowska, A.; Kwasniewski, M.; Brola, W.; Bartosik-Psujek, H.;
Adamczyk-Sowa, M.; Kochanowicz, J.; et al. Clinical and epidemiological
characteristics of multiple sclerosis patients receiving disease-modifying
treatment in Poland. Neurol. Neurochir. Pol. 2020, 54, 161-168,
doi:10.5603/PINNS.A2020.0020.

Kapica-Topczewska, K.; Brola, W.; Fudala, M.; Tarasiuk, J.; Chorazy, M.;
Snarska, K.; Kochanowicz, J.; Kulakowska, A. Prevalence of multiple
sclerosis in Poland. Mult. Scler. Relat. Disord. 2018, 21, 51-55,
doi:10.1016/j.msard.2018.02.016.

Armangue, T.; Spatola, M.; Vlagea, A.; Mattozzi, S.; Carceles-Cordon, M.;
Martinez-Heras, E.; Llufriu, S.; Muchart, J.; Erro, M.E.; Abraira, L.; et al.
Frequency, symptoms, risk factors, and outcomes of autoimmune
encephalitis after herpes simplex encephalitis: a prospective observational
study and retrospective analysis. Lancet Neurol. 2018, 17, 760-772,
doi:10.1016/S1474-4422(18)30244-8.

Bergmann, C.; Becker, S.; Watts, A.; Sullivan, C.; Wilken, J.; Golan, D.;
Zarif, M.; Bumstead, B.; Buhse, M.J.; Kaczmarek, O.; et al. Multiple

80



43.

44,

45.

46.

47.

48.

49.

50.

51.

sclerosis and quality of life: The role of cognitive impairment on quality of
life in people with multiple sclerosis. Mult. Scler. Relat. Disord. 2023, 79,
doi:10.1016/J.MSARD.2023.104966.

Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An
expanded disability status scale (EDSS). Neurology 1983,
doi:10.1212/wnl.33.11.1444.

McNicholas, N.; Hutchinson, M.; McGuigan, C.; Chataway, J. 2017
McDonald diagnostic criteria: A review of the evidence. Mult. Scler. Relat.
Disord. 2018, 24, 48-54, d0i:10.1016/J.MSARD.2018.05.011.
Kapica-Topczewska, K.; Tarasiuk, J.; Chorazy, M.; Czarnowska, A.; Brola,
W.; Szczepanski, M.; Kochanowicz, J.; Kutakowska, A. The epidemiology
of comorbidities among multiple sclerosis patients in northeastern Poland.
Mult. Scler. Relat. Disord. 2020, 41, doi:10.1016/J.MSARD.2020.102051.
Calvi, A.; Haider, L.; Prados, F.; Tur, C.; Chard, D.; Barkhof, F. In vivo
imaging of chronic active lesions in multiple sclerosis. Mult. Scler. 2022,
28, 683-690, doi:10.1177/1352458520958589.

Wildner, P.; Stasiolek, M.; Matysiak, M. Differential diagnosis of multiple
sclerosis and other inflammatory CNS diseases. Mult. Scler. Relat. Disord.
2020, 37, doi:10.1016/J.MSARD.2019.101452.

Cruz Rivera, S.; Aiyegbusi, O.L.; Piani Meier, D.; Dunne, A.; Harlow,
D.E.; Henke, C.; Kamudoni, P.; Calvert, M.J. The effect of disease
modifying therapies on fatigue in multiple sclerosis. Mult. Scler. Relat.
Disord. 2023, 79, doi:10.1016/J.MSARD.2023.105065.

Giovannoni, G.; Tomic, D.; Bright, J.R.; Havrdova, E. “No evident disease
activity”: The use of combined assessments in the management of patients
with multiple sclerosis. Mult. Scler. 2017, 23, 11791187,
doi:10.1177/1352458517703193.

Hunter, S.F.; Bowen, J.D.; Reder, A.T. The direct effects of fingolimod in
the central nervous system: Implications for relapsing multiple sclerosis.
CNS Drugs 2016, 30, 135-147.

Bellucci, G.; Albanese, A.; Rizzi, C.; Rinaldi, V.; Salvetti, M.; Ristori, G.
The value of Interferon  in multiple sclerosis and novel opportunities for
its anti-viral activity: a narrative literature review. Front. Immunol. 2023,

14, doi:10.3389/FIMMU.2023.1161849.

81



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kasindi, A.; Fuchs, D.T.; Koronyo, Y.; Rentsendorj, A.; Black, K.L.;
Koronyo-hamaoui, M. Glatiramer Acetate Immunomodulation: Evidence of
Neuroprotection and Cognitive Preservation. Cells 2022, 11,
doi:10.3390/CELLS11091578.

Blair, H.A. Dimethyl Fumarate: A Review in Relapsing-Remitting MS.
Drugs 2019, 79, 1965-1976, doi:10.1007/S40265-019-01229-3.

