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Abstrakt

Pamétové T lymfocyty predstavuji specifickou subpopulaci bunék, které vznikaji
béhem prvniho setkani s antigenem, aby u reinfekei byla sekundarni reakce imunitniho
systému rychlejsi a efektivnéjsi. V transplantacni imunit€¢ mohou tyto buiiky predstavovat
potencialni riziko pro pteziti St€pu. Kromé darcovsky-specifickych pamétovych T bunék,
které pfimo ohrozuji transplantovany orgdn, mohou pomoci zkiizené reaktivity, tzv.
heterologni imunity, ohrozit zdravi a funk¢nost sté€pu i1 virove specifické pamétové bunky.

V této praci jsme se zaméfili na darcovsky-specifické a CMV-specifické
pamétové/efektorové T lymfocyty. Zajimal nas vliv imunosupresivni terapie na frekvenci
CMV specifickych pamétovych/efektorovych T bunék. Zjistili jsme, ze pouzitd
imunosuprese, profylaxe ani délka dialyzy vyrazné neovlivituje pocet CMV-reaktivnich
bungk, jejich pocet byl 6 mésictli po transplantaci stejny jako pted ni.

Dale jsme se zabyvali zkfizenou reaktivitou mezi CMV a antigeny darce, tzv.
heterologni imunitou, kterou jsme ovéfili analyzou repertoaru T receptorti f (TCR-B)
pomoci sekvenovani nové generace (NGS) u CMV a darcovsky-reaktivnich T bunék.
Funkéni zkiizené reagujici T bunééné klony (sdilejici stejnou TCR- sekvenci) jsme pak
nalezli jak v periferni krvi pacientli pted transplantaci, tak i v potransplantacni biopsii
Stépu.

Také nés zajimal vliv dialyza¢ni 1é¢by na imunitni pamét’. Dlouhodoba dialyzacni
terapie je Casto asociovand s piitomnosti $patné definovanych poruch imunitniho systému.
Zjistili jsme, Ze dlouhodobd dialyza¢ni lécba ma vliv na cirkulujici B lymfocyty
marginalni zony, nicméné virové-reaktivni T buriky, obdobné¢ jako ostatni subpopulace T

a B lymfocytid a dendritickych bunék nebyly ovlivnény ptedchozi dialyzou.



Abstract

Memory T cells represent a specific subpopulation of cells formed during the first
encounter with antigen. The main role of these cells is to elicit faster and more effective
secondary response during reinfections. In transplant immunity, they may affect graft
survival directly with donor-specific memory T cells or with cross-reactive virus-specific
memory T cells.

In this study, we focused on donor-specific and CMV-specific memory/effector T
cells. We were interested in the effect of immunosuppressive therapy on the frequency of
these cells in periphery. We found that the immunosuppression, prophylaxis and length of
dialysis did not significantly affect the number of CMV-reactive cells 6 months after
transplantation.

We were also interested in the cross-reactivity between CMV and donor antigens,
so-called heterologous immunity, which we verified by analyzing the TCR-f repertoire
using next-generation sequencing (NGS) in CMV and donor-reactive T cells. Functional
cross-reactive T cell clones (shared the same TCR- sequence) were then found both in

the peripheral blood of pre-transplant patients and in the post-transplant graft biopsy.

We were also interested if long-term dialysis treatment affects immune memory.
Dialysis therapy is often associated with the presence of poorly defined immune system
disorders. We found that long-term dialysis treatment affects circulating marginal zone B
cells, however, virus-reactive T cells, like other subpopulations of T and B lymphocytes

and dendritic cells (DC), were not affected by previous dialysis.
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1 Seznam zkratek

ADCC Cytotoxicka reakce zavisla na protilatkach
CMV Cytomegalovirus

ELISPOT Enzyme-linked immunospot assay

FACS Pratokovéa cytometrie

FKBP F506-vazebnym protein

GvH Reakce Stépu proti hostiteli

Gzmb Granzym B

HLA Hlavni histokompatibilni komplex

IE-1 Casny iniciaéni protein 1

IgG Imunoglobulin G

LCMV Virus lymfatické choriomeningitidy

Pp65 Phosphoprotein 65

PRA Panel reaktivni protilatky

Prfl Perforin 1

PTP Protein tyrosin fosfatdzova rodina

rATG Krali¢i anti-thymocytarni globulin

SCID Tézka kombinovand imunodeficience
TCM Centralni pamétové T lymfocyty

TCR T-bunécny receptor

TEM Efektorové pamétové T lymfocyty
TEMRA Terminalné diferencované efektorové pamétové T lymfocyty
TF Transkripéni faktor

TPM Periferni pamétové T lymfocyty

TRM Tkanové rezidentni pamét'ové T lymfocyty



2 Literarni prehled

2.1 Uvod

Pamétové T lymfocyty umoziuji po op€tovném setkani s antigenem velice rychlou
a efektivni sekundarni odpovéd’. V transplantacni imunité se mohou pamét'ové buiky
podilet na zvysSeni rizika odhojeni transplantovaného organu pomoci: i) darcovsky-
specifickych pamétovych T lymfocytd, ii) zkfizenou reakei mezi patogen-specifickymi
pamétovymi T buiikami a alloantigeny transplantovaného $tépu, ii1) homeostatickou
proliferaci rezidualnich pamét'ovych bunék po lymfopenii zptisobené imunosupresivni
1écbou.

Mira rizika odhojeni S§tépu se odhaduje predevsim stanovenim humoralni
sensitizace, pomoci panel reaktivnich (PRA) a anti-HLA specifickych protilatek. Tento
odhad vSak nemusi byt dostatecny, jelikoz rejekce se vyskytuje 1 u pacientl, ktefi maji
hladiny PRA a anti-HLA protilatek nizké nebo nulové. Studium celularni sensitizace,
pomoci virové- 1 darcovsky-specifickych pamétovych T lymfocytd, a faktort, které je
ovliviuji (deplecni 1écba, dlouhodoba dialyza) by mohlo pomoci zpiesnit predikci

rejekcee.

2.2 Vlastnosti pamét’ovych T lymfocyti

2.2.1 Dlouha Zivotnost pamét’ovych T lymfocyti

ey

Ve srovnani s jinymi subpopulacemi T lymfocytd (naivni, efektorové), které ziji
v fadech dni, pamétové T lymfocyty miZeme najit v lidském téle 1 n€kolik let po
setkdni s danym antigenem. Jejich prodlouZeny life span je, kromé jiného, moZny i diky
vysoké expresi anti-apoptotickych proteinti (Bcl-2, Bcel-X1), které brani uvolnéni
cytochromu c¢ (pro-apoptoticky protein) z mitochondrii a tim blokuji apoptozu.
Produkce téchto proteinii umoznuje pamétovym bunkadm prezit i poté, co byl dany

antigen eliminovan, a tudiz chybé&ji signaly pro jejich pfeziti a proliferaci (1,2).

2.2.2 Rychl4 odpovidavost na antigen



Pamétové T lymfocyty odpovidaji na stimulaci antigenem vyrazné rychleji, nez
naivni T bunky (3-5). Bylo prokazano, ze naivni T lymfocyty odpovidaji na antigen do
5-7 dnti, naproti tomu pamét'ové bunky po opétovném setkani reagovaly za 1-3 dny (6).
Moznym vysvétlenim této rychlé odpovidavosti je, Ze genovy lokus pro cytokiny a
ostatni efektorové molekuly je u pamétovych bunék fixovany v aktivnim stavu pomoci

epigenetickych modifikaci (Obr. 01) (7).
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Obr. 1: Epigenetickad regulace casné diferenciace T lymfocytii béhem akutni infekce,
prevzato z Chen et al. (2018) (8). Geny T lymfocytii jsou pripraveny na iniciaci
transkripce pomoci transkripcnich faktorii. Cely proces je regulovan bud’ epigeneticky
(Cervené) nebo transkripcné (modre). Kdyz je aktivni transkripce genii pro naivni nebo

pamétove buniky, tak je zarovern inaktivovana transkripce pro geny efektorovych bunék.

Aby byla u CD8" T lymfocyti podpofena exprese povrchovych markerd
typickych pro pamétovy fenotyp (CD62L, CD27, CXCR3) je dulezitd demetylace
promotorid a acetylace histonti (8—11). Demetylace je dilezitd 1 pro nasledné udrZeni
pamétového fenotypu a rychlou dostupnost téchto bunék u reinfekcei (12). Pfi studiu
vakcinace proti zluté zimnici se ukazalo, Ze mista zdsadni pro tvorbu efektorovych
cytotoxickych molekul Granzymu B (Gzmb) a Perforinu 1 (Prfl) zlstala

v demetylovaném stavu minimalné 12 let po podani vakciny (13).
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2.2.3 Migrace do tkani

Pamétové T lymfocyty mohou teoreticky migrovat do jakychkoliv tkani

v zavislosti na expresi adheznich molekul a cytokinovych receptorti a lokalné zde

pusobit proti antigenu (Obr. 2) (14,15).
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Obr. 2: Kompartment necirkulujicich tkanove rezidentnich pametovych T lymfocytii
(CD697CD103) u mysi a lidi, prevzato z Szabo et al. (2019). Procenta udavaji
frekvenci T bunék v jednotlivych tkanich (15).

Ty pamétové T lymfocyty, které necirkuluji v periférii, ale jsou trvale usidlené

ve tkanich nelymfoidniho ptivodu se nazyvaji tkanove rezidentni pamétové T bunky

(Trm). Jejich hlavni funkei je zabezpecit lokalni imunitni odpovéd’ a zefektivnit tak

eliminaci patogend piimo ve tkanich (16). Piestoze odhojeni transplantovaného Stépu

je multifaktoridlni proces, zda se, ze Trm miizou hrat v tomto procesu diilezitou roli.

Pti studiu Trm u nefrektomii transplantovanych $tépt bylo zjisténo, Ze tyto bunky byly
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pritomny ve vSech studovanych vzorcich. U §tépi, které selhaly casné po transplantaci
(< I mesic) prevladaly darcovské Trwm, a u pozdéji selhanych stépt prevladaly naopak
Trm od piijemce. VSechny Trm exprimovaly vysokou koncentraci efektorovych

molekul uplatiyjicich se v rejekei stépu (IFN-y, TNF-0, Granzym B) (17).

2.2.4 Niz8i naroky na kostimulaci

Pti aktivaci virus specifickych pamétovych T bunék se kostimulaéni signal,
uplatituje v niz§i mife nez u ostatnich subpopulaci (18,19). Na obrazku ¢. 3 jsou
zobrazeny kostimula¢ni molekuly uplatnujici se v jednotlivych fazich imunitni
aktivace.

V mnoha star$ich studiich bylo uvadéno, ze k aktivaci pamétovych T lymfocyti
dochazi i bez ptitomnosti kostimula¢niho signalu. Tato tvrzeni vychézela z nékolika in
vitro a in vivo studii provedenych na LCMV-specifickych (virus lymfatické
choriomeningitidy) pamétovych CD8" T buiikach. Casem se viak ukazalo, ze LCMV
se replikuje mnohem rychleji a extenzivngji nez ostatni viry a antigenni prezentace tak
zustava v organizmu po del$i dobu a s vétsi intenzitou, coz umozni vznik silného TCR

signalu, ktery jiz nepotiebuje dodatecnou kostimulaci (20-24).
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Obr. 3: Kostimulacni molekuly uplatiujici se béhem primarni a sekundarni faze
imunitni odpovédi, prevzato z Duttagupta et al. (2009). Kostimulacni molekuly mohou
podpofit tvorbu a udrzovani pamétovych virové-specifickych CD8" T bunék a také

Jjejich aktivaci behem reinfekci (18).
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2.3 Tvorba pamétovych T lymfocyti

Jsou popsany dva modely popisujici vznik a uchovavani pamétovych T bunék:
sekvencni (linearni) a paralelni (divergentni) (Obr. 4) (25).
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Obr. 4: Plasticita pametovych T lymfocytu, prevzato z Espinosa et al. (2016). Sekvencni
model diferenciace (a) je progrese diferenciace z naivnich do efektorovych a pak do
pamétovych subpopulaci. Paralelni model diferenciace (b) vznika, kdyz se aktivovany
efektorovy T lymfocyt rozdeli na 2 dceriné bunky, ze kterych se stanou bud’ efektorové,
nebo pameétové T bunky. Kombinovana cesta T bunécného vyvoje (c) spojuje oba

modely diferenciace dohromady (25).

U sekvenéniho (linearniho) modelu naivni T lymfocyt po setkani s konkrétnim
antigenem projde procesem klonalni expanze a ziska své efektorové funkce jesté
predtim, nez se diferencuje do jednoho ze dvou zakladnich fenotypli pamétovych
bunék: centralniho nebo efektorového (25).

Model paralelni (divergentni) diferenciace spo€ivd v tom, Ze aktivovany T
lymfocyt se po rozeznani antigenu rozdéli na dvé dcefiné bunky s odliSnym fenotypem
a funkci: efektorovou a pamétovou (26,27). Asymetrické T bunétné déleni vychazi
z bunééné polarizace rodicovskych bun€k u jejich prvniho déleni. Imunologicka

synapse koordinuje asymetrické bunécéné déleni a paralelni diferenciaci tim, Ze
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stabilizuje a prodlouzi specifické vysokoafinitni interakce mezi TCR a HLA. To pak
muze vést k asymetrické segregaci proteinti umoziujicich diverzifikaci T bunék béhem

bunééného déleni (28,29).

2.3.1 Regulace diferenciace pamét’ovych a efektorovych T lymfocyti

eey

K tomu, aby se z naivniho T lymfocytu stala kratce zijici efektorova burika,
nebo dlouho Zijici pamétova burika jsou potieba 3 druhy signald: prvni je rozeznéni
antigenniho peptidu v kontextu HLA I/II (CD8"/ CD4") pomoci T-buné&ného receptoru
(TCR), druhy signal je kostimulacni, a tfeti je zprostiedkovan cytokiny (8).

Na urovni vSech tii signdlu jsou pfitomny regulacni faktory, které podpoii
diferenciaci bud’ smérem k pamétovému, nebo efektorovému fenotypu (Obr. 5). Tyto
signaly pak vedou k intracelularni aktivaci piislusného transkripéniho faktoru (TF),
ktery podpofti diferenciaci jednoho z fenotypu.

Zdali je indukce jednotlivych faktorii stochasticka (ndhodnd), nebo je ovlivnéna
specifickym externim signdlem prozatim neni zcela znamo. Ukazuje se, ze tuto
diferenciaci muze také ovlivnit extraceluldrni koncentrace cytokina: 1L2, IL12 a IL27
podporuji formaci efektorového fenotypu béhem akutnich fazi bakteridlni nebo virové
infekce a interferony typu I a II spolecné s IL15, IL10 a IL21 naopak podporuji
diferenciaci pamét'ovych bunék (8).

Také rovnovaha mezi kostimulacnimi a koinhibi¢nimi signély je dalezita pro
efektorovou T buné€nou aktivaci a expanzi. Vysoké exprese kostimula¢nich molekul
(CD28, 4-1BB, CD27 a OX40) spoletné s nizkou expresi koinhihi¢niho PD-1
podporuji formaci pamét'ovych bun€k a naslednou sekundarni odpoved’ (8).

Signalizace pfes TCR je jednim z prvnich signali, které pomahaji utvaret T
bunécnou pamét. Sila a kvalita TCR signalizace, kterd je determinovéna: 1) afinitou
TCR pro komplex peptid-HLA (pHLA), ii) davkou antigenu prezentovaného na APC a
i11) délkou a nacasovanim interakce TCR-pHLA, pfispiva k vytvareni funkéniho
pamétového fenotypu T lymfocytt.

Signalizace pies TCR se nenachdzi pouze ve stavu ,,vypnuto/zapnuto* ale je to
souhrn signalll s rozdilnou intenzitou (30). Béhem infekce je efektorovd bunka
vystavena aktivné se replikujicimu patogenu, je proto dulezité, aby se vyselektovaly T
lymfocyty s nejvyssi afinitou pro dany antigen, z nich se pak stanou efektorové T
lymfocyty, které maji vysokou schopnost proliferace. Naopak u re-infekci je dilezité

najit kompromis mezi spravnou mirou specificity a diverzity. Selekéni tlak pisobi i na
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patogen a podporuje zvySenou mutagenicitu jeho epitopli, aby nebyl rozeznan
imunitnim systémem hostitele. V tomto ptipad¢ by byla vysoka specificita TCR spiSe
na Skodu, protoze u opétovného setkani patogen pravdépodobné vypada jinak nez na
zacatku (31).

Afinita TCR se ukazuje byt klicova nejen u infekei, ale i u organovych
transplantaci, kde je jednim z dulezitych faktort vzniku nésledné rejekce. Na mySim
modelu transplantace kiize byl otestovan vliv vysoko- i nizko-afinitnich TCR na vznik
rejekce a ukazalo se, ze u rejekce je vyssi podil T lymfocytt s vysoko-afinitnim TCR a
jejich eliminace/blokace by mohla byt jednim z aspektl k navozeni transplantacni

tolerance (32).
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Obr. 5: Faktory regulujici osud bunécné diferenciace efektorovych a pameétovych T
lymfocytii, prevzato z Chen et al. (2018). V procesu rozhodovani, ktery z fenotypii se
bude dal vyvijet, se ucastni nekolik faktori: sila TCR signalizace, kostimulace vs

koinhibice, cytokiny, transkripcni faktory a epigenetické regulatory (8).

2.4 Subpopulace pamét’ovych T lymfocytu

Podle mista plsobeni a rozdilné exprese povrchovych markerti (tab. 1)

rozdélujeme pamét'ové T lymfocyty na centralni (Tcwm) a efektorové (Tem).

