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Pouzité zkratky

pg, mikrogram

pl, mikrolitr

ACE2, angiotenzin-konvertujici enzym 2 (angiotensin-converting enzyme 2)
ADCC, na protilatkach zavislad bunécna cytotoxicita (antibody-dependent cellular cytotoxicity)
ADCP, na protilatkach zavisla bunécna fagocytodza (antibody-dependent cellular phagocytosis)
AKI, akutni poskozeni ledvin (acute kidney injury)

APOL1, apolipoprotein L1

ARDS, syndrom akutni dechové tisn¢ (acute respiratory distress syndrome)

AU, arbitrarni jednotka (arbitrary unit)

BMLI, index télesné hmotnosti (body mass index)

CD, cluster of differentiation

CD4-CTL, CD4+ cytotoxické T-lymfocyty

CDC, komplement-dependentni cytotoxicita (complement-dependent cytotoxicity)
CI, interval spolehlivosti (confidence interval)

CLIA, chemiluminiscen¢ni imunoanalyza (chemiluminescent immunoassay)

CNI, inhibitor kalcineurinu (calcineurin inhibitor)

COVAN, nefropatie asociovana s covidem-19 (covid-19 associated nephropathy)
Covid-19, coronavirus disease 2019

Ct, cycle treshold

DAMP, damage-associated molecular patterns

DMYV, double-membrane vesicle

DNA, deoxyribonukleové kyselina (deoxyribonucleic acid)

dsRNA, dvouvlaknova ribonukleova kyselina (double-stranded ribonucleic acid)
eGFR, odhadovana glomerularni filtrace (estimated glomerular filtration rate)
ELISA, enzyme-linked immunosorbent assay

FcyR, receptor pro Fc fragment imunoglobulinu

FOXP3, forkhead box protein P3

HCoV, lidsky koronavirus (human coronavirus)

HIF, transkrip¢ni faktor indukovany hypoxii (hypoxia-inducible factor)

IFA, indirect immunofluorescence assay

IFN, interferon
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IGRA, interferon-y release assay

IL, interleukin

IQR, mezikvartilové rozpéti (interquartile range)

IR, mira incidence (incidence rate)

IRR, pomér miry incidence (incidence rate ratio)

ISGs, geny stimulované interferonem (interferon-stimulated genes)
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JAK/STAT, janus kinase/signal transducers and activators of transcription
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LFIA, lateral flow immunoassay

LGP2, laboratory of genetics and physiology 2

MDAS, melanoma differentiation-associated protein 5

MERS-CoV, blizkovychodni respiratni syndrom (Middle East respiratory syndrome
coronavirus)
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mTOR, mammalian target of rapamycin
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protein S, spike

PRRs, pattern recognition receptors
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Abstrakt

Pacienti po transplantaci ledviny jsou jednou z nejohrozenéjSich skupin z hlediska umrti na
covid-19 a vzhledem k vysoké mortalité ve srovnani s obecnou populaci je potiebné rozsirit
soucasné poznatky tykajici se imunitni odpovédi jak po ptirozené infekci virem SARS-CoV-2,
tak po vakcinaci. Cilem této prace je analyza faktori ovliviujicich postinfekéni
a postvakcinacni imunitni odpovéd’ u pacienti po transplantaci ledviny, identifikace jedinct
v nejvyssim riziku onemocnéni a stanoveni miry ochrany, kterou vakciny proti SARS-CoV-2
témto pacientim poskytuji. Mefenim IgG protilatek proti spike proteinu jsme u pacientli po
transplantaci ledviny prokdzali zachovanou humoralni odpovéd po infekci virem
SARS-CoV-2 srovnatelnou s obecnou populaci, ktera je navic zavislad na zdvaznosti prabéhu
samotného onemocnéni. Analyzou postvakcinaéni imunity se u virus-naivnich pacientl
ockovanych po transplantaci potvrdila vyrazné snizend humoralni odpovéd’. Naopak u jedinct,
kteti v minulosti prod¢€lali covid-19, byla protilatkova odpovéd’ po vakcinaci robustni. Dalsi
skupinou pacientti se zachovanou humoralni odpovédi byli pacienti o¢kovani na ¢ekaci listing.
Nejvyznamnéj$imi faktory negativné ovlivilujicimi tvorbu protiladtek po vakcinaci byly
imunosupresivni 1é¢ba mykofenolat mofetilem, podani deplecni 1é¢by v poslednim roce pred
ockovanim, vy$§i vek pacienti a syndrom frailty neboli syndrom geriatrick¢ kiehkosti.
Nakonec jsme prokazali, ze i pfes snizenou postvakcinaéni imunitni odpovéd’ bylo o¢kovani
dvéma davkami mRNA vakciny proti SARS-CoV-2 asociovano se sniZzenim vyskytu infekce,

proto by mé&lo byt zakladni soucésti preventivnich opatfeni a nabizeno vSem pacientim.

Klicova slova
SARS-CoV-2, covid-19, transplantace ledviny, imunitni odpovéd’, protilatky, mRNA vakciny,

efektivita
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Abstract

Kidney transplant recipients are one of the most at-risk populations in terms of covid-19-related
death. Because of much higher mortality among these patients compared to the general
population, it is necessary to expand the current knowledge concerning the immune response
to natural SARS-CoV-2 infection as well as covid-19 vaccines. The aim of the study is to
analyze factors affecting immunity after infection and vaccination in kidney transplant
recipients, to identify individuals at the highest risk of the disease and determine the degree of
protection that SARS-CoV-2 vaccines offer to these patients. By measuring IgG antibodies
against the spike protein we confirmed preserved humoral response to SARS-CoV-2 infection
similar to the general population, which is also dependent on the course of covid-19. Analysis
of post-vaccination immune response revealed a significantly reduced humoral response among
virus-naive kidney transplant recipients. On the contrary, a robust antibody response following
vaccination was observed in individuals with a history of covid-19. Another group of patients
with well-preserved humoral response were those vaccinated while on the waiting list.
Immunosuppressive therapy with mycophenolate mofetil, treatment with depleting agents
during the last year, older age and frailty syndrome were among the most significant factors
negatively associated with antibody production following vaccination. Finally, we confirmed,
that despite a reduced post-vaccination immune response, two doses of mRNA vaccines against
SARS-CoV-2 were associated with lower infection rates and therefore should be an essential

part of preventive measures and offered to all patients.

Key words
SARS-CoV-2, covid-19, kidney transplantation, immune response, antibodies, mRNA

vaccines, effectiveness
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1. Uvod

Pandemie covidu-19 siln€ zasahla populaci pacientt po transplantaci ledviny a piinesla celou
fadu vyzev pro zdravotnické systémy, které o tyto pacienty pecuji. Ukazalo se, Ze pacienti po
transplantaci solidnich organti a pacienti v terminalnim stadiu onemocnéni ledvin jsou oproti
pacientiim s jinymi chronickymi nemocemi v nejvyssim riziku imrti na covid-19. Vyznamnym
rizikovym faktorem je rovnéz vyssi vek, pticemz lidé ve véku nad 70 let tvoti nejohrozengjsi
kohortu (Williamson E. J. et al., 2020) a tito jedinci piedstavuji nezanedbatelné procento
pacienti po transplantaci ledviny. Pochopeni aspektli imunitni odpovédi na infekci virem
SARS-CoV-2 a vakcinaci proti SARS-CoV-2 v populaci pacientll po transplantaci ledviny je
klicové, proto se tato problematika stala tématem této disertacni prace.

Ve srovnani s obecnou populaci je ¢asnd mortalita pacientl po transplantaci ledviny na
covid-19 velmi vysoka (28 % vs. 1-5 %) (Akalin E. et al., 2020). Z tohoto diivodu se u této
populace predpoklada oslabena imunitni odpovéd’ na SARS-CoV-2 infekci, podobné jako je
popisovano v piipade infekce virem chiipky (Hirzel C. et al., 2019). Navic na zéklad¢ studii
prokazujicich oslabenou imunitni odpovéd’ po ockovani proti viru chiipky v transplantované
populaci (Baluch A. et al., 2013) Ize také piedpokladat slabsi imunogenicitu vakcin proti
a identifikovat jedince v nejvyssim riziku nédkazy a zdvazného pribéhu covidu-19. K posouzeni
skute¢né miry ochrany vakcin, kterou pacientiim po transplantaci ledviny poskytuji, je nezbytné
stanoveni efektivity vakcin.

Prvni ¢ast prace se vénuje vSeobecnému popisu problematiky. Shrnuje nejen zakladni
charakteristiky viru SARS-CoV-2 a jeho variant, ale i koronaviri obecné¢, dale patogenezi
infekce vcetné popisu virového cyklu a poznatky o orgadnovém tropismu viru. Velkd ¢ast
pfehledu problematiky je pro oziejmeni rozdili mezi pacienty po transplantaci ledviny
zaméiena na imunitni odpovéd’ po ptirozené infekci v obecné populaci a na roli imunitniho
systému v patogenezi zavazného covidu-19, ke kterému imunosuprimovand populace
predisponuje. Déle se text zaméfuje na transplantovanou populaci, kde shrnuje poznatky
o postvakcina¢ni odpovédi a efektivité vakcin proti SARS-CoV-2. V neposledni fad¢ jsou pro
uceleny prehled v kratkosti uvedeny souc¢asné moznosti 1€cby covidu-19 s ohledem na populaci
v nejvyssim riziku progrese do zévazného onemocnéni, moznosti diagnostiky infekce

SARS-CoV-2 a testovani adaptivni imunity.
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V dalsi ¢asti prace jsou definovany cile a hypotéza, na které navazuji Ctyfi ptivodni
prace, které jsou podkladem disertace s popisem pouzitych metod a vysledki diskutovanych
in extenso v ramci jednotlivych kapitol.

Zaverecna diskuse shrnuje zasadni dosazené vysledky s ohledem na definovanou

hypotézu a cile.
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2. Prehled problematiky

2.1 Koronaviry a zdvazna onemocnéni jimi zptisobena

Koronaviry jsou obalené viry s jednovlaknovou RNA patiici do ¢eledi Coronaviridae z fadu
Nidovirales, rozliSujici se dale na 4 rody: Alphacoronavirus, Betacoronavirus, Gamma-
coronavirus a Deltacoronavirus. Jejich nazev je odvozen od latinského slova ,,corona®, nebot’
rozlozenim povrchovych proteinli piipominaji v elektronovém mikroskopu korunu. Z této
Siroce rozsifené skupiny virii je znamo 7 koronavirti schopnych infikovat ¢lovéka. Ctyfi z nich
(alfakoronaviry HCoV-229E a HCoV-NL63 a betakoronaviry HCoV-OC43 a HCoV-HKU1)
zpisobuji u lidi bézné nachlazeni a onemocnéni vykazuje sezonni charakter. Do poptedi zajmu
se koronaviry dostaly zejména v poslednich dvaceti letech, kdy doSlo k objevu tfi novych
koronavirti, betakoronaviri SARS-CoV (severe acute respiratory syndrome coronavirus),

MERS-CoV (Middle East respiratory syndrome coronavirus) a SARS-CoV-2 (severe acute

wewv

24

onemocnéni covid-19 (coronavirus disease 2019). Presny ptivod SARS-CoV-2 zatim nebyl
objasnén, predpokldda se jeho rozSifeni ze zvifecich rezervoarti, nejpravdépodobnéji
z vrapencu (Rhinolophus) (Temmam S. et al., 2022). Prvni pfipad infekce SARS-CoV-2 byl
identifikovan v prosinci roku 2019 v ¢inském mésté Wu-chan (Zhu N. et al., 2020) a velmi
rychle se ndkaza rozsitila do celého svéta. Dodnes (inor 2024) bylo celosvétove evidovano pies
774 miliont ptipadi infekce a vice nez 7 miliont umrti na onemocnéni covid-19. V Ceské
republice, jako jedné z nejvice postizenych zemi, bylo potvrzeno vice nez 4,7 milionti pfipada
nakazy a onemocnéni podlehlo vice neZ 43 tisic nemocnych (World Health Organization,
2024).

Covid-19 je onemocnéni se Sirokym klinickym spektrem postihujici dominantné
respirani systém ale i rizné jiné organové soustavy s moznymi dlouhodobymi nasledky.
Nejcasteji probihd onemocnéni mirné nebo stiedné zavazné s pfiznaky postizeni dolnich
dychacich cest, ale bez zndmek hypoxémie. Neobvykly neni ani asymptomaticky priib&h, na
druhou stranu vSak mulZe dojit k rozvinuti zavazného stavu se systémovou inflamaci,
respiraénim selhanim a rozvojem syndromu akutni dechové tisné (ARDS) (COVID-19
Treatment Guidelines Panel, National Institutes of Health, 2024, Lamers M. M., Haagmans B.
L., 2022).
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2.2 Genom a struktura SARS-CoV-2

SARS-CoV-2 je obaleny virus s jednovldknovou RNA s pozitivni polaritou. Genom
SARS-CoV-2 je jeden z nejvétSich z RNA virt velikosti kolem 30 kb (Kim D. et al., 2020),
kodujici celkem 29 proteinti. Geny pro nestrukturalni proteiny na 5" konci RNA predstavuji asi
dvé tietiny genomu SARS-CoV-2 a vytvaieji replikacni a transkripéni komplex. Na 3" konci
virové RNA se nachazeji geny kodujici 4 strukturdlni proteiny — spike (S), obalovy (E),
membranovy (M) a nukleokapsidovy protein (N), které se podileji na tvorb¢ virionu. Proteiny
S, E a M jsou integralni membranové proteiny. Jedinym strukturalnim proteinem nachézejicim
se uvnitt virionu je nukleokapsidovy protein N, jenz tvoii obal virové RNA. Mezi t€mito
strukturdlnimi geny lezi geny pro akcesorni proteiny (Yang H., Rao Z., 2021). VétSina
akcesornich, nestrukturalnich a strukturalnich proteini je navic schopna interferovat
s mechanismy vrozené imunity hostitele (Minkoff J. M., tenOever B., 2023). Kli¢ovym
v patogenezi infekce je protein S, jelikoZ vazbou na cilovy receptor determinuje virovy

tropismus. Je rovnéz cilem neutraliza¢nich protilatek (Piccoli L. et al., 2020).

2.3 Patogeneze infekce virem SARS-CoV-2

2.3.1 Zivotni cyklus viru

Ptedpokladem vstupu SARS-CoV-2 do hostitelské buniky je exprese cilového receptoru. Tim
je angiotenzin-konvertujici enzym 2 (ACE2) (Zhou P. et al., 2020), ktery je fyziologicky
soucasti renin-angiotenzin-aldosteronového systému a je Siroce distribuovan v lidskych
tkanich. Dulezitou roli v patogenezi infekce hraje virovy spike (S) protein. S protein je tvofen
dvéma podjednotkami; S1 podjednotka se vaze v misté receptorové vazebné domény (RBD) na
ACE2 receptor a prostifednictvim S2 podjednotky dochazi k fazi viru s hostitelskou membranou
(Walls A. C. et al., 2020).

Vstup viru do bunék nezavisi jenom na pfitomnosti ACE2 receptoru, ale také na expresi
bunéénych protedz aktivujicich spike protein. Vazba podjednotky S1 na ACE2 receptor vede
k odhaleni S2 podjednotky v blizkosti fuzniho peptidu v tzv. S2' oblasti. Tato oblast je St€pena
bunécnou proteazou, aby prostfednictvim fuzniho peptidu mohlo dojit ke spojeni viru
s hostitelskou membranou (Jackson C. B. et al., 2022). Hlavnimi bunéénymi protedzami jsou
povrchové transmembranova serinova proteaza 2 (TMPRSS2) (Hoffmann M. et al., 2020)
a endolysozomadlni cysteinovy katepsin L. Podle toho se rozliSuji dva mechanismy, kterymi
SARS-CoV-2 vstupuje do bunék. Cast&jsi je piima fuze viru s cilovou buiikou, které predchazi

roz$tépeni S2' oblasti protedzou TMPRSS2 na povrchu buiiky. Alternativné vstupuje virus do
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bunky prostfednictvim endocytézy, kdy je S2' oblast St€pena az v endolysozomu katepsinem.
Tento mechanismus umozituje vstup viru i do téch bunck, které TMPRSS2 neexprimuji,
ptipadné ve velmi omezené mite (Jackson C. B. et al., 2022). Na usnadnéni infekce by se mohly
podilet 1jiné hostitelské proteiny, navic byl identifikovan alternativni receptor pro virus
SARS-CoV-2 nezévisly na expresi ACE2 (Baggen J. et al., 2023).

Po internalizaci virionu s buitkou dochazi k uvolnéni virové RNA do cytoplazmy
a okamzité translaci na dva velké polyproteiny (ppla, pplab), které jsou virovymi protedzami
Stépeny na nestrukturalni proteiny (obr. 1). Ty se podileji na vytvoreni
replika¢né-transkripéniho komplexu, ktery produkuje replikacni meziprodukty opacné polarity
(-ssRNA, dsRNA) s naslednym vznikem genomické (+ssRNA) a subgenomické RNA. Virové
replikacni meziprodukty (-ssRNA, dsRNA) jsou kompartmentalizovany v replika¢nich
organelach, konkrétné¢ v membranovych veziklech (double-membrane vesicles, DMVs) (Klein
S. et al., 2020) vznikajicich z membran endoplazmatického retikula a Golgiho aparatu. Timto
jsou chranény pted rozpoznanim hostitelskymi senzory uplatiujicimi se ve vrozené imunitni
odpovédi, jak bude dale uvedeno. Translaci subgenomické RNA vznikaji akcesorni
a strukturalni proteiny (S, M, E, N) a pouze tyto Ctyfi proteiny jsou inkorporovany do virionu.
Nové¢ vytvorené proteiny S, M a E se spojuji s virovym genomem obalenym N proteinem
v intermediarnim kompartmentu endoplazmatického retikula a Golgiho aparatu, kde jsou
vzniklé viriony obaleny do vezikul (V'kovski P. et al., 2021, Diamond M. S., Kanneganti T. D.,
2022, Minkoff J. M., tenOever B., 2023). Kompletni viriony jsou nasledné¢ po fuzi
s hostitelskou membranou uvolnény exocytézou do extracelularniho prostoru (Klein S. et al.,
2020).

Dulezitym procesem, ktery nastava jesté pii syntéze virionu v infikovanych bunikach, je
proteolytické Stépeni spike proteinu v S1/S2 oblasti tvofené argininovymi zbytky. K tomu
dochazi prostfednictvim furinu, proprotein konvertazy, v Golgiho aparatu (obr. 2). Toto
proteolytické ,,pfedStépeni® S1/S2 oblasti furinem v infikovanych bunkach je predpokladem
pro druhé proteolytické Stépeni S2' oblasti protedzami cilovych bunék. Podjednotky S1 a S2
tak ziistavaji spojeny nekovalentni vazbou, ktera €ini spike protein méné stabilnim, ale sou¢asné
usnadiiuje vstup SARS-CoV-2 do dalsich cilovych bunék pii novém virovém cyklu (Hoffmann

M. et al., 2020, Shang J. et al., 2020, Jackson C. B. et al., 2022).
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2.3.2 Mutace a varianty SARS-CoV-2

Béhem virové replikace dochazi zcela prirozené k ndhodnym mutacim. Ve vétsi mife vznikaji
mutace u RNA viri nez u DNA vird (Sanjudn R., Domingo-Calap P., 2016) patrn¢ v dasledku
absence opravnych mechanismi. Naprosté vétSiné RNA virt totiz chybi 3'—5' exonukleazova
korek¢éni ,,proofreading® aktivita (Steinhauer D. A., 1992), proto jsou RNA replikazy
nachylnéjsi k chybam vzniklym béhem virové replikace. Vyjimkou jsou koronaviry, u kterych
byla potvrzena exonukledzova aktivita asociovana s nestrukturdlnim proteinem 14 (Minskaia
E. et al., 2006). Z tohoto diivodu maji koronaviry také jeden z nejvétsich genomti z RNA vira
(Sievers B. L. et al., 2024). VétSina vzniklych mutaci je nevyhodna pro samotny virus, proto
dochazi k jejich negativni selekci (Grubaugh N. D. et al., 2020). Nahromadénim nékolika
mutaci vznikaji nové varianty viru a klinicky dopad ma pak selekce téch, které jsou pro virus
vyhodné stran zvySené prenositelnosti, antigenicity ¢i imunitniho iniku. Nasledkem toho mtze
u nékterych variant dojit k ovlivnéni senzitivity diagnostickych test, efektivity antivirové
onemocnénti.

Od propuknuti pandemie covidu-19 bylo identifikovano né€kolik klinicky vyznamnych
variant, tzv. variant vzbuzujicich obavy (variants of concern, VOCs) — Alpha, Beta, Gamma,
Delta, Omicron. U vSech zminénych variant je pfitomna mutace spike proteinu. Pozitivni
selekci prosla mutace D614G, jedna z prvnich znamych mutaci, ktera zGstala zachovana béhem
pandemie covidu-19 napfi¢ vSemi vySe zminénymi variantami. Tato mutace kompenzuje
nestabilitu spike proteinu zesilenim vazby mezi S1 a S2 podjednotkou, kterd vznika
proteolytickym Stépenim v infikovanych buiikkach (Jackson C. B. et al., 2022, Chakraborty C.
et al., 2023).

Infekce témito variantami je spojena sriznym klinickym pribéhem covidu-19.
V metaanalyze 13 studii zahrnujicich varianty Alpha, Beta, Delta a Omicron byla s nejvétsi
klinickou zavaznosti spojena varianta Delta, a to ve vSech sledovanych kategoriich (riziko
hospitalizace v€etné hospitalizace na jednotkach intenzivni péce, mortality a hospitalizacni
mortality). Naopak nejméné zadvazny pribéh nemoci byl pozorovan u varianty Omicron (BA.1)
(Yuan Z. et al., 2023).

Mutace a vznik novych variant ovliviiuje i1 efektivitu vakcin. Limitovana ucinnost
vakcin byla ve srovnani s jinymi variantami dokumentovana zejména u varianty Omicron
(Wu N. et al., 2023). Jde o variantu s nejvétSim poctem mutaci v S proteinu vcetn¢ RBD

domény a viibec v celém genomu (Tian D. et al., 2022).
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S nartstajicim poctem ockovanych jedinct nebo jedinct po prod€lané infekci dochazi
k pozitivni selekci mutaci S proteinu, které zpusobuji imunitni Gnik pied neutralizaénimi
protilatkami (Jackson C. B. et al., 2022, Guo L. et al., 2022), coz spolu s nizsi efektivitou vakcin
v ramci nékterych variant miize vyvoldvat obavy. Na druhou stranu se oproti monoklonalnim
protilatkdm muze Gc¢inek polyklonalnich protilatek lidského séra vzajemné doplnovat vzhledem
k vétsimu mnozstvi epitopli S proteinu, proti kterym cili (Li Q. et al., 2020). Podobn¢
SARS-CoV-2 specifické T-lymfocyty jsou namifeny proti velkému mnozstvi epitopt (Tarke
A.etal., 2021, Dan J. M. et al., 2021), a ackoliv i jednobodova mutace miZze narusit odpoved’
T-bun¢k (Moss P., 2022), vznik variant, které by kompletné unikly imunitni odpovédi, je malo

pravdépodobny (Sette A., Crotty S., 2021).

2.3.3 Pfenos viru a organovy tropismus

Covid-19 je vysoce nakazlivé onemocnéni s medidnem inkuba¢ni doby 5 dni (Lauer S. A. et
al., 2020) a k pfenosu nakazy dochézi ttemi zptisoby: kapénkovym pfenosem, acrosolem nebo
pfimym kontaktem s infikovanou osobou (European Centre for Disease Prevention and
Control, 2023). Virus SARS-CoV-2 je schopen infikovat rizné organy. Jeho tropismus je
podminén koexpresi cilového receptoru ACE2 a proteaz hostitelskych bunék usnadiujicich
vstup viru do bunék, zejména povrchové transmembranové serinové protedzy 2 (TMPRSS2)
(Hoffmann M. et al., 2020, Jackson C. B. et al., 2022). Spole¢na exprese genti pro TMPRSS2
a ACE2 byla potvrzena v buiikdch respiracniho a gastrointestindlniho traktu, v rohovce,
trombocytech a v nervovych bunikdch (Sungnak W. et al., 2020, Zhang S. et al., 2020, Matschke
J. et al., 2020). Existuji vSak 1 mechanismy na ACE2 receptoru nezavislé. Ukazalo se, Ze
SARS-CoV-2 je schopen infikovat monocyty a makrofagy, které ACE2 neexprimuji, ptipadné
jen minimalné, a vstup do téchto bunck je zavisly na receptorech FcyR prostfednictvim
protilatek navazanych na virus (Junqueira C. et al., 2022).

Priméarnim mistem infekce jsou bunky fasinkového epitelu nosni dutiny, ve kterych je
soucasné 1 nejvyssi exprese ACE2 receptorl v ramci respiracni soustavy a distalnim smérem
jeho exprese klesa (Hou Y. J. et al., 2020). V pfipadé€, Ze mechanismy vrozené nebo adaptivni
imunity nedojde k eliminaci viru, mize se dostat inhalaci nebo postupnym S§ifenim po
tracheobronchialnim stromu az do plicnich alveol (Lamers M. M., Haagmans B. L., 2022).
Cilovymi epitelovymi bunikami v alveolech jsou zejména ACE2 exprimujici pneumocyty
IL. typu (Hou Y. J. et al., 2020), jez produkuji surfaktant a podileji se na regeneraci alveolarni
vystelky. V pfipad¢ progrese onemocnéni muze plicni postizeni vyustit az do respiracniho
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selhani. Ackoliv je virovy tropismus k plicni tkdni ziejmy a pfitomnost virové RNA ve vzorcich
plic osob zemfelych v souvislosti s covidem-19 (Hanley B. et al., 2020) to potvrzuji, na rozvoji
syndromu akutni dechové tisné¢ (ARDS) se podili zejména dysfunkce imunitniho systému
(Lamers M. M., Haagmans B. L., 2022).

Ptestoze je covid-19 nemoc s dominantné respiraCnimi symptomy, je postizeni traviciho
traktu Castym extrapulmondlnim projevem. O piimé infekci intestinalni tkané svéd¢i nejen
pritomnost virové RNA ve stolici s pomérn¢ vysokou frekvenci az 53 %, ale také prikaz
nukleokapsidy v cytoplazmé zlazovych epitelialnich bun¢k zaludku, duodena a rekta (Xiao F.
et al., 2020). Mimo respiratni a gastrointestinalni trakt byla pfitomnost virové RNA
a subgenomické virové RNA, jako priikazu aktivni replikace viru, prokdzana v pitevnich
vzorcich srdce, jater, mozku a ledvin (Puelles V. G. et al., 2020, Hanley B. et al., 2020).

Ledviny jsou Casto postizenym organem u pacientd s onemocnénim covid-19. VyuZitim
mikrodisekce byl SARS-CoV-2 detekovan ve v§ech definovanych ledvinnych kompartmentech
(tubulointersticium, ktira, dfefl, glomeruly) (Puelles V. G. et al., 2020). Pacienti s infekci
SARS-CoV-2 a souc¢asnym akutnim poskozenim ledvin (AKI) maji v moci vyssi virovou naloz
oproti pacientim bez AKI (Caceres P. S. et al., 2021). Braun et al. navic prokézal infekénost
viru po jeho izolaci z post mortem ledvinnych vzorkl (Braun F. et al., 2020). Pfesto neni zcela
znam mechanismus a podil pfimého virového ptisobeni na renalni dysfunkci. Casté postiZeni
ledvin v souvislosti s covidem-19 je vSak nepochybné multifaktorialni a v patogenezi se mohou
uplatiiovat rizné prerenalni pfiiny vedouci k rendlni ischemii, vliv nefrotoxické 1écby a dalsi.
Vazbou na cilové ACE2 receptory miiZe dojit k dysregulaci renin-angiotenzin-aldosteronového
systému a k endotelialnimu poskozeni kromé piimé infekce virem pfispiva i vliv prozanétlivych
cytokinli a tromboinflamace (Varga Z. et al., 2020, Gupta A. et al., 2020). O dulezité roli
imunitni odpové&di hostitele v orgdnovém postizeni mizZe svédCit absence virovych €astic i
virové RNA v bioptickych vzorcich ledvin osob s covidem-19 asociovanou nefropatii
(COVAN), nové definovanou jednotkou v souvislosti s pandemii. Jde o raritni kolabujici
glomerulopatii vyskytujici se u pacient afrického etnika s rizikovou variantou v genu APOL1,
ktera se klinicky projevuje akutnim poSkozenim ledvin s nefrotickou proteinurii. Rozvoj
COVAN je tedy u geneticky predisponovanych osob spise dan vystupniovanou dysregulovanou
imunitni odpovédi hostitele nez pifimou infekci glomerulti (Wu H. et al., 2020).

I pfes nesporné Siroky organovy tropismus viru neni jasné, do jaké miry se na

organovém poskozeni v souvislosti s onemocnénim covid-19 podili ptimé virové plisobeni.
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2.3.4 Mechanismy vrozené imunitni odpovédi proti SARS-CoV-2

Podobné jako v pfipadé infekce jinymi patogeny se i vobrané proti infekci virem
SARS-CoV-2 uplatiuji ob¢ slozky imunity, vrozena i adaptivni, jez jsou vzajemné propojeny.
Mechanismy vrozené imunity piedstavuji prvni obrannou linii proti SARS-CoV-2 infekci.
Mohou eliminovat nebo minimaln¢ zpomalit virovou replikaci v misté¢ infekce, nez se rozvine
adaptivni imunita, a také urychlit jeji rozvoj (Diamond M. S., Kanneganti T. D., 2022, Sette A.,
Crotty S., 2021).

Ptedpokladem pro obranu proti infekci je rozpoznani jak patogenu, tak i vlastnich
infikovanych ¢i jinak poskozenych bunék. Kazdy patogen, vcetné virli, se vyznacuje pro n¢j
typickymi fylogeneticky zakonzervovanymi molekulami — PAMPs (z angl. pathogen-
associated molecular patterns). Poskozeni vlastnich bunék signalizuji molekuly DAMPs
(z angl. damage-associated molecular patterns), které jsou uvoliiovany do extracelularniho
prostoru. Tyto molekuly — PAMPs a DAMPs — jsou rozpoznavany prostfednictvim receptor
PRRs (z angl. pattern recognition receptors), kterymi jsou vybaveny zejména buiiky vrozené¢ho
imunitniho systému, ale také epitelidlni bunky. Primdrnim mistem infekce a tudiz
1 imunologické detekce jsou dychaci cesty a plice (Paludan S. R., Mogensen T. H., 2022)
a prvni obrannou linii alveolarni makrofagy (Merad M. et al., 2022).

Podstatou téchto senzorti je na zéklad¢ detekce virového materidlu nebo materialu
z poskozenych buné¢k aktivace signdlnich drah vedoucich k produkci cytokini s protivirovymi
ucinky, prozanétlivych cytokinl, chemotaktickych cytokind, atrakce a aktivace efektorovych
bun¢k imunitniho systému a rozpoznani a indukce programované smrti infikovanych bunék
s cilem zabranit §ifeni viru (Diamond M. S., Kanneganti T. D., 2022, Sette A., Crotty S., 2021).
Existuje nékolik rodin PRRs, v souvislosti s infekci SARS-CoV-2 jsou dileZitymi signalnimi
drdhami ty, které jsou aktivovany receptory RLRs (retinoic acid-inducible
gene-I-like receptors), TLRs (toll-like receptors) a NLRs (nucleotide-binding oligomerization
domain-like receptors) (Sievers B. L. et al., 2024).

Membranové toll-like receptory (TLRs), nachazejici se na povrchu buné¢né membrany
a v endozomech, detekuji proteiny nebo geneticky materiadl virového nebo hostitelského
puvodu. Cytoplazmatické RLRs (MDAS, RIG-I, LGP2) detekuji virovou RNA, zejména
replikacni meziprodukty. Prostfednictvim téchto senzorii jsou spustény dané signalizacni drahy
a podle typu aktivovaného transkripcniho faktoru vedou k produkei interferont 1. a III. typu
s antivirovym ucinkem a prozanétlivych cytokina (IL-1, IL-6, TNF-a) (Merad M. et al., 2022,
Diamond M. S., Kanneganti T. D., 2022, Paludan S. R., Mogensen T. H., 2022).
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Interferony 1. a III. typu plsobi autokrinné a parakrinné na lokdlni imunitni buiky
(neutrofily, makrofdgy) a na sousedni neinfikované buiiky s cilem limitovat dalsi replikaci
a Sifeni viru. Nasledn¢ v téchto bunkach ptes JAK/STAT1/2 signalni drahu vedou k expresi
interferonem stimulovanych gent ISGs (interferon-stimulated genes) s protivirovym u¢inkem
(Lamers M. M., Haagmans B. L., 2022). Napiiklad naruSuji vstup viru do bunék, potlacuji
virovou replikaci, translaci a také uvolnéni nove vzniklych virionti z bunék (Martin-Sancho L.
et al., 2021). Neptimy protivirovy u¢inek spoc¢iva v atrakci bunék imunitniho systému (Lamers
M. M., Haagmans B. L., 2022). Potencial ptisobeni interferoni 1. a III. typu se lisi. Odpoveéd’
zprostiedkovana interferony III. typu je omezena hlavné na epitelidlni povrchy, ve kterych
navodi antivirovy stav a brani systémové zanétlivé reakci, ke které naopak mohou vést
interferony 1. typu, jejichz receptory jsou exprimovany téméi vSemi typy bunék (Lazear H. M.
etal., 2019).

V imunitni odpovédi proti SARS-CoV-2 a v patogenezi infekce se dale uplatiiuji
cytoplazmatické NLRs. Do této rodiny patii inflamazém NLRP3, jehoz aktivace indukuje
prostfednictvim kaspazy-1 zanétlivou bunéfnou smrt tzv. pyroptézu a vede k produkci
a uvolnéni prozanétlivych cytokinti (IL-1, IL-18). Protivirové imunitni odpovédi se ti€astni také
komplement a stresové drahy, naptiklad HIF-1 (hypoxia-inducible factor) signalni dréha, ale
i mnoho dalSich bunécnych senzorti (Paludan S. R., Mogensen T. H., 2022, Sievers B. L. et al.,
2024).

O vyznamu interferonové signalizace v imunitni odpovédi proti SARS-CoV-2 sveédci
napiiklad skute¢nost, Ze jedinci, u kterych byly detekovany autoprotilatky proti IFN-a nebo
v obecné dospélé populaci roste s vékem (0,18 % jedinct do 70 let vs. vice nez 4,5 % nad
70 let véku) a podileji se zhruba na 20 % umrti asociovanych s covidem-19 (Bastard P. et al.,
2021). Podobné mutace v genech ucastnicich se interferonové signalizace jsou spojeny
s kritickym priabéhem onemocnéni (Merad M. et al., 2022). Snizend a opozdéna produkce
interferond 1. a I11. typu, a naopak zvySena produkce prozanétlivych cytokini (IL-6, IL-8, TNF),
je spojena se zavaznym prubéhem onemocnéni (Galani I. E. et al., 2021). Navic suboptimalni
a opozdéna produkce interferonti mize vést k pozdni a relativné excesivni odpovédi adaptivni
imunity (Moss P., 2022, Sette A., Crotty S., 2021).

Hlavni pfi¢inou oslabené a opozdéné produkce interferonti s protivirovym tcinkem je
schopnost viru SARS-CoV-2 interferovat s mechanismy vrozené imunity. Proto jsou u pacienti
s infekci SARS-CoV-2 oproti jinym respiratnim virim detekovany niz$i hladiny téchto
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cytokini (Galani 1. E. et al., 2021, Merad M. et al., 2022). Proteiny viru SARS-CoV-2
(nestrukturalni, akcesorni a strukturalni) vyvinuly nékolik strategii, kterymi v infikovanych
bunikdch naruSuji interferonovou signalizaci. Napiiklad znemoznuji rozpoznani viru
prostiednictvim PRRs, maskuji virovou RNA a minimalizuji vznikajici replikacni
meziprodukty, blokuji jednotlivé signalizacni kaskady, jaderny transport a translaci proteina
hostitelské buniky (Minkoff J. M., tenOever B., 2023). Konkrétnimi ptiklady jsou protein N
obalujici virovou RNA nebo vznik replikacnich organel, oboje oddalujici detekci genetického
materidlu viru SARS-CoV-2 bunéénymi senzory.