Scott, L.J. Teriflunomide: A Review in Relapsing-Remitting Multiple
Sclerosis. Drugs 2019, 79, 875-886, doi:10.1007/S40265-019-01135-8.
McGinley, M.P.; Cohen, J.A. Sphingosine 1-phosphate receptor modulators
in multiple sclerosis and other conditions. Lancet (London, England) 2021,
398, 1184—-1194, doi:10.1016/S0140-6736(21)00244-0.

Kappos, L.; Bar-Or, A.; Cree, B.A.C.; Fox, R.J.; Giovannoni, G.; Gold, R.;
Vermersch, P.; Arnold, D.L.; Arnould, S.; Scherz, T.; et al. Siponimod
versus placebo in secondary progressive multiple sclerosis (EXPAND): a
double-blind, randomised, phase 3 study. Lancet (London, England) 2018,
391,1263-1273, doi:10.1016/S0140-6736(18)30475-6.

Giovannoni, G.; Soelberg Sorensen, P.; Cook, S.; Rammohan, K.;
Rieckmann, P.; Comi, G.; Dangond, F.; Adeniji, A.K.; Vermersch, P.
Safety and efficacy of cladribine tablets in patients with relapsing-remitting
multiple sclerosis: Results from the randomized extension trial of the
CLARITY study. Mult. Scler. 2018, 24, 1594-1604,
doi:10.1177/1352458517727603.

Sirbu, C.A.; Budisteanu, M.; Falup-Pecurariu, C. Monoclonal antibodies —
a revolutionary therapy in multiple sclerosis. Neurol. Neurochir. Pol. 2020,
54,21-27, doi:10.5603/PINNS.A2020.0008.

Milo, R. Ofatumumab — A Potential Subcutaneous B-cell Therapy for
Relapsing Multiple Sclerosis. Eur. Neurol. Rev. 2020, 15, 27-35,
doi:10.17925/ENR.2020.15.1.27.

Lamb, Y.N. Ocrelizumab: A Review in Multiple Sclerosis. Drugs 2022, 82,
323-334, doi:10.1007/540265-022-01672-9.

Sormani, M.P.; Schiavetti, I.; Landi, D.; Carmisciano, L.; De Rossi, N.;
Cordioli, C.; Moiola, L.; Radaelli, M.; Immovilli, P.; Capobianco, M.; et al.
SARS-CoV-2 serology after COVID-19 in multiple sclerosis: An
international cohort study. Mult. Scler. 2021,

82



62.

63.

64.

65.

66.

67.

68.

69.

70.

doi:10.1177/13524585211035318.

Peeters, L.M.; Parciak, T.; Walton, C.; Geys, L.; Moreau, Y.; De Brouwer,
E.; Raimondi, D.; Pirmani, A.; Kalincik, T.; Edan, G.; et al. COVID-19 in
people with multiple sclerosis: A global data sharing initiative. Mult. Scler.
2020, 26, 1157-1162, doi:10.1177/1352458520941485.

Kreye, J.; Reincke, S.M.; Priiss, H. Do cross-reactive antibodies cause
neuropathology in COVID-19? Nat. Rev. Immunol. 2020, 20, 645—646.
Zabalza, A.; Cardenas-Robledo, S.; Tagliani, P.; Arrambide, G.; Otero-
Romero, S.; Carbonell-Mirabent, P.; Rodriguez-Barranco, M.; Rodriguez-
Acevedo, B.; Restrepo Vera, J.L.; Resina-Salles, M.; et al. COVID-19 in
multiple sclerosis patients: susceptibility, severity risk factors and
serological response. Eur. J. Neurol. 2020, doi:10.1111/ene.14690.
Berger, J.R.; Brandstadter, R.; Bar-Or, A. COVID-19 and MS disease-
modifying therapies. Neurol. Neuroimmunol. neuroinflammation 2020, 7,
doi:10.1212/NXI1.0000000000000761.

Willis, M.D.; Robertson, N.P. Multiple sclerosis and the risk of infection:
considerations in the threat of the novel coronavirus, COVID-19/SARS-
CoV-2. J. Neurol. 2020.

Czarnowska, A.; Brola, W.; Zajkowska, O.; Rusek, S.; Adamczyk-Sowa,
M.; Kubicka-Baczyk, K.; Kalinowska-Lyszczarz, A.; Kania, K.; Stowik,
A.; Wnuk, M.; et al. Clinical course and outcome of SARS-CoV-2
infection in multiple sclerosis patients treated with disease-modifying
therapies — the Polish experience. Neurol. Neurochir. Pol. 2021, 55, 212—
222, doi:10.5603/PINNS.A2021.0031.

Chilimuri, S.; Mantri, N.; Gongati, S.; Zahid, M.; Sun, H. COVID-19
Vaccine Failure in a Patient with Multiple Sclerosis on Ocrelizumab.
Vaccines 2021, 9, 1-3, doi:10.3390/VACCINES9030219.