2.4.1 Centralni pamétové T lymfocyty (Tcwm)

cey

Tem migruji  do sekundarnich lymfoidnich organt, jsou dlouho Zijici,
zachovavaji si vysokou proliferacni kapacitu a mohou velice efektivné amplifikovat
sekundarni imunitni odpovéd’ po opétovném setkani s danym antigenem. Na svém
povrchu exprimuji ,,hioming“ molekuly 45RO'CCR7" CD62L". Povrchovy marker
CD62L (L-selektin) a CCR7 (chemokin) napomahaji ,,somingu* T lymfocyti do

sekundarnich lymfatickych organii ptes endotelidlni venuly.

2.4.2 Efektorové pamét’ové T lymfocyty (Tem)

Tem na svém povrchu neexprimuji ,,homing* molekuly, protoze jejich misto
uréeni jsou periferni tkang (33,34). Jejich zakladni fenotypizace je 45RO'CCR7 CD62-
Rychle se infiltruji do mista zanétu, kde vykonavaji své efektorové funkce, zaroven

vSak maji omezenou schopnost expanze a amplifikace (33).

2.4.2.1 Subpopulace Tewm (tab. 1):

a) Terminaln¢ diferencované efektorové pamétové T lymfocyty (Temra) jsou
koncovym stadiem efektorové diferenciace a na svém povrchu re-exprimuji CD45RA
(35). CDA45 je clenem protein tyrosin fosfatdzové rodiny (PTP), ktery se exprimuje na
vSech diferencovanych hematopoetickych buiikach (kromé erytrocytii a plasmatickych
buné¢k), izoforma CD45 RA obsahuje jen A proteinovy region, ktery je typicky pro

naivni T lymfocyty a Temra buiiky ho znovu re-exprimuji.
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b) Tkanove rezidentni pamét'ové T buiky (Trm), které necirkuluji v periferii,

ale jsou lokalizované ve tkanich. Jsou typické svou expresi CD69 (Casny marker

aktivace), oEB7 integrin (CD103) a také n¢kolik tkanové specifickych chemokinovych

receptort které se exprimuji podle lokalizace v konkrétni tkani (36,37).

c¢) Periferni pamétové T lymfocyty (Tpm) jsou charakteristické expresi Cx3Crl

a specifickou migracni drahou. Tpm se vyskytuji ve vysoké koncentraci v periferni

cirkulaci. Tpm mohou migrovat do tkani a 1 zpét do lymfatickych uzlin pies aferentni

cévy (38).
Subpopulace  Fenotyp Funkce Lokace Transkripéni faktor Reference
CCR7-°/CD62°
CX3CRM/CD27 0 ++cyt0t0xicita . Thbet™! (39744)
Tem . Cirkulace )
CD127" +-proliferace Blimp1"/ID2"/STAT4!
CD27/CD45RA"
CCR7"/CD62™
Cirkulace Tbett© (39—
T CX3CR™/CD27" +-cytotoxicita Lvmfatick B Y ———
; mfatické omes
i cDp127" ++proliferace Y 42.45.46)
uzliny STAT3M/ID3M!
CD27"/CD45RA"
CCR7/CD27/CD45RA* ++cytotoxicita . 47)
TeMrA Cirkulace
CDI127-° +-proliferace
CD69"/CD103"/CD49al!!
(zé&vislé od tkang) Kontrola prosttedi ) KLF2"1°/Eomes™°
Rezidence v (38 48*50)
Trm CXCR3"/KLRG1*/CCR7"%/ (alarm) Kénich Tbet*®/TCF1%° ’
tkénic!
CD62L'°, CD127", +proliferace Hobit"/Blimp1'"
Cx3Cr]OINT
Cirkulace
o Lymfatické
CCR7"-/CD62L"/CD127™ +cytotoxicita (38,51,52)
Tem uzliny Tbet™" =
Cx3CrI™/CD27M +proliferace
Rezidence v
tkanich
CD279/CD43'° ++cytotoxicita Rezidence v (52,53)
Ostatni Tbet"/Eomes™© ’
KLRGI1'" CD127%° +-proliferace tkanich

Tab 1: Heterogenita pamétovych CD8" T Ilymfocytii, preloZeno z Martin and
Badovinac 2018 (14).

2.5 Detekce antigen-specifickych pamétovych T lymfocyti
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Pro detekci antigen-specifickych bunck v téle pacienta mizeme pouzit 2 zédkladni
metody- prutokovou cytometrii (FACS) a ELISPOT. Pouziti obou metod sebou nese
jisté vyhody a zaroven i nevyhody.

U priitokové cytometrie se antigen-specifické bunky detekuji pomoci multimert
(tetramery, pentamery, dextramery), intraceluldarniho barveni cytokini nebo
kvantifikaci bunécné proliferace. Vyhodou této metody je, Ze znadme piesnou
fenotypizaci analyzované subpopulace bun¢k. Mezi limitace analyzy bun¢k pomoci
FACSu patii u multimerniho barveni znalost epitopt a jejich restrikénich HLA
molekul, coz mize byt omezujici pti diagnostice v klinické praxi. U alogennich
transplantaci mohou hrat dalezitou roli alloantigen specifické pamétové buiky, které
mohou negativng ovlivnit pieziti transplantovaného $tépu (54-56). Jejich kvantifikace
by tedy mohla byt piinosna pro pouziti v klinické praxi (57).

Pomoci by vtomto pfipadé mohla druhd metoda- ELISPOT, kterd neni
limitovanda HLA restrikci a pfesnou znalosti epitopi darce. Také vysoka
reprodukovatelnost vysledkli mezi laboratofemi mtze naplnit sviij potencial ve vyuziti
v klinické praxi (58—60). ELISPOTem detekujeme zivé bunky, které po stimulaci
produkujici IFN-y. Stimulujicim antigenem mohou byt virové peptidy (CMV, EBV,
BKYV) nebo buriky darce. U této metody nezname piesnou fenotypizaci analyzovanych

bunék, zname pouze pocet bunék reagujicich na pfitomnost antigenu (61).

2.6 Pamétové T lymfocyty u organovych transplantaci

Tato disertacni prace je zamétend na darcovsky- specifické a CMV- specifické
pamétové T lymfocyty. Oba druhy bun€k mohou ovlivnit potransplantacni fungovani
Stépu tim, Ze mohou interagovat s antigeny $tépu at’ jiz pfimo (darcovsky- specifické)

nebo zkiizené (CMV- specificke).

2.6.1 Alloreaktivni pamétové T lymfocyty (darcovsky-reaktivni T lymfocyty)

Cirkulujici alloreaktivni pamét'ové bunky byly jiz nékolikrat spojeny
s klinickym a subklinickym poskozenim transplantovaného organu (62,63). Jejich
pfitomnost u pacientli pted transplantaci miize mit nékolik moznych vysvétleni:
téhotenstvi, krevni transfuze, heterologni imunita, dudlné receptorové T lymfocyty

nebo homeostatickd proliferace (54,64—66).
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2.6.1.1 Zdroje alloreaktivnich pamétovych T lymfocyti

2.6.1.1.1 Dualné-receptorové T lymfocyty

Standardn¢ T lymfocyt diky alelické exkurzi exprimuje na svém povrchu pouze
jeden alfa a jeden beta fetézec TCR. Nicméné jiz byla dokumentovana existence 2
rozdilnych TCR na jednom T lymfocytu. Jiz v roce 1993 Padovan et al. ukézal, ze az
30% lidskych T lymfocyti exprimuje druhy alfa a beta fetézec na trovni mRNA a az
8% lidskych T lymfocytii exprimuje druhy alfa a beta fetézec na urovni na Urovni
proteinu (67).

Kazdy TCR mitize rozeznat jak specificky patogen, tak i alloantigen, oba mohou
koexistovat na tom samém T lymfocytu, tudiz po setkani s patogenem se T lymfocyt
aktivuje a diferencuje do pamétového fenotypu a néasledné rozeznani alloantigenu je
myS$im modelu reakce $t€pu proti hostiteli (GvH), kde dudlni CD4" T buiiky byly ve

veétsim mnozstvi nalezeny u allorektivniho T bunééného kompartmentu (68).

2.6.1.1.2 Heterologni imunita

DalSim zpisobem generovani pamétovych T bunék je jejich tvorba b&hem
infekci jako soucast heterologni imunity. Heterologni imunita je velice dobfe popsana
jak u lidi, tak 1 na experimentalnich zvifecich modelech (69-71).

Heterologni imunita miize zvySovat pfirozenou odolnost vii¢i infekcim i
ucinnost ockovani (72). Na druhé strané muze pfispét ke vzniku vétSstho mnoZzstvi
alloreaktivnich bunék.

Béhem infekei, jsou virové peptidy prezentované na endogennich HLA a
nasledné pak rozeznany pomoci TCR na povrchu T lymfocyti. To pak spusti jejich
efektorovou diferenciaci, aktivaci a expanzi. Cast pam&tovych virové specifickych T
bun¢k, muze zkiiZzené¢ reagovat s alloantigenem a ovlivnit tak funkénost
transplantovaného organu. Ve studii Stranavova et al. (2019) byly CD8" zk¥izené
reagujici klony nalezeny nejen v periferni krvi u pfijemcti transplantované ledviny, ale
1 v potransplantacni biopsii, coz dokazuje potencialni klinicky vyznam téchto bunck

(72).
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Ptitomnost patogenem-indukovanych pamétovych alloreaktivnich T lymfocyta
predstavuje bariéru transplantac¢ni tolerance (71,73). Ukazuje se, ze patogenem
vyvoland zkfizend reaktivita je pravdépodobné castéjsi nez puvodné vzniklé
allospecifické T lymfocyty (74,75). Ve studii Amir at al. (2010) autofi testovali
reaktivitu T buné€k proti panelu HLA-typizovanych bunck a zjistili, Ze 80% testovanych
CD8" T buné&énych linii a 45% patogen-specifickych T bunék vykazuje alloreaktivitu
proti alesponi 1 HLA alele (76).

2.6.1.1.3 Homeostaticka proliferace

Pamétové T buitky mohou byt také generovany homeostatickou proliferaci,
kterd Casto nastava po lymfopenii jako nasledek imunosupresivni 1é€by, dlouhodobé
infekce, nddorového onemocnéni, té¢zkych kombinovanych imunodeficienci (SCID),
nebo transplantaci (77).

Naivni CD4" a CD8" alloreaktivni prekurzory T bunék mohou v prostiedi s IL7
a IL15 proliferovat a diferencovat pfimo do pamétového fenotypu. Pamétové T
lymfocyty produkované béhem lymfopenii indukované homeostatické proliferace se
li$i od konven¢nich pamétovych T lymfocytid. Vznikaji tak, ze naivni T lymfocyty
rozeznaji vlastni peptid prezentovany na HLA neaktivni antigen prezentujici bunky
(APC) s afinitou, ktera je mnohem nizsi nez v ptipad¢€ rozezndvani cizich peptidu, ale
zaroven je vySS$i nez afinita potfebna pro thymickou pozitivni selekci.

Homeostaticka proliferace naivnich buné€k do pamétového fenotypu neni
spojena se zvySenou expresi aktivacnich markert, jakymi jsou napt. CD25, CD69, nebo
CD45RB, je pro n¢ ale typickd zvySena exprese CD122 (receptor pro IL7 a IL15) a
CD132 (cytokinovy receptor). Také se ukazuje, ze kostimulace ptes CD28 a dostupnost
IL2 jsou mnohem vic dilezité pro antigen-specifické pamétové T lymfocyty nez pro ty
diferencované homeostatickou proliferaci (78).

Mys$i modely ukazaly, Ze homeostatickd proliferace miize byt piekdzkou
v navozeni tolerance transplantované¢ho organu (79). Studie naznacuji, Ze
v lymfopenickém prostiedi muize homeostaticka proliferace ptispét k expanzi
pamétovych bunek, které brani navozeni tolerance, a to jak proliferaci rezidudlnich
pamétovych bungk, tak i konverzi naivnich bunék do pamétového fenotypu. Pamét'ové
T lymfocyty proliferuji v procesu homeostatické proliferace po depleci vyrazné rychleji

nez naivni T buniky. Tyto data naznacuji, ze homeostaticka proliferace mtize ptispét
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k rozvoji alloreaktivity v pfipadé, Ze jiz existujici alloreaktivni T lymfocyty jsou

expandovany, nebo pfevedeny do pamétového fenotypu (79).

2.6.2 CMV-reaktivni pamét'ové T lymfocyty

Dalsi subpopulace pamétovych T lymfocytd, kterou se tato disertacni prace
zabyva jsou CMV-reaktivni pamétové T bunky, které vznikly béhem CMV
primoinfekce a v kontextu allogennich transplantaci mohou u imunosuprimovanych

pacientl negativné ovlivnit funkcnost a pfeziti transplantovaného $tépu.

2.6.2.1 Cytomegalovirus

Lidsky cytomegalovirus (CMV) je ubiquitinni herpesvirus beta typ 5 s
rozsahlym genomem ~235 kb (80). Virion obsahuje dvou- fetézcovou linearni DNA,
které je ulozena v nukleokapsidé obalené virovymi proteiny a glykoproteiny (81). Tyto
proteiny a glykoproteiny pomahaji viru pfi vstupu do hostitelské buniky. Tam mohou
vstoupit bud’ piimou fuzi s cytoplasmatickou membranou nebo pomoci endocytozy.
Faze virového obalu s bunénou membranou umozni uvolnéni nukleokapsid do
cytoplasmy, ty jsou pak premistény do jadra, kde se uvoliiuje virovda DNA. Nasledné
pak dochazi k replikaci viru a zapouzdieni nové vzniklého virionu do kapsidy, ktera je
dale transportovana do cytoplasmy a po ptidani sekundarniho glykolipidového obalu je

virion uvolnén z buniky exocytézou (Obr. 6) (82).
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Obr 6: Zivotni cyklus lidského CMV, pielozeno z Crough et al. (2009) (82).

2.6.2.2 CMV infekce

CMV se prenasi slinami, sexudlnim kontaktem, transplacentarn€, kojenim,
krevni transfizi, transplantaci organti a kostni dfené¢ (83). Globalni CMV
seroprevalence, stanovena kvantifikaci CMV IgG protilatek, byla v roce 2019 83%
(95% UI: 78-88) (84).

Primérni CMV infekce je standardné bezpiiznakova a v téle pacienta pak celozivotné
zistane CMV v latentni fdzi s obCasnou reaktivaci. Béhem latentni infekce CMV
genom zUstavd ulozen v mononuklearnich buiikéch, véetné monocytl a makrofagi
(85,86), lymfocytt (87), kmenovych bunék (88), nezralych dendritickych bunck (89) a
endotelidlnich bun¢k (90). Reaktivace CMV z latentniho stavu je kliCovy krok
v patogenezi CMV infekce, tato reaktivace je Casto reakci na imunosupresi, zanét,
infekci, nebo stres (91). I kdyz je u zdravych jedinch infekce CMV cEasto
bezptiznakova, u novorozenych déti, plodu v téle matky a pacientll s imunosupresivni

l1écbou, muze zplisobit fadu zdvaznych klinickych komplikaci.

2.6.2.3 CMYV u organovych transplantaci

U organovych transplantaci je CMV signifikantnim zdrojem morbidity a
mortality a je asociovan s hor§im ptezitim Sté€pu (92). Pacienti, kteti prodélali CMV
primo-infekci a maji ve svém téle adaptivni imunitni pamét, kterd je tvorena CMV-
specifickymi CD4" a CD8" pamétovymi T lymfocyty a imunoglobulinem G (IgG), by
m¢éli byt chranéni pted opakovanou virovou reaktivaci (82). U orgdnovych transplantaci
mize z divodu uzivani imunosupresivni 1é€by dojit k selhani adaptivni imunity. U
CMV seropozitivnich ptijemcti transplantovaného organu muize vlivem snizeni CMV
specifické imunity dojit k rozvoji CMV infekce ¢i CMV onemocnéni. Nepiimym
efektem virové reaktivace je vyskyt oportunnich infekci, akutni nebo chronické rejekce,

kardiovaskularnich onemocnéni a diabetu (Obr. 7) (93).
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Obr. 7: Cytomegalovirova infekce, prelozeno z Fishman et al. (2007) (94). CMV miize
zpiisobit jak invazivni onemocnéni (,,primé efekty CMV*) tak i doprovodné
imunologické jevy (,,neprimé efekty CMV*), vcetné rejekce transplantovaného Stepu

(94).

Mira rizika CMV infekce po transplantaci orgdnt je asociovdna s vyskytem
nékolika rizikovych faktorl, mezi né patii napiiklad CMV seropozitivita darce nebo
piijemce. Nejvice rizikovou skupinou jsou dvojice, kdy je darce CMV seropozitivni a
piijemce CMV seronegativni (D+/R-), naopak transplantace kdy je jak darce, tak 1
piijemce CMV seronegativni (D-/R-) je z hlediska reaktivace CMV nizkorizikova. Ve
sttednim riziku jsou seropozitivni pifijemci, ktefi dostali transplantovany organ od
seropozitivniho darce (D+/R+). Mezi dalsi rizikové faktory pro vznik post-
transplantacni CMV infekce patfi: deficit CMV specifické celularni imunity (CMV
specifické CD4" a CD8" T lymfocyty), rejekce transplantatu, virova replikace a

imunosupresivni 1é¢ba depletujicim krali¢im antithymocytovym globulinem (rATG).