Negativni dopad pro pacienty vSak mize mit i nadmérna a protrahovana interferonova
odpovéd’ pravdépodobné indukci chemokint a atrakci dalSich zanétlivych bun¢k (Merad M. et
al., 2022). Excesivni a prolongovana produkce interferont I. a IIl. typu navic brani reparaci
plicniho epitelu (Major J. et al., 2020). U jedinct se zavaznym covidem-19 pozoroval Lucas
prolongovanou elevaci IFN 1. a II. typu, zatimco u pacientil se stiedné zdvaznym pribéhem
doslo po inicidlnim vzestupu k jejich poklesu (Lucas C. et al., 2020).

Stran bunécné slozky vrozené imunity maji centralni roli v patogenezi covidu-19
makrofagy a neutrofily (Paludan S. R., Mogensen T. H., 2022). U kriticky nemocnych pacientl
dochézi ke zvyseni poctu neutrofild nejen v krvi, ale 1 v plicich (Sette A., Crotty S., 2021), kde
se uvolnénim sité, tzv. neutrofilni extracelularni pasti, podileji indukei prokoagulaéniho stavu
na plicnim poskozeni (Lamers M. M., Haagmans B. L., 2022). NK buiiky, které se vyznacuji
vyznamnou cytotoxickou a protivirovou aktivitou, vykazuji v pfipad€ infekce SARS-CoV-2
znamky dysfunkce (Witkowski M. et al.,, 2021). Podobn& odpovéd plasmacytoidnich
dendritickych bunék, které jsou dominantnim producentem interferonti I. a III. typu a brani
Sifeni viru, je u zdvazného covidu-19 narusena (Venet M. et al., 2023).

I kdyz jsou cytokiny nezbytné pro aktivaci imunitni odpovédi a eliminaci viru (Diamond
M. S., Kanneganti T. D., 2022), aktivace vySe zminénych signalnich drah a produkce cytokint
musi byt adekvatné naCasovana, regulovana a mit pfiméfeny rozsah. Dysregulovana produkce
prozanétlivych cytokini, zejména synergické plisobeni TNF-o a IFN-y, vede k zanétlivé
programované bunécné smrti (tzv. panoptdze) (Karki R. et al., 2021), ktera dale potencuje
excesivni uvolnéni cirkulujicich cytokinii (cytokinova boufe) a systémovou inflamaci.
Dtsledkem tohoto bludného kruhu miZze byt Zivot ohrozujici multiorganové postizeni

(Diamond M. S., Kanneganti T. D., 2022).
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2.3.5 Adaptivni imunita a SARS-CoV-2

V dob¢ aktivace interferonovych signalnich drah vrozené imunity podporuji produkované
cytokiny rozvoj slozek adaptivni imunity (Lamers M. M., Haagmans B. L., 2022), kterd je
zalozena na vazb¢ antigenu s antigenné specifickym receptorem. T- a B-lymfocytarni odpoveéd’
proti SARS-CoV-2 lze v krvi detekovat jiz v prvnim tydnu od nastupu symptomti (Rydyznski
Moderbacher C. et al., 2020). Zakladnim znakem adaptivni imunity je schopnost imunologické
paméti, kterd je predpokladem ochrany pfi reinfekci. Tvorba pamétovych T- a B-lymfocytt
byla prokazéana i v piipadé infekce SARS-CoV-2 (Dan J. M. et al., 2021). Caste¢nou ochranu
muze poskytovat zkfizena imunita nasledkem pfedchozi infekce jinym koronavirem schopnym
infikovat ¢loveka (Sagar M. et al., 2021).

T-bunécna odpovéd je dulezitd pro ochranu pfed intracelularnimi patogeny.
SARS-CoV-2 specificki CD4+ a CD8+ T-bunétna odpoveéd’ je asociovana s mirn&j$im
pribéhem covidu-19. Eliminaci virem infikovanych bunék zajiStuji cytotoxické CD8+
T-lymfocyty exprimujici dominantné¢ IFN-y, granzym B a TNF-a. Z populace CD4+
T-lymfocytli maji pfimou protivirovou funkci pomocné Thl lymfocyty produkujici priméarné
IFN-y a IL-2 (Rydyznski Moderbacher C. et al., 2020) a subpopulace cytotoxickych CD4+
T-lymfocyti (CD4-CTL) (Meckiff B. J. et al., 2020). Folikularni pomocné CD4+ T-lymfocyty
(Tth) jsou dulezité pro rozvoj B-lymfocyti a dlouhodobé humoralni imunity. SARS-CoV-2
infekce indukuje také tvorbu regulacnich a Th17 lymfocytd (Meckiff B. J. et al., 2020).
T-lymfocyty (CD4+ a CD8+) jsou namifeny proti fadé antigent viru SARS-CoV-2,
imunodominantnimi jsou strukturdlni proteiny S, M, N, akcesorni protein ORF3
a nestrukturalni protein nsp3 (Dan J. M. et al., 2021).

Dv¢ velké studie analyzovaly pamét'ové T-lymfocyty po dobu minimalné 6 mésicti od
infekce se srovnatelnymi vysledky. CD4+ T-lymfocyty byly v 1. a 6. mé&sici detekovany u 89 %
az 93 % pacientl, CD8+ T-lymfocyty pouze u 70 % pacientll, s poklesem na 50 % v 6. mésici.
Odhadovany poloc¢as obou subtypi byl 200 dni (Cohen K. W. et al., 2021, Dan J. M. et al.,
2021). V ptipadé¢ sttedné€ zavazného az kritického covidu-19 byla T-bunécné odpoved’ u vétSiny
testovanych detekovéna i ve 12. mésici od infekce (Guo L. et al., 2022). Nalez v periferii jako
takovy vSak nemusi vypovidat o celkové imunitni odpovédi, jelikoz pro t¢innou kontrolu
infekce v infikovanych tkanich je nezbytna lokalni imunita (Sette A., Crotty S., 2021).
Ptitomnost aktivovanych rezidentnich tkanovych T-bun€k v respiratnim traktu pacientd

s covidem-19 koreluje s mlad$im vékem a ptezitim (Szabo P. A. et al., 2021).
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V ochran¢é proti SARS-CoV-2 infekci je diilezitd také humoralni slozka adaptivni
imunity. Protilatky proti spike proteinu viru SARS-CoV-2 tiidy IgM, IgA a IgG dosahuji v séru
maximalnich hladin ve stejné dobé¢, tj. mezi 16. az 30. dnem od symptomu, s naslednym
rapidnéj$im poklesem IgM a IgA protilatek. Hladiny IgM, IgG a v mens$i mite i IgA protilatek
v krvi koreluji s hladinami ve slinach (Isho B. et al., 2020) a hladiny cirkulujicich protilatek
pravdépodobné také odrazeji jejich hladiny v plicich (Sette A., Crotty S., 2021). Protilatky
sehravaji dtlezitou roli v lokélni imunité, nakolik mohou neutralizacnim efektem eliminovat
virus jesté predtim, nez se zacne replikovat v bunkach (Sette A., Crotty S., 2022). Hlavnim
cilem neutralizacnich protilatek je spike protein, pfedevsim receptorova vazebna doména
(RBD) (Piccoli L. et al., 2020). Hladiny anti-RBD a neutralizacnich protilatek vzajemné
koreluji (Rydyznski Moderbacher C. et al., 2020, Piccoli L. et al., 2020). Hladina
neutralizacnich protilatek je dalezitd v ochrané pred symptomatickou SARS-CoV-2 infekci
(Khoury D. S. et al., 2021), ale jejich pfitomnost sama o sob¢é nebyla asociovana s méné
zavaznym pribéhem onemocnéni (Rydyznski Moderbacher C. et al.,, 2020). O tom, Ze
v ochran¢ pied SARS-CoV-2 infekci hraje dilezitou roli T-bunéénd imunita, svéd¢i napiiklad
také skutecnost, Ze 1 pacienti s Brutonovou agamaglobulinemii se mohou z nemoci zcela vylécit
(Soresina A. et al., 2020).

Kromé neutraliza¢ni funkce maji protilatky efektorovou funkci, ktera je zaloZena na
jejich vazbé prostiednictvim Fc receptort pfitomnych na bunikadch imunitniho systému (tzv. na
protilatkach zavisla bunécéna cytotoxicita, ADCC; na protilatkach zavisla bunécna fagocytoza,
ADCP) nebo vazbé na komplement (komplement dependentni cytotoxicita, CDC). Nepfimym
dikazem, ze timto mechanismem pisobi i protilatky v pfipadé SARS-CoV-2 infekce, miize byt
skutecnost, Zze humoralni odpovéd’ pacientl, kteti nepiezili covid-19, vykazovala snizenou
efektorovou aktivitu zavislou na Fc receptorech (Zohar T. et al., 2020). Pfimym dikazem je
nalez nizSich hladin anti-S1 IgG protilatek indukujicich bunétnou fagocytézu (ADCP)
u jedinct s prilomovou SARS-CoV-2 infekci po ockovani (Kemlin D. et al., 2023).

Mira sérokonverze v imunokompetentni populaci je vysoka. Kombinaci sérologickych
metod byly SARS-CoV-2 IgG protilatky detekovany u 96,5 % jedinc (median 31 dnt od
diagndzy) (Prendecki M. et al., 2020). Guo et al. prokézal perzistenci anti-SARS-CoV-2 IgG
protilatek u vétSiny jedincli ve 12. mésici po prodélani stiedné zévazného az kritického
covidu-19 (anti-N u 82 %, anti-S u 95,2 %, anti-RBD u 94,2 % a neutraliza¢ni protilatky
u 81,6 %) (Guo L. et al., 2022). Titr neutraliza¢nich protilatek se v této studii nelisil v 6. a 12.

meésici od infekce, k signifikantnimu poklesu vSak doSlo u jedinci ve véku nad 60 let
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au pacienti s kritickym prabéhem nemoci. Kinetika protildtek odpovida rostouci aktivité
pamétovych B-lymfocytl a jejich stabilizaci mezi Sestym az osmym mésicem, kdy dosahnou
faze platd (Cohen K. W. et al., 2021). VétSinu pamétovych bunck tvori IgG+ pamétové
B-lymfocyty, jen 5 % ptipada na IgA+ B-buniky (Dan J. M. et al., 2021).

Titr anti-spike a anti-RBD IgG protilatek a frekvence pamét'ovych B-lymfocyti korelu;ji
se zavaznosti onemocnéni a jsou vys$i u hospitalizovanych pacientli v porovnani s jedinci
s asymptomatickym nebo mirnym pribéhem covidu-19 (Dan J. M. et al., 2021). T-bunécna
odpovéd’ muze byt u asymptomatickych jedinct pfitomna, aniz by doslo k tvorbé protilatek
(Sekine T. et al., 2020). Zuo et al. detekoval T-bunécnou odpovéd’ u vSech asymptomatickych
jedincti, ale v mens$im rozsahu oproti tém se symptomatickou infekei (Zuo J. et al., 2021).
V ramci stiedné zavazného az kritického prabéhu covidu-19 vsak nebyly pozorovany rozdily
ve velikosti T-bunééné odpovédi (Guo L. et al., 2022). Frekvence CD8+ pamétovych
T-lymfocyti se u hospitalizovanych a nehospitalizovanych pacientii neliSila, frekvence CD4+
bun¢k byla u hospitalizovanych jedincii se zdvaznéj$im priabéhem nizsi (Dan J. M. et al., 2021).

S ohledem na niz$i titry anti-spike ale i antinukleokapsidovych IgG protilatek
u asymptomatickych jedinci, i kdyz u nich lze pozorovat velmi heterogenni protilatkovou
odpovéd pravdépodobné i nasledkem zktiZzené imunity (Piccoli L. et al., 2020), je potfeba u této
skupiny pocitat s moznou faleSnou negativitou méné senzitivnich sérologickych testu, které tak
neodhali prodélanou ndkazu. Navic testy analyzujici protilatky proti nukleokapsidé nemusi byt
vzhledem k jejich rychlejSimu poklesu (Chavarot N. et al., 2021, Marot S. et al., 2021)
spolehlivym indikatorem prodélané infekce v dobé delsi nez 6 mésicli od infekce. Proto jsou
také anti-RBD IgG castéji vyuzivanym sérodiagnostickym markerem, i kdyZ nerozlisi infekci
od stavu po oc¢kovani (Sette A., Crotty S., 2022).

Podobné jako v pfipadé vrozené imunity interferuje SARS-CoV-2 také s adaptivni
imunitou. Kromé samotnych mutaci a vzniku novych variant (Guo L. et al., 2022, Moss P.,
2022), naptiklad také sniZenim prezentace antigenti downregulaci molekul MHC L. tfidy pfimou
interakci s akcesornim proteinem ORF8 (Zhang Y. et al., 2021). Navic existuji dikazy o tom,
ze se SARS-CoV-2 muze Sifit prostfednictvim vzdjemné fuze bunék, a byt tak rezistentni
k neutraliza¢nim protilatkam (Zeng C. et al., 2022).

Ackoliv za predpokladu dostate¢né bunééné odpovedi je mozné zotaveni z infekce bez
neutralizac¢nich protilatek, koordinovana a ¢asna odpoveéd’ vSech slozek adaptivni imunity je
pro eliminaci viru a ochranu pfed zdvaznym covidem-19 G€inngj$i neZ parcialni odpovéd'.
Nekoordinovana (parcialni) adaptivni odpovéd’ je pozorovana piredevsim u starSich pacientt,
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nemoci (Rydyznski Moderbacher C. et al., 2020).

2.3.6 Role imunitniho systému v rozvoji zavazného pribéhu covidu-19 a postcovidového

syndromu
Zavazny prubéh covidu-19 je charakterizovan hypoxémii Casto s piitomnosti rozsahlych
plicnich infiltratd, ktery mtze progredovat az do kritického stavu s respiranim selhdnim,
septickym Sokem nebo multiorganovou dysfunkci (COVID-19 Treatment Guidelines Panel,
National Institutes of Health, 2024). V ohrozeni jsou zejména jedinci s pfitomnymi rizikovymi
faktory, jakymi jsou vysSi v€k, muzské pohlavi, stavy spojené s imunosupresi a chronicka
onemocnéni véetné obezity vyssiho stupné (Williamson E. J. et al., 2020). Etiologie zdvazného
covidu-19 je multifaktoridlni, a ackoliv je inicidlnim spoustéCem piimé virové plisobeni
a virova replikace v postizenych tkanich, neni snadné rozlisit, do jaké miry se na dalsi progresi
onemocnéni podili samotny virus a velikost virové nadloze a do jaké imunitni mechanismy
hostitele a jejich dysregulace.

Jednim z faktord, ktery vyvolavd masivni zénétlivou odpovéd hostitele vedouci
k zdvaznému covidu-19, je pravdépodobné piima infekce bunck imunitniho systému
(monocytli a makrofagi) protilatkami opsonizovanym virem SARS-CoV-2 prostfednictvim
Fc receptorti. Tyto infikované buiky sice nevedou k produkci infekénich virionti, misto toho
vSak nasledkem aktivace inflamasoml virem SARS-CoV-2 podléhaji pyroptdze. Zanétlivé
medidtory uvolnéné ztéchto bunék mohou zplsobit cytokinovou boufi s naslednou
hyperinflamaci aZ multiorganovym selhanim, na které se podileji nejen bunky vrozeného
imunitniho systému (neutrofily, makrofagy a NK buiiky), ale také dysregulace adaptivni slozky
imunity, zejména T-lymfocytl (Junqueira C. et al., 2022, Fajgenbaum D. C., June C. H., 2020).
Longitudinalni analyza pacienti hospitalizovanych z diivodu covidu-19 prokazala pozitivni
asociaci mezi zavaznosti onemocnéni a cytokiny spojenymi se syndromem z uvolnéni cytokini
(cytokinovou boufi) a inflamasomem indukovanych cytokint (IL-1a, IL-1p, IL-6, IL-10, IL-18
a TNF). Naopak u pacientt, u kterych doslo i pfes inicialné sttedné zavazny pribéh k vylécenti,
byla pozorovana nizkd exprese prozanétlivych cytokini a vys$i exprese genll spojenych
s reparaci tkani, respektive rastovych faktorti (Lucas C. et al., 2020). Rovnéz bylo prokazano,
7e vysokeé sérové hladiny IL-6, IL-8 a TNF-a u hospitalizovanych pacienti jsou signifikantnimi

prediktory zavaznosti covidu-19 a amrti (Del Valle D. M. et al., 2020).
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O tom, ze vyznamnou roli v dalSi progresi nemoci ma imunitni dysregulace, svéd¢i
nejspise i to, Ze mezi pacienty se stfedné¢ zdvaznym a zavaznym prabéhem nebyly v zadném
z analyzovanych momentl pozorovany signifikantni rozdily v mnozstvi virové RNA ze vzorkt
nazofaryngealnich vytéra, i kdyz u druhé skupiny byl béhem sledovani zaznamenan pomale;jsi
pokles virové naloze (Lucas C. et al., 2020).

V pitevnich ndlezech mensiho souboru pacient zemfielych v disledku covidu-19 bylo
pravidelnym néalezem difuzni alveolarni poskozeni a vyznamné zastoupenym bunéénym typem
v plicich byly makrofagy v intersticiu. Neutrofilni infiltrat byl pozorovan pouze u tfetiny
pacienti (Hanley B. et al., 2020). Bunky myeloidni krevni fady v respira¢nim systému
u pacientl s covidem-19 vykazuji hyperinflamatorni fenotyp a vyssi frekvence téchto bunck
koreluje s mortalitou a vyssim vékem (Szabo P. A. et al., 2021). Hlavnim podtypem lymfocyti
v plicich byly CD4+ T-buiiky, CD56+ NK bunky byly nalezeny jen vzacné. V lymfatickych
uzlindch a ve sleziné byla pozorovana deplece lymfocyti (zvlast¢ CD8+ T-bunék a FOXP3+
regulac¢nich T-lymfocytl) a hemofagocytoza (Hanley B. et al., 2020). Nerovnovaha regulacnich
T-lymfocytti a Th17 lymfocytli ve prospéch Th17 bunék potencuje zanétlivy stav s uvolnénim
cytokint, plicni poSkozeni a zavazny priibéh covidu-19 (Sadeghi A. et al., 2021).

U vsech pacientli bylo také pozorovano mikro- nebo makrotrombotické postizeni
nc¢kterého z organi (Hanley B. et al, 2020). Pravé dysbalance mezi koagulacnim
a fibrinolytickym systémem je charakteristickou znamkou zavazného covidu-19 a na dalSim
rozvoji prokoagula¢niho stavu se vyznamné podileji slozky imunitniho systému (Lamers M.
M., Haagmans B. L., 2022).

Onemocnéni covid-19 je mimo jiného spojeno s dlouhodobymi nasledky, na kterych se
rovnéz podili imunitni systém hostitele, a to 1 v pfipad€¢ mirného pribéhu onemocnéni. Podle
Svétové zdravotnické organizace je postcovidovy syndrom neboli ,,long covid* charakterizovan
dlouhotrvajicimi symptomy, které mohou pietrvavat nebo se nove objevit po zotaveni z nemoci
covid-19. Jde o pomérné heterogenni symptomy z postizeni riznych organti, nejcastéji je
udavana Unava, duSnost a kognitivni dysfunkce (World Health Organization, 2023).
V patogenezi long covidu se pravdépodobné uplatiiuje perzistence virovych antigent ve
tkanich, reaktivace latentni herpesvirové infekce a chronicky zanét. U pacientti s long covidem
byly ve srovnani s kontrolni skupinou pozorovany vyznamné rozdily v populaci cirkulujicich
bunék myeloidni a lymfoidni krevni fady, s vyssi frekvenci neklasickych monocytl a nizsi
frekvenci konven¢nich dendritickych buné€k a centralnich pamétovych CD4+ T-bunék. Jedinci
s long covidem méli rovnéz vyssi hladiny SARS-CoV-2 specifickych protilatek, ale také vyssi
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hladiny protilatek proti jinym virovym patogentim, zvlasté proti viru Epstein-Barrové (Klein J.

etal., 2023).

2.4 Imunitni aspekty pacienti po transplantaci ledviny v souvislosti s covidem-19

2.4.1 Imunitni odpovéd’ pacienti po transplantaci ledviny na infekci SARS-CoV-2
Infekce predstavuji jednu z nejcastéjSich komplikaci po transplantaci ledviny a jejich pribé¢h
imunosupresivni 1é¢ba, jednak ptidruzené komorbidity. To je zfejmé také divodem, pro¢ patii
tito pacienti mezi nejohrozenéjsi skupinu z hlediska mortality na covid-19 (Williamson E. J.
et al., 2020). Imunosupresivni 1é¢ba zasahuje pfimo nebo nepiimo obé slozky adaptivni
imunity. Z téchto diivoda 1ze predpokladat nedostate¢nou bunécnou a protilatkovou odpoved’
na infekci virem SARS-CoV-2. Tento pfedpoklad vychdzi také z nizké miry sérokonverze po
infekci virem chiipky u pacientl po organovych transplantacich (Hirzel C. et al., 2019). Studie
citované v této kapitole zahrnuji pouze jedince neockované proti SARS-CoV-2.

Data tykajici se humoralni odpovédi transplantovanych pacientd na infekci virem
SARS-CoV-2 se lisi vramci jednotlivych studii a vyznamné rozdily jsou pozorovany
1v zavislosti na pouzit¢ metod¢ detekce, zejména na cilovém antigenu. Z 38 pacientli po
transplantaci ledviny s PCR verifikovanou nadkazou byla sérokonverze (median 35 dni od
diagndzy) pozorovana u 68,4 % jedinci vyuzitim metody stanovujici IgG protilatky proti
nukleokapsidé (N), ale az u 81,6 % az 92,1 % (v zavislosti na konkrétni metod¢), pokud byly
testovany IgG protilatky proti receptorové vazebné doméné (RBD). U tfech pacientl (7,9 %)
nebyly detekovany protilatky ani jednou z danych metod a tito pacienti predstavuji skutecné
procento non-responderi (Prendecki M. et al., 2020). Naopak v jiné studii bylo procento
pacientil s anti-N a anti-S1 IgG protildtkami ve 3. mésici od nastupu symptomu stejné — 76,9 %
(Bertrand D. et al., 2021). Pro srovnani, data z populace hemodialyzovanych pacientll ukazaly
podobnou miru sérokonverze (90 %), navic jedinym faktorem signifikantné asociovanym
s absenci humoralni odpovédi u dialyzovanych pacientii byla imunosuprese (Sakhi H. et al.,
2021). Nezavisla studie zahrnujici 70 pacientl po transplantaci solidnich organt s potvrzenou
infekci, z nichz 37 pacientli bylo po izolované a 6 pacientlli po kombinované transplantaci
ledviny, detekovala antinukleokapsidové protilatky (IgM, IgG a IgA) jen u 51 % jedinct
(median 48 dni od diagndzy). Séropozitivita byla signifikantné niZ8i u pacientii po transplantaci

ledviny oproti ptijemctim $tépu jater, srdce nebo plic (42 % vs. 65 %). Procento séropozitivnich
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piipadii bylo niz8§i u pacientii ve stavu vyzadujicim oxygenoterapii nebo hospitalizaci na
jednotce intenzivni péce (Burack D. et al., 2021).

Jind data poukazuji na zachovanou protilatkovou odpovéd v této populaci. Mensi
francouzska studie analyzovala humoralni odpovéd’ na SARS-CoV-2 infekci u pacientli po
transplantaci ledviny testovanim IgM a IgG protilaitek proti rekombinantnim
nukleokapsidovym a spike antigenim vyuzitim enzymové imunoanalyzy. Béhem druhého
tydne od nastupu symptomui doslo k sérokonverzi u v§ech ptezivsich pacientd. Ze Ctyf pacientt,
ktefi zemfieli v souvislosti s covidem-19, nebyla pozorovana sérokonverze v den umrti ani
u jednoho (7. az 16. den od vzniku symptomti). Hladiny protilatek nekorelovaly se zavaznosti
onemocnéni (Benotmane 1. et al., 2020). To je v rozporu s vysledky v obecné populaci, kde
hospitalizovani jedinci vytvofili vyssi titry protilatek v porovnani s nehospitalizovanymi c¢i
asymptomatickymi subjekty (Piccoli L. et al., 2020). Burack et al. ukéazal, Ze faktorem, ktery
signifikantné zvySuje tvorbu postinfekcnich protilatek, je delsi doba od transplantace, zatimco
negativnim faktorem sérokonverze byla udrZzovaci imunosuprese vice nez dvéma ptipravky
(Burack D. et al., 2021).

Vysetienim kinetiky protilatek byl pozorovan rapidni pokles antinukleokapsidovych
IgG protilatek mezi 2. az 6. mé&sicem od diagn6zy covidu-19 nehled€ na zavaznost onemocnéni,
pricemz vice nez 60 % pacienti nemelo v pulroce detekovano zadné protilatky (Chavarot N. et
al., 2021). Naproti tomu anti-S1 IgG protilatky byly v jiné studii, ackoliv s malym vzorkem
subjektli, detekovany v 6. mésici u 89,5 % pacientli po transplantaci ledviny (Ferndndez-Ruiz
M. et al., 2021). Rozdilny pokles anti-N a anti-spike protilatek nejspiSe nebyl zpisoben
rozdilnym pribéhem onemocnéni v téchto kohortach, jelikoz v obou studiich klinicky stav
vétsSiny pacientil vyzadoval hospitalizaci. Rychly pokles antinukleokapsidovych protilatek
potvrzuji i data tykajici se imunokompetentni populace zdravotniki, kde byl pozorovéan pokles
anti-N IgG protilatek mezi 2. a 3. mé&sicem od infekce, zatimco hladiny anti-spike a anti-RBD
IgG se béhem prvnich tii mésict neliSily (Marot S. et al., 2021). Podobné rychlejsi pokles
antinukleokapsidovych protilatek oproti anti-spike IgG protilatkdm byl zaznamenan v populaci
hemodialyzovanych pacienti. Po adjustaci na pohlavi a vék byl jedinym faktorem asociovanym
s timto poklesem nezdvazny priabéh onemocnéni (Sakhi H. et al., 2021).

Podobné¢ jako v pfipadé¢ humoralni imunity jsou i data hodnotici bunécnou odpovéd’
nekonzistentni. Bertrand et al. detekoval na malém vzorku pacientli po transplantaci (n = 26)
SARS-CoV-2 specifické IFN-y produkujici T-lymfocyty ve 3. mésici u vSech jedinci, atoiu té
Casti pacientll, kterd nevytvofila anti-S1 IgG protilatky. Dominantnimi antigeny T-bunécné
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odpovédi byly proteiny S, N a M. Zavaznost symptomu ani redukce imunosuprese v pribéhu
covidu-19 neméla vliv na celkovy pocet SARS-CoV-2 specifickych T-bunék (Bertrand D. et
al., 2021). V jiné studii, téz limitované malym vzorkem pacientll po transplantaci ledviny
(n = 21), byla ve 4. a 6. mé&sici od infekce detekovana SARS-CoV-2 specifickd CD4+
T-bunécné odpovéd u 57,1 % a 47,4 % a CD8+ T-bunécna odpoveéd u 19 % a 42,1 % pacientd.
Rozdily nebyly statisticky vyznamné (Fernandez-Ruiz M. et al., 2021).

Oproti obecné populaci je adaptivni imunitni odpovéd’ u imunosuprimované populace
opozdéna. Spanélska studie porovnavala bunéénou odpovéd’ béhem akutni faze covidu-19
a v prub&hu rekonvalescence v malé kohorté¢ 16 imunokompetentnich jedinct a 28 pacientti po
transplantaci solidnich orgénii, z nichz 18 bylo po transplantaci ledviny. Béhem akutni faze
nemoci (medidn 7 dni od PCR verifikované infekce) byla SARS-CoV-2 T-bunééna odpoved
dominantnéj$i u imunokompetentni populace nez u transplantovanych jedincti, zvlaste u téch
diagndézy) byla jiz T-lymfocytarni odpovéd’ u pacientii po organovych transplantacich
vyrazngj$i, zatimco u imunokompetentnich jedinct byla bunécnéa odpoved’ slabsi oproti akutni
fazi. Ve skupin¢ transplantovanych jedincii byl nejsiln€jSim antigenem T-lymfocyti spike
protein, v kontrolni skupiné navic také protein M (Fava A. et al., 2021).

Casnd a koordinovana imunitni odpovéd’ je nezbytna k G&inné eliminaci viru.
U pacientli po transplantaci ledviny mize vyluCovani viabilnich virovych Castic z epitelu
nosohltanu trvat az 38 dnii od nastupu symptomtl, a to i pfi nizké virové nalozi (Benotmane I.
etal., 2021). V jiné studii byla u pacientti po transplantaci ledviny mald, ale potad detekovatelna
virova naloz prokéazana az po dobu dvou mésict (Caillard S. et al., 2021). Naproti tomu median
vylucovani virionii v obecné populaci byl 20 dni (Zhou F. et al., 2020). U jedinci po
organovych transplantacich bylo také pozorovano prolongované vylucovani virionl z epitelu
traviciho traktu (Cerrada-Romero C. et al., 2022). Perzistentni vylucovani virioni muze
stimulovat T-lymfocyty a byt jednim z divodi robustnéjs$i T-bunécné odpovedi v pozdéjSim
stadiu covidu-19 oproti akutni f4zi nemoci (Fava A. et al., 2021).

Data tykajici se doby vylu¢ovani virovych castic a velikosti virové naloze v souvislosti
se zavaznosti onemocnéni jsou nekonzistentni. Zatimco v jedné studii nebyla virova naloz ze
vzorku nazofaryngedlniho vytéru na rozdil od plazmatické virové naloze asociovana se
zéavaznosti covidu-19 a mortalitou (Benotmane 1. et al., 2020), v jiné studii byla u pacientd se

vV

a del8i doba vyluc¢ovani viru (Liu Y. et al., 2020). Kazdopadné perzistence virovych ¢astic mize
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byt jednou z pficin postcovidového syndromu neboli ,,Jlong covidu* (Klein J. et al., 2023). To
by mohlo vysvétlovat relativné vysokou prevalenci tohoto syndromu v populaci pacientll po

transplantaci ledviny (Amorim C. et al., 2022).

2.4.2 Vakciny proti SARS-CoV-2
pribéhem onemocnéni a umrtim. Od zahajeni ockovani proti SARS-CoV-2 byly vyvinuty
a do praxe zavedeny vakciny, které Ize rozd¢€lit do tfi kategorii: mRNA vakciny, vektorové
a proteinové vakciny (COVID-19 Treatment Guidelines Panel, National Institutes of Health,
2024).

Principem mRNA vakcin je vlastni syntéza virového proteinu, ktery je zakoddovan
v mRNA, s néaslednou aktivaci vrozenych a adaptivnich imunitnich mechanismi (Teijaro J. R.,
Farber D. L., 2021) proti tomuto proteinu. Vektorové vakciny funguji rovné€z na principu
prenosu genetické informace pro virovy protein, ktery indukuje u o¢kovaného jedince imunitni
odpovéd’, ale tato geneticka informace je prenesena prosttednictvim nosice (vektoru), nejéastéji
adenoviru. V piipad¢ proteinovych vakcin je do téla vpraven piimo virovy protein.

Imunogenem vakcin proti covidu-19 je spike protein a receptorovd vazebna doména
(RBD) spike proteinu je cilem nejen postinfekénich, ale také postvakcinacnich neutraliza¢nich
protilatek (Jackson C. B. et al., 2022). Ackoliv byla prokdzana schopnost anti-spike protilatek
prostiednictvim opsonizace viru a Fc receptorii na monocytech infikovat tyto buniky imunitniho
systému, neutraliza¢ni protilatky indukované mRNA vakcinami jejich infekci nepodporuji

(Junqueira C. et al., 2022).

2.4.3 Imunitni odpovéd’ pacientii po transplantaci ledviny na o¢kovani proti
SARS-CoV-2

Imunogenicita je dulezitou vlastnosti vakcin a testovani postvakcina¢ni imunitni odpovédi ma
velkou vypovidaci hodnotu, nebot’ jak humoralni, tak buné¢na odpovéd’ koreluji s ochranou
pted infekei (Kemlin D. et al., 2023). Britskym autorim se dokonce podatilo definovat
konkrétni hladiny anti-SARS-CoV-2 protilatek korelujici s 80% efektivitou vektorové vakciny
v prevenci symptomatické infekce variantou Alpha v obecné populaci. Na zakladé téchto dat
lze extrapolovat piibliznou ucinnost dalSich vakcin (Feng S. et al., 2021). Belgicka studie
zahrnujici 53 virus-naivnich pacientii po transplantaci ledviny, oCkovanych tifemi davkami

mRNA vakciny, analyzovala vyskyt symptomatické prilomové infekce virem SARS-CoV-2
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a korelaty ochrany pted infekci. Béhem 6 mésicti od posilovaci davky vakciny, kdy dominovaly
varianty Delta a Omicron, byla infikovana tfetina jedincii. U téchto pacientl byly ve srovnéni
s neinfikovanymi jedinci pozorovany signifikantn€ nizsi hladiny anti-S1 IgG, anti-RBD IgG
a neutralizaCnich protilatek a signifikantné nizs§i frekvence S2-specifickych IFN-y
produkujicich bunék. Nejsiln€jsim prediktorem prilomové infekce byl titr neutralizacnich
protilatek a S2-specifickd bunééna odpovéd’ (Kemlin D. et al., 2023). A¢koliv v celondrodni
norské studii s vice nez 3 600 pacienty po transplantaci ledviny nebyl pozorovan rozdil v riziku
infekce variantou Omicron pifi raznych hladinach postvakcinacnich protilatek, pacienti
s robustn€j$i humoralni odpovédi po ockovani byli v niz§im riziku progrese do zavazného
onemocnéni a v niz§im riziku umrti asociovaného s covidem-19 (Hovd M. et al., 2023).

Imunitni odpovéd na ockovani proti SARS-CoV-2 je upacientli po transplantaci
ledviny oproti zdravym kontrolam oslabend. Zatimco u imunokompetentnich jedincti indukuji
vakciny proti SARS-CoV-2 vznik germindlnich center dilezitych pro produkci neutralizacnich
protilatek, u imunosuprimovanych pacientii je tento proces narusen (Lederer K. et al., 2022).
Z toho plyne porucha postvakcina¢ni imunologické paméti, ktera je zakladem pro dlouhodobou
ochranu pted infekei (Sette A., Crotty S., 2022). Mira sérokonverze v populaci pacientli po
transplantaci ledviny se napfic¢ studiemi vyrazng 1i8i. V jedné z prvnich studii byly v ¢asném
obdobi (8 + 1 den) od druhé davky mRNA vakciny anti-S1 IgG a neutralizacni protilatky
detekovany u vSech imunokompetentnich jedinct, ale pouze u 2,6 % pacientl po transplantaci
ledviny. Navic neutraliza¢ni protilatky nebyly detekovany ani u jednoho transplantovaného
pacienta. K vyznamngj$§imu nérGstu nedoSlo ani béhem dalSich 11 az 19 dni sledovani.
Pomérné vysoka sérokonverze (85 % v ptipade anti-S1 IgG a 77 % v ptipad¢ neutraliza¢nich
protilatek) byla pozorovana rovnéz u dialyzovanych jedinct (Sattler A. et al., 2021).

O néco lepsi, presto nepiiznivé vysledky ukdzala jina studie s vice neZ trojnasobnym
poctem pacientl po transplantaci ledviny. V rozmezi 10 aZ 20 dnt po plném ockovani mRNA
vakcinami byla sérokonverze pozorovana u 37,5 % virus-naivnich pacientli po transplantaci
ledviny. V kontrolni skupiné byla sérokonverze stoprocentni. Transplantovani pacienti tvofili
signifikantné niz8i hladiny anti-spike IgG oproti zdravotnikim (Grupper A. et al., 2021).
Vzhledem k tomu, Ze z této studie byli vylouceni pacienti s pozitivnimi antinukleokapsidovymi
protilatkami, které v ¢ase po infekci rychle klesaji (Chavarot N. et al., 2021, Marot S. et al.,
2021), mohlo byt skute¢né procento respondert jesté nizsi.

Mira sérokonverze v nékolika dalSich studiich v obdobi 16—40 dnti po 2. ddvce mRNA
vakciny u pacientl po transplantaci ledviny se pohybuje od 4 do 66 % (Danthu C. et al., 2021,
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Bertrand D. et al., 2021, Rozen-Zvi B. et al., 2021, Arias-Cabrales C. et al., 2023). Rtzné
vysledky mohou byt ovlivnény také zahrnutim pacientii po prodélané asymptomatické infekci.
Tato data nejsou piekvapiva, jelikoz jiz diivéjsi studie s pacienty po orgdnovych transplantacich
prokézaly oslabenou humoralni odpovéd po ockovani proti viru chiipky (Baluch A. et al.,
2013).