Sormani, M.P.; Schiavetti, I.; Carmisciano, L.; Inglese, M.; Laroni, A.;
Lapucci, C.; Uccelli, A.; Inglese, M.; Da Rin, G.; Serrati, C.; et al. Effect of
SARS-CoV-2 mRNA vaccination in MS patients treated with disease
modifying therapies. EBioMedicine 2021, 72,
doi:10.1016/J.EBIOM.2021.103581.

Tallantyre, E.C.; Vickaryous, N.; Anderson, V.; Asardag, A.N.; Baker, D.;
Bestwick, J.; Bramhall, K.; Chance, R.; Evangelou, N.; George, K.; et al.

83



71.

COVID-19 Vaccine Response in People with Multiple Sclerosis. Ann.
Neurol. 2022, 91, 89-100, doi:10.1002/ANA.26251.

Czarnowska, A.; Tarasiuk, J.; Zajkowska, O.; Wnuk, M.; Marona, M.;
Nowak, K.; Stowika, A.; Jamroz-Wisniewska, A.; Rejdak, K.; Lech, B.; et
al. Safety of Vaccines against SARS-CoV-2 among Polish Patients with
Multiple Sclerosis Treated with Disease-Modifying Therapies. Vaccines
2022, 10, 1-11, doi:10.3390/vaccines10050763.

84



17. Zgoda Komisji Bioetycznej

KOMISJA BIOETYCZNA PRZY
UNIWERSYTECIE MEDYCZNYM W BIALYMSTOKU
ul. Jana Kilinskiego |
15-089 Biatystok
tel. (085) 748 5407, fax. (085) 748 55 08
komisjabioetyczna@umb.edu.pl

Bialystok, 25.06.2020 r.

Uchwala nr: APK.002.230.2020

Komisja Bioetyczna przy Uniwersytecie Medycznym w Biatymstoku, po
zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP/ Guidelines for
Good Clinical Practice - wyraza zgode naprowadzenie tematu
badawczego: ,,Ocena syntezy przeciwciat IgG, IgM, IgA przeciwko SARS-
CoV-2 w wybranych chorobach neurozwyrodnieniowych” przez prof, dr hab.
Barbare Mroczko wraz z/Z¢spotem badawczym z UMB,

Przewodniczaca Kogfisjj Bigetycznej przy UMB

prof, dr hab. Otylfa KOwAl-Blelecka

85



18. Oswiadczenia wspoltautorow

Informacja o charakterze udziatu wspétautorow w publikacji:

»The Significance of COVID-19 Immunological Status in Severe Neurological Complications and
Multiple Sclerosis-A Literature Review” Kulikowska J, Kulczyriska-Przybik A, Mroczko B,
Kutakowska A.. Int J Mol Sci. 2021 May 31;22(11):5894. doi: 10.3390/ijms22115894. PMID:
34072715; PMCID: PMC8199258.

Imig i nazwisko wspétautora Charakter udziatu

Opracowanie koncepcji, metodologii, przeglad i analiza
Joanna Kulikowska literatury, przygotowanie manuskryptu.

Opracowaniu koncepcji, metodologii, danych
Agnieszka Kulezyiiska-Przybik zrédtowych publikacji oraz ocena i nadzorowanie

merytoryczne i przygotowywanie publikacji.

Opracowanie koncepcji, danych zrédtowych publikacji
oraz nadzorowanie merytoryczne przygotowywania
publikacji.

Barbara Mroczko

Opracowanie koncepcji, danych zrédtowych publikacji
Alina Kulakowska oraz nadzorowanie merytoryczne i administracyjne
przygotowywania publikacji.

Oswiadczam, ze wszyscy wspotautorzy wyrazili zgodg na wykorzystanie powyzszej publikacji w pracy
doktorskiej lek. Joanny Kulikowskiej

Po(llpis kandydata

Y A L5
LU (YU A Y

v,

Joanna Kulik

LEKA

3707428

Potwierdzam opisany powyzej merytoryczny wklad kandydata w powstanie publikacji wehodzacej w

sktad rozprawy doktorskiej.
Cel L

Podpis promotora

86



Agnieszka Kulczynska-Przybik ’xQRNY\rO[L ‘25— o3 QQLL{
e ¢ ¢ 5,

imig i nazwisko wspdlautora miejscowosé, data
Zaktad Diagnostyki Biochemicznej

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji: ,,The Significance of COVID-19
Immunological Status in Severe Neurological Complications and Multiple Sclerosis—A
Literature Review”, autordw Joanna Kulikowska, Agnieszka Kulczyriska-Przybik, Barbara
Mroczko, Alina Kutakowska, opublikowanej w International Journal of Molecular Science,
wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwciaf przeciwko biatku N i S wirusa
SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym” polegat na opracowaniu koncepcji,
metodologii, danych Zrédtowych publikacji oraz ocenie i nadzorowaniu merytorycznym i
administracyjnym  przygotowywania publikacji. Jednoczesnie wyrazam zgode na
wykorzystanie przez Joanne Kulikowskg publikacji w postepowaniu o nadanie stopnia doktora
w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