2.6.2.4 Cytomegalovirus a rejekce
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Ptitomnost aktivni CMV infekce je u organovych transplantaci asociovana
s vyssim vyskytem akutni a chronické rejekce (95,96). Latentni CMV infekce vyvolava
silnou dozivotni T bunécnou imunitu, kterd kontroluje CMV reaktivaci/reinfekci a
funguje jako prevence CMV nemoci pomoci permanentni dynamické interakce mezi
virem a CMV-reaktivnimi T buné¢nymi klony. Pfestoze primarnim cilem pamétovych
CMV-specifickych T lymfocytt je ochrana pted dalsi potencialni infekci, mohou u
transplantovaného orgénu zptsobit poskozeni tkané.
Jsou 3 zédkladni mechanismy, které mohou toto poskozeni vyvolat. Prvnim z nich je
piimy cytotoxicky efekt na bunky Stépu, které jsou infikované CMV, druhym
mechanismem je bystander aktivace, ktera vytvoii lokalni prozanétlivé prostiedi a
tietim mechanismem je heterologni imunita - zkfizena reakce mezi CMV a alloantigeny

(96).

2.6.2.5 Monitorace CMYV specifické adaptivni imunity

CMV infekce je jednou z hlavnich komplikaci po rendlni transplantaci, kterd ma
signifikantni vliv jak na Zivot pacienta, tak i transplantované¢ho organu. Monitorace
CMV specifické adaptivni imunity (humoralni a T bunétné) v riznych casovych
bodech po transplantaci se ukazuje jako zasadni v predikci rizika vzniku virové infekce.
Predikce rozvoje CMV miiZze napomoci k individualizaci terapie v klinické praxi. Ke
zhodnoceni humordlni imunity slouZi analyza anti-CMV protilatek v séru (IgM
indikujici akutni infekci a IgG pfedchozi infekci). Dynamika virové infekce mtze byt
sledovana kvantifikaci virové nadloze CMV pomoci RT-PCR.

Celularni adaptivni imunita je pro kontrolu CMV infekce nezbytnd, potencialni
replikaci kontroluji jak CD4", tak CD8" T lymfocyty, ob& subpopulace T bunék jsou
v tomto procesu stejné dalezité (Obr. 8) (97,98). Ukazuje se, ze CD8" T buiiky jsou
zésadni pfi kontrole CMV replikace a CD4" T buiiky se ucastni dlouhodobé ochrany
pfi  udrzovani hladin virové specifickych protilatek (65,99-101). Vysoce
diverzifikovana T- bunétna odpovéd se vyviji mezi 4-6 tydnem po prvotni expozici
antigenu. Pamétovy kompartment je generovan v zavislosti na mnozstvi antigenu, mife
virove replikace a typu infikované tkané (102).

T lymfocyty rozeznévaji antigeny pochazejici z CMV specifickych proteint. Virové
proteiny jsou exprimovany v riznych stadiich virové replikace (Casny, stitedné ¢asny,

pozdni) a plni odliSné funkce (kapsida, matrix/tegument, glykoprotein, regulacni
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protein atd.). Mezi nejvice imunodominantni CMV antigeny patii IE-1 (immediately

early -1) inicia¢ni protein, a pp65 (phosphoprotein 65) matrix- tegumentovy protein.
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Obr 8: Schéma CMV specifické T- bunétné odpovédi u pacienti po organové

transplantaci, pieloZzeno z Lucia et al. (2014) (103).

Pro monitoraci kinetiky a funkce CMV

specifického T bunécného

kompartmentu se pouzivd né€kolik rGznych eseji, mezi nejcastéji pouzivané patii
intracelularni barveni cytokinti (FACS), ELISPOT, tetramery (FACS) a quantiferon.

Hlavni charakteristiky jednotlivych metod jsou shrnuty v tabulce 02.

Intracelularni Quantiferon
ELISPOT (IFN-y, Tetramery
barveni cytokini (zaloZen na
1L2) (FACS)
(FACS) ELISA)
Material, Periferni krev/ Periferni krev %
PBMC, 1x10° PBMC, 1x10°
mnozstvi PBMC, 1ml/1x10° ml

25



% CMV- % CMV-
] CMV- specifickych ]
specifickych CD8* ) specifickych CD8* Detekce IFN-y
Frekvence IFN-y produkujicich
nebo CD4"/ IFN-y nebo CD4"/ IFN-y (TU)/ml
bun¢k
bunéek bunék
Cas 48h 36h 48h 24h
Protektivni prah )
0.2-0.4% 8-11 IFN-y spott nespecificky 0.1-0.2 TU/ml
(frekvence)
15AA dlouhy 15AA dlouhy 15AA dlouhy
) ) ) Kolekce
Antigen pro peptidovy pool peptidovy pool peptidovy pool

jednotlivych 15AA

stimulaci obsahujici antigen, obsahujici antigen, obsahujici antigen, "
eptid
nebo virovy lyzat nebo virovy lyzat nebo virovy lyzat pep
Vysoka sensitivita, Barveni Vysoka sensitivita,
Vysoka sensitivita, bez
bez HLA restrikce, jednotlivych Schvéleno pro
Vyhody HLA restrikce,
nezavisla analyza epitop- pouziti v klinické
reprodukovatelnost
CD4 a CD8 specifickych klont praxi v EU
Potfebné vybaveni HLA restrikee,
Potiebné vybaveni HLA restrikce,
(FACS), vzacné HLA alely
Nevyhody ) (ELISPOT), potiebné vybaveni )
kvalifikovany jsou vylouceny z
kvalifikovany personal (FACS)
personal analyzy

Tabulka 02: Hlavni imunitni eseje pro stanoveni lidské CMV specifické T bunécné

odpovédi, ptelozeno z Lucia et al. (2014) (103).

2.6.2.6 Terapeuticka strategie u CMV

Vzhledem k riziku CMV nemoci u pacientll s vysokym rizikem se standardné
podava protivirova profylaxe 6 mésicii (valgancyklovir), ostatnim pacientim v riziku
pak 3 mésice. Samoziejmosti je pravidelnd potransplantacni kontrola virové replikace
pomoci RT-PCR (103,104). Efekt indukéni a udrzovaci imunosuprese na CMV
primarni infekci a nemoc je velice dobie popsan u CMV seronegativnich ptijemcti (R-
) transplantované ledviny. Deple¢ni indukéni terapie, napt. rATG, je asociovana
s vy$§im rizikem vzniku CMV infekce ve srovnani s nedeplecni terapii (basiliximab)
(105). rATG se pouzivd jako prevence i lécba akutni rejekce u orgénovych
transplantaci. rATG zplsobuje lymfocytopenii a masivni T bunécénou depleci, kterd

muze vést ke zvySenému vyskytu infekci, véetné cytomegalovirové. T bunécna

repopulace, kterd muze byt v lymfocytopenickych podminkdch podpofena

thymopoezou, homeostatickou proliferaci a antigenem indukovanou expanzi (106).
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Ptfedchozi studie zaméfené na analyzu dynamiky T bunék po 1écbé rATG ukazaly
perzistentni depleci CD4" T bunék a rychlou repopulaci CD8" T lymfocytt (107-109).
U imunosuprimovanych pacientll ¢asto dochazi k CMV reaktivaci a ke zvyseni
frekvenci CMV-specifickych CD8" T bunék oproti zdravym jedincim (110). Deficit
pamétovych bunék v lymfopenii v kombinaci s virovou reaktivaci by mohl vést k
CMV infekci, kterd by v ¢asném potransplantacnim obdobi mohla mit fatalni nasledky
pro zdravi pacienta a funkcnost §t€pu, proto je dulezité u téchto pacientl pouziti

profylaktické antivirové terapie.

27



3 Cile prace

Cilem projektu bylo ovéteni role efektorovych a pamétovych T lymfocyti u
pacientll pied a po transplantaci ledviny se zaméfenim na CMV-specifickou a

darcovsky-specifickou imunitni odpovéd.

1. Analyzovat vliv indukéni terapie na CMV specifické efektorové/pamét'ové

T lymfocyty po transplantaci ledviny od Zijicich darcu

CMV reaktivni bunky byly stanoveny metodou ELISPOT, které kvantifikuje pocet
IFN-y pozitivnich efektorovych /pamétovych T lymfocytl po stimulaci CMV-
specifickymi antigeny (IE-1, pp65) pied a 6M po transplantaci. Zajimal nas vliv
imunosuprese (indukéni 1 udrzovaci) na potransplantacni vyvoj CMV-specifické
imunity u pfijemct transplantované ledviny, ktefi jiz v minulosti prodélali CMV

primoinfekci a maji vyvinutou imunitni pamét’ proti CMV.

2. Ovérit hypotézu heterologni imunity; predpokladali jsme, Ze CMV
specifické pamét’ové T lymfocyty jsou aktivovatelné antigeny darce, cozZ by

mohlo vést k pfimému poskozeni transplantovaného organu

Zkiizena reaktivita mezi CMV a alloantigeny byla ovéfena pomoci NGS analyzy
TCR-B identickych kloni T lymfocytd, které reagovaly na pfitomnost obou
studovanych antigenii svou proliferaci. Identické zkiiZené reagujici klony byly
hodnoceny jak pred samotnou transplantaci v periferni krvi pacientd, tak i po

transplantaci v rendlni biopsii.

3. Studovat vliv délky dialyzacni terapie na frekvenci perifernich virové
specifickych efektorovych/pamétovych bunék a subpopulace DC, B a T
lymfocytii u pacientt s chronickym selhanim ledvin v termindlnim stadiu

(CKD5)

CKD?5 pacienti, kteti byli dlouhou dobu lé¢eni na dialyze, v uremickém prostiedsi,
Casto vykazuji obtizné definovatelné poskozeni imunitniho systému. Nasim cilem
bylo zjistit, do jaké miry jsou ovlivnény pamétové/efektorové T lymfocyty virt

zpusobujici hlavni oportunni infekce po transplantaci- CMV, BK, EBV. Dale nés
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také zajimalo, zda dialyza ovliviiuje pocty bun€k jednotlivych subpopulaci T a B

lymfocytl a dendritickych bunék.
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5 Vysledky

5.1 Efekt indukéni terapie na stanoveni CMYV specifické imunity
v transplantaci ledvin od Zijicich darci

Stranavova L, Hruba P, Girmanova E, Tycova I, Slavcev A, Fronek J, Slatinska

J, Reinke P, Volk HD, Viklicky O.
Physiol Res. 2018 May 4;67(2):251-260

Infekce cytomegalovirem (CMV) ovlivituje kratkodobé i dlouhodobé vysledky u
imunosuprimovanych pfijemct transplantovanych organi. Cilem této studie bylo
zhodnotit G¢inek riznych indukénich imunosupresivnich rezimii na pocet CMV
specifickych T bunék u pacientl s jiz prokdzanou CMV- specifickou imunitou. U 24
seropozitivnich pfijemcti ledvin od zijicich darci byla stanovena frekvence CMV
specifickych T bun¢k metodou ELISPOT (Enzyme-linked ImmunoSpot) pied a 6
mésicl po transplantaci. Pfijemcovské periferni mononuklearni buiky (PBMC) byly
stimulovany CMV specifickymi antigeny: ¢asnym IE1 (/ntermediate early- 1E1) a
fosfoproteinem 65 (pp65), a nasledné¢ byl stanoven pocet bunék produkujicich
interferon gama (IFN-gama). Pacienti dostavali induk¢ni 1é¢bu bud’ depletujicim
krali¢im antithymocytovym globulinem (rATG) nebo nedepletujicim basiliximabem a
udrZovaci imunosupresi takrolimem / mykofenoladt mofetilem / steroidy. Pacienti s
indukci rATG dostali také profylaxi valgancyklovirem. Zjistili jsme, Ze Sest mé&sict po
transplantaci ledvin nebyly pozorovany Zadné u¢inky indukéni imunosuprese na pocet
CMV specifickych bunék. Nebyly zjistény zadné asociace mezi délkou dialyzy,
predtransplantacni CMV specifickou T bunécnou imunitou a pozd¢jSim vyskytem
CMV DNAemii. Také nebyl prok4dzan Zadny vliv CMV profylaxe na imunitu CMV
specifickych T bun¢k. Tato studie ukazala, Ze potransplantacni imunosupresivni 1é¢ba
nemd vliv na imunitu CMV specifickych T bunék u CMV seropozitivnich ptijemct

ey

transplantovanych ledvin od Zijicich darcti, bez ohledu na depleci lymfocyth a CMV

profylaxi.

Podil na publikaci: kolekce materidlu od pacientli, experimentdlni ¢ast (izolace

PBMC, ELISPOT), statistické analyza vysledkd, pfiprava manuskriptu
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Summary
Cytomegalovirus (CMV) infection influences both short and long
term outcomes in immunosuppressed organ transplant recipients.
The aim of this study was to evaluate the effect of different
induction immunosuppression regimens on CMV specific T cell
response in patients with already established CMV immunity.
In 24 seropositive living donor kidney recipients, the frequency of
CMV specific T cells was determined by ELISPOT (Enzyme-Linked
ImmunaoSpot) assay prior and 6 months after transplantation.
Recipients’ peripheral blood mononuclear cells were stimulated
with immediate-early (IE1) and phosphoprotein 65 (pp65)
CMV-derived peptide pools and the number of cells producing
interferon gamma (IFN-y) was assessed. Patients received
quadruple immunosuppression based either on depletive rabbit
antithymocyte globulin
induction and

(rATG) or non-depletive basiliximab
tacrolimus/mycophenolate mofetil/steroids.
Patients with rATG induction received valgancyclovir prophylaxis.
No effects of different induction agents on CMV specific T cell
immunity were found at sixth month after kidney transplantation.
There were no associations among dialysis vintage, pretransplant
CMV specific T cell immunity, and later CMV DNAemia. Similarly,
no effect of CMV prophylaxis on CMV specific T cell immunity was
revealed. This study shows no effect of posttransplant
immunosuppression on CMV specific T cell immunity in living
donor kidney transplant recipients with CMV immunity already

established,
prophylaxis.

regardless of lymphocyte depletion and CMV
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Cytomegalovirus  ELISPOT
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Introduction

Cytomegalovirus (CMV) infection is the most
frequent opportunistic infection occurring after organ
transplantation. After CMV primo-infection, a robust
adaptive immune response persists lifelong and
CMV-specific CD4+, CD8+ T cells, and
immunoglobulin G (IgG), have been implicated to inhibit
virus reactivation (Crough er al 2009). In organ
transplantation, however, this protection may fail as
a consequence of immunosuppressive therapy. In CMV
seropositive graft recipients, the loss of CMV immune

specific

control after transplantation may be associated with direct
effects (CMV infection and tissue invasive disease) and,
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more frequently, indirect effects which usually occur later
on and include the opportunistic infections, acute or
chronic rejection, cardiovascular diseases and diabetes
(Couzi ef al. 2015).

The effects of induction and maintenance
immunosuppression on CMV  primary infection and
disease in CMV-seronegative graft recipients are well
known. Lymphocyte-depleting induction agents as rATG
may be associated with higher risk of CMV infection
compared to non-depletive interleukin-2 (IL-2) receptor
antagonists (Abou-Ayache ef al. 2008, Huurman er al.
2006).

The impact of initial immunosuppression with or
without antiviral prophylaxis on CMV specific immune
surveillance in seropositive graft recipients remains less
understood, with certain contradictory data published.
In a recent study, the frequencies of pre-transplant CMV
IE-1 specific T cells independently predicted the
risk of post-transplant CMV infection regardless of
CMYV serostatus and immunosuppression (Bestard et al.
2013). Moreover, the negative CMV pp65-specific
ELISPOT prior transplantation was associated with

Table 1. Patients demographics.

subsequent development of CMV infections after
transplantation in CMV-seropositive kidney transplant
recipients who did not receive CMV prophylaxis or
preemptive therapy (Kim et al 2015). Similarly, we
observed the predictive value of a missing IE-1 T cell
response for the development of CMV disease both in
heart and lungs (Bunde ef al. 2015) and in kidneys of
renal transplant patients (Bunde et al. 2005, Nickel et al.
2009).

The superior outcome of kidney transplantation
is usually reached in LD (living donor) recipients, mainly
due to shorter dialysis time and younger recipient age.
Recently, T cell repertoire has also been described to be
age-dependent in patients under immunosuppressive
therapy (Welzl et al. 2014). Similarly, the long term
dialysis is associated with the premature aging of immune
system (Betjes 2013). We hypothesized that in LD kidney

transplant recipients the effect of depletive and
non-depletive immunosuppressive agents on
CMV-specific T cell immunity before and after

transplantation may differ compared to previous reports
on different populations.

Variables Total rATG Basiliximab p
Patients (n) 24 12 12

Recipients age (vears)* 43.6£10.5 42.4+13.2 44.7+6.9 0.8
Donor age (vears)* 48.7+9.89 51.0+8.5 46.5+£10.7 0.2
Gender (male/female) 19/5 10/2 9/3

Dialysis vintage (months)* 3.410;259.2] 1.4 [0; 259.2] 5.110; 80.4] 0.7
HLA mismatch (n) 3.83£1.19 35+1.21 4.0+1.1 0.5
PRA max (%)" 0[0; 69] 11.5[0; 69] 0[0; 6] 0.03
Retransplantation (1", 2", 3™) 211,12 91,2 12,0,0 0.2
CMV prophylaxis (n) 12 12 0 0.001
Pretransplant CMV IgG serostatus

Donors (kAU * 172.9491.9 178.4+95.9 167.5+89.5 0.8
Recipients (kAU/) * 212.8+£56.3 219.6£53.5 206.0£59.3 0.5
Creatinine (umol/l) 6 months* 135.5¢16.2 138.8+£19.9 130.5+8.6 0.5
eGFR 6 months (ml/s)* 0.9+0.2 0.9+0.2 1.0+0.2 0.6
eGFR 12 months (ml/s)* 0.9£0.2 0.9+0.3 1.0£0.2 0.7

* Median [min, max], * mean + SD (range), kAU/I - King Armstrong unit per liter of serum, HLA — human leukocyte antigen, PRA — panel
reactive antibodies measured every 3 months before transplantation. The highest number (PRA max) was considered for each patient.