V ramci analyzy bunééné odpovédi detekovali Sattler et al. spike-specifické CD4+
T-lymfocyty 7. az 9. den po 2. ddvce mRNA vakciny téméf u vSech pacientli po transplantaci
ledviny. Oproti zdravym kontrolam byla tato odpoveéd’ spojena se slabsi produkei efektorovych
cytokinti, slabsi diferenciaci do pamétovych bunék as downregulaci drah ucastnicich se
cytokinové signalizace a imunitni aktivace. Spike-specifickd CD8+ T-bunécéna odpovéd’ byla
detekovana pouze u 5 % transplantovanych jedinct (Sattler A. et al., 2021). V jinych kohortach
virus-naivnich pacientl po transplantaci ledviny byla T-buné¢né odpovéd’ v rozmezi 2 tydn
az jednoho mésice po 2. ddvce mRNA vakciny pfitomna u 22 az 55 % jedincl (Arias-Cabrales
C. et al, 2023, Cucchiari D. et al., 2021). Tyto studie nerozliSovaly CD4+ a CD8+
T-lymfocytarni odpoveéd'.

V Cucchiariho studii byly postvakcinacni protilatky a bunéénd odpovéd’ soucasné
detekovany u necelych 20 % jedinct. Ve skupiné IgG- pacientli byla bunéna odpoveéd
detekovana u poloviny, ve skupin¢ IgG+ jedinct pouze v 18 % piipadt. Séropozitivni pacienti
m¢éli oproti séronegativnim robustnéj$i bunéénou odpoveéd’ (Cucchiari D. et al., 2021).

Doba, po kterou poskytuje ockovani ochranu, neni jasna. Pocet anti-S IgG+ pacientii po
transplantaci ledviny po 2. ddvce mRNA vakciny byl v rozmezi 1. a 6. mésice o 13 % nizsi
(66 % vs. 53 %), ale tento rozdil nebyl statisticky vyznamny. Naproti tomu pocet pacientll
s detekovanou T-bunéfnou odpovédi byl po 6. mésici signifikantné nizsi (22 % vs. 9 %).
V kontrolni skupin€ imunokompetentnich jedinct zlstali séropozitivni vSichni (Arias-Cabrales
C.etal., 2023).

Vyznamnym faktorem asociovanym se sniZenou imunogenicitou vakcin proti
covidu-19 v transplantované populaci je imunosupresivni lécba. Negativni vliv na tvorbu
postvakcinacnich protilatek byl prok4zan v ptipadé vysokodavkové kortikoterapie (> 125 mg)
v poslednim roce, udrzovaci imunosuprese tfemi preparaty (CNI, MMF, mTOR nebo
azathioprin) (Grupper A. et al., 2021), 1écby mykofenolat mofetilem (Grupper A. et al., 2021,
Boyarsky B. J. et al., 2021, Rozen-Zvi B. et al., 2021), deplecni 1écby v poslednim roce
(Cucchiari D. et al., 2021) a 1é¢by blokatorem kostimulace belataceptem (Bertrand D. et al.,

2021). Vyznamny vliv imunosuprese na horsi imunogenicitu vakcin u transplantovanych

34



pacientli podporuji data z populace dialyzovanych pacientli, u kterych je imunitni odpoveéd’ po
ockovani, jak jiz bylo uvedeno, blizka odpovédi v obecné populaci (Bertrand D. et al., 2021,
Sattler A. et al., 2021). Krats$i doba od transplantace a tedy i1 od indukéni 1éCby a horsi funkce
Stépu je rovnéZ spojena s nizsi sérokonverzi (Arias-Cabrales C. et al., 2023, Rozen-Zvi B.
et al., 2021). Z dalsich negativnich faktorii sérokonverze ale 1 T-bunétné¢ odpovédi byl
v n¢kterych studiich diabetes (Thomson T. et al., 2022, Cucchiari D. et al., 2021). S porusenou
bunécnou odpovédi byla asociovana také horsi funkce sté€pu (Cucchiari D. et al., 2021). Naopak
imunizace predchozi ndkazou vyznamné zvySuje imunitni odpovéd po ockovani proti
SARS-CoV-2 (tzv. hybridni imunita) (Boyarsky B. J. et al., 2021).

Dtlezitym faktorem spojenym s poruSenou imunitni odpovédi po ockovani, jak
v obecné (Collier D. A. et al., 2021), tak v transplantované populaci, je vyssi vék (Grupper A.
et al., 2021, Arias-Cabrales C. et al., 2023, Boyarsky B. J. et al., 2021, Rozen-Zvi B. et al.,
2021). Je nejasné, do jaké miry se na slabsi imunogenicité vakcin ve starSi populaci uplatiiuje
pfirozeny jev imunosenescence, nebo zda jsou pfic¢inou samotné vakciny. V obecné populaci
starSich ockovanych jedincti bylo pozorovano méné somatickych hypermutaci v genech pro
povrchové receptory B-lymfocyti. Moznym vysvétlenim poruSené neutralizacni schopnosti po
o¢kovani u starSich jedincil je niz$i hladina a/nebo afinita protilatek, snizena odpovéd CD4+
pomocnych T-lymfocytii nebo jejich kombinace (Collier D. A. et al., 2021).

Jednou z moznosti, jak v piipadé transplantovanych jedinct zlepSit imunogenicitu
vakcin, je aplikace posilovacich davek. Ockovani 3. ddvkou mRNA vakciny vedlo ve $panélské
kohorté k signifikantnimu zvySeni poctu jedinct s detekovanou protilatkovou odpovédi z 66 %
na 92 % (doba mezi aplikaci 2. a 3. davky a odbéry byla 28 dntli). PocCet pacientli s vysokym
titrem protilatek se po posilovaci davce zvysil az Sestndctinasobné (Arias-Cabrales C. et al.,
2023). Aplikace 3. davky vakciny vedla rovnéZ ke zvySeni hladin a avidity anti-RBD IgG
protilatek a také ke zvySeni hladin neutralizacnich protilatek (Kemlin D. et al., 2023).
Sérokonverze a hladiny protilatek byly po 3. davce vyssi u pacientl, ktefi byli primoockovani
mRNA vakcinou oproti vektorové vakcin€ (Thomson T. et al., 2022). S kazdou dalsi posilovaci
davkou vakciny se procento responder a hladina protilatek zvySuje, presto vSak u Casti
pacientl nedochazi k rozvoji humoralni imunity ani po n¢kolika davkach (Hovd M. et al., 2023,
Thomson T. et al., 2022).

Efekt posilovacich davek jiz neni tak ztejmy v piipadé T-bunécné odpovédi. Ockovani
3. davkou sice vyznamné zvysilo pocet pacientd s detekovanou bunécénou odpovedi z 23 % na

32 %, ptesto je toto procento o polovinu nizsi ve srovnani s obecnou populaci (Arias-Cabrales
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C. et al., 2023). V jiné studii nevedla aplikace 1. boosteru (tj. 3. davky) k signifikantnim
zménam SARS-CoV-2 S1/S2 specifické bunééné odpoveédi (Kemlin D. et al., 2023) a vétSina
virus-naivnich pacientli nevyvine T-bunéénou odpovéd ani po 2. boosteru (tj. 4. davce)
(Thomson T. et al., 2022).

Ve srovnani se zdravymi kontrolami ¢i dialyzovanymi jedinci je imunitni odpoveéd’ po
posilovacich davkéch vakcin u transplantovanych pacientt slabsi, ale jeji nartist je praveé v této
populaci nejmarkantnéjsi (Arias-Cabrales C. et al., 2023). Tito pacienti tak zfejm¢é mohou

profitovat z aplikace posilovacich davek nejvice.

2.4.4 Efektivita vakcin

Dulezitym kritériem vakein je jejich efektivita, tedy mira ochrany, kterou poskytuji v realnych
podminkach. Je vyjadiena procentem redukce nakazy v ockované populaci oproti
neockovanym jedincim. Efektivita vakcin proti SARS-CoV-2 v obecné populaci je vysoka.
Analyza 68 kontrolovanych a observacnich studii zahrnujicich mRNA vakciny (BNT162b2,
mRNA-1273) a vektorové vakciny (ChAdOx1 nCoV-19, Ad26.COV2-S) ukazala vysokou
¢asnou ucinnost (do 42 dni od ukonceni zédkladniho o€kovani) v prevenci infekce (83 %),
hospitalizace (92 %) a imrti (91 %) na jakoukoliv variantu viru, ackoliv se zjevnym poklesem
efektivity proti vSem udalostem (o 21 %, 13 %, 5 %) behem dalsiho sledovani (> 112 dnt od
zékladniho ockovani) (Wu N. et al., 2023). Efektivitu vakcin lze zvysit aplikaci posilovaci
davky (Andrews N. et al., 2022).

Jedinci s imunodeficitem vcetné pacientll po transplantaci solidnich organt, ktefi byli
pln¢ ockovani mRNA vakcinami nebo vektorovou vakcinou proti SARS-CoV-2, jsou ve
srovnani s obecnou populaci ve vyssim riziku prulomové infekce (Sun J. et al., 2022). Mnozstvi
studii analyzujicich realnou U¢innost vakcin v populaci pacientl po transplantaci ledviny je
limitované. Americka studie zahrnujici 2 151 pacientl po organovych transplantacich, z nichz
967 bylo po transplantaci ledviny, ukdzala u ockovanych jedinch 81% redukci rizika
symptomatického covidu-19 oproti neockovanym pacientim. VétSina pacient (70 %) byla
ofkovana vakcinou mRNA-1273. PIné ockovani znamenalo 2 davky mRNA vakciny
(mRNA-1273 nebo BNT162b2) nebo 1 davku vektorové vakciny Ad26.COV2-S (Aslam S. et
al., 2021). Naproti tomu v rozséhlé studii ze Spojeného kralovstvi s vyuzitim narodnich registra
analyzujici pacienty po organovych transplantacich nebylo ofkovani dvéma davkami
ChAdOx1-S nebo mRNA BNT162b2 vakciny asociovano se snizenim rizika SARS-CoV-2

infekce. Na druhou stranu tato studie prokazala u ockovanych jedinct 20% redukci rizika amrti
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(Callaghan C. J. et al., 2022). Tak vyznamny rozdil v prokdzané efektivité vakcin v prevenci
infekce v ramci téchto studii mize byt vysvétlen riznym sledovanym obdobim, kdy druha
studie analyzovala G¢innost vakcin v delS§im ¢asovém horizontu od varianty Alpha, navic s jiz
dominujici variantou Delta. A pravé nizsi G¢innost dvou davek BNT162b2 vakciny proti
symptomatické infekci variantou Delta oproti varianté¢ Alpha (88 % vs. 93,7 %) byla
pozorovana taktéz v obecné populaci (Lopez Bernal J. et al., 2021). Vysledek mohl byt také
ovlivnén prodlouzenym ockovacim intervalem mezi mRNA vakcinami ve Spojeném kralovstvi
s medianem az 77 dni (Callaghan C. J. et al., 2022). Ackoliv tyto studie probihaly v obdobi pied
variantou Omicron, lze v ptipad¢ této varianty piedpokladat jesté nizsi ucinnost vakcin,
podobné¢ jako v obecné populaci (Wu N. et al., 2023).

Data tykajici se efektivity jednotlivych typa vakcin v transplantované populaci jsou
nekonzistentni. Callaghan et al. prokazal signifikantni sniZeni rizika umrti o¢kovanim dvéma
davkami vektorové vakciny ChAdOx1-S v obdobi vyskytu variant Alpha az Delta, na rozdil od
o¢kovani mRNA vakcinou BNT162b2, které nebylo asociovano sredukci rizika umrti
(Callaghan C. J. et al., 2022). Oproti tomu ve studii jinych britskych autord, srovnavajici
ockovani dvéma davkami BNT162b2 a ChAdOx1-S v obdobi dominujici varianty Delta, bylo
ockovani mRNA vakcinami spojeno sniz§i incidenci infekci, hospitalizaci a wUmrti
asociovanych s covidem-19 (OpenSAFELY Collaborative, 2023). Vyssi efektivita BNT162b2
oproti ChAdOx1 v prevenci symptomatické infekce variantou Delta byla rovnéz prokazana
v obecné populaci (88 % vs. 67 %) (Lopez Bernal J. et al., 2023). V dalSim obdobi vySe zminéné
studie po aplikaci prvni posilovaci ddvky mRNA vakciny (celkem 3. davky), béhem dominujici
varianty Omicron, nebyly pozorovany vyznamné rozdily mezi skupinou inicidlné¢ ockovanou
vektorovou nebo mRNA vakcinou v Zadné ze sledovanych udélosti (OpenSAFELY

Collaborative, 2023).

2.5 Lécba covidu-19
Princip 1é¢by covidu-19 vychazi z patogeneze onemocnéni, tedy z inicialné virové replikace,
kterd miiZze nasledné vést k nadmérné a dysregulované imunitni odpovédi hostitele. V ¢asné
imunosupresivni 1écba (COVID-19 Treatment Guidelines Panel, National Institutes of Health,
2024).

Podle doporuceni National Institutes of Health je pro dospélé pacienty bez nutnosti

hospitalizace, ale ve vysokém riziku progrese do zavazného stavu, tedy i pacienty po
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organovych transplantacich, doporucena lécba jednim ze tfi antivirotik. V pofadi prvni
doporucované kombinované antivirotikum nirmatrelvir/ritonavir vSak neni u pacientl po
transplantaci ledviny v naSi praxi rutinné uzivano, jelikoz je ritonavir potentni inhibitor
cytochromu P450, ptes ktery jsou metabolizovany kalcineurinové a mTOR inhibitory. Druhym
doporuc¢ovanym ptipravkem je remdesivir, jehoz aplikace v prvnim tydnu od vzniku symptomt
snizila riziko hospitalizace nebo iimrti o 87 % ve srovnani s placebem (Gottlieb R. L. et al.,
2022). Alternativou prvnich dvou zminénych preparatli je antivirotikum molnupiravir.
V ptipadé¢ 1écby jiz oCkovanych jedincth minimalné tremi davkami vakciny v dobé dominujici
varianty Omicron sice molnupiravir zkratil dobu do zotaveni, ale nebyl pozorovéan efekt
z hlediska snizeni rizika hospitalizace ¢i umrti (Butler C. C. et al., 2023).

U hospitalizovanych imunosuprimovanych pacienti bez, nebo s konvenc¢ni
oxygenoterapii (tj. vyjma vysokopritokové aplikace kysliku, neinvazivni ventilace,
mechanické ventilace nebo extrakorporalni membranové oxygenace), pfipada do uvahy 1écba
remdesivirem nebo kombinaci s dexamethasonem. U imunosuprimovanych nemocnych
hospitalizovanych z divodu covidu-19 snizil remdesivir riziko 28denni mortality o 25 %
(Mozaffari E. et al., 2023). Signifikantni zlepSeni pieziti bylo pozorovéano napfti¢ vSemi klinicky
vyznamnymi variantami tzv. VOCs vcetné varianty Omicron. Dexamethason u pacientll
s nutnosti oxygenoterapie snizil 28denni mortalitu v porovnani se standardni 1écbou o 17 %
(RECOVERY Collaborative Group, 2021).

V piipadé jedincl s vyssi kyslikovou potfebou nebo v pfipadé progrese respiracni
insuficience a systémové inflamace se 1écba dexamethasonem rozSifuje o jeden
z imunomodulatort (COVID-19 Treatment Guidelines Panel, National Institutes of Health,
2024). Preferovanym je selektivni inhibitor JAK1/2 baricitinib, ptipadné inhibitor IL-6
receptoru tocilizumab. Inhibici JAK1/2 dochézi k potlaceni signélnich drah ucastnicich se
imunitni a inflamatorni odpovédi. IL-6 je prozéanétlivy cytokin produkovany aktivovanymi
buiikami imunitniho systému, ktery vyznamné potencuje cytokinovou bouii a spolu s TNF-a je
jeho hladina signifikantnim prediktorem zavaznosti onemocnéni a amrti (Del Valle D. M. et
al., 2020). Epitelialni produkce IL-6 se uplatituje v patogenezi poSkozeni plic, jelikoZ indukei
transkripce koagulacnich faktorti v jatrech a tkanového faktoru v endotelu potencuje
prokoagulaéni stav typicky pro covid-19 (Lamers M. M., Haagmans B. L., 2022).

U pacientl po transplantaci ledviny je soucasti 1écby covidu-19 iuprava chronické
imunosupresivni terapie, ale vzdy po individualnim zvaZzeni rizika rejekce vici riziku progrese
onemocnéni. V 1écbé kortikoidy se standardné pokracuje. V ptipadé 1écby zavaznych stavd,
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kdy jsou indikovany imunomoduléatory (baricitinib, tocilizumab), je potieba ujiz tak
imunosuprimovanych nemocnych zvazit irizika sekundarnich infekénich komplikaci

(COVID-19 Treatment Guidelines Panel, National Institutes of Health, 2024).

2.6 Diagnostika infekce SARS-CoV-2

Diagnostika infekce SARS-CoV-2 spociva v piimém priikkazu viru. K diagnostice se vyuzivaji
bud’ testy zalozené na amplifikaci a detekci ribonukleové kyseliny (NAAT - nucleic acid
amplification test), které jsou vysoce senzitivni, nebo antigenni testy detekujici pfitomnost
specifického virového proteinu. Nejcastéji pouzivanou metodou amplifikacnich testti je PCR
(polymerase chain reaction). Vzorky pro pfimou detekci viru mohou byt ziskavany z nazalniho
nebo nazofarenygealniho vytéru, v ptipadé NAAT také z orofaryngealniho vytéru, ze sputa
nebo slin (Centers for Disease Control and Prevention, 2024).

Uskali vysoké senzitivity NAAT spoéiva v mnohdy problematickém rozliseni aktivni
infekce od prolongované perzistence neviabilniho viru v téle. Do urcité miry se lze orientovat
na zaklad¢ hodnoty Ct (pocCet amplifikacnich cykld nutnych pro detekei genetického materialu),
jelikoz pti hodnoté Ct > 34 nebyl prokazéan cytopaticky efekt viru po jeho inokulaci do bunééné
kultury (La Scola B. et al., 2020). Na druhou stranu u pacientl po transplantaci ledviny byl
detekovan viabilni virus i pfi nizsi virové nalozi (Ct > 35) a to az 38 dnti od nastupu symptomi
(Benotmane L. et al., 2021). Protoze vyssi hodnota Ct predstavuje vyssi pocet cykla amplifikace
nutnych pro detekci genetického materidlu, a tudiZ niz$i koncentraci virové RNA, muze se
jednat o asnou infekci, proto je nutné interpretovat Ct hodnotu v korelaci s klinickym stavem.

Znamkou prodélané nakazy je 1 pfitomnost SARS-CoV-2 specifickych protilatek. Podle
soucasnych doporuceni (Centers for Disease Control and Prevention, 2024) by se vSak
sérologické testy nemcly vyuzivat k diagnostice SARS-CoV-2 infekce vzhledem
k diagnostickému oknu, kdy nemusi byt tyto protilatky detekovany. Nepiimy prikaz viru na
zaklade testovani protilatek vSak mtze byt ptinosny v prukazu infekce u nemocnych s jasnymi
klinickymi znamkami onemocnéni, ale faleSné negativnimi PCR testy. Nicmén¢ v dobé¢, kdy je

vétSina populace proockovana, je tento piistup problematicky.

2.7 Testovani protilitkové a bunééné imunitni odpovédi

Testy na protilatky proti SARS-CoV-2 jsou zaloZeny na principech chemiluminiscencni
analyzy (CLIA), enzymové imunoanalyzy (ELISA), na principu lateralniho toku (LFIA) nebo
nepiimé imunofluorescenéni analyzy (IFA), pfiemz nejCastéji vyuzivanymi jsou prvni tii
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zminéné. Na principu lateralniho toku funguji tzv. rychlé testy, které jsou na rozdil od ostatnich
jmenovanych kvalitativni a oproti ELISA a CLIA maji nizsi senzitivitu (Gong F. et al., 2021).
DalSim typem protilatkového testu je virus-neutralizacni test, ktery stanovuje, zda jsou v séru
pritomny neutralizacni protilatky schopné inhibovat rist viru na bunééné kulture.

K testovani bunééné imunity jsou vyuzivany testy zaloZzené na detekci cytokinl
produkovanych T-lymfocyty po stimulaci specifickymi antigeny. Dominantnimi jsou cytokiny
IFN-y a IL-2, a to jak v akutni fazi onemocnéni, tak béhem rekonvalescence (Rydyznski

Moderbacher C. et al., 2020, Zuo J. et al., 2021).
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3. Hypotéza

Onemocnéni covid-19 pfedstavuje zavazné riziko pro pacienty po transplantaci ledviny
z hlediska zavaznosti pribehu a mortality. Pfi¢inou je nejspiSe kombinace imunosupresivni
1écby, pfidruzena onemocnéni a imunitni dysfunkce plynouci z chronického onemocnéni
ledvin. Vzhledem k vysoké mortalité 1ze pfedpokladat nedostateCnou imunitni odpovéd’ nejen
na infekci virem SARS-CoV-2, ale také na ockovani proti SARS-CoV-2. Predpokladame, ze
analyzou postinfekéni a postvakcinaéni imunitni odpovédi a jejich determinant muzeme
nejrizikovéjsi skupiny pacientti, ktefi by mohli profitovat z implementace zjisténych poznatki
do klinické praxe. Dulezitym aspektem je také redlna ucinnost vakcin proti SARS-CoV-2
v transplantované populaci. Domnivame se, ze kombinaci téchto poznatki mizeme zlepsit

prevenci covidu-19.

4. Cile prace

1. Analyza humoralni imunitni odpovédi po ptirozené infekci virem SARS-CoV-2 u pacientii
po transplantaci ledviny a jeji srovnani s imunokompetentni populaci. Identifikace faktort

ovliviwjicich tvorbu postinfekénich protilatek.
2. Analyza humordlni a bunécné imunitni odpovédi po ocfkovani proti SARS-CoV-2
u pacientl po transplantaci ledviny. Identifikace faktorti ovliviiujicich imunitni odpovéd’ po

vakcinaci. Stanoveni funkce Stépu po ockovani.

3. Analyza vlivu syndromu geriatrické kiehkosti (anglicky frailty) na humoralni odpovéd’ po

ockovani proti SARS-CoV-2.

4. Stanoveni realné ucinnosti vakcin proti SARS-CoV-2 u pacientli po transplantaci ledviny.
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5. Metodika

5.1 Populace
Do studii byli zafazeni pacienti po transplantaci ledviny sledovani v transplantaénim centru

IKEM. Podrobny popis studijnich kohort je ddle uveden v ramci diskutovanych publikaci.

5.2 Analyza humoralni imunity

V ramci analyzy humorélni imunity jsme u studovanych subjekti méfili anti-SARS-CoV-2 IgG
protilatky proti spike proteinu. Vyuzili jsme k tomu analyzator LIAISON® (LIAISON®
SARS-CoV-2 S1/82 IgG test, DiaSorin S.p.A.), ktery pracuje na principu chemiluminiscencni
analyzy s paramagnetickymi mikrocasticemi potaZenymi proteiny S1 a S2 viru SARS-CoV-2.
Na zaklad¢ diive publikovanych metodickych postupti (Bonelli F. et al., 2020, National
SARS-CoV-2 Serology Assay Evaluation Group, 2020) byly k validaci metody pouzity vzorky
ziskané od 41 subjektt jesté pred pandemii covidu-19 a od 34 pacienti s PCR verifikovanou
SARS-CoV-2 infekci. PouZitim statistického softwaru MedCalc verze 19.1 byla stanovena
optimalni hodnota cut-off (9,5 AU/ml) se senzitivitou testu 91,2 % (95% CI 76,3-98,1)
a specificitou testu 90,2 % (95% CI 76,9-97,3) (obr. 3).
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Obr. 3 ROC kfrivka pro pouzitou metodu méreni anti-SARS-CoV-2 protilatek.

5.3 Analyza bunééné imunity
Analyza bunécné imunity byla provedena pouzitim testu zalozeného na méfeni interferonu

gamma (IFN-y) uvolnéného antigen-specifickymi T-bunikami (Interferon Gamma Release
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Assay; IGRA), které byly pfes noc stimulovany specifickymi peptidy viru SARS-CoV-2.
V prvnim kroku bylo 500 pul plné krve rozpipetovano do tii zkumavek s obsahem kultiva¢niho
média RPMI 1640 (Roswell Park Memorial Institute 1640), 1% glutaminu, 1% streptomycinu,
1% penicilinu a s obsahem teplem inaktivované¢ho 10% fetadlniho bovinniho séra. Pozitivni
kontrolu pfedstavovala zkumavka s obsahem stimula¢né ptisobiciho fytohemaglutininu
(25 ng/ml) (Sigma-Aldrich), negativni kontrolu zkumavka bez stimulacnich latek. Pro
specifickou stimulaci byly pouzity peptidy s obsahem epitopti spike proteinu, nukleoproteinu,
proteinu ORF3a a 7a (0,8 pg/ml) (Mabtech AB). Vzorky byly inkubovany pfi teploté 37 °C po
dobu 24 hodin. K méfeni plasmatickych hladin IFN-y (IU/ml) jsme pouzili analyzator
LIAISON® (LIAISON® QuantiFERON® TB Gold Plus test, DiaSorin S.p.A.). K validaci
metody byly pouzity vzorky plné krve od zdravych dobrovolnikl (n = 69), vzorky od subjektt
bez anamnézy infekce SARS-CoV-2 (n = 19) a vzorky od jedinct po prodélané infekei virem
SARS-CoV-2 nebo po vakcinaci 2 ddvkami mRNA vakciny BNT162b2 (n = 50). PouZzitim
statistického softwaru MedCalc verze 19.1 byla stanovena optimalni hodnota cut-off
(0,15 TU/ml) se senzitivitou testu 92 % (95% CI 80,8-97,8) a specificitou testu 100 % (95% CI
82,4-100).

5.4 Statisticka analyza

Ke statistickému zpracovani dat byly pouzity statistické softwary SPSS verze 22.0 a 24 (IBM
Corp, Armonk, NY), Rstudio verze 1.2.5019, 4.1.1 a 4.0.3. (2020-10-10) (Integrated
Development for R. RStudio, Inc., Boston, MA) ak optimalizaci metod pro méteni

anti-SARS-CoV-2 protilatek a T-bunécné odpovédi statisticky software MedCalc verze 19.1.

Detailni popis pouzitych statistickych metod je uveden v pfiloZenych publikacich.
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6. Publikované vysledky vztahujici se k tématu disertacni prace

6.1 Protilatkova odpovéd’ pacientii po transplantaci ledviny na infekci SARS-CoV-2

6.1.1 Uvod

V pocatcich pandemie onemocnéni covid-19 bylo publikovano jen malo dat tykajicich se
imunitni odpovédi pacientli po transplantaci ledviny. Pfitom jsou tito pacienti jednou
z nejrizikovéjSich skupin z hlediska mortality na covid-19. Cilem této studie byla analyza
séroprevalence a humoralni odpovédi pacientii po transplantaci ledviny na infekci virem

SARS-CoV-2 a jeji srovnani s obecnou populaci.

6.1.2 Metodika
Jednalo se o jednocentrovou prospektivni observacni studii probihajici na podzim roku 2020
behem druhé viny pandemie covidu-19, do které bylo zatfazeno celkem 1 037 pacientii po
transplantaci ledviny a 512 zdravotnikll z transplanta¢niho centra IKEM, kteti ptedstavovali
kontrolni skupinu. Hlavnimi cili studie bylo stanoveni séroprevalence SARS-CoV-2 IgG
protilaitek v obou skupinach a faktorG ovlivitujicich protilatkovou odpovéd’ na infekci
SARS-CoV-2.

Meéteny byly IgG protilatky proti spike proteinu vyuzitim chemiluminiscen¢ni analyzy
s optimalni cut-off hodnotou 9,5 AU/ml (viz 5. kapitola — analyza humoralni imunity).
VysSetteni protilatek bylo nabidnuto v§em pacientim po transplantaci ledviny a pracovnikiim,
bez ohledu na pfitomnost symptomu ¢i potvrzenou nakazu. U studijnich subjekti s prodélanou
nakazou byly retrospektivné zjiStény symptomy a klinicky obraz onemocnéni, které byly
nasledné klasifikovany dle zavaznosti nemoci (COVID-19 Treatment Guidelines Panel,
National Institutes of Health, 2024). Ke stanoveni asociace mezi anti-SARS-CoV-2

protilatkami a dal§imi proménnymi jsme zkonstruovali n€kolik line4rnich regresnich modeld.

6.1.3 Vysledky
Séroprevalence ve sledovaném obdobi byla niz$i u pacientd po transplantaci ledviny nez
u zdravotniki (6,8 % vs. 11,9 %, p =0,001), a to 1 v piipad¢ analyzy pouze asymptomatickych
jedinci (5,01 % vs. 8,35 %, p = 0,012).

Pacienti po transplantaci ledviny, kteti prodélali infekci SARS-CoV-2, byli mladsi

(p =0,001) a byli castéji [é€eni kalcineurinovymi inhibitory (p = 0,029). Séropozitivni pacienti,
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ktefi prodélali symptomaticky covid-19, m¢li vyssi BMI (p = 0,04) a tvofili vyssi hladiny
anti-SARS-CoV-2 IgG protilatek (p < 0,001) nez jedinci po asymptomatické infekci.

Ze vsech jedinct, ktefi prodélali symptomatickou SARS-CoV-2 infekci verifikovanou
PCR testem, doSlo k sérokonverzi u 82,6 % pacientli po transplantaci ledviny a 95,2 %
zdravotnika. Infekce virem SARS-CoV-2 indukovala tvorbu protilatek v signifikantné vyssich
hladinach ve skupin¢ pacientli po transplantaci ledviny oproti zdravotnikiim (median 31 AU/ml,
IQR 17-84 vs. median 15 AU/ml, IQR 11-39, p <0,001). V ramci symptomatickych subjekta
nemeéla doba mezi diagnozou infekce a odbérem protilatek vliv na jejich hladiny (8 = 0,58,
onemocnéni byla pozorovéana vyssi hladina protilatek (obr. 4).

Jedinymi faktory signifikantné¢ ovliviiyjicimi tvorbu protilatek v rameci vSech
studovanych subjektl (pacientil po transplantaci a zdravotnikil) byly v multivariabilni analyze
symptomaticky prabeh covidu-19 (5 =19,57, 95% C17,98-31,16, p = 0,001) a stfedn€ zavazné
az zavazné symptomy (8 = 57,11, 95% CI 37,41-76,8, p < 0,001). Tyto vykazovaly vysokou
kolinearitu s pfiznaky z postizeni dolnich dychacich cest. Stejné tak byla v multivariabilni
analyze pfitomnost stfedné zdvaznych az zdvaznych symptomi jedinym nezévislym faktorem
asociovanym s hladinou protilatek v populaci symptomatickych pacientd po transplantaci
ledviny (8 =41,99, 95% CI1 9,92-74,06, p = 0,011).
vysazenim imunosuprese, byl vytvoten alternativni model, ve kterém byla zdvaznost symptomu
nahrazena redukci imunosupresivni 1é€by. V multivariabilni analyze byla redukce
imunosuprese jedinym faktorem majicim vliv na tvorbu anti-SARS-CoV-2 protilatek
(B = 44,17, 95% CI 15,89-72,45, p = 0,003). Mykofenolat byl vysazen u 57,9 % pacienti
s mirnymi symptomy a 81,8 % pacientll se stfedné zdvaznymi symptomy. U jedinci se
zavaznym onemocnénim byla v jeho v prib¢hu vysazena veskerd imunosuprese.

U malé &asti pacientll po transplantaci ledviny (22 ze 107) byl k dispozici vysledek
druhého sérologického testovani k ovéteni stability protilatek v ¢ase. V dobé druhého odbéru
byly protilatky prokézany u 90,9 % pacientii (median 60,5 dni, IQR 14-91, min. § dni,
max. 182 dni). Hladina protildtek mezi prvnim a druhym méfenim se signifikantné neliSila

(p = 0,907).
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Obr. 4 Hladiny anti-SARS-CoV-2 IgG protilitek méfenych u pacientii po transplantaci
ledviny stratifikovanych podle zavaZnosti pribéhu onemocnéni. Hladiny protilatek se
statisticky vyznamné liSily naptic¢ skupinami (p <0,001). Post-hoc analyza prokézala statisticky
signifikantni rozdily mezi skupinami: asymptomaticky prub¢h a mirné symptomy (p < 0,001),
asymptomaticky prubéh a stiredné€ zédvazné symptomy (p < 0,001), mirné a stfedné¢ zavazné

symptomy (p = 0,023), stitedn¢ zdvazné a zavazné symptomy (p = 0,017).

6.1.4 Diskuse

Vzhledem k vysoké mortalité pacientli po transplantaci ledviny na covid-19, n¢kolikanasobné
prevysujici obecnou populaci (Akalin E. et al., 2020), Ize u téchto pacientii pfedpokladat slabsi
imunitni odpovéd’ na infekci virem SARS-CoV-2. Na za¢atku pandemie onemocnéni covid-19
bylo k dispozici limitované mnozstvi dat tykajicich se imunitni odpovedi této populace na
SARS-CoV-2 infekci a dosud publikované studie byly vesmes séroprevalenéni.

Cilem na$i studie byla kromé& stanoveni séroprevalence také analyza faktort
ovlivityjicich protildtkovou odpovéd’ pacientl po transplantaci ledviny na infekci virem
SARS-CoV-2 a srovnani s obecnou populaci. K testovani jsme zvolili metodu analyzujici
anti-spike IgG protilatky, nakolik je receptorovd vazebnd doména S proteinu vysoce
imunogenni oblast (Piccoli L. et al., 2020) a zvlasté u této kohorty senzitivnéjsi, nez testy
detekujici antinukleokapsidové protilatky (Prendecki M. et al., 2020).

Oproti obecné populaci byla séroprevalence mezi pacienty po transplantaci ledviny
témet polovicni. Ackoliv mohl byt vysledek ovlivnén vétsi tendenci k dobrovolnému testovani
u jedinct, kteti si byli védomi pfekonané nakazy, podobny trend byl pozorovan i v ptipadé
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analyzy asymptomatickych subjektii. Jednim z vysvétleni je nizs§i mira sérokonverze po infekci
u imunokompromitovanych jedinct. Dal§im moznym vysvétlenim je na jedné strané dusledné
pouzivani ochrannych pomticek a samoizolace transplantovanych pacientii, na druhé strané
vyssi expozice nakaze ve skupiné zdravotnikli. Pro porovnani, ve studii z londynské univerzity
byla séroprevalence v populaci transplantovanych pacientii az 10,4 % (Prendecki M. et al.,
2020) oproti 6,8% séroprevalenci v nasem centru, pfitom kumulativni pocCet potvrzenych
ptipadi infekce byl na konci definovanych studijnich obdobi mnohem vyssi v Ceské republice
nez ve Spojeném kralovstvi (Johns Hopkins University & Medicine, Coronavirus Resource
Center).

Protilatky po symptomatické SARS-CoV-2 infekci vytvofilo az 82,6 % pacientl po
transplantaci ledviny. Mira sérokonverze tedy neni tak nizka, jak by se dalo ocekavat
u imunokompromitovanych jedinci. Naptiklad u hemodialyzovanych pacienti byla
sérokonverze po infekci pozorovana v 89 % ptipadi (Sakhi H. et al., 2021).

Vyssi vek je vyznamnym rizikovym faktorem zévazného pribehu covidu-19 (Merad M.
et al., 2022). V naSem souboru nebyl pozorovan signifikantni vékovy rozdil mezi pacienty po
symptomatickém covidu-19 a po asymptomatické nikaze. Naopak pacienti, u kterych jsme
castecné vysvétleno mensi obavou z nemoci u mladsich jedinct a tudiz i mensi mirou ochrany
ve srovnani se star§imi pacienty. Jedinci se symptomatickou infekci vSak vytvorili signifikantné
vyS$$i hladiny protilatek a méli vy$§i BMI oproti asymptomatickym pacientim. Obezita je
znamym rizikovym faktorem zavazného covidu-19 (Merad M. et al., 2022).

