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Souhrn

Sarkoidéza je autoimunitni onemocnéni postihujici primarné plice, ale 1 Siroké
spektrum dalSich organti. U vétsi Casti pacientil je pfitomna jeji mirnéjsi forma, mize vsak
dojit i k progresi onemocnéni a vzniku plicni fibrozy. VEasné odhaleni této skupiny pacientd,
¢inaopak identifikace pacientl, u kterych nasazeni 1é€by neni potfeba, by mohlo vést
Kk lepSimu managementu onemocnéni. Etiologie sarkoiddzy stale neni zcela objasnéna. Velmi
podstatnou ulohu v ni ovSem maji pfedevSim geny imunitniho systému. Tato prace byla
zaméfena na typizaci HLA variant a jednonukleotidovych polymorfismil v genech spojenych
predevs§im s imunitnim systémem. Sarkoidéza, jak z piedeslych studii vyplyva, je velmi
heterogenni onemocnéni a jeho vyskyt, ale 1 projevy zéavisi na etnickém plvodu pacientd.
Byly analyzovéany dvé stfedoevropské populace — Ceskd a polskd, dale pak tfeckd populace
a korejska populace. Variabilita HLA lokust byla studovana i ve zdravé chorvatské populaci.

Analyza HLA lokust byla provedena pomoci NGS typizace s vysokym rozliSenim
na 4 pole. Jednonukleotidové polymorfismy byly identifikovany pomoci metody MassArray,
ktera je zaloZend na prodlouzeni o jednu bazi a naslednou analyzu MALDI-TOF.

V této praci byly replikovany vysledky predchozich studii, ale i objeveny nové
polymorfismy a HLA varianty asociované se vznikem, ¢i pribéhem sarkoid6zy. Byla
prokédzéana také spojitost etnického ptivodu s vyskytem HLA variant a polymorfismi v danych
populacich. Ve stfedoevropskych populacich byla vyznamna spojitost polymorfismil spjatych
s MHC oblasti s pfiznivejsi prognézou sarkoidézy. U fecké a Ceské populace byla potvrzena
spojitost polymorfismu v genu ANXA1l jako protektivniho pro vznik sarkoiddzy. V tfecké
populaci, a pfedevsim pak v populaci korejské, byl naopak znatelny silny vliv polymorfismi
v genu TGF—f na vznik a pribéh sarkoidozy.

Byla popsana diverzita HLA variant u vychodnich Chorvatl, kterd poukazuje
na charakteristick¢ detaily alel a haplotypli, které odpovidaji slozité populacni historii
studované skupiny Chorvatl a této geografické oblasti. Analyzou HLA lokust byly v ¢eské
populaci identifikovany jako rizikové pro vznik sarkoidézy varianty HLA-DQB1*06:02,
HLA-DQB1*06:04 a DRB1*11:01. S ptiznivou prognézou byly spojené varianty, které jsou
HLA-DQB1*05:03, DRB1*14:54 a HLA-DQA1*01:04.

V korejské populaci byly s rizikem sarkoidozy asociované varianty HLA-C*03:04,
HLA-DRB1*12:01 a HLA-DRB1*14:54. Naopak s ptiznivéjsi progndzou byly u korejské
populace spojeny varianty HLA-DRB1*12:01 ¢i HLA-DQA1*01:02.



Summary
Sarcoidosis is an autoimmune disease primarily affecting the lungs but also a wide

range of other organs. A milder form of sarcoidosis is present in most patients,
but the progression of the disease and pulmonary fibrosis can also occur. Early detection
of this group of patients or, conversely, identification of patients in whom treatment is not
needed could lead to better disease management. The etiology of sarcoidosis is still not fully
understood, but immune system genes play a crucial role. In this study, we focused on HLA
variant typing and single nucleotide polymorphism typing in genes mainly associated
with the immune system. As previous studies have shown, sarcoidosis is heterogeneous;
its incidence and manifestations depend on ethnicity. We analyzed two Central European
populations - Czech and Polish, and the Greek and Korean populations. We also studied
the variation of HLA loci in the healthy Croatian population.

HLA locus typing was performed using high-resolution NGS typing on 4 fields. Single
nucleotide polymorphisms were identified using the MassArray method based on single base
extension followed by MALDI-TOF analysis.

In this work, we replicated the results of previous studies and discovered new
polymorphisms and HLA variants associated with the onset or course of sarcoidosis. We also
demonstrated the importance of ethnic influences on the prevalence of HLA variants
and polymorphisms in the populations. In Central European populations, polymorphisms
associated with the MHC region were significantly associated with a more favorable
prognosis of sarcoidosis. In the Greek and Czech populations, we confirmed the protective
association of polymorphisms in the ANXA1l. In contrast, in the Greek population
and the Korean population, polymorphisms in the TGF-B gene strongly influenced
the development and progression of sarcoidosis.

HLA diversity in eastern Croats was described, which shows characteristic details
of alleles and haplotypes that correspond to the complex population history of the Croatian
group studied and this geographical region. By analysis of HLA loci, we identified
HLA-DQB1*06:02, HLA-DQB1*06:04, and DRB1*11:01 as risk loci for sarcoidosis
in the Czech population. Variants that are part of the 8.1 ancestral haplotype were associated
with a favorable prognosis. A more severe course was associated with HLA-DQB1*05:03,
DRB1*14:54, and HLA-DQA1*01:04 variants. In the Korean population, variants
HLA-C*03:04, HLA-DRB1*12:01, HLA-DRB1*14:54, and HLA-DQA1*05:08,
for example, were associated with sarcoidosis risk. HLA-DRB1*12:01 or HLA-DQA1*01:02

variants have been associated with a better prognosis in the Korean population.
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1 Uvod

Intersticialni onemocnéni jsou skupinou onemocnéni charakteristickou zanétlivymi
a fibrotickymi zménami intersticia nebo interalveolarnich sept plic, které maji za nésledek

nepoddajnost plic. Do této skupiny onemocnéni fadime i sarkoidozu.

1.1 Sarkoidéza

Sarkoid6za je zndma jiz ptes sto let. Prvni piipad sarkoidozy byl zaznamenan v roce
1877 v Londyn¢ (Jain et al., 2020).

Dle mezindrodni klasifikace nemoci fadime sarkoidézu mezi poruchy mechanismu
imunity. Rozdé€lujeme ji dale dle mista postizeni na sarkoidozu plic, miznich uzlin, ktize
a dalsich, ptipadné kombinovanych lokalizaci.

Jedna se o onemocnéni velmi symptomaticky rozmanité, a proto jsou jeho pficiny
I etiologie stale predmétem vyzkumu (Valeyre et al., 2014). Onemocnéni postihuje predevsim
plice. Témét polovina pacienti nema zadné ptiznaky, u nékterych ovSem miize onemocnéni
vyustit aZ v selhavani organt zpisobené fibrézou a pulmonalni hypertenzi (Starshinova et al.,
2020).

Stézejnim prvkem v diagnostice sarkoiddzy je pritomnost nekaseifikujiciho granulomu.
Kjeho tvorbé dochdzi piedev§im v plicich a lymfatickych uzlinach, ale také na kizi
aVjatrech. K tvorbé granulomii dochazi agregaci hypertrofovanych makrofagi (Valeyre
etal., 2014). Neznamy antigen je zpracovan aktivovanymi makrofagy a podnécuje imunitni
odpovéd’ regulovanou T-lymfocyty a makrofagy. Toto =zapfiCiiuje uvolnéni cytokind,

chemokint a dalSich mediatort, které se dale podileji na progresi sarkoidozy.

1.2 Epidemiologie

Sarkoid6za je rozsifena celosvétove, ale cCetnost jejiho vyskytu je odliSna mezi
jednotlivymi skupinami v zavislosti na rase, regionu, ale i véku a pohlavi (Jeon et al., 2020).
Nejvyssi incidenci tohoto onemocnéni, coz je pocet novych piipadii onemocnéni za rok,
pozorujeme u Afroamericant (17.8 ptipadd na 100 000 obyvatel) a v severni Evropé
(Svédsko 11.5 ptipadi na 100 000 obyvatel) (Arkema et Cozier, 2020; Yoon et al., 2018).
Tato prace byla zaméfena na populaci Ceska, Polska, Recka a Jizni Koreje.

V Ceské populaci je incidence sarkoidozy 4.4 ptipadt na 100 000 obyvatel (Arkema
et Cozier, 2020) a prevalence sarkoid6zy je 63.1 pfipadi na 100 000 obyvatel (Kolek et al.,
1994). Nejvice zasazeny jsou u Ceskych pacientl, mimo plic, periferni lymfatické uzliny,

vyskytuje se hyperkalciurie, zasazeni kiize, jater, kosti, sleziny a o¢i (Zurkova et al., 2014).



Podle studii provedenych na polské populaci se incidence sarkoidézy pohybuje mezi
4-7.5 ptipadii na 100 000 obyvatel. Sarkoiddza je zde vice rozsifena u muzi, které v primeéru
postihuje v niz§im véku neZ zeny. VEk jedinct hospitalizovanych se sarkoidozou v poslednich
letech stoupd. Podil Zen mezi pacienty se sarkoid6zou naopak klesd. Mimo plice (32.1 %
ptipadll) je v této populaci Casté predev§im postizeni lymfatickych uzlin (18 % piipadi),
kombinace postizeni plic se zasazenim lymfatickych uzlin (25.8 % pfipadl), pfipadné
zasazeni kuze (1.4 % ptipadi) (Bogdanet et al., 2019; Kowalska et al., 2014).

V Recku patii sarkoidoza mezi nejrozsifengjsi onemocnéni ze skupiny intersticialnich
plicnich onemocnéni. Jeji incidence je zde 1.2 pfipadd na 100 000 obyvatel, prevalence
5.7 ptipadt na 100 000 obyvatel (Obr. 1) (Karakatsani et al., 2009; Hilberg et al., 2022).

V Asii je obecné pozorovana niz$i incidence sarkoiddzy. Naptiklad v Japonsku
jetolpripad na 100000 obyvatel (prevalence 3.7 ptipadi na 100000 obyvatel)
(Arkema et Cozier, 2020).

V Jizni Koreji, incidence sarkoidozy v poslednich letech vzrista. V roce 2009 byla
incidence 0.85 piipadid na 100 000 obyvatel a v roce 2015 vzrostla incidence na hodnotu
0.97 ptipadi na 100 000 obyvatel. Caste¢nd je vySe uvedené zpisobeno zlepsenim
diagnostickych postupti (Kim et al., 2021; Yoon et al., 2018). Mezi diagnostikovanymi lehce
prevladaji zeny. Ty ovSem maji o néco vyS$i miru preziti nez muzi. Nejvice zasazenym
organem jsou 1 v této populaci plice, nasledované postizenim klze, o¢i a mimoplicnich
lymfatickych uzlin. Zasazeno byva i srdce a nervovy systém (Kim et al., 2021; Jeon et al.,
2020). Zhruba jedna tfetina pacientt trpi hyperkalcemii nebo hyperkalciurii (Kim et al.,
2021).

Vysokd mortalita byla u postizenych sarkoidézou zaznamendna piedevSim
u mladistvych do 19 let véku. U mladych dospé€lych je pak mortalita pomérné nizka a stoupa
pfimo tumérné s vékem. Nejrizikovéj§im faktorem pro mortalitu u tohoto onemocnéni

je zasazeni srdce (Jeon et al., 2020).



Obrazek 1: Prevalence sarkoidézy v jednotlivych zemich podle hlavnich epidemiologickych
studii z let 1958- 2017 (pfevzato z Brito- Zeron et al., (2019))
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1.3 Etiologie sarkoiddzy

Pfi¢ina vzniku sarkoidézy neni stile zcela zndma. Existuje n€kolik pficin, které
pii koexistenci s rizikovymi faktory mohou vést ke vzniku tohoto onemocnéni (Seve et al.,
2021).

Neexistuje ditkaz, Ze by sarkoidéza byla infekénim onemocnénim. Jednd se spiSe
0 nepfiméefenou reakci imunitniho systému pfi rozpoznani molekularnich struktur typickych
pro povrch patogennich bunék (PAMP — pathogen-associated molecular patterns), mrtvych
a castecné degradovanych mykobakterii a propionibakterii. Sarkoidézu mohou spoustét i dalsi
organické a anorganické latky (Valeyre et al., 2014).

V souvislosti se vznikem sarkoidozy se uvazuje také o infekénich agens, jako jsou
mykobakterie, protoze vznik granulomu je hlavni imunitni odpovédi na tyto agens. Hlavnim
kandidatem na puvodce infekci-indukované sarkoidozy je Mycobacterium tuberculosis.
V souvislosti se sarkoidozou byly identifikovany dalsi infekéni agens, fungi nebo také borellie
¢i Propionibacterium acnes (Jain et al., 2020, Judson, 2020).

Doposud nebyl identifikovan zadny autoantigen pro sarkoidézu, pfestoze v jejim
prubéhu dochazi k prezentaci autoantigenu molekulami HLA 1I. tfidy receptorim
T-lymfocytd. Mezi kandidaty na tuto pozici patfi vimentin. Jednd se o peptid pfitomny

V pojivové tkani, ktery se ucastni mezibunéénych interakci a ovliviiuje funkci imunitniho



systému. Vimentin ma vliv napiiklad na vznik revmatoidni artritidy a mohl by se podilet
I na vzniku sarkoiddzy (Starshinova et al., 2020; Jain et al, 2020).

Mnoho studii uvadi, ze genetické faktory by mohly mit zdsadni vliv na vznik a progresi
sarkoiddzy. Ve spojitosti se sarkoid6zou bylo identifikovdno n€kolik lokusi genti naptiklad
BTNL2, ANXAL1, IL23R, IL12B, TAP2, TNFa nebo RAB23 ¢i lokusy pro HLA (Fischer et al.,
2015). Touto problematikou se zabyvaly i celogenomové studie, které potvrdily spojitost HLA
i non-HLA gend (geny =zapojené v apoptdze, regulaci imunitni odpovédi a aktivaci
T-lymfocyt) se vznikem sarkoidozy (Schurmann et al., 2001; Judson, 2020).

Vyskyt sarkoidézy v rodinné anamnéze zvySuje pétkrat vice riziko vzniku mezi
sourozenci nemocného. U dvojcat je toto Cislo jesté vyssi (Rybicki et al., 2001; Jain et al.,
2020).

V neposledni fadé¢ maji velky vliv na vznik a rozvoj sarkoidézy i environmentalni
faktory. Rizikova je inhalace bioaerosolii (napf. borovicovy pyl), které¢ jsou nejaktivnéjsi
predevsim v jarnim obdobi. U anorganickych latek je rizikova expozice oxidu kiemicitému
a jinym prachiim z kovl. Mezi rizikové faktory patii néktera povolani, kdy dochazi k expozici
specifickym latkdm. Zafazujeme mezi né¢ zemédélské profese (vystaveni se pylim, prachu
Ci pesticidim) nebo d¢lnické profese Vv tovarnach (vystaveni se kovovym prachim,
mineralnim vlaknim) (Jain et al., 2020, Judson, 2020; Arkema et Cozier, 2020).
etnicky ptivod.

U Afroamericanti je vysoka incidence a prevalence sarkoiddzy, coz poukazuje
na vrozenou genetickou predispozici (Hena, 2020). Umrtnost pacienti se sarkoidozou
je v afroamerické populaci velmi vysoka a ve srovnani s bélo§skymi pacienty umiraji v niz§im
véku (Mirsaeidi et al., 2015). U afroamerické populace je také vysSi nachylnost
k mimoplicnimu postizeni. Sarkoidoza v této populaci nejcastéji postihuje kiazi (s vyjimkou
vyskytu nod6zniho erytému), kostni dren, jatra, extrathorakalni lymfatické uzliny a o¢i (Hena,
2020). Genetické predispozice se Vv afroamerické populaci projevuji piedev§im v oblasti
kodujici HLA na chromozomu 6. Nejsilngj§i asociace u HLA-DRB1 jsou populacné
specifické. U Afroamericanti se projevuje piedevsim varianta DRB1*03:02 a DQB1*06:02
spojena jak s vy$$im rizikem vzniku, tak progresi sarkoidozy (Hena, 2020; van Moorsel et al.,
2022). S predispozici k sarkoidoze u afroamerické populace je také spojena oblast 5q11.2
(Hena, 2020).

Naopak u bélosské populace se castéji vyskytuje porucha metabolismu vapniku.

Konkrétné v evropské populaci je také vysSi vyskyt nodozniho erytému (Hena, 2020;
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Morimoto et al., 2008). Alela HLA-DRB1*¥03:01 se castéji vyskytuje v populacich
evropského plivodu, naopak v populacich afrického a asijského plvodu se vétSinou
nevyskytuje (van Moorsel et al., 2022).

U studii s thajskymi pacienty se sarkoiddézou byla velkd prevaha postizenych Zen.
Projevovalo se to 1 vysokym vyskytem uveitidy v této populaci (témer 40 %), pricemz muzské
pohlavi je vyznamnym ochrannym faktorem pii vzniku uveitidy (Tripipitsiriwat et al., 2020).
Dvé nedavné studie z Ciny zjistily prevalenci uveitidy pouze necelych 6 %. Vysoky podil
ofniho postizeni u pacienti se sarkoidézou byl také v Japonské populaci (30.9 %)
(Morimoto et al., 2008).

U japonskych pacienti se také s vysokou cetnosti objevovaly srdecni sarkoiddzni
granulomy. Pribéh srdecni sarkoiddzy je variabilni a pohybuje se od benignich arytmii nebo
srdeéni blokady vysokého stupné az po nahlou smrt. Umrtnost souvisejici se srdeéni
sarkoid6zou byla zjisténa u 46.9 % (Morimoto et al., 2008).

Mezi rizikové faktory patii i vék nad 40 let a koexistence dalsiho onemocnéni napiiklad
lupus perio nebo chronicka uveitida. Rizikovymi faktory jsou i koufeni ¢i obezita

(Arkema et Cozier, 2018).

1.4 Lécba

Lék na sarkoidozu jako takovou, ktery by toto onemocnéni zcela vylécil, neexistuje.
V soucasné dob¢ pouzivané 1éky ovliviiuji granulomatdzni proces a jeho klinické projevy.
Pfevazna Cast pacientli se sarkoid6zou nepotiebuje 1écbu a je jen dlouhodobé sledovana
pro prevenci piipadného zhorSeni stavu. Sarkoiddza Casto mifi ke spontanni regresi bez toho,
aby zapfi¢inila jakékoliv trvalé poskozeni zasazenych organu (Jain et al., 2020; Ungprasert
etal., 2019).

K nasazeni terapie vedou tii hlavni divody, a to riziko zavazné dysfunkce nebo
kritického orgdnového postizeni, riziko tumrti a pfitomnost symptoma zédvazné zhorSujicich
kvalitu zivota (Valeyre et al., 2014).

Léky prvni volby pii 1é¢bé sarkoiddzy jsou kortikosteroidy, piedev§im Prednisolon.
Kortikosteroidy ov§em maji velké mnozstvi nezadoucich uc¢inki. U vétSiny pacientd je navic
nutnost dlouhodobého uzivani. Po jejich vysazeni ¢i snizeni davky dojde az u 30 % pacientti
k relapsu onemocnéni. Kortikosteroidy v inhala¢ni form¢ se podavaji predevsim u symptomu
podobnym astmatu a na zmirnéni kasle (Ungprasert et al., 2019; Rahaghi et al., 2020). Role

kortikosteroidii v 1é€bé chronické plicni sarkoiddzy ziistava stale kontroverzni.



Dal$im pouzivanym IléCivem jsou cytostatika a imunomodulatory. Tyto se nasazuji
pii Spatné odpovédi na léCbu kortikosteroidy nebo pii nutnosti dlouhodobého uzZivani
kortikosteroida, kdy dochazi k riziku steroidni toxicity. Nejcastéji jsou v této skupin€ uzivané
hydrochloroquine, azathioprine, methotrexat ¢i mycophenolate mofetil (Rahaghi et al., 2020;
Jain et al., 2020; Ungprasert et al., 2019).

Tieti moznosti pro ty, kdo nereaguji nebo z néjakého divodu nesnesou glukokortikoidy
a cytostatika, jsou monoklondlni protilatky proti cytokinim. Nejcastéji pouzivané jsou
inhibitory TNF-a, napfiklad Infliximab ¢i Thalidomid (Ungprasert et al., 2019; Jain et al.,
2020).

Pti 1écbé sarkoidozy se mohou pouzivat 1 antimalarika ¢i antimikrobialni léky zv1asté
U postizeni kize nebo gastrointestindlniho traktu. Pii vyCerpani vSech lécebnych moznosti

pfichazi v uvahu i transplantace (Valeyre et al., 2014).