Methods
Patient s characteristics

A total of 24 CMV seropositive patients who
received kidney transplantation from LD between
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January 2014 and March 2015 were included in this
single-center prospective study and were followed for
12 months. The study protocol was approved by the local
ethics committee No. G14-08-38. The demographic data
of patients are summarized in Table 1. Twelve patients
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with panel reactive antibody (PRA)<20% received
induction with basiliximab (Simulect®, Novartis,
Switzerland) and 12 patients with PRA=20 % received
induction therapy based on rATG (Thymoglobuline®,
Genzyme Corporation, Cambridge) with a mean
cumulative dose 5 mg/kg within the first week after
transplantation. All CMV seropositive patients treated
with  rATG received valgancyclovir  prophylaxis
(Valcyte®, Roche, Czech Republic) for 100 days.

Laboratory variables

To determine the allograft function, the
estimated glomerular filtration rate (eGFR) using the
chronic  kidney disease epidemiology collaboration
(CKD-EPI) equation was used (Ognibene et al. 2016). To
evaluate CMV DNAemia, DNA was isolated from 200 pl
plasma by NucleoSpin® Virus Kit (Macherey-Nagel,
Germany). CMV polymerase chain reaction (PCR) was
quantified by Artus CMV RGQ MDx Kit (Qiagen,
Germany). Analytical sensitivity kit Artus, using the
analyzer Rotor Gene 6000, was defined by the
manufacturer as 69 CMV DNA copies/'ml (p=0.05),
therefore DNAemia was defined as =100 copies/ml.

PBMCs isolation and cryoepreservation

Recipients” PBMCs isolated  prior
transplantation and 6 months after transplantation from
the peripheral blood using standard Ficoll-Paque gradient
centrifugation and then cryopreserved in liquid nitrogen
for further processing as described previously (Gebauer et
al. 2002).

were

ELISPOT assay

CMYV specific T cells were evaluated by IFN-y
ELISPOT assay (Lucia et al. 2014, Nickel er al. 2009).
Recipients’ PBMCs were rested after thawing for 24 h in
59% CO, atmosphere at 37°C. After resting, the
recipients’ cells were washed and then seeded into
the 96-well IFN-y ELISPOT (AID, Germany) plate at
300,000 cells/100 pl per well. The cells were stimulated
with whole protein-spanning overlapping CMV peptide
pools (Miltenyi Biotec, Slovakia) (1 pg/ml of pp65 and
IE-1) for 24h in 5% CO, atmosphere at 37 °C. As
a positive control, cells were stimulated with 100 pl of
pokeweed mitogen (AID, Germany) and as a negative
control cells were incubated in medium (RPMI-1640
with glutamate, 10 % fetal bovine serum (FBS), 1 %
Peniciline/Streptomycine) alone. After the incubation the
numbers of spots (cells producing IFN-y afier

34

counted
(AID,

stimulation) were measured and
semi-automatically with ELISPOT  reader
Germany).

Statistical analysis

Data were analyzed by using Graphpad Instat 3
software (GraphPad Software, California, USA). Data
normality was verified using the Kolmogorov-Smirnov
test. Non-parametric data were analyzed using the
Mann-Whitney U test. For data with normal distribution
one-way analysis of variance (ANOVA) test was
performed. The results were considered statistically
significant when p<0.05.

Results

Pre- and post-transplant CMV specific cellular immunity

There was no clear association between the
frequency of CMV specific T cells and dialysis vintage
(Fig. 1). Eleven patients had undergone preemptive
transplantation and thus they had no history of dialysis
treatment.

There were no significant changes in CMV
specific  T-cell immunity 6 months after kidney
transplantation either when compared to pre-transplant
values. Numbers of IFN-y producing cells stimulated
with both pp65 and IE-1 antigens remained similar at
both time points (Fig. 2). There were increases of CMV
specific T cells afier stimulation with pp65 peptide pool
in 4 out of 24 patients only while in 3 out of 24 patients
the frequency of those cells decreased (Fig. 2A).
Similarly, after stimulation with TE-1 peptide pool, the
IFN-y producing cells increased in 4 out of 24 patients
while decreasing in 5 out of 24 patients (Fig. 2B).

CMV  specific  cellular induction
immunosuppression

There were no differences in CMV specific
cellular response at transplantation when considering
induction regimen (Figs 3A and 3B). The low-risk kidney
transplant recipients with lower PRA initially treated with
basiliximab, the anti CD25 monoclonal antibody, had
similar level of CMV specific reactivity before
transplantation as the patients with higher level of PRA,
who received rATG, depleting T cells in the peripheral
blood. Interestingly, initial T lymphocyte depletion
caused by rATG had no effect of CMV specific cellular
response at 6 months as the frequency of IFN-y positive
spots was similar.

immunity  and



254 Stranavovaetal. Vol. 67
B
IE-1 65
PP
800 800
. 600 . . 600
=} .
o o »
2 & . .
— 400 =
—I 400
® 2
= *w
200¢ - 2004 -
° B
v S0 o9
0% T T 1 0 : > i
S ] S S
Q) N ) Q
8 0 $ & & S

Fig. 1. Dialysis vintage and CMV specific immunity. Number of spots after stimulation with IE-1 (A) and pp65 (B) antigens.
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Fig. 2. Individual T cell reactivity development in seropositive recipients after stimulation with pp65 (A) and IE-1 (B) antigens prior and
6 months after transplantation.
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Fig. 3. Effect of induction treatment on T cell reactivity against CMV. Number of responder T cells producing IFN-y after stimulation
with pp65 antigen prior and 6 months after transplantation (A) and IE-1 antigen prior and 6 months after transplantation (B). All rATG

treated patients received CMV prophylaxis while basiliximab treated patients did not,
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Table 3. Demographic characteristics of patients with DNAemia.

Variables Total rATG Basiliximab
Patients (n) 6 3 3
Recipients age (vears)® 45.7+10.1 50.8+11.6 40.5£5.3
Donor age (vears)* 49.2+11.4 54.0+12.4 44.3+8.6
Gender (male/female) 5/1 3/0 2/1
Dialysis vintage (months)* 010;6.2] 01[0; 6.2] 07[0;6.2]
HLA mismatch (n) 3.8£1.2 3.6£0.5 43+1.3
PRA max (%)" 0[0; 28] 0[0; 28] 01[0;2]
CMV prophylaxis (n) 3 3 0
Retransplantation (1%, 2, 3 6,0,0 3,0,0 3,0,0
Pretransplant CMV IgG serostatus

Donors (kAU/A) 142.1=90.6 160.0+£69.3 124.0£111.7
Recipients (kAU/) 184.3£66.2 165.9+86.5 202.7+36.6
Creatinine (umol/l) 6 months* 117.4x16.6 120.6£24.7 114.2+£7.3

# Median [min, max], * mean + SD (range), HLA — human leukocyte antigen, PRA — panel reactive antibodies measured every 3 months
before transplantation. The highest number (PRA max) was considered for each patient.

CMYV specific cellular immunity and CMV DNAemia

The effect of CMV prophylaxis on CMV
specific immunity was evaluated separately in patients
with CMV-DNAemia (6 patients) and without post-
transplant CMV-DNAemia (18 patients). Nine patients
without DNAemia had received CMV prophylaxis with
valgancyclovir and nine patients recieved no CMV
prophylaxis. At 6 months, there were no statistically
significant  differences in IFN-y producing cells
stimulated either with pp65 or IE-1 antigens between
CMV DNAemia negative patients with and without CMV
prophylaxis. There was also no significant decrease of
IFN-y producing cells at 6 months compared to
pre-transplant  values in  patients with CMV
prophylaxis (data not shown). Borderline DNAemia
(PCR>100 copies/ml) was observed in 5 out of
24 patients and high DNAemia (PCR>2,000 copies/ml) in
a single patient (Table 2).

There were no differences in CMV specific
T cell immunity at 6 months in patients with borderline
DNAemia with and without CMV prophylaxis. In
a single patient with high DNAemia who received CMV
prophylaxis the number of IFN-y producing cells was
similar at both time points. Demographic characteristics
of patients with DNAemia are shown in Table 3.

CMYV specific cellular immunity and donor CMV serostatus

Among 24 CMV seropositive kidney transplant

recipients, four patients received a kidney graft from
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CMV seronegative living donor (Table4). In twenty
recipients with seropositive donor (D+/R+) no significant
changes were observed at 6 months in [FN-y producing
cells either after 1E-1 or pp63 stimulation as compared to
pre-transplant values. Four of these patients experienced
positive DNAemia within first 100 days and in a single
patient a DNAemia was observed at a later date.
Interestingly, the increase in spots number after
stimulation with both antigens pp65 and 1E-1 in this
patient was observed at 6 months. One patient with CMV
seronegative  living donor experienced borderline
DNAemia (PCR>100 copies/ml) and in this patient the
decrease in [FN-y producing cells was observed. No other
differences were observed in CMV specific immunity in
recipients of CMV seronegative living donors.

Discussion

In this study, the changes in CMV specific
cellular immunity in LD kidney transplant recipients with
established humoral immunity were studied. The main
observation of this study is the lack of impact of
induction immunosuppression on CMV-specific T cell
response, in both Tcell depletive (rATG) and
non-depletive (basiliximab) therapy in CMV-seropositive
LD kidney transplant recipients. Moreover, there was no
effect of short dialysis vintage in LD kidney transplant
recipients on CMV specific T cell response.
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Induction and maintenance immunosuppression
therapy has a well-known effect on CMV primary
infection and disease (Cavdar ef al. 2008, Kim et al.
2012, Taherimahmoudi et af 2009) when CMV
seronegative  recipient receives an organ from
seropositive donor. In such a scenario all recipients have
been receiving CMV prophylaxis with antiviral agents.
Similarly, it is proposed that the seropositive recipients
who received depletive induction regimen with rATG
are at high risk for the CMV disease development and
therefore they should receive prophylaxis as well.
Interestingly, a general recommendation for CMV
prophylaxis in CMV seropositive patients without
depletive induction is yet to be clearly established. Some
centers have been using a preemptive approach, rather
than a CMV prophylaxis in those patients. Therefore, in
our study we have evaluated the development of CMV
cellular immunity in CMV seropositive recipients
receiving depletive as well as non-depletive induction
immunosuppression. While patients with T cell depletive
immunosuppression received CMV antiviral prophylaxis,
patients with T cell non-depletive immunosuppression
did not. Interestingly, were absolutely no
differences between these two cohorts at 6 months after

there

kidney transplantation regarding the CMV specific T cell
immunity as measured by ELISPOT assay.

Does our mean that CMV
prophylaxis with antiviral drugs is not necessary in CMV
seropositive recipients regardless of the induction
regimen? Probably not; all patients who had received
rATG were treated with antiviral prophylaxis with
we did not use such

observation

valgancyclovir. However,
prophylaxis in patients receiving basiliximab. There were
three cases of low and clinically not significant CMV
viral replication after transplantation in that cohort
despite well-established humoral immunity before and
specific T cell immunity after transplantation. On
contrary, the single case of significant post-transplant
CMV replication and disease had received prophylaxis
and had well established CMV humoral and cellular
immunity despite T cell depletive regimen. Therefore,
it is obvious that the presence of CMV specific effector
memory T cells in the periphery is not sufficient to
prevent CMV antigenemia (i.e. CMV reactivation). In
combination with either preemptive or prophylactic
antiviral therapy all patients were protected to CMV
disease development.

CMV specific T cells play a crucial role in the
control of viral replication (Egli et al. 2008, Mattes et al.
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2008) and the effector memory T cells are to be
recognized using the conventional ELISPOT assay as
they produce IFN-y after antigen stimulation (Calarota et
al. 2013, Godard ef al. 2004). Beside T cells, NK cells
may produce [FN-y after stimulation as well (Barabas et
al. 2017, Han et al. 2016, Karlsson ef al. 2003, Tischer et
al. 2014). Our observation about no effect of post-
transplant immunosuppression on the presence of effector
memory T cells is in line with observation of others
(Ayasoufi ef al. 2013, Pearl et al. 2005). CMV specific
effector memory T cells develop after primary infection
and persist lifelong. Pearl et al. (2005) revealed that
residual T cells after depletion therapy share a single
phenotype corresponding  with  effector memory
T cells (CD3+CD4+CD45RA-CD62L-CCR7-), the study
suggested that effector memory T cells are selectively
resistant to the therapeutic depletion therapy. In contrast
to this, other parts of adaptive immune system (CD4+,
CD8+, IgG) are thoroughly influenced by post-transplant
immunosuppression (Carter et al. 2006, Gurkan et al.
2010, Zand et al. 2005) and therefore it is possible that
homeostatic proliferation of T cells were not detected in
our 2 time-points study.

In our study the CMV humoral immunity was
already established prior to transplantation in all patients.
Interestingly, a negative pre-transplant ELISPOT in both
tested antigens was found in two patients. Abate er al.
(2013) found the CMV specific memory effector T cells
to be absent in 12 % of CMV seropositive adults when
analyzed using ELISPOT
Moreover, Sylwester et al. (2005) found some healthy

and Quantiferon tests.
individuals not to be able to correctly recognize pp65.
Clearly, additional CMV antigens exist which were not
used to stimulate recipient cells in our study (Elkington et
al. 2003, Manley ef al. 2004).

Another aim of our study was to examine CMV
specific immunity in regards to CMV DNAemia. In our
study there were no associations between pre-transplant
CMV specific T cell immunity and later CMV DNAemia
evaluated at 3 months or according to clinical situation.
Contrary to our results, Bestard et al. (2013) showed the
association between low frequencies of pre-transplant
IE-1 specific Tcells and the occurrence of CMV
infection after transplantation. Moreover, a significant
increase of IE-1 and pp65 specific T cells in patients who
experienced CMV infection after transplantation was
noticed (Tischer ef al. 2014). However, our study was
focused on CMV seropositive LD kidney recipients only
while abovementioned study also evaluated deceased
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donor kidney transplant recipients who were either
seropositive or seronegative prior to transplantation. In
living donor kidney transplant recipients, since both
donor and recipients are generally younger, the patients
have experienced mainly short-term dialysis, if any, and
the ischemia reperfusion injury that might trigger viral
replication is significantly shorter (Davis et al 2005,
Kayler ef al. 2011, Mange et al. 2001).

In conclusion, our study shows no visible effects
of post-transplant immunosuppression on CMV specific
T cell immunity in peripheral blood of LD kidney
transplant recipients with already established CMV
immunity, regardless of lymphoeyte depletion and CMV
prophylaxis. This observation is significant, since most of
previous studies included the deceased donor kidney
transplantation only, while LD transplantations have been
increasing in many countries worldwide. However, our
data do not form a ground for changing guidelines or
forming a recommendation, but rather warrants future
larger prospective studies in this specific population.
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5.2 Heterologni CMV- a Allo -reaktivita sdilenym repertoarem T-
bunécnych receptoru v transplantaci ledvin

Lucia Stranavova, Ondrej Pelak, Michael Svaton, Petra Hruba, Eva Fronkova, Antonij
Slavcev, Klara Osickova, Jana Maluskova, Jiri Fronek, Petra Reinke, Hans-Dieter

Volk, Tomas Kalina, Ondrej Viklicky
Front Immunol. 2019 Oct 31; 10:2549

Cytomegalovirovd (CMV) infekce je asociovédna s rejekcei transplantovaného Stépu.
Mechanismy vysvétlujici tento fenomén jsou dosud Spatné definovany. Ackoliv
zkiizend reaktivita T lymfocytl mezi alloantigeny a CMV byla pfedmétem mnoha
hypotéz, piimy dikaz potdd chybi. V této monocentrické observacni studii jsme
testovali reakci pretransplantacnich efektorovych/pamétovych T lymfocyti na CMV a
alloantigeny u 78 pfijemct ledviny od Zijicich darch pomoci Enzyme-Linked
ImmunoSpot assay (ELISPOT). Pro potvrzeni hypotézy zktizené reaktivity jsme
analyzovali repertoar T receptorit B (TCR- B) u CMV a alloreaktivnich T buné¢k
z pretransplantacni periferni krve pacienti pomoci NGS sekvenovani u 11 CMV-
seropozitivnich a HLA I inkompatibilnich pacienti. TCR- B repertoar byl také
analyzovan v potransplantacnich biopsiich transplantovanych S$tépii. Byla nalezena
signifikantni asociace mezi pfitomnosti pretransplantacnich efektorovych/pamétovych
T bunék a akutni rejekei a funkei ledvinného Sté€pu (p = 0.01). Také jsme nasli sdilené
TCR-B sekvence mezi CMV-IE1 a darcovskymi alloantigen-reaktivnimi T bunikami ve
vSech pretransplantacnich vzorcich periferni krve od CMV-seropozitivnich pacientt,
ktefi dostali St€p od HLA I inkompatibilnich darct. Identické TCR-B sekvence byly
rovnéZ nelezeny v potransplantacni biopsii u pacientli se sou¢asnou CMV infekci a
rejekci. Nase data ukazuji na pfitomnost funkcnich, zktizen€ reagujicich T bunck a
jejich klonotypti v periferni krvi a ve tkadni transplantované ledviny. Je proto
pravdépodobné, Ze zkiizena reaktivita mezi darcem a CMV, stejné jako zanét
indukovany CMYV specifickymi T lymfocyty, se t€astni procest ovlivilujicich preziti a

funk¢nosti transplantované ledviny.
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Heterologous Cytomegalovirus and
Allo-Reactivity by Shared T Cell
Receptor Repertoire in Kidney
Transplantation