Aguiesaa Kulearie

[Podpis]

87

)



Barbara Mroczko

imig i nazwisko wspdlautora iejscowosé, data

Zakfad Diagnostyki Biochemicznej

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji: ,,The Significance of COVID-19
Immunological Status in Severe Neurological Complications and Multiple Sclerosis—A
Literature Review”, autoréw Joanna Kulikowska, Agnieszka Kulczyriska-Przybik, Barbara
Mroczko, Alina Kutakowska, opublikowanej w International Journal of Molecular Science,
wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwciat przeciwko biatku N i S wirusa
SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym” polegat na opracowaniu koncepcji,
danych Zrédtowych publikacji oraz nadzorowaniu merytorycznym przygotowywania
publikacji. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne Kulikowska publikacji
W postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu
w dyscyplinie nauki medyczne.

[Podpis]

KIE (0\'\\]]\
Zakkagu u) vk
Chorob N lm/ Y\/\u wich

prof. dr hu/ ”'x}‘ /nh aQ Iun/l\u

88

Prodystac 5.0 2024



Alina Kutakowska %/A &/Q\OQ’(. » /(L{ 0324
> [ e

imig i nazwisko wspétautora miejscowosé, data
Klinika Neurologii

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji: ,,The Significance of COVID-19
Immunological Status in Severe Neurological Complications and Multiple Sclerosis—A
Literature Review”, autoréw Joanna Kulikowska, Agnieszka Kulczyriska-Przybik, Barbara
Mroczko, Alina Kutakowska, opublikowanej w International Journal of Molecular Science,
wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwciat przeciwko biatku N i S wirusa
SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym” polegat na opracowaniu koncepcji,
danych Zrédtowych publikacji oraz nadzorowaniu merytorycznym i administracyjnym
przygotowywania publikacji. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne
Kulikowskga publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk
medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]

Wive £D3

89



Informacja o charakterze udziatu wspotautoréw w publikacji:

»Antibodies against SARS-CoV-2 S and N proteins in relapsing-remitting multiple sclerosis
patients treated with disease-modifying therapies” Kulikowska Joanna, Czarnowska Agata,
Gudowska-Sawczuk Monika, Kulczyriska-Przybik Agnieszka, Bazylewicz Marcin, Collins
Francois, Chorazy Monika, Mroczko Barbara, Kochanowicz Jan, Kapica-Topczewska Katarzyna,
Kutakowska Alina:, Neurologia i Neurochirurgia Polska, vol. 57, no. 1, 2023, pp. 121-130,
DOI:10.5603/PJNNS.a2022.0067

Imig i nazwisko wsp6lautora Charakter udziatu

Projektowanie, metodologia, administracja projektu,
formalna analiza i selekcja danych, zebranie materiatu
Joanna Kulikowska badawczego, przeprowadzenie badan przeglad

literatury, przygotowanie manuskryptu.

Projektowanie, przeprowadzanie badan, analiza bazy

Agata Czarnowska danych i uzyskanych wynikéw oraz wspéttworzenie

manuskryptu.

Projektowanie przeprowadzonych badan, analiza bazy
danych i uzyskanych wynikéw oraz wspéttworzenie
manuskryptu.

Monika Gudowska-Sawczuk

Planowanie i przeprowadzanie opublikowanych badan
Agnieszka Kulczyriska-Przybik oraz selekcja i analiza zebranych danych i bibliografii,
wspottworzenie oryginalnego manuskryptu.

Formalna analiza danych, w tym bazy danych oraz

Marcin Bazylewicz wspottworzenie oryginalnego manuskryptu.

Tworzenie bazy danych, analiza statystyczna zebranych

Francois Collins danych oraz wspoftworzenie oryginalnego

manuskryptu.

Analiza i selekcja zgromadzonych danych i bibliografii

Monika Chorazy oraz uczestnictwo w edycji manuskryptu.

Opracowanie koncepcji badan i ich metodologii, edycja

Barbara Mroczko manuskryptu oraz nadzér merytoryczny.
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Analiza uzyskanych danych, edycja manuskryptu,

Jan Kochanowicz pozyskanie finansowania oraz nadzor merytoryczny.

Nadzorowanie przeprowadzonych badan, analizie
danych oraz ocena merytoryczna oraz edycja
oryginalnego manuskryptu.

Katarzyna Kapica-Topczewska

Opracowanie koncepcji przeprowadzonych badan,
analiza uzyskanych danych wynikow, pozyskanie
Alina Kulakowska finansowania, ocena i edycja manuskryptu oraz nadzér
merytorycznym nad przeprowadzanymi badaniami i

procesem publikacji.