1.5 Patofyziologie sarkoiddzy

Charakteristickym znakem sarkoidozy je vyvoj a akumulace granulomu, které jsou
umistény podél lymfatickych cest (Iannuzzi et al., 2007). Granulom se sklada zjadra
tvofeného aktivovanymi a vysoce diferencovanymi mononuklearnimi fagocyty (epiteloidnimi
buitkami a Langerhasovymi buiikami). Charakteristickd je 1 pfitomnost inkluzi, naptiklad
Schaumanovy inkluze (Drent et al.,, 2021). V centralni c¢asti granulomu se nachazeji
CD4" T-lymfocyty. V periferni ¢asti je granulom obklopen CD8" T-lymfocyty, regulaénimi
T-lymfocyty, B-lymfocyty a fibroblasty (Polverino et al., 2020; Drent et al., 2021).

Prvni faze imunitni odpovédi na pfitomnost neznamého antigenu je vysledkem plisobeni
genetickych, epigenetickych a environmentdlnich faktort ve spolupraci s vlivy vnéjsiho
prostiedi. Jedinec se specifickym genetickym zakladem ma tendence k dysfunkéni imunitni
odpovédi a ke tvorbé vyse zminénych granulomt (Drent et al., 2021).

Neznamy antigen také aktivuje dendritické bunky a alveolarni makrofagy
(Polverino et al., 2020). Pti kontaktu s buikou ma neznamy antigen schopnost interagovat
S bunéénymi transmembranovymi Tool-like receptory (TLR2, TLR4) a NOD-like receptory
(NLR), coz vede k aktivaci transkripcniho faktoru Nuclear Factor-Kappa B (NFxB). Tyto
transmembranové receptory maji kliCovou roli v nespecifické imunitni odpovédi.
Rozpoznavaji konzervované struktury molekul pochazejicich z mikroba a poSkozenych bunék
(Tarasidis et Arce, 2020).

Pii expozici nezndmému antigenu dochdzi ke stimulaci transkripénich faktorid

a nasledné produkci cytokind, expresi chemokinovych receptortt a chemokinu (Obr. 2).



Imunitni odpovéd poté bud’ eliminuje spoustéci antigen a dojde k ukonceni imunitni
odpovédi, nebo antigen pietrva a nasleduje formovani granulomu (Drent et al., 2021).

Tento proces také  prilakd  bunky specifické imunitni odpovedi

imunologickym néalezem vtekutiné =z bronchoalveolarni lavdze (BAL) pacientd
se sarkoidézou je pievaha CD4" T-lymfocytl, proto je u nich zvySeny pomér
CD4"/CD8" T-lymfocytti (Shen et al., 2016).

CD4" T-lymfocyty se ucastni tvorby granulomii, ndboru monocyt/granulocytl
a komunikace s B-lymfocyty, coz vede k tvorbé protilatek.

Hlavni rysem akutniho onemocnéni je zanétlivy proces tizeny Th1/Thl7/regulacnimi
T-lymfocyty (Tregs), na némz se podileji makrofagy jako antigen prezentujici buniky i jako
klicové efektory (Polverino et al., 2020).

Ukazalo se, ze hladina IFN-y u sarkoidozy je zna¢né zvysSend, coz ukazuje na primarni
Thl odpovéd (Katchar et al., 2003). Infikované makrofagy interaguji s T-lymfocyty pomoci
MHC 1II a zaroven 1 produkuji IL-12. Ob& tyto skutecnosti stimuluji indukci diferenciace
CD4" T-lymfocytt smérem k Thl lymfocytim. Thl lymfocyty amplifikuji lokalni imunitni
odpovéd’ (lannuzzi et al., 2007). Thl lymfocyty stimuluji pfeménu makrofagl na aktivované
makrofagy a produkuji TNF-a, IL-2 a IFN-y, které tvofi obranyschopnost proti
mikroorganismim (Tarasidis et Arce, 2020). Predpoklada se, ze zminéné cytokinové prostiedi
stimuluje aktivaci klasickych prozanétlivych makrofagi (M1) (Wojtan et al., 2016).

Alveolarni makrofagy jsou spolu s plicnimi T-lymfocyty hlavnim zdrojem interferonu
gama (IFN-y). Piedpoklada se, Ze role IFN-y spociva v inhibici apoptézy makrofagi
prostfednictvim exprese inhibitoru p21/Waflcyklin-dependentni kindzy, jejiz zvySena aktivita
byla pozorovana u sarkoidnich granulomt (Zhou et Arce, 2020). IFN-y také aktivuje Janus
kinazu a tim JAK-STAT drahu (Calender et al., 2020; Drent et al., 2021). Diferenciace
na Th17 lymfocyty je indukovana TGF-B a IL-6, ktery je produkovan piedev§im
mononukledrnimi fagocyty. Buitkky Th17 exprimuji prozanétlivé 1L-17, 1L-21, 1L-22, které
maji klicovou roli v plasticité tvorby a udrzovani granulomu (Drent et al., 2021). Pfedpoklada
se, ze k pretrvavajicim granulomatdéznim reakcim u sarkoidozy pfispivd neschopnost
imunitnich regula¢nich mechanismti omezit trvani zanétu Th1-Th17.

U chronického onemocnéni vlivem IL-12 a IL-18 (produkovaného mononuklearnimi
fagocyty a indukujiciho produkci IFN-y) dochazi k niz$i aktivaci alveolarnich makrofagu.
Aktivace Thl je netplna kvuli nedostate¢nym hladinam IL-12 a IL-18 (Drent et al., 2021).
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Béhem formovani granulomu mutze vlivem zvySené produkce makrofagovych
fibrogennich cytokint (napf. TGF-B) dochazet k posunu diferenciace k Th2 lymfocytim,
fibrézy. IL-13 podporuje vznik makrofagi (M2). Ty diferencuji v epiteloidni buriky a antigen
prezentujici buniky (Drent et al., 2021). Je také aktivovana draha mTORC1 (mammalian
target of rapamycin complex 1) v makrofazich, podporujici nadmérnou tvorbu granulomu
(Obr. 2) (Calender et al., 2020; Polverino et al., 2020). Alveolarni makrofagy aktivované
Vv souvislosti s cytokiny Th2 produkuji vysoké hladiny fibronektinu a chemokinu CCL18. Ten
zvySuje produkci kolagenu plicnimi fibroblasty, coz nasledné zvySuje uvolnovani
CCL18 makrofagy. Dochazi ke vzniku pozitivni zpétnovazebné smycky vedouci k plicni
fibréze (Iannuzzi et al., 2007). Pretrvavani antigenu nebo jeho nedegradovatelnych zbytki
udrzuje zanét s Th2 a M2 bunkami, coz vede k fibrotické remodelaci dolnich cest dychacich

nebo jiné dalsi zapojené tkan¢ (Obr. 2)(Miiller-Quernheim et al., 2012).
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Obrazek 2: Imunologicka kaskada zpusobujici tvorbu sarkoidniho granulomu (pievzato

z Drentet al., (2021))
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1.6 Prubéh nemoci

Mezi obecné piiznaky sarkoiddzy tfadime horecku, vycerpdni, unavu, ztratu hmotnosti
anocni poceni. Sarkoid6za postihuje predevsim plice, které jsou zasazeny u vice jak 90 %
pacienti (Jain et al., 2020). Mezi nejCastéjsi projevy sarkoiddzy patii suchy kaSel, dusnost
a bolest na hrudi (Starshinova et al., 2020). Plicni sarkoidozu mizeme rozdé€lit do 5 stadii
posuzovanych na zakladé rentgenu (rtg) hrudniku (Seve et al., 2021). Stadium
bez jakéhokoliv viditelného plicniho postizeni se oznacuje jako stadium 0, toto stadium
se vyskytuje zhruba u 5-15 % pacientd. U sarkoidozy ve stadiu 1 je vétSinou pfitomna
symetrickd hilova lymfadenopatie a vtomto stadiu je zhruba 45-65 9% pacienti

se sarkoidozou. Stadium 2 zahrnuje postizeni uzlin, ale i plicniho parenchymu a toto stadium
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je evidovano u ptiblizn€ 30-40 % pacientii. Ve stadiu 3 je postizen pouze plicni parenchym
bez znamek adenopatie ¢i fibrozy, toto je evidovano u 10-15 % pacientt. Ve stadiu 4 dochézi
Kk fibrotickym zménam, které jsou pfitomny u zhruba 5 % pacienti se sarkoidozou
(Silva et al., 2015).

Castym piiznakem jsou zmény plicnich funkci jako sniZeni hodnot statickych plicnich
objemd, napfiiklad sniZzeni FVC (usilovné vitalni kapacita) a také sniZzeni poméru usilovné
vydechnutého objemu za jednu sekundu (FEV1) / FVC vyskytujici se predevsim z divodu
pfitomnosti granulomu ¢i fibrotickych zmén v peribronchiu. Pro posouzeni zévaznosti
fibrotickych zmén plic byl vytvofen kompozitni fyziologicky index, ktery tyto parametry
vyuziva.

U sarkoiddzy byly popsany dva syndromy charakteristické akutnim pribéhem. Jedna
se 0 Heerfordtiv syndrom (charakteristicky uveitidou, parotitidou, horeckou a paralyzou
obliceje) a Lofgrentiv syndrom (LS).

Lofgrentiv syndrom byl poprvé popsan v roce 1952. Ve vétSiné pfipada se prezentuje
horeckou, oboustrannou hilovou lymfadenopatii, nodoéznim erytémem, oboustrannou
artritidou kotnikdi a periartikularnim zénétem. Bolestivost kloubi miZze byt tak znacna,
ze ovliviyje i chiizi (Rubio-Rivas et al., 2020; Kolek et al., 2017). LS se nejcastéji vyskytuje
v evropské populaci, predeviim ve Svédsku. Tato forma sarkoidozy je vétsinou spojena

s dobrou prognézou onemocnéni (Seve et al., 2021).

1.7 Mimoplicni postiZeni

Mimoplicni postizeni se objevuje az ve Ctvrting piipadd (Starshinova et al., 2020).
U 20 % pacientll se vyskytuje vétSinou nebolestivé postizeni perifernich lymfatickych uzlin,
projevujici se jejich otokem (Jain et al., 2020).

U sarkoid6zy dochazi Casto k postizeni kiize a to ve 20-30 %. Nejc€astéjSim projevem
je nodozni erytém. Casté je také silné poceni, malouzlové nebo velkouzlova kozni sarkoidoza,
subkutanni sarkoidéza ¢i sarkoid v jizv€é ¢i v tetovanich projevujici se zcCervenanim
a zdufenim starych jizev. Charakteristicka je také ptitomnost Lupus pernio (Ungprasert et al.,
2019; Kolek et al., 2017).

U zhruba u 30 % pacientt sarkoidoza postihuje o€i. Zasazeni o¢i je Ccastéjsi
U Afroameriant a japonské populace. Nejcastéjsi formou postizeni o¢i je uveitida
(Seve etal.,, 2021; Morimoto et al., 2008). Muze se projevovat jako konjunktivitida,
katarakta, glaukoatrofie optického nervu nebo muze dochéazet k adhezim mezi duhovkou
a ¢ocku (Kolek et al., 2017).
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V jedné Ctvrtin€ piipadi se objevuje postizeni srdce (Jain et al., 2020). Hlavnim
patologickym procesem je granulomatdézni zanét myokardu, ktery vede k arytmii a kardiopatii
(Ungprasert et al.,, 2019). Arytmie mohou byt zachyceny 24hodinovym EKG.
Granulomatozni infiltraci srdce lze potvrdit pozitronovou emisni scintigrafii. Pfi podezieni
na zasazeni myokardu se provadi magnetickd rezonance. Potvrzeni diagnézy probiha
endomyokardialni biopsii s prukazem granulomu (Kolek et al., 2017).

Neurologické postizeni nebo neurosarkoidéza se vyskytuji u méné nez 10 % pacientil.
Postizeny jsou hlavné hlavové nervy. Vyskytuji se i periferni neuropatie. Miize dochazet
I k aseptické meningitidé nebo encefalopatii (Kolek et al., 2017; Jain et al., 2020). Postizeni
mozku a michy je vétSinou vazné a prognosticky nejisté.

Sarkoidéza mlZe napadat i kosti, coZ se projevuje piedevS§im artritidou, artralgii,
osteopordzou, osteopenii a uzlovitymi a cystickymi 1ézemi.

Dale sarkoidoza postihuje jatra, slinivku, ledviny nebo endokrinni zlazy (Jain et al.,
2020).

1.8 Diagnostika

Diagnostika sarkoiddzy se odviji od stézejnich bodu, kterymi jsou odpovidajici klinicka
prezentace, pritomnost nenekrotizujiciho granulomatozniho zénétu a vylouceni jiné
alternativni pfic¢iny onemocnéni. Nékteré klinické prezentace jsou pro sarkoiddézu vysoce
specifické. Jedna se o Lofgrentiv syndrom, lupus pernio a Heerfordtiv syndrom. Silnou
asociaci se sarkoiddzou vykazuje i oboustranna hilova adenopatie (Crouser et al., 2020).

V minulosti bylo nejvice ptipadi, a to 1 bezptiznakovych, odhaleno diky rentgenu plic,
ktery byl u pacienta indikovan z jinych pficin (Seve et al., 2021). Na zakladé téchto zjisténi
délime sarkoidézu do péti vyse zminénych stadii.

Charakteristickymi znaky vypocetni tomografie (CT) u pacientll se sarkoid6zou jsou
klinickd symetrickd hilova lymfadenopatie, kalcifikace lymfatickych uzlin, konsolidace
a opacity mléc¢ného skla, noduly (mikroskopické, makroskopické), vostinovita piestavba plic,
air-traping a fibrotické zmény (Silva et al., 2015).

Dalsi podstatnou slozkou diagnostiky je vysetieni bioptickych ¢i BAL vzorki
pro identifikaci pfitomnosti granulomatézniho zanétu (Drent et al., 2021). Pro sarkoidozu
je zde charakteristicka pfitomnost granulomu se soustfedné¢ uspofadanymi imunitnimi
bunkami. Sarkoidni granulom je vétSinou nenekrotizujici (Crouser et al., 2020). Diagnézu
sarkoidozy podporuje i zvyseny pomér CD4'/CD8" T-lymfocyti v BAL, ktery miize byt

uziteCny 1 pro naslednou diferencialni diagnostiku. DalSim navazujicim krokem je totiz
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vylou€eni jinych moznych diagnéz, zejména téch zapticifiujicich granulomatéozni zéanét
(Drent et al., 2021; Crouser et al., 2020).

V diagnostice se vyuzivaji i radionuklidové metody, napiiklad Ga-scintigrafie,
¢i pozitronova emisni tomografie (PET). PET napomahéd identifikaci mist vhodnych
pro biopsii, rozpoznani srde¢ni sarkoidozy ¢i vySetteni aktivity u zavaznych stavii sarkoidozy,
kdy neni pfitomen jiny biologicky diikaz aktivity (Jeny et al., 2020).

Magnetickd rezonance hrudniku se wukdzala uzitecna predevSim pfi hodnoceni
lymfadenopatie (Chung et al., 2014).

V souvislosti se sarkoiddézou bylo navrzeno mnoho biomarkert. Jen mala ¢ast z nich
je ovSem Kklinicky spolehliva a rutinné se vyuziva. Prehled hlavnich biomarkerd jak
vyuzivanych, tak téch, které jsou ve fazi vyzkumu, je uveden v samostatné kapitole nize.

Po urceni diagndézy mohou nasledovat dalsi vySetieni pro zjisténi dalSich zasazenych
organi a nespecifickych symptomi nemoci, které ovliviluji kvalitu zivota pacienta

(Drent et al., 2021).

1.9 Biomarkery

Laboratorni vySetfeni u sarkoidézy jsou uZitecnd pro stanoveni diagnozy
a charakterizaci zavaznosti onemocnéni. Zakladni biochemické hodnoty a krevni obraz
vykazuji jen nespecifické zmény. Casté jsou u sarkoidézy hypergamaglobulinemie a zvyseni
imunoglobulini IgG, IgA a IgM. Zhruba u poloviny nemocnych byvaji v akutni fazi
onemocnéni zvySeny cirkulujici imunokomplexy.

Pied zavedenim fibrooptické bronchoskopie a BAL se jako diagnosticky test sarkoidozy
pouzival Kveim-Siltzbachiiv test, ktery ma dnes jiz jen historicky vyznam (Ahmadzai et al.,
2014).

Mezi dnes pouzivané biomarkery sarkoiddzy patfi Angiotensin-konvertujici enzym (ACE),
Neopterin, Lysozym a nékteré dalsi nize uvedené.
ACE, ktery pfeméiuje angiotenzin I na angiotenzin II, je zvySeny v séru a v BAL
U pacientti se sarkoiddzou. Jeho koncentrace koreluji s radiologickymi stadii (Jain et al.,
2020). ACE mize byt zvysen u jinych granulomatéznich poruch (Bergantini et al., 2019).
Neopterin jako biomarker aktivity imunitniho systému a oxida¢niho stresu,
je uvoliovan v odpovédi na IFN-y. Je ukazatelem aktivity Th1 lymfocytd. Jeho vys$si hodnoty
byly detekovany v séru a moci u pacientt se sarkoidozou (Ahmadzai et al., 2014).
Lysozym je produkovéan systémem monocytii, makrofagii a epiteloidnich bun€k zapojenych

do tvorby granulomu. Pacienti se sarkoidézou vykazuji zvySeny vyskyt koncentrace lysozymu
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v aktivni fazi. Lysozym je povazovan spiSe za prognosticky indikator nez jako diagnosticky
nastroj (Bergantini et al., 2019).

Nové byl jako marker navrzen sérovy amyloid A (SAA). Jeho uloha je ve tvorbé
granulomu a prezentaci antigenu. Bylo zjiSténo, Ze distribuce SAA v sarkoidnich
granulomech se 1isi od jinych granulomatdznich onemocnéni (Tarasidis et Arce, 2020).

U vice nez 40 % pacientll se sarkoiddézou dojde k hyperkalciurii, a hyperkalcémie
se vyskytuje u 5-10 % pacientd. Hyperkalcémie u sarkoiddzy je zpusobena zvySenim
sérového 1.25-dihydroxy vitaminu D3 (kalcitriol), ktery zvySuje koncentrace vapniku v séru.
Monitorovani koncentrace vapniku v séru a 24hodinové métfeni vapniku v moci jsou dilezité
u vSech pacienti se sarkoidozou (Gwadera et al., 2019).

Nové studie se zamé&fuji na biomarkery spojené s B-lymfocyty, jako jsou
napi. B-Cell Activating Factor (BAFF) a CD19. Vysoké hladina BAFF byly nalezeny v séru
pacientii se sarkoid6zou a korelovaly se zvySenymi hladinami ACE, lysozymu a IFN-y v séru
téchto pacientt (Tarasidis et Arce 2020).

U sarkoidoézy byla hodnocena i Siroka Skala potencidlnich biomarker v kondenzatu
vydechovaného vzduchu. Z kondenzatu vydechovaného vzduchu byla urovdna hladina
zanétlivych cytosint jako TNF-a ¢i TGF-B, jejichz hladina byla u pacientl se sarkoid6zou
potencidl a mohou poskytnout jedine¢ny dechovy otisk. Ten by mohl nejen pomoci
pii diagnostice, ale také k identifikaci osob ohrozenych chronickym onemocnéni nebo
recidivou a také pti monitorovani odpovédi na 1é€bu (Terrington et al., 2019).

Dal§im vyznamnym biomarkerem sarkoidézy je pomér CD4'/CD8" lymfocyti
v bronchalveolarni lavazi. Analyza BAL tekutiny je uziteCnym vySetfenim pro diagnézu
plicni sarkoid6zy, protoze pii absenci jinych pfi¢in odhali lymfocytozu se zvySenym
pomérem CD4/CD8" lymfocyti, obvykle > 3.5 (Jain et al., 2020; Ahmadzai et al., 2014).

DalSimi potencidlnimi biomarkery jsou chemokiny. ZvySena produkce CCL18 vede
K plicni fibroze. U pacienti se sarkoidézou byla také pozorovana vysoka hladina
CXCL9 a CXCL10 v séru. Svuj vliv na patogenezi sarkoidézy by mohla mit i variabilita
poctu kopii segmentd DNA (CNV copy number variation). U pacientl se sarkoidézou byl
detekovan vyskyt téchto zmén v genu BNTL2 a komponenté komplementu — C4
(Kishore et Petrek, 2013).

Genetické predispozice k sarkoiddze jsou spojené s geny MHC komplexu. Bylo
identifikovano mnoho variant, at’ uz protektivnich (HLA-DPB1*04:02, HLA-DQB1*02:01,
HLA-DQB1*05:01) pro sarkoidézu, ¢i rizikovych pro progresi onemocnéni
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(HLA-DQB1*06:02, HLA-DRB1*11:01, HLA-DRB1*15:01), pfipadné spojenych s uréitym
klinickym  fenotypem, napiiklad spojitost HLA-DRB1*03:01 s vyskytem LS
(Kishore et Petrek, 2013).