Lucia Stranavova'’, Ondrej Pelak ", Michael Svaton?, Petra Hruba', Eva Fronkova?,
Antonij Slavcev?, Klara Osickova“, Jana Maluskova®, Petr Hubacek?®, Jiri Fronek’,
Petra Reinke®, Hans-Dieter Volk®, Tomas Kalina® and Ondrej Viklicky "+

! Transplant Laboratory, Institute for Clinical and Experimental Medicine, Prague, Czechia, 2 CLIF — Chilohood Leukaemia
Investigation Prague, Department of Paediatric Haematology and Oncology, 2nd Faculty of Medicine, Charles University
Prague and University Hospital Motol, Prague, Czechia, ® Department of Immunogenetics, Institute for Clinical and
Experimental Medicine, Prague, Czechia, * Department of Nephrology, Transplant Centre, Institute for Clinical and
Experimental Medicine, Prague, Czechia, ® Department of Transplant Pathology, Transplant Centre, Institute for Clinical and
Experimental Medicing, Prague, Czechia, © Depariment of Paediatric Hasmatology and Oncology, 2nd Facully of Medicine
and Motol University Hospital, Charles University, Pragus, Czechia, " Department of Transplant Surgery, Institute for Clinical
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Cytomegalovirus (CMV) infection is associated with allograft rejection but the
mechanisms behind are poorly defined yet. Although cross-reactivity of T cells to
alloantigen and CMV has been hypothesized, direct evidence in patients is lacking.
In this observational cohort study, we tested the pre-transplant effector/memory T
cell response to CMV peptide pools and alloantigen in 78 living donor/recipient pairs
using the interferon-gamma Enzyme-Linked ImmunoSpot (ELISPOT) assay. To prove
the hypothesis of cross-reactivity, we analyzed by applying next-generation sequencing
the T cell receptor B (TCR- B) repertoire of CMV- and alloantigen-reactive T cells
enriched from peripheral pre-transplant blood of 11 CMV-seropositive and HLA class
| mismatched patients. Moreover, the TCR-repertoire was also analyzed in the allograft
biopsies of those patients. There was a significant association between the presence
of pre-transplant CMV immediate-early protein 1 (IE-1)-specific effector/memory T cells
and acute renal allograft rejection and function (o = 0.01). Most importantly, we revealed
shared TCR-3 sequences between CMV-IE1 and donor alloantigen-reactive T cells in
all pre-transplant peripheral blood samples analyzed in CMV-seropositive patients who
received HLA class | mismatched grafts. Identical TCR sequences were also found in
particular in post-transplant allograft biopsies of patients with concomitant CMV infection
and rejection. Our data show the presence of functional, cross-reactive T cells and their
clonotypes in peripheral blood and in kidney allograft tissue. It is therefore likely that
CMV-donor cross-reactivity as well as CMV specific T cell elicited inflammation is involved
in the processes that affect allograft cutcomes.

Keywords: kidney transplantation, cytomegalovirus, ELISPOT, cro: ivity, r
TCR repertoire
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1 October 2019 | Volume 10 | Article

43



Stranavova et al.
INTRODUCTION
Although the human cytomegalovirus (CMV) infection

establishes a broad immunity which controls infection, rendering
it asymptomatic in majority of immunocompetent hosts even
if the CMV reactivates repeatedly following different stressors
during life-time (1, 2). However, it might be associated with
life-threatening complications in organ transplant recipients (3).
Interestingly, it is widely acknowledged that, in addition to its
direct pathogenic effects, CMV infection in organ transplant
recipients is associated with more frequent acute and chronic
rejection (4, 5). Although several possibilities have been
proposed for those indirect negative effects, the mechanisms
behind are poorly understood so far and direct proofs are
missing, Persistent CMV infection elicits strong and lifelong T
cell immunity that controls CMV reactivation/reinfection and
prevents CMV disease by permanent dynamic interaction
between the virus and the CMV-reactive T cell clones.
However, CMV-reactive T cells can cause tissue damage
by several mechanisms: (i) direct cytotoxic effect on CMV
infected (allograft) cells, (ii) indirect bystander activation and
proinflammatory milieu formation, and (iii) heterologous
(cross-reactive) allorecognition (6).

The cross-reactivity of CMV-reactive eftector T cells to
HLA class I antigens has been discussed (7) and those cross-
reactive cells were transiently found in the peripheral blood of
kidney transplant recipients (8). T cell receptor (TCR) cross-
reactivity has been suggested as primary means of increasing
the effective size of T cell compartment, while cross-reactive
memory cells have been shown to expand and activate more
rapidly (9). Several mechanisms have been proposed for TCR
cross-reactivity, including molecular mimicry and the ability of
TCR to recognize different peptide-MHC complexes (10). Several
other studies have shown the presence of cross-reactive virus-
specific memory T cells and donor HLA molecules (7, 8, 11,
12). However, direct evidence of the role of heterologous TCR
immunity in renal allograft rejection has not been shown so far.

Herein, we demonstrate that (i) the presence of CMV-reactive
T cells pre-transplant predicts risk of acute allograft rejection,
(ii) heterologous CMV- and donor-reactive cross-reactivity
TCR-R identical T cells pre-exists in patients prior to kidney
transplantation, and (iii) identical cross-reactive T cell clones are
detectable in renal allograft biopsies post-transplantation. OQur
data support the impact of heterologous immunity to CMV-
TE1 and alloantigen among pre-transplant memory T cells on
allograft outcome and indicate the need of adequate control not
only by immunosuppression but also efficient antiviral strategies.

Abbreviations: TCR, T cell receptor; ELISPOT, Interferon-gamma Enzyme-
Linked ImmunoSpot; IE-1, CMV immediate-early protein 1; ppé5,
Phosphoprotein 65; CI, Confidence interval; eGFR, Estimated glomerular filtration
rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration equation;
MLR, Mixed lymphocyte reaction; PBMCs, Peripheral blood monenuclear
cells; NGS, Next-generation sequencing; VZV, Varicella-zoster virus; rATG,
Rabbit polyclonal antithymocyte globulin; PRA, Panel-reactive antibody; CDR3,
Complementarity-determining region 3; HR, Hazard ratio; FCS, Fetal calf serum;
ROC, Receiver operating characteristic curve; AUC, Area under the curve,
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CMV-Allo-Speacific Cross-Reactivity and Transplantation

MATERIALS AND METHODS
Patient Characteristics

In this observational cohort study, we evaluated the role of
pre-transplant CMV-specific T cell immunity in acute rejection
using an ELISPOT cohort consisting of 78 living donor
kidney transplant recipients and their respective donors, all
of whom underwent transplant surgery in the Institute for
Clinical and Experimental Medicine in Prague between the
years 2014 and 2017. The demographic data of the patients
are summarized in Table 1. The peripheral blood of both
donors and recipients was drawn pre-operatively to isolate
PBMCs. All patients received tacrolimus, mycophenolate mofetil,
and steroids as maintenance immunosuppression, initiated 48 h
before the scheduled surgery. Patients at low immunological risk
[panel-reactive antibody (PRA) <20%] received the anti-CD25
monoclonal antibody basiliximab (Simulect, Novartis), while
patients at higher risk received rabbit polyclonal anti-thymocyte
globulin  (rATG, Thymngiubulin@,
as induction immunosuppression. CMV prophylaxis with
valganciclovir (Valcyte®, Roche) was given to CMV-seronegative
recipients who had received grafts from seropositive donors
or to CMV-seropositive recipients who had undergone rATG
induction. Fourteen out of 78 patients experienced acute
rejection episodes during the 1st year after transplantation
and were treated as previously reported (13). For a detailed
description of the histological findings, see Table S1.

For the analysis of the TCR repertoire of CMV- and donor
alloantigen-reactive T cells (the “cross-reactive” cohort) 11
donor/recipient pairs were selected with primary low risk and
pre-transplant CMV-seropositive living donor renal allograft
recipients from the years 2014 to 2016. For a summary
of the demographic data of these patients, see Table2.
All patients received tacrolimus, mycophenolate mofetil, and
steroids as maintenance immunosuppression (initiated 48h
before the scheduled surgery) and basiliximab as induction
immunosuppression. All patients underwent a 3-month protocol
kidney gratt biopsy according to the centre’s standard practice,
while case biopsies were performed to histologically verify
clinically suspected acute rejection. In 5 out of 11 patients,
histological proven acute rejection episodes occurred within
3 months after the operation. Histological findings are given
in Table S2. In the case of this patient cohort and their
respective living donors, peripheral blood was drawn prior to
transplantation in order to isolate PBMCs and the allograft
biopsy was performed, with 2-3 mm of the tissue samples stored
in Ambion RNAlater® Stabilization Solution (Thermo Fisher
Scientific) for future molecular evaluation.

All patients from the ELISPOT and cross-reactive cohorts
as well as their respective donors gave their written informed
consent to participate in the study. The local ethics committee
approved the study protocol under No. G14-08-38.

Genzyme Corporation)

IFN-y ELISPOT Assay

In the “ELISPOT” cohort, allo- and CMV-specific T cells
were assessed using the IFN-y ELISPOT method according
to recently described protocols (14, 15). Peripheral blood
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TABLE 1 | Demographics of the *ELISPOT” patient cohort.

Total IE-1 positive |E-1 negative p
Patiants {r) 78 31 47
Recipients age (years) 456+ 132 490117 43.0+137 0.032
Donor age (years)” 486+ 109 500+11.1 48.0+ 1047 0.372
Gender of recipients (M/F) 54/24 20/11 34/13 0.322
Dialysis vintage (monthsi# 1.7 (0: 259.2] 4.0([0;259.2] 0.4 [0;85.0] 0.424
HLA mismatch* 35+ 141 37+14 34+14 0427
PRA max (3)# 0[0; 69 0[0; 69) 0[o;36) 0.932
PRA max = 20% n (%) 12 (15.4) 6(19.4) 5(12.8) 0.430
Retransplantation n (%) 789 4{12.9) 3 (6.4} 0.324
CMV prophylaxis i (%) a7 (47.4) 14 (45.2) 23(48.9) 0.744
Pretransplant CMV IgG serostatus
D+/R+ 52 (B6.7) 26 (83.9) 26(56.3) 0.009
D+/R- 80103 0(0) 8(17.0) 0.016
D-/R- 6(7.7) 0(0) 6(12.8)  0.038
D—/R+ 12 (15.4) 5(18.1) 7(14.8) 0.882
CMV DNAamia
PCR > 107 n (%) a(11.5) 6(19.3) 3(6.3) 0.079
Allo-positive ELISPOT n (%) 25 (32.1) 13(41.9) 12(25.5) 0.129
Induction Immunosuppression
Basiliximab n (%) 49 (62.9) 19 (61.3) 30 (63.8) 0.151
Thymaoglabulin n (%) 29 (37.1) 12 (38.7) 17 (36.2) 0.820
Rejection n (%) 14(17.9) 11 (35.5) 3 (6.4} 0.001
eGFR 3M (mL/min)* 587 +126 6B32+114 624122 0.003
eGFR 6M (mL/min)* 603+ 137 550+11.4 ©64.0+13.9 0.006
eGFR 12M (mL/min)* 596+ 135 6B56+£127 624x+135 0119

#hdedian fmin; max].
“Mean + S0 (range).

mononuclear cells (PBMCs) were isolated from heparinized
peripheral blood samples of donors and recipients taken prior to
transplantation (using standard density gradient centrifugation)
and cryopreserved in liquid nitrogen as described previously
(16). After thawing, PBMCs were re-suspended with complete
media [RPMI 1640 supplemented with 10% heat-inactivated fetal
calf serum (FCS), penicillin + streptomycin (50 U/mL) and
1.7 mM sodium glutamate] and left for 24h at 37°C in a CO;
incubator. Next, 3 x 10° recipient PBMCs were stimulated with
CD3-depleted donor cells to detect allospecific T cells, and with
CMV antigens [whole protein-spanning overlapping peptide
poals of immediate-early protein 1 (IE-1) and phosphoprotein
65 (pp65), length of each is 15 amino acids with 11 amino
acid overlap] (Miltenyi Biotec) to detect CMV-reactive T cells
[using pokeweed mitogen from Autoimmune Diagnostika (AID),
GmbH as a positive control]. CMV peptide pools were used in the
concentration of 1 jLg/mL of pp65 or IE-1. PBMCs were seeded
in an ELISPOT plate and incubated for 24 h at 37°C in a COy
incubator. The ELISPOT kit used to detect IFN-y-producing cells
was obtained from AID. After 24 h incubation at 37°C in the CO,
incubator, cells were removed and the ELISPOT plate processed
according to the manufacturer’s protocol. The resulting numbers
of spots were measured semi-automatically using an ELISPOT
reader (AID iSpot FluoroSpot Reader System ELRO7 IFL).

Frontiers in Immunaclogy | www.frontiersin.org

45

CMVY-Allo-Specific Cross-Reactivity and Transplantation

TABLE 2 | Demographics of the “cross-reactive” cohort.

Patients (n) 1"
Recipients aga (years)” 386 +£137
Donor age (years)* 441 +134
Gender of recipients (M/F) 6/5
Dialysis vintage (months)# 3.9 [0; 25.9]
HLA mismatch® 3.7+1.07
PRA max (%)# 0[0; 13]
8GFR (mL/s) 1.25 + 0.4
CMV prophylaxis n {%) Q1)
Pretransplant CMV 1gG serostatus n (%)

D+/R+ 11 {(100)
CMV DNAemia

PCR = 10% n (%) 3(27.2)
Indluction immunosuppression

Basiliximab n (%) 11 (100)
Rejection n (%) 5 (45.5)
aGFR 3M (mL/minj* 67.9+11.2
eGFR 6M (mL/min)* 75.0 £ 259
eGFR 12M (mL/min)*

746 +122

#Median [min; max].
“Mean + SD (range).

Antigen Specific T Cells by Flow Cytometry
and FACS Sorting

Antigen specific T cells (virus specific or donor reactive) were
detected as proliferating CD84- T cells by dye dilution technique.
Eleven patients from the “cross-reactive” cohort were selected for
flow cytometry sorting. Cryopreserved PBMCs from recipients
and donors were thawed, suspended with complete media
and left for 24h at 37°C in a CO; incubator. After resting,
donor PBMCs were inactivated with Mitomycin C (50 pg/1 mL)
(Sigma-Aldrich) for 2 h at 37°C in a CO» incubator and washed
twice with complete media (210 RCF/10 min). Afterwards, both
recipient and donor PBMCs were labeled with the dilution dyes
CellTrace™ Violet and Far Red Cell Proliferation kits (Thermo
Fisher Scientific), respectively, according to the manufacturer’s
instructions. Labeled recipient PBMCs were aliquoted by 0.5
x 10% in a 96-well plate (2mlL, V-bottom, Greiner Bio-One,
GmbH) with a culture medium [RPMI 1640 supplemented with
10% heat-inactivated FCS, penicillin+ streptomycin (50 U/mL),
1.7 mM sodium glutamate, 0.00036% (v/v) B-mercaptoethanol,
and 10 U/mL IL-2]. CellTrace™ Violet dilution dye labeled
PBMC were stimulated with the following CMV antigens:
1g/mL of pp65, 1 pg/mL of TE-1 (Miltenyi Biotec), or whole
CMV lysate (Vidia) for 6 days. To detect alloreactive and cross-
reactive T cells, inactivated donor cells (ratio 1:1) were used as a
stimulus (Far Red dye labeled). Additional controls consisting of
unstimulated recipient cells and recipient cells with additional IL-
2 (50 U/mL) (Sigma-Aldrich) were used to eliminate bystander
cell proliferation (data not shown). After 6 days of stimulation,
the cells were harvested in 5ml tubes and washed once with
PBS containing 2mM EDTA. Antigen specific cells proliferate
in response to antigen and loose their dilution dye (CellTrace
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cells (Figure 1A). Interestingly, the pre-transplant presence of a
CMV-reactive response, both to IE-1 and pp65 whole protein
overlapping peptide pools, had a stronger predictive power of
acute rejection [IE-1 and pp65: AUC = 0.70, cut-off = 122.5 at
69.8% sensitivity and 80% specificity, 95% confidence interval
(CI): 0.54-0.87; p = 0.014 and AUC = 0.59, cut-off = 332
at 63.5% sensitivity; and 53.3% speciﬁcity, 95% CI: 0.44-0.74,
p = 0.27, respectively] than the donor-alloreactive ELISPOT
(AUC = 0.40, cut-off = 25 at 66.7% sensitivity and 25.0%
specificity, 95% CI: 0.27-0.59, p = 0.39, Figure 1B). Moreover,
a shorter rejection-free interval was observed in patients with a
positive pre-transplant IE-1 ELISPOT (Figure 1C).

Univariate Cox regression analysis revealed as significant
risk factors of acute rejection only pretransplant positive IE-
1 ELISPOT [Hazard ratio (HR) = 6.8, 95% CI: 1.89-24.36,
p = 0.003] and post transplant positive CMV viral load by
PCR>10% (HR = 3.8, 95% CI: 1.2-12.2, p = 0.024) (Table 3). A
multivariate Cox regression analysis adjusted for ATG induction
treatment and CMV PCR > 10? revealed only IE-1 positive
ELISPOT (HR = 6.2, 95% CI: 1.67-22.3, p = 0.006) to be
independent risk factor of acute rejection.