Ptekvapivé jsme pozorovali signifikantné vysSi hladiny postinfekénich protilatek
u pacientll po transplantaci ledviny nez u zdravotnikd. Protoze v kohorté transplantovanych
pacientl byl daleko castéjSi symptomaticky a zavazny priitbéh nemoci, analyzovali jsme dale
vliv pfitomnosti a zdvaznosti symptomi na tvorbu protilatek. Zjistili jsme, ze jedinymi faktory
nezavisle asociovanymi s hladinou protilatek v obou skupinich je pravé symptomatické
onemocnéni a pritomnost stiedné zavaznych az zavaznych symptomi, tedy symptomt
spojenych s postizenim dolnich cest dychacich. Navic jsme ukazali, Ze pacienti po transplantaci
asymptomatickym pribéhem onemocnéni. Tento jev byl dosud pozorovan jen v obecné
populaci (Dan J. M. et al., 2021).

Vramci analyzy faktorti, které ovliviluji tvorbu postinfekénich protilatek

u symptomatickych pacientll po transplantaci ledviny, véetné téch tykajicich se transplantace
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(funkce S$tépu v dobé odbéru protilatek, proteinurie, konkrétni imunosupresivni 1écba,
senzitizace), byla opét jedinym signifikantnim faktorem ptitomnost stfedné zavaznych az
zavaznych symptomil. Se stoupajici zavaznosti covidu-19 vSak v klinické praxi dochéazelo
k daleko castéjsi redukci imunosuprese, zejména mykofenolat mofetilu, eventualné k aplnému
vysazeni imunosuprese. Vzhledem k zavislosti téchto dvou proménnych jsme vytvofili
alternativni model, ve kterém jsme zdvaznost symptomu nahradili redukci imunosuprese.
V multivariabilni analyze bylo vysazeni jakékoliv imunosuprese jako jediné vyznamné spojeno
s vyssi tvorbou protilatek po SARS-CoV-2 infekci. Negativni vliv imunosuprese na tvorbu
protilatek u pacienti po organovych transplantacich, konkrétn¢ antimetabolitu mykofenolat
mofetilu, byl jiz dfive prokdzan ve studii analyzujici odpovéd’ na ockovani proti viru chiipky
(Baluch A. et al., 2013), ale také na prvni davku mRNA vakciny proti SARS-CoV-2
(Boyarsky B. J. et al., 2021).

Limitaci studie je nabidnuti sérologického testovani v§em pacientim a zdravotnikiim,
coz mohlo vést k vys§imu zachytu jedinct s prodélanym onemocnénim. Mozny zajem o znalost
sérostatusu tak mohl ovlivnit vysledek séroprevalence. Rovnéz nebylo mozné posoudit, zda
doba mezi diagnozou infekce a odbérem méla vliv na tvorbu protilatek, jelikoz velkd cast
séropozitivnich jedinci méla asymptomaticky prubeh. AvSak u symptomatickych pacientti vliv

neméla. V neposledni fad¢ tato studie analyzovala pouze humoralni slozku adaptivni imunity.

Zavér

Navzdory imunosupresivni 1écb€ je humoralni odpovéd’ pacientli po transplantaci ledviny po
infekci virem SARS-CoV-2 vyznamna, pficemz hladiny protilatek jsou zavislé na zavaznosti
symptomil. Vzhledem k zachované postinfek¢éni humoralni odpovédi je mozné, Ze i1 naslednou
vakcinaci indukované imunitni odpovéd’ nemusi byt tak slabd, jak by se dalo u této kohorty

pacientl o¢ekavat.
Clanek byl publikovin v ¢asopise American Journal of Transplantation
Humoral response to SARS-CoV-2 is well preserved and symptom dependent in kidney

transplant recipients. Am J Transplant. 2021 Dec;21(12):3926-3935.

Kompletni clanek je prilozen v anglickém jazyce.
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1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
global pandemic has hit the virus-naive population of the Czech
Republic severely in fall 2020, As a consequence, a significant propor-
tion of KTR and HCW were infected. Kidney transplant recipients and

| Martina Fialova?

| Ivan Zahradka' © |

| David Hackajlo®® | Petr Raska®® |

Data on the immune response to SARS-CoV-2 in kidney transplant recipients are
scarce. Thus, we conducted a single-center observational study to assess the anti-
SARS-CoV-2 1gG seroprevalence in outpatient kidney transplant recipients (KTR;
n = 1037) and healthcare workers (HCW; n = 512} during the second wave of the
COWVID-19 pandemic in fall 2020 and evaluated the clinical variables affecting an-
tibody levels. Antibodies against 51 and S2 subunit of SARS-CoV-2 were evaluated
using immunochemiluminescent assay (cut off 9.5 AU/ml, sensitivity of 91.2% and
specificity of 90.2%). Anti-SARS-CoV-2 1gG seroprevalence was lower in KTR than in
HCW (7% vs. 11.9%, p = .001). Kidney transplant recipients with SARS-CoV-2 infec-
tion were younger (p = .001) and received CNI-based immunosuppression more fre-
quently (p=.029) than seronegative KTR. Anti-SARS-CoV-2 1gG positive symptomatic
KTR had a higher BMI (p = .04) than asymptomatic KTR. Interestingly, anti-SARS-
CoV-2 1gG levels were higher in KTR than in HCW (median 31 AU/ml, IQR 17-84 vs,
median 15 AU/ml, IQR 11-39, p < .001). The presence of moderate to severe symp-
toms in KTR was found to be the only independent factor affecting 1gG levels (Beta
coefficient = 41.99, 95% C19.92-74.06, p = .011) in the multivariable model. In conclu-
sion, KTR exhibit a well-preserved symptom-dependent humoral response to SARS-
CoV-2 infection.

KEYWORDS
clinical research/practice, infection and infectious agents - viral, infectious disease, kidney
transplantation/nephrology, patient characteristics

chronic kidney disease stage 5 patients represent the most vulnerable
populations in the recent SARS-CoV-2 pandemic with corresponding
morbidity and maortality significantly exceeding general population.i
and case fatality ratio of 24% in hospital admitted p.al:ients.,2 Altered
immune response to SARS-CoV-2 in immunosuppressed individuals
is therefore anticipated, however, data on the immune response to

Abbreviations: Ab test, antibody test; ATG, anti-thymo cyte globuling A Z A, azathioprine; BMI, body mass index; CNI, caldneurin inhibitor; COVID-19, coronavin s disease 201%; CyA,
cydosporin A; ¢GFR, estimated glomerular filtration rate; HOW., healthcare worker; IgG. immunoglobulin G; 1QR, interguartike range; KTR, kidney transplant recipient; MMF,
myeophenolate mofetil; mTORI mammalian target of rapamwein inhibitor; PRA, panel reactive antibodies: rATG, rabbit anti-thymeoeyte globulin; RT-PCR, resl-time polymerase ehain
reaction; § protein, spike protein; SARS-Cov-2. severe acute respiratory synd rome coronavirus 2; s-oreatinine, serum oreatinine; SPSS, Statistical Package for the Social Sciences:
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SARS-CoV-2 in kidney transplant recipients are scarce. Analysis of a
smaler Berlin outpatient cohort showed a low seroprevalence during
the first COVID-19 outhreak peak in spring 2020.° Investigation
of sera from 855 KTR from Imperial College in June 2020 for the
presence of anti-SARS-CoV-2 lgG using different assays revealed
seroprevalence to be ashigh as 10.4%. This study pointed out the dif-
ferent sensitivity of commercially available tests and the importance
of used target antigens in serologic assays and showed the receptor-
binding domain to outperform nuceocapsid protein in the detection
of SARS-CoV-2 seroprevalence in kidney transplant recipients,” The
receptor-binding domain is found within the 51 subunit of trimeric
transmembrane glycoprotein 5 (spike) protein of SARS-CoV-2, while
the 52 subunit is involved in the fusion between the viral envelope
and cellular membranes upon attachment.® Recently, several high-
throughput solid-phase immunoassays have been shown to be suit-
able for the detection of SARS-CoV-2 antibodies in the population.®
Herein, we report on a large single-center study conducted in
the fall of 2020, during the second peak of the outbreak. A total of
1037 KTR and 512 HCW have taken part in the study. The main aims
were to assess the seroprevalence of SARS-CoV-2 IgG antibodies
among KTR and HCW and to identify the factors associated with
the antibody levels, Using chemiluminescent assay with 51 and 52
antigens we show, that KTR exhibit similarly increasing SARS-CoV-2
IgG antibody seroprevalence as HCW. Moreover, KTR forms similar
levels of anti-spike protein antibodies in relation to disease severity

as immunosuppression-naive controls.

2 | METHODS

21 | Study population

This is a single-center prospective observational study of 1037
KTR and 512 HCW in whom SARS-CoV-2 antibodies concentra-
tions were screened during the second peak of the COVID-19
pandemic in the fall of 2020, between October 1 and November
30, 2020, Serologic testing was offered to all KTR with regular
out-patient visits and HCW regardless of previous symptoms or
SARS-CoV-2 PCR positivity, All KTR who accepted the invita-
tion were eligible to participate in the study. To study effects of
previously known SARS-CoV-2 infection on IgG antibody levels
in kidney transplantation, KTR cohort was enriched by additional
35 subjects who experienced symptomatic SARS-CoV-2 infection
with known SARS-CoV-2 antibodies concentrations measured
outside the screening period (Figure 1), The median age of HCW
controls was 44 years (IQR 36-52), most of them were women
(406, 79%). KTR and transplant demography used for further anal-
yses is given in Tables 1 and 2.

SARS-CoV-2 infection was defined either by detection of
SARS-CoV-2 RNA using RT-PCR in nasopharyngeal swab samples
in symptomatic or asymptomatic cases. Similarly, the presence of
SARS-CoV-2 1gG antibodies in asymptomatic or oligosymptom-
atic cases was considered as SAR5-CoV-2 infection as well.
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A questionnaire regarding symptoms was retrospectively filled
out by both KTR and HCW after the symptomatic course of the
disease, KTR were contacted by the transplant coordinators and
HCW by the hospital epidemiology department, respectively, The
guestionnaire included the presence of pneumonia diagnosed by an
imaging technique, dyspnea, need for oxygen therapy, spontaneous
saturation below 94%, cough, cold, sore throat, arthralgia, myalgia,
muscle weakness, fatigue, loss of smell, loss of taste, headache, dys-
pepsia, fever, and loss of weight.

The severity of symptoms was scored for each symptomatic
KTR and HCW according to the Clinical Spectrum of SARS-CoV-2
Infection definition.”

Both KTR and HCW signed written informed consent to partic-
ipate in the study and the Ethical board approved this study under
Mo: G2107.

2.2 | SARS-CoV-2-specific antibodies detection
Study subjects were tested for SARS-CoV-2-specific antibodies
using LIAISON SARS-CoV-2 51/52 1gG chemiluminescence immuno-
assay (DiaSorin S.p.AL). This assay contains paramagnetic micropar-
ticles coated with spike proteins 51 and 52. According to previously
published methodological procedures concerning the measurement
methods, > the method was validated using stored frozen samples
obtained from subjects before the SARS-CoV-2 pandemic (n = 41)
and from patients with SARS-CoV-2 infection verified by RT-PCR
{n = 34), The optimized cut off (9.5 arbitrary units (AL/ml) with test
sensitivity 91.2% (95% Cl 76.3-98.1) and specifidty 90.2% (95% CI
76.9-97.3) was determined using MedCalc Statistical Software ver-
sion 19.1 (Figure 51).

2.3 | Statistical analysis

Statistical analysis was performed using SPS5 version 22.0 (IBM
Corp), R-studio version 1,2.5019 (Development for R, RStudio, Inc)
and MedCalc Statistical Software version 19.1. The normality of data
distribution was tested using the Kolmogorov-5Smirnov test, Since
the majority of the data did not fit the normal distribution, only non-
parametric statistical methods were used, The Mann-Whitney U or
Kruskal-Wallis tests were used for the comparison of continuous
variables, Pearson's chi-squared test or Fischer's exact test were
used to compare categorical variables, Descriptive statistics are
reported as medians and interquartile ranges (IQR) for continuous
variables and numbers and percentages for categorical variables.,

Several multivariable linear regression models were used to as-
sess the association between 1gG levels and selected independent
variables,

First, the impact of general factors on anti-SARS-Cov-2 1gG
levels among all subjects with prior SARS-CoV-2 infection was
evaluated, Since this analysis was done in the entire cohort of sub-
jects with past SARS-CoV-2 infection {i.e., both HCW and KTR),
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(A)

35 additional symptomatic KTR tested
from 21.11.to 17.12.2020

1002 KTR tested for anti-SARS-CoV-2 IgG
from 17.9. to 20.11.2020

¥

| 6E seropositive KTR |

v

¥

| 934 seronegative KTR |

|
v ¥

| 15 symptomatic KTR |

49 asymptomatic KTR ‘ | 5930 asymptomatic KTR | | 4 previously symptomatic KTR

54 symplomaltic
seropositive KTR

(B)

512 HCW tested for anti-SARS-CoV-2 1gG
from 25.9.t0 12.11.2020

}

| 451 seronegative HOW |

| 61 seropositive HOW

¥
| 41 asymptomatic HOW | | 20 symptomatic HOW | | 1 symptomatic HCW | |1'I.S{I asymptomatic HEWl

FIGURE 1 Study flow chart. (A) A total of 1002 kidney transplant recipients (KTR) were tested for anti-SARS-CoV-2 IgG from September
17 to November 11, A total of 68 KTR were anti-SARS-CoV-2 |gG positive and 934 KTR were anti-5ARS-CoV-2 1gG negative. Out of 68 KTR,
19 KTR recalled symptoms of SARS-CoV-2 infection whereas 49 KTR were asymptomatic. To study effects of previously known SARS-
CoV-2 infection on anti-SARS-CoV-2 1gG levels in kidney transplantation, KTR cohort was enriched by additional 35 KTR who experienced
symptomatic SARS-CoV-2 infection with known anti-SARS-CoV-2 antibodies concentrations measured from November 21 to December 17,
Out of 934 seronegative KTR, 930 were asymptomatic and 4 KTR experienced symptomatic SARS-CoV-2 infection which was confirmed by
SARS-CoW-2 RNA positivity in nasopharyngeal swab, (B) Altogether 512 healthcare workers (HCW) were tested for anti-SARS-Cav-2 IgG
during defined study period, Sixty-one HCW anti-SARS-CoV-2 IgG positive (41 asymptomatic and 20 symptomatic). A total of 451 HCW
were anti-SARS-CoV-2 1gG negative in whom one healthcare worker experienced symptoms associated with SARS-CoV-2 infection and was

later tested positive for SARS-CoV-2 RMNA innasopharyngeal swab

transplant-related variables could not be assessed in this model and
only general factors were analyzed (Table 3).

Second, the associations of clinical symptoms and transplant vari-
ableswith anti-5ARS-CoV-2 |G levels among previously symptomatic
KTR were analyzed (Table 4, Table §1). Individual dinical symptoms
were aggregated into groups reflective of specific organ involvement.
The following clinical symptoms were analyzed in the univariable anal-
ysis: upper respiratory tract symptoms, lower respiratory tract symp-
toms, gastrointestinal tract symptoms, flu-like symptoms, headache,
loss of smell or taste and presence of moderate to severe symptoms,
The presence of lower respiratory tract symptoms and presence of
moderate to severe symptoms showed high collinearity, and thus,
only the variable of moderate to severe symptoms was chosen to
be used in the final model. Transplantation-related variables were
eGFR and level of s-creatinine at the time of antibody testing, the use
of depletion therapy (FATG, rituximab, alemtuzumab) at the time of
transplantation, historical PRA and time from transplantation to the
onset of symptoms. General factors considered for the analysis were
sex, age, blood type @, and BMI. Immunosuppression related variables
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were the baseline use of tacrolimus, cyclosporin A, mycophenolate
mofetil or mycophenolic acid, mTOR inhibitor, steroids, calcineurin-
based immunosuppression treatment, standard triple-drug treatment
(tacrolimus, mycophenolate, steroid) and any triple-drug treatment.
Antibody levels can have a time-dependent dynamic, Since only the
subgroup of symptomatic KTR (ie, those who were aware of their
SARS-CoV-2 infection) was used to create this model, the time be-
tween reported symptom onset and sample collection could be calcu-
lated and was also used as a variable in the model,

Mext, the effect of immunosuppression withdrawal on SARS-
CoV-2 antibody levels was evaluated (Table 52). This model was also
done in the subset of previously symptomatic KTR, and the variable
selection was similar to the previously described model. Since the
presence of more severe symptoms led to more frequent immuno-
suppression withdrawal, there is a clear causal downstream effect
between these two variables, and thus only one of these variables
should be used in the same multivariable model. Therefore, symp-
tom severity was substituted by immunosuppression withdrawal in
this model in order to evaluate its effect.



MAGICOVAET AL AJT | 3929
TABLE 1 Characteristics of kidney transplant recipients with SARS-CoV-2 infection and seronegative asymptomatic kidney transplant
recipients
Patients with SARS-CoV-2 Seronegative asymptomatic [
infection, n = 107 patients, n= 930 value®
Male sex - no. (%) 67 (64.5%) 577 (62%) 621
Age - median (IQR") 51 (40-62) 58 (456-68) 2001
Blood type® - no. (%)
0 22 (21%) 261 (28%) 183
A 51 (48%) 386 (42%)
B 25 (23%) 173 (19%)
AB 7 (7%) 88(5%)
BMI - median (IQR) 276 (25.2-31.4) 275 (24.5-30.8) 427
BMI z 30 - no. (%) 35(33%) 283 (30%)
Antihypertensive medication - no. (%) 100(93%) 844 (91%) 354
Diabetes - no. (%) 21 (20%) 243 (26%) 144
Deceased donor - no. (%) BO (75%) 743 (BO%) 215
Prior kidney transplant - no. (%) 13(12%) 112 (12%) 794
Time from transplantation - median (IQR), years 5.5 (1.8-9.5) 45 (1.3-98) B71
PRA max - median {IQR), % 4(0-25) 7 (2-26) 835
Serum creatinine®™® - median (IQR), pmol/L 128(106-161) 126 (104-145) L65
Proteinuria®® = 1 - no. (%) 15(14%) 153 (16%) ATG
Immunosup pression use
Tacrolimus - no. (%) 94 (87.9%) 780(B3.9%) 284
CyA - no. (%) 11(10.3%) 80(B.6%) SEBB
CMI - no. (%) 105 (98.1%) B&0(92.5%) 029
Steroids - no. (%) 93 (B6.9%) B37 (%0.0%) 251
MMF/MPA - no. (%) 95(8B.8%) 765 (82.3%) 0B?
mTORI - no. (%) 4(3.7%) 51 (5.5%) A45
TAC/MMF, MPA/steroids - no. (%) 78 (72.9%) 621 (66.8%) 201
Depletive induction - no. (%) 44 (43%) 419 (45%) 372
ATG use within & months of symptoms - no. (%) 2{1L9%) 35(3.8%) 419
Rituximab use within & months of symptoms - no. (%) 0({0%) 4 (0.4%) 1.000

Abbreviations: ATG, anti-thymocyte globuling AZA, azathioprine; BMI, body mass index; CNI-based, calcineurin inhibitor-based; CyA, cyclosporin A;
IQR, interquartile range; MMF, mycophenolate mofetil; MPA, mycophenolic acid; mTORI, mammalian target of rapamycin inhibitor; TAC, tacrolimus;

PRA, panelreactive antibodies.
Bold was used to mark significant p values,

* pvalues for group comparison based on the Mann-Whitney U test for continuous variables, Pearson's chi-squared test or Fischer's exact test for

categorical variables, p < .05 for significance,
5 |QR - interguartile range (25th percentile to 75th percentile).

“In 24 kidney trans plant recipients blood type was not available in electronic medical records,

4= Sarum creatinine and proteinuria measurements were done on the day of antibody testing.

Finally, a model including all symptomatic subjects (KTR and
HCW) was made to assess whether the time from symptom onset
to antibody testing plays a role in SARS-CoV-2 antibody levels in the
subgroup of all symptomatic subjects {Table 53).

After collinearity diagnostics, variables with p < .25 from the
univariable analysis were entered into the multivariable linear re-
gression model, Beta coefficients reported in the text refer to the
unstandardized linear regression coefficients beta. All tests were
performed at the 5% level of significance,

52

3 | RESULTS

3.1 | Anti-SARS-CoV-2 1gG seroprevalence

Out of 1002 KTR screened for anti-SARS-CoV-2 1gG in a defined time
period (Figure 1), 68 (6.8%) KTR were seropositive (Figure 2). The sero-
prevalence in 61 HCW (11.9%) was significantly higher (p = .001) incom-
parison to KTR. The same trend was observed for the overall prevalence
in asymptomatic KTR (5.01%) and asymptomatic HCW (8.35%; p =.012).
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TABLE 2 Characteristics of seropositive asymptomatic and symptomatic kidney transplant recipients

Asymptomatic seropositive
kidney transplant recipients, Symptomatic seropositive kidney p
n=49 transplant recipients, n = 54 value®
Male sex - no, (%) 36 (73.5%) 31(57%) 088
Age - median (IQR) 51 (40-59.5) 53(43-48) 203
Blood type® - no. (%)
0 13(27%) 7 (13%) 331
A 21 (43%) 29(54%)
B 10(20%) 14 (26%)
AB 3(6%) 4 (7%)
BMI - median (IQR) 26(25-31) 29(26-33) .04
BMI = 30 - no. (%) 13(27%) 21(39%)
Antihwpertensive medication - no. (%) 45 (92%) 52(96%) 335
Diabetes - no. (%) 7 (14%) 14 (26%) 143
Deceased donor - no. (%) 39 (80%) 38 (70%) 282
Prior kidney transplant - no. (%) 7 (14%) 6(11%) 225
Time from transplantation - median (IQR), years 6.6 (1.B-%.6) 5.2(1.3-9.5) 600
PRA max - median (IQR), % 4(2-22) 5(026.5) 694
Serum creatinine®® - median (IQR), prol/L 131 (108-15%) 125 (102-165) H68
Proteinura®® = 1 - no. (%) 6(12%) 7 {13%) 502
Anti-SARS-CoV-2 IgG levels - median (IQR), 20 {13-35) 59 (28-124) <001
AU/ml
Immunosuppression use
Tacrolimus - ne. (%) 43 (87.8%) 47 (87.0%) 913
CyA - no. (%) 5(10.2%) 6(11.1%) 882
CNI - ne. (%) 48 (97.9%) 53(98.1%) 945
Steroids - no. (%) 46 (93.8%) 50(92.6%) 796
MMEMPA - no. (36) 41(83.7%) 50(92.6%) 159
mTORi - no. (3) 2(4.08%) 2(3.7%) 1.000
TAC/MMF, MPA /steroids no. (36) 34 (69.4%) 40 (74.1%) 597
Depletive induction - no. (%) 20 (41%) 23(43%) 641

Abbreviations: AZA, azathioprine; BMI, body mass index; CNI-based, calcineurin inhibitor-based; CyA, cyclosporin &; IQR, interguartile range; MMF,
mycophenolate mofetil; MPA, mycophenolic acid; mTORI, mammalian target of rapamycin inhibitor; TAC, tacrolimus; PRA, panel reactive antibodies.

* p values for group comparison based on the Mann-Whitney U test for continuous variables, Pearson's chi-squared test or Fischer’s exact test for

categorical variables, p < .05 for significance.

BIQR - interguartile range (25th percentile to 75th percentile).

“In two kidney transplant recipients blood type was not available in electronic medical records,
42 Sarum creatinine and proteinuria measurements were done on the day of antibody testing.

When looking at the time-course of anti-5ARS-CoV-2 IgG sero-

conversion rates in KTR during the second wave of the COVID-19
pandemic, the rate of positive samples nearly doubled from 4% of
seropositive samples in September 2020 to 6.8% of seropositive
samples in November 2020,

Altogether, 107 KTR suffered from SARS-CoV-2 infection, 49
KTR were asymptomatic and in 54 KTR symptoms associated with
SARS-CoV-2 infection preceded seroconversion, Only in four symp-
tomatic cases verified by the RT-PCR test, no anti-spike protein anti-
hodies were detected. In total, 30 KTR were asymptomatic and no
SARS-CoV-2 antibodies were found. Twenty HCW had symptomatic

53

SARS-CoV-2 infection confirmed by positive PCR test prior to pos-
itive antibody testing. In a single case, no antibodies were detected
after RT-PCR positive symptomatic SARS-CoV-2 infection (Figure 1),

3.2 | Characteristics of anti-SARS-CoV-2 1gG
positive patients

Demographic and transplant characteristics of KTR with SARS-
CoV-2 infection and seronegative asymptomatic KTR are given
in Table 1. Kidney transplant recipients who experienced
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TABLE 3 Linear model of factors influencing the anti-SARS-
CoV-2 IgG antibody levels among KTR and HCW with SARS-CoV-2
infection

Univariable regression
Coefficient® [95%CI]  pvalue®
Age (years) 1.02 [0.56 to 1.48] <001
Symptoms 3866 [20.67 to 56.65]  <.001
Moderate to severe symptoms 52,04 [36.04 to 68.04] <001
Transplantation 27,06 [13.92 to 40.3] <001
Sex(male) 317 [-4.04 to 22.39] A72
Multivariable regression
Coefficient® [95%Cll  pvalue®
Intercept 716 [-13.81 to 28.14] 501
Age (years) 0.3 [-0.15 to 0.74] 168
Symptoms 19,57 [7.96 to 31.16] 001
Moderate to severe symptoms 57,11 [37.41 to 76.8] <001
Transplantation 211 [-4.33 to 22.56) 183
Sex (male) 266 (-9.22to0 14.54] 659

*pwvalues based on univariable linear regression, only results of factors
included in the final multivariable model are shown, p < .05 for
significance,

"Coefficient refers to the unstandardized linear regression coefficient
beta,

“p values based on multivariable linear regression, p < .05 for
significance.

SARS-CoV-2 were more likely to be younger and treated by CMI-
based immunosuppression.

The kidney transplant recipients’ clinical characteristics with
symptomatic and asymptomatic SARS-CoV-2 infection were also
compared, Higher BM| was the only significant difference in KTR
with symptomatic SARS-CoV-2 infection. Symptomatic KTR pro-
duced anti-5ARS-CoV-2 IgG in significantly higher levels than as-
ymptomatic KTR (Table 2).

We also evaluated the durability of SARS-CoV-2 antibodies
in a smaller subset of the patients. Twenty-two out of 107 KTR
with previous SARS-CoV-2 infection had a follow-up test before
the start of the vaccination program. 20 (90.9%) of them had
detectable antibodies at the time of the second testing (median
60.5 days, IQR 14-91, minimum 8 days, maximum 182 days). The
median level of anti-SARS-CoV-2 IgG in those 22 KTR was 22,05
(IGQR 13.65-41.58) at the time of the first antibody test and 30.7
(IQR 12.2-71.93)at the time of the second antibody test (p = 207).

3.3 | Variables affecting anti-SARS-CoV-2
1gG levels

Amang all subjects with previous SARS-CoV-2 infection {i.e., both
KTR and HCW), a significantly higher 1gG levels were found in KTR
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TABLE 4 Linear model of factors influencing the anti-SARS-
CoVv-2 1gG antibody levels among symptomatic kidney transplant
recipient subgroup

Multivariable regression

Coefficient” [95% Cl] p value®

Interce pt 51.99 [-47.21 to 151.18] 297

Moderate to severe 41.9% [%.92 to 74.06] 011
symptoms

Tacrolimus use at baseline  -10.96 [-54.14 to 32.23] 612

Mycophenolate use at -24.43(-85.54 to 36.68] 426
baseline

Ay triple -drug therapy -16.7 [-65.92 to 32.53] A99

Age 0.51[-0.77 to 1.79] 427

Diabetes mellitus 2.00[-31.85 to 35.85 206

Time from symptom cnset  0.66[-0.13 to 1.45] 02
to Ab test [days)

Sex (male) 091 [-254% to 27.32) 545

Abbreviation: Ab test, antibody testing.
*pvalues based on multivariable linear regression, p < .05 for significance,
"Coefficient refers to the unstandardized linear regression coefficient beta,

compared to HCW, who served as controls (median 31 AU/ml, IQR
17-84 vs. median 15 AU/ml, IQR 11-39, p < .001) (Figure 3).

Since KTR presented with higher anti-SARS-CoV-2 IgG levels, we
next investigated the possible link of symptom severity and antibody
levels. Out of 58 symptomatic KTR, 38 (65.5%) presented mild, 11
(19%) moderate, and 8 {14%) severe symptoms, Because only one kid-
ney transplant recipient met the criteria for critical illness according to
the Clinical Spectrum of SARS-CoV-2 infection,” the patient was in-
cluded inthe severe iliness category, whichthen consisted of 9 {15.5%)
KTR. Kidney transplant recipients with moderate and severe illness
had significantly higher antibody levels than those with mild or no
symptoms (Figure 4), Among the HCW control group, there was only
one recorded case of pneumonia, and no cases of severe illness, There
was a statistically significant difference in the composite of pneumo-
nia and severe illness in KTR and HCW (27.6% vs. 4.8%; p = .032).

Finally, to determine the wvariables affecting anti-SARS-CoV-2
g5 levels, linear regression modeling was performed in selected

subject groups.

3.3.1 | General factors influencing anti-SARS-
CoV-2 IgG levels among all subjects with prior SARS-
CoV-2 infection

In this model, the impact of general factors on anti-SARS-CoV-2 1gG
levels was evaluated. Age, presence of dinical symptoms, moderate
to severe symptoms, and KTR status were identified as significant
factors in univariable analysis, Multivariable model next revealed the
presenceof dinical symptoms (Beta coefficient= 19.57, p=.001) and
moderate to severe symptoms (Beta coeffident = 5711, p < .001) to
independently affect anti-SARS-CoV-2 IgG levels (Table 3).
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FIGURE 2 SARS-CoV-2 seroprevalence in kidney transplant recipients and health care workers at second peak of COVID-1%9 pandemic,
Line graph shows percentage of seropositive kidney transplant recipients (KTR) and healthcare workers (HCW) on the ¥ axis over defined
study period from week 40 toweek 47 on the X axis. The secondary vertical axis shows cumulative cases with SARS-CoV-2 infection in the
Czech Republic at that time, data were taken from Johns Hopkins Coronavirus Research Center website.”? For each week percentage of
seropositive samples is calculated from cumulative sum of samples{the number of tested participants each week is the sum of that week
and the previous weeks). Cumulative seroprevalence at week 40 was 6.8% in KTR and 11.9% in HCW. Enriched cohort of 35 symptomatic
SARS-CoV-2 positive KTR is not included in the figure. Weeks 38 and 3% is not displayed, since only small proportion of KTR and healthcare
workers were tested for anti-SARS-CoV-2 |gG in the initial phase of the study
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3.3.2 | Roleof symptom severity and

transplantation related variables in symptomatic KTR

Mext, the associations of clinical symptoms and transplantationrelated
variables with anti-SARS-CoV-2 1gG levels among previously sympto-
matic KTR were analyzed. Results of all univariable regression results
are shown in Table 51, The final multivariable model revealed that the
presence of moderate to severe symptoms (Beta coefficient = 41.99,
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KTR

FIGURE 3 Anti-5ARS-CoV-2 IgG
antibody levels in healthcare workers
[HCW) and kidney transplant recipients
[KTR). Statistical difference assessed by
the Mann-Whitney U test, p < .001

p=.011} is the only independent factor associated with the levels of
lgG antibodies in the population of symptomatic KTR {Table 4).

3.3.3

Impact of immunosuppression withdrawal

There was a high rate of immunosuppression withdrawal among
the symptomatic KTR - mycophenolate was withdrawn in 57.9%
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FIGURE 4 Anti-SARS-CoV-2 1gG
antibody levels in kidney transplant
recipients stratified by symptom severity,
Kidney transplant recipients were divided
into groups by severity of symptoms to
severe, moderate, mild, and no symptoms
groups, Statistical difference assessed by
Kruskal-Wallis test, p < .001 for overall
model. Post-hoc test revealed significant
differences between the following
groups: no - mild symptoms, p < .001; no
= moderate symptoms, p < .001; mild -
moderate symptoms, p = 023; moderate
= severe symptoms, p=.017
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of cases with mild symptoms and in B1.8% of those with moderate
symptoms, while all immunosuppressants were withdrawn in KTR
with serious symptoms. Overall, mycophenolate or all immunosup-
pressants were withdrawn in 69% of the symptomatic KTR, In this
multivariable model, symptom severity was substituted by immu-
nosuppression withdrawal, which was revealed to be the only in-
dependent factor affecting anti-SARS-CoV-2 antibody levels (Beta
coefficient = 44,17, p = .003; Table 52).

3.34 | Ewvaluation of time delay between symptom
onset and antibody testing in all symptomatic subjects

Finally, a model including all symptomatic subjects (KTR and HCW)
was made to assess whether the time from symptom onset to anti-
body testing plays a role in SARS-CoV-2 antibody levels in the sub-
group of all symptomatic subjects, The time from symptom onset
to antibody testing did not reach statistical significance (Table 53).

4 | DISCUSSION
Despite the large number of studies regarding COVID-19, the data
on the immune response to SARS-CoWV-2 infection in the kidney
transplant population are still limited, The aim of our study was to
analyze humoral immune response to SARS-CoV-2 in KTR and to
compare it with an immunosuppression-naive HCW control group,
We used chemiluminescence immunoassay to test anti-SARS-CoV-2
IgG in a total of 1037 KTR and 512 HCW.

We found that humoral response to SARS-CoV-2 in kidney
transplant recipients is preserved and comparable to the immu-
nocompetent cohort, Seroconversion was observed in all but four
symptomatic KTR. That said, in our study, nearly all kidney transplant
recipients with previous SARS-CoV-2 infection were able to mount
SARS-CoV-2 antibodies. Columbia University study described that
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among solid organ transplant recipients with confirmed SARS-CoV-2
infections, only 51% had detectable anti-nucleocapsid antibodies.*®
This fact pointed towards different sensitivity of serologic ass.a',.rs.“
Another study evaluated the presence of anti-nucleocapsid antibod-
ies and showed that only 10% of hemodialysis patients lacked the
initial seroconversion;!' however, in immunosuppressed patients,
the level of seroconversion is anticipated to be lower while using the
same method of antibody detection. Interestingly, current studies
report impaired humoral response after SARS-CoV-2 mRMA vac-
cines in solid organ transplant patients..lz A3 Although the explana-
tion of this phenomenon is not yet clear, immune paresis promoted
by the use of antimetabalite therapy has been suggested. In con-
trast, a higher antigen load during natural infection and frequent
mycophenolate withdrawal in symptomatic patients may explain the
observed well preserved immune response in KTR in our study.,

SARS-CoV-2 antibody seroprevalence in kidney transplant recip-
ients was 6.8% in our study. Prendecki et al described 10% seroprev-
alence in a similar patient population.* Clearly, seroprevalence has
been increasing during the pandemic and is likely to accelerate in the
third wave along with the already vaccinated population. It is worth
mentioning that the first wave of the pandemic in spring 2020 was
marginal, and therefore, it isworth comparing the level of seropreva-
lence insimilarly impacted populations regardless of the time period.

Healthcare workers represent a high-risk population for con-
tracting SARS-CoV-2, In our study, we observed significantly higher
seroprevalence amongst HCW than in KTR. Previous studies ob-
served seroprevalence in HCW between 8.7%° and 18%' depend-
ing on the area hit by a pandemic wave.,

In our study, we evaluated predisposing demographic, clinical
or transplant-related factors to SARS-CoV-2 infection in kidney
transplant recipients. Kidney transplant recipients who survived
previous SARS-CoV-2 infection and mounted humoral immunity
were younger than those who were not infected with SARS-CoV-2,
The assumption is that elderly KTR were more cautious and prac-

ticed social distancing more strictly. Interestingly, kidney transplant
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recipients treated with CMNI were more prone to SARS-CoV-2 infec-
tion than those with a less intense CNI-free regimens.

Previous SARS-CoV-2 infection in survivors also had no im-
pact on kidney graft function or proteinuria at the time of antibody
screening. In our study, obese KTR were more likely to experience
symptomatic course of SARS-CoV-2 infection, rather than asymp-
tomatic one. It is widely known that obesity represents a risk factor
for a more severe clinical course of SARS-CoV-2 infection.'”