Genetické studie prokézaly, Ze jedinci s uritymi alelami HLA maji vys$i riziko
specifickych autoimunitnich onemocnéni. Zejména je tato asociace cCastd u evropské
populace. Vyrazna asociace se zde naSla s geny HLA-B8, DRS3, které jsou soucasti
ancestralniho haplotypu (AH) 8.1 HLA-A1, Cw7, B8, TNFAB*a2b3, TNFN*S, C2*C, Bf*s,
C4A*Q0, C4B*1, DRB1*0301, DRB3*0101, DQA1*0501, DQB1*0201. Tento haplotyp,
ktery je castéj$i v severni Evropé€, je také spojovan u zdravych osob s fadou dysfunkci
imunitniho systému. Bylo navrZeno, ze 8.1 AH modifikuje imunitni reaktivitu, a tim ovliviiuje
vice imunopatologickych onemocnéni. 8.1 AH ovlivitluje humordlni a bunéénou imunitni
odpovéd’. U jeho nositelt je pfevaha cytokinil typu II. Alely DR a DQ zapojené do 8.1 AH
zfejm¢ podmiiiuji specifitu produkovanych autoprotilatek. Nékteré alely, které jsou soucasti
tohoto haplotypu, byly nalezeny asociovany se sarkoiddzou (Price et al., 1999; Candore et al.,
2002; Grunewald, 2010).

1.9.1 Celogenomové asociacni studie

Lepsim pochopenim etiologie komplexnich onemocnéni, jako je pravé sarkoidoza,
a nalezeni novych potencialnich biomarkera se zabyva geneticka epidemiologie. Tato studuje
genetické faktory pii urovani zdravi a nemoci v populacich a jejich interakci s faktory
prostiedi. Zkouma, jak kombinace téchto faktorti urcuje vznik a vyvoj nemoci. Pfitomnost
konkrétniho genotypu a vnéjSi prostfedi jsou rizikovym faktorem vyznamné zvySujicim
pravdépodobnost vzniku onemocnéni u osob, na néz pusobi. S rozvojem pokrocilych
molekularnich technik jsou provadény celogenomové asociacni studie.

Celogenomové asociacni studie (genome-wide association study — GWAS) zkoumaji
cely genom. Testuji tisice genetickych variant a hledaji ty, které jsou spojené s konkrétnim
znakem ¢i nemoci. GWAS zkoumaji i CNV nebo sekvencni varianty, ale nejcastéji
studovanou variantou v ramci téchto studii jsou jednonukleotidové polymorfismy.

Vysledky téchto studii mohou byt pouzity pro ptredpoklad rizika vzniku ur¢itych
onemocnéni. Skore polygennich rizik (Polygenic risk score PRS) vypovida o nachylnosti
jedince k ur¢itému znaku nebo onemocnéni. Ziskdva se srovnanim genomu jedince s daty

ziskanymi z celogenomovych asocia¢nich studii o velikosti uc¢inku této kombinace.
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V budoucnu by toto mohlo slouZit jako biomarker v klinické praxi. Nejvice se na ném
V soucasnosti pracuje v souvislosti s rakovinou prsu, diabetem druhého typu ¢i ischemickou
chorobou srde¢ni (Petikova et al., 2018; Uffelmann et al., 2021).

Diky GWAS byly napiiklad odhaleny jednonukleotidové polymorfismy v n¢kolika
genech spojenych s vyskytem sarkoidézy, konkrétné ANXA11l, BTNL2, NOTCH4, NOD2,
TNFo (Hofmann et al., 2011).

Tyto studie pomahaji také porozuméni genetické struktuie znakid. Zahrnuji odhad
poctu kauzélnich variant odpovidajicich velikosti jejich U€inki a jejich Cetnosti. Umoziuji
odhadnout heritabilitu, neboli podil variability, ktera se projevuje v pribéhu vyvoje znaku.
To Ize vysvétlit genetickou variabilitou daného znaku v populaci.

GWAS studie by mohly napomoci redukovat ¢as a naklady potfebné na vyvoj lékd,
také casn¢ odhalit jakou reakci bude mit dany jedinec na urcity druh terapie (Uffelmann et al.,
2021).

Katalog GWAS byl zalozen NHGRI (National Human Genome Research Institute)
V roce 2008 v reakci na rychly narist poctu publikovanych asociacnich studii. Tyto studie
poskytuji bezprecedentni piilezitost zkoumat vliv béznych variant na komplexni onemocnéni
(https://www.ebi.ac.uk/gwas/).

Mezi prvni celogenomové studie zabyvajici se i sarkoidézou patii Franke et al.,
(2008), ktery zkoumal sarkoidézu i Crohnovu nemoc. Oboji jsou chronicka zanétliva
onemocnéni nezndmého puvodu, sdilejici mnoho spoleénych znaki jako jsou tvorba
granulomi, aktivace T-lymfocytti a produkce prozanétlivych cytokint. Tato studie odhalila
polymorfismus v lokusu C100rf67 asociovany s predispozici k obéma onemocnénim. Z téhoz
roku jeicelogenomova studie Hofmann et al, (2008), ktera studovala
pres 300 000 jednonukleotidovych polymorfismu a jejich spojitost se sarkoidozou. Nejsilngjsi
asociace se sarkoidézou byla na zakladé jeho vysledkl objevena v oblasti genu ANXA1l
pro anexin All, ktery ma komplexni a nezbytnou funkci v n€kolika biologickych drahach
véetné proliferace a apoptozy.

Dalsi celogenomové asociacni studie u sarkoidozy se zabyvaly mapovanim urcitych
usekli chromozomil a hledani asociovanych variant v téchto tsecich.

Mezi tyto prace patii Hofmann et al., (2011), ktery pomoci pfesného mapovani pokryl
oblast chromozomu 6p12.1, kde byly nalezeny kandidatni polymorfismy pfedev§im v genu
RAB23.

Fischer et al., (2012) mapoval oblast chromozomu 11g13.1 a Hofmann et al., (2013),

oblast chromozomu 12q13.3-q14.1. Tento region byl jiz dfive zmifiovany jako asociovany
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s revmatoidni artritidou (Barton et al., 2008). Studie tohoto regionu u sarkoidozy odhalila
polymorfismy vgenu OS9, a moznou ulohu tohoto genu, jako rizikového faktoru
pro sarkoidozu, jelikoz by mohl pfispivat k autoimunitni reakci a mit tak vliv
na imunopatogenezi sarkoidézy (Hofmann et al., 2013).

Obecné se sarkoidozou zabyval jesté Fischer et al., (2015). Specifikoval genetické
varianty potenciadlné¢ funk¢éné relevantni pro patogenezi sarkoiddzy. Varianta rs3184504
na chromozomu 12q24.12 vyvolava zménu aminokyseliny (Arg262Trp) v proteinu SH2B3.
Tento protein se podili na proliferaci B-lymfocytd. SNP rs3184504*A je spojen se silngjsi
aktivaci rozpoznavani NOD2 v odpovédi na lipopolysacharid a muramyldipeptid,
coZ naznacuje, ze SH2B3 muze hrat roli v ochrané pred bakteridlnimi infekcemi. Dal§i SNP
rs12069782 v regionu 1p31.3 se nachazi v promotorové oblasti genu IL23R a mohl by ovlivnit
jeho expresi. Byly nalezeny také SNP na chromozomu 2q33.2, které by mohly ovliviiovat
expresi mnoha genl, mezi nimi BMPR2, ktery se podili na regulaci zanétlivych procest
v plicich.

Alelicka variabilita SNP rs34536443 (TYK2 Pro1104Ala) je zndma tim, Ze ovliviluje
polarizaci Th2 lymfocyti. Tento posun je také pozorovan u tézké sarkoidozy s progredujici
plicni fibrézou.

Casto je zmifiovana spojitost variability v oblasti HLA se sarkoidézou. Fischer et al.,
(2015) popsal asociaci v genu BTNL2. Nejsilngji asociované varianty se nachazely
V promotorové oblasti genu BTNL2. Mohou tedy ovliviiovat expresi BTNL2 tim, ze méni
vazby transkrip¢nich faktord. Druhd asociace sarkoidozy s HLA oblasti byla identifikovana
Vv blizkosti HLA-B — HLA-B*08:01, pficemz hlavni SNP rs4143332 byl vyznamné spojen
s akutni sarkoidozou a Lofgrenovym syndromem.

Nejen objevovanim, ale i1 pfipadnou funkci polymorfismi se zabyva také recentni
studie Meguro et al., (2020). Provedli prvni celogenomovou asocia¢ni studii u pacientti
se sarkoid6zou ve vychodoasijské — japonské populaci. Identifikovali tii lokusy, které
vykazovaly signifikantni asociaci se sarkoidozou. Vyskyt polymorfismu v genu CCL24 miize
mit za nasledek pfiklonéni se k imunitni odpovédi Thl typu. Dal§im lokusem byl
STYXL1-SRRM3. Polymorfismus v tomto genu ovliviiuje endogenni hladinu steroidid a mtize
byt jak rizikovym faktorem pro vznik onemocnéni, tak mize napomahat k spontanni remisi
onemocnéni. Dal§im asociovanym byl polymorfismus v lokusu Clorfl41-1L23R, ktery byl
identifikovan 1 u dalSich komplexnich onemocnéni jako je Crohnova choroba ¢i ulcerdzni

kolitida.

19



Dalsi studie se =zabyvala jednotlivymi fenotypy u sarkoidozy, piedevsim LS
(Riveraetal., 2016) ¢i sarkoidézou o¢i u Afroameri¢ant (Garman et al., 2021), kde byla
zjiSténa asociace piredevsim v HLA lokusech.

Dalsi studie se zabyva vlivem koufeni na sarkoidézu. U pacientil s urcitou genetickou
variantou mize koufeni modulovat riziko pro vznik sarkoidozy, a to jak pro pacienty s LS,
tak bez LS (Rivera et al., 2019).

Liu et al., (2013) studoval souvislost s primarni sklerozujici cholangitidou i s dal$imi
imunitnimi onemocnénimi véetné sarkoidozy.

Recentnéjsi GWAS studie zminujici sarkoidézu jsou pak zaméfené na sekvenace
velkych souborti mnoha jedincti s riznymi komplexnimi onemocnénimi, mezi které se tfadi
i sarkoidoza. Prace se ale dale nezabyvaji moznou funkci ¢&i vlivem téchto variant

na onemocnéni (Sakaue et al., 2021; Backman et al., 2021; Jiang et al., 2021).

1.10 HLA typizace

Geny pro HLA jsou dulezitou komponentou imunitniho systému. Nachézeji se v nejvice
variabilni oblasti lidského genomu, MHC, lokalizovaném na kratkém raménku chromozomu 6
(Bravo-Egana et al., 2021). HLA molekuly interaguji s T-lymfocyty v thymu a sekundarnich
lymfatickych orgénech a reguluji imunitni odpovéd’.

HLA typizace je vyuzivana zejména pii transplantaci organt, kdy je piesnéd typizace
darce a pfijemce nezbytna pro urceni stupné neshody HLA mezi darcem a piijemcem. Dalsi
vyuziti, nejzasadnéj$i medicinské vyuziti HLA typizace, je pii transplantaci
hematopoetickych kmenovych buné€k, ale také k evaluaci pfi transfuzi krevnich desticek.
Vyuziva se 1 ve farmakogenomice, pro zjiSténi asociace s genetickymi onemocnénimi,
piedevsim témi autoimunitnimi ¢i nadorovymi (Madden et Chabot-Richards, 2019).

Metody HLA typizace byly piivodné zalozeny na detekci exprimovanych HLA molekul
na povrchu separovanych T-lymfocytl (HLA I. tfidy) a B-lymfocytt (HLA II. tfidy). Pouzival
se panel sér se zndmymi anti-HLA protilatkami. Data ziskand touto metodou méla nizké
rozliSeni a u nékterych pacienti bylo obtizné ziskat dostatecny pocet lymfocyti
(Howell et al., 2010).

S nastupem PCR (polymerase chain reaction), se zacaly pro typizaci vyuzivat metody
zalozené pravé na PCR (Obr. 3). Jedna se piedevS§im o SSP (analyza se sekvenéné
specifickymi primery). Vyuziva primera, které se specificky vazou na amplifikovanou
komplementarni cilovou sekvenci. Pomoci téchto primerti je ovSem mozZné amplifikovat jen

omezené mnozstvi alel. Tato metoda byla poprvé pouzita pro amplifikaci genti pro HLA-DR.
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Casto se pouzivd pro vyieseni nejednoznaénych vysledkt ziskanych jinymi metodami.
Poskytuje vysledky s vysokou piesnosti (Bravo-Egana et al., 2021).

Dalsi PCR metodou je Real time PCR, kdy se pro typizaci pouziva TagMan assay nebo
analyza kiivky tani.

Metoda SSOP (sekvencné specifické oligonuklotidové sondy) je zalozena
na hybridizaci (Obr. 3). Tato metoda vyuziva oligonukleotidové sondy, které hybridizuji
s komplementarni cilovou genomickou sekvenci. Sondy jsou komplementarni k limitovanému
mnozstvi znamych sekvenci. Sonda hybridizovanad s produktem je detekovana pomoci
chemiluminiscen¢nich ¢i kolorimetrickych metod a takto je uréen typ HLA. Nejcast&jsi
adaptace této metody je v soucasné dobé vyuZzivand v pritokové cytometrii ¢i napiiklad
v technologii Luminex (Madden et Chabot-Richards, 2019; Bravo-Egana et al., 2021).

Zlatym standardem pro typizaci HLA je v souCasné¢ dobé sekvenovani. Jeho zacatek
je u Sangerova sekvenovani, kdy byly amplifikovany specifické lokusy genti pro HLA,
obvykle v exonu 2, 3a 4 pro HLA I. tfidy a exonu 2 pro HLA II. tfidy. Tato metoda poskytuje
vysoké rozliSeni na dvé pole, je ovSem obvykle provadéna po jednom vzorku
(Madden et Chabot-Richards, 2019).

Metody zalozené na Sangerové sekvenovani jsou hlavni technikou, kterd se pouziva
K typizaci HLA u pacientll pii testovani histokompatibility. V zasadé vSechny typizace
zalozené na sekvenovani vyuzivaji primer po amplifikaci DNA a fluorescencné znacené
dideoxynukleotidy, které funguji jako molekuly ukoncujici fetézec a tim ukoncuji
PCR amplifikaci béhem sekvenovani. Rizné sekvenovaci technologie pak mohou byt pouzity
k identifikaci nukleotidu v misté¢ ukonceni PCR. Tato metoda typizace poskytuje vyhodu
vy$§iho rozliSeni vysledkli neZ pti SSP nebo SSOP, protoze sekvenovani dokaze urcit kazdy
par bazi v HLA genu, ktery je typizovan. Bohuzel ve srovnani s metodou zalozenou na PCR

Sekvenovani nové generace (NGS- Next generation sequencing) je metoda umoznujici
paralelni sekvenovani. Geny pro HLA jsou amplifikovany a fragmentovany na segmenty,
které jsou nasledné sekvenovany. Z kazdé¢ alely je generovano mnoho sekvenci, umoziujicich
kompletni  charakteristiku obou alel a pfesnou typizaci aZ na Ctyfi pole
(Madden et Chabot-Richards, 2019).

Soucasné piistupy NGS k typizaci HLA obvykle vyuzivaji obohaceni izolované DNA
pacienta o HLA lokusy, aby bylo zajisténo vysoké pokryti. Bylo prokdzano, ze typizace
pomoci NGS je nezbytnd pro rozliSeni HLA na dvé pole, je zasadni pro identifikaci protilatek

specifickych pro darce, a to jak pted transplantaci, tak i po ni (Cornaby et al., 2021).
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Prvni dostupnou NGS platformou byla Roche 454, ktera vyuzivd emulzni PCR
a pyrosekvenovani, kdy dochazi k detekci pyrofosfatu uvolnéného pii inkorporaci nukleotida.
Jeji limitaci je pravé pyrosekvenacni technologie, ktera problematicky ur¢uje mozné inzerce
a delece.

Dalsi NGS platformou je IonTorrent systém vyuzivajici emulzni PCR. Po inkorporaci
baze dojde k uvolnéni protonu a je zaznamenan signal odpovidajici poétu inkorporovanych
bazi (Bravo-Egana et al., 2021).

Také Illumina, vyuzivajici mlstkovou PCR, se fadi mezi NGS platformy. Pti pouZiti
této metody jsou oligonuleotidy fixovany na povrch flow cell a vytvorené klastry jsou
sekvenovany, pfii zaclenovani fluorescenéné znaCenych nukleotidd. Platformy Illumina
se vyuzivaji pro analyzu DNA, RNA a proteint jak v oblasti vyzkumu nemoci, vyvoji 1ékl
a molekularnich testt, tak maji rovnéz i klinické pouziti. Jedna z jejich platforem je MiSeq.
Ten ma napiiklad v porovnani s IonTorrent vyssi celkovy vystup bazi. Kazda baze
ma vyssi skore kvality 1 vyssi pfesnost pii sekvenovani pres problematické homopolymerni
oblasti. Diky moznosti sekvenovat napifi¢ introny i exony a feSit nejednoznacnosti
je vhodny pro vysoce polymorfni geny jako HLA (Profaizer et al., 2016).

V soucasné dobé existuje 1 takzvané sekvenovani treti generace, které je specifické
produkovanim long reads. Jde o ¢teni dlouhych fragmenti DNA, nikoliv o rozbiti DNA
na malé segmenty. K témto technologiim patii Nanopore od Oxford Nanopore Technologies
a Single molekule real time (SMRT) sequencing od Pacifik Bioscience (Bravo-Egana et al.,
2021).

Zdokonalené metody NGS jsou dal$im piinosem pro klinickou vyuzitelnost Vv typizaci
HLA. Patii mezi né metody sekvenovani tfeti generace, jako je Oxford Nanopore
Technologies a SMRT (Cornaby et al., 2021). Dalsi metodou testovanou pro identifikaci
HLA alel u darcu je naptiklad long-read RNA sequencing, které poskytuje piesné vysledky
Vv relativné kratkém case (Cornaby et al., 2022).

Typizace pomoci NGS je snadno pfijimana transplanta¢ni komunitou, jak
pro transplantace solidnich organti, tak pro transplantace krvetvornych kmenovych bunék.
| kdyz jednim z jeho soucasnych omezeni je Casovd narocnost. Nékolik piipravovanych
technologii a postupti nabizi potencidlni feSeni, jak tuto nevyhodu zmirnit.

Typizace HLA je mimo toto v soucasné dobé stale Castéji vyuzivana v asociacnich
studiich k identifikaci genetickych variant spojenych se zvySenym rizikem nebo odolnosti

vici autoimunitnim a infekénim onemocnénim, a ve farmakogenomice. Rada HLA alel
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je spojena se zajimavou $kalou nezadoucich u¢inkd, jako je naptiklad riziko zvySené toxicity

1€kt u pacientt s ur¢itymi alelami (Cornaby et al., 2021).

Obrazek 3 Prehled metod HLA typizace (pfevzato z Bravo-Egana et al., (2021))

'J HLA ‘
|_ typizace |
]' Sérologické H DNA
| wyietfeni |_analyza
|- Metody U Hybridizaéni | U g |
J_ zalofené na PCR | metody Sekvenovani
Sekvenind | [ [ Sekvenéng | [ D Sekvenovani
e s Real-time . Sangerovo .
specifické PCR specifické I sek . . nové generace
primery _eligonukleotidy selkvenovani ) [NGS)
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|
U LEH T - H Mumina | “ lonTorrent | “ .Pac.'ﬂc ‘ dNanopore|
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1.11 VySeti‘eni polymorfismii

SNP jsou jednim z nejvyznamnéjSich genetickych polymorfismt a jsou vyuzivany jako
markery pfi studiu genetickych aspektli onemocnéni i ve farmakogenomice.

Jednonukleotidové polymorfismy jsou pouzivany jako molekularni markery v mnoha
studiich. Pfedevs§im u komplexnich onemocnéni, kde onemocnéni zpisobuje kombinace vice
rizikovych variant. Mezi tyto onemocnéni patii napiiklad diabetes, autoimunitni onemocnéni,
rakovina ¢i Alzheimerova choroba.

SNP jsou vyznamnymi markery i ve farmakogenomice. Zasadni vliv maji varianty
v genech koédujici enzymy podilejici se na metabolismu 1é€iv ¢i varianty u gend, na které cili
ucinek téchto 1éciv, naptiklad u kardiovaskularnich onemocnéni vyuzivany SLCO1B1
(Kim et Misra, 2007; Petikova et al., 2018).