CMV-Allo-Specific Cross-Reactivity and Transplantation

Interestingly, significant correlations were also found between
pre-transplant IE-1 ELISPOTs and kidney graft function
(estimated glomerular filtration rate (eGFR) using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation) at 3, 6, and 12 months (p < 0.001, p = 0.002, and
p = 0.038, respectively) (Figures 1D-F). The demographic
characteristics of patients with positive and negative IE-1
ELISPOTs are summarized in Table 1.

Taken together, CMV-reactive cellular immunity predicts
acute rejection and short-term outcome of renal allografts.

CMV- and Alloreactive T Cells Express
Shared TCR Sequences

The strong association between the pre-transplant presence of
CMV-reactive T cells and rejection prompted us to investigate
the possible cross-reactivity of CMV-specific T cells to donor
alloantigens by search for shared TCR sequences. First, we
combined the donor alloantigen MLR with CMV-peptide
pentamer staining to evaluate cross-reactivity at single cell
level in pre-transplant peripheral blood mononuclear cells
(PBMCs) (8). In contrast to previously published studies, we
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: = 1004
L m "0 3 sol
oF [ 1 =
3 :.6 > 08 g Lws p=0.0014
. 2 E 60
E1 | Z 06 8
' ] =40, — IE-1 neg
04 5
: B 20 ---1E-1 pos
Allo 02 . %
[ Il x g0
0p 02 04 06 08 10 0 4 8 12
Negative Positive 1- Specificity Sujcts Time {meonths)
— IE-1,AUC=0.70 at risk
----- pp65, AUC=0.59 pos: 32 28 25 21
--—- Allo, AUC= 0.40 neg: 46 46 44 43
D E F
» 1000 « 1000 » 1000-
Q Q O
% 800 p<0.001 % 800 p=0.002 g 800- p=0.038
o . r=0.393 o : r=0.354 o X r=0.255
& o0 - " . & e00{ - . S 600 -
4000~ o % 400 2 400
:ié e : ',g- T % e
» 200 @ 200 2 oS00 =3
= 0 TR s = 0 e e w 0. ‘r-"."'x.-..-.-'-'-"“,u
20 40 60 80 100 20 40 60 80 100 120 20 4 60 80 100 120
eGFR {ml/min) 3 months eGFR (ml/min) 6 months eGFR (ml/min} 12 months
FIGURE 1 | CMV-specific (but not allospecific) ELISPOT for predicting rejection and kidney allograft function, (A) visualization of IFN-y spots after stimulation with
pp65/IE-1/alloantigens in positive and negative recipients; (B) prediction of rejection risk based on the pre-transplant pp65/E-1/allo ELISPOT; The cperating
characteristic (ROC) curves and the calculation of the area under the curve (AUC) were used for this analysis; IE-1: 95% confidence interval (Cl): 0.54-0.87, p = 0.014;
ppB5: 95% CI: 0.44-0.74, p = 0.27; Allo: 95% CI: 0.27-0.59, p = 0.39; (C) rejection-free intervals of patients using |E-1-positive and -negative ELISPOTs expressed
as Kaplan-Meier survival curves; p = 0.0014. Correlation between a pre-transplant IE-1 ELISPOT and eGFR at 3 (D), 6 (E), and 12 (F) months were established by
Spearman’s rank correlation coefficient; 3M: p < 0.001; 6M: p = 0.002; 12M: p = 0.038.
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FIGURE 2 | (pp&5: NLVPMVATV-specific) TCR receptor, Flow cytometry dot plots show the proliferation response of CD8* T cells to donor cells (A), IE-1 (B), ppés
{C). and whole CMV lysate {D). Proliferating cells in R1 were FACS-sorted and used for subsequent NGS TCR-p repertoire analysis. Twenty of the most abundant
TCR-p sequences are represented in the pie chart graph (right panels), while additional minor cross-reactive clones are shown in inlets. Color codes highlight the same
TCR sequence clones found in the respective antigen-responding cells or in the kidney (E). Black arrows highlight antigen-specific proliferating T cells recognizing the
immunodominant ppB5 peptide, with red arrows indicating their absence from the donor cell-elicited response. Relative dlone abundance is shown next to the clone
name in 10 of the most abundant clones or in the inlets. One representative patient (#X) is shown, with a complate list of responding cell fractions. The amount of
sorted cells and available NGS reads are given in Table 4, while the cross-reactive clones found are listed in Table S5.

detected no T cells cross-reactive to the immunodominant pp65
CMYV peptide and donor cells, as detected by the co-staining
for CMV-pp65 pentamer and cell tracking dilution following
proliferation to alloantigen stimulation (Figure 2A). However,
the response to dominant epitopes (pentamer staining) is lower
compared to the proliferative response to the whole CMV peptide
pool as demonstrated in 10 out of 11 CMV-seropositive patients
(Figures 2B-D and summarized in Figure 81). In parallel, donor
alloreactive T cells were present in all patient samples (including
CMYV pentamer-negative ones) prior to transplantation.

To investigate whether cross-reactivity would be present
among the total pool of CMV-reactive T cells, we isolated
antigen-reactive T cells (either reactive to CMV peptide pool or
donor PBMCs) by FACS sorting (Figures 2A-D) and performed
NGS of TCR-p sequences (Table 4). In 10 out of 11 patients,
we acquired a sufficient amount of reads for analysis. We
hypothesize that while pentamer staining only reveals single
immunodominant CD8+ T cell clones, cross-reactivity may
be caused by other less-dominant TCR clones. We were able
to identify hundreds of distinct TCR-# sequences from sorted
antigen-reactive T cells from all patients (median 392 [241;
491], Table S5). Indeed, multiple clones sharing the same unique
TCR-B sequences were found in both CMV- and donor-reactive
samples (Figure 2, right panels) from all patients, regardless of
occurrence of rejection (Table S6).

Our results also provide evidence that both donor cells and
CMYV antigens can trigger identical T cell clones for proliferation
showing functional responsiveness.

Shared Cross-Reactive TCR-B Clonotypes

Are Detectable in Renal Allograft Biopsies

Next, we sought to investigate whether cross-reactive TCR-§§
clonotypes would be detectable in the allografts. Allograft biopsy
samples were made available for 7 patients investigated for
alloreactive and CMV-specific clonotypes (see “cross-reactive”
cohort described abave). In the kidney biopsy samples of 6
out of 7 patients, we were able to find identical TCR-f CDR3
sequences as in the alloreactive T lymphocytes pre-transplant.
For the remaining patient, only 16 clones could be analyzed from
the sequencing results of the MLR tube. Therefore, cross-reactive
clones could have been missed due to the lower coverage of this
sequencing library. In parallel, CMV-reactive TCR-f3 clonotypes
were found in the biopsy samples even at higher frequencies in
the same patients, with a median of 3 clones per patient and a
maximum of 11 (Table 5). The CMV-reactive clonotypes in the
kidney covered 0.5-6.4% of all TCR- sequences (Table 5) found
in the kidney biopsies (see individual clones in Table $6). Finally,
in 3 out of 7 biopsy samples, we detected CMV/donor alloantigen
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cross-reactive clonotypes identified pre-transplant in peripheral
blood (Table 5).

Remarkably, in agreement with the acknowledged capacity of
CMV-reactive T cell clones to expand upon CMV reactivation,
cumulative abundance of CMV-reactive TCR- sequences was
the highest (6.4 and 5.1%) in the two kidney tissue samples
obtained from patients (No. VI and X) suffering from
significant CMV reactivation (viral load: 935 copies/ml and 1,020
copies/ml of plasma, respectively) concomitantly with biopsy-
proven cellular rejection.

In summary, CMV-reactive and alloreactive clonotypes were
found in all allograft biopsies patients analyzed, and in 3 out of
7 patients, we detected cross-reactive clonotypes as defined by
pre-transplant analyses. Importantly, the highest number of these
cross-reactive clones was observed in the two patients with CMV
reactivation and concomitant cellular rejection.

DISCUSSION

The immunity in response to previous virus infections can
modify the immune response to other antigens. Although
heterologous immunity can be beneficial by boosting protective
responses, it can also result in severe immunopathologies (6).
Here, for the first time, we provide evidence that heterologous
immunity can be detected in blood and biopsies of renal allograft
recipients. Firstly, we found that high frequencies of CMV-
reactive effector/memory (but not of alloreactive) T cells detected
pre-transplant were associated with subsequent occurrence of T
cell-mediated rejection. Secondly, multiple cross-reactive T cell
clones (shared TCR-8 sequences) were found in both CMV- and
donor-reactive T cells enriched from pre-transplant peripheral
blood samples. Finally, TCR-§3 sequences of alloreactive [CMV-
reactive, and cross-reactive (CMV & MLR)] clonotypes were
found in renal allografts; the latter particularly in association
with CMV-associated T cell mediated acute rejection. Therefore,
our data demonstrate that identical clonotypes of T cells can
react in response to alloantigens as well as CMV antigens. This
observation might explain how CMV reactivation, especially
in the case of high viral load during uncontrolled replication,
boosts directly not only the CMV but also the alloimmune T
cell response.

Interestingly, in contrast to the association between high
levels of pre-transplant CMV memory/effector response, in our
study, we found no associations between pre-transplant donor-
reactive memory/effector T cell response and acute rejection.
Given the standardized, validated and robust ELISPOT method
applied (previously used in a large European mullicentre
clinical trial; see www.biodrim.eu), it is unlikely that any
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TABLE 4 | Percentages of proliferating CD8* T cells (% CellTrace low), the number of sorted proliferating CO8™ T cells {sorted events). and the number of reads obtained
after TCR-p next generation sequencing of sorted proliferating CDa*+ T cells (No. of reads) in response to different stimulations.

Stimulation Donor PBMCs cells IE-1
Patient ID %o Sorted No. of % Sorted No. of
CellTrace events reads CellTrace events reads
low low
| 355 11,142 33,778 498 13,014 28,014
I 8.93 1,888 28,855 63.2 20,656 802
] 36.1 10,516 10,804 36 3,081 56,507
I\ 338 12,458 35,175 52.6 7.945 51,790
W 10.4 2,788 27,888 3.2 218 20,024
Wl 13.7 3.262 68,617 10.6 2,000 65,951
Wil 243 3.428 46,562 57.4 70,911 1.702
il 247 23,849 1,549 387 22,871 9,790
1 36.5 3,731 37,273 0.1 8 0
X 34.3 16,084 26,346 55.7 20,473 1,898
Xl 7.7 2,289 70817 67.9 18,835 140

pp65 CMV lysate Kidney
Yo Sorted No. of Yo Sorted No. of No. of
CellTrace events reads CellTrace events reads reads
low low
3.2 5,258 13,246 12.3 1308 53188 16423
65.2 29,571 19,164 49.1 14738 3846 NA
16.9 933 71,615 158 1287 65789 12312
45 8,673 25,332 7.5 2283 61281 NA
46.3 6,339 31,116 373 7534 16768 6915
403 3,546 70,503 12.9 3194 104427 121
101 2,901 51,597 83 5410 79025 20818
41.3 19,032 4,141 16.4 931 53528 20825
7.75 302 33,931 28 200 56879 2799
316 11,140 32,570 ST 2040 66330 19806
MNA MNA NA 67.3 37150 143 NA

The kidney column only lists resuits from TCR-p next generation sequencing of isolated cells from fine needle biopsies where sorting of CD8* T cells was not possible.

TABLE 5 | CMW-, Allo-, and Cross-reactive clones identified from blood pre-transplant are found in the kidney.

Patient ID
CMV specific
(% of reads from all TCR-p sequences
found in the biopsy)

| 110.5%)

I 1(0.7%)

W 3(1.8%)

Wl 3 (0.5%)

Wil 11 (5.1%)

1% 0%

X 1(0.1%)

Alloreactive
(% of reads from all TCR-p sequences
found in the biopsy)

Number of shared clones between PBMCs and kidney from Kidney

Cross-reactive
(% of reads from all TCR-p sequences
found in the biopsy)

1 (0.4%) 0%

3(2.4%) 2 (1.8%)

6 (12.6%) 2 (3%)

2 (0.6%) 0%
0% 0%

2 (9.2%) 0%

7 (6.4%%) 1{0.1%)

The percantage of reads from clones that were identified in the functional assay as ChV-reactive, Allo-reactive, or in both tubes as Cross-reactive clones is shown as fraction of all the

TCRPp sequences found in the kidney biopsies.

methodological bias occurred. An earlier study reported that
higher pre-transplant T cell alloresponse was associated with
acute allograft rejection in a study where patients received
non-lymphocyte-depleting induction immunosuppression (23).
Contrary, in our study some 40% of patients had received
rATG T cell depletive induction immunosuppression. Similarly,
pre-transplant allo-T cell responses have also been shown to
correlate with lower post-transplant eGFR in patients with non-
depleting induction (24). Apart from the association between
CMV-specific memory/effector T cells and acute rejection, we
found significant correlation with lower post-transplant eGFR
at three different time-points during the first post-Tx year,
rendering our observations more robust. Therefore, it is likely
that the T cell-depletion strategy used in about half of our
patients effectively reduced the available clonal size of alloreactive
memory/effector T cells to a level that could be further controlled
by maintenance immunosuppression.

Interestingly, there was weaker association of CMV-pp65- vs.
CMV-1E-1-reactive T cells with acute rejection in our study. This
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phenomenon might be explained by higher CD8+- T cell response
to IE-1 than to pp65 antigens (25).

In fact, subclinical CMV reactivation is frequently detected
in over 30% of kidney transplant recipients despite CMV
prophylaxis (26-28). We speculate that subtle localized CMV
reactivations are even more frequent and, while undetected,
provide antigen stimulation to CMV-specific T cells. This is
in line with observations made by authors of a previous
prospective randomized trial. They found that late-onset
of CMV viremia, which developed in more than half of
patients despite CMV prophylaxis, is associated with poorer
outcomes (29).

Although it was reported that at least 151 of the 213
predicted CMV proteins, elicited T cell responses in at
least one out of 33 donors (30), we and others could
show that the T cell responses to IE-1 and pp65 CMV-
proteins are the most dominant ones. Therefore, we
concentrated in this study on the two immunodominant
CMV proteins.
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Applying the previously described method for detecting
cross-reactive T cells based on MLR-reactivity combined with
peptide-pentamer staining, was not effective in our scenario
to detect cross-reactive T cells (7, 8, 31). One reason for this
might be the use of unbiased PBMC samples with a scarcity of
cross-reactive cells. In fact, as our access to patient material was
limited by ethical reasons, we used only 5 x 10°T lymphocytes
for functional stimulation, resulting after sort in limited yield
of antigen-reactive T cells ranging from 3,846 to 104,427 and
1,888 to 23,849 CMV- and allospecific-proliferating T cells,
respectively, for TCR repertoire analysis. Moreover, our recent
data show that immunodominant epitopes for one particular
HLA-type, as detected and enriched by peptide/dextramer
staining, do not reflect the whole response to a particular CMV
protein. Therefore, we developed recently the method of T
cell stimulation by whole protein-spanning overlapping peptide
pools covering almost all epitopes in a HLA-independent matter
(32). Applying this method here, we could detect all three
categories of CMV-, donor alloantigen-, and cross-reactive T
cells in all patients with sufficient yield after sorting derived
from pre-transplant blood samples despite limited amounts of
reactive T cells (and resulting reads in NGS). These results show
the potency of recipients’ memory/effector T cell pool to react
in case of CMV reactivation post-transplantation with both a
protective CMV-specific and a putatively harmful CMV/allo-
cross reactive response. In other words, CMV reactivation
because of breakthrough through or after weaning of antiviral
prophylaxis that might be amplified by TNF-release following
ATG application can trigger putatively harmful alloresponse by
crossreactivity (33). In line with this, we could detect cross-
reactive TCR-f8 clonotypes in the kidney biopsies of 3 out
of 6 patients with sufficient yield for analysis. Whether the
absence of detectable shared cross-reactive TCR-88 sequences
in the remaining three biopsy samples is due to sensitivity
problems or missing triggering by CMV is not clear, but
the high abundancy in the samples just of the two patients
suffering from enhanced CMV viral load and concomitant
acute rejection supports their pathogenic role in CMV-associated
graft injury.

In summary, our data show that within the large peripheral
population of CMV-specific memory T cells there is a pool of
cross-reactive T cell clonotypes that can produce effector T cells
capable of migrating into kidney allografts. Moreover, these T cell
clonotypes (when in the presence of chronic antigenic stimuli,
such as CMV) may be susceptible to enhanced proliferation and
allograft rejection. This phenomenon seems to be universal and
corresponds with previous hypotheses about the cross-reactive
virus-alloimmune response (12, 34). Specific allo-HLA cross-
reactivity has been reported for EBV, CMYV, varicella-zoster virus
(VZV), and influenza A virus-specific T cells at clonal level, while
cross-reactivity has been shown to be mediated by the same TCRs
(35, 36). However, our data demonstrate for the first time their
occurrence in the unbiased bulk T cell pool from peripheral blood
and intragraft.