Oswiadczam, ze wszyscy wspolautorzy wyrazili zgode na wykorzystanie powyzszej publikacji w pracy
doktorskiej lek. Joanny Kulikowskiej

Podpis kandydata

A OAN N ol U Ko

@) Joanna Kulikowska
LEKARZ
3707428

Potwierdzam opisany powyzej merytoryezny wklad kandydata w powstanie publikacji wchodzacej w

sklad rozprawy doktorskiej.
7

Podpis promotora
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Alina Kutakowska %-y@cﬁ\% ( /{Q 0324

imig i nazwisko wspétautora miejscowos¢, data
Klinika Neurologii

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz méj udziat w przygotowaniu publikacji: ,,The Significance of COVID-19
Immunological Status in Severe Neurological Complications and Multiple Sclerosis—A
Literature Review”, autoréw Joanna Kulikowska, Agnieszka Kulczyniska-Przybik, Barbara
Mroczko, Alina Kutakowska, opublikowanej w International Journal of Molecular Science,
wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwciat przeciwko biatku N i S wirusa
SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym” polegat na opracowaniu koncepcji,
danych Zrédtowych publikacji oraz nadzorowaniu merytorycznym i administracyjnym
przygotowywania publikacji. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne
Kulikowskg publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk
medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Agnieszka Kulczyniska-Przybik j@]ﬁm\-@(ﬁ 25 o3 ml[,(

imig i nazwisko wspolautora miejscowo$¢, data
Zakfad Diagnostyki Biochemicznej
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadczam, iz mdj udziat w przygotowaniu publikacji: ,, The Significance of COVID-19
Immunological Status in Severe Neurological Complications and Multiple Sclerosis—A
Literature Review”, autoréw Joanna Kulikowska, Agnieszka Kulczyriska-Przybik, Barbara
Mroczko, Alina Kutakowska, opublikowanej w International Journal of Molecular Science,
wchodzacej w sktad rozprawy doktorskiej,, Analiza przeciwciat przeciwko biatku N i S wirusa
SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym’ polegat na opracowaniu koncepcji,
metodologii, danych Zrédtowych publikacji oraz ocenie i nadzorowaniu merytorycznym i
administracyjnym  przygotowywania publikacji. Jednocze$nie wyrazam zgode na
wykorzystanie przez Joanne Kulikowska publikacji w postepowaniu o nadanie stopnia doktora
w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

-A%iexxm ACACW‘«\Q

[Podpis]
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Alina Kutakowska \pj QV\QQ«\ /{ k{ (L) ?) . E/L,

imie i nazwisko wspdlautora miejscowosé, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadezam, iz méj udziat w przygotowaniu publikacji:,, Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’’ autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnieszka Kulezynska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorgzy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kulakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w sktad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym’’ polegat na konceptualizacji przeprowadzonych badan, walidacji
uzyskanych danych wynikéw, pozyskaniu finansowania, ocenie i edycji manuskryptu oraz
nadzorze merytorycznym nad przeprowadzanymi badaniami i procesem publikacji.
Jednoczesnie wyrazam zgode na wykorzystanie przez Joanng Kulikowska publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

[Podpis]
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Barbara Mroczko

{bI\O@sﬁ‘JC)C(DZ SO0, /\)/O?/C(

imig i nazwisko wspdlautora miejscowosc, data
Zaktad Diagnostyki Biochemicznej
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Os$wiadczam, iz méj udziat w przygotowaniu publikacji: ,,Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’” autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorgzy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kutakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w skiad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym’’ polegat na opracowaniu koncepcji badan i ich metodologii, edycji
manuskryptu oraz nadzorze merytorycznym. Jednoczesnie wyrazam zgodg na wykorzystanie
przez Joanne Kulikowska publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie
nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Marcin Bazylewicz

Bloae >l S-04-200y

imig i nazwisko wspélautora miejscowosé, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz moj udziat w przygotowaniu publikacji: ,,Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’” autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnicszka Kulezynhska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorazy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kutakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w skiad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym *’ polegal na na formalnej analizie danych, w tym bazy danych oraz
wspdltowrzeniu oryginalnego manuskryptu. Jednoczesnie wyrazam zgode na wykorzystanie
przez Joanng Kulikowskg publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie
nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis
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Monika Chorazy P),r >, ;ujgzp[g, 25 oy ,Z/OL%

imig i nazwisko wspélautora miejscowos¢, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadezam, iz méj udzial w przygotowaniu publikacji: ,,Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’” autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawezuk,
Agnieszka Kulezyniska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorazy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kutakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w sklad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentow ze
stwardnieniem rozsianym’’ polegat na polegal na analizie i selekcji zgromadzonych danych i
bibliografii oraz uczestnictwie w edycji manuskryptu. Jednoczesnie wyrazam zgodg na
wykorzystanie przez Joanne Kulikowska publikacji w postepowaniu o nadanie stopnia doktora
w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Agata Czarnowska .