Idedlni metoda pro detekci SNP by neméla byt financn€ néro¢nd na vyvoj
a optimalizaci, reakce by méla byt dostate¢né robustni pro diagnostiku i ne Gplné kvalitnich
vzorki DNA. Analyza dat musi byt nendrocna, ale pfesnd a reakcni format by mél byt

flexibilni (Kwok, 2001).
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Genotypizacni strategii mizeme rozdélit do dvou zakladnich krokti — rozliSeni alel
a detekce alel.

RozliSeni alel mizeme rozd¢lit na extenzi pomoci specfickych primerti, hybridizaci,
ligaci a enzymatické Stépeni.

U extenze pomoci specifickych primertt mizeme pouzit sekvenacni ptistup. Urcujeme
sekvenci amplifikované DNA, nebo alelicky specifickou PCR, kdy DNA polymeraza
amplifikuje cilovou DNA, pouze pokud je primer dokonale komplementarni k sekvenci,
na kterou naseda (Kwok, 2001).

Hybridiza¢ni metoda vyuziva rizné teplotni stability DNA k rozliSeni perfektné
sediciho paru templatova DNA — sonda (Kim et Misra, 2007).

Ligacni ptistup pouziva specifické liga¢ni enzymy k dosaZeni rozliSeni alel. DNA ligaza
je vysoce specifickd pii opravovani jednovldknovych poskozeni molekul DNA. Dva sousedni
oligonukleotidy pfipojené k templatové DNA jsou ligovany pouze, kdyz jsou perfektné
shodné s templatem. Ptestoze je ligace nejvice specificka a nejsnadnéji optimalizovatelna
ze vSech mechanismil rozliSeni alel, je to nejpomalejsi reakce a Casto vyzaduje nejvétsi
mnozstvi modifikovanych sond (Kwok, 2001).

Rozliseni alel pomoci enzymatického $tépeni je zaloZzené na schopnosti urCité ttidy
enzymu Stépit DNA v misté specifické sekvence ¢i struktury. Enzymy mohou byt pouzity
pro rozliSeni alel, pokud se v misté rozpoznavaném enzymem vyskytuje dany SNP a zména
toto rozpoznavané misto ovliviiuje (Kim et Misra, 2007).

Detekce rozliSenych alel mize probihat detekci svétla emitovaného produktem reakce,
méfenim hmotnosti produktu anebo méfenim zmény elektrickych vlastnosti v dobé tvorby
produktu.

Detekce luminiscence je vyuzivana napiiklad u pyrosekvenovani. Luminiscence
je emitovana pii ATP dependentni luciferazové reakci. ATP je produkovano pii extenéni
reakci, kdy kluminiscenci dochazi po pfidani baze (Kim et Misra, 2007). Detekci
fluorescence miizeme rozdélit do nékolika dalSich sekei.

Piima detekce fluorescence se pouziva pro zachyceni fluorescenénich znacicich
molekul na pevném nosi¢i a monitorovani tvorby dsDNA s DNA interkalacnim barvivem,
které fluoreskuje jenom v piitomnosti dsDNA. Piima detekce fluorescence je velmi
vsestranna a mize byt do urcité miry provedena v multiplexu (Kwok, 2001).

Metody FRET (fluorescence resonance energy transfer) se velmi c¢asto vyuziva

k detekci v homogennich genotypiza¢nich testech. K pfenosu fluorescenéni rezonancni

24



energie (FRET) dochdzi mezi fluorescencnimi barvivy, kdyz emisni spektrum jednoho
Z barviv (donoru) ptekryva excita¢ni spektrum druhého (akceptoru) (Kim et Misra, 2007).

Pii detekci prostfednictvim tzv. “molekularniho majaku“ (molecular beacon)
hybridizace k cilové DNA otevira vlasenkovou strukturu, kterd drzi fluorofor v blizkosti
univerzalniho zhasece. Cilovd DNA, kterd je zcela komplementarni k sekvenci smyckové
¢asti molekuldrniho majdku, s nim hybridizuje a otevie vlasenku, coz vede ke vzniku
fluorescence. Molekularni majak liSici se v jedné bazi nehybridizuje k cilové DNA dostate¢né
siln€, aby narusil vlasenkovou strukturu, a neni pozorovana zadna fluorescence (Tyagi et al.,
1998).

Detekce na bazi fluorescen¢ni polarizace (FP) vyuzivd zménu polarizace v roving
polarizovaného svétla molekulou fluorescenéniho barviva v disledku zmény jeho molekulové
hmotnosti za podminek konstantni teploty a viskozity rozpoustédla. Polarizace fluorescence
se pouziva v klinické diagnostice a vazebnych testech. Vyhody detekce zalozené na polarizaci
fluorescence jsou nizsi spotfeba fluorescenéné znacenych nukleotidii ve srovnani s FRET
nebo metodami piimé detekce fluorescence (Kwok, 2001; Kim et Misra, 2007).

Elektrochemicka detekce monitoruje zmény v elektrochemickych vlastnostech produkti
reakce. Elektrochemické vlastnosti sondy jsou zménény, kdyz se k ni navaze komplementarni
DNA. Tento proces je znasoben pouzitim feromagnetického znaceni (Kwok, 2001).

Hmotnostni spektrometrie (MS-mass spectrometry) meéfi molekuldrni hmotnost
vytvotenych produktl a je proto nejpiiméjsi detek¢ni metodou. MS s vysokym rozlisSenim
muzZe snadno rozpoznat i molekuly DNA, které se lisi jen jednou bazi.

MALDI-TOF MS je Siroce pouzivana metoda pro hmotnostni analyzu riznych
biomolekul, jako jsou oligonukleotidy, peptidy, proteiny a oligosacharidy. Zahrnuje pouziti
malé organické molekuly zvané matrice, ktera absorbuje energii z laserového zdroje urcité
vlnové délky pro ionizaci. Kdyz jsou analyty smichany a kokrystalizovany s matrici, jsou
ionizovany ve formé intaktnich molekul v disledku pfenosu energie z molekul matrice.
Vysledné ionty jsou urychlovany napétovym gradientem ve vakuu a oddéleny dobou letu
kazdého iontu, ktera zavisi na hmotnosti a naboji iontu. V MALDI-TOF MS mize byt smés
mnoha oligonukleotidl rychle separovéana a piesn¢ analyzovana bez specifickych detekénich
znacek, jako jsou fluorofory. Proto je tato metoda pouzivdna v riznych genotypizacnich
metodach. Vhodny névrh sond umoznuje kontrolované multiplexovani.

Agena Bioscience MassARRAY® Systém umoziiuje analyzu az 40 uZivatelsky
definovanych jednonukleotidovych polymorfismi v jednom plexu (Ellis et Ong, 2017,

Petiek et al., 2016). Platforma umoznuje genotypizaci SNP, kvantitativni genovou expresi
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aanalyzu CNV, methyla¢ni analyzu a komparativni sekvenéni analyzu. Sequenom iPLEX®
Gold Assay pro genotypovani SNP poskytuje data nejvyssi kvality pii nizkych ndkladech
na genotyp (Cullinan, 2008).

Test TagMan® je jednokrokovy test, ktery vyuziva detekci zaloZenou na fluorescenci.
JeovSem omezen na genotypizaci jednoho SNP na test. Kombinuje hybridizaci
a 5'nukledazovou aktivitu polymerazy spojenou s fluorescencni detekci. Vyuziva Ctyfi
oligonukleotidy: dvé alelové specifické oligonukleotidové sondy a par PCR primera
lemujicich oblast obsahujici SNP. Alelové specifické sondy nesou fluorescen¢ni barvivo
najednom konci (reportér) a nefluorescenéni barvivo na druhém konci (zhasedlo).
Neporusené sondy nevykazuji zadnou fluorescenci kvili tésné blizkosti mezi reportérovym
a zhasecim barvivem. Pro detekci SNP se provadi PCR reakce s genomovou DNA
Vv pfitomnosti vSech Ctyf sond pomoci polymerdzy, kterd ma 5' exonukledzovou aktivitu.
Béhem prodluzovani PCR primeru enzym S§tépi pouze hybridizovanou sondu, ktera
je dokonale kompatibilni, ¢imzZ uvolfiuje reportérové barvivo ze zhase¢e. Reportérové barvivo
generuje fluorescencni signal v nepfitomnosti svého zhdseCe, zatimco nespravné sparovana
sonda zistavd nedotéena a nevykazuje zadnou fluorescenci. Vysledkem je, ze obé alely
mohou byt detekovany b&hem reakce na zakladé hybridizace pfislugnych sond. TaqMan®
vyzaduje pouze jeden enzymaticky krok s jednoduchym operacnim postupem
(Francisco et al., 2005).

Pro aplikaci identifikace jednonukleotidovych  polymorfismi v  medicing
s co nejrychlej§im pristupem byly testovany i systémy na principu point of care, napiiklad
Spartan RX Systém zaloZeny na testovani bukalniho stéru, ktery vyuziva optickou detekci
anaslednou  automatickou analyzu pro  vyhodnoceni  fluorescen¢nich  signall
z oligonukleotidovych sond, které se vazi na PCR amplikony a tim urCuje genotyp
(Petiek et al., 2016).
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2 Cile prace

Obecnym cilem této dizertacni prace bylo pfispet k objasnéni patofyziologie sarkoidozy

studiem polymorfismi v genech, pfevazné s imunitnimi funkcemi, které by mohly mit vliv

na jeji vznik a prubéh. Replikovat vysledky pfedchozich studii u populaci, u kterych nebyla

spojitost polymorfismu se sarkoiddzou jesté studovana, ¢i se podrobnéji zaméfit na souvislost

téchto polymorfismil s jednotlivymi klinickymi stadii a napomoci tak identifikaci moznych

markerti pro budouci vyuziti pro diagnostiku, urovani prognozy nebo k indikaci 1écby

u sarkoidozy.

Jednotlivé konkrétni cile pak byly:

Vybér SNP spojenych se sarkoid6zou, navrh primert pro jejich analyzu pomoci
MassArray a optimalizace této metody

Analyza asociaci vybranych SNP u pacientl se sarkoid6zou v n¢kolika populacich
(Ceska, polska, fecka a korejska populace)

Analyza asociaci vybranych SNP s klinickymi fenotypy sarkoidozy (stadia
onemocnéni, pritomnost Lofgrenova syndromu, vyvoj onemocnéni po dvou letech
sledovani, pfitomnost mimoplicnich projevii onemocnéni, indikace k 1é¢b¢)

Analyza HLA lokusti pomoci NGS ve vybranych populacich (Ceskd, korejska
a chorvatska populace)

Asociace HLA variant se sarkoidozou a asociace HLA variant s klinickymi fenotypy

sarkoidozy.
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3 Material a metody

3.1 Biologicky material

V této case-control studii byli analyzovani pacienti se sarkoidézou z Ceské republiky,
Recké republiky, Korejské republiky a Polské republiky. Pacienti byli diagnostikovani
na zaklad¢é ATS, ERS, and WASOG statement on sarcoidosis (1999).

3.1.1 Ceska populace

V ¢eské populaci diagnostikovala 301 pacientt se sarkoiddézou ve Fakultni nemocnici
Brno na klinice nemoci plicnich a tuberkulozy doc. MUDr. Martina Doubkova, Ph.D..
Charakteristika této pacientské populace pro analyzu 20 SNP a HLA lokusi je uvedena
v Tab. 1.

Byly shromazdény vzorky 203 kontrolnich zdravych neptibuznych jedinct
pro analyzu 20 jednonukleotidovych polymorfismi, a pro analyzu HLA lokusi
pak vzorky 309 kontrolnich jedinci na pracovistich Skolitele - Lékarské fakulty Univerzity
Palackého v Olomouci (Ustavy patologické fyziologie, a molekuldrni a translacni mediciny),
resp. ve Fakultni nemocnici Olomouc - Laborator kardiogenomiky (Tab. 1).

Z pracoviSt byly obdrzeny vzorky krve ve zkumavkich K3EDTA, ze kterych byla
nasledné v nasi laboratofi vyizolovana DNA.

Pacienti i kontrolni jedinci byli do studie zatazovani v obdobi od 2.3.2011
do 10.3.2022 a podepsali informovany souhlas s ucasti na studii schvaleny etickou komisi
danych instituci.

Pacienti byli sledovani po dobu minimaln¢ dvou let od stanoveni diagnézy pro zjisténi
vyvoje nemoci a reakce na 1écbu.

U ceskych pacientll byly kromé plic postizeny v 91 ptipadech 1 jiné organy.
U 25 pacientli byla pozorovana generalizovana lymfadenopatie (u 16 pacientti lokalizované
postizeni lymfatickych uzlin), u 25 pacientll postiZzeni kiize, u 16 pacientll postizeni sleziny
a u 2 pacientll trombocytopenie. Dal§i mimoplicni lokalizace byly: jatra (n = 8), srdce (n = 8),
o1 (n = 4), nervovy systém (n = 4), kosti (n = 3), kostni dien (n = 1), m¢kké tkan¢ (n = 1),

nadvarle (n = 1), ptiusni Zlaza (n = 1), slinna zlaza (n = 1), mandle (n = 1) a stieva (n=1).
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Tabulka 1: Charakteristika analyzované ¢eské populace n-pocet jedinct

Ceska republika
Pacienti n = 301 Kontroly NGS Kontroly SNP

analyza n = 309 analyza n = 203
Muzi : Zeny 149 : 152 143 : 166 94 : 109
Primérny vék 46.77+11.49 let 32.38+8.63let 31.94+8.89 let
Vékové rozmezi 24 — 72 let 18 — 61 let 18 — 58 let
Lofgrentiv syndrom 55 - -
Mimoplicni postizeni 91 - -
Lécba 194 - -
Remise : Perzistence 142 : 134 - -
Rentgenové stadium 95/142/58/6 - -
1/2/3/4

3.1.2 Polska populace

V polské populaci diagnostikovala 104 pacientd na Department of Pulmonology,
Medical University of Gdansk Prof. Dr. Habil. Anna Dubaniewicz. Jedinci byli do studie
zafazovani v obdobi od roku 2010 do 14.11.2016. Pacienti byli sledovani po dobu minimalné
dvou let od stanoveni diagndzy pro zjisténi vyvoje nemoci a reakce na 1é¢bu. Charakteristika
populace je uvedena v Tab. 2.

Pro analyzu 20 jednonukleotidovych polymorfismi byla vyuzita populace
100 kontrolnich zdravych nepiibuznych jedinct, ktefi byli ziskani na Department of Forensic
Medicine, Medical University of Gdansk (Dr. Habil. Krzysztof Rgbata). Charakteristika
kontrolnich jedinct je uvedena v Tab. 2. Pacienti i kontrolni subjekty podepsali informovany

souhlas s ucasti na studii schvaleny etickou komisi instituce.

Z pracovist’ byly obdrzeny vzorky DNA.

Tabulka 2: Charakteristika polské analyzované populace n-pocet jedinct

Polska republika
Pacienti n = 104 Kontrolni populace n = 100
Muzi: Zeny 64 : 40 53:47
Primérny vék 41.38+11.50 let 32.99+12.17 let
Vekové rozmezi 21 — 68 let 16 — 79 let
Lofgrentiv syndrom 18 -
Lécba 38 -
Remise: Stabilizace: Progrese 31:15:25 -
Stadium 1/2/3/4 33/48/16/6 -
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3.1.3 Recka populace

V Recké populaci diagnostikovala 103 pacientd v Sarcoidosis Center, General
Hospital for Chest Diseases, Athens Dr. Angeliki Rapti. Jedinci byli do studie zafazovani
v obdobi od 11.10.2017 do 13.11.2019. Pacienti byli sledovani po dobu minimalné dvou let
od stanoveni diagnézy pro zjisténi vyvoje nemoci a reakce na 1écbu.

Z pracovisté byly obdrzeny vzorky krve ve zkumavkach K3sEDTA, ze kterych byla
nasledné v nasi laboratofi vyizolovana DNA.

Zakladni charakteristika fecké populace je uvedena v Tab. 3. V analyzované fecké
populaci pacienti se sarkoidozou bylo 57 pacienti 1é¢eno kortikoidy, 5z nich navic
v kombinaci s methotrexatem. Tato kombinovana 1é¢ba byla pouzita pti vyskytu pulmonarni
hypertenze a u né€kolika piipadu s kardiopatii. U 2 pacienti byly kortikosteroidy podavany
v kombinaci s long-acting 2-agonist. U 5 pacienti byla 1écba pozastavena. U 46 pacientd
nebyla indikovana zadna 1écba.

U feckych pacientl bylo nejcastéjsim mimoplicnim postizenim zasazeni kize (n = 13),
kardiopatie zjiSténa na zakladé MRI vySetfeni (n = 12), uveitida (n = 8), periferni
lymfadenopatie (n = 4), artropatie (n = 3), hyperkalcémie (n = 3), noddzni erytém (n = 2),
pulmonarni hypertenze (n = 2) a neurosarkoido6za (n = 1).

Pro analyzu 20 jednonukleotidovych polymorfismi byla pouzita populace
100 kontrolnich zdravych nepiibuznych jedincg, tito byli ziskani mezi zdravymi darci krve
v Department of Immunology and Histocompatibility, Laiko General Hospital, Athens
(Dr. Kalliopi Adam) (Tab. 3). Z pracovisté byly poskytnuty vzorky DNA.

Pacienti i kontrolni jedinci podepsali informovany souhlas s ucasti na studii schvaleny
etickou komisi danych instituci.

Tabulka 3: Charakteristika fecké analyzované populace n-pocet jedincti

Recka republika
Pacienti n = 103 Kontroly n =100

Muzi: Zeny 30:73 30:70
Primérny vék 56.55+11.57 let 43.68+12.02 let
Veékové rozmezi 28 — 85 let 21— 72 let
Lofgrentiv syndrom 11 -
Mimoplicni postizeni 44 -
Lécba 57 -
Remise: Stabilizace: Progrese 13:87:3 -
Stadium 1/2/3/4 29/59/4/5 -
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3.1.4 Korejska populace

V Korejské populaci diagnostikoval 139 pacientt v Department of Pulmonary
and Critical Care Medicine, Asan Medical Centre, Seoul M.D. Jin Woo Song Ph.D.. Jedinci
byli do studie zafazovani v obdobi od 17.5.1994 do 31.5.2019. Pacienti podepsali
informovany souhlas s uc€asti na studii schvaleny etickou komisi instituce. Z pracovisté byly
obdrzeny vzorky DNA.

Pacienti byli sledovani v rozmezi jednoho a pil az dvacetiSesti let pro zjisténi vyvoje
nemoci a reakce na lé€bu.

Pro analyzu HLA lokusi byly pouzity alelické frekvence Korejské populace
z databaze allelefrequencies.net (South Korea pop 1 pro lokusy HLA-DRB1, -DQAL, -DQB1
a South Korea pop 3 pro lokusy HLA-A, -B, -C).

Pro analyzu 20 jednonukleotidovych polymorfismi byly pouzity alelické frekvence
SNP v East Asian population z databaze ensembl.org.

Zakladni charakteristika pacientské populace je v Tab. 4. V korejské pacientské
populaci bylo pomoci kortikoidd 1éceno 92 pacientd, 17 z nich v kombinanci
s Methotrexatem, 7 v kombinaci s Azathioprinem, u 6 pacientu v kombinaci
s Mykofenolat mofetilem, u 4 pacientd v kombinaci s Hydroxychloroquinem a u jednoho
pacienta v kombinaci s Cyklosporinem. Jeden pacient byl 1é¢en pouze Hydroxychloroquinem
a dva pouze Methotrexatem. U 46 pacientd nebyla indikovana zadna 1é¢ba.

U korejskych pacient patfily mezi mimoplicni lokalizace sarkoidozy o€i (n = 27)
a mimoplicni lymfatické uzliny (n = 27), nasledované zasazenim ktize (n = 24), srdce (n = 7),
jater (n = 7), sleziny (n = 4), ledvin (n = 3) a pohybového ustroji (n = 2). Neurosarkoidoza,
stejné jako zasazeni slinivky, se vyskytovala v 1 ptipadé a u 46 pacientti byla pozorovana
hyperkalcémie.

Tabulka 4: Charakteristika analyzované korejské pacientské populace n-pocet jedinct

Korejska republika
Pacienti

Analyza SNP n =139 Analyza NGS n = 103
Muzi : Zeny 40 :99 24179
Primérny veék 46.9+£12.5 let 46.9 + 12.9 let
Vékové rozmezi 27— 71 let 27 — 71 let
Mimoplicni postiZeni 96 73
Lofgrentiv syndrom 0 0
Lécba 95 67
Remise : Stabilizace : Progrese 79:40:9 58:32:5
Stadium 0/1/2/3/4 4/37/85/6/5 2/28/64/6/3
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3.1.5 Chorvatska populace

V chorvatské populaci byla provedena NGS analyza HLA lokusi u 120 zdravych
neptibuznych dobrovolnych darci krve. DNA pro NGS analyzu byla izolovana
na Department of Medical Chemistry, Biochemistry and Clinical Chemistry, Faculty
of Medicine, University of Osijek Assist. Prof. Stana Toki¢ Ph.D.. Ve vySetfované populaci
bylo 34 Zzen a 86 muzi. Median véku jedinct byl 36 let a vékové rozmezi bylo 2061 let.