At last, we compared the antibody levels in KTR and HCW who
survived the SARS-CoV-2 infection. Surprisingly, in KTR the anti-
SARS-CoV-2 IgG levels were higher than in HCW. We assume that
the higher levels of antibodies are associated with a more severe
course of SARS-CoV-2 infection in KTR, which is supported by the
results of our regression analysis,

Interestingly, kidney transplant recipients who experienced
moderate to severe symptoms, mounted antibodies in significantly
higher levels than those KTR with mild or asymptomatic disease
course, This observation is in concordance with the results of other
studies in non-transplant populations,'®¥ In our study, the immuno-
suppression withdrawal occurred more commonly in patients with
greater disease severity, Reduction of immunosuppression thus may
play a role in antibody development,

We acknowledge the limitations of our study. First, we offered
antibody testing to all participants regardless of symptoms or previ-
ous infection with SARS-CoV-2, We assume that some of the HCW
with known PCR positivity could have been tested in order to find
out their antibody status and that might have influenced higher owver-
all seroprevalence in HCW. Second, since our antibody level screen-
ing discovered a significant number of seropositive asymptomatic
KTR, we cannot determine the exact date of SARS-CoV-2 infection
in these subjects, and thus, the time between infection and serologic
testing could not be determined. The levels of antibodies have a
known time-dependent dynamic in the general population®™ as well
as in kidney transplant rec:i|:.|ier|ts.21 To at least partially address this
issue, we included the time from symptom onset to serologic testing
in our regression model of factors influencing the SARS-CoV-2 anti-
body levels and found no time-effect in the multivariable model, It is
also important to note that some characteristics of the symptomatic
cohort, such as BMI, can be underestimated because only patients
who survived COVID-19 were evaluated.

In condusion, kidney transplant recipients who survived SARS-
CoV-2 infection mounted similar levels of anti-spike protein anti-
bodies as their health care workers who experienced a less severe
clinical course of the disease, Thus, humoral response to SARS-
CoV-2 in this immunocompromised and comorbid population seems
to be less impaired than previously expected,
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6.2 Imunitni odpovéd’ pacientii po transplantaci ledviny na o¢kovani mRNA vakcinami

proti SARS-CoV-2

6.2.1 Uvod

Ockovani je jednim ze zédkladnich nastroji ochrany pied infekci a zavaznym prabéhem
onemocnéni covid-19. U pacientil po transplantaci ledviny je ve srovnani s obecnou populaci
pozorovana slabsi imunitni odpovéd’ na vakciny proti SARS-CoV-2. Cilem studie bylo
posoudit imunitni odpovéd’ po ockovani mRNA vakcinami u této imunosuprimované populace

a definovat faktory, které ji ovliviuji.

6.2.2 Metodika
Do této prospektivni observacni studie bylo zafazeno celkem 730 pacientli po transplantaci
ledviny sledovanych v transplanta¢nim centru IKEM, ktefi byli o¢kovani 2 ddvkami mRNA
vakciny (BNT162b2 nebo mRNA-1273) proti viru SARS-CoV-2. NaSe analyza se zamétovala
na pacienty ockované na Cekaci listing, ktefi nasledné podstoupili transplantaci (n = 35) a na
pacienty o¢kované po transplantaci (n = 695). Do studie byli zahrnuti jak virus-naivni pacienti
(n=661), tak pacienti po prodélané SARS-CoV-2 infekci (n = 69) verifikované PCR testem na
zékladé nazofaryngedlniho vytéru. Pacienti s pozitivnim PCR testem po 1. davce vakciny,
pacienti s aktivni SARS-CoV-2 infekci nebo po 1é€bé monoklonadlnimi protilatkami proti
SARS-CoV-2 do studie zatfazeni nebyli.

U v8ech subjektli byla stanovena protilatkova odpoveéd’ métenim IgG protilatek proti S1
a S2 podjednotkdm virového spike proteinu vyuZzitim metody zalozené na principu
chemiluminiscen¢ni imunoanalyzy (CLIA) s optimalni cut-off hodnotou 9,5 AU/ml. Bunécna
odpoveéd’ byla analyzovana u 50 pacientli vyuzitim testu zalozeného na stimulaci T-bunck
specifickymi virovymi antigeny (IGRA) (viz 5. kapitola — analyza humordlni a bunécné

imunity).

6.2.3 Vysledky

Po ockovani 2 ddvkami mRNA vakciny doSlo k sérokonverzi u vSech pacientli, ktefi byli
ofkovani na cekaci listin¢ pfed transplantaci. Naproti tomu v kohorté ockované az po
transplantaci byla sérokonverze pozorovana jen u45,8 % pacientli, ale vyznamné vyssi
vs. 40,1 %, p <0,001).
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Virus-naivni pacienti ockovani na Cekaci listiné tvofili signifikantné¢ vyssi hladiny
protilatek nez virus-naivni pacienti ockovani po transplantaci, ale niz$i nez jedinci ockovani po
transplantaci s anamnézou covidu-19 (obr. 5).

U pacientll oCkovanych na ¢ekaci listiné byl v dobé druhého sérologického testovani
(median mezi prvnim odbérem v den pfed provedenim transplantace a druhym odbérem po
transplantaci 20 dni, IQR 17-24 dni), pii kterém jiz byli vystaveni imunosupresi, pozorovan
signifikantni pokles hladiny protilatek (1. méfeni: median 136 AU/ml, IQR 92-177,5 AU/ml;
2. méfeni: median 83,8 AU/ml, IQR 43,6-130 AU/ml, p = 0,007). Pokud jde o pacienty
ockované po transplantaci, vyznamny pokles hladiny protilatek mezi 1. mésicem a po 2. mésici
od ukonceného ockovani byl pozorovan ve skupiné virus-naivnich pacientt (p = 0,035),
zatimco u pacientd s prodélanou nédkazou nebyl pozorovan signifikantni rozdil (obr. 6).

Faktory asociované s lepsipostvakcinacni  protildtkovou odpovédi byly
v multivariabilni analyze muzské pohlavi (OR 1,97, 95% CI 1,33-2,93, p = 0,001), delsi doba
od transplantace (OR 1,007, 95% CI 1,004-1,01, p <0,001), lepsi funkce $tépu pied oCkovanim
(OR 1,034, 95% CI 1,023—-1,044, p <0,001) a driv¢jsi infekce virem SARS-CoV-2 (OR 89,89,
95% CI119,76-408,99, p < 0,001). S horsi tvorbou protilatek po ockovani byly naopak spojeny
vyssi vék (OR 0,96, 95% CI 0,94-0,98, p < 0,001), mykofenolat mofetil v udrzovaci
imunosupresi (OR 0,15, 95% CI 0,09-0,24, p < 0,001) a deplecni 1écba (antithymocytarni
globulin, rituximab) v poslednim roce (OR 0,19, 95% CI 0,05-0,8, p = 0,023). V ramci diive
infikovanych jedincth méli vyssi hladiny protilatek po okovani pacienti s anamnézou stiedné
zavazného az zavazného prib&hu covidu-19 oproti jedinclim s asymptomatickou infekei
(p=0,014).

Z 50 testovanych jedinct byla bunééna odpovéd’, nehled€ na dobu o¢kovani a predchozi
SARS-CoV-2 infekci, detekovana v 26 % ptipadi. T-bunééna odpovéd’ na ockovani po
transplantaci byla signifikantn€ hor$i u virus-naivnich pacientl ve srovnani s pacienty
s anamnézou covidu-19 (9,4 % vs. 90 %, p < 0,001). Z osmi virus-naivnich pacientl
ockovanych na Cekaci listin€ pfed transplantaci byla T-bunécénéd odpovéd’ detekovana pouze
u jednoho. U deseti pacientli ze tiinécti (76,9 %), u kterych byla detekovana bunééné odpoved,
doslo soucasné k sérokonverzi. V univariabilni analyze byla jedinym signifikantnim faktorem
ovliviluyjicim bunéfnou odpovéd prodélana SARS-CoV-2 infekce (OR 87, 95% CI
8,02-943,36, p < 0,001).

U pacientll nebyl pozorovan rozdil v glomerularni filtraci pied a po ockovani (medidn

mezi méfenimi 70 dni, IQR 52-91 dni; medidn eGFR pied ockovanim 48 ml/min/1,73 m?,
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IQR 34,8-61,8; median eGFR po o¢kovani 48 ml/min/1,73 m?, IQR 33,6-61,8, p = 0,685). Tato

analyza se tykala pouze pacienti ockovanych az po transplantaci.

KTR vaccinated SARS-CoV-2 infected KTR vaccinated SARS-CoV-2 naive KTR vaccinated
before transplant post-transplant post-transplant
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Obr. 5 Hladiny anti-SARS-CoV-2 IgG protilitek u (1) virus-naivnich pacienti
ofkovanych pred transplantaci, (2) pacienti ockovanych po transplantaci s prokazanou
drivéjsi infekci virem SARS-CoV-2, (3) virus-naivnich pacienti o¢kovanych po
transplantaci. Signifikantni rozdily byly pozorovany jak celkové napfi¢ skupinami (p <0,001),
tak mezi jednotlivymi skupinami (skupina 1 a 2, p = 0,019; skupina 1 a 3, p < 0,001; skupina
2a3,p<0,001).
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Obr. 6 Stabilita anti-SARS-CoV-2 IgG protilitek u pacientii ockovanych po

transplantaci. Signifikantné niz8i hladiny protilatek byly pozorovany u virus-naivnich

pacientii v obdobi do 30 dnii a nad 60 dnii od vakcinace (p = 0,035).

6.2.4 Diskuse
Hlavnim cilem této studie bylo stanoveni humoralni imunitni odpovédi indukované dvéma
davkami mRNA vakciny proti SARS-CoV-2 u pacientii po transplantaci ledviny. Dalsimi cili
byla analyza faktori determinujicich postvakcinaéni protildtkovou imunitni odpovéd’, analyza
postvakcinacni bunécné odpovédi a stanoveni funkce $t€pu po oc¢kovani. Z predchozich studii
vime, Ze imunitni odpoveéd’ po vakcinaci proti SARS-CoV-2 je u pacientll po transplantaci
ledviny slabsi nez u imunokompetentnich jedincti (Grupper A. et al., 2021). Nase studie na
mnohem vétsi kohorté pacientll po transplantaci potvrdila hor$i imunogenicitu vakcin v této
populaci.

Ve skupiné pacienti oCkovanych po transplantaci byla sérokonverze detekovana
u necelé poloviny testovanych. To je v kontrastu se 100% sérokonverzi u pacientii o¢kovanych
na cekaci listiné pied transplantaci. Tento vysledek poukazuje na negativni vliv
imunosupresivni 1écby na tvorbu postvakcinacnich protilatek, jelikoZ ani jeden z pacientl

oCkovanych na Cekaci listiné neuzival v dobé vakcinace imunosupresiva. Podobné¢ Danthu
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po transplantaci ledviny. Po dvou davkach mRNA vakciny detekoval anti-spike IgG protilatky
u 81 % dialyzovanych a jenom u 4,1 % transplantovanych pacienti (Danthu C. et al., 2021).
Tato data vSak nelze zcela srovnavat snaSimi, jelikoz sérologické testovani pacienti
ockovanych na Cekaci listin€ v nasi studii probihalo az po transplantaci, 1 kdyz relativné Casné,
kdy se jeste nemusel vyznamné uplatnit vliv imunosuprese. Na druhou stranu jsme v této
skupiné pacientl jiz béhem kratkého obdobi pozorovali vyznamny pokles hladiny protilatek.

Hybridni imunita vznika kombinaci pfirozené imunizace po infekci a postvakcinaéni
imunity. VétSina studii do té doby pacienty s anamnézou covidu-19 z analyz vyfazovala
(Grupper A. et al., 2021). Abychom mohli posoudit mozny vliv piedchozi infekce virem
SARS-CoV-2 na imunitni odpovéd” po ockovani, zaradili jsme do studie i diive infikované
pacienty. VSechny tyto pfipady byly ovéfeny prostiednictvim Narodniho zdravotniho
registru — Ustavu zdravotnickych informaci a statistiky CR (UZIS), kde byly povinn& hlaseny
pozitivni PCR testy. Mira sérokonverze pacientli s hybridni imunitou ockovanych po
transplantaci byla signifikantn€ vyssi (97,1 %) oproti virus-naivnim pacientim (40,1 %) a dfive
infikovani pacienti hlavné dosahovali daleko vysSSich hladin protildtek. Podobnou miru
sérokonverze (37,5 %) po 2 davkach mRNA vakciny vyuzitim identické metody (CLIA)
pozoroval u pacientll bez predchozi ndkazy Grupper (Grupper A. et al., 2021). Vyznamny vliv
drivéjsi infekce na tvorbu protilatek po ockovani proti SARS-CoV-2 byl prokdzan nejen
v obecné (Manisty C. et al., 2021), ale také v transplantované populaci (Boyarsky B. J. et al.,
2021).

Dalsim cilem studie byla analyza faktord ovliviiujicich imunitni odpovéd’ po vakcinaci.
Hlavnimi faktory asociovanymi s poruSenou tvorbou postvakcina¢nich protilatek byly vyssi
vék, mykofenoldt mofetil v udrzovaci imunosupresivni terapii a podani deplecni 1écby
v poslednim roce. V Cucchiariho studii byl diabetes dal§im z faktorti negativné ovlivitujicich
imunitni odpovéd’ na ockovani (Cucchiari D. et al., 2021). V nas$i studii diabetes nem¢l vliv na
postvakcinacni sérokonverzi. Asociace vyS$iho véku s poruSenou imunitni odpovédi po
oCkovani proti covidu-19 v transplantované populaci byla prokazana v nékolika studiich
(Grupper A. et al., 2021, Boyarsky B. J. et al., 2021, Rozen-Zvi B. et al., 2021). Jednim
z vysvétleni by mohly byt fyziologické zmény imunitniho systému, ke kterym dochazi
v souvislosti se starnutim (imunosenescence).

Negativni vliv mykofenolat mofetilu byl popsan jiz v souvislosti s ockovanim proti

chiipce (Baluch A. et al., 2013). V ramci oc¢kovani proti SARS-CoV-2 byly v jinych studiich
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krom¢ mykofenolat mofetilu identifikovany jako negativni faktory postvakcina¢ni odpovédi
také kalcineurinové inhibitory (Rozen-Zvi B. et al., 2021) a ve shod¢ s nasimi vysledky i 1écba
antithymocytarnim globulinem v poslednim roce (Cucchiari D. et al., 2021). To je divodem
pozitivniho vlivu delsi doby od transplantace, a tedy i od induk¢ni 1é¢by, na tvorbu protilatek
po ockovani. Zajimavym zjisténim bylo to, Ze ani u jednoho pacienta na 1écbé blokatorem
kostimulace belataceptem v nasi analyze nedoslo po o¢kovani k sérokonverzi, a to ani u diive
infikovanych jedincti. Podobné vysledky ohledné belataceptu byly pozorovany v mensi
francouzské studii (Bertrand D. et al., 2021).

Stabilni hladiny protilatek po dobu minimélné 2 meésicii byly pozorovany pouze
u pacientt s hybridni imunitou o¢kovanych po transplantaci. Delsi sledovani pacientl by bylo
jisté ptinosné k urc¢eni dlouhodobé kinetiky protilatek.

Bunécnou odpovéd’ po ockovani jsme analyzovali pouze u malé subkohorty pacientd.
Celkové jsme detekovali SARS-CoV-2 specifické T-lymfocyty u necelé tfetiny pacientd.
V jinych studiich byla po 2 davkach mRNA vakciny detekovana bunéénd odpoved u 22 % az
57,8 % pacientii po transplantaci ledviny (Arias-Cabrales C. et al., 2023, Bertrand D. et al.,
2021). Pro srovnani, v populaci dialyzovanych pacientii to bylo 100 % (Bertrand D. et al.,
2021). Podobné jako v pfipadé humordlni postvakcinacni odpovédi, jsme u pacientl
s anamnézou covidu-19 pozorovali robustnéj$i T-bunécnou odpovéd’ nez u virus-naivnich
pacientl. Jedinym faktorem vyznamné ovliviiyjicim vyvoj SARS-CoV-2 specifickych
T-lymfocytlh v univariabilni analyze byla ptedchozi SARS-CoV-2 infekce. Multivariabilni
analyza nemohla byt provedena vzhledem k malému poctu pacienti.

Jednou z limitaci studie je moZnost klasifikace nékterych pacientd jako virus-naivnich.
Z tohoto diivodu jsme viechny studované subjekty ovéfili v UZIS s povinné hlagenymi piipady
infekce. AvSak sérologické testovani aplikované v jinych studiich miZe také minout pacienty
s anamnézou covidu-19, kteti nevytvofili protilatky, pfipadné jen v malém mnozstvi. Dalsi
limitaci je mala skupina pacient, u kterych jsme analyzovali bunéénou odpovéd, jez je
vyznamnym prvkem imunologické paméti. Ackoliv jsme ve studii nehodnotili neutraliza¢ni
aktivitu protilatek, a tudiZ neni jasné, do jaké miry jsou nami detekované protilatky protektivni,
vime, ze titr anti-S1 specifickych IgG protilatek vykazuje silnou korelaci s neutraliza¢ni
aktivitou proti VOCs, i kdyZ pro neutralizaci posledné¢ dominujici varianty Omicron jsou
potfebné vysSi hladiny anti-S1 protilatek (Kho M. et al.,, 2023). Na druhou stranu Slo
o rozséhlou prospektivni studii s velkym souborem pacienti, a pokud vime, jako prvni jsme do

analyzy zahrnuli pacienty po transplantaci ledviny, ktefi byli ockovani jesté na ¢ekaci listing.
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Ackoliv na zakladé hladin postvakcina¢nich SARS-CoV-2 specifickych protilatek
a T-lymfocyti nelze vyvodit U¢innost vakcin, muze sérologické testovani po ockovani
poskytovat hruby odhad miry protekce pted infekci SARS-CoV-2. Bylo totiz prokazano, ze
postvakcinaéni neutralizacni protilatky a S2-specificka IFN-y bunécna odpoveéd’ signifikantné
snizuji riziko prilomové infekce SARS-CoV-2 u pacientti po transplantaci ledviny (Kemlin D.
et al., 2023). Na druhou stranu sérologické testovani v soucasnosti neni doporu¢ovano ke
stanoveni imunity proti SARS-CoV-2 a rozhodovani o nutnosti vakcinace u neockovanych osob
(COVID-19 Treatment Guidelines Panel, National Institutes of Health, 2024). Nicmén¢ urcity
piinos mit muaze, jelikoz se ukdzalo, ze znalost sérostatusu po ockovani vedla u non-respondert
k vyssi adherenci k preventivnim opatienim a také k niz§imu vyskytu infekci (Frolke S. C. et

al., 2023).

Zavér

K nejrobustnéjsi imunitni odpoveédi na mRNA vakciny proti SARS-CoV-2 v populaci pacient
po transplantaci ledviny dochazi u jedinct s diive prodélanou ndkazou a u pacienti o€¢kovanych
jesté na cekact listin€. Hlavni faktory negativné ovliviiujici postvakcina¢ni humoralni odpoved’
jsou vyssi vék a imunosuprese, zejména mykofenolat mofetil a deplecni 1é¢ba v poslednim roce

pred ockovanim.

Clanek byl publikovan v ¢asopise Transplantation.

Determinants of Immune Response to Anti-SARS-CoV-2 mRNA Vaccines in Kidney
Transplant Recipients: A Prospective Cohort Study. Transplantation. 2022 Apr 1;106(4):842-

852.

Kompletni clanek je prilozen v anglickém jazyce.
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Determinants of Inmune Response to Anti-SARS-
CoV-2 mRNA Vaccines in Kidney Transplant
Recipients: A Prospective Cohort Study

Maria Magicova, MD," lvan Zahradka, MD," Martina Fialova, MSc,? Tomas Neskudla, MD,? Jiri Gurka, MD,®
Istvan Modos, PhD,? Michal Hojny, MSc,* Petr Raska, MSc,® Petr Smejkal, MD.? ljia Striz, MD, PhD,?
and Ondrej Viklicky, MD, PhD'""

Background. Immune response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination has been
recently shown to be impaired in kidney transplant recipients (KTRs), but the underlying factors affecting vaccine effective-
ness need to be further elucidated. Methods. In this prospective cohort study, antibodies against $1 and 32 subunits of
SARS-CoV-2 were evaluated using an immunochemiluminescent assay (cutoff 9.5 AU/mL, sensitivity 91.2% , and specificity
80.2%) in 736 KTRs, who were previously either naive or infected with SARS-CoW-2 and vaccinated before or after trans-
plantation. Cellular response was analyzed in a subset of patients using an interferon gamma release assay (cutoff 0.15 U/
mL, sensitivity 32%, and s pecificity 100%). Results. Seroconversion was significantly more impaired in SARS-Co\-2-naive
KTRs than in those previcusly infected (40.1% wversus 97.1 %; P<0.001). Mycophenoclate use (odds ratio, 0.15; 95% con-
fidence interval, 0.09-0.24; P=0.001) and depleting therapy in the past year (ocdds ratio, 0.19; 95% confidence interval,
0.05-0.8; P=0.023) wera found to be among independent factors associated with impaired humoral response. Similarly,
the interferon gamma release assay tested in 50 KTRs (cutoff 0.15 IL/mL, sensitivity 92%, specificity 100%) showed that
specific T-cdl responses against spike protain epitopes are impaired in SARS-CoV-2-naive KTRs, as compared to previously
infected KTRs (9.4% wversus 90%, P<0.001}). All 35 KTRs vaccinated on the waiting list before transplantation exhibited
sustained seroconversicn persisting after transplantation. Cenelusions. Survivors of coronavirus disease 2019 and those
vaccinated while on the waiting list exhibited a marked immune response to mRNA vaccines, contrary to poor respense in

naive KTRs vaccinated after transplantation (NCTO4832841).
(Transplantation 2022;106: B42-852).

/

INTRODUCTION

Kidney transplant recipients (KTRs) represent one of
the most vulnerable populations to severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection, as

coronavirus disease 2019 (COVID-19) is associated with
a several-fold higher case fatality rate compared with the
general populatio n.! Therefore, an effective vaccination
strategy similar to those already implemented inthe general
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p()pulationz"a would seem to be a critical tool necessary for
the improvement of COVID-19 outcomes in KTRs.

However, despite the high clinical ei‘ﬁuacy of mRNA
vaccines’ and sufficient humoral response in the general
population,” impaired vaccine response has been reporred
in immunocompromised individuals, such as KTRs.”*
Recent study of 308 KTRs found only a 36.4% serocon-
version rate after administration of 2 doses of BNT162b2
mRNA vaccine,” whereas another indicated anti-SARS-
CoV-2 immunoglobulin G ({IgG) reactivity in just 8.33%
KTRs, and none of the subjects developed neutralizing
antibodies.” Even more interestingly, humoral response in
KTRs seems to be more impaired after vaccination than
after a natural infection, as the majority of KTRs develop
significant levels of antispike antibodies after a natural
infection,'” as we have previously reported. Therefore, a
significant proportion of KTRs still possibly remain at an
increased risk of contracting SARS-CoV-2 despite being
vaccinated, which resembles previous experiences with
other vaccinations in the transplant population.

It is therefore important to better understand the causes
of poor immune response to mRNA vaccines in KTRs
and, vice versa, to define patient cohorts in which vac-
cination is more effective. Patients on dialysis developed
significantly higher anti-SARS-CoV-2 antibody levels than
KTRs," which indicates that immunosuppression is likely
a critical factor limiting mRINA vaccine efficacy. Higher
calcineurin inhibitor levels, higher doses of mycopheno-
lare,” and antithymocyte globuhn administered during the
last year before vaccination'® have recently been proposed
as possible causes of poor immune response. Additionally,
whether previous SARS-CoV-2 infection enhances anti-
body production after vaccination in KTRs is not known
because individuals previously infected w1th the virus
were generally not included in the studies.” > However,
enhanced humoral response afrer SARS-CoV-2 1r1teunnr1
was observed in fully vaccinared general population' and
lung transplant recipients.'’

To better define the variables affecting the immune
response to mRNA vaccines in KTRs, we conducted a
large single-center prospective cohort study of 736 KTRs,
who had been fully vaccinated with either BNT162b2 or
mRNA-1273 vaccines.

MATERIALS AND METHODS

Study Design

A rtotal of 753 KTRs were enrolled in this prospec-
tive single-center observational cohort study registered
as NCT04832841 berween March 18, 2021, and June 3,
2021. Al KTRs followed at our center, and all patients on
the waiting list for a kidney transplant registered at our
center who signed up for vaccination with mRNA vaccines
(Phzer/BioNTech BNT162b2 or Moderna mRNA-1273)
were eligible to participate in the study. All patients were
adults, and the vaccination was performed either while the
patients were on the waiting list or after kidney transplan-
tation. Serum samples were collected at least 14 d after the
administration of the second vaccine dose. In KTRs vac-
cinated while on the waiting list, serum samples were col-
lected at least 14 d after the transplant. The study cohort
consisted of KTRs previously infected with SARS-CoV-2
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and virus-naive subjects. Previous SARS-CoV-2 infection
was defined by a positive polymerase chain reaction (PCR)
test performed at any time betore the first vaccine dose. To
eliminate reporting bias, all previous SARS-CoV-2 infec-
rion records were verified in the official government cen-
tral registry (hteps://www.uzis.cz/index-en.php), where all
positive test results are mandatorily reported from labora-
tories throughout the country. The exclusion criteria were
(1) positive PCR test for SARS-CoV-2 after the first vaccine
dose, (2) active SARS-CoV-2 infection art the rime of enroll-
ment, and (3) previous treatment with anti-SARS-CoV-2
monoclonal antibodies.

Study Population

Of the 753 KTRs, 17 were excluded because of a posi-
tive PCR test for SARS-CoV-2 after the first vaccine dose
(Figure 1). Therefore, 736 KTRs were eligible to partici-
pate in the study, and they were further divided into pre-
defined subgroups according to vaccination timing (before
or after transplant) and previous SARS-CoV-2 infection.

A total of 41 KTRs were vaccinated while being wait-
listed for kidney transplantation. Of these patients, 35
(85.4%) had no history of SARS-CoV-2 infection, and
6 KTRs (14.6%) had tested positive for SARS-CoV-2 in
the past and were therefore not further analyzed. Out of
35 KTRs vaccinated while on the waiting list, 22 were
hemodialysis patients with a median dialysis time of 21
mo (interquartile range [IQR], 11.8-41.7), 7 were perito-
neal dialysis patients with a median dialysis time of 20.4
mo (IQR, 4.8-21.6), and 6 patients underwent preemptive
transplantation. None of the KTRs vaccinated while on
the waiting list were on maintenance immunosuppression
at the time of vaccination.

Overall, 695 KTRs were vaccinated after transplanta-
tion. This cohort comprised previously infected KTRs
(n=69; 9.9%) and virus-naive KTRs (n=626; 90.1%).
The median time between confirmed SARS-CoV-2 infec-
tion and first vaccine dose was 94 d (IQR, 68-125 d).

Written informed consent and consent to personal data
processing were obtained from all participants before their
enrollment. The ethical board approved this study under
No. G-21-07.

Outcome Measures

The primary objective of the study was to assess the
humoral response to mRNA vaccines in predefined groups
ot KTRs. The secondary objectives were to (1) define fac-
tors influencing the development of anti-SARS-Co V-2 IgG,
(2) evaluate kidney grafr function following vaccination,
and (3) analyze cellular response to mRNA vaccines in a
subset of KTRs.

Anti-SARS-CoV-2 Antibody Detection

All participants were tested for anti-SARS-CoV-2
IgG after the second vaccine dose. Anti-SARS-CoV-2-
IgG against the spike protein were analyzed using the
LIAISON SARS-CoV-2 S1/52 IgG chemiluminescence
immunoassay (DiaSorin S.p.A., Italy). According to pre-
viously published meth()dolog_lual procedures concerning
the measurement methods,'®" the method was validated
using stored frozen samples obtained from subjects before

the SARS-CoV-2 pandemic (n=41) and from patients with
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KTR enrclled in the study between

18. 3. and 3.

6. 2021 (n=753)

Excluded (n=17) W
SARS-CoV-2 PCR positivity
after the first vaccine dose

Y

| KTR eligible for the study (n=738) J

|

{ KTR vaccinated pre-transplant

l

{ KTR vaccinated posi-transplant |

(n=41) (n=695) )
SARS-CoV-2 infected
KTR (n=6) l l
Y
SARS-CoV-2 naive KTR SARS-CoV-2 infected SARS-CoV-2 naive
(n=35) KTR (n=69) KTR (n=626)

FIGURE 1. Study flowchart. Atotal of 753 KTRs were enrolled in the study between March 18, and June 3, 2021, Seventeen KTRs with
SARS-CoV-2 infection verified by PCR test between the first vaccine dose and antibody testing were excluded from the study. Overall,
736 KTRs were eligible for this study. Participants were further divided according to predefined categories. Of the 41 KTHs vaccinated
while on the waiting list, only 6 KTRs had a history of SARS-Cav-2 infection and were not used in the analysis. The other 35 virug-naive
KTRs were analyzed for hurmoral immunity, with 8 of themn also tested for cellular irmmunity. OT the 885 KTRs vaccinated posttransplant,
69 KTRs were previoudly infected with SARS-CoV-2, whereas 626 had no history of infection. KTR, kidney transplant recipient; PCR,
palymerase chain reaction; SARS-CaoV-2, severe acule respiratory syndrome coronavirus 2,

SARS-CoV-2 infection verified by real-time PCR (n=34).
The cutotf 9.5 arbitrary units (AU/mL) was considered as
a positive result with a 91.2% sensitivity (95% confidence
interval [CI], 76.3-98.1.) and 90.2% specificity (95% CI,
76.9-97.3) determined using MedCalc Staristical Sofrware
version 19.1.

Detection of a Specific Cellular Inmune Response
to SARS-CoV-2

A total of 50 KTRs were analyzed for cellular immune
response; 8 received vaccines while on the waiting list,
32 vaccinated posttransplant were SARS-CoV-2 naive,
and 10 were previously SARS-CoV-2 infected (Figure 1).
Study subjects were tested for the specific cellular immune
response to SARS-CoV-2 using an interferon gamma (IFN-
v) release assay. The principle of this assay is based on
the measurement of IFN-y released by antigen-specific T
cells after overnight stimulation with specific SARS-CoV-2
peptides. The IFN-y release assay test was performed in 2
steps. First, 500 pL of whole blood (Lithinum Heparin col-
lection tube, Vacuette, Greiner Bio-One GmbH, Austria)
was pipetted into tree tubes containing Roswell Park
Memorial Institute-1640 medium (Sigma-Aldrich), supple-
mented with 10% heat-inactivated fetal bovine serum, 1%
L-glutamine, 1% penicillin, and 1% streptomycin (Sigma-
Aldrich). We used 1 tube containing phytohemagglutinin
(Sigma-Aldrich) at a concentration of 25 ng/mL as a posi-
tive control and 1 negative control tube without any stimu-
lants. A pool of peptides containing spike protein epitopes,
nucleoprotein, membrane protein open reading frame 3a,
and open reading frame 7a (0.8 pg/mL) was used for the
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specific stimulation (Mabtech AB, Nacka Strand, Sweden).
The samples were then incubated at 37 °C for 24h. In
the second step, the plasma levels of IFN=y (IU/mL) were
measured using LIAISON QuantiFERON-TB Gold Plus
(DiaSorin S.p.A., Saluggia, Italy).

The method was validated using 69 whole blood samples
obtained from healthy volunteers. Fifty samples were col-
lected from subjects with a previous SARS-CoV-2 infection
or who had been vaccinated with 2 doses of BNT162h2
(Pfizer-BioNTech), and 19 samples were collected from sub-
jects without a history of SARS-CoV-2 infection. The opti-
mized curoff (0.15 IU/mL) wich 92% sensitivity (95% CI,
80.8-97.8) and 100% specificity (95% CI, 82.4-100) was
determined using MedCalc Srarisrical Sofrware version 19.1.

Statistical Analysis

Statistical analysis was performed using SPSS ver-
sion 22.0 (IBM Corp, Armonk, NY) and R-studio ver-
sion 1.2.5019 (Development for R. RStudio, Inc., Boston,
MA). Normality of data distribution was tested using the
Kolmogorov-Smirnov test. Because the majority of the
data did not fit the normal distribution, only nonpara-
metric statistical methods were used. Mann-Whitney U
or Kruskal-Wallis tests were used to compare continu-
ous variables. Pearson chi-square test or Fischer exact test
was used to compare categorical variables. Descriptive
statistics are reported as medians and IQRs for continu-
ous variables and numbers and percentages for categori-
cal variables. Logistic regression was used to identify the
predictors of antibody detection and cellular immunity.
Univariable regression was calculated, and variables with
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P<0.25 from univariable analysis or with clear biological
importance were entered into the multivariable regression
model. Because tacrolimus-based immunosuppression is
the standard of care, a categorical variable incorporat-
ing other regimens was constructed and tacrolimus-based
immunosuppression was used as an indicator/reference
variable in the regression analysis. Results are reported as
odds ratios (ORs) with 95% Cls. All tests were performed
at the 5% level of significance.

RESULTS

Humoral Response in KTRs Following SARS-CoV2
mRMNA Vaccination

The primary objective of this study was to assess the
humoral immune response to SARS-CoV-2 mRNA vaccines
in previously prespecified groups: (1) SARS-CoV-2-naive
KTRs vaccinated after transplantation, (2) SARS-CoV-2
previously infected KTRs vaccinated after transplanta-
tion, and (3) SARS-CoV-2-naive KTRs vaccinated on the
wairing list. The basic characteristics of the study groups
are presented in Tables 1 and 2. Prime-boost vaccination
was performed with a median 21-d interval between the 2
doses of BNT162b2 vaccines, and with a median of 28 d in
case of mRNA-1273 vaccines. The median time from the
second dose to antibody testing was 48 d, (IQR, 30-69).

Seroconversion (defined as a detectable level of anri—
SARS-CoV-2 IgG antibodies of ar least 9.5 AU/mL) was
observed in 318 (45.8%) KTRs vaccinated with 2 doses
of SARS-CoV-2 mRNA vaccine after transplantation, as
opposed to a 100% seroconversion rate observed among
KTRs vaccinated while on the waiting list ahead of
transplantation.
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When the predefined groups of SARS-CoV-2-naive and
previously infected KTRs vaccinated after transplanta-
tion were added together, the anti=-SARS-CoV-2 IgG levels
were significantly lower in those KTRs vaccinated after
transplantation, as opposed to KTRs vaccinated while on
the waiting list (median, 6§ AU/mL; IQR, 0-86.7 wversus
median, 87.4 AU/ml; IQR, 43.4-135 AU/mL; P<0.001).
When analyzing only KTRs vaccinated after transplanta-
tion (n=318), in whom seroconversion was observed, the
anti-SARS-CoV-2 IgG levels were similar to KTRs vacci-
nated while on the waiting list (median, 98.8 AU/mL; IQR,
31.6-400 versus median 87.4 AU/mL; IQR, 43.4-135;
P=0.551).

Sixty-seven out of 69 (97.1%) KTRs vaccinated after
transplantation who were previously infected with SARS-
CoV-2 reached seroconversion. This is a significantly
higher seroconversion rarte than in virus-naive KTRs,
where seroconversion was observed in 251 out of 626
KTRs (40.1%; P<0.001). Furthermore, anti-SARS-
CoV-2 IgG levels were significantly higher in previously
SARS-CoV-2-infected KTRs vaccinated after transplan-
tation than in those who were naive (median 1810 AU/
mL; IQR, 261-3070 versus median 4.6 AU/mlL; IQR,
0-37.6; P<0.001).

SARS-CoV-2-naive KTRs vaccinated after transplan-
tation had lower anti-SARS-CoV-2 antibody levels than
SARS-CoV-2-naive patients vaccinated while on the wait-
ing list. KTRs who were infected with SARS-CoV-2 before
vaccination had higher levels of antibodies than those who
were SARS-CoV-2 naive, regardless of whether they were
vaccinated before or after transplantation. Statistically
significant differences were observed among the 3 groups
(Figure 2).

TABLE 1.