Brotusiog A3 04- 2oLy

imig i nazwisko wspdlautora “miejscowos¢, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie
Os$wiadczam, iz mo6j udziat w przygotowaniu publikacji:

»Antibodies against SARS-CoV-2 S and N proteins in relapsing-remitting multiple sclerosis
patients treated with disease-modifying therapies’” autoréw Joanna Kulikowska, Agata
Czarnowska, Monika Gudowska-Sawczuk, Agnieszka Kulczyfska-Przybik, Marcin
Bazylewicz, Francois Collins, Monika Chorazy, Barbara Mroczko, Jan Kochanowicz,
Katarzyna Kapica-Topczewska, Alina Kulakowska, opublikowanej w Neurologii i
Neurochirurgii Polskiej, wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym * polegat
na projektowaniu przeprowadzonych badan, analizie bazy danych i uzyskanych wynikéw oraz
wspéttworzeniu manuskryptu. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne
Kulikowska publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk
medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Monika Gudowska-Sawczuk ) . Bes
Piarystac S -0U. 20ey

imig i nazwisko wspélautora miejscowosé, data
Zaklad Diagnostyki Biochemicznej
nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. J. Kilifskiego 1
15-089 Biatystok

Oswiadczenie
Oswiadczam, iz méj udziat w przygotowaniu publikacji:

»Antibodies against SARS-CoV-2 S and N proteins in relapsing-remitting multiple sclerosis
patients treated with disease-modifying therapies’” autoréw Joanna Kulikowska, Agata
Czarnowska, Monika Gudowska-Sawczuk, Agnieszka Kulezynska-Przybik, Marcin
Bazylewicz, Francois Collins, Monika Chorgzy, Barbara Mroczko, Jan Kochanowicz,
Katarzyna Kapica-Topczewska, Alina Kulakowska, opublikowanej w Neurologii i
Neurochirurgii Polskiej, wchodzacej w skiad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentow ze stwardnieniem rozsianym’’ polegat
na projektowaniu przeprowadzonych badan, analizie bazy danych i uzyskanych wynikéw oraz
wspditworzeniu manuskryptu. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne
Kulikowska publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk
medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Francois Collins

imie i nazwisko wspélautora Tychy, 03.06.2024
migiscowosé, data

niezalezny konsultant statystyczny
nazwa jednostki

Oswiadczenie

Oswiadezam, iz méj udzial w przygotowaniu publikacji: ,Antibodies against SARS-CoV-2 §
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’ autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnieszka Kulczynska-Przybik, Marcin Bazylewicz. Francois Collins, Monika Chorazy.
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topezewska, Alina Kulakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej wchodzacej w sklad rozprawy
doktorskiej ,, Analiza przeciweial przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym’’ polegat na tworzeniu bazy danych, analizie statystycznej zebranych
danych oraz wspoltworzeniu oryginalnego manuskryptu. Jednoczesnie wyrazam zgode na
wykorzystanie przez Joanng Kulikowsks publikacji w postgpowaniu o nadanie stopnia doktora
w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Alina Kutakowska \Q) %Q( /{ k{ 0% 8(7

imig i nazwisko wspolautora miejscowosé, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadczam, iz méj udzial w przygotowaniu publikacji:, Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’’ autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnieszka Kulezyfiska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorgzy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kutakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w sktad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym’’ polegat na konceptualizacji przeprowadzonych badan, walidacji
uzyskanych danych wynikow, pozyskaniu finansowania, ocenie i edycji manuskryptu oraz
nadzorze merytorycznym nad przeprowadzanymi badaniami i procesem publikacji.
Jednoczesnie wyrazam zgode na wykorzystanie przez Joanne Kulikowska publikacji w
postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

[Podpis
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Katarzyna Kapica-Topczewska 5
BoTysia, AS.0Y- 202

imig i nazwisko wspdlautora & iejscowos¢, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Of$wiadezam, iz moj udziat w przygotowaniu publikacji: ,,Antibodies against SARS-CoV-2 S
and N proteins in relapsing-remitting multiple sclerosis patients treated with disease-modifying
therapies’’ autoréw Joanna Kulikowska, Agata Czarnowska, Monika Gudowska-Sawczuk,
Agnieszka Kulczynhska-Przybik, Marcin Bazylewicz, Francois Collins, Monika Chorazy,
Barbara Mroczko, Jan Kochanowicz, Katarzyna Kapica-Topczewska, Alina Kutakowska,
opublikowanej w Neurologii i Neurochirurgii Polskiej, wchodzacej w skiad rozprawy
doktorskiej ,, Analiza przeciwcial przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze
stwardnieniem rozsianym’’ polegat na nadzorowaniu przerowadzonych badan, analizie danych
oraz ocenie merytorycznej oraz edycji oryginalnego manuskryptu. Jednoczesnie wyrazam
zgodg na wykorzystanie przez Joanng Kulikowska publikacji w postepowaniu o nadanie stopnia
doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Informacja o charakterze udziatu wspdlautoréw w publikacji:

"Analysis of the Presence and Levels of IgG Antibodies Directed against the S1 Protein Receptor
Binding Domain and the N Protein of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with

Immunomodulatory Therapies"

Kulikowska, Joanna, Katarzyna Kapica-Topczewska, Monika

Gudowska-Sawczuk, Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Miroiczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, and et al. 2024. Vaccines 12;
no. 3: 255. https://doi.org/10.3390/vaccines12030255

Imig i nazwisko wspétautora

Charakter udziatu T

Joanna Kulikowska

Projektowanie, metodologia, zbieranie materiatu,
przeprowadzenie badan, formalna analiza i selekcja danych,
przeglad literatury, przygotowanie oryginalnego
manuskryptu,

Katarzyna Kapica-Topczewska

Projektowanie i nadzorowanie przeprowadzonych
badan, analiza danych oraz wspottworzenie
oryginalnego manuskryptu.

Monika Gudowska-Sawczuk

Zaplanowanie i realizacja czesci metodologicznej i
laboratoryjnej przeprowadzonych badar oraz selekcja i
analiza zebranych danych, wspottworzenie
manuskryptu.

Agnieszka Kulczyniska-Przybik

Planowanie, przeprowadzanie opublikowanych badan
oraz analiza zebranych danych i bibliografii,
wspoltworzenie manuskryptu.

Marcin Bazylewicz

Analizie danych, w tym bazy danych, wspdttworzenie
manuskryptu.

Anna Miroficzuk

Analiza danych, w tym bazy danych, wspéttworzenie
manuskryptu.

Agata Czarnowska

Przeprowadzenie opublikowanych badan oraz selekcja
zebranych danych, edycja manuskryptu.

Waldemar Brola

Analiza i selekcja zgromadzonych danych i bibliografii
oraz uczestnictwo w edycji manuskryptu.

Barbara Mroczko

Opracowanie koncepcji badaf 1 ich metodologii, edycja
manuskryptu oraz nadzoér merytoryczny.
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Analiza uzyskanych danych, edycja manuskryptu,
Jan Kochanowicz pozyskanie finansowania oraz nadzér merytorycznym

Opracowanie koncepcji badan, walidacja uzyskanych
danych wynikéw, pozyskanie finansowania, ocena i
Alina Kulakowska edycja manuskryptu oraz nadzér merytoryczny nad
przeprowadzanymi badaniami i procesem publikacji.

Oswiadczam, ze wszyscy wspétautorzy wyrazili zgode na wykorzystanie powyzszej publikacji w pracy
doktorskiej lek. Joanny Kulikowskiej

Podpis kandydata
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Potwierdzam opisany powyzej merytoryczny wktad kandydata w powstanie publikacji wchodzacej w

sktad rozprawy doktorskiej. .
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Katarzyna Kapica-Topczewska o _ S
Podu 57 L5-OU -&)lu{

imig i nazwisko wspélautora (niejscowosé, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autorow Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczyfiska-Przybik, Marcin Bazylewicz, Anna Mironczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w skiad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym’’ polegat
na projektowaniu i nadzorowaniu przeprowadzonych badan, analizie danych oraz
wspoltworzeniu oryginalnego manuskryptu. Jednoczesnie wyrazam zgode na wykorzystanie
przez Joanng Kulikowska publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie
nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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Agata Czarnowska L e o

b ulpj S0 (S -OU- LD Ly
imig i nazwisko wspdlautora C miejscowosé, data
Klinika Neurologii

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Oswiadczam, iz m6j udziat w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies”’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Mirofczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kulakowska,
opublikowanej w Vaccines, wchodzacej w sklad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym’’ polegat
na udziale w przeprowadzeniu opublikowanych badan, selekcji zebranych danych oraz edycji
manuskryptu Jednoczesnie wyrazam zgode na wykorzystanie przez Joanng Kulikowska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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imig [ nazwisko wspélautora miejscowos¢, data
Zaktad Diagnostyki Biochemiczne;j
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Os$wiadczam, iz m6j udzial w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autorow Joanna Kulikowska, Katarzyna Kapica-1opczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Mirofczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w skiad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentow ze stwardnieniem rozsianym’’ polegat
na opracowaniu koncepcji badan i ich metodologii, edycji manuskryptu oraz nadzorze
merytorycznym. Jednocze$nie wyrazam zgod¢ na wykorzystanie przez Joanng Kulikowska
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o
zdrowiu w dyscyplinie nauki medyczne.