Jedinci pochazeli z vychodni ¢asti Chorvatska.

3.2 Izolace DNA

3.2.1 Pristrojova izolace DNA

DNA byla izolovana metodou mikroizolace pomoci piistroje NorDiag Arrow
(NorDiag, Oslo, Norway). Izolace byla provedena z 500 pl nesrazlivé periferni krve odebrané
do zkumavek K3EDTA. Izolace probihala pomoci standardniho pfednastaveného protokolu
Blood DNA 500 v.2.0. Elu¢ni objem, tedy vysledny objem ziskané DNA byl 400 pl
(Petiek et al., 2016).

3.2.2 Izolace DNA vysolovaci metodou

DNA byla zaroven izolovana vysolovaci metodou, tzv. makroizolaci. Pro tuto metodu
byly pouzity 3 ml periferni krve odebrané do zkumavek K3-EDTA, smichané s 42 ml LB
pufru, ktery obsahoval detergent Triton X100 zajistujici lyzi bunék (0.3M sachardza;
0.0IM Tris (pH 7.5); 5mM MgCIl,*6H,0; 1% Triton X100). Vznikla smés byla
centrifugovana pii 4000 ot/min a ziskany pelet byl promyt roztokem Tris (pH 7.5). Nasledné
byl pelet rozpustén v 950 ul roztoku Tris (pH 7.5). K ziskané smési bylo piidano
350 pl roztoku P (10mM Tris (pH 8); 40mM EDTA,; 4mM CaCl,; 300mM NacCl; 4% SDS)
a 40 pl proteinazy K. Nasledovala inkubace 24 hodin pfi teploté 37 °C. Po inkubaci byla smés
vychlazena na pokojovou teplotu a bylo kni ptidano 400 ul 5M NaCl. Dukladnym
protiepanim doslo k vysrazeni proteint, které¢ byly oddé€leny centrifugaci 15 minut
pti 4000 ot/min.

DNA byla precipitovana v 96% EtOH, promyta v 70% EtOH, a nasledné rozpusténa
v 350 ul Tris-EDTA pufru (Miller et al., 1988).

3.2.3 Méreni koncentrace DNA
Koncentrace DNA byla stanovena méfenim na spektrofotometru Nanodrop 2000

(Thermo Fisher Scientific Inc., Wilmington, Delaware USA). Koncentrace DNA
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se pohybovala vrozmezi 30-100 ng/ul u mikroizolaci a v rozmezi

U makroizolaci.

se pohybovala v rozmezi 1.7-1.9 u obou typi izolace.

3.3 Analyza technologii MassArray®

3.3.1 Navrh primert

150-700 ng/ul

Cistota DNA (pomér absorbanci vinovych délek 260nm/280nm)

Primery byly navrzeny na 20 SNP (Tab. 5) pomoci programu Assay Design Suite 2.0

(Agena Bioscience, Inc., San Diego, CA, USA).

Tabulka 5: SNP vybrané pro analyzu (Chr. - chromozom)

Gen SNP Minoritni | Chr. Region Funkce
alela
ANXAl11 rs1049550 A 10 Exon Kalcium dependentni fosfolipidové-
(Arg230Cys) | vazebné misto
TNFA rs1800629 A 6 Promotor Cytokin
TGF-52 rs1891467 G 1 Intron Cytokin (aktivace SMAD)
GREM1 rs1919364 C 15 Promotor Cytokin
(HLA-DRA, HLA- rs1964995 C 6 Intergenni Imunita, prezentace antigenu
DRB5)
NOD2 rs2066844 T 16 Exon Imunitni systém
(Arg702Trp)
BTNL2 rs2076530 C 6 Exon Regulace T-lymfocyti (Th1)
(Ser360Gly)
HLA-DQA1 rs2187668 T 6 Intron Imunita, prezentace antigenu
CACFD1 rs3124765 T 9 Exon (11e58=) | Homeostaza kalcia
C6orf10 rs3129927 C 6 Intron Riziko pro poruchy imunity
ATF6B rs3130288 A 6 5-UTR; Stres endoplazmatického retikula
VMHC-III
HLA-DRA rs3135394 G 6 Intron Imunita, prezentace antigenu
TAP2 rs3819717 T 6 Intron Membranovy transport a prezentace
antigenu
HLA-DRB1 rs3830135 A 6 Intron Imunita, prezentace antigenu
TGF-p3 rs3917165 T 14 Intron Cytokin (diferenciace a vyvoj
bunék)
TGF-43 rs3917200 G 14 Intron Cytokin (diferenciace a vyvoj
bunék)
HLA-DPB1 rs9277357 G 6 Promotor Imunita, prezentace antigenu
LRRC16A rs9295661 C 6 Intron Produkce megakaryocyt a desti¢ek
HLA-DRB1*03:01 | rs2040410 T 6 Intron Imunita, prezentace antigenu
HLA-DRB1*15:01 | rs3135388 A 6 Intergenni Imunita, prezentace antigenu
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Jednotlivé lyofylizované primery pro PCR reakci byly nafedény PCR grade vodou

na koncentraci

100 pmol/ul.

Exten¢ni primery byly nafedény PCR grade vodou

na koncentraci 400 pmol/ul. Sekvence primert jsou uvedeny v tabulkach (Tab. 6, Tab. 7).

Tabulka 6: Nukleotidové sekvence forward (F) a reverse (R) primera pro amplifika¢ni
reakci MassArray analyzy

Nazev
primeru

Sekvence primeri

F

R

rs3130288

ACGTTGGATGATCAGCTCCGCCATCTTTCC

ACGTTGGATGTTACTGGTCGGTAGAGCTTC

rs9295661

ACGTTGGATGTTTCTAGCTCTCTAGTGCTC

ACGTTGGATGACCACACTTTTTGACTGCAC

rs3129927

ACGTTGGATGGAAAATGGTGCCTCATAGCG

ACGTTGGATGTCCTGCCACAACATAAAAGG

rs2187668

ACGTTGGATGTGAGGTGACACATATGAGGC

ACGTTGGATGTGAGGTGACACATATGAGGC

rs3135394

ACGTTGGATGCAACAGCACCAATGTTGCTC

ACGTTGGATGCATCTCCATGGTACAGCAGA

rs1800629

ACGTTGGATGGCATCCTGTCTGGAAGTTAG

ACGTTGGATGCTGATTTGTGTGTAGGACCC

rs1891467

ACGTTGGATGTGCATATAGGGTATAGGCGG

ACGTTGGATGTCAGCAAGCCCATTCAAGAC

rs3917165

ACGTTGGATGTATTGAGAGCTGGACTAGGG

ACGTTGGATGTATTGAGAGCTGGACTAGGG

rs3917200

ACGTTGGATGGGAAGGAAAGTGACAATCTC

ACGTTGGATGCCTGGACATCAGAATTAAGC

rs9277357

ACGTTGGATGTCTGGCAGTTGATTACTGTG

ACGTTGGATGTCTGGCAGTTGATTACTGTG

rs3830135

ACGTTGGATGCAGGACATTAGAGCCGTTTG

ACGTTGGATGAGAAAGGTGAGGAGCCTTTG

rs1964995

ACGTTGGATGTCCCTTTAACTGCAGCTCAC

ACGTTGGATGGCAGATGCCTTTTGTGTGAG

rs1049550

ACGTTGGATGGAAAGTAGGATCTGCTGCCG

ACGTTGGATGGAGCATCTCATGACCCCTAC

rs3819717

ACGTTGGATGGTGTTCTGAGAAATGTGTCG

ACGTTGGATGGGAGCAATAGGCTAAACTAC

rs2076530

ACGTTGGATGAGTGGCAGGAGCAGGTATTG

ACGTTGGATGATACTCAGTGCCAGACCTTC

rs1919364

ACGTTGGATGGAAGCCTTGACTTTTGACGG

ACGTTGGATGGAGCCTGTCGCCAACATGA

rs2066844

ACGTTGGATGTTCAGATCACAGCAGCCTTC

ACGTTGGATGATGGAGTGGAAGTGCTTGCG

rs3124765

ACGTTGGATGTTTCAAGCTTGCGCGATCTC

ACGTTGGATGAGATTCCCGACCAGCAAGAC

rs2040410

ACGTTGGATGTGAGGTACCTCATTAGGCAG

ACGTTGGATGGTATATGTAAAGAGTCCAGG

rs3135388

ACGTTGGATGCCTCTTGTTGTGGTCTAGTC

ACGTTGGATGTTGCTCAGTAGAGATCTCCC

Tabulka 7: Nukleotidové sekvence primeru pro reakci prodlouZeni o jednu bazi
MassArray analyzy

Nizev primeru Sekvence primeru
rs3130288 ACCGTCTCCTGGTTG
rs9295661 AGAAAAACTGAAATTGAAGTGAC
rs3129927 AAAAAGAAGAAGAAATCAAAGTAG
rs2187668 CACCACATGGTCCTCA
rs3135394 CAGATTCCCCATTTCCTTACT
rs1800629 CCCGGGAGGCTGAACCCCGTCC
rs1891467 TTAGACGTCTCAAGGCCTCA
rs3917200 GGGATTGACAATCTCCTGTCTGA
rs3917165 GCCATTTTCTCTATTTTGTTTAA
rs9277357 AGTTTTTGCCAATTGCGTTA
rs3830135 CTGGAGGAGGAACTATGG
rs1964995 TGCAGCTCACATTATTTT
rs1049550 ATGACTGCCTGGGGAGT
rs3819717 TGTGTCGTTAGATGGTTTCAT
rs2076530 GTGGATCTGAAGGTGGTA
rs2066844 TCTGAGAAGGCCCTGCTC
rs3124765 ATCCACCCTCTGAACAT
rs2040410 CCAAGTGCAGTGTATGTA
rs3135388 ATCTCCCAACAAACCAA
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3.3.2 Priprava produktii pro genotypizaci

Amplifikace a ptiprava produkti pro genotypizaci byly provedeny pomoci iPLEX®
Gold Reagent Kitu (Agena Bioscience, Inc., San Diego, CA, USA). Nejprve byly vzorky
DNA nafedény na koncentraci 10 ng/ul, nasledné prob¢hla amplifikace.

PCR reak¢ni smés byla pfipravena dle rozpisu uvedeného v Tab. 8 a napipetovana
do 96 jamkové desticky. Poté byl do prislusnych jamek napipetovan 1 ul DNA o koncentraci
10 ng/ul. Jako negativni kontrola byla pouzita PCR grade voda. Jako pozitivni kontrola byl
pouzit vzdy jeden ze vzorki komeréni DNA (NA16689, NA17084, NA17252) ziskanych
z NIGMS Human Genetic Cell Repository (Coriell Institute for Medical Research,
New Jersey, USA). Amplifikace probihala v termocykleru dle doporuc¢eného teplotniho
schématu (Tab. 9).

Tabulka 8: SloZeni reakéni smési pro amplifika¢ni reakci MassArray analyzy

Reagencie MnoZstvi pro

1 reakci (ul)
PCR grade voda 2.4
Pufr 10 x 0.5
MgCl, 25 mmol/I 04
dNTP mix 25 mmol/I 0.2
Primer mix 1 pmol/l 05
HotStarTaq S U/pl 0.1

Tabulka 9: Teplotni schéma inkubace vzorki pro amplifika¢ni reakci MassArray
analyzy

Poéet , «
cykli Teplota Faze cas
1x 94 °C | Predenaturace 2 min
94 °C Denaturace 30s
45x | 5eec | Nasedani 30's
primeru
72°C Elongace 60 s
1x 72 °C Finalni 5 min
extenze
1x 4°C Chlazeni s}
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Po prvotni PCR amplifikaci nasledovala inaktivace volnych deoxyribonukleotidi
pomoci shrimp alkaline fosfatazy (SAP). Byla pfipravena reakéni smés dle Tab. 10. Do kazdé
reakéni jamky byly napipetovany 2 ul pfipravené smési a probihala inkubace dle teplotniho
schématu (Tab. 11).

Tabulka 10: SloZeni reakéni smési pro SAP reakci MassArray analyzy

Reagencie Mnozstvi pro 1 reakci (ul)
PCR grade voda 1.53
SAP Pufr 10 x 0.17
SAP enzym 1.7 U/l 0.3

Tabulka 11: Teplotni schéma inkubace vzorku pro SAP reakci MassArray analyzy

Polet cyklii | Teplota | Faze Cas
1x 37 °C | Inkubace | 40 min
1x 85°C | Inkubace | 5min
1x 4°C Chlazeni 00

Poslednim krokem byla iPLEX reakce. Jedna se o prodlouzeni ziskaného amplikonu
0 jednu bazi, pripojenim extencnich primerti o znamé molekulové hmotnosti. Byla ptipravena
reak¢ni smés (Tab. 12), ktera byla napipetovana ke vzorim v 96 jamkové desce a nasledovala
inkubace v termocykleru dle teplotniho schématu (Tab. 13).

Tabulka 12: SloZeni reakéni smési pro iPLEX reakci MassArray analyzy

Reagencie MnozZstvi pro 1 reakci (ul)
PCR grade voda 0.739
iPLEX® pufrPlus 10x 0.2
iPLEX® -Termina&ni mix 0.5 0.1
Primer mix 0.94
iPLEX® enzym 0.021
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Tabulka 13: Teplotni schéma inkubace vzorku p¥i iPLEX reakci MassArray analyzy

Pocet cykli | Teplota Faze Cas

1X 94 °C Predenaturace 30s
94 °C Denaturace 5s
40 X 52 °C | Nasedani primera | 55
> 80 °C Elongace 5s

1x 72 °C Finalni extenze | 3 min
1x 4°C Chlazeni 00

Pomoci resinu byly v dal§im kroku odstranény nezadouci piimési, predevsim soli, které
by mohly negativné ovlivnit ndslednou analyzu pfistrojem Sequenom. Po odsoleni byly
vzorky pfistrojem Nanodispenser naneseny na ¢ip s matrici, ktery byl analyzovan pomoci
platformy MassARRAY zalozené na principu MALDI-TOF MS (Agena Bioscience,
San Diego, CA, USA). Vysledky byly ziskany pomoci programu MassARRAY Typer 4.2
(Agena Bioscience, San Diego, CA, USA) a nasledn¢ rucné kontrolovany pomoci
call cluster plot (Sikorova et al., 2020; Sterclova et al., 2021).

3.4 End point genotypizace

U SNP rs3917200 (TGF-53) byly vzorky genotypizovany i metodou End point
genotyping TagMan assay (Thermo Fisher Scientific Inc., Waltham, MA USA) pomoci
piistroje LightCycler 480 (Roche Diagnostics, Mannheim, Germany). Byla ptipravena reakéni
smés (Tab. 14). Nasledné bylo do pfislusnych jamek napipetovano 4.5 pl templatové DNA
(10 ng/ul). Inkubace probihala dle schématu (Tab. 15) se zachycenim dat v kazdém cyklu.
Poté byla provedena end point analyza dat (Sikorova et al., 2020; Sterclova et al., 2021).

Tabulka 14: SloZeni reak¢ni smési pro TagMan assay

Reagencie Mnozstvi pro 1 reakci (ul)
PCR grade voda 0.25
LightCycler 480 Probes Master 5
TagMan SNP genotyping assay 0.25
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Tabulka 15: Teplotni schéma inkubace vzorka pro TagMan assay

Pocet cyklua | Teplota Faze Cas
1x 95 °C Predenaturace |5 min
95 °C Denaturace 10s
45 X 60 °C | Nasedani primerta | 455S
72 °C Elongace 1s
1x 40 °C Finalni extenze 30s

3.5 NGS

HLA genotypy pro HLA-A, -B, -C, -DRB1, -DQA1 a -DQB1 lokusy byly ur¢eny pomoci
Omixon Holotype HLA 96/7 kitu (Omixon Biocomputing Ltd, Budapest, Hungary)
v konfiguraci pro Illlumina MiSeq. Tato metoda umoznuje typizaci HLA lokusi pomoci
kombinovaného pristupu spocivajiciho v prodlouzeni délky sekvence a pokrocilych
bioinformatickych nastroju. Ma potencial standardu pro piesnou typizaci variant HLA
S rozliSenim aZz na 4 pole a generovani HLA plné délky s co nejméné nejednoznacnostmi
(Kishore et Petrek, 2018).

Prvnim krokem pracovniho postupu byla long-range PCR, kdy byly amplifikovany
jednotlivé HLA lokusy I a II tfidy.

Byla pfipravena reak¢éni smés (Tab. 16, Tab. 17). Nasledné bylo do jamek napipetovano
5 ul genomické DNA (=30 ng/ul). Vzorky byly inkubovany v termocykleru Mastercycler
nexus (Eppendorf, Hamburg, Germany) dle teplotniho schématu (Tab. 18, Tab. 19).

Tabulka 16: SloZeni reak¢éni smési pro amplifikaci lokusi HLA-A, -B, -C, -DRB1
a-DQA1

Reagencie MnoZstvi pro 1 reakci (ul)
PCR grade voda 13.85
PCR pufr 10x 2.5
dNTP mix 10 mM 1.25
Primer mix 2
LR PCR enzym 0.4

Tabulka 17: SloZeni reakéni smési pro amplifikaci lokusi HLA- DQB1

Reagencie MnoZstvi pro 1 reakci (ul)
PCR grade voda 7.85

38



PCR pufr 10x 2.5

dNTP mix 10 mM 1.25
Primer mix 2

LR PCR enzym 0.8

Kombinovany enhancer 5.6

Tabulka 18: Teplotni schéma inkubace vzorku pro amplifikaci lokusi HLA 1. tiidy

Pocet cyklu Faze Teplota| Cas
1x Predenaturace | 95°C | 3 min
Denaturace 95°C | 15sec
35X Nasedani primerii | 65 °C | 35sec
Elongace 68 °C | 5min
1x Finalni extenze | 68 °C |10 min
1x Chlazeni 4°C ©

Tabulka 19: Teplotni schéma inkubace vzorku pro amplifikaci lokusi HLA II. tFidy

Pocet cyklu Faze Teplota| Cas
1x Predenaturace 95°C | 3min
Denaturace 93°C | 15sec

35X Nasedani primerii| 60 °C | 35sec

Elongace 68 °C | 9 min
1x Finalni extenze 68 °C |10 min
1x Chlazeni 4°C 0

Nasledovala kvantifikace DNA amplikonu pomoci fluorometru EnSpire Multimode
plate reader (PerkinElmer, Waltham, MA, USA) za pouziti QuantiFluor fluorescent dsDNA
staining system (Promega, Madison, Wisconsin, USA). Nasledné¢ byly vSechny vzorky
nafedény tak, aby jejich finalni koncentrace byla v rozsahu 50-120 ng/ul. Vsech 6 produkta
pro jeden konkrétni vzorek bylo nasledné¢ smichano a findlni objem pro jeden vzorek byl
35 ul. Poté byla provedena purifikace produkti za pouziti EXOSAP-IT enzyme mix
(Affymetrix Inc., Santa Clara, CA, USA).

V dalsich krocich byla ptipravena knihovna pro sekvenovani. Nejprve byla provedena
enzymatickd fragmentace vzorkl, fragmentované konce byly opraveny, adenylovany
a Vv poslednim kroku byly na konce ligovany specifické adaptérové indexy. Takto upravené

vzorky byly nasledn¢ smichany do vysledné knihovny o kone¢ném objemu 900 pl.
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Nasledné byly z knihovny vyselektovany fragmenty odpovidajici délky (650 -1300 bp)
pomoci magnetickych kulicek AMPure XP beads (Beckman Coulter, Beverly, Massachusetts,
USA).

Koncentrace takto ziskané knihovny byla zmétena qPCR za pouziti KAPA Sybr Fast
gPCR Master Mix (KAPA Biosystems, Boston, Massachusetts, USA) kitu, pomoci pfistroje
LightCycler 480 1l (Roche Diagnostics, Mannheim, Germany) analyzou fitting poins,
za pouziti standardii v rozmezi 0.02 pM - 20 pM obsazenych v KAPA Kitu.

Nasledné byla knihovna nafedéna na koncentraci 2nM, denaturovana NaOH
a smichana s hybridizaénim pufrem. Knihovna o finalni koncentraci 9 pM byla nasledné
nanesena na kazetu s reagenciemi pro Illumina MiSeq (lllumina, San Diego, CA, USA)
a sekvenovana (Tokic et al., 2020; Sikorova et al., 2022). Vystupni data ve fastq formatu byly
analyzovany pomoci Omixon Twin software v4.1.0. — v4.4.1. a IPD-IMGT/HLA database
Release 3.34-3.45.