Characteristics of SARS-CoV-2-naive KTRs vaccinated pretransplant and KTRs vaccinated posttransplant (both SARS-

CoV-2-naive and previously SARS-CoV-2-infected)

Pretransplant vaccinated KTR Postiransplant

(SARS-CoV-2 naive) (n=35) vaccinated KTR (n=695) p?
Age (y), median (IQR) 55.8 (47 5-66.5) 4.4 (55-70.7) <0.001
Sex (male), no. (%) 30 (85.7%) 443 (63.7%) 0.008
Previcus infection with SARS-CoV-2, no. (%) 0(0%) 69 (9.9%) 0,295
BMI, median (ICR) 26.4(231-28.2) 28 (24.9-313) 0.003
Diabetes, no. (%) 7 (20%) 203 (29.2%) 0.24
mRNA vaccine type BNT16202), no. (%)° 35 (100%) 663 (95.4%) 0.394
Tacrolimus-based |5, no. (%) 33(94.3%) 550 (80.4%) 0.041
Cyclesporine -based 15, no. (%) 0{09%) 72 (10.4%) 0.04
CNI-ree 15, no. (%) 2(5.7%) B4 (9.2%) 0.486
MME/MPA, ro. (%) 33 (94.3%) 537 (77.3%) 0.018
mTCRi, no. (%) 2(5.7%) 40 (7. 1%) 1
Cestimulatory blocker,” no. (%) 1(2.9%) 10 (1.4%) 0.42
Depletng induction ? no. (%] 5(14.3%) 296 (42.6%) 0.001
Antirejection therapy, no. (%) 4(11.4%) 223 (32.1%) 0.0
Time from transplant {ma), median (CR) 0.63 (053-093) 711 (241-1425) =0.001
Time from second vaccine dose to antibody testing (d), median (IR 71 (46-84) 47 (29-67) <0.001

AP values for amup comparkson based on the Mann-Whitney U test for continuous variables and Pearson chi-square test or Fisc her exact test for categorical variables; =006 for significance.

"The rest of KTRe were vaccinated with mANA-1 273,
‘;Belatat:ept and iscalimab.
“itithyrmocyte globulin and ritud rrab.

BMI, body mags index; CNI, calcineurin inhibitor; |G, interquartile range; |3, immunosup pression; KTR kidney ransplant recipient, MVF, mycophenolate mofetil;, MPA, mycophenolic acid; mTORi,
mammilian target of rapamy dn inhibitor, SARS-Col-2, severe acute respiratory sy ndrome coronavirus 2,
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TABLE 2.

Characteristics of KTR s with and without previous infection with SARS-CoV-2 vaccinated posttransplant

SARS-CoV-2 infected (n=69)

SARS-CoV-2 naive (n=626) P

Age fy), median (10R)

Sex (male), no. (%)

BGFR (mL/min/1. 73 m¥, median (IO
BMI, median (IGR)

Diabetes, no. (%)

mRNA vaccine type (BNT16202), no. (%)
Tacrolimus-based IS, no. (%)
Cyclosporine-hased IS, no. (%)

CNI-free 15, no. (%)

MMEMPA, no. (%)

mTCRi, no. (%)

Costimulatory blocker,“ no. (%)

Depleting industion,? no. (%)
Antirejection therapy, no. (%)

Time from transplant {mao), median (I0R)
Time from second vaccine dose to antibody testing (d), median (I0R)

57.1 49-68.7) 65 (56.1-70.8)  <0.001
45 (65.2%) 308 (63.6%) 0.788
54.6 (38.7-68.4) 47.4 (34.8-61.2) 0.082
27.5 (24.2-30.9) 28 (24.9-31.3) 0.445
16 (23.2%) 187 (29.9%) 0247
55 (79.7%) 605 (96.6%) <0.001
56 (81.2%) 503 (80.4%) 0.872
8 (11.6%) B4 (10.2%) 0.723
5 (7.2%) 59 (9.4%) 0553

55 (79.7%) 482 (77%) 061
3 (43%) 46 (7.3% 0.355
1(1.4%) 9.(1.4%) 0.9
34 (49,3%) 262 (41.9%) 0.237
21 (30.4%) 202 (32.3%) 0.757
60.2 (23.9-127.4) 72.8(251-1432) 0562
39 (21.5-63) 48 (30-69) 0.004

“Pyalues for group comparison baged on the Mann-Whitney U test for continuou s variables, and Pearson chi-square test or Fischer exact test for categorical variables, < 0,06 for significance,

The rest of KTRs were vaccinated with mRNA-12 73,
“}iehtawpi and iscalimab.
“Antithy mocyte globulin and ritwdimas .

BMI, body mass index; GNI, calcingurin inhibitor ; GFR, estimated glomerular filtration rate; 10R, interquartile range; 15, immunosuppression ; KTR, Kdney transplant recipient; MVF, mycop henolate
motetil; MPA, mycophenolic acid; mTORI, mammalian target of rapamycin inhibitor; SARS-CoV-2, severe acute respiratory syndrome coronaing 2.

Determinants of Anti-SARS-CoV-2 IgG Production
After the Second Vaccine Dose

Next, factors affecting anti-SARS-CoV-2 IgG produc-
tion were assessed. This analysis was performed in KTRs
vaccinated afrer transplantation. KTRs were divided into
2 groups based on whether seroconversion was reached
after the second vaccine dose (responders) or not (nonre-
sponders). The characteristics of the responders and non-
responders are shown in Table 3. In summary, responders
were younger, had higher estimated glomerular filtration
rate (eGFR), longer time interval between transplanta-
tion and vaccination, had a higher proportion of males,
a higher proportion of previous SARS-CoV-2 infections,
were more likely to receive mRNA-1273 vaccine, had a
higher proportion of cyclosporine and mTOR inhibitor-
based therapy, lower use of mycophenolate, and received
depleting therapy within the past year less often.

Univariable and multivariable logistic regression analy-
ses were further performed, where seroconversion was
used as the dependent variable (Table 4; Table §1, SDC,
http:/flinks.lww.com/TP/C339). Factors independently
associated with higher rates of seroconversion in the multi-
variable model were previous SARS-CoV-2 infection (OR,
89.89; P<0.001), male sex (OR, 1.97; P<0.001), longer
time from transplant (OR, 1.01; P<0.001), and better
graft function before vaccination (OR, 1.03; P<0.001).
Older age (OR, 0.96; P<0.001), mycophenolate mofetil
(OR, 0.15; P<0.001), and depletion therapy within the
past vear (OR, 0.19; P=0.023) were independently associ-
ated with lower seroconversion rates after vaccination.

Renal Graft Function After Vaccination

eGFR  (Chronic  Kidney Disease Epidemiology
Collaboration) was evaluated in the KTRs before and
after vaccinarion. This analysis was performed only in the
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cohort of KTRs vaccinated after transplantation. There
was no significant difference in eGFRs between the 2
measurements performed at median of 70 d {IQR, 52-91
d; prevaccination eGFR median 48 mI/min/1.73 m%; IQR,
34.8-61.8 versus postvaccnation eGFR median 48 mL/

2

min/1.73 m% IQR, 33.6-61.8; P=0.685).

Cellular Immune Response in KTRs

Cellular response to the mRNA vaccine was evaluated
in 50 KTRs. A positive response was identified in 1 out
of 8 (12.5%) SARS-CoV-2-naive KTRs vaccinated pre-
transplant, 3 out of 32 (9.4%) SARS-CoV-2-naive KTRs
vaccinated posttransplant, and 9 out of 10 (90%) SARS-
CoV-2 previously infected KTRs vaccinated posttransplant
(Figure S1, SDC, http:/links.lww.com/TP/C339).

Interestingly, 76.9% (10 out of 13) of those who devel-
oped cellular immunity also developed a positive anti-
body response, but only 39.3% (10 out of 26) of those
who developed humoral response also developed cellular
immunity.

Logistic regression was further used to assess the factors
determining the cellular response (Table S2, SDC, http//
links. lww.com/TP/C339). Previous SARS-CoV-2 infec-
tion was identified as the only clear significant factor in
univariable regression (OR, 87; P<.001). Multivariable
regression was not performed because of a low number
of events.

Durability of Pretransplant Vaccine-induced
Antibodies

Thirty-five patients were vaccinated ahead of their kid-
ney transplantation while still being on the waiting list.
The baseline levels of vaccine-induced anti-SARS-CoV-2
antibodies (measured at day 0 of transplantation hos-
pitalization immediately before transplantation) were
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FIGURE 2. Ant-SARS-CoV-2 IgG kevels according to pravious
predefined groups according to the timing of the vaccination with

vius infection and transplantation status. KTHs were divided into
regards to trangplantation and previcus SARS-CaV-2 infection to (1)

KTRs vaccinated before transplant, all of whom were all SARS-CoV-2 naive; (2) SARS-CoV-2-infected KTRs vaccinated postiransplant;
and (3) SARS-CoV-2-naive KTRs vaccinated postiransplant. Stalistical differences were assessed using the Kruskal-\Wallis test;
F<0.001 for the overal model. Post hoe lest revealed sigrificant differences betwean the following groups: 1and 2, P =0.019;, 1 and
3, P=<0.001; and 2 and 3, P<0.001. IgG&, immunoglobulin G, KTR, kidney transplant recipient; SARS-CaoV-2, severe acute respiratory

syndrome coronavirus 2,

measured in 28 of these patients. We analyzed the dynam-
ics of antibody levels between the baseline levels at day
0 and a second later measurement. The median time of
the second measurement from the day of transplantation
was 20 d (IQR, 17-24 d). There was an apparent decrease
in antibody levels between the 2 measurements (median,
136 AU/mL; IQR, 92-177.5 AU/mL at d 0 versus median,
83.8 AU/mL; IQR, 43.6-130 AU/mL; P=0.007). In total,
a decrease of =25% from the baseline was observed in 23
(82.1%) KTRs, whereas a decrease of >50% was observed
in 7 (25%) KTRs (Figure 52, SDC, htrpJ/flinks.lww.com/
TP/C339).

Early Durability of Posttransplant Vaccine-induced
Antibodies

To estimate the early durability of vaccine-induced anti-
SARS-CoV-2 antibodies, we compared the antibody levels
in KTRs vaccinated after transplantation, in whom sero-
conversion after the second dose of mRNA vaccine was

achieved. KTRs were divided into 6 groups according to
the length of the interval between the second dose of the
vaccine and the time of antibody testing (<30 d, 30-60 d,
and =60 d), and according to previous SARS-CoV-2 infec-
tion status (naive and infected). Lower antibody levels were
observed in SARS-CoV-2-naive KTRs tested after =60 d,
compared with those tested within 30 d after vaccination
(P=0.035). There were no significant differences between
previously SARS-CoV-2-infected KTR groups (Figure 3).

Impact of COVID-19 Symptoms on Humoral
Response

The severity of clinical symptoms of the 69 KTRs who
contracted SARS-CoV-2 before vaccination was scored
according to the Clinical Spectrum of SARS-CoV-2
Infection definition.'® Anti-SARS-CoV-2 IgG levels were
significantly higher in patients who experienced moder-
ate to severe symptoms compared with those who had an
asymptomatic disease course (P =0.014; Figure 4).
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TABLE 3.

Characteristics of KTR s vaccinated posttransplant according to humoral response (n=695)

Nonresponders (n=2377) Responders (n=318) P
Age (y), median (I0R) (6.5 (57.3-71.2) B0.8 (52.8-69.4) <0001
Sex (male], no. (%) 221 (58.6%) 222 (69.8%) 0.002
Previous infection with SARS-CoV-2, no. (%) 2 (0.5%) 67 (21.1%) <0001
BMI, median (I0R) 28,4 (24.9-31.4) 27.5(24.9-31.1) 0.249
Diabetes, no. (%) 116 (30.8%) 87 (7.6%) 0.325
mRNA vaccine type (BNT16252), no. (%" 369 (97.9%) 294 (92.5%) 0.01
Tacrolimus-based IS, no. (%) 310 (82.2%) 249 (78.3%) 0194
Cyclosporine-based IS, no. (%) 31 (8.2%) 41 (12.9%) 0.044
CNI-free IS, no. (%) 36 (9.5%) 28 (B.8%) 0735
mTORi, no. (%) 18 (4.8%) 31(9.7%) 001
MME/MPA, no. (%) 326 (86.5%) 211 (66.4%) <0001
Costimulatory blocker, “ no. (%) 10 (2.7%) 0(0%) 0.002
Depleting induction, “ no. (%) 170 (45.1%) 126 (39.6%) 0,146
Antirejection therapy, no. (%) 116 (30.8%) 107 (33.6%) 0418
Depleting therapy in the last y* 25 (6.6%) 4(1.3%) <0.001
Time from transplant (mao), median (ICR) 54.8 (19-114.5) 91.8(369-168.6)  <0.001
Time from second vaccine dose to antibody testing (d), median (1I0R) 43 (29-67.5) 49(29-67.3) 043
gGFR at the time of antibody testing 44.4 (32.7-57.9) 52.2(40.1-67.8) <0.001

* Pralue for grmup companison based on the Mann-Whiney U test for continuous variables and Pearson chi-square test or Fischer exact test for categorical variables; P<0.05 for signficance.

“The rest of the KTRs were vacdnated with mRNA-1273,
'jﬂelatatspl and iscalimab.
“hntithy macyte globulin and rtuimah.

EMI, body mazs index; CHI, calcineurin inhibitor; e5FR estimated glomerular filtration rate; 10K, interguartile range; 15, immunosuppression; KIR, Kdney trangplant recipient; MWF, mycophenolate
mofietil; MPA, mycophenolic acid; mTORK, mammalian target of rapamyzin inhiitor; SARS-Col-2, severe acute rspirtory syndome comnavins 2,

TABLE 4.

Determinants of anti-SARS-CoV-2 1gG production after the
second vaccine dose in KTRs vaccinated posttransplant

Multivariable model

Variable OR 9% Gl P
Previous infection with SARS-CoV-2  89.89  19.76-408.99  <0.001
Age (y) 096 094-098  <0.,001
Sex (male) 147 133-293 0.001
Moderna mRMA-1273 vaccine 1.04 0.35-3.08 0.945
Time from transplant (ma) 1,007 1.004-1.01  <0,001
eGFR prevaccination {mlLis) 1.034 10231044  <0.001
Prefransplantation diabetes 1.03 0.6-1.77 091
MME/MPA 015 009024  <0.001
Tacrolimus Ref.

Cyclosparine A 141 0.72-275 03N

CNI-free 053 0.26-1.11 0,093
Depleting therapy i the last y* 019 0.05-0.8 0.023

Univariable regression results are to be seen in Table §1 SDC, http:/inks. ww,com/TRC338),
“Antithymadyte gldulin and ritiimab, The Pvalue of varables that reached statistical sinifi-
cancear displyed in bokd.

Cl, confidence interval; CNI, calcineurin inhibitor; 66 FR, estimated glomerular fittration rate; IgG,
immunaglobulin G; KTH, kidneytransplant recipient; MMF, mycophenolate mafetil; MPA, mycophe-
nolic acid; OR, odd s ratio; SARS-Cov-2, severe acute respiratory sndrome coronavirus 2.

DISCUSSION

The aim of this large prospective cohort study
involving 736 subjects was to evaluate the immune
response to SARS-CoV-2 vaccination in an immuno-
compromised population of KTRs. As observed in
other recent reports, KTRs exhibit a severely impaired
immune response to mRNA vaccines, which impacts
both humoral and cellular immunirties. We found that
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patients who received vaccination while on the wait-
ing list for kidney transplantation without immuno-
suppression and immunosuppressed KTRs who were
naturally immunized by SARS-CoV-2 before vacci-
nation mounted higher levels of SARS-CoV-2 anti-
bodies than KTRs who were SARS-CoV-2 naive and
vaccinated on immunosuppression. Furthermore, we
identified several factors associated with poor anti-
body response to mRNA vaccination in KTRs, sev-
eral of which could be potentially targeted to improve
humoral response.

Of all KTRs vaccinated after transplantation, serocon-
version after the second dose of an mRNA vaccine was
reached only in 45.8% KTRs. Furthermore, if previous
SARS-CoV-2 infection was considered, the seroconversion
rate in the naive population was only 40.1%. This find-
ing contrasts with a 100% seroconversion rate observed
among KTRs vaccinated while on the waiting list and is
consistent with some previous smaller reports. For exam-
ple, Bertrand et al'! demonstrated that in the cohort of 45
KTRs and 10 hemodialysis patients, the mRNA vaccine
BNT162b2 induced antispike antibodies in 88.9% hemo-
dialysis patients, compared with just 17.8% rate in KTRs.
Although it had been reported that hemodialysis patients
display a weaker antibody response to mRNA vaccination
compared with healthy controls,'”?” the evidence from
our study shows that these patients respond substantially
better than KTRs on immunosuppression.”! However, it
remains unclear how long will the waitlisted patients dis-
play sufficient immune protection after the start of post-
transplant immunosuppression. In our study, most patients
who were vaccinated while on the waiting list were repeat-
edly tested for antibodies following transplantation, and
a significant decrease in antibody levels was observed in
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FIGURE 3. Anti-SARS-CoV-2 1gG levels over time, KTRs vaccinated after transplantation in whom seroconversion after the second
dose of mMRNA vaccine was observed were divided according 1o previous SARS-CoV-2 infection status and time from the second dose
to antibody testing into 3 intervals (<30 d, 30-60 d, and =60 d from the second dose 1o testing, respectively). Lower antibody levels
were cbserved in SARS-CoV-2-naive KTHs tested =60 d in comparison with <30 d after vaccination, respectively (P =0.085). 1g9G,
immunoglobulin G; KTR, kidney transplant recipient; SARS-CoV-2, severe acule respiratory syndrome coronaviris 2.

most of these patients when comparing the “day 07 levels
and subsequent testing.

It is becoming clear that the immunosuppression burden
following transplantation is a major cause of poor vaccine
response to SARS-CoV-2 vaccines. Mycophenolate use in
particular has been reported as potentally disruptive for
vaccine efficacy.” This observation is further supported
by similar observations in influenza vaccination, where
mycophenolate use was associated with reduced humoral
immunity in a dose-dependent manner®>* The clear
association between mycophenolate use and impaired
humoral response poses the question of whether a tem-
porary decrease in dosage or a complete withdrawal of
mycophenolate ahead of vaccination would serve as a pos-
sible strategy to improve vaccine efficacy in KTRs, at least
in patients at low risk of rejection or those at a high risk of
severe course of COVID-19. However, such an approach
would be problematic as KTRs should not be unnecessar-
ily put at risk of rejection.

Based on the observation of poor humoral response
to SARS-CoV-2 mRNA vaccines, it can be assumed that
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COVID-19 still presents a major risk for vaccinated KTRs.
Thus, it is of utmost importance to consider every tool
available to protect this vulnerable population, includ-
ing the continuation of standard regime measures such as
social distancing and the use of face masks, vaccination of
all waitlisted patients, healthcare providers, and household
members, and to consider testing additional booster doses,
which could be a promising tool to improve the immu-
nogenicity of vaccines in solid organ recipients.**** Our
results are also supportive of recently published expert
recommendations.”’

Natural SARS-CoV-2 infection is described as a strong
factor affecting the immune response after mRNA vacci-
nation in the general population.' It is well known that
previously infected individuals develop higher anti-SARS-
CoV-2 neutralizing antibodies and T-cell responses follow-
ing mRNA vaccination."****" In this study, we observed
that previous SARS-CoV-2 infection strongly enhances
antibody production following vaccination, despite immu-
nosuppression. Vaccination after natural infection has
recently been termed as “hybrid immunity to SARS-CoV-27
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FIGURE 4. Impact of COVID-18 symptoms on anti-SARS-Caol-

219G levels after vaccination. KTRs who received vaccination after

contracting SARS-CoV-2 were divided an the basis of the severity of clinical symptorms scored according to the Clinical Spectrum of
SARS-CoV-2 Infection definition. Statistical differences were assessed using the Kruskal-Wallis test; P=0.049 for the overall model.
Post hoc test revealed significant differences between asymptomatic KTHRs and KTRs with moderate to severe symploms (P=0.014),

The differences betwaen the other groups were not significant (P =

0,093 for asymptomatic and mild symptoms, and P=0.168 for mild

and moderate to severe symptoms). COVID-19, coronavirus disease 2019; 19G, immunoglobulin G KTR, kidney transplant recipient;

SARS-CoV-2, severe acute regpiratory syndrome coronavirus 2.

and reported to be effective even among solid organ recipi-
ents in a previous r'epor‘t:.'31 Additionally, it seems thar the
magnitude of the humoral response is dependent on the
severity of clinical symproms, as KTRs who experienced
moderate or severe disease course mounted higher levels
of antibodies than asymptomatic individuals.
Furthermore, we recently showed that KTRs mounted
a similar level of anti-SARS-CoV-2 antibodies compared
with healthcare workers as a result of natural immuniza-
tion." Using an identical antibody detection method in
both studies, the observed SARS-CoV-2 antibody levels
after a narural infection were lower than in KTRs who
were first infected with SARS-CoV-2 and later received a
vaccine. Therefore, mRINA vaccines may serve as a booster
of the immune response primed by natural immunization
when immunosuppression is absent or reduced. However,
mRNA vaccines seem to be far less effective in priming
immune responses in immunosuppressed populations.
Furthermore, a heterologous approach combining differ-
ent vaccines might also be a solution to this problem,™ but
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s0 far, this approach has not been tested in a transplanta-
rion serring.

Interestingly, no patent on costimulatory inhibitors
developed seroconversion after vaccination, including
those with previous SARS-CoV-2 infection, who gener-
ally developed high antibody levels after vaccination. This
observation is consistent with other recent reports.'!

In this study, we observed that a higher proportion of
KTRs vaccinated with mRNA-1273 reached seroconver-
sion, which is a similar finding to that of other reports
of higher immunogenicity of mRNA-1273 vaccine in solid
organ recipients™ and the general population.™ However,
we believe that in our cohort, this was because of a higher
representation of previously infected SARS-CoV-2 individ-
nals. After adjustment in a multivariable model, there was
no difference between these 2 vaccines, and thus we cannot
recommend one over the other at this tme.

Furthermore, to our knowledge, this is the first study
to analyze the immune response to mRNA vaccines in a
cohort of KTRs who were vaccinated while on the waiting
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list. This was possible because of the high-volume pro-
gram of our center and the short waiting time for a kidney
transplant.*

Among the limitations of our study is that, undoubt-
edly, there were KTRs who were falsely classified as naive
to SARS-CoV-2 but were previously infected with the virus.
To detect all previous infections, we decided to use the
National Registry of Infectious Disease, where the records
of every PCR test performed in the country because the
first outbreak of COVID-19 are mandatorily reported. In
other studies, participants were screened for SARS-CoV-2
antibodies. However, even serological screening has its
limitations, as varying proportions of SARS-CoV-2 posi-
tive KTRs will not mount antibodies'™® or the antibodies
might decrease over time. Therefore, even individuals with
negative SARS-CoV-2 antibodies might carry an immune
memory and bias the measurements. We believe that our
approach is a comparable alternative to serological screen-
ing in dividing SARS-CoV-2-naive and previously infeced
individuals.

In conclusion, SARS-CoV-2-naive patients who received
both doses of mRNA vaccines while on the waiting list
mounted good humoral immune response, which was pre-
served in the first month following kidney transplantation,
contrary to poor response in immunosuppressed KTRs
naive to SARS-CoV-2. In contrast, survivors of COVID-
19 exhibit abundant humoral and cellular responses to
mRINA vaccines despite receiving immunosuppression.
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6.3 Vliv frailty syndromu na protilatkovou odpovéd’ po ockovani mRNA vakcinami proti

SARS-CoV-2 u pacientii vys§iho véku po transplantaci ledviny

6.3.1 Uvod

Vyssi vék je jednim z faktorti negativné ovlivitujicich humoralni odpovéd’ na ockovani proti
SARS-CoV-2. Mozny vliv frailty syndromu (Cesky syndrom geriatrick¢é kiehkosti) na
oslabenou postvakcinaéni protilatkovou odpovéd’ u transplantované populace je nejasny. Cilem
studie byla analyza humoralni imunitni odpovédi po o¢kovani mRNA vakcinami u pacient

vysSiho véku po transplantaci ledviny.

6.3.2 Metodika

Tato studie je sekundarni analyzou prospektivni studie tykajici se imunitni odpovédi na mRNA
vakciny v nasi kohorté& pacientl po transplantaci ledviny (Magicova M. et al., 2022). Ve studii
bylo analyzovéno 101 virus-naivnich pacient ve véku 70 let a starSich sledovanych v nasem
centru, kteti absolvovali zékladni ockovani (tj. 2 davky) vakcinou BNT162b2. VSichni pacienti
byli o€kovani po transplantaci ledviny. U pacientil byly méteny IgG protilatky proti S1 a S2
podjednotkam spike proteinu viru SARS-CoV-2 metodou chemiluminiscenéni imunoanalyzy.
U vsech studovanych subjektti byl v den sérologického testovani vyhodnocen status frailty
(syndrom geriatrické kiehkosti) na zaklad¢ kritérii podle Friedové (Fried L. P. et al., 2001):
1. nechtény Ubytek hmotnosti, 2. fyzicka inaktivita, 3. sila stisku ruky, 4. vy€erpani, 5. pomala
chlize. Absence téchto kritérii je definovana jako status non-frail, pfitomnost maximaln¢ dvou
kritérii jako pre-frail, u frail pacientt byla splnéna minimélné¢ tii kritéria. V modelu
multivariabilni regresni analyzy byly kromé statusu frailty a jeho kritérii zahrnuty 1 proménné
(vyyjma véku adeplecni 1éCby), které byly v primérni studii asociovany s protilatkovou
odpovédi po ockovani. ProtoZe vSichni pacienti byli star§iho véku, navic s malym v€kovym
rozdilem a zaddny znich nebyl 1é€en deple¢ni terapii v poslednim roce, tyto proménné

analyzovany nebyly.

6.3.3 Vysledky

Prevalence frail pacientli v studijni kohorté¢ byla 26 % a pre-frail pacientti 48 %. Ze vSech
subjektl byla sérokonverze po ockovani 2 davkami mRNA vakciny BNT162b2 pozorovéana jen
u 33 % pacientl. K sérokonverzi doslo u 44 % non-frail, 31 % pre-frail a 23 % frail pacienta

po transplantaci ledviny.
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V univariabilni analyze vék v této kohort¢ nemél vliv na sérokonverzi (OR 1,07,
95% CI 0,95-1,2, p = 0,267). V multivariabilni regresni analyze byly negativnimi faktory
sérokonverze status pre-frail (OR 0,27, 95% CI 0,07-1,00, p = 0,05) a frail (OR 0,14,
95% CI 0,03-0,73, p = 0,019). S lepsi humorélni odpoveédi po ofkovani byla asociovana
delsi doba od transplantace (OR 2,92, 95% CI 1,19-7,18, p = 0,019) a imunosuprese bez
mykofenolat mofetilu (OR 10,14, 95% CI 2,83-36,25, p < 0,001). Z jednotlivych kritérii
syndromu frailty podle Friedové (Fried L. P. et al., 2001) byla v univariabilni analyze fyzicka
inaktivita jako jedind signifikantné spojena s horS§i sérokonverzi po ockovani (OR 0,36,

95% CI1 0,14-0,95, p = 0,039).

6.3.4 Diskuse

Vyssi vék piijemct je rizikovym faktorem pro vznik infekénich komplikaci po transplantaci
ledviny (Jackson K. R. et al., 2021). V norské studii byl vé€k nad 70 let u pfijemci po
transplantaci asociovan s vice nez 6krat vysSim rizikem umrti na covid-19 ve srovnani
s mlad$imi pacienty (Hovd M. et al., 2023). Z piedchozich studii vime, ze vyssi vék je rovnéz
vyznamnym negativnim faktorem imunitni odpovédi na ockovani proti SARS-CoV-2, ato
nejen v obecné (Romero-Olmedo A. J. et al., 2022), ale také v transplantované populaci
(Grupper A. et al., 2021, Arias-Cabrales C. et al., 2023).

Nasim cilem bylo zjistit, zda existuje vztah mezi hors$i odpovidavosti na mRNA
vakciny proti SARS-CoV-2 a syndromem frailty u starSich pacientl po transplantaci ledviny,
ktefi tvofi nemalou cast této populace. Vek 70 let a vice jako vstupni kritérium byl zvolen na
zéklad¢ klinické praxe, protoze pravé od tohoto véku je frailty status vyhodnocovan v naSem
transplantacnim centru u vSech potencialnich kandidatt transplantace ledviny.

Hodnoceni frailty neboli syndromu geriatrické kiehkosti je v souvislosti se star$i
populaci vyuZivano v klinické praxi. Tento klinicky syndrom je nezavislym prediktorem
hospitalizace a mortality (Fried L. P. et al., 2001). U frail pacientd po transplantaci ledviny
je riziko potransplantaéni mortality dvakrat vyS$i oproti non-frail pacientim
(McAdams-DeMarco M. A. et al., 2015). N&kolik studii zkoumalo mozny vliv frailty na
imunogenicitu vakcin u obecné populace. Data tykajici se o€kovani proti chiipce v souvislosti
s frailty jsou rozporuplna (Yao X. et al., 2011, Moehling K. K. et al., 2020). V ptipad¢ ockovani
proti SARS-CoV-2 mRNA vakcinami u netransplantované populace nebyla prokdzana asociace

frailty s niZ§i imunogenicitou vakcin (Salmeron Rios S. et al., 2021). Dosud vSak Z4dna studie
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neanalyzovala syndrom frailty v souvislosti s ockovanim proti SARS-CoV-2 u pfijemct po
organovych transplantacich.

Z celé studijni kohorty byla sérokonverze po ockovani pozorovéna jen u tietiny.
V ptipadé pacientil v kategorii frail to bylo dokonce jen 23 %. Pro srovnani, v primarni studii
(Magicova M. et al., 2022), kde byli zahrnuti 1 mladsi, taktéz virus-naivni jedinci, indukovalo
ockovani tvorbu protilatek ve 40 % ptipadl. Zda se vsak, ze u pacientt star§ich 70 let nema vek
dale vliv na sérokonverzi, jak jsme ukazali v této studii.

Zjistili jsme, Ze frail status je signifikantné asociovan s horsi sérokonverzi po o¢kovani.
Nase vysledky jsou v rozporu se Spané¢lskou studii tykajici se netransplantované populace
(Salmeron Rios S. et al., 2021), nicméné jejich data mohou byt ovlivnéna tim, ze do studie
zahrnuli 1 pacienty s diive prodélanou infekci SARS-CoV-2, ktera, jak je zndmo, indukuje vyssi
titry protilatek po vakcinaci (Manisty C. et al., 2021, Boyarsky B. J. et al., 2021). Dals§im
vyznamnym negativnim faktorem postvakcinaéni odpovédi byl v nasi studii mykofenolat
mofetil. U frail pacientl lé€enych mykofenolatem jsme pozorovali sérokonverzi pouze v 17 %
ptfipadt, naopak u non-frail pacientli, ktefi nebyli léceni mykofenolatem (n = 4), doslo
k sérokonverzi ve vSech ptipadech.

Z jednotlivych komponent frailty byla fyzickd inaktivita jedinym faktorem spojenym
s hor$i tvorbou protilatek po vakcinaci. Podobné Schuler prokazal u star§ich pacientd
oc¢kovanych proti chfipce korelaci mezi fyzickou aktivitou a lepsi tvorbou protilatek po
vakcinaci (Schuler P. B. et al., 2003). U mladych zdravych jedinct s pravidelnou fyzickou
aktivitou miZe byt protilatkova odpovéd’ po o€kovani proti chiipce a SARS-CoV-2 posilena
dokonce 1 90minutovym cvicenim bezprosttedné po vakcinaci (Hallam J. et al., 2022). AvSak
ve skuping starSich jedincti ve véku 62 az 87 let nebyl patrny rozdil mezi 45minutovym
cvienim a fyzickou inaktivitou po oc¢kovani. Jednim z moZnych vysvétleni pozitivniho vlivu
fyzické aktivity na postvakcinacni protilatkovou odpovéd je zvySena produkce IFN-a
plasmacytoidnimi dendritickymi bunkami (Hallam J. et al., 2022) anaslednd aktivace
mechanismi adaptivni imunity.

Jednou z mozZnosti, jak zlepSit imunogenicitu vakcin u imunosuprimované populace,
je aplikace posilovacich davek (Arias-Cabrales C. et al., 2023, Thomson T. et al., 2022,
Kemlin D. et al., 2023). Vyssi vék pacientl po transplantaci ledviny je vSak i pies ockovani
booster davkou spojen shorSi sérokonverzi (Kemlin D. et al, 2023). Nicmén¢
u imunokompetentnich jedinct starSich 80 let vedlo ockovéani 3. davkou ke zlepSeni jak

bunécné, tak humorélni odpovédi (Romero-Olmedo A. J. et al., 2022).
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Limitaci této studie je chybé&jici validacni kohorta. Rovnéz nebyla analyzovana odpovéd
T-lymfocyti, jejichZ role v imunitni odpovédi po o€kovani je nezbytnd. Na druhou stranu tato
studie jako prvni prokdzala negativni vliv frailty na protilatkovou odpovéd’ po ockovani mRNA

vakcinami proti SARS-CoV-2 v transplantované populaci.

Zavér
Syndrom frailty je u pacienti vyssiho véku po transplantaci ledviny, ktefi neprod¢lali
covid-19, spojen s porusenou humoralni odpovédi po ockovani mRNA vakcinami proti

SARS-CoV-2.

Clanek byl publikovin v ¢asopise International Urology and Nephrology.
The impact of frailty syndrome on humoral response to SARS-CoV-2 mRNA vaccines in older

kidney transplant recipients. Int Urol Nephrol. 2023 Nov;55(11):2959-2965.

Kompletni clanek je prilozen v anglickém jazyce.
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Abstract

Purpose Advanced age is associated with an impaired humoral immune response to SARS-CoV-2 mRNA vaccination in
kidney transplant recipients (KTR). The mechanisms are, however, poorly understood. Frailty syndrome assessment may
determine the most vulnerable population.

Methods This study is a secondary analysis of a prospective study (NCT04832841) regarding seroconversion after BNT162b2
vaccination, including 101 SARS-CoV-2 naive KTR 70 years and older. The Fried frailty components were evaluated, and
antibodies against S1 and S2 subunits of SARS-CoV-2 were examined > 14 days after the second dose of BNT162b2 vaccine.
Results Seroconversion was observed in 33 KTR. Male gender, eGFR, MMF-free immunosuppression, and a lower frailty
score were associated with higher seroconversion rates in univariable regression. Concerning frailty components, physi-
cal inactivity had the most negative effect on seroconversion (OR =0.36, 95% CI 0.14-0.95, p=0.039). In a multivariable
regression adjusted for eGFR, MMF-free immunosuppression, time from transplant and gender, pre-frail (OR=0.27, 95%
CI 0.07-1.00, p=0.050), and frail status (OR=0.14, 95% CI 0.03-0.73, p=0.019) were associated with an increased risk
of unresponsiveness to SARS-CoV-2 vaccines.

Conclusion Frailty was associated with an impaired humoral response to SARS-CoV-2 mRNA vaccination in older SARS-
CoV-2 naive KTR.

Trail registration This study is registered under the identifier NCT04832841 on Clinical Trials.gov.

Keywords Frailty - Kidney transplantation - SARS-CoV-2 infection - Vaccination
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AU Arbitrary units COVID-19 Coronavirus disease 2019
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Introduction

Kidney transplant recipients (KTR ) are considered at high
risk for COVID-19 infection-associated morbidity and
mortality [1]. Vaccination of this vulnerable population
has, therefore, been recommended. However, recent studies
have revealed a significantly impaired humoral response to
mRNA vaccines in KTR compared to the general population
[2]. The use of mycophenolate mofetil, depletive induction
therapy, and costimulation blockade, as well as older age
were found to be among the main risk factors of limited
humoral response to SARS-CoV-2 mRNA vaccines [3-5] .

With improvements in KTR survival rates [6], elderly
patients constitute a significant part of the K'TR population.
Elderly patients are at higher risk for infectious complica-
tions, which is frequently further aggravated by frailty syn-
drome [7]. Frailty syndrome, characterized by decreased
physiologic reserve and resistance to stressors, further
increases COVID-19-associated morbidity and mortality
(1, 8].

Some previous studies have considered frailty a risk fac-
tor for decrease in flu vaccine effectiveness in the general
population [9]. However, their findings are conflicting [10,
11]. Currently available data concerning the effect of frailty
on seroconversion rates after SARS-CoV-2 vaccination in
the general population are limited, and to the best of our
knowledge, no study has yet pointed toward an association
between frailty and impaired seroconversion in KTR [12].
We, therefore, aimed to assess the humoral response fol-
lowing vaccination with the mRNA SARS-CoV-2 vaccine
(BNT162b2) in frail and non-frail elderly kidney transplant
recipients.