[Podpis]
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imig i nazwisko wspélautora miejscowosé, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Os$wiadczam, iz méj udzial w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the SI Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Mirofczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w sklad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym leczonych’’
polegat na analizie danych, w tym bazy danych, wspottworzeniu manuskryptu. Jednoczesnie
wyrazam zgode na wykorzystanie przez Joanne Kulikowska publikacji w postgpowaniu o
nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

[Podpis]
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mig | nazwisko wspdlawtora migjscowosé, data

Collegium Medicum, Uniwersytet Jana Kochanowskiego w Kielcach
nazwa jednostki

Al IX Wiekéw
19, 25-317 Kielce, Polska

Oéwiadezenie

O$wiadezam, i% mdéj udziat w przygotowaniu publikacji: ,,4nalysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies®’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topezewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczyfska-Przybik, Marcin Bazylewicz, Anna Mironiczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kulakowska,
opublikowanej w Vaccines, wehodzacej w sktad rozprawy doktorskiej ,, Analiza praeciwcial
praeciwko bialku N i S wirusa SAR-CoV-2 u pacjentéw ze siwardnieniem rozsianym’’ polegat
na analizie i selekcji zgromadzonych danych i bibliografii oraz uczestnictwie w edycji
manuskryptu. Jednoczednie wyrazam zgode na wykorzystanie przez Joanng Kulikowsks
publikacji w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o

zdrowiu w dyscyplinie nauki medyczne,
A/ %‘ [Podpis]
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imig i nazwisko wspélautora miejscowos¢, data
Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

O$wiadezam, iz méj udziat w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Recepior Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autor6w Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczyniska-Przybik, Marcin Bazylewicz, Anna Mironczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym’’ polegat
na analizie danych, w tym bazy danych oraz wspéttworzenie manuskryptu. Jednoczes$nie
wyrazam zgode na wykorzystanie przez Joanne Kulikowska publikacji w postgpowaniu o
nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.
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Zaklad Diagnostyki Biochemicznej
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

Os$wiadczam, iz méj udziat w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies”’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczyfiska-Przybik, Marcin Bazylewicz, Anna Miroficzuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym leczonych’
polegat na zaplanowaniu i relizacji cze$ei metodologicznej i laboratoryjnej przeprowadzonych
badan oraz selekcji i analizie zebranych danych, wspéttworzeniu manuskryptu. Jednoczesnie
wyrazam zgode na wykorzystanie przez Joanng Kulikowska publikacji w postgpowaniu o
nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki
medyczne.

[Podpis]
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Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Os$wiadczam, iz moj udziat w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Mironczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym’’ polegat
na konceptualizacji przeprowadzonych badan, walidacji uzyskanych danych — wynikow,
pozyskaniu finansowania, ocenie i edycji manuskryptu oraz nadzorze merytorycznym nad
przeprowadzanymi badaniami i procesem publikacji. Jednocze$nie wyrazam zgode na
wykorzystanie przez Joanng Kulikowska publikacji w postgpowaniu o nadanie stopnia doktora
w dziedzinie nauk medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.
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imie i nazwisko wspdtautora miejscowosé, data
Zaklad Diagnostyki Biochemicznej
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Os$wiadczenie

O$wiadczam, iz méj udziat w przygotowaniu publikacji: ,,Analysis of the Presence and Levels
of IgG Antibodies Directed against the SI Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autoréw Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Miroficzuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kutakowska,
opublikowanej w Vaccines, wehodzacej w skiad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentéw ze stwardnieniem rozsianym leczonych’
polegat na zaplanowaniu, wspéiprowadzeniu badan, analizie zebranych danych i bibliografii,
wspottworzeniu manuskypru. Jednoczesnie wyrazam zgode na wykorzystanie przez Joanng
Kulikowska publikacji w postepowaniu o nadanie stopnia doktora w dziedzinie nauk
medycznych i nauk o zdrowiu w dyscyplinie nauki medyczne.
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Klinika Neurologii
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Os$wiadczam, iz méj udzial w przygotowaniu publikacji: ,,dnalysis of the Presence and Levels
of IgG Antibodies Directed against the S1 Protein Receptor Binding Domain and the N Protein
of SARS-CoV-2 in Patients with Multiple Sclerosis Treated with Immunomodulatory
Therapies’’ autorow Joanna Kulikowska, Katarzyna Kapica-Topczewska, Monika Gudowska-
Sawczuk, , Agnieszka Kulczynska-Przybik, Marcin Bazylewicz, Anna Mironczuk, Agata
Czarnowska, Waldemar Brola, Barbara Mroczko, Jan Kochanowicz, Alina Kufakowska,
opublikowanej w Vaccines, wchodzacej w sktad rozprawy doktorskiej ,, Analiza przeciwcial
przeciwko biatku N i S wirusa SAR-CoV-2 u pacjentow ze stwardnieniem rozsianym’’ polegat
na walidacji uzyskanych danych, pozyskaniu finansowania oraz nadzorze merytorycznym.
Jednocze$nie wyrazam zgode na wykorzystanie przez Joanng Kulikowska publikacji w
postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu w
dyscyplinie nauki medyczne.

[Podpis]
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