The limitations of this study must also be acknowledged.
The analysis was confined by the limited number of patients
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and TCR-B chains; furthermore, TCR-a rearrangements were
not examined. The configuration of TCR-p chains (including
D segments) building in particular the CDR3 region ensures
much greater variability of rearranged sequences than TCR-u.
Therefore, TCR-P is considered more informative than TCR-
o and has been widely used in similar studies. Aside of T
cells several other cells (e.g., NK cells) may produce IFNy after
stimulation. Therefore, we phenotypized IFNy-producing cells
stimulated by CMV antigens by flow cytometry. However, the
majority of IFNy-producing cells were T lymphocytes (55%),
while NK cells accounted for 5% of IFNy-producing cells only.
The “cross-reactive cohort” subjected TCR- f NGS comprised
only by CMV seropositive donor-recipient pairs. Among CMV
seropositive-donors cells the CMV-infected cells might be
present (37). To minimize the risk of potential activation by
CMV infected donor cells, we evaluated those donors for the
presence of CMV in their peripheral blood and found none
CMV genome.

Our data show that CMV-specific cellular response pre-
transplant predicts rejection and document that surprisingly
large proportion of patients harbors CMV and donor cross-
reactive clones. CMV and donor cross-reactive T cells might
thus directly damage the donor cells, being expanded by
CMV  antigenic stimulation during CMV reactivation.
This effect might be supported by CMV specific response
that builds inflammatory environment in the kidney. We
recommend the approaches aimed at preventing CMV
reactivation to be employed more aggressively; not only to
prevent CMV disease but also to limit cross-reactivity-induced
graft rejection.

In conclusion, we report that in our patient cohort the
presence of cytomegalovirus IE-1-specific memory/effector IFN-
gamma secreting T cells predict kidney transplant rejection
and poorer 1 year graft function. Since we established the
presence of functional, cross-reactive T cells and their clonotypes
in peripheral blood, tracking the clonotypes directly in the
kidney tissue, it is therefore likely that CMV-donor cross-
reactivity as well as CMV specific T cell elicited inflammation
is involved in the processes that affect allogratt outcomes.
Future studies should be carried out to determine whether
more aggressive prevention and treatment of CMV reactivation
might possibly limit alloimmune injury boosted by cross-reactive
T cells.
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5.3 Dialyzacni terapie je asociovana s augmentaci perifernich B
lymfocytii marginalni zony

Lucia Stranavova, Petra Hruba, Janka Slatinska, Birgit Sawitzki, Reinke, Hans-Dieter

Volk, Ondrej Viklicky
Transpl Immunol. 2020 Jun; 60:101289

U pacientl s chronickym onemocnénim ledvin v terminalnim, 5., stadiu (CKDS), ktefi
jsou lécCeni na dialyze a zGstavaji dlouhou dobu v uremickém prostredi, se casto
vyskytuje n€kolik $patn¢ definovanych poruch imunitniho systému. V této studii jsme
hodnotili periferni virové-specifické efektorové / pamétové T bunky a jednotlivé
subpopulace T, B lymfocytl a dendritickych bun¢k (DC) pomoci metod ELISPOT a
FACS u 74 nizko-rizikovych pacientl, bez anti-HLA protilatek, cekajicich na
transplantaci ledviny. Pacienti byli rozdéleni do dvou skupin: na dialyzovanou a
preemptivni (bez ptedchozi zkusenosti s dialyzou). Zjistili jsme, ze mezi témito dvéma
skupinami byl signifikantni rozdil v poctu cirkulujicich B lymfocytl margindlni zony
(MZB) (IgD"e" CD27"e") p=0.002). Pacienti 1é¢eni na dialyze vice jak 12 mésicti méli
4.2x vyssi riziko zvySeni absolutniho poctu MZB (95%CI:1.6-11.2; P =0.004).
Rozdily v poctu ostatnich subpopulaci T, B a DC nebyly pozorovany. Také pocet
efektorovych/pamétovych T bunék reaktivnich na hlavni oportunistické viroveé-
specifické antigeny (CMV, BKV, EBV) nebyl ovlivnén ptfedchozi dialyzaéni 1é€bou.
Nesensitizovani CKDS pacienti 1é¢eni dialyzou vykazuji signifikantné vic cirkulujicich

MZB nez ti, kteti nikdy nepodstoupili dialyzacéni terapii.

Podil na publikaci: kolekce materidlu od pacientli, experimentalni ¢ast (ELISPOT,

FACS), statisticka analyza vysledki, ptiprava manuskriptu
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ARTICLE INFO ABSTRACT

Chronic kidney disease stage 5 (CKD5) dialysis patients who stay long term in uremic environment often exhibit
several, poorly defined, immune impairments. In this study, we assessed peripheral virus-specific effector/
memory cells and subpopulations of T, B and DC cells using ELISPOT and FACS methods in 74 low-risk kidney
transplant candidates without anti-HLA antibodies, prior to transplantation in pre-emptive (never experienced
dialysis) and dialysis cohorts. There was difference in circulating marginal zone B cells (MZB) (IgD"#*CD27"'s")
between dialysis patients and those receiving kidney grafts pre-emptively (P = .002). Patients treated on dia-
lysis = 12 months had also 4.2-fold greater risk of increased absolute numbers of MZB (95%CIL:1.6-11.2;
P = .004). There were no other differences in B-, T- and DC-cell subsets. Numbers of effector/memory T cells
reactive to major opportunistic virus-specific antigens (CMV, BKV and EBV) were not affected by dialysis. Non-
sensitised dialysis-treated patients displayed significantly more circulating MZB compared to those CKD5 pa-

Keywords:

Dialysis

Marginal zone B cells

Chronic kidney disease stage 5 (CKDS)

tients that had never undergone dialysis therapy.

1. Introduction

Chronic kidney disease stage 5 (CKD5) is associated with several,
poorly defined, immune impairments [1]. Individuals receiving hae-
modialysis are at increased risk of bloodstream and other infections [2].
Interestingly, patients undergoing lengthy dialysis treatment have in-
ferior kidney allograft outcomes to those transplanted pre-emptively
ahead of initiation of dialysis [3-7]. Certain immune deviations related
to dialysis therapy as well as cardiovascular diseases [8,9] are likely to
play an important role, The deleterious effect of HLA and non-HLA
antibodies on kidney allograft outcomes is widely acknowledged
[10-14]. However, early acute rejection may occur even in pre-emptive
transplantation and in patients without anti HLA antibodies and thus
other memory-associated mechanisms may be involved. Among other
alloimmune mechanisms, heterologous immunity - immune cross-re-
activity towards bacterial or viral antigens and alloantigens - has been

hypothesized as a potential factor [15,16]. Therefore, augmented cel-
lular sensitisation towards bacterial and viral pathegens in patients on
long-term dialysis may affect kidney transplantation outcomes.

In the recent study, CKD5 patients had fewer naive T cells and a
higher percentage of memory T cells. The long-term dialysis and
especially systemic inflammation was associated with accelerated im-
munosenescence in T cell and monocyte compartments [17]. It can be
reasonably assumed, that patients on long-term dialysis have an aug-
mented cellular immune memory against various pathogens. The stu-
dies performed thus far on immune deviations in various dialysis co-
horts are limited by their poorly defined control groups, with healthy
controls unable to mimic uraemia-related disturbances [18-20].
Therefore, little is known about the effect of dialysis itself on these
immune memory mechanisms.

In order to evaluate possible immune disturbances associated with
dialysis treatment in CKD5 patients without anti-HLA antibodies prior

Abbreviations: CKD5, chronic kidney disease stage 5; ELISPOT, enzyme-linked immune absorbent spot; ¢PRA, calculated panel-reactive antibody; DSA, donor-
specific antibody; HLA, human leukocyte antigen; CMV, cytomegalovirus; BKV, BK virus; EBV, Epstein-Barr virus; PBMCs, peripheral blood mononuclear cells; FCS,
foetal calf serum; 1E-1, immediate-early protein 1; Pp65, phosphoprotein 65; LT, large T antigen; VP1, viral capsid protein 1; EDTA, ethylenediaminetetraacetic acid;
MZB, marginal zone B cells; SFU, spot-forming units; CRP, C-reactive protein; GN, glomerulonephritis

* Corresponding author at: Department of Nephrelogy, Transplant Centre, Institute for Clinical and Experimental Medicine, Videnska 1958,/9, 14021 Prague, Czech

Republic.
E-mail address: ondrej.viklicky@ikem.cz (0. Viklicky).
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Table 1
Demographic data of patients.
Pre-emptive Dialysis > 3M P value

Patients (n) 20 54
Recipient age (vears) 53.4 [34.0; 66.6] 53.7 [18.9; 72.4] 0.74
Gender of recipient (M/F) 11/9 42/12 0.05
Dialysis duration (months)” (] 23.7 [3.6; 86.7] =00
Type of dialysis
HD n (%) 0 33 (61.1) = 0.01
PD n (%) 0 15 (27.8) = 0.01
HD/PD n (%) 0 6 (11.1) = 0.01
cPRA 0 ]
CRP* 27 [0.3; 2.7] 2.4 [0.2; 12.4) 0.84
Original disease
Hereditary n (%) 3(15.0) 8(14.8) 0.98
GN n (%) 8 (40.0) 23 (42.6) 0.84
Diabetes, hypertension n (%) 3(15.0) 15 (27.8) 0.25
Others n (%) 6 (30.0) 81(14.8) 0.13

# Median [min; max], HD (haemodialysis), PD (peritoneal dialysis), ¢cPRA
(calculated panel-reactive antibody), CRP (C-reactive protein), GN (glomer-
ulonephritis).

to kidney transplantation, we used an innovative, standardised immune
monitoring panel based on the One Study and BIO-DrIM clinical trials.
In contrast with CKD5 patients without dialysis, we found that dialysis
treatment is associated with a time-dependent augmentation in circu-
lating marginal zone B cells (MZB).

2. Materials and methods
2.1. Patient characteristics

This is prospective, exploratory, single-centre cohort study with 74
CKD5 patients in whom a panel of immune monitoring tests was eval-
uated ahead of scheduled transplant surgery in 2014-2018. The de-
mographic data of patients are summarised in Table 1. Peripheral blood
samples for Enzyme-linked immune absorbent spot (ELISPOT) and flow
cytometry (FACS) analysis were collected immediately prior to kidney
transplantation. Twenty of the 74 patients had never received dialysis
treatment and, therefore, were assigned to the pre-emptive cohort. The
dialysis cohort (n = 54) consisted of patients that had spent at least
3 months on dialysis. None of the patients had history of previous
transplants; all patients were considered to be at low immunological
risk without anti-HLA antibodies, tested by Luminex prior to trans-
plantation (calculated panel-reactive antibody (cPRA) at 0%). All pa-
tients gave their written informed consent to participate in the study.
The local ethics committee approved the study protocol under no.
G14-08-38, 1619/16.

2.2, IFN-y ELISPOT assay

Effector/memory T cells reactive to tested virus-specific antigens
were assessed using the IFN-A. ELISPOT assay [21]. Briefly, peripheral
blood mononuclear cells (PBMCs) were isolated from heparinised per-
ipheral blood samples using standard Ficoll density gradient cen-
trifugation. All cells were cryopreserved in liquid nitrogen for sub-
sequent processing, as described previously [22]. After thawing, PBMCs
were re-suspended with complete media (RPMI 1640 supplemented
with 10% heat-inactivated foetal calf serum (FCS), penicillin + strep-
tomycin (50 U/mL) and 1.7 mM sodium glutamate) and left for 24 h at
37 °C in a CO, incubator. Next, 3*10° recipient PBMCs were stimulated
with specific antigens to detect virus-reactive T cells: CMV antigens
(whole protein-spanning overlapping peptide pools of immediate-early
protein 1 (IE-1) and phosphoprotein 65 (pp65) — length of each is 15
amino acids with 11 amino acid overlap) (Miltenyi Biotec)) and BKV
antigens (polyoma large T protein (LT), viral capsid protein 1 (VP1) and
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EBV peptide mix (all from Autoimmun Diagnostika, GmbH)); pokeweed
mitogen (AID, GmbH) served as the positive control. All cells with
antigens were seeded in an ELISPOT plate (AID) and incubated for 24 h
at 37 °C in a CO; incubator. After incubation, cells were removed and
the ELISPOT plate processed according to the manufacturer's protocol.
The resulting numbers of spot-forming units (SFU) were counted semi-
automatically using an ELISPOT reader (ELRO7 IFL AID iSpot Fluoro-
Spot Reader System). Positive ELISPOT results were pre-defined as at
least 25 SFU per well after subtracting the negative control [21,23].

2.3. Flow cytometry staining protocol

Subpopulations of the analyzed leukocytes (DC, B and T cells) were
assessed using the ONE Study flow cytometry panel, computing major
surface marker antigens to monitor their main subsets [24]. Briefly,
anti-coagulated peripheral blood was collected in a test tube with
ethylenediaminetetraacetic acid (EDTA) immediately prior to trans-
plantation (nearly end of dialysis) and stained within 4 h of collection
with dry pre-formulated surface antibodies (DURAClone IM B cells, IM
T cells and IM DC cells; Beckman Coulter) for 15 min at room tem-
perature in the dark. For B-cell staining protocol, whole blood was
additionally washed twice with PBS (10 mL PBS, 300G/10min) before
the surface staining procedure. Thereafter, all staining protocols in-
volved lysis and fixation with VersaLyse (Beckman Coulter) + 2.5%
IOTest fixative solution (Beckman Coulter) for 15 min in the dark.
Lysed cells were then washed twice with 3 mL PBS. The prepared pellet
was re-suspended in PBS/fixation buffer (PBS + 0.1% NaN3 + 0.8%
I0Test® 3 Fixative Solution (10 % )) and measured using the Navios flow
cytometer (Beckman Coulter). Kaluza software (Beckman Coulter) was
used for flow cytometry data analysis.

2.4. Antibody panels

Fluorochrome-conjugated anti-human DURAClone panels were ob-
tained from Beckman Coulter (Marseille, France). Panels of antibodies
contained: B cells [IgD-FITC (clone 1A6-2), CD21-PE (clone BL13),
CD19-ECD (clone J3-119), CD27-PC7 (clone 1A4CD27), CD24-APC
(clone ALB9), CD38-A750 (clone LS198-4-3), IgM-Pacific Blue (clone
SA-DA4), CD45-Krome Orange (clone J33)]; T cells [CD45RA-FITC
(clone 2H4), CD197/CCR7-PE (clone GO043H7), CD28-ECD (clone
CD28.2), CD297/PD1-PC5.5 (clone PD1.3.5), CD27-PC7 (clone
1A4.CD27), CD4-APC (clone 13B8.2), CD8-A700 (clone B9.11), CD3-
A750 (clone UCHT-1), CD57-Pacific Blue (clone NC1), CD45-Krome
Orange (clone J33); and DC cells [CD16-FITC (clone 3G8), CD14-PE
(clone RMO52), CD1c-PC5.5 (clone L161), CD11c-PC7 (clone BU15),
Clec 9A-APC (clone 8F9), CD123-A700 (clone SSDCLY107D2), HLA-
DR-Pacific Blue (clone IMMU-357), CD45-Krome Orange (clone J33)].
To determine absolute numbers of sub-populations, the DURAClone IM
Count Tube: CD45-FITC, 7-AAD (clone J33) and fluorescent beads were
used.

2.5, Statistical analysis

Statistical analysis was performed using GraphPad InStat 3
(GraphPad Software) and TBM SPSS 22 software. Normality of data
distribution was tested using the Kolmogorov-Smirnov test.

As most variables were found not to correspond with standard
normal distribution, only non-parametric statistical methods were used.
The Mann-Whitney U and chi-square tests were used to compare the
demographic characteristics of patient groups. The Mann-Whitney U
test was also used as part of the FACS (T, B and DC) and ELISPOT (CMV,
BKV and EBV) analysis. The Kruskal-Wallis test was used to compare
the three groups of patients, analysing absolute numbers of circulating
MZB in patients on different dialysis treatment spans (0 M, 3-
12 M, =12 M). To emphasise the relation of these cells to dialysis,
receiver operating characteristic (ROC) curves and the area under the
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used to compare the patients' groups, (B) receiver operating characteristic (ROC) curves based on absolute numbers and percentages (C) of marginal zone B cells and

dialysis therapy.

curves (AUC) were also calculated. ROC analysis was also used for es-
tablishment the limit value for high/low numbers of MZB. Kaplan-
Meier survival curves and the log-rank test were used to project rejec-
tion-free intervals for high/low numbers of MZB and to compare
groups. Using binary logistic regression, a prediction model was cal-
culated to estimate the risk of increased absolute MZB numbers in pa-
tients on dialysis = 12 M. All results with a P value of less than 0.05
were considered statistically significant.
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3. Results

3.1. Dialysis treatment is associated with the augmentation of peripheral
marginal zone B cells (MZB)

Dialysis-treated patients displayed significantly more circulating
marginal zone B cells (MZB) (Fig. 1B) compared to those CKD5 patients
who had never undergone dialysis therapy (P = .002, Fig. 1A, C). In-
terestingly, the numbers of circulating MZB were significantly higher in
patients that remained on dialysis for long periods (P = .003, Fig. 2A).
Binary logistic regression revealed that patients who remained on dia-
lysis for > 12 months had a 4.2-fold greater risk of increased absolute



L. Stranavova, et al. Transplant Immunology 60 (2020) 101289

Marginal Zone B cells (%) emptively transplanted patients exhibiting higher numbers of periph-
eral MZB experienced early acute rejection after transplantation.
Therefore, we separately analyzed effects of low and high MZB on all
types of rejections at one year. Interstingly, patients with higher MZB
ahead of transplantation experienced non-significant trend towards
higher rejection rate at one year (Fig. 3, Table 1). Clearly, such data
needs to be considered preliminary and should be further validated in
another studies.

Significantly, we observed no differences in the other B-cell subsets
(CD19+, naive, switched memory, transitional and plasmablasts)
| i , . (Fig. 1A) or in T-cell subsets and dendritic cells between patient cohorts
0 4 8 12 (Fig. 4).