Methods
Study design

This is a secondary analysis of a prospective single-center
study (NCT04832841) performed in 2021 (April-June)
[5]. Our objective is to assess the seroprevalence of anti
SARS-CoV-2 51/82 TgG assessment following SARS-CoV-2
mRNA vaccination in KTR. Frailty assessment was offered
to KTR 70 years and older who were SARS-CoV-2 naive
and had received two doses of mRNA BNT162b2 vaccine.
Antibody testing was done at least 14 days after the second
dose of BNT162b2 vaccine. Other inclusion and exclusion
criteria and a description of antibody testing have already
been reported [5, 13]. Finally, 103 KTRs were enrolled in
the study (Fig. 1). Two KTR were excluded due to a positive
SARS-CoV-2 PCR test following the first vaccine dose and
eighty-two KTR declined frailty assessment.
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NCT(4832841
n=753

70+ years old TxR
n=203

S vaccinated pror ransplantation
13 COVID-18 PCR positivity prior vaccination

J

Study candidates
n=135

B2 not interested to participete in the study

Enrolled
n=103

2 COVID-19 PCR positivity after 1st dose of vaccine

Analyser
n=101

Fig.1 Study flowchart A total of 203 kidney tansplant mcipients
(KTR) from the original study (NCTO4832841) were 70 and mom
years old. Five KTR were vaccinated while on the waiting list prior to
transplantation, thirteen were COVID-19 positive prior to vaccination
and eighty-two KTR were enrolled in the original study but were not
interested to participate in the frailty assessment. A total of 103 KTR
were enrolled in this study and of them 2 experienced COVID-19
PCR positivity afier the 1st vaccine dose. Thus, a total of 101 KTR
were included in the final analysis

Frailty assessment

Frailty was evaluated according to Fried frailty criteria and
on the same day, blood samples for antibody testing were
collected. Frailty was determined based on five components:
weight loss (self-reported unintentional weight loss of more
than 10 Ibs in the past year); weakness (grip strength below
an established cutoff based on gender and BMI); exhaus-
tion (self-reported); physical inactivity (kcals/week below an
established cutoff); slower walking speed (walking time of
15 et below an established cutoff by gender and height) [8].
Each of the five components was scored 0 or 1 depending on
the absence or the presence of the component, respectively.
The cumulative Fried frailty score was calculated as the
sum of the component scores (range 0-5). Non-frail status
was defined as a score of 0, pre-frail status was defined as
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Table 1 General characteristics
of the study cohort

Study cohort, n=101

Male sex—no. (%)

Ape in yeas—median (min-max)

Number of transplant (1st/2nd/3rd}—no. (%)

BMI—median { min—max)

Living donor—no. (%)

Time from transplant in years—median (min-max)

Dialysis vintage in ye ars—median {min—max)

Diabeies mellims—no. (%)

¢GER in mlfmin/1.73m*—median { min—max P

CNI-based IS—no. (%)
Tacrolimus based 15—no. (%)
CyA based [5—no. (%)
MMF / MPA—no. (%)
mTORi—no. (7))

Depletive induction—nao. (%)

Antirejection therapy—no. (%)

Time from 2nd dose to Ab testing in days—median {min-max)

51 (50%)

73 (70-82)
OS(Q4TVS (SN (1%)
28.4 (16-41)

6 (6%)

6.2 (0.5-26.6)
2(0.6-8)

42 (42%)

46.2 (10.2-94.8)
85 (84%)

71 (70%)

14 (14%)

75 (74%)

13 (13%)

37 (37%)

19 (19%)

66 (19-114)

BMI body mass index, CNI-based calcineurin inhibitor-based, CyA cyclosporin A, MMF mycophenolate
mofetil, MPA mycophenolic acid, mTOR mammalian target of rapamycin inhibitor

*Serum creatining measurements were done on the day of antibody testing

a score of 1-2, and frail status was defined as a score of 3
and higher [8].

Statistical analysis

Continuous variables are expressed as medians (min, max)
and categorical variables are expressed as »# and a percent-
age of the total and compared by Pearson Chi-square test.
Univariable and multivariable binary regression analyses
were used to predict the responsiveness to SARS-CoV-2
vaccination. The multivariable binary logistic regression

model was based on the multivariable model of the pri-
mary study and included a variable for frailty as well as
variables which were previously found to be independently
associated with vaccine immune response. The independ-
ent variables associated with vaccine immune response in
the primary study were age, gender, time from transplant
to vaccination, eGFR, mycophenolate use, and deplet-
ing therapy in the last year [5]. However, age was not
included in the current final model, as all the KTR were
elderly within few years of each other. Furthermore, no
elderly KTR received depleting therapy in the last year,

Table 2 Comparison of
the frailty characeristic of
responders and non-responders

0 SARS-CoV-2 mRNA
vaccination

MNon-responders Responders (n=33) p value®
(n=>6H)
Fralty phenotype 0.243
Non-frail stats—no. (%) 15(22%) 12(44%)
Pre-frail status—no. (%) 33 (49%) 15 (45%)
Frail status—no, (%) 20 (29%) 6 (18%)
Fried frailty components
1 Physical inactivity—no. (%) 29 (43%) 7 (19%) 0.04a
2 Wealkness—no. (%) 21 (31%) 8 (24%) 0.640
3 Slowed walking speed—nao. (%) 16(24%) 8 (24%) 1
4 Exhaustion—no. (%) 34 (50%) 11 (33%) 0.138
5 Weight loss—no. (%) 913%) 3 (9%) 0.747
Fried cumulative score ((0—3)—rme an 1.6(1.33) 1120129 (.051

(standard deviation)

mRNA messenger ribonucleic acid, SARS-CoV-2 severe acule mespitatory syndrome comonavirus 2

“p values for group comparison based on the Mann—Whitney [ test for continuous variables, Pearson’s
Chi-squared test for categorical variables, p <005 for significance
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Table 3 Determinants of seroconversion in elderly SARS-CoV-2
naive KTR, univariable analysis

Univariable analysis”

Variable OR 95% Cl pvalue
Gender (male) 209 0.89-4.9 0.091
Age (years) 107 0.95-1.2 0.267
Retransplantation 2.17 041-11.37 0.361
BMI 101 0.94-109 0741
Living donor 103 0.18-595 04972
Time after wansplant {years) 104 0859-101 0118
Dialysis vintage before transplant (.82 0.62-1.08  0.152
(years)
Diabetes mellitus .68 0.29-161 0380
eGIFR (mV/min/1.73 m%) 103 101-106 0001
CNI-based 1S 022 007068 0009
Tacrolimus based 1S 0.34 14083 0014
CyA based 1S 1.17 0.36-3.8 0.794
MMF-free immunosuppression 432 1691107 0002
mlOR 403 1.21-13.52 0024
Depletive induction 043 017-1.09 04076
Antireje cion therapy 1.26 044-356  0.668
Time from sec ond vaceine doseto 1.01 0.99-1.02 0500
antibody testing (days)

Fried Frailty cumulative score” 074 0.52-105 0091
Mon-frail status Reference category

Pre-frail status .57 0.22-1.51 0255
Frail status 035 0.11-1.23  0.105

Cl confidence interval, MMF mycophenolate mofetil, mRNA messen-
ger ribonuckic acid, SARS-CoV-2 sever acute respiratory syndrome
coronavirus 2, eGFR estimated glomerular filtration rate, OR odds
ratio

*Univariable associations were caleulated by binary logistic regres-
sion, results are expressed with odds ratios and their 95% confidence
intervals, p< (LO5 for significance

PEried Frailty cumulative score inputied as a continuous variable

and thus this variable could also not be included. Aside
from mycophenolate use, no other immunosuppression
variable was entered into the model, as none were inde-
pendently associated with vaccine response in the original
study. Sensitivity analyses of multivariable binary logistic
regression model was calculated using bootstrap resam-
pling. Additional sensitivity analysis was performed where
all statisticaly significant variables in univariable regres-
sion were also included in the multivariable model. A p
value of less than 0.05 was considered statistically sig-
nificant. There were no missing data of variables of inter-
est. Statistical analysis was performed using IBM SPSS
Statistics, Version 24 (International Business Machines
Corp.) and R-studio version 4.0.3. (2020-10-10).
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Results

A total of 101 elderly KTR naive to COVID-19 were
included in the analysis. Males and females were represented
equally. The median age was 73 years, most patients had
undergone the first transplantation, and the median follow-
up from transplantation was 6.2 years. Details on demog-
raphy and immunosuppression are provided in Table 1. In
the entire cohort, seroconversion after two doses of mRNA
BNT162b2 vaccine was observed in 33% KTRs who were
older than 70 years of age.

Twenty-seven (27%) patients were classified as frail and
forty-eight (48%) patients as pre-frail. General character-
istics of patients divided by frailty status are provided in
the Supplementary Table 1. Exhaustion (45 %) and physical
inactivity (36%) were the most frequently observed Fried
frailty components. Weakness, slow walking speed, and
weight loss were observed in 29%, 24%, and 12%, respec-
tively. Seroconversion after vaccination was observed in 12
out of 27 (44%) non-frail, 15 out of 48 (31%) pre-frail, and 6
out of 26 (23%) frail KTR, respectively. Interestingly, there
were 36 (36%) KTR who were physically inactive, and 29
of them (80%) did not mount antibodies after vaccination
(p=0.046) (Table 2).

Seroconversion was further used as the dependent
variable for univariable and multivariable binary logistic
regression. The variables associated with seroconversion
in univariable regression were eGFR (OR =1.03,95% CI
1.01-1.06, p=0.001), MMF-free immunosuppression (I5)
regimen (OR=4.32,95% CI 1.69-11.07, p =0.002), CNI-
based IS (OR =0.22, 95% CI 0.07-068, p =0.009), and
mTOR inhibitor IS (OR=4.03, CT 1.21-13.52, p=0.024).
Male gender (OR =209, 95% CI 0.89-4.9, p=0.091},
depletive induction IS (OR =0.43, CI 0.17-1.09,
p=0.076), and Fried frailty cumulative score (OR=0.74,
95% CI 0.52-1.05, p=0.09) did not reach statistical sig-
nificance. Age did not affect seroconversion in our cohort
(OR=1.07,95% CI 0.95-1.2, p=0.267) (Table 3).

Next, a multivariable binary logistic regression model
was calculated. Pre-frail (OR =0.27, 95% CI 0.07-1.00,
p=0.050) and frail (OR=0.14, 95% CI 0.03-0.73,
p=0.019) status were associated with an increased risk of
unresponsiveness o SARS-CoV-2 vaccination. The model
was adjusted for eGFR (OR=1.05, 95% CI 1.02-1.08,
p<0.001), MMF-free immunosuppression (OR =10.14,
95% CI 2.83-36.25, p<0.001), longer time from trans-
plant (OR =2.92, 95% CI 1.19-7.18, p=0.019), and
gender (Fig. 2). The stability of confidence intervals of
all variables in the multivariable binary logistic regres-
sion model was checked internally using bootstrap resa-
mpling (7= 1000; Supplementary Table 2). Furthermore,
an additional sensitivity analysis was performed where
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Fig. 2 Determinants of serocon- ‘I OR 95% CI p value
version after two-dose mRENA Gender (male) f—a—
vaccination in elderly kidney I 157 0.53, 4.61 0.4141
ransplant recipients. Results :
displayed as a Forest plot (log Time afier transplant (years —a
scale) with adjusted odds ratios postiy 4 292 1.19,7.18 0.019
and their 95% confide nce
intervals

eGFR (mis.72m'2) 105 102, 108 0.00026

MMF -free immunasuppression

+ 10.14 283, 3625 0.00038

MNaon-frail 1.00 Reference group
Pre-frail . S 0.27 0.07, 1.00 0.05
I
I
Frail{ ——' 0.14 0.03, 0.73 0.019
1
01 1.0 10.0
Adjusted Odds Ratio (95% Cl)

Table 4 Univariable associations of individual frailty components
with seroconversion rate

Univariable analysis®

Variable ORrR 95% CI pvalue
Physical inactivity 0.36 0.14-0.95 0039
Weight loss 0.68 0.17-2.69 0.581
Weakness 0.72 0.28-1.85 0404
Exhaustion 0.50 021-1.19 0117
Slow walking speed 1.04 039-275 0.937

CT confidence interval, mRNA messenger ribonucleic acid, S4ARS-
CoV-2 severe acute respiratory syndrome coronavirus 2, OR odds
ratio

#Univariable associations were calculated by binary logistic regres-
sion, results are expressed with odds ratios and their 95% confidence
intervals, p< 0,03 for signific ance

all statisticaly significant variables in univariable regres-
sion were also included in the multivariable model. This
approach did not alter the study results (Supplementary
Table 3).

Furthermore, Fried frailty components were sepa-
rately analyzed in univariable regression (Table 4). The
most significant negative impact on seroconversion
was observed for physical inactivity (OR 0.36, 95% CI
0.14-0.95, p=0.039). Weakness (hand grip strength)
alone did not affect seroconversion; however, better sero-
conversion was observed in KTR with a higher absolute

value of maximal hand grip strength (OR = 1.05, CI 95%
1.01-1.11, p=0.045).

Discussion

In this study, we aimed to evaluate the association between
frailty and an impaired humoral response to SARS-CoV-2
mRNA vaccination in elderly virus-naive KTR. We observed
a better seroconversion rate in the non-frail group, compared
to the pre-frail and frail KTR groups. Furthermore, of the
Fried frailty components, physical inactivity had the most
negative impact on seroconversion.

Frailty was assessed using Fried frailty criteria, which
were previously validated by McAdams-DeMarco in KTR
[14]. The prevalence of frailty syndrome was studied in kid-
ney transplant candidates, but less is known about the long-
term frailty prevalence in KTR. The group of McAdams-
DeMarco observed that 23.7% kidney transplant candidates
65-75 years old and 22.7% transplant candidates older than
75 years old are frail at the time of transplant [15]. Although
frailty might be reversible after transplant, it’s incidence
rises later in the follow-up period after transplantation [16].
These results support our observation that every fourth
elderly KTR was assessed as frail.

Among Fried frailty components, physical inactivity and
exhaustion were most frequently observed in our cohort. The
group of McAdams-DeMarco described poor grip strength
and low physical activity as the most frequent frailty compo-
nents in KTR at time of transplant, exhaustion was present
in 25% of patients [15]. Since the majority of our patients
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described deconditioning and exhaustion during the pan-
demic lockdown, we hypothesize that prolonged social isola-
tion due to the COVID-19 pandemic might have a negative
impact on physical activity in this vulnerable population
[17].

In our study, low physical activity showed the best cor-
relation with humoral response among all the Fried frailty
components. This observation is in line with previous
reports that studied humoral responses to the flu vaccina-
tion and suggested better humoral responses among more
physically active older adults [18] and among healthy adults
that exercised prior to vaceination [19].

The seroconversion rate in our KTR cohort was only 33%
as opposed to the 45.8% observed in the whole cohort in the
primary study [5]. While age had a significant impact on
seroconversion in the primary study (adults 18 +), we have
not found any link between age and seroconversion rates in
SARS-CoV-2 naive KTR older than 70 years of age. The
impact of age on vaccination response is poorly understood:
however, lower antibody production and T-cell response
after the first dose of BNT162b2 vaccine in 80 + years old
individuals was previously reported [20]. While number of
studies indicated that seroconversion rate in older KTR after
SARS-COV-2 vaccination was impaired, our study suggests
that the impact of age is no longer relevant among KTR
older than 70 years [2, 4, 5].

Similarly to previous studies, we identified an association
between MMF therapy and an impaired humoral response
to vaccination in frail KTR [21]. Therefore, when analyzing
frailty effects on seroconversion, the adjustment for immu-
nosuppression was necessary. Interestingly, all four KTR,
who were not frail and did not receive MMF, mounted
antibodies after SARS-COV-2 mRNA vaccination. Con-
versely, seroconversion rate of just 17% was observed in
frail KTR treated with MMF. The effect of frailty on the
response to flu vaccination was studied in the general popu-
lation with inconclusive results [11, 22], and data regarding
the response to SARS-CoV-2 vaccines in frail subjects are
scarce. Rios et al. [12] showed noeflect of frailty on post-
vaccination antibody levels among nursing homes residents.
However, a major limitation of said study is that majority of
the subjects had previously experienced COVID-19 infec-
fion and were not virus naive, which, in turn, biased the
observation regarding vaccine-induced antibody production.
To the best of our knowledge, our study is the first to assess
the effect of frailty on mRNA vaccination response in solid
organ recipients.

Based on the findings of our study, we suggest that geri-
atric assessment might be a useful tool to identify the most
vulnerable KTRs at risk of insufficient vaccine response.
These patients might, therefore, benefit from interventions
such as application of additional vaccine booster doses or
passive immunization.
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The limitation of our study is the lack of validation cohort
and the lack of data concerning the cellular response, as the
measurement was not performed.

In conclusion, our study shows a significantly impaired
humoral response to SARS-CoV-2 mRNA vaccination in
frail elderly KTR who were naive to SARS-CoV-2.

Supplementary Information The online version contains supplemen-
tary material available at https :fdod.org/ 10.1007/51 1 255-4023-03557-6.
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6.4 Efektivita mRNA vakcin proti SARS-CoV-2 v prevenci infekce u pacienti po

transplantaci ledviny

6.4.1 Uvod
Realna a¢innost mRNA vakcin proti SARS-CoV-2 v populaci pacientl po transplantaci ledviny
je nejasnd. Cilem této studie bylo stanovit asociaci mezi o¢kovanim dvéma davkami mRNA

vakciny a vyskytem infekce SARS-CoV-2 u pacientl po transplantaci ledviny.

6.4.2 Metodika

Jednalo se o retrospektivni observacni kohortovou studii probihajici od 17. 2. 2021 do
Do studie bylo zafazeno celkem 2 101 virus-naivnich pacientll po transplantaci ledviny
sledovanych v transplantaénim centru IKEM. Hlavnim cilem studie bylo v populaci
oc¢kovanych a neo¢kovanych pacientl po transplantaci ledviny stanovit incidenci infekce virem
SARS-CoV-2 verifikované PCR testem. Soucésti studie byla také analyza prilomovych infekci
a umrti asociovanych s covidem-19. Data pro primarni analyzu tykajici se vakcina¢niho statusu
a potvrzenych nikaz na zdkladé PCR testii byla ziskana prostiednictvim Ustavu zdravotnickych
informaci a statistiky (UZIS), kde byly tyto tdaje povinné hlaseny. U kazdého pacienta, ktery
byl nakazen béhem studijniho obdobi, byl zaznamenan klinicky prabeh covidu-19. Pro sbér
klinickych, transplanta¢nich a demografickych charakteristik jsme vyuZili nemocni¢ni
hospitaliza¢ni systém.

Zacatek sledovaného obdobi kazdého ucastnika studie zac¢inal ve skupiné neockovanych
jedinct. Do skupiny o¢kovanych pacientl se zatadil po kompletizaci vakcinace, tedy 2 tydny
po druhé ddvece mRNA vakciny. Ve skupiné neo¢kovanych jedinci ziistali i jedinci s neuplnym
ockovanim a jejich sledovani bylo ukonc¢eno podanim prvni davky vakciny. Follow-up byl
rovnéZ ukoncen v piipad€ nakaZzeni virem SARS-CoV-2, dale pokud doslo k iimrti nebo navratu
do pravidelného dialyza¢niho 1é¢eni a dovrSenim studijniho obdobi. Vysledky jsou vyjadieny
pomoci incidence rate ratio (IRR). Incidence rate ratio je pomérem incidence rate v ockované
a neockované skupiné pacientil. Incidence rate (IR) Ize vypocitat vydélenim poctu piipadi
v dané skupiné cCasem v riziku dané skupiny. Incidence rate ratio lze taktéZ derivovat
z Poissonského regresniho modelu, kterym lze adjustovat na dalS$i proménné (adjustované
incidence rate ratio). Hlavni model byl adjustovan na pohlavi, BMI, dobu od transplantace,

udrzovaci imunosupresi, stupen vzdélani, misto bydlisté (venkov nebo mésto) a kalendaini Cas.
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6.4.3 Vysledky

Z celkem 2 101 pacienti po transplantaci ledviny zahrnutych do analyzy absolvovalo kompletni
oc¢kovani dvéma davkami mRNA vakciny 1 509 pacientii. Zcela nezaoCkovanych na konci
sledovaného obdobi ziistalo 346 pacientli a netiplné ockovanych bylo 246 pacientt.

K nakaze virem SARS-CoV-2 doslo ve 33 pfipadech ve skupiné ockovanych
pacientii a v 79 ptipadech ve skupiné neo¢kovanych pacientl po transplantaci ledviny (2,2 %
vs. 22,3 %). Mira incidence (IR) ve skupiné¢ ockovanych byla 0,474 za 1 000 ,,person-days*
a 1,37 za 1 000 ,,person-days* ve skupin¢ neockovanych. Neadjustovany pomér miry incidence
(IRR) byl 0,346 (95% CI 0,227-0,514), adjustovany IRR 0,544 (95% CI 0,324-0,876).
Ockovani dvéma davkami mRNA tedy vedlo k redukeci rizika verifikované nakazy o 46 %.

Z celkem 33 nakazenych osob v o¢kované skupin¢ vyzadovalo hospitalizaci na jednotce
intenzivni péce 5 pacientd (0,3 %), z toho jeden pacient s nutnosti mechanické ventilace.
Ze 79 infikovanych osob ve skupiné neockovanych pacientl bylo celkem 16 (4,6 %)
hospitalizovano na jednotce intenzivni péce, pfi¢emz 4 z nich dospéli k nutnosti umélé plicni
ventilace. K umrti z divodu covidu-19 béhem studijniho obdobi doslo u8 ockovanych
a 11 neockovanych pacienti (0,5 % vs. 3,2 %). Ockovani pacienti, kteti se infikovali a ti, ktefi
zemfeli v disledku covidu-19, byli star§i neZ neockovani pacienti (medidn véku 71 vs. 50 let

v pripad¢ infekei; 72,5 vs. 61 let v ptipad€ umrti).

6.4.4 Diskuse
priabéhu onemocnéni. Kompletni vakcinace proti SARS-CoV-2 snizuje riziko prilomové
infekce nehled€ na imunitni status pacienta, presto jsou vSak imunosuprimované osoby vcetné
pacientii po organovych transplantacich ve vyS$im riziku infekce nez imunokompetentni
populace (Sun J. et al., 2022). PfestoZe na zaklad€ velikosti imunitni odpovédi po ockovani lze
nepiimo odhadnout miru protekce pred infekci, kterou vakciny poskytuji (Feng S. et al., 2021,
Kemlin D. et al., 2023, Hovd M. et al., 2023), dulezitd je zejména znalost redlné efektivity
vakcin. Cilem této studie bylo stanovit asociaci mezi o¢kovanim dvéma davkami mRNA
vakciny a vyskytem SARS-CoV-2 infekce u pacientl po transplantaci ledviny.

Nase studie ukézala, Ze ockovani pacientl po transplantaci ledviny sniZuje riziko nédkazy
046 %. Tato data navzdory prokazané oslabené imunitni odpovédi po ockovani v populaci
transplantovanych pacientd (Grupper A. et al.,, 2021, Sattler A. et al.,, 2021) svédci

o velkém piinosu vakcinace. Je vSak potiebné uvést, ze efektivita vakcin v obecné populaci je
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daleko vyssi (Polack F. P. et al., 2020). Navic vzhledem k tomu, Ze mutace a vznik novych
variant ovliviiuje t¢innost vakcin (Abu-Raddad L. J. et al., 2021, Lopez Bernal J. et al., 2021,
Wu N. et al., 2023), je nutné pocitat s tim, ze tyto vysledky plati jen pro konkrétni sledované
obdobi. Béhem studijniho obdobi dominovala v nasi populaci varianta Alpha, proti které byla
v obecné populaci pozorovana vyssi efektivita vakcin nez proti novejSim variantdm
SARS-CoV-2. Uginnost dvou davek mRNA vakciny BNT162b2 zhlediska prevence
SARS-CoV-2 infekce byla nizsi v ptipad¢ varianty Beta (89,5 % vs. 75 %) (Abu-Raddad L. J.
et al., 2021) 1 varianty Delta (88 % vs. 93,7 %) (Lopez Bernal J. et al., 2023). Proti posledné
dominujici variant¢ Omicron lze predpokladat jesté nizsi efektivitu vakcin, podobn¢ jak se
ukdzalo v obecné populaci (Andrews N. et al., 2022). Navic mira ochrany, kterou vakciny
poskytuji hlavné star§im jedincim, v Case klesd, 1 kdyz jejich efektivita mize byt obnovena
aplikaci posilovacich davek (Menni C. et al., 2022).

Mnozstvi dat tykajicich se €¢innosti mRNA nebo vektorovych vakcin je u pacienti po
transplantaci solidnich organii limitované a jejich vysledky jsou nekonzistentni. Zatimco prvni
studie prokazala 81% sniZeni rizika symptomatické SARS-CoV-2 infekce (Aslam S. et al.,
2021), ve druhé studii nebyla prokazana asociace mezi ockovanim a redukci rizika nékazy.
Ockovani vsak bylo spojeno s 20% sniZenim rizika umrti (Callaghan C. J. et al., 2022). Jak jiZ
bylo uvedeno, tento rozdil miize byt vysvétlen dominanci jiné varianty ve sledovaném obdobi
téchto praci.

Nase analyza prilomovych infekci SARS-CoV-2 ukazala vyssi vyskyt zavazného
prabéhu onemocnéni ve skupiné neockovanych jedinct. Podobné byl v této skupiné pozorovan
vysSi vyskyt imrti asociovanych s covidem-19. Pacienti, u kterych doSlo navzdory ockovani
k nédkaze nebo umrti, byli star§i nez neoCkovani jedinci. Nicmén¢ vzhledem k malému poctu
piipadl nelze na zaklade té€chto vysledki vyvodit dalsi zavéry.

Limitaci studie je retrospektivni observacni design. AvSak randomizované kontrolované
studie vramci oCkovani proti tak zadvaznému onemocnéni, jakym covid-19 zvlasté pro
transplantovanou populaci nepochybné je, by nebyly etické. Dalsi limitaci studie je
nerovnomérny follow-up studovanych kohort plynouci jednak z riznych sledovanych obdobi
ockovanych a neockovanych osob a také z ptirozeného vyvoje epidemiologické situace, kdy se
v Case méni vyskyt a tudiz i riziko nédkazy. Tento problém vSak do velké miry koriguje pouzita
statistickd metoda. V neposledni fadé mohou byt vysledky také ovlivnény riznym chovanim

jedinci, ktefi se rozhodli pro o¢kovani, nebo naopak ockovani byt nechtéli.
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Silnou strankou této studie je spolehlivost dat tykajicich se vakcinacniho statusu
a prokazanych infekci vyuzitim Narodniho zdravotniho registru, kde byly tyto informace
pandemie covidu-19 spolu s vysokou mirou vakcinace pacientl umoZznila cennou analyzu

efektivity vakcin v redlnych podminkach béhem pomérné kratkého obdobi.

Zavér

Oc¢kovani dvéma davkami mRNA vakciny proti SARS-CoV-2 je asociovano s redukci vyskytu
infekce. Presto zlistavaji tito pacienti ve vysokém riziku nakazy a vSechna protiepidemicka
opatieni véetné¢ aplikace posilovacich davek by méla byt zékladni soucasti prevence covidu-19

v této populaci.

Clanek byl publikovan v ¢asopise Annals of Internal Medicine.

Association Between SARS-CoV-2 Messenger RNA Vaccines and Lower Infection Rates in
Kidney Transplant Recipients: A Registry-Based Report. Ann Intern Med. 2022 Jul;175(7):

961-968.

Kompletni clanek je prilozen v anglickém jazyce.
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Background: The real-world protection provided by SARS-
CoV-2 messenger RNA (mRNA) vaccines to kidney transplant
recipients (KTRs) remains uncertain.

Objective: To study the association between mRNA vacci-
nation and SARS-CoV-2 infection rate in KTRs.

Design: Retrospective observational cohort study.
Setting: The Czech Republic (17 February to 16 May 2021).

Patients: 2101 KTRs followed in the Department of Nephrology
at the Institute for Clinical and Experimental Medicine.

Measurements: Positive result for SARS-CoV-2 on polymer-
ase chain reaction test and vaccination status of KTRs.

Results: The incidence rate in the vaccinated group was
0.474 per 1000 person-days (33 cases in 69672 days at risk).
The incidence rate in the unvaccinated group was 1.370 per
1000 person-days (79 cases in 57658 days at risk). The

unadjusted incidence rate ratio (IRR; incidence rate of
vaccinated/incidence rate of unvaccinated) for KTRs was
0.346 (95% Cl, 0.227 to 0.514). The multivariable adjusted
IRR for KTRs was 0.544 (Cl, 0.324 to 0.876).

Limitation: Retrospective observational design, uneven follow-up
of patient groups, and different exposition to SARS-CoV-2
stemming from strong temporal trends and differences in
clinical and probably behavioral characteristics.

Conclusion: Vaccination of KTRs is associated with lower
risk for SARS-CoV-2 infection.

Primary Funding Source: The Ministry of Health of the Czech
Republic.
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idney transplant recipients (KTRs) are considered

particularly vulnerable to SARS-CoV-2 infection, as
higher rates of inpatient mortality, far exceeding those
seen in the general population, have been reported (1-4).
The SARS-CoV-2 messenger RNA (mRNA) vaccines have
shown high clinical efficacy in preventing COVID-19 in the
immunocompetent population (5, 6). However, impaired
humoral and cellular responses to mRNA vaccines have
recently been reported in KTRs (7-2). The assumption of
an impaired vaccine response in KTRs is further supported
by the well-known fact of a decreased immune response
to influenza or pneumococcal vaccines in the transplant
population (10-12). However, data about the effectiveness
of SARS-CoV-2 vaccines are conflicting (13-15), and to
what extent the 2 doses of an mRNA vaccine protect KTRs
from CQVID-19 is unclear. Furthermore, a third booster
dose of an mRNA SARS-CoV-2 vaccine has been recently
tested and applied in many countries (16-18).

Because randomized controlled trials in immunocompro-
mised populations may not be ethically feasible, registry data
may provide information on the association between SARS-
CoV-2 vaccines and clinical protection of KTRs. Thus, to
evaluate the association between SARS-CoV-2 mRNA vac-
cines and infection rates in KTRs, we did a retrospective regis-
try-based cohort study of 2101 KTRs followed at our center.

METHODS

Design Overview
This study is a single-center, retrospective, observational,
registry-based cohort study enrolling 2101 KTRs between
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17 February and 16 May 2021. The aim of the study was
to evaluate the association between 2-dose mRNA vacci-
nation and incidence of SARS-CoV-2 infection among
KTRs.

Outcomes and Follow-up

The primary outcome of the study was the incidence
of SARS-CoV-2 infection, defined as a positive result for
SARS-CoV-2 on a polymerase chain reaction (PCR) test,
among fully vaccinated KTRs compared with unvaccinated
KTRs. In addition, we analyzed COVID-19-related deaths
and breakthrough infections.

The follow-up period started on 17 February and ended
on 16 May 2021. The follow-up was ended on reaching
the end point (PCR positivity), censoring (death or return
to long-term dialysis), or on reaching the end of the study
period. Study participants were divided into 2 subgroups
depending on vaccination status (that is, vaccinated or
unvaccinated) at the end of the follow-up.

The person-time for every participant was first counted
toward the total person-days of the unvaccinated group,
regardless of the latter vaccination. Those who survived
without having a positive PCR test result until reaching full
vaccination status (2 weeks after the second dose) were
moved to the vaccinated subgroup, and their person-time
started counting toward the total person-days of the vacci-
nated group. Therefore, vaccinated participants initiated
their follow-up designated as unvaccinated, and their des-
ignation was later changed to vaccinated. This means that
they contributed their follow-up time to both groups at

Annals of Internal Medicine © 2022 American College of Physicians 1
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Figure 1. Flow chart of study participants.
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Overall, 2479 KTRs with functional grafts were considered for inclusion to the study. To establish a SARS-CoV-2-naive cohort, patients with previous pos-
itive results for SARS-CoV-2 infection were excluded, as were patients vaccinated with non-messenger RNA vaccines. In total, 2101 KTRs were consid-
ered as the SARS-CoV-2-naive cohort. Of these, 1601 KTRs contributed at least part of their follow-up time to the unvaccinated days at risk, whereas 500
did not contribute. These were the KTRs vaccinated between 13 January and 17 February, 6 of whom did not finish vaccination and thus did not contrib-
ute to any days at risk, and 494 of whom entered the study denoted as unfinished vaccination but afterward reached full vaccination status and, there-
fore, contributed only toward vaccinated days at risk. A total of 246 KTRs did not finish full vaccination because they had a positive result for SARS-CoV-2
infection after the first dose (n = 28), they did not receive the second dose for other reasons (n = 5), or they received the first dose before the
end of the study period but reached full vaccination status after its end (n = 213). Kidney transplant recipients who did not finish full vaccination
contributed to the unvaccinated days at risk and were censored at the day of first vaccine dose. A total of 1509 reached full vaccination and con-
tributed toward vaccination days at risk; of these, 33 became positive for SARS-CoV-2 during the study period. A total of 346 were unvaccinated
by the end of the study period, and 79 of them became positive for SARS-CoV-2 during the study period. KTR= kidney transplant recipient;

PCR = polymerase chain reaction.

some point but never to both at the same time. The per-
son-time between the administration of the first vaccine
dose and reaching full vaccination status was eliminated
and was therefore not counted toward total person-days
of either category (vaccinated or unvaccinated).

To establish a SARS-CoV-2-naive cohort, KTRs infected
before the vaccination campaign were excluded. Waitlisted
patients who received a transplant during the study pe-
riod and those vaccinated by vector vaccines were also
excluded. For more details, see Figure 1.

Vaccination of the eligible groups from the general
population started on 1 January 2021, with critical infrastruc-
ture workers, health care workers, and elderly citizens first, in
accordance with the government's strategic protocal (19).
Vaccination of KTRs was initiated on 13 January 2021.
Participants were considered fully vaccinated 2 weeks
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after receiving the second dose of an mRNA vaccine, as
was recommended (20). Thus, the beginning of the study
period was chosen to be 17 February, which is the day
when the first KTR (vaccinated on 13 January) reached full
vaccination status. The end of the study period was cho-
sen to be on 16 May for several reasons. First, most of the
cohort was already vaccinated at that time and, thus, there
were no events in the unvaccinated group from that time
on (the last infection in an unvaccinated KTR was observed
on 10 May). Second, the spring pandemic was dissipating
at that point, with overall low rates of infection in the vacci-
nated KTRs. Finally, because we used a calendar time
adjustment with 1-month intervals, making 16 May three
months away from the beginning of the study.

All patients have signed an informed consent for admin-
istration of SARS-CoV-2 vaccination, independent of our
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Table 1. Demographic Characteristics of the COVID-19-Naive KTRs

Characteristic Vaccinated Unvaccinated Standardized Mean
(n=1509) (n = 346) Differences (95% CI)*

Mean age (SD), y 61.28(11.78) 54.20(14.26) 0.58 (0.46 t0 0.7)
Male, n (%) 986 (65.34) 215(62.14) 3.2(-2.62t0%.03)
Mean BMI (SD), kg/m? 26.74(4.38) 25.79 (4.53) 0.21 (0.1t 0.33)
Retransplant, n (%) 168 (11.13) 47 (13.58) —2.45(-6.57 to 1.67)
Mean most recent estimated glomerular filtration rate (Chronic Kidney Disease 49.2(21) 48.6 (20.4) 1.8(-48t09)

Epidemiology Cellaboration) (SD), mL/min/1.73 m?
Mean time from transplant(SD), y 8.45(6.87) 8.53(6.91) —0.01(-=0.13 to 0.1)
Mean follow-up time (SD), d 46.17 (26.67) 72.81(29.78) —0.98 (—1.1 to —0.86)
Vaccination status against influenza in 2019, n (%)t 323 (47.71) 33(24.63) 23.08 (14.43 t0 31.74)
University/college degree, n (%) 192 (12.72) 31(8.96) 3.76(0.14 t0 7.39)
Urban place of residence, n (%) 360 (23.86) 75(21.68) 2.18(-5.3t04.3)
Tacrolimus in maintenance immunosuppression, n (%) 1249 (82.77) 287 (82.95) —0.18 (—4.75 to 4.4)
Cyclosporine A in maintenance immunosuppression, n (%) 152 (10.07) 31(8.96) 1.11(-2.44 to 4.66)
Prednisone in maintenance immunosuppression, n (%) 1336 (88.54) 301 (86.99) 1.55(-2.53105.61)
Mycophenolate in maintenance immunosuppression, n (%) 1228 (81.38) 275 (79.48) 1.9 (-2.97 t0 6.76)
Mechanistic target of rapamycin inhibitor in maintenance immunosuppression, n (%) 115 (7.62) 20 (5.78) 1.84(-1.14104.82)
Belatacept in maintenance immunosuppression, n (%) 9(0.6) 2(0.58) 0.02 (-0.89to 0.93)
SARS-CoV-2 vaccine, n (%)

BNT162b2 1274 (84.43) - -

mRNA-1273 235(15.57) - -

BMI = body mass index; KTR = kidney transplant recipient.