3.6 Statistické zpracovani dat

Pii analyze vysledku MassArray bylo nejprve zjisténo, zda vysledky, zejména
u kontrolnich populaci, odpovidaji Hardy-Weinbergové rovnovaze p > 0.05.

Hardy-Weinbergova rovnovaha (HWE) je nulovy model vztahu mezi frekvencemi alel
a genotypll v ramci generaci i mezi nimi, za predpokladu, Zze nedochédzi k mutacim, migraci,
selekci, nahodnému pareni a nekonecné velikosti populace. Pokud se frekvence genotypt
nebo alel vyznamné odchyluyji od HWE, mlzZe to znamenat systematické chyby
Vv genotypizaci, neocekavanou strukturu populace ¢i pritomnost homolognich oblasti
Vv genomul.

Pro jednotlivé SNP byl vypocitan call rate, ktera je definovana jako podil jedinci
ve studii, u nichz nechybi informace o ptislusném SNP.

Nasledn¢ byly stanoveny frekvence minoritnich alel (MAF) u jednotlivych SNP.

Frekvence minoritnich alel je frekvence, s niz se v dané populaci vyskytuje druhd nejcastejsi
alela.

alely pozitivni pro danou variantu
MAF = yp p

vSechny identifikované alely
Asociace polymorfisml se sledovanym znakem byla urCovana na zaklad¢ alelického
modelu a oboustranného Fisherova testu. Fisherv piesny test je test statistické vyznamnosti
pouzivany pfi analyze kontingen¢nich tabulek. Je platny pro vSechny velikosti vzork

a Vv praxi se pouziva pii malych velikostech soubori. Je jednim ze téidy exaktnich testt, které
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se tak nazyvaji proto, ze vyznamnost odchylky od nulové hypotézy (napt. p-hodnota) mize
byt vypoctena piesné, neni tedy zavisla na aproximaci. Analyza SNP dat probihala pfedevsim
pomoci programu SHESsisPlus (bio-x.cn)(10.10.2022) (Shi et al., 2005) a 2x2 Contingency
Table (graphpad.com; vassarstats.net) (9.9.2022); p < 0.05.

Bylo stanoveno odds ratio (OR) a 95% interval spolehlivosti (CI-confidence interval).
OR je mira souvislosti mezi expozici a vysledkem, vyjadiuje pravdépodobnost vyskytu
vysledku pfi urCité expozici v porovnani s pravdépodobnosti vyskytu vysledku bez této

expozice.

OR =1 genotyp neovliviiuje pravdépodobnost nasledku
OR > 1 genotyp je spojen s vyssi pravdépodobnosti nasledku

OR < 1 genotyp spojen s nizsi pravdépodobnosti nasledku

K odhadu ptesnosti OR se pouzivd 95% CI. Velky CI znamena nizkou Uroven
presnosti OR, zatimco maly CI znamena vyssi piesnost OR.

Nasledn¢ byla provedena korekce pro mnohocetnd srovnani pomoci Bonferroniho
korekce. Bonferroniho korekce je uprava hodnot p a pouziva se ke snizeni pravdépodobnosti
ziskani faleSn¢ pozitivnich vysledkl v pfipad¢€, Ze se na jednom souboru dat provadi né¢kolik

zavislych nebo nezévislych statistickych testll soucasné.

Peorr =1—(1—p)"
n-pocet zkoumanych SNP v daném plexu

p-ptvodni p-hodnota pted korekci

Pro analyzu HLA byly pouzity podobné statistické testy jako v pripadé analyzy SNP.
Byla také stanovena p-hodnota na zakladé Fisherova testu, OR a 95% CI. Dale byla stanovena
vazebna nerovnovaha (LD linkage disequilibrium).

Pro analyzy byl vtomto piipadé pouzit piedev§im software “HLA analysis
tools” (https://www.hiv.lanl.gov/content/immunology/hla/hla_compare.html)  (10.10.2022)
a 2x2 Contingency Table (vassarstats.net) (9.9.2022); p < 0.05.

Nasledné byla provedena korekce pro mnohocetna srovnani pomoci Bonferroniho korekce

(viz vyse).
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4.4 HLA analyza v korejské populaci

Bylo analyzovano 6 HLA lokusi (HLA-A, -B, -C, -DRB1, -DQA1, -DQB1)
u 103 pacientid se sarkoidozou z Korejské republiky. Frekvence alel HLA 1. a II. tfidy
U pacientd byly porovnany s idaji o frekvenci alel z kontrolni korejské populace z databaze
(HLA 1. tfidy n = 485; HLA II. tfidy n = 324). V lokusu HLA-A bylo genotypizaci HLA
stanoveno 21 ruznych variant (Pfilohy Tab. 21). Jedna z téchto variant, HLA-A*33:03,
se vyskytovala Castéji u kontrol nez u pacientli, coz ukazuje na protektivni asociaci, ktera byla
signifikantni na primarni trovni (Tab. 30). V lokusu HLA-B bylo rozliseno 45 rtiznych variant
(Ptilohy Tab. 21) a dvé z nich, HLA-B*15:01 a HLA-B*58:01, byly na primarni urovni
asociovany jako protektivni pro sarkoidozu (Tab. 30). Dale byla nalezena HLA-B*15:07 jako
rizikovd varianta pro sarkoidozu signifikantni i po korekci pro mmnohocetnd srovnani
(Pcorr = 0.041). V lokusu HLA-C bylo rozliseno 22 ruznych variant. Varianta HLA-C*05:01
byla spojena se sarkoiddézou na primarni Urovni jako rizikova varianta. Ochranna varianta
HLA-C*03:02 (peorr = 1.84*10°* OR: 0.163 (95 % Cl: 0.06-0.449)) arizikové varianty
HLA-C*03:04 (pcorr = 0.007; OR: 2.949 (95 % CI: 1.703-5.105)) a HLA-C*08:22
(Pcorr = 0.02) byly asociovany i po korekci na mnohocetna srovnani (Tab. 30).

Tabulka 30: Souhrn variant HLA I. tfidy asociovanych s pacienty se sarkoidézou
(n=103) pri porovnani s kontrolni populaci (n = 485) v korejské populaci (jsou
zobrazeny jen alely asociovany alesponi na primarni urovni) (OR-odds ratio,
Cl-confidence interval, pcor-p-hodnota po korekci pro mnohocetna srovnani (signifikantni
zvyraznéna tu¢n¢), NA-neanalyzovano)

HLA OR (95% ClI) p Peorr
A*33:03 | 0.492 (0.294-0.821) 0.005 0.100
B*15:01 0.389 (0.193-0.783) 0.005 0.218
B*15:07 NA 0.001 0.041
B*58:01 0.285 (0.102-0.791) 0.008 0.290
C*03:02 0.163 (0.060-0.449) 8.38*10 1.84*10™
C*03:04 | 2.949 (1.703-5.105) 3.16*10%" 0.007
C*05:01 2.970 (1.061-8.314) 0.046 0.643
C*08:22 | NA 0.001 0.020

HLA-DRBL1 je HLA lokus, ktery je nejcastéji zminovan v souvislosti se sarkoidozou;

V tomto souboru pacientli bylo genotypizaci HLA stanoveno 41 rGznych variant v tomto
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lokusu. Varianty HLA-DRB1*04:06, HLA-DRB1*13:02, HLA-DRB1*14:01 byly protektivni
a varianta HLA-DRB1*14:03 pusobila jako rizikova pro sarkoidozu, pfi¢emz asociace byly
signifikantni pouze na primarni urovni. Po korekci na mnohocetna srovnani byly varianty
HLA-DRB1*14:54 (peorr = 2.31%10%) a HLA-DRB1*12:01 (peorr = 9.12*10%; OR: 3.754
(95 % CI: 2.204-6.394)) identifikovany jako rizikové faktory pro sarkoidézu (Tab. 31).

Pokud jde o lokus HLA-DQA1, z genotypizace HLA vyplynulo 17 variant. Varianty
HLA-DQA1*01:01, HLA-DQA1*03:01, HLA-DQA1*05:01 a HLA-DQA1*05:03 byly
na primarni urovni urceny jako protektivni pro sarkoidéozu. Varianta HLA-DQA1*05:06
byla na primarni Grovni spojena s rizikem vzniku sarkoidézy. Po korekci na mnohocetna
srovnani byla HLA-DQA1*01:02 (peorr = 3.64 *10°; OR: 0.288 (95 % Cl: 0.162-0.512))
shledana jako protektivni a HLA-DQA1*05:07 (peorr = 0.003) a HLA-DQA1*05:08
(Peorr = 4.11 *10°®) jako rizikovy faktor pro vznik sarkoidozy (Tab. 31).

V lokusu HLA-DQB1 bylo stanoveno 19 variant. Varianty HLA-DQB1*03:03,
HLA-DQB1*04:01 a HLA-DQB1*04:02 byly na primarni urovni asociovany jako protektivni
a varianta HLA-DQBI1*05:03 jako rizikovy faktor vzniku sarkoidéozy. Po korekci
pro mnohocetnd srovnani byly jako protektivni pro sarkoidozu zjistény varianty
HLA-DQB1*03:02 (peor = 2.25*10% OR: 0.086 (95 % Cl: 0.021-0.356))
a HLA-DQB1*06:05 (pcorr = 0.029), zatimco rizikovou variantou byla HLA-DQB1*06:09
(Peorr = 0.015); viz Tab. 31.

Tabulka 31: Souhrn variant HLA Il. tiidy asociovanych s pacienty se sarkoidozou
(n=103) pi#i porovnani S kontrolni populaci (n = 324) v korejské populaci (jsou
zobrazeny jen alely asociovany alespoii na primarni urovni) (OR-odds ratio,
Cl-confidence interval, pcor-p-hodnota po korekci pro mnohocetna srovnani (signifikantni
zvyraznéna tuén¢), NA-neanalyzovano)

HLA OR (95% ClI) p Peorr
DRB1*04:06 0.157 (0.037-0.654) 0.002 0.080
DRB1*12:01 3.754 (2.204-6.394) 2.22*10% | 9.12*10%
DRB1*13:02 0.445 (0.224-0.881) 0.017 0.506
DRB1*14:03 4.955 (1.371-17.904) 0.016 0.483
DRB1*14:54 NA 5.63*10°" | 2.31*10%
DRB1*14:01 NA 0.001 0.056
DQA1*01:01 | 0.365 (0.154-0.865) 0.015 0.223
DQA1*01:02 | 0.288 (0.162-0.512) 2.14*10% | 3.64*10%°
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HLA OR (95% Cl) p Peorr
DQA1*03:01 | 0.425 (0.207-0.870) 0.014 0.217
DQA1*05:01 | 0.152(0.021-142) 0.037 0.474
DQA1*05:06 | NA 0.014 0.211
DQA1*05:07 | NA 1.86*10% | 0.003
DQA1*05:08 | NA 2.42*10% | 4.11*10%
DQA1*05:03 | NA 0.010 0.161
DQB1*03:02 0.086 (0.021-0.356) 1.18*10% | 2.25*10™%
DQB1*03:03 0.481 (0.249-0.928) 0.027 0.404
DQB1*04:01 0.360 (0.152-0.851) 0.015 0.244
DQB1*04:02 0.120 (0.016-0.891) 0.010 0.169
DQB1*05:03 2.278 (1.130-4.592) 0.024 0.369
DQB1*06:09 | NA 0.001 0.015
DQB1*06:05 | NA 0.002 0.029

Byla také vypoctena LD mezi variantami asociovanymi se sarkoidézou u korejskych
byly nalezeny varianty HLA II. tridy,
HLA-DQA1*05:08-HLA-DRB1*12:01 (p = 3.33*10%) a HLA-DQA1*05:07-
HLA-DRB1*14:03 (p = 6.21*10™). V ramci HLA 1. tfidy byly nalezeny ve vazb& varianty
HLA-B*58:01-HLA-C*03:02 (p = 2.09*10") (Tab. 32).

pacienttl. Ve vazbé

Tabulka 32: Vazebna nerovnovaha alel nalezenych jako asociovanych se sarkoidézou
Vv korejské populaci (pocet provedenych dvoucestnych testi N2 = 9636, p hodnota
pro dvoucestné srovnani 0.05/N2 = 5.189*10™ pro 95% Cl)

HLA1 HLA2 p

B*58:01 C*03:02 2.09%10""
DQA1*05:07 DRB1*14:03 6.21*10™°
DQA1*05:08 DRB1*12:01 3.33*10%°

4.4.1 Asociace HLA variant s klinickymi fenotypy sarkoid6zy

4.4.1.1 Srovndni distribuce variant HLA v kontextu riiznych stadii na zdkladé rtg. ndlezu

Pacienti byli rozdéleni do dvou skupin — prvni skupina zahrnovala 30 pacientd

vvvvv
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HLA zjisténé v téchto skupindch byly porovnany s frekvencemi v kontrolni populaci.
Na primarni Grovni bylo 8 variant asociovanych se stadii 0-1, a 2 z nich zlstaly asociovany
i po korekci pro mnohocetna srovnani (HLA-DRB1*12:01 pcorr = 0.033; HLA-DQA1*05:08,
Peorr = 0.001) (Prilony Tab. 22). Srovnani stadii 2-4 s kontrolnimi jedinci vedlo
k 28 variantam signifikantné asociovanym S témito stadii na primarni urovni. Po korekci
pro mnohocetna srovnani zistalo 8 wvariant asociovanych s pokrocilejSimi formami
onemocnéni (HLA-B*15:07 peorr = 0.013, HLA-C*03:04 peorr = 0.007, HLA-C*08:22
Peorr = 0.006, HLA-DRB1*12:01 peorr = 0.003, HLA-DRB1*14:54 peoy = 4.57*10™%,
HLA-DQA1*05:07 peorr = 0.001, HLA-DQA1*05:08 peorr = 0.003, HLA-DQB1*06:09
Peorr = 0.004) a 4 byly povazovany za protektivni (HLA-A*33:03 peorr = 0.038, HLA-C*03:02
Peorr = 0.005, HLA-DQA1*01:02 peorr = 0.001, HLA-DQB1*03:02 peorr = 3.86* 10°%%)
(Prilohy Tab. 23). Vzajemné porovnani pacientd ve stadiich 0-1 (n = 30) a pacientl
ve stadiich 2-4 (n = 73) ukazalo, Ze alela HLA-B*51:01 je na primarni trovni spojena

se stadii 2-4 (p = 0.042); po korekci pro mnohocetna srovnani vsak nebyla signifikantni.

4.4.1.2 Srovndni HLA variant u pacientii s mimoplicni manifestaci sarkoidézy.

Distribuce polymorfismiit HLA u pacientll s mimoplicni manifestaci sarkoidézy byla
porovnana s udaji kontrolnich jedinct. Pii tomto srovnani bylo 23 variant asociovano
s mimoplicni manifestaci na primarni Grovni (Ptilohy Tab. 24). Z nich 9 bylo signifikantnich
i po korekci na mnohocetna srovnani, 4 jako protektivni vi¢i mimoplicni manifestaci
(HLA-A*33:03 peorr = 0.038, HLA-C*03:02 peorr = 0.019, HLA-DQA1*01:02 pcorr = 0.003,
HLA-DQB1*03:02 pcorr = 3.86*10'04) a 5 bylo rizikovych pro vznik mimoplicnich projevi
(HLA-B*15:07 peorr = 0.013, HLA-C*08:22 pcorr = 0.047, HLA-DRB1*14:54 peore = 0.008,
HLA-DQA1*05:08 pcorr = 0.003, HLA-DQB1*06:09 pcorr = 0.004) (Ptilohy Tab. 24).
Pfi vzajemném porovnani frekvenci HLA u pacienti s mimoplicnim postizenim a bez n¢j byly
na primarni trovni odhaleny ¢étyti asociace (Ptilohy Tab. 25), které v§ak po korekci nedosahly

signifikance.

4.4.1.3 Varianty HLA v kontextu klinického priibéhu onemocnéni (2 roky sledovadni).

Pacienti byli sledovani nejméné 2 roky po stanoveni diagnézy. Byli rozdé€leni do tii
skupin v zavislosti na prubéhu onemocnéni takto: pacienti, jejichz onemocnéni preslo
doremise (n = 58), pacienti se stabilnim onemocnénim a pacienti (n = 32), jejichz

S 24

ttech skupinach porovnana s udaji kontrolnich jedincii. S progresivnim, zhorSujicim
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se prubéhem byla spojena 1 varianta pouze na primarni rovni (Ptilohy Tab. 26). Dilezité je,
ze 32 variant bylo asociovano S remisi onemocnéni; 8 z nich zstalo signifikantnich
i po korekci pro mnohocetna srovnani (Pfilohy Tab. 27). Z téchto 8 asociovanych variant jich
bylo 5 asociovano s pacienty v remisi (HLA-DRB1*12:01 pcorr = 0.006, HLA-DRB1*14:54
Peorr = 0.003, HLA-DQA1*05:07 peorr = 1.86%10%, HLA-DQA1*05:08 peorr = 0.001,
HLA-DQB1*06:09 pcorr = 0.010); zbyvajici 3 varianty byly castéj$i v kontrolni skupiné
populace. Ve skuping pacientil se stabilnim onemocnénim bylo na primérni Grovni asociovano
12 variant a 2 z nich dosahly signifikance po korekci pro mnohocetna srovnani
(Ptilohy Tab. 28). Tyto varianty byly spojeny s pacienty ve stabilizovaném stavu
(HLA-DRB1*08:03 pcorr = 0.002 a HLA-DRB1*14:54 peorr = 2.08*1077%).
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4.6 SNP analyza v recké populaci

V ftecké populaci bylo pomoci metody MassArray analyzovano 20 SNP u pacientl
se sarkoidozou (n = 103) a kontrolnich jedincti (n = 100). Vysledky pro polymorfismus
rs3819717 v genu TAP2 neodpovidaly HWE, a to piedevsim ve skupiné kontrolnich subjekti.
Proto byly tyto polymorfismy vylouc¢eny z hodnoceni vysledkt u fecké populace.

Analyzou byla identifikovana asociace polymorfismu rs3917200 v genu pro TGF-43
jako rizikova pro vznik sarkoidézy, a to i po korekci pro mnohoCetna srovnani
(Peorr = 4.97*10°°; OR: 3.04 (95% Cl: 1.98-4.69)). Na primérni urovni byl jako asociovany
se sarkoidozou urcen i polymorfismus rs1049550 v genu ANXA1l (p = 0.013; OR: 0.59
(95% CI: 0.39-0.89)) jako ochranny faktor pro vznik sarkoidozy (Tab. 35, Obr. 4).

Tabulka 35: Analyza asociaci SNP se sarkoidozou na alelické wirovni pro srovnani
pacienti (n = 103) a kontrolnich jedinca (n = 100) v fecké populaci (OR-odds ratio,
Cl-confidence interval, pcorr-p-hodnota po korekci pro mnohocetna srovnani (signifikantni

vysledky zvyraznény tucng), kurziva-vysledky, které nespliiovaly kontrolu kvality)

Gen SNP OR (95% CI) p Peorr

ANXA11 rs1049550 | 0.590 (0.391-0.888) 0.013 0.210
TNF-a rs1800629 | 1.987 (0.985-4.006) 0.060 0.672
TGF-82 rs1891467 | 1.003 (0.657-1.532) 1.000 1.000
GREM1 rs1919364 | 1.041 (0.703-1.541) 0.842 1.000
HLA-DRA, HLA- | rs1964995 | 0.642 (0.344-1.197) 0.209 0.985
NOD?2 rs2066844 | 1.476 (0.515-4.229) 0.600 1.000
BTNL2 rs2076530 | 0.977 (0.645-1.479) 0.916 1.000
HLA-DQA1 rs2187668 | 0.968 (0.470-1.993) 1.000 1.000
CACFD1 rs3124765 | NA 0.142 0.937
C6orf10 rs3129927 | 3.000 (0.800-11.248) 0.140 0.934
ATF6B rs3130288 | 2.680 (0.700-10.254) 0.220 0.989
HLA-DRA rs3135394 | 3.000 (0.800-11.248) 0.140 0.934
TAP2 rs3819717 | 1.100 (0.697-1.737) 0.727 1.000
HLA-DRB1 rs3830135 | 0.707 (0.291-1.718) 0.505 1.000
TGF-53 rs3917165 | 2.308 (0.868-6.136) 0.108 0.872
TGF-43 rs3917200 | 3.043 (1.976-4.686) | 2.76*10%" | 4.97*10%°
HLA-DPB1 rs9277357 | 1.040 (0.662-1.632) 0.908 1.000
LRRC16A rs9295661 | 1.447 (0.239-8.759) 0.999 1.000
HLA-DRB1*03:01 | rs2040410 | 1.174 (0.657-2.097) 0.658 0.883
HLA-DRB1*15:01 | rs3135388 | 0.606 (0.256-1.435) 0.287 0.492
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4.6.1 Asociace SNP s klinickymi fenotypy sarkoidézy

Na zéklad¢ hodnoceni stadia podle rtg. plic byli pacienti rozdéleni do dvou skupin,
na pacienty ve stadiu 1 (n = 29) a na pacienty ve stadiu 2 a vy$§im (n = 68). Pti vzajemném
porovnani téchto dvou skupin nebyla nalezena asociace s zadnym 2z analyzovanych
polymorfismi (Ptilohy Tab. 33). Tyto dvé skupiny byly porovnavany i s kontrolnimi jedinci.
V piipadé polymorfismu rs3917200 v genu TGF-$3 byla nalezena asociace signifikantni
i po korekci pro mnohocetna srovnani, a to jak pfi porovnani pacienti ve stadiu 1
s kontrolnimi jedinci (Peorr = 3.13*10°%%), tak u pacientid ve stadiu 2 a vySe s kontrolnimi
jedinci (peorr = 1.71%107%%).