Time (months)
Subjects at risk 3.2. Dialysis and virus-reactive effector/memory T cells
MZB high 32 23 22 20
MZB low 42 36 36 35 To investigate whether long-term dialysis would affect immunity
against opportunistic viruses, an IFNy-ELISPOT assay was performed to
Zone B cells (relative numbers) expressed as Kaplan-Meier survival curves; P evaluate the presence of pre-existing virus-reactive (CMV, BKV, EBV)
value = .099. The limit value for high/low MZB was counted by ROC analysis: effector/memory T cells. Numbers of IFNy-secreting cells after stimu-
AUC = 0.64, cut off = 0.1083; sensitivity 60%: 95% confidence interval (CI): lation by pp65, IE-1, LT, VP1 and EBV peptide-mix antigens were si-
36.05-80.88 and specificity 62.96%: CI: 48.74-75.71. milar between patients with and without dialysis history (Fig. 5 A-E).
Immune deviations associated with dialysis treatment did not affect
cellular immunity directed against major opportunistic viruses and the
majority of patients remaining fully immuno-competent.

Rejection-free interval

Fig. 3. Rejection-free intervals of patients using high/low numbers of Marginal

numbers of circulating MZB (95% ClI: 1.6-11.2; P = .004) than patients
of shorter stay on dialysis. Similarly, associations of dialysis duration
with absolute and relative numbers of MZB are also suggested (Fig. 2A,
B, C). The aim of our study was not designed to explore the effect of
MZB cells on transplantation outcomes due to several confounding
factors and limited patients numbers. However, two out of three pre-

4. Discussion

Long-term dialysis therapy is associated with increased immune
sensitisation against various pathogens. In this study, we evaluated
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Fig. 4. Analyzed subpopulations of (A) CD8+ T cells, (B) CD4+ T cells and (C) DC cells in patients either transplanted pre-emptively or on dialysis. The Mann-
Whitney U test was used to compare groups; P values are displayed above graphs.

Individual analyzed subpopulations:

A: CD8 " T-lymphocyte subpopulations — CD8 " T cells, CCR7 "CD45RA ~ central memory T cells, CCR7 ~ CD45RA ~ effector memory T cells, CCR7 “CD45RA ™ naive
T cells, CCR7 ~CD45RA " TEMRA.

B: CD4 + T-lymphocyte subpopulations — €D4 ™" T cells, CCR7 " CD45RA ™~ Central memory T cells, CCR7 “CD45RA ™ Effector memory T cells, CCR7 * CD45RA * naive
T cells, CCR7 CD45RA " TEMRA.

C: Dendritic cells (DC) - LIN™ HLADR™, LIN~ CD11e~ €D123* plasmacytoid dendritic cells (pDC), CD11e™ myelod DC (mDC), Clee9* mDEC, CD1c™ €D16~ mDC,
Clec9™ CD16™ mDC.
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(9]

p=0.16
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Fig. 5. Number of responder memory/effector T cells producing IFN-y after stimulation with different virus-specific antigens: (A) CMV [E-1; (B) CMV pp65; (C) BKV
LT; (D) BKV VP1; (E) EBV peptide mix; (F) example of positive and negative ELISPOT results, with = 25 spot-forming units (§FU) measured by the ELISPOT reader

(ELRO7 IFL AID iSpot FluoroSpot Reader System) considered positive,

effector/memory T cells reactive to main opportunistic virus-specific
antigens and peripheral lymphocyte phenotypic deviations using a
panel of immune monitoring tests in patients with absent humoral al-
losensitisation. While we found that peripheral MZB cells were aug-
mented in patients on long-term dialysis, we observed no differences in
the other B-, T- and DC subsets or in opportunistic virus-specific ef-
fector/memory T cells.

Peripheral MZB cells are acknowledged as a “first-line defence” in
the early antibody response against circulating blood antigens, espe-
cially microbials and polysaccharides [25,26]. They also maintain
homeostasis through the clearance of apoptotic cells and cellular debris
[27-29]. In dialysis patients, bloodstream infections are common,
mostly due to contamination from dialysate, i.v. catheters and dialysis
needles. MZB cells activate the primary immune response by rapidly
expressing immunoglobulins in response to both T-cell-dependent and
T-cell-independent antigens, thus contributing to humoral sensitisation
[30]. Moreover, because MZB express a memory phenotype, [31-33]
they can be easily activated once exposed to antigens. Long-term dia-
lysis treatment accelerates immunosenescence, dramatically reduces
naive T subpopulations, and increases the percentage of memory T-cell
phenotype compartments [17]. It can be therefore hypothesized ex-
posure to a uraemic environment significantly reinforces immune
memory in other parts of the adaptive immune system.

MZB are considered to be substantive producers of natural poly-
reactive antibodies with broad specificity and low affinity, which are
predominantly IgM class with shorter H-CDR3 regions, and their impact
on posttransplant graft condition is anticipated as well [34,35]. This
study was not designed to evaluate posttransplant outcome mainly due
to limited patient numbers and lower expected acute rejection in-
cidence in low immunological risk population. Interestingly, in two out
of three pre-emptively transplanted patients with higher peripheral
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MZB cells the acute T cell mediated rejection had occurred and there
was a trend towards higher MZB cells in patients with rejection at one
year.

In this study, we found no association between dialysis therapy and
opportunistic virus-specific cellular immune responses, The level of
immune competence — calculated as the number of antigen-reactive
cells — was similar for pre-emptive and dialysis cohorts. This finding
supports the widely held assumption that the established cellular im-
munity against viruses or absent opportunistic infection trigger in the
long-term dialysis. Similarly, it is likely that dialysis therapy per se does
not affect cellular immunity against opportunistic viruses.

This study has several strengths but also limitations. Among the
firsts, our pre-emptive cohort represent an ideal control group for
dialysis. Moreover, we used well-established and validated immune
monitoring platforms to minimise technical bias.

Further, we included only patients without HLA antibodies, limiting
the effect of humoral alloimmunity on MZB cells. Clearly, this study is
cross-sectional in design: immune monitoring was performed at a single
time point in advance of scheduled kidney transplantations. To provide
a more in-depth understanding of the associations between MZB cells
and post-transplant outcomes, a much larger prospective study is
needed.

In conclusion, we report here for the first time an association be-
tween MZB and dialysis duration.
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6 Diskuze

Pamétové T lymfocyty maji zdsadni roli v transplantacni imunologii. Ukazuje se,
ze pritomnost darcovsky-specifickych pamétovych/efektorovych T lymfocyti pied
transplantaci je spojovana s horsi funkci $tépu a s vyskytem akutni rejekce (111,112).

V této praci jsme se zaméfili na studium CMV- a dércovsky- specifickych
pamétovych/efektorovych T lymfocytii u transplantaci ledvin.

V prvni Casti projektu jsme se zabyvali zménami v potransplantacni CMV
specifické celularni imunité u CMV seropozitivnich ptijemcii ledviny od Zijiciho darce.
Hlavnim pozorovanim bylo, ze induk¢ni imunosuprese, nedeplecni (basiliximab) ani
deplecni (rATG), nema vliv na CMV-specifickou bunéénou odpovéd u CMV
seropozitivnich pfijemct transplantované ledviny v 6. mésici po transplantaci

U pacient, ktefi se nachédzeji ve vysokém riziku vzniku CMV infekce (CMV
seronegativni ptijemci, ktefi dostali organ od CMV seropozitivniho darce (R-/D+), a
CMV seropozitivni ptijemci (R+/D+, R+/D-), a ktefi dostali deple¢ni imunosupresi
rATG) je dobfe popsén vliv indukéni a udrzovaci imunosuprese na vznik CMV nemoci
a jsou zndmé obecné doporuceni pro pouziti antivirové profylaxe valgancyklovirem
(113-115). Nase pozorovani, ze potransplantaéni imunosuprese nema vliv na
pritomnost efektorovych bunck je v souladu s pozorovanim ostatnich (116,117). Ve
studii Pearl et al. (2005) zjistili, Ze rezidualni T bunky po deplecni terapii sdileji stejny
fenotyp, ktery koresponduje s pamét'ovymi/efektorovymi T buiikami. Studie naznacila,
ze pamétové/efektorové T bunky jsou selektivné rezistentni k terapeutické deplecni
terapii (117).

Pamétové/efektorové T lymfocyty byly vnasi studii stanoveny metodou
ELISPOT, kde jsou detekovany buiiky produkujici IFN-y po stimulaci (61,118). T
lymfocyty nejsou jediné, které produkuji IFN-y, naptiklad NK buniky exprimuji tento
cytokin  (119-122). Autofi jiné¢ studie potvrdili, ze CMV specifické
pamétové/efektorové T lymfocyty chybi u 12% CMV seropozitivnich pacienti,
vysledky byly méfeny testem ELISPOT a Quantiferon (123). Také Sylwester et al
(2005) ukézali, ze nekteti dospéli nejsou schopni spravng rozeznat pp65 antigen (124).
V nasem souboru jsme neprokazali CMV-reaktivni lymfocyty u 2 pacientli nehled¢ na
pozitivni sérologii.

DalSim cilem nasi studie bylo zhodnotit CMV specifickou celularni imunitu

v kontextu CMV DNAemie, tj. potransplantacni reaktivaci CMV. Nenasli jsme Zadnou
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asociaci mezi pretransplantacni CMV specifickou imunitou a pozdé¢jSim vyskytem
CMV DNAemie, ktera byla hodnocena 3 meésice po transplantaci, nebo podle
klinického stavu pacienta. K odlisSnym vysledkiim dospéli Bestard et al. (2013), kde
byla nalezena asociace mezi nizkym vyskytem pretransplantac¢nich IE-1 specifickych
T bun¢k a vyskytem CMYV infekce po transplantaci. Nase studie byla zamétena na CMV
seropozitivni pfijemce ledviny od zijicich darcti a vySe zminéna studie byla naopak
provedena u pfijemc, ktefi dostali ledvinu od zemftelého déarce. Do studie byli zafazeni
jak CMV seropozitivni, tak i CMV seronegativni ptijemci.

V dalsi casti projektu jsme se zabyvali vlivem CMV- a alloreaktivnich
pamétovych/efektorovych T lymfocytl na vyskyt akutni rejekce. Zjistili jsme, Ze vyssi
vyskyt CMV- reaktivnich pamétovych/efektorovych lymfocytl pred transplantaci byl
asociovan s vys$im vyskytem rejekce zprostiedkované T lymfocyty po transplantaci.
Ptedchozi studie ukazaly, Ze vyssi pfedtransplantacni darcovsky-specificka T bunécna
odpovéd’ byla asociovana s akutni rejekci a nizSim eGFR u pacientl, 1éCenych
nedeplecni indukei (111,112). V nasi studii bylo 40% pacientti 1é¢eno rATG, ktery
efektivné zredukoval alloreaktivni pamétové/efektorové T lymfocyty na frekvenci,
kterd mize byt kontrolovdna udrzovaci imunosupresi.

Nalezli jsme ale vztah mezi CMV-reaktivnimi pamétovymi/efektorovymi T
lymfocyty a rejekci a také signifikantni korelaci mezi témito bunkami a niz$im
potransplantatnim eGFR ve 3., 6. a 12. mé&sici. Subklinicka CMV reaktivace je
opakovang detekovatelna u 30% piijemct transplantované ledviny bez ohledu na CMV
profylaxi (125-127). Domnivame se, Ze subtilni CMV reaktivace jsou mnohem
Castéjsi, 1 kdyz jsou nedetekované, a poskytuji antigenni stimulaci pro CMV-specifické
T buiiky. To koresponduje s pozorovanim ostatnich autorti, ktefi zjistili, ze CMV
virémie, ktera se vyskytuje u vic jak poloviny pacientll, bez ohledu na CMV profylaxi,
je spojena s horsi funkci stépu (128).

Dalsi vysvétleni, které se nabizi, je pfimy vliv heterologni imunity na funkci §t€pu
(129). Zjistili jsme, ze zktiZzené-reagujici T bunétné klony (sdilejici stejnou TCR-B
sekvenci) byly nalezeny u obou CMV- i alloreaktivnich T buné€k v periferni krvi pfed
transplantaci a také v biopsii §tépu po transplantaci, kde mohou participovat v CMV-
asociované T bunkami zprostiedkované rejekci. Nase pfedchozi experimenty ukazaly,
ze imunodominantni epitopy pro konkrétni HLA alelu, obarvené komplexem
peptid/dextramer nereflektovaly komplexni odpovéd’ na CMV peptidy. Proto jsme

pouzili metodu HLA-nezavislé T bunécné stimulace (130), kterou bylo mozné
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detekovat vSechny 3 analyzované skupiny T bun¢k: i) CMV-specifické, ii) darcovsky-
specifické, ii1) zkiizen€ reagujici. Reaktivni buiiky jsme vysortrovali a vySetfili pomoci
NGS.

Z vysledkt vyplyva, ze pomérné rozsahla kohorta perifernich CMV-reaktivnich
bun¢k obsahuje subpopulaci zkiizené reagujicich bunék, které jsou schopny migrovat
do transplantovaného Stépu. Tyto zkiizené reagujici klonotypy mohou v piitomnosti
vhodnych antigennich stimulti (CMV, allotransplantat) reagovat zvySenou proliferaci a
naslednym poskozenim S§tépu. Tyto zavery koresponduji s hypotézou heterologni
imunity (131,132). Specificka allo-HLA zkiizena reaktivita jiz byla prokazana na
klonalni trovni sdilenym repertoarem TCR u EBV, CMV, varicella-zoster (VZV) a
chiipkového viru A (76,133). Nase data poprvé prokazaly vyskyt zktizen¢ reagujicich
kloni nejen v periferni krvi, ale i v transplantované ledving. Jde ale samoziejmé o
ptedbézné vysledky, které musi byt oveéfeny na vét§im souboru.

Déle jsme se zabyvali vlivem dialyzy na pamétové/efektorové T bunky, které
reaguji na oportunni viry (CMV, EBV, BK) a na periferni subpopulace T a B lymfocyta
a dendritickych bunék u pacientii bez humoralni sensitizace. Zjistili jsme, ze u pacientii
s dlouhodobou dialyza¢ni 1écbou byly v periferni krvi zvySené B lymfocyty marginélni
zony (MZB). U ostatnich analyzovanych subpopulaci, vcetné virové-reaktivnich
pamétovych/efektorovych bun€k nebyly pozorovany signifikantni rozdily.

Periferni MZB funguji jako ,,prvni linie obrany* proti cirkulujicim mikroblim a
polysacharidiim a pomahaji udrZovat homeostazi odstraniovanim apoptotickych bunék
a celularni debris (134—-138). U pacientll na dialyze miZze dochazet k bakteremii pti
eventualni kontaminaci dialyzatu, katétru a dialyzaCnich jehel. MZB exprimuji
pamétovy fenotyp, a proto mohou byt velice snadno aktivovany. Jakmile jsou
vystaveny antigentim (T-dependentnim i T-independentnim) produkuji polyreaktivni
pfirozené protilatky a tim pfispivaji ke zvySovani humoralni sensitizace (139-141).

Dlouhodobd dialyza¢ni 1écba zvySuje imunosenescenci, je spojena s redukci
naivnich T lymfocytl a se zvySenou frekvenci pamétovych T bunék (142). Lze tedy
predpokladat, Ze uremické prostfedi vyrazné alteruje imunitni pamét a jiné Casti
adaptivniho imunitniho systému. U 2 pacientli s vysokym vyskytem MZB pied
transplantaci se akutni rejekce vyskytla do 1 roku. Jde ale samoziejmé o pilotni
pozorovani. Kazdopadné€ je moZno usuzovat, Ze kromé humoralni sensitizace spojené
s krevnimi transfuzemi, predchozi transplantaci nebo porody, jsou u nemocnych

s nezvratnym selhdnim ledvin 1é¢enych dialyzou aktivovany dalsi slozky pfirozené a
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adaptivni imunity, které se mohou podilet na snadn€jSim vzniku rejekce po

transplantaci.
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7 Zavéry

1. Efekt indukéni terapie na CMYV specifické efektorové/pamétové T

weer

Pocet piijemcovskych CMV-specifickych bun¢k produkujicich IFN-y po stimulaci
pp65 a IE-1 antigeny pied a 6 mésich po transplantaci ledviny je stejny bez ohledu

na pouzitou induk¢ni terapii.

2. ZKftizené reagujici T lymfocyty se nachazeji v periferni krvi pacienta pred
transplantaci a jsou identifikovatelné také po transplantaci v ledvinném

Stépu

Pomoci NGS sekvenovani jsme prokazali pfitomnost heterologni imunity, resp.
pritomnost T bunécnych klonotypi se stejnymi TCRP CDR3 sekvencemi
reagujicimi jak na CMYV, tak i na alloantigeny v krvi pacientl pied a v ledvinném
Stépu po transplantaci ledviny. Jejich pfitomnost v biopsii §tépu ukazuje na pfimé

spojeni mezi CMV specifickou imunitou a poSkozenim $tépu.

3. Dialyzacni 1é¢ba ovliviiuje vysS$i vyskyt B lymfocyti marginalni zény v

periferii

Delsi pobyt na dialyze neovlivnil pocet T bunék specifickych pro nejcasté;si
oportunni infekce u pacientil podstupujicich transplantaci (CMV, BK, EBV). Tato
terapie signifikantn€ ovlivnila pocet cirkulujicich B lymfocytl marginalni zony,

ostatni analyzované subpopulace T, B a DC buné¢k zlstali nezménéné.
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