* Standardized mean differences are reported specifically as Cohen d with pooled SD for continuous variables and proportion differences for binary
variables. There were 33 cases of SARS-CoV-2 infection detected among vaccinated KTRs and 79 cases among unvaccinated KTRs during the study

period.

1 Data missing for 832 (55.1%) and 212 (61.3%) patients in the vaccinated and unvaccinated groups, respectively.

study. Institutional review board approval is not required
for anonymous retrospective observational studies under
the current legislature in the Czech Republic.

Setting and Participants

All KTRs with functioning kidney allografts followed
at our transplant center were considered for inclusion in
the study. The Institute for Clinical and Experimental
Medicine (IKEM) is a high-volume transplant center
(21) that primarily covers geographic regions of the
country's capital Prague and the regions of Central,
Southern, and Northern Bohemia, accounting for about
50% of the population of the Czech Republic. To illustrate,
in 2019, IKEM performed 58% of the total number of kid-
ney transplants in the country (299 kidney transplants out
of 510).

The Czech Republic is a small country with 10.7 million
inhabitants with a very homogeneous structure of popula-
tion and habitation. There are no significant racial minorities
—99.8% of Czech citizens are White. The population density
is roughly the same around the country, with an average of
139 citizens per square kilometer.

National Registry for Infectious Diseases and
Other Sources of Data

The National Registry for Infectious Diseases gathers
all data about each PCR and antigen test done, each vac-
cine dose applied in the country, and all mandatory quar-
antines ordered by the Public Health authorities (22).
These data are mandatorily reported in the registry from
every laboratory and all health care providers in the coun-
try. Because of the comprehensive nature of a central
registry with mandatory data reporting, the National
Registry for Infectious Diseases registry allows for detailed
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large-cohort analyses and was thus selected as the source
of data for primary analysis (PCR tests and vaccination sta-
tus). Vaccines were administered only by health care pro-
viders, and expenses were covered by the national health
care system.

The clinical characteristics of the KTRs (age at the
time of positive PCR test result, sex, body mass index
(BMI), retransplantation status, most recent estimated
glomerular filtration rate, years from transplant, vaccina-
tion status against influenza in 2019, university or college
degree, urban or rural place of residence, and mainte-
nance immunosuppression) (Table 1) were obtained from
the hospital information system of IKEM. The clinical course
of COVID-19 and the outcomes were recorded by a trans-
plantation coordinator and a physician (M.M.) for each KTR
with SARS-CoV-2 infection.

COVID-19 Setting and Baseline Risk for Infection

The Czech Republic was severely affected by the
COVID-19 pandemic, and with 155464 cases per million
atthe end of June 2021, it became the fourth most heav-
ily affected country in the world at the time. In contrast,
the cumulative incidence in the United States was 101289
per million (Figure 2) and 44 531 in neighboring Germany
at the same point in time.

The study period covers the entirety of the third and
most severe wave of the pandemic (Figure 2). The highest
number of confirmed infections was reported on 7 January
2021, with 17773 positive PCR tests in a single day (0.17%
of the whole Czech population). In the first week of January
2021, almost 1% of the population tested positive (90 684
new cases between 3 January and ? January 2021) (23).

Therefore, when the study was initiated, the risk for
infection was high, and a large proportion of events was
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Figure 2. Seven-day moving average of new cases per 100 000 persons in the Czech Republic and the United States.
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The shaded area denotes the study period. The red and blue lines denote new cases per 100 000 persons in the Czech Republic and the United States,
respectively. The green line represents the cumulative proportion of fully vaccinated KTRs during the study period. KTR = kidney transplant recipient.

seen early on, and at the time, the proportion of vacci-
nated participants was low. Over time, the proportion of
vaccinated participants was increasing, whereas the base-
line risk for infection was decreasing. Thus, the final rate of
SARS-CoV-2 infections in the unvaccinated cohort at the
end of the study was unusually high. The study captures a
public health crisis of a catastrophic scale and therefore
provides unique data to evaluate SARS-CoV-2 mRNA vac-
cines in a real-world setting and with an extremely high
risk for infection.

Testing for COVID-19 was covered by national health
insurance; therefore, participants could be tested with-
out hindrance. However, we acknowledge the KTR group
may have had a slightly higher diagnostic rate. Our trans-
plant center used an attentive system of KTR follow-up
and support during the COVID-19 pandemic. Each KTR
at our center has the means to directly contact their phy-
sician or transplant coordinator at any time. To boost
early case detection, KTRs were repeatedly advised and
educated to have a PCR test done if presenting any signs of
COVID-19 iliness. During the third wave of the pandemic,
the government introduced mandatory regular testing for
COVID-19 for employees, thereby increasing the detection
rate in asymptomatic participants.

Statistical Analysis

Continuous variables are expressed as mean (SD).
Categorical variables are expressed as number (percent-
age) of participants within each group. The intergroup
differences are reported as standardized mean differen-
ces (that is, Cohen d with pooled SD) for continuous vari-
ables and proportion differences for binary variables
(both measures are reported along with their 95% Cls).
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Incidence Rate Ratios and Poisson Regression
Models

The unadjusted incidence rate ratio (IRR) is a ratio of
the incidence rate in the vaccinated group and the unvac-
cinated group. The incidence rate is a ratio of the number
of events and the days at risk for either the vaccinated or
unvaccinated group.

Multivariable Poisson regression was used to derive
the adjusted IRR. The models were adjusted for sex, BMI
atthe last check-up before study initiation, college or uni-
versity degree, days from transplant, immunosuppres-
sion, and rural or urban place of residence. Because
there are strong temporal trends in terms of the risk for
infection (Figure 2) during the study follow-up, further
adjustment was done. The model was adjusted to base-
line risk by using a categorical covariate representing 1
of the 3 months of the study period in which the patient's
follow-up started. No variable for which we adjusted the
models had missing values.

The multivariable Poisson regression model was not
adjusted to age because of multicollinearity between
calendar time, vaccination status, and age. We computed
the variance inflation factor for the covariates in the
adjusted model, and we obtained 2.02 for vaccination,
1.68 for age, and 1.45 for calendar interval 2. We decided
on variance inflation factor cutoff 2 for vaccination. We
cannot remove vaccination and calendar interval covari-
ates from the model (otherwise we would have no treat-
ment effect or adjustment to background risk); therefore,
we removed the age covariate to avoid multicollinearity.
In the modified model, the variance inflation factor decreased
to 1.49 for vaccination and 1.39 for interval 2. For a detailed
description of the regression model, see the Appendix
(available at Annals.org).
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Figure 3. Incidence of COVID-19 during the study period for the unvaccinated and vaccinated KTRs, along with the general
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smoothed using 14-d moving average. KTR = kidney transplant recipient.

Apart from the adjusted IRR, we also report marginally
standardized incidence rates (24). To compute the mar-
ginally standardized incidence rate for the unvaccinated
group, we predicted the response of each observation
using the fitted model while assuming that each observa-
tion belongs to the unvaccinated group. Analogously, the
marginally standardized incidence rate for the vaccinated
group was computed by predicting the response of each
observation using the fitted model while assuming that
each observation belongs to the vaccinated group. Having
predicted responses for each observation, we sum up
these responses and divide them by the total follow-up
time of all of the observations. The Cls for the marginally
standardized incidence rates were computed using the
bootstrap method (R package boot [R Foundation for
Statistical Computing], type percentile, 2000 replicates).
The statistical analysis was done in R, version 4.1.1
(R Foundation for Statistical Computing).

Role of the Funding Source

The funding source had no role in the design and
conduct of the study; collection, management, analysis
or interpretation of the data; preparation, review, or ap-
proval of the manuscript; or the decision to submit the
manuscript for publication.

RESULTS
Participants

A total of 2479 KTRs were considered for inclusion.
After the exclusion of KTRs previously infected with SARS-
CoV-2 and those vaccinated with vector-based vaccines
(ChAdOx1 nCoV-19 and Ad26.CoV2.S), 2101 KTRs
were included in the analysis. Of those, 1509 reached
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full vaccination status, 346 were not fully vaccinated until
the end of the study period, and 246 did not have com-
plete vaccination (Figure 1 and Table 1). No patient was
lost to follow-up, 11 patients during the follow-up period
were censored (9 patients died from causes unrelated to
COVID-19, and 2 patients had graft failure). The fully vac-
cinated and unvaccinated groups did not vary in basic
characteristics, apart from age, length of follow-up in the
study, and, interestingly, in the rate of vaccination against
influenza in 2019.

The cumulative proportion of fully vaccinated KTRs
during the study period is shown in Figure 2.

Incidence Rates and IRR in the KTR Cohort

Infection with SARS-CoV-2 was reported in 33 vacci-
nated and 79 unvaccinated KTRs. The incidence rate in
the vaccinated group was 0.474 per 1000 person-days
(33 cases in 69 672 days at risk), and the incidence rate in
the unvaccinated group was 1.370 per 1000 person-days
(79 cases in 57 658 days at risk). Thus, the unadjusted IRR
was 0.346 (95% Cl, 0.227 to 0.514). Incidence of COVID-
19 during the study period for the unvaccinated and
vaccinated KTRs, along with the general population, are
shown in Figure 3.

Furthermore, the adjusted IRR was calculated (using
a multivariable Poisson regression model) for KTR sex,
BMI, days from transplant, maintenance immunosuppres-
sive regimen, university or college degree, place of resi-
dence (rural or urban), and calendar time. The adjusted
IRR was 0.544 (Cl, 0.324 to 0.876). The marginally standar-
dized incidence rate for the vaccinated group was 0.06
(Cl, 0.037 to 0.085), whereas the rate for the unvaccinated
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Table 2. Outcomes in Fully Vaccinated and Unvaccinated
KTRs

Outcome Vacci d Un inated
(n=1509), n (%) (n=3486), n(%)

Infections during the study period 33 (2.2) 79(22.3)

Intensive care unit admission 4(0.3) 12(3.5)

Mechanical ventilation 1(0.07) 4(1.2)

Death 8 (0.5) 11(3.2)

KTR = kidney transplant recipient.

group was 0.11 (Cl, 0.083 to 0.143). The detailed model is
shown in Appendix Table 1 (available at Annals.org).

Clinical Characteristics of the Infections in the
KTR Cohorts

To explore possible effectiveness of vaccination against
COVID-19 severity, we have analyzed clinical data from
vaccinated and unvaccinated patients infected with SARS-
CoV-2. The clinical outcomes are summarized in Table 2.

Eighteen KTRs died of COVID-19-related causes dur-
ing the study period—10 unvaccinated and 8 vaccinated.
Vaccinated KTRs who were infected (median age, 71 vs.
50 years) and who died (median age, 72.5 vs. 61 years)
were older than unvaccinated KTRs. Granular description
of these cases is given in Appendix Table 2 (available at
Annals.org).

DiscussioNn

Despite the rapid publication activity of COVID-19-
related studies and reports, evidence lags behind the ur-
gency for decision makers. Both the humoral and cellular
immune responses had been reported to be substantially
impaired in KTRs (7-9), and the current expert boards'
recommendations about additional booster doses in solid
organ transplant recipients are based mainly on these obser-
vations (17, 18). It is, however, the clinical vaccine effective-
ness that matters to patients, society, and decision makers.

Our study points toward an association between 2
doses of SARS-CoV-2 mRNA vaccines and a lower risk for
COVID-19 illness in KTRs. Data of the general population
obtained from the National Registry for Infectious Diseases
registry, however, show that infection risk was one order of
magnitude higher for KTRs than the general population
(unadjusted IRR, 0.036 from January to June 2021; data
not shown).

To date, only a handful of studies reporting the real-
world effectiveness of SARS-CoV-2 vaccines in solid organ
recipients with conflicting results were published. In a study
by Aslam and colleagues (15), clinical effectiveness with
almost 80% reduction in the incidence of symptomatic
COVID-19 among vaccinated solid organ recipients was
seen ina U.S. cohort between 1 January and 2 June 2021.
Kidney transplant recipients represented 44.5% of the
cohort, and almost 70% were vaccinated with mRNA vac-
cines. On the other hand, a recent study by Callaghan and
colleagues (14) showed no effectiveness against SARS-
CoV-2 infection in a British cohort from 1 June to 31 August
2021, although SARS-CoV-2 vaccination was associated with
reduced COVID-19-related death. The conflicting outcomes
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could be at least partly attributed to the differences between
the studies—for example, during Callaghan and colleagues'
study, the Delta variant was the dominant virus variant as
opposed to the Alpha variant being the dominant variant
during Aslam and colleagues' study and our study. Because
SARS-CoV-2 vaccination is less effective against the Delta
variant than it is against the Alpha variant in the general pop-
ulation (25), one may speculate that perhaps 2-dose vaccina-
tion in solid organ recipients reached its limits with this virus
variant. Another study by Qin and colleagues (13) showed
that the risk for breakthrough infections is higher in solid
organ recipients than in the general population, but a miss-
ing comparison to unvaccinated persons limits the interpre-
tation of vaccine effectiveness. These findings are in line with
the findings from our study.

The estimates of real-world vaccine effectiveness in
the general population had also been reported. For instance,
Angel and colleagues (26) reported unadjusted IRR (0.03
[Cl, 0.01 to 0.06]) in health care workers. However, this
report, like many others, uses methods that may at times
misrepresent vaccine effectiveness. The problem stems
from the days-at-risk calculation method when the vacci-
nated group is followed up only from the moment of
reaching full vaccination status, whereas the unvaccinated
group's follow-up starts from an arbitrarily decided point
in time. This produces a 2-fold problem. First, the follow-
up time of the vaccinated participants is then inherently
shorter, and second, because of the strong temporal
trends in COVID-19 outbreaks, the risk for infection may
vary during the study periad. Therefore, even though the
days at risk for 2 patient groups could be the same, the
risk for being infected during that time could be substan-
tially different, which was the case in our study. These
issues have been addressed by several statistical approaches,
such as calendar time adjustments in a multivariable Poisson
regression model.

It should be emphasized that this report was possible
only because of several factors. First, the extremely high
viral load in the population and resulting incidence of
new cases during the second and third waves in the first
half of 2021, combined with a relatively fast SARS-CoV-2
vaccine rollout in the KTR population, resulting in a
unigue combination of many events in both vaccinated and
unvaccinated control participants during a relatively narrow
time frame of the study. Second, the National Registry for
Infectious Diseases provided a reliable, nationwide source
of data on the KTR population followed at IKEM.

The strengths of this study are the use of reliable
data from the central nationwide registry (22), the large
cohort in a high-volume transplant center, and the high
rates of COVID-19 cases due to the severe wave of COVID-19
in the spring of 2021.

The limitations of this study are the retrospective
observational design and uneven follow-up. The observa-
tional design is especially limiting because of the strong
temporal trends in terms of the changing risk for baseline
infection, and no statistical adjustment can fully substitute
a well-designed randomized controlled trial in this sce-
nario. However, because KTRs are at such high risk for a
serious course of the disease, it may not be ethically feasi-
ble to deny them any kind of protection. Observational
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data may therefore be the only alternative to estimate the
vaccination effectiveness. The uneven follow-up is largely
corrected by the statistical method and follow-up time
definition. Furthermore, different behavioral patterns that
could be assumed in persons who decided either for or
against vaccination may also be a source of bias.

It is important to note that the available data on dis-
ease severity in breakthrough infections and deaths must
be interpreted cautiously. The inherent differences between
the groups, especially in terms of age, hinder direct compari-
son, and the low number of observed events precludes mul-
tivariable modeling and further adjustments.

Itis also necessary to stress that these data are perti-
nent only for the study period, which was done during a
time when the Alpha variant was predominant. The change
of the baseline setting, mainly due to the emerging variants
of concern, can lead to further attenuation of the real-world
effectiveness (27).

In conclusion, the association between 2 doses of
mRNA SARS-CoV-2 vaccines and lowered risk for infection
shown in our study provides much needed real-world evi-
dence. However, despite the effectiveness in KTRs, there
were still breakthrough infections, and indirect compari-
sons suggest lower effectiveness compared with the
general population. Thus, we believe that the current
recommendations for additional booster doses based
on laboratory immune-monitoring studies are also sup-
ported by our clinical report. Kidney transplant recipi-
ents should continue to be prioritized for booster doses
in vaccination programs.
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APPENDIX: STATISTICAL APPENDIX—DETAILED
DESCRIPTION OF THE P01ssON MULTIVARIABLE
REGRESSsION MODEL

The Poisson regression was fitted using the follow-
ing covariates:

vaccination status (binary, 1 = vaccinated),

sex (binary, 1 = man),

university/college degree (binary, 1 = yes),

urban place of residence (binary, 1 = yes),

BMI (continuous),

time from kidney transplantation (continuous, in
years),

immunosuppression  Tacrolimus, Cyclosporine A,
Prednisone, Mycophenolate, mTOR inhibitor, Belatacept
(all binary variables, 1 = yes),

and month (categorical, see below for details).

The offset is a logarithm of the follow-up days and the
response variable is binary with 1 representing that the
event occurred. The data are provided at individual level.

The model was adjusted to baseline risk by using a
categorical covariate month representing the time inter-
val, in which the patient's follow-up started. The time
intervals are: 17 February to 16 March 2021 (reference
interval), 17 March to 16 April 2021, and 17 April to 16
May 2021. Please note that vaccinated patients that con-
tribute both to vaccinated and unvaccinated days at risk
are represented twice in the data with different value of
month covariate.

The fitting was done in R language using glm func-
tion and family = “poisson.”

Appendix Table 1. Adjusted IRR With Poisson Regression Modeling*

Covariate Adjusted IRR (95% CI)
Vaccinated 0.544 (0.324-0.876)
Male 0.831(0.569-1.225)

University/college degrees

Urban place of residence

BMI

Years from kidney transplant

Tacrolimus in maintenance immunosuppression
Cyclosporine A in maintenance immunosuppression
Prednisone in maintenance immunosuppression
Mycophenolate in maintenance immunosuppression

Mechanistic target of rapamycin inhibitor in maintenance immunosuppression

Belatacept in maintenance immunosuppression
Calendar time adjustment

17 February-16 March

17 March-16 April

17 April-17 May

1.216 (0.625-2.162)
0.887 (0.538-1.402)
0.996 (0.95-1.039)
0.98 (0.945-1.014)
1.889(0.593-8.604)
2.444(0.682-11.77)
1.541(0.747-3.610)
1.1(0.644-1.997)
0.75(0.204-2.127)
3.473(0.162-30.82)

Reference
0.409 (0.18%9-0.834)
0.385 (0.021-1.845)

BMI = body mass index; IRR = incidence rate ratio; KTR = kidney transplant recipient.
* There were 33 cases of SARS-CoV-2 infection detected among vaccinated KTRs and 79 cases among unvaccinated KTRs during the study period.
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7. Diskuse

Vysledky ptvodnich védeckych praci jsou podrobné diskutovany v rdmci samostatnych

kapitol, zde uvadim souhrn zasadnich dosazenych vysledki.

Prvni ¢ast této prace byla zaméfena na analyzu humoralni imunitni odpovédi u pacientt
po transplantaci ledviny po pfirozené infekci virem SARS-CoV-2, nebot’ druhé vina pandemie
covidu-19 s sebou pfinesla nékolikandsobny narast potvrzenych piipadii nakazy v dobé, kdy
nebylo k dispozici ockovani. V rdmci této analyzy jsme u pacientti méfili IgG protilatky proti
spike proteinu viru SARS-CoV-2. Spike protein, respektive receptorova vazebnd doména
(RBD), je vysoce imunogenni oblast (Piccoli L. et al., 2020) a pouziti metod detekujicich tyto
protilatky se pravé v této populaci jevi jako nejvhodnéjsi (Prendecki M. et al., 2020). Zjistili
jsme, ze humordlni odpovéd’ pacientli po transplantaci ledviny na infekci SARS-CoV-2 je
navzdory imunosupresivni terapii zachovana a srovnatelna s obecnou populaci. Nase data tedy
nepotvrdila pfedpoklad snizené imunitni odpovédi pacientl po transplantaci ledviny po infekci
virem SARS-CoV-2. Mira sérokonverze po symptomatické infekci verifikované PCR testem
byla 82,6 % u pacientll po transplantaci ledviny a 95,2 % v imunokompetentni populaci
zdravotnikl. Hladiny protilatek indukovanych infekci SARS-CoV-2 byly vyznamné vyssi
u pacienti se zavaznym priabéhem onemocnéni ve srovnani s jedinci s mirnym nebo
asymptomatickym pribéhem. Analyzou faktort ovliviujicich humoralni odpovéd’ po infekci
jsme identifikovali pouze symptomaticky pribéh a pfitomnost sttedné zavaznych az zavaznych
symptomt, tedy symptomil vykazujicich kolinearitu se symptomy z postizeni dolnich
dychacich cest, jako jediné signifikantni. Dosud byla zavislost hladin protilatek na zdvaznosti
prabéhu covidu-19 popsana pouze v netransplantované populaci.

Dalsi ¢ast prace byla v souvislosti se zahdjenim ockovani proti SARS-CoV-2 zamétena
na analyzu postvakcina¢ni imunitni odpovédi u pacientli po transplantaci ledviny. Nasimi cili
byla analyza protilatkové a bunécné odpovédi po dvou davkach mRNA vakciny, identifikace
faktorti ovlivityjicich postvakcinaéni imunitni odpovéd’ a stanoveni funkce $t€pu po ockovani.
Podobné jako v prvni studii i v tomto ptipadé jsme u pacientti méfili IgG protilatky proti spike
proteinu vyuzitim identické metody (CLIA). Bunécna odpovéd’ byla méfena vyuzitim metody
zalozené na principu detekce interferonu gamma uvolnéného SARS-CoV-2 specifickymi
T-lymfocyty (IGRA).

Potvrdili jsme pfedpoklad poruSené humordlni odpovédi u pacientl o€kovanych po

transplantaci ledviny, kteti neprodélali covid-19. U téchto jedinct doslo k sérokonverzi pouze
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ve 40 % ptipadl. Identifikovali jsme vSak dv€ skupiny pacientl, u kterych byla humoralni
odpovéd” po ockovani zachovéna. Tou prvni byli pacienti s diive prodélanou infekci
SARS-CoV-2 oc¢kovani po transplantaci, ¢imz doslo k vytvofeni hybridni imunity. Druhou
skupinou byli virus-naivni pacienti po transplantaci ledviny oc¢kovani jesté¢ na Cekaci listing.
Tato kohorta pacienti dosud ve studiich analyzovana nebyla, podobné vétSina studii
nezahrnovala ani pacienty s diive verifikovanou infekci SARS-CoV-2. V téchto skupinach
jsme pozorovali nejen vysoké hladiny vakcinaci indukovanych protilatek, ale také témet
stoprocentni miru postvakcinacni sérokonverze.

Vzhledem k tomu, ze jsme ve studii neanalyzovali neutraliza¢ni aktivitu protilatek,
nelze urcit, do jaké miry byly ndmi detekované protilatky protektivni. Vychdzime-li ze
skute¢nosti, ze titr anti-S1 specifickych IgG protilatek vykazuje silnou korelaci s neutraliza¢ni
aktivitou proti ,variants of concern®, ackoliv s nutnosti vysSich hladin anti-S1 IgG pro
neutralizaci posledné dominujici varianty Omicron (Kho M. et al., 2023), miizeme piedpokladat
alesponi ¢astecnou ochranu. Velkou miru ochrany lze ptedpokladat u jedinch s hybridni
imunitou. V této skupiné byl median hladiny naméfenych protilatek 200nasobné vyssi nez
optimalni cut-off pouZzité metody.

Jako dal$i jsme identifikovali faktory ovliviiyjici humoréalni odpovéd po ockovani.
Muzské pohlavi, delsi doba od transplantace, lepsi funkce $tépu pied oCkovanim a prodélani
infekce SARS-CoV-2 byly pozitivné asociovany s tvorbou postvakcinacnich protilatek.
Naopak negativnimi faktory humoralni odpovédi po ockovani byly vyssi vék, imunosupresivni
terapie mykofenolat mofetilem a deple¢ni léba antithymocytarnim globulinem nebo
rituximabem v poslednim roce pfed ockovanim. Na zaklad¢ téchto vysledkl by se nabizela
moznost perivakcinac¢nich uprav imunosuprese, nicméné vzhledem k moznému riziku rejekce
to nelze doporucit. Navic vysazeni mykofenolatu po dobu dvou tydnii v dobé ockovani nemélo
vliv na humoralni odpovéd’ po vakcinaci (Regele F. et al., 2022).

Bunéénou odpovéd po ofkovani jsme analyzovali pouze v malé kohorté pacientt.
Podobné jako v ptipad¢ protilatkové odpovédi byla T-bunécna odpoveéd’ frekventné;si u jedinci
s anamnézou covidu-19. Pfedchozi infekce SARS-CoV-2 byla jedinym signifikantnim
faktorem ovliviiujicim vyvoj SARS-CoV-2 specifickych T-lymfocytii.

Analyza ptipadného ovlivnéni funkce $tépu ockovanim se tykala pouze pacientl
ockovanych po transplantaci. Béhem sledovaného obdobi jsme nepozorovali rozdil

v glomerularni filtraci pted a po vakcinaci.
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Dal$im cilem této prace byla analyza vlivu syndromu frailty neboli syndromu
geriatrické kiehkosti na humorélni odpovéd’ po dvou davkdch mRNA vakciny. Tato studie se
tykala kohorty virus-naivnich pacientii po transplantaci ledviny ve véku 70 let a vice, jelikoz
vyssi vek je rizikovym faktorem mortality na covid-19 (Hovd M. et al., 2023, Williamson E. J.
et al., 2020). Jako prvni jsme v transplantované populaci prokazali signifikantni asociaci mezi
frail statusem a horsi sérokonverzi po ockovani. Mira sérokonverze v celé této kohorté pacientt
byla 33 %, v ptipad¢ frail pacientli pouze 23 %. To je o 7 %, respektive o 17 % méné oproti
skupin€ pacientil z primarni studie, ktera zahrnovala i mladsi jedince. Z jednotlivych kritérii
syndromu frailty byla v univariabilni analyze fyzickd inaktivita jako jedina signifikantné
spojena s horsi postvakcinacni sérokonverzi. Nékteré studie, z nichz vétSina cilila pravé na
ovlivnéni fyzické aktivity, naznacuji moznou reverzibilitu frailty syndromu (Kolle A. T. et al.,
2023). V nékterych pfipadech by tak zaméfeni se na mozné ovlivnitelné kategorie
tohoto syndromu mohlo potencialné zlepSit postvakcina¢ni imunitu. NejdalezitéjSim
opatfenim by vSak méla byt aplikace posilovacich davek ockovani. Minimalné v obecné
populaci vyssiho véku vedla tato strategie ke zlepSeni jak humordlni, tak bunééné imunity
(Romero-Olmedo A. J. et al., 2022).

Jelikoz v klinické praxi je dalezitd redlna ucinnost vakcin, v posledni ¢asti nasi prace
jsme zkoumali asociaci mezi oCkovanim a vyskytem prilomové infekce SARS-CoV-2
u virus-naivnich pacientd po transplantaci ledviny. Zjistili jsme, ze aplikace dvou ddvek mRNA
vakciny vedla béhem sledovaného obdobi v dobé dominujici varianty Alpha k 46% redukci
rizika nakazy. Analyza prilomovych SARS-CoV-2 infekci naznacila vys$si vyskyt zavazného
prabéhu onemocnéni a vyssi mortalitu na covid-19 ve skupin€ neo¢kovanych jedinci.

Navzdory ockovani a jeho prokazatelné efektivité v této populaci, 1 kdyZ niz$i nez
v pfipad€ imunokompetentnich jedincii (Polack F. P. et al., 2020), zlstava velka ¢ast pacientl
po transplantaci ledviny ve vysokém riziku infekce. Jelikoz aplikace posilovacich davek vakcin
zlepSuje imunitni odpovéd’ alespon u €asti pacientil, u kterych nedoslo k sérokonverzi ani po
piedeslych davkéach (Thomson T. et al., 2022, Kemlin D. et al., 2023, Arias-Cabrales C. et al.,
2023, Hovd M. et al., 2023), a obnovuje U¢innost vakcin klesajici v ¢ase (Menni C. et al., 2022),

mélo by byt toto preventivni opatieni doporu¢ovano vSem pacientim po transplantaci ledviny.
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8. Zavéry

1. Testovanim IgG protilatek proti spike proteinu jsme v populaci pacientll po transplantaci
ledviny, ktefi prod¢lali infekci virem SARS-CoV-2, prokazali vyznamnou humoralni odpoveéd’
onemocnéni covid-19 tvorili vyssi hladiny protilatek nez pacienti s mirnym pribéhem nebo
asymptomatickou ndkazou. Zavislost hladin protilatek na zdvaznosti symptomt byla do t¢ doby
popisovana pouze Vv netransplantované populaci. Navic pfitomnost symptomu a stfedné
zdvazné az zavazné symptomy spojené s postizenim dolnich dychacich cest byly jedinymi
faktory ovlivitujicimi tvorbu protilatek po infekci. Tato data poukazuji na zachovanou imunitni

odpovéd’ po infekei SARS-CoV-2 pies imunosupresivni stav.

2. Analyzou humordlni imunity po ockovani dvéma davkami mRNA vakciny proti
SARS-CoV-2 jsme v populaci pacientii po transplantaci ledviny prokazali vysokou
imunogenicitu vakcin upacienti s dfive prodélanou infekci SARS-CoV-2, ale také
u virus-naivnich pacientti o¢kovanych na cekaci listiné jeSté pfed samotnou transplantaci.
V téchto skupinach jsme pozorovali nejen vysokou miru sérokonverze po ockovani, ale také
vysoké hladiny protilatek indukovanych vakcinaci. Naopak u pacienti ockovanych po
transplantaci, ktefi neprodélali covid-19, jsme potvrdili oslabenou postvakcinacni humoralni
odpovéd’. Prokazali jsme tak vyznamny vliv imunizace ptedchozi ndkazou na tvorbu protilatek
po ockovani (tzv. hybridni imunita). Prodé€lani covidu-19 mélo také vyznamny vliv na rozvoj
bunééné imunity. Podafilo se ndm identifikovat hlavni faktory asociované s porusenou tvorbou
protilatek po ockovani, kterymi jsou zejména mykofenolat mofetil a podani deplecni 1écby
v poslednim roce pfed o€kovanim. Negativnim faktorem je také vyssi v€k. Ptesto, Ze jsou prvni
dva faktory potencialné ovlivnitelné, nelze doporucit redukci imunosuprese v perivakcinaénim
obdobi vzhledem k moZznému riziku rejekce. Prioritou je, pokud mozno, ockovani pacientii jeste
na Cekaci listiné¢ pfed realizaci transplantace. Nakonec, ockovani dvéma davkami mRNA

vakciny béhem sledovaného obdobi nevedlo ke zhorSeni funkce $tépu.

3. Syndrom frailty neboli syndrom geriatrické kiehkosti je u starSich virus-naivnich pacient
po transplantaci ledviny asociovan s poruSenou humordlni odpovédi po ockovani dvéma
davkami mRNA vakciny proti SARS-CoV-2. Z jednotlivych kritérii syndromu frailty je

vyznamnym faktorem negativné ovliviiujicim postvakcinacni sérokonverzi fyzické inaktivita.
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Podafilo se nam zjiz tak vulnerabilni imunokompromitované populace identifikovat
nejrizikovéjsi skupinu pacient. Potencidln€ bychom u téchto pacientd mohli zlepsit rozvoj
postvakcinaéni humorélni imunity prevenci syndromu frailty a systematickou intervenci
v ptipad¢ pre-frail a frail pacienti v klinické praxi zaméfenim se na ¢asteCné ovlivnitelné
kategorie tohoto syndromu. Domnivame se, ze zakladem prevence covidu-19 by méla byt

aplikace posilovacich davek vakcin.

4. Ockovani dvéma davkami mRNA vakciny je u pacientl po transplantaci ledviny asociovano
se snizenim vyskytu infekce virem SARS-CoV-2. V definovaném obdobi vedlo ockovani
k 46% redukci rizika nakazy. Piesto tito pacienti zlstavaji v riziku infekce a zadvazného prubchu
covidu-19. Vsichni pacienti po transplantaci ledviny by proto méli byt ockovani posilovacimi

davkami ve snaze zlepS$it imunogenicitu a efektivitu vakein v této populaci.
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9. Souhrn

Predkladana disertacni prace se zabyva imunitni odpovédi pacientii po transplantaci ledviny
v souvislosti s virem SARS-CoV-2. Podkladem této disertacni prace jsou Ctyii ¢asove na sebe
navazujici pttvodni prace. Prvni prace z obdobi pted zahajenim ockovani analyzuje humoralni
imunitni odpovéd po prirozené¢ infekci SARS-CoV-2, pficemz vysledky srovnava
s imunokompetentni populaci. Dalsi dvé studie se tykaji imunitni odpovédi pacientli po
transplantaci ledviny po o¢kovani dvéma davkami mRNA vakciny proti SARS-CoV-2 vcetné
analyzy pacientli vyssiho véku. Posledni studie analyzuje u¢innost vakcin v rdmci prevence

infekce SARS-CoV-2 v této populaci.

Ukézalo se, ze imunitni odpoveéd’ pacientli po transplantaci ledviny po infekci virem
SARS-CoV-2 neni porusena, jak by se dalo vzhledem k imunosupresivnimu stavu oc¢ekavat.
Prokézali jsme zdvislost hladin postinfekénich protilatek na zdvaznosti pribéhu covidu-19,
do té doby pozorované pouze v obecné populaci. Zjistili jsme, Ze imunogenicita mRNA vakcin
proti SARS-CoV-2 je slabd zejména u pacientll ockovanych po transplantaci, ktefi nebyli
imunizovani pfedchozi ndkazou a doporucili jsme ockovat kandidaty na transplantaci ledviny
jesté na cekaci listiné pred vystavenim vlivu imunosuprese. Podafilo se nam identifikovat
n¢kolik rizikovych faktort horsi imunitni odpovédi po o€kovani, ale také nejrizikovéjsi skupinu
pacientll po transplantaci, coz jsou zejména jedinci ve véku 70 let a vice v kategorii ,,frail®.
Nakonec jsme prokazali, ze 1 pfes snizenou imunitni odpoveéd’ je ockovani mRNA vakcinami
spojeno se sniZzenim vyskytu infekce SARS-CoV-2. Nicméné riziko ndkazy a zavazného
prabéhu nemoci je v této populaci, zejména v ptipadé starSich pacientd, nadéle vysoké. Na
zéklad¢ téchto vysledkli miizeme fici, Ze v souvislosti s infekci SARS-CoV-2 by méla byt
zékladem prevence podpora aplikace posilovacich davek vakein a v ptipade zvySeného vyskytu

nakazy samoziejmé dodrzovani vSech nefarmakologickych protiepidemickych opatieni.
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10. Summary

The presented thesis deals with the immune response in kidney transplant recipients regarding
SARS-CoV-2. The basis of this thesis are four subsequent original research studies. The first
study from the pre-vaccination period analyzes the humoral immune response after natural
SARS-CoV-2 infection in comparison with the immunocompetent population. Two other
studies examine the immune response in kidney transplant recipients after vaccination with two
doses of mRNA vaccine against SARS-CoV-2 including an analysis of older patients. The latest
study analyzes the effectiveness of vaccines in preventing SARS-CoV-2 infection in this

population.

We have shown that the immune response in kidney transplant recipients after
SARS-CoV-2 infection is not impaired, as would be expected given the immunosuppressed
state. We demonstrated the association between post-infection antibody levels and the severity
of the course of covid-19, which until then had only been observed in the general population.
We found that the immunogenicity of mRNA vaccines against SARS-CoV-2 is weak especially
in patients vaccinated post-transplant who were not immunized with previous infection. We
recommended vaccinating kidney transplant candidates while still on the waiting list prior to
initiating immunosuppressive therapy. We were able to identify several risk factors associated
with impaired immune response following vaccination. We also identified a group of patients
who are at the highest risk, which are especially frail individuals at the age of 70 and older.
Finally, we demonstrated that despite reduced immune response, mRNA vaccines are
associated with lower SARS-CoV-2 infection rates. However, the risk of infection and severe
course of the disease remains high in this population, especially among elderly patients. Based
on these results, we conclude, that regarding SARS-CoV-2 infection, the basis for prevention
should be the application of booster doses and of course in case of high rates of infection all

non-pharmacological anti-epidemic preventive measures as well.
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