Dale byl nalezen polymorfismus rs3917165 v genu TGF-A3 asociovan s pacienty
ve stadiu 1 sarkoidozy v porovnani S kontrolnimi jedinci na primarni tGrovni (p = 0.005)
(Ptilohy Tab. 34, Obr. 5).

Jako protektivni byl detekovan polymorfismus rs1049550 v genu ANXAL1l, ktery
se signifikantn¢ vice vyskytoval u kontrolnich jedinct, neZ u pacientti ve stadiu 2 a vys§im
(p = 0.007) (Ptilohy Tab. 35).

U pacienti ve stadiu 2 a vySe byl jako asociovany nalezen také polymorfismus
rs1800629 v genu TNF-a (p = 0.015) (Ptfilohy Tab. 35, Obr. 6).

Porovnanim pacientd s mimoplicnimi projevy sarkoiddzy s pacienty, u kterych
sarkoid6za zasahla jen plice, nebyl identifikovan zadny polymorfismus spojeny s jednou
¢i druhou skupinou. Stejné tomu bylo i u porovnani pacientli, ktefi podstupovali 1écbu,

S pacienty, ktefi nebyli indikovani kK 1é¢bé.
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Obrazek 4: Varianty identifikované jako protektivni a rizikové pri vzniku sarkoidozy
Vv Ceské, polské, Fecké a Kkorejské populaci zelené pismo — Ceska populace, Cervené
pismo-polskd populace, modré pismo — feckd populace, zluté pismo s cernym
oramovanim-korejska populace, p — varianta signifikantni jen na primarni urovni,
Peorr-varianta signifikantni po korekci pro mnohocetna srovnani.
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Obriazek 5: Varianty spojené s pfiznivym pribéhem sarkoidozy v ¢eské, polské, recké
a korejské populaci zelené pismo — ¢eska populace, Cervené pismo — polska populace, modré
pismo — fecka populace, zluté pismo s ¢ernym ordmovanim — korejska populace

RECKO

CESKO

korejské populaci zelené pismo — ceskd populace, modré pismo — feckd populace, zluté
pismo s ¢ernym oramovanim — korejska populace

TGF-82rs1891467
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4.6.2 Analyza HLA u chorvatskych zdravych jedincii

Bylo hodnoceno 120 jedincii chorvatské zdravé populace v Sesti HLA lokusech
(HLA-A, -B, -C, -DRB1, -DQAL, -DQB1) s rozlisenim na 4 pole. Z divodu nizké kvality bylo
Z hodnoceni vylouceno 9 vzorkt.

V lokusu HLA-A bylo identifikovano 25 rtznych variant. Nejcastéji byl pozorovan
vyskyt varianty HLA-A*02:01:01 (32.43 %), druhou nejcastéjsi byla varianta
HLA-A*01:01:01:01 (12.16 %) nasledovana variantami HLA-A*03:01:01:01 (11.71 %),
HLA-A*24:02:01:01 (11.71 %) a HLA-A*11:01:01:01 (9.91 %). Nejcastéji se vyskytujici
varianta HLA-A*02:01:01 byla ptitomna Vv analyzované populaci u 59 jedinct, u 13 z nich
v homozygotni formé (Pfilohy Tab. 36).

Nejvétsi pocet rozlisenych variant v rameci HLA 1. t¥idy byl v lokusu HLA-B, kde bylo
rozlieno 39 riznych variant. Nejcetnéji se vyskytovala varianta HLA-B*51:01:01 (8.56 %)
nasledovand variantami HLA-B*35:01:01 (8.11 %), HLA-B*08:01:01 (8.11 %),
HLA-B*07:02:01 (6.76 %), HLA-B*35:03:01 (6.76 %) a HLA-B*18:01:01 (5.41 %)
(Ptilohy Tab. 36).

V lokusu HLA-C bylo typizaci zjisténo 26 riznych HLA variant. Nejcastéji se v této
populaci  vyskytovala varianta HLA-C*04:01:01:.01 (13.96 %) nasledovana
HLA-C*02:02:02 (9.46 %), HLA-C*12:03:01 (7.21 %) a HLA-C*03:03:01 (5.41 %).
Nejraznorodéjsi skupinou byla HLA-C*07, ktera byla zastoupena v populaci v 27.48 %
askladala se z6 variant, nejcastéjsi znich byly HLA-C*07:01:.01G (1441 %)
a HLA-C*07:02:01G (8.11 %) (Ptilohy Tab. 36).

Nejvétsi variabilita v ramci HLA 1. tfidy byla pozorovana v ramci lokusu HLA-DRB1,
kde bylo identifikovano 40 variant. Nejcastéj$i variantou zde byla HLA-DRB1*16:01:01
(13.51 %) nasledovana HLA-DRB1*01:01:01 (10.81 %), HLA-DRB1*07:01:01 (9.91 %),
HLA-DRB1*15:01:01 (6.76 %), HLA-DRB1*03:01:01:01 (5.41 %),
HLA-DRB1*11:01:01:01 (4.5 %). Nejvyssi variabilita zde byla sledovana ve skupiné
DRB1*04, ve které bylo rozlieno 9 variant (Ptilohy Tab. 37).

Analyza lokusu HLA-DQAL odhalila 37 ruznych variant, z nichz nejéetnéjsi byla
HLA-DQA1*01:02:02 (15.77 %). Nasledovaly varianty HLA-DQA1*03:01:01 (7.21 %)
a HLA-DQA1*02:01:01:01 (6.76 %) (Prilohy Tab. 37).

V lokusu HLA-DQBL bylo zjisténo 25 riznych variant. Nejcastéji se Vv této populaci
vyskytovaly varianty DQB1*05:02:01:01 (15.77 %), DQB1*03:01:01:03 (14.86 %),
DQB1*05:01:01:03 (10.36 %), HLA-DQB1*02:01:01 (7.66 %), HLA-DQB1*03:02:01:01
(7.21 %) a HLA-DQB1*02:02:01:01 (6.76 %) (Ptilohy Tab. 37).
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Byla provedena i haplotypova analyza. V ramci HLA 1. tfidy se ¢etnéji ve zkoumané
populaci vyskytoval jen ancestralni evropsky haplotyp A*01:01:01:01-C*07:01:01-
B*08:01:01 (Ptilohy Tab. 38).

Mezi HLA II. tridy byl nejcetnéjsi haplotyp DRB1*16:01:01-DQA1*01:02:02-
DQB1*05:02:01:01 (13.51 %). Mezi dalsi casto se vyskytujici haplotypy patfily
DRB1*03:01:01:01-DQA1*05:01:01:02-DQB1*02:01:01 (496 %), DRB1*15:01:01-
DQA1*01:02:01:01-DQB1*06:02:01:01 (4.50 %) a DRB1*01:01:01-DQA1*01:01:01:01-
DQB1*05:01:01:03 (4.05 %) (Ptilohy Tab. 38). Mezi haplotypy zahrnujicimi vSech 6 lokust
byl  nejcastéjSim  ancestralni haplotyp A*01:01:01:01-C*07:01:01-B*08:01:01-
DRB1*03:01:01:01-DQA1*05:01:01:02- DQB1*02:01:01 (3.6 %).

68



5 Diskuze

5.1 HLA varianty asociované se sarkoidozou v ¢eské populaci

Tato studie provedena na ceské populaci zkoumala souvislost HLA variant
se sarkoidozou. Zamétila se na souvislosti mezi HLA variantami a klinickymi fenotypy
sarkoid6zy. Jedna se o prvni podrobnou analyzu HLA variant v ¢eské populaci v lokusech
HLA-A, -B, -C, -DRB1, -DQAL1 a -DQBL1 s rozlisenim na 4 pole. Nov¢ byla objevena asociace
mezi sarkoidozou a HLA-DQB1*06:04 jako rizikovym faktorem pro sarkoiddzu a asociace
mezi sarkoid6zou a HLA-DQA1*03:01 jako protektivnim faktorem v Ceské populaci. Byla
potvrzena také asociace mezi HLA-DQB1*06:02 (rizikova) aHLA-DRB1*01:01,
HLA-DQB1*03:02 (protektivni), které byly diive popsany v menSich studiich u jinych
populaci (Sikorova et al., 2022; Berlin et al., 1997; Voorter et al., 2005; Sato et al., 2010a;
Wennerstrom et al., 2013). Co se tyka klinickych fenotypl sarkoidézy byly identifikovany
varianty HLA-A*01:01, HLA-B*08:01, HLA-C*07:01, HLA-DRB1*03:01,
HLA-DQA1*05:01 a HLA-DQB1*02:01 asociovany s LS, varianty HLA-DRB1*03:01
a HLA-DQA1*05:01 spojené s remisi onemocnéni a stadiem 1 a varianty HLA-DRB1*11:01
a HLA-DQA1*05:05 asociovany s onemocnénim ve stadiu 2-4. S mimoplicnimi projevy
sarkoid6zy byla asociovana varianta HLA-DQB1*05:03. Tato varianta byla jiz dfive nalezena
v populaci Velké Britanie, v niz byla spojena s vyskytem uveitidy u pacientii se sarkoidozou
(Sato et al., 2010a).

U sarkoidozy, multisystémového granulomatéozniho onemocnéni postihujiciho
piedevsim plice, prezentuji alveolarni CD4" T buiiky neznamy antigen interakci s molekulami
HLA II. tfidy. Tato Gloha HLA II. tfidy miize byt jednim z divodd, pro¢ vétSina variant HLA
asociovanych se sarkoidozou i u nasich korejskych pacienti patii do HLA II. tfidy (Judson,
2019).

Pti srovnani pacientl se sarkoiddzou s kontrolni populaci byla jako rizikova varianta

pro sarkoidozu nalezena HLA-DQB1*06:02. Tato varianta byla v souvislosti se sarkoidézou

o 24

asouvisela s variantami HLA-DRB1*15:01 a HLA-B*07 (Voorter et al., 2005).
HLA-DRB1*15:01 a HLA-B*07:02 byly rovnéz pozorovany jako rizikové faktory
sarkoidozy, ale pouze na primarni trovni. Tyto dvé varianty byly rovnéZ zaznamenany v LD
s variantou HLA-DQB1*06:02 (Tab. 21).

Nové byla identifikovana varianta HLA-DQB1%*06:04 jako rizikovy faktor pro rozvoj

sarkoidozy, coz je v rozporu s piedchozi studii u populace z Nizozemi, kde nebyl zjistén
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vyznamny rozdil ve vyskytu této varianty u pacientli ve srovnani s kontrolni populaci
(Voorter et al., 2005). Tento rozdil mize odrazet rozdilnou velikost souboru a odli$ny etnicky
puvod vySetiovanych pacientti (van Moorsel et al., 2022).

Varianta HLA-DRB1*01:01 byla dfive popsana jako protektivni faktor pfi vzniku
sarkoidozy v populaci Spojeného kralovstvi, Nizozemska, Finska a Japonska, kde byla
identifikovana jako soucast haplotypu HLA-DQA1*01:01 -DQB1*05:01 -DRB1*01:01.
Vsechny tyto varianty jsou podle zde prezentovanych tdajii v LD a ptlisobi protektivné proti
rozvoji sarkoidozy (Wennerstrom et al., 2013; Grutters et al., 2003; Naruse et al., 2000).
Krom¢ HLA-DRB1*01:01, ktera se ve zde prezentované cCeské kontrolni populaci
vyskytovala cCastéji nez u pacientl, byly dalSimi dvéma protektivnimi variantami
HLA-DQA1*03:01 a HLA-DQB1*03:02. Varianta HLA-DQB1*03:02 byla nedavno popsana
jako protektivni faktor vzniku sarkoidézy také u korejské populace (Sikorova et al., 2022).
HLA-DQA1*03:01 nebyla dosud v souvislosti se sarkoidézou nikdy zminéna. Tato
pozorovand asociace vSak miuze byt vysledkem LD mezi HLA-DQA1*03:01
a HLA-DQB1*03:02 a dalsi protektivni variantou — HLA-DRB1*04:01, ktera je zde uvadéna
jako protektivni na primarni urovni. Tyto tfi varianty jsou soucasti jednoho z nejbéznéjSich
haplotypt v kavkazské populaci (Kockum et al, 1999). Dalsi bézny haplotyp,
HLA-DQB1*06:02 -DQA1*01:02, se v této studii vztahuje k riziku sarkoidozy.

Pti porovnani klinickych fenotypt sarkoidézy byla jako rizikovy faktor pro pokrocilejsi
stadia sarkoiddzy stanovena varianta HLA-DRB1*11:01. Tato varianta byla jiz dfive popsana
ve vztahu k sarkoiddze obecné (Rossman et al., 2003). V této praci byla varianta poprvé
identifikovana ve spojitosti s vysSimi stadii onemocnéni.

V této praci bylo zaznamenano 6 HLA variant (HLA-A*01:01, HLA-B*08:01,
HLA-C*07:01, HLA-DRB1*03:01, HLA-DQA1*05:01 a HLA-DQB1*02:01) tvorficich
8.1 haplotyp, asociovanych s LS. Haplotyp 8.1 se nejCastéji vyskytuje v severni Evropé
a je spojen s rizikem autoimunitnich onemocnéni (Gambino et al., 2018). Byla popsana i jeho
souvislost se sarkoidozou (Price et al., 1999; Grunewald, 2010). Vazba variant HLA-B*08,
HLA-DRB1*03:01 a HLA-DQB1*02:01 s ptiznivou progndézou sarkoidoézy byla diive
pozorovana v chorvatské populaci (Grubic et al., 2007). Pfiznivy priabéh onemocnéni byl
dfive spojen také s variantou HLA-DQB1*02:01 (Sato et al., 2002; Grunewald et al., 2004).

V této praci byla zjiSténa spojitost variant HLA-DRB1*03:01 a HLA-DQA1*05:01
se stadiem 1 a remisi onemocnéni, spolu s variantou HLA-A*01:01 se cCast&ji vyskytovaly
U pacientli, u kterych nebyla indikovana 1é¢ba kortikosteroidy. VétSina asociacnich studii

provedenych v souvislosti se sarkoidézou uvadi spojitost varianty HLA-DRB1*03:01

70



v

se skupinou pacientd, zejména té€ch s ptiznivéjsi prognoézou (Mrazek et al., 2005; Grunewald
et al., 2004; Yanardag et al., 2017). Byla také popsana asociace varianty HLA-B*08:01
S mirnym prub&éhem onemocnéni, zejména s LS (Grunewald et al., 2004, Fischer et al., 2015).
V této praci byla popsana asociace varianty HLA-DQA1*05:01 se skupinami s pfiznivéjsi
prognézou. Jiz diive byl zaznamenan vyznamné vySsi vyskyt této varianty u pacientd nez
u kontrolni populace (Ishihara et al., 1994). Také byla zaznamenana souvislost varianty
HLA-A*01:01 s pacienty v remisi onemocnéni (Grunewald et al., 2004).

S mimoplicnim postizenim byla v této praci asociovana varianta HLA-DQB1*05:03,
diive zminovand v souvislosti se sarkoidozni uveitidou u pacienti ve Velké Britanii
(Sato et al., 2010a). Dale byla HLA-DQBI1*05:03 spojena s persistentnim onemocnénim
na primarni Urovni, stejn¢ jako HLA-DRB1*14:54 a HLA-DQA1*01:04. Tyto tfi varianty
se v ¢eské populaci vyskytuji v LD. V indické populaci byly tyto varianty spojeny s rizikem
sarkoid6zy (Sharma et al., 2003).

O vztahu mezi imunogenetickymi markery a indikaci k 1é¢bé kortikosteroidy je zatim
pomérné malo informaci. V pfedchozi studii byl u ceskych pacienti se sarkoidézou
indikovanych k 1é¢bé kortikosteroidy zjistén zvySeny vyskyt mutantni alely CCR5Delta32
(Petrek et al., 2000). Bylo zde pozorovano, ze nositelé HLA-A*02:01 potiebuji 1é¢bu dvakrat
Castéji nez pacienti, ktefi tuto variantu nenesou. Vzhledem k tomu, Ze 1écba kortikosteroidy
je indikovana u pacientll s vyznamnym postizenim plic sarkoid6zou, u nichz se predpoklada
vys$$i riziko budouci mortality nebo trvalé invalidity (Baughman et al., 2021), muze byt
uzitecnd dostupnost dalSiho laboratorniho markeru, ktery bude zahrnut do komplexniho
rozhodovani o zahdjeni 1éCby. Pfed potencidlnim klinickym vyuzitim je vSak tifeba toto
zjiSténi replikovat. Na druhou stranu nebyla potieba 1écby spojena se tfemi alelami haplotypu
8.1 a toto pozorovani dobfe zapada do timto uvadéné souvislosti tohoto haplotypu s mirné;jsi
formou sarkoidézy.

V této Casti prace byla provedena typizace HLA lokusi pomoci metody NGS
s vysokym rozliSenim na 4 pole. Pro statistickou analyzu bylo pouZito rozliSeni na dvé pole,
protoZe je to nejpouzivanéjsi format mezi statistickymi programy. Hlavni vyznam této casti
prace spociva ve velkém pocCtu podrobné charakterizovanych pacientii z jednoho
zdravotnického centra, coz umoziuje porovnavat i adekvatni podskupiny na zakladé
klinickych diagn6éz. Byla analyzovdna data 301 piesné charakterizovanych pacient
se sarkoid6zou s reprezentativnimi fenotypy. Jedinym omezenim byl nizky pocet pacientil

ve 4. stadiu.
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5.2 SNP asociované se sarkoidozou v ¢eské populaci

V ¢eské populaci bylo analyzovano 20 polymorfismi spojenych piedevsim s imunitnim
systémem u 301 pacientd se sarkoid6zou. Vysledky byly porovnany s vysledky genotypizace
203 kontrolnich jedinct. Cilem této Casti prace byla replikace jiz diive zjisténych asociaci
v ¢eské populaci na pomérn¢ velkém souboru =z konkrétniho zdravotnického centra
a vyhodnoceni jejich pfitomnosti U jednotlivych klinickych fenotypt sarkoidozy.

Jako rizikovy pro vznik sarkoid6zy byl v této praci odhalen polymorfismus rs3135388,
ktery je spojen s HLA variantou HLA-DRB1*15:01 (Karakaya et al., 2019). Tato varianta
byla popsana jiz dfive asociovana s rizikem vzniku onemocnéni, a pfedevsim s jeho progresi
(Grutters et al., 2003; Karakaya et al., 2019; Grunewald, 2010). Polymorfismus rs3135388

byl vtéto praci identifikovan i jako rizikovy faktor pro vznik mimoplicnich projevi

vvvvvv

wevr

rs3917165 v genu pro TGF-£3, jehoz minoritni alela A se Castéji vyskytovala u pacientt,
u kterych nebyl diagnostikovan LS, v porovnani s pacienty s LS. Izoformy TGF-f jsou
obecné spojeny S fibrotickymi onemocnénimi. V holandské populaci byl tento polymorfismus
asociovan S pacienty, u kterych se sarkoid6za projevovala pfitomnosti plicni fibrozy
(Kruit et al., 2006).

Polymorfismus rs1964995 spojeny s genem HLA-DRA, HLA-DRB5 byl diive zmifiovan
predev$im jako asociovany S pacienty, u kterych nebyl diagnostikovan LS, tedy obecné
rs1964995 nalezen asociovany S pacienty, u kterych doslo v pribéhu sledovani k progresi
onemocnéni.

V ramci porovnani pacientti s mimoplicnimi projevy onemocnéni a pacientd, u kterych
onemocnéni postihovalo pouze plice, byl jako spojeny s mimoplicni formou onemocnéni
identifikovan 1 polymorfismus rs1049550 v genu ANXA11.

Jako protektivni proti vzniku sarkoidozy byl nalezen polymorfismus rs1964995 v genu
HLA-DRA, HLA-DRBS5, ktery se vyskytoval u kontrolni populace dvakrat Castéji nez
U pacientt.

S kontrolni populaci byl asociovan i polymorfismu rs1049550 v genu ANXAL1. Tento
gen ma Vliv na tvorbu granulomu a bylo prokazano, ze ma roli v udrzovani granulomatézniho
zanétu (Mirsaeidi et al., 2016). Nesynonymni mutace rs1049550 nachazejici se v exonu

6 genu ANXA11 vede k zaméné aminokyseliny z argininu na cytosin lokalizované na evolu¢né
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konzervované pozici 230 prvni annexinové domény. Tyto sekven¢ni zmény mohou zptisobit
naruseni struktury proteinu nebo interferovat s proteinovymi interakcemi (Hofmann et al.,
2008). Zvyseny vyskyt rs1049550*T varianty v kontrolni populaci pii porovnani s pacienty
se sarkoidozou byl nalezen v mnoha diivéjSich studiich (Mrazek et al., 2011; Karakaya et al.,
2022; Zhou et al., 2016).

Dalsi polymorfismy byly spojeny s pfiznivym pribéhem onemocnéni. Polymorfismus
rs9295661 v genu LRRCI16A, ktery je exprimovan i v CD4" a CD8" T-lymfocytech
(Kimetal.,, 2014), byl dfive spojovan s pacienty, u kterych byl diagnostikovan LS
(Riveraet al., 2016). Vyse zminéna asociace byla potvrzena i v této praci.

Déle byla vtéto praci nalezena souvislost polymorfismu rs2066844, ktery
je zodpovédny za nesynonymni mutaci v genu NOD2/CARD15, kdy dochazi k zaméné
argininu za trypsin na pozici 702. Tato varianta byla jiz dfive identifikovana jako spojena
se sarkoidozou. Na rozdil od této prace, kde byla identifikovana asociovana S pacienty
vestadiu 1, byla ovSem difive nalezena spojena s vys$imi stadii sarkoidozy a jejim

Ve spojitosti S priznivym priabéhem sarkoidozy bylo v této praci identifikovano
6 polymorfismii v genech nachdzejicich se na chromozomu 6 (rs1800629 v genu TNF-a;
rs2187668 v genu HLA-DQAL; rs3129927 v lokusu C6orfl0; rs3130288 v genu ATF6B;
rs315394 v genu HLA-DRA a rs2040410 spojeny s variantou HLA-DRB1*03:01). Tyto
polymorfismy byly asociovany s vyskytem LS, s pacienty v remisi onemocnéni, s pacienty
vestadiu 1 a spacienty, u kterych nebyla indikovana 1é¢ba kortikosteroidy. Ve studii
zabyvajici se autoimunitnim onemocnénim — celiakii, byla identifikovana spojitost vyskytu
polymorfismu rs2187668 v genu HLA-DQA1 s vyskytem HLA variant HLA-DQA1*05:01
aHLA-DQB1*02:01 (Monsuur et al., 2008). Tyto varianty jsou spolu s variantou
HLA-DRB1*03:01 (spjatou s polymorfismem rs2040410, ktery byl vtéto praci také
analyzovan) a genem TNF-a (ve kterém byl vtéto praci analyzovan polymorfismus
rs1800629) soucasti 8.1 ancestralniho haplotypu. Ten byl v této praci spojen s piiznivejSim
pribéhem sarkoidézy i1 v analyze HLA variant pomoci NGS. Polymorfismus rs1800629
v genu TNF-a byl asociovan s piiznivéj§i prognozou, konkrétné vyskytem LS i v analyze
provedené diive u ¢eské populace (Mrazek et al., 2005).

S pfiznivéj§im pribéhem onemocnéni byl spojen i polymorfismus rs3130288 v genu
ATFG6B. Protein kdédovany timto genem je transkripénim faktorem v signalni draze odpovédi

na stres ER (Park et al., 2014). ATF6B je lokalizovan v oblasti MHC na chromozomu 6p21

(Moudi et al., 2020) a je to pravdépodobné jeho pozice v této oblasti, co ur¢uje jeho spojitost
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S geny asociovanymi s lepSim prub&éhem sarkoiddzy. Polymorfismy rs3129927 v lokusu
C6orfl0 a rs3135394 v genu HLA-DRA byly v této praci také asociovany S ptiznivéj$im
pribéhem onemocnéni a nachazi se v oblasti chromozomu 6. Tyto tfi polymorfismy
(rs3130288; rs3129927; rs3135394) byly jiz dfive nalezeny spojeny s pacienty sLS
(Riveraetal., 2016). Jejich spojitost s ptiznivym prubéhem onemocnéni a spoleény vyskyt
s polymorfismy v genech 8.1 ancestralniho haplotypu by znich mohl ¢init potencialni
kandidaty tohoto haplotypu. Polymorfismy ve vySe zminénych genech by do budoucna mohly

slouzit jako markery ptiznivé prognozy u pacientl se sarkoidézou.

5.3 SNP asociované se sarkoiddzou v polské populaci

V polské populaci bylo vySetrovano 20 jednonukleotidovych polymorfismi
u 104 pacientil se sarkoid6zou. Data byla porovnéna s vysledky genotypizace 100 kontrolnich
jedincti. Vysledky v této populaci byly podobné tém ziskanym analyzou polymorfismil
Vv Ceské populaci, coz odpovidd podobnému geografickému umisténi 1 etnickému plvodu
téchto dvou populaci.

Ve spojitosti s ptiznivym priabéhem sarkoidézy bylo v této praci identifikovano
6 polymorfismii v genech nachazejicich se na chromozomu 6 (rs1800629 v genu TNF-q;
rs2187668 v genu HLA-DQAL; rs3129927 v lokusu C6orf10; rs3130288 v genu ATF6B;
rs315394 vgenu HLA-DRA a r1s2040410 spojeny svariantou HLA-DRB1*03:01).
Polymorfismus rs2187668 v genu HLA-DQAL byl identifikovan jako predispozice k remisi
onemocnéni. Jak je jiz vySe zminéno, tento polymorfismus je asociovan s vyskytem variant

HLA-DQA1*05:01 a HLA-DQB1*02:01 (Monsuur et al., 2008). Tyto dvé varianty byly
spojeny s pfiznivéjSim  prubéhem sarkoidézy v polské populaci v dFivéjsi  studii
(Dubaniewicz et al., 2007). Stejné¢ tak byla v této studii (Dubaniewicz et al., 2007) jako
rizikova pro LS a pacienty ve stadiu 1, v porovnani s kontrolnimi jedinci, objevena varianta
HLA-DRB1*03:01. Tato varianta je asociovana S polymorfismem rs2040410, ktery byl
identifikovan jako rizikovy pro vznik sarkoidozy u polskych pacientd a zaroveil spojeny
s pacienty v remisi a pacienty ve stadiu 1. Stejné tak byly v této praci v souvislosti s remisi
onemocnéni a stadiem 1 identifikovany polymorfismy rs1800629 v genu TNF-a; rs2187668
v genu HLA-DQAL, rs3129927 v lokusu C60rfl0; rs3130288 v genu ATF6B a rs315394
v genu HLA-DRA. Polymorfismy rs3129927 v lokusu C6o0rf10 a rs3130288 v genu ATF6B
byly zaroven v této praci identifikovany jako rizikové pro vznik sarkoidézy obecné. Jejich
spojitost se sarkoiddzou a jejim piiznivejsim priabéhem byla popsana jiz diive (Xiong et al.,

2021; Rivera et al., 2016).
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Polymorfismus rs1800629 v genu TNF-a byl v této praci u polské populace nalezen
jako rizikovy faktor pro vznik sarkoidozy. V ramci ni je ovSem spjat s remisi onemocnéni
apacienty ve stadiu 1. Tato spojitost s pfiznivou progndézou onemocnéni je v souladu
s predchozimi studiemi (Seitzer et al., 1997; Mrazek et al., 2005).

Polymorfismus rs9277357 v genu HLA-DPB1 byl se sarkoid6zou spojeny jiz diive
(Rivera et al., 2016). V této studii byla identifikovana jeho funkce jako rizikového faktoru
pro vznik sarkoidozy v polské populaci.

Jako protektivni pied vznikem sarkoidézy byl u polské populace identifikovany
polymorfismus rs3830135 v genu HLA-DRB1. Asociovan s kontrolnimi jedinci V porovnani
S pacienty se sarkoiddzou byl identifikovan jiz diive ve $védské populaci (Rivera et al., 2016).
Tento polymorfismus se v populaci ¢eskych pacientti se sarkoidozou vyskytoval vzdy spolu
svariantou HLA-DRB1*01 (Tab. 27). Tato varianta byla nalezena jako protektivni
pied vznikem sarkoidézy i v polské a dalsich populacich (Foley et al., 2001).

Analyzou polymorfismil v polské populaci byly identifikovany mozné markery vzniku
sarkoidozy 1 jejiho pribéhu. Vysledky analyz provedenych v polské populaci odpovidaji
vysledkiim ziskanym analyzou ceské populace. Také v polské populaci byla objevena
spojitost polymorfismii v genech na 6. chromozomu se vznikem i pribéhem sarkoidézy.
Limitaci podrobnéjsi analyzy u polské populace byla predevsim velikost souboru pacienti
i kontrolnich jedincti. Pro podrobné&jsi analyzu by bylo potieba rozsifit soubor pacientd,

a to zejména pro analyzu asociaci u jednotlivych klinickych fenotypti sarkoidozy.

5.4 HLA varianty asociované se sarkoidézou v korejské populaci

V ramci prace byly vySetfovany HLA alely u korejskych pacientii se sarkoidézou. Byla
zjistovana jejich spojitost se samotnym onemocnénim 1 klinickymi fenotypy sarkoidézy. Byly
identifikovany varianty asociované s rizikem sarkoidozy, jako jsou HLA-C*03:04,
HLA-DRB1*12:01 a HLA-DRB1*14:54, diive popsané v jinych populacich (Rossman et al.,
2003; Levin et al., 2015; Ishihara et al., 1994). Dale byly identifikovany nové varianty HLA
asociované¢ s rizikem sarkoidozy (napt. HLA-DQAI1*05:08) a nové ochranné varianty
HLA-DQB1*03:02 a HLA-DQA1*01:02 v korejské populaci. V neposledni fad€ potvrzujeme
vysledky predchozich studii, kdy varianta HLA-DRB1*12:01 byla nalezena ve spojitosti
S ptiznivéjsi prognozou (Levin et al., 2015), coz bylo zde potvrzeno i v korejské populaci.

Lokus HLA-DRB1 je casto spojovan s autoimunitnimi onemocnénimi, véetné

sarkoidozy (Rossman et al., 2003; Grunewald et al., 2016). V této praci byla identifikovana
varianta HLA-DRB1%*12:01 rizikovy faktor pro vznik sarkoiddzy. V souladu s timto zjisténim

75



byla tato varianta popsana jako rizikova u afroamerické populace (Rossman et al., 2003;
Levin et al., 2015). Tato varianta byla v korejské populaci také vice zastoupena u pacientt,
s remisi onemocnéni. HLA-DRB1*12:01 tedy miize byt spojena s lepsi prognozou sarkoidézy
Vv korejské populaci. Dale byla Vv této populaci stanovena varianta HLA-DRB1*14:54 jako
rizikovy faktor sarkoid6zy. Je zajimavé, ze z omezeného poctu studii o HLA u sarkoidozy
ve vychodoasijské populaci Ishihara et al., 1994 wuvadi, ze sarkoid6za je spojena
S HLA-DRB1*12:01 a také s alelami skupiny HLA-DRB1*14 u japonskych pacient. Dale
byly alely skupiny HLA-DRBI1*14, do které patii HLA-DRB1*14:54, diive asociovany
srizikem onemocnéni, rozsahlym mimoplicnim postizenim a chronickym prubé¢hem
onemocnéni u turecké populace (Yanardag et al., 2017; Esendagli et al., 2018).

HLA-DQB1 byl dalsim lokusem HLA II. tfidy obsahujicim variantu asociovanou
se sarkoid6zou v korejské populaci, konkrétné HLA-DQB1*03:02 fungujici jako protektivni
faktor. Tato varianta nebyla dosud v souvislosti se sarkoid6zou zminovana.

Lokus HLA-DQA1 nebyl v souvislosti se sarkoidozou piili§ ¢asto zminovan. V této
praci byla zjisténa LD mezi alelami HLA-DQA1 (napi. HLA-DQA1*05) a souvisejicimi
variantami HLA-DRB1, coz by mohlo byt divodem zjisténych asociaci. V souvislosti
s prubéhem onemocnéni byla identifikovana varianta HLA-DQA1*01:02 jako protektivni
Vv korejské populaci.

Lokusy HLA 1. tfidy (HLA-A, -B, -C) byly dfive v souvislosti se sarkoiddzou
a autoimunitnimi onemocnénimi zmifovany jen zfidka. V ptipadech, kdy byla zaznamenana
asociace HLA 1. tfidy se sarkoidozou, byla jako vysvétleni navrhovéna bud’ vazebna
nerovnovaha mezi HLA 1. a II. tfidy, nebo nezévislé ptisobeni HLA 1. tfidy v souvislosti
S imunitni odpovédi na intracelularni mykobakterialni infekci (Rybicki et lannuzzi, 2007,
Tarasidis et Arce, 2020). U korejské populace byly se sarkoidézou asociovany varianty
HLA-C*03:02 a HLA-C*03:04, resp. HLA-C*03:04, ktera navic souvisela s pokroc¢ilej$imi

Dalsi varianta HLA 1. tfidy, HLA-A*33:03, byla spojena s ochranou pted mimoplicnim
postizenim. Tato varianta byla dfive pozorovéna s frekvenci vyssi nez 10 % v celé korejské
populaci (Lee et al., 2005).

Zde prezentovana analyza HLA u korejské populace ma sva omezeni. Hlavni limitaci
jsou mensi pocty pacientil zejména pii porovnavani klinickych fenotypl. Optimalni by byla
moznost typizace vlastni kontrolni korejské populace namisto pouziti idaji z populacnich
databazi. Pozorované asociace je proto tieba interpretovat s urcitou rezervou, dokud nebudou

data ovéfena v dalsi skupiné korejskych pacientii a kontrolnich jedinct.
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Naproti tomu existuji dulezité pozitivni aspekty tohoto srovnani. Dosud bylo
publikovano pouze nékolik studii zkoumajicich roli variability v HLA lokusech u sarkoidozy,
kde byly pouzity metody genotypizace s vysokym rozliSenim (Karakaya et al., 2019).
Nejvétsi ptinosem této ¢asti prace vsak je, ze HLA u sarkoidézy nebyla v korejské populaci

vibec zkoumana, a to bez ohledu na uroven ptesnosti.

5.5 SNP asociované se sarkoidozou v korejské populaci

V korejské populaci bylo analyzovano 20 SNP u 139 pacient se sarkoiddzou. Byla
zjiStovana jejich spojitost se samotnym onemocnénim i klinickymi fenotypy sarkoidézy. Byly
identifikovany polymorfismy asociované se vznikem onemocnéni obecné (rs1891467 v genu
TGF-42; rs3917200 v genu TGF-43; rs2066844 v genu NODZ2; rs3830135 v genu HLA-DRB1
a 1s2040410 spojeny s variantou HLA-DRB1*03:01) i polymorfismy protektivni proti vzniku
sarkoidozy (rs1964995 v lokusu HLA-DRA, HLA-DRBS5; rs2187668 v genu HLA-DQA1
ars3819717 v genu TAP2). U pacientii S mimoplicni lokalizaci sarkoidozy byl identifikovan
polymorfismus rs1800629 v genu TNF-a, naopak polymorfismus rs2040410 spojeny
s variantou HLA-DRB1*03:01 se vyskytoval vice u pacientli, u kterych jsou zasaZeny jen
plice. S pacienty, u nichz nebyla indikovana 1écba, byl asociovan polymorfismus rs3917165
polymorfismus rs1891467 v genu TGF-52.

Jako rizikovy pro vznik sarkoidozy byl identifikovan polymorfismus rs2066844 v genu
NOD2, ktery byl jiz diive asociovan se sarkoid6zou predevSim s jeji progresivni formou
(Satoet al.,, 2010b). Tento polymorfismus vede k zaméné aminokyselin v C-terminal
leucine-rich repeat (LRR) a ta ma regulacni i rozpoznavaci funkci pro PAMPs. LRR jsou
spojeny s ¢asnym nastupem sarkoiddézy. Mutace NOD2 jsou spojeny s multisystémovym
granulomatéznim onemocnénim charakterizovanym artritidou, uveitidou a koznimi
chorobami (Negroni et al., 2018).

Jako dalsi rizikovy polymorfismus byl nalezen rs3830135 v genu HLA-DRB1. Tento
polymorfismus zde byl v ramci polské populace i v pfedeSlych studiich evropskych populaci
(Rivera et al., 2016) nalezen jako ochranny proti vzniku sarkoidézy. V asijské populaci tento
polymorfismus zatim nebyl zkouman.

Polymorfismus rs2040410 asociovany s variantou HLA-DRB1*03:01 byl nalezen v této
praci jak rizikovy pro sarkoiddézu obecné, tak i spojeny s pacienty, ktefi maji sarkoidozou
zasazeny jen plice. Toto odpovida predchozim studiim na evropské a americké populaci

(Levin et al., 2015; Lahtela et al., 2019). Varianta HLA-DRB1*03:01 ma zaroven vysokou
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vazebnou afinitu k peptidim na povrchu bakterii dfive jiz spojenych s patogenezi sarkoidozy
(Mycobacterium tuberculosis a Propionibacterium acnes) (Levin et al., 2015).

Jako rizikové pro vznik sarkoiddzy byly v této praci nalezeny polymorfismy rs1891467
a rs3917200 v genech TGF-2 a TGF-$3. Polymorfismy v izoformach genu TGF-f byly
nalezeny asociovany se sarkoidozou jiz diive (Sikorova et al., 2020; Pabst et al., 2011;
Kruit et al., 2006). TGF-# vede k aktivaci a proliferaci fibroblasti a stimuluje je k produkci
kolagenu, fibronektinu a proteoglykani; inhibuje degradaci kolagenu deaktivaci matrixovych
metaloproteindz a aktivaci inhibitort proteindz (Kato et al., 2022). Rovnovaha mezi
izoformami TGF-f mtze urcovat povahu hojeni. Izoformy 1 a 2 rodiny TGF-f jsou obecné
popisovany jako profibrotické, zatimco TGF-83 pusobi antifibroticky (Kruit et al., 2006).
Polymorfismus rs3917165 v genu TGF-£3, nalezen v této praci predev§im u pacientd, kterym
nebyla indikovana 1€¢ba, byl popsan jako spojeny se vznikem fibrézy v holandské populaci
(Kruit et al., 2006). Polymorfismus rs1891467 v genu TGF-52 byl nalezen asociovan
s vyssimi stadii u korejskych pacientt, coz odpovida i vysledkim v holandské populaci
(Kruit et al., 2006), nikoliv vsak vysledkim v némecké populaci (Pabs et al., 2011).

Polymorfismus rs1800629 v genu TNF-o byl v této praci asociovan S mimoplicnimi
projevy sarkoidozy. V souvislosti s postizenim srdce sarkoiddézou byl nalezen jiz dfive
Vv japonské populaci (Takashige et al., 1999).

Polymorfismus rs1964995 v lokusu HLA-DRA, HLA-DRBS5 byl nalezen v této praci jako
protektivni, coz odpovida vyslediim zde prezentovanym u cCeské populace i1 pfedchozi studii
provedené u evropské populace (Rivera et al., 2016). Jako protektivni byl v této praci
identifikovan i polymorfismus rs2187668 v genu HLA-DQAL, spojeny S variantou
HLA-DQAT1*05:01, kterd byla v této praci nalezena asociovana S kontrolni populaci
pii porovnani s korejskymi pacienty se sarkoiddézou. Jako protektivni byla v této praci
identifikovana také pfitomnost alely T v polymorfismu rs3819717 v genu TAP2. V evropské
populaci byla alela G v polymorfismu rs3819717 v genu TAP2 identifikovana jako rizikova
pro vznik sarkoidézy (Rivera et al., 2016).

5.6 SNP asociované se sarkoidozou v irecké populaci

Bylo analyzovano 20 jednonukleotidovych polymorfismu, spojenych s imunitni reakci
¢1 metabolizaci vapniku. V této souvislosti se jedna o prvni studii genetické variability genli
souvisejicich s imunitou provedenou u feckych pacientl se sarkoidézou. Hlavnim zjisténim

byla souvislost mezi sarkoid6zou a variantou rs3917200 v genu TGF-f3. Dale tato prace
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potvrdila, ze varianta ANXAL11l rs1049550*A byla asociovana se sarkoiddzou jako celkem
I u feckych pacientt.

Gen ANXA11 se podili na apoptdze a ma vliv na tvorbu granulomu (Mirsaeidi et al.,
2016). Polymorfismus rs1049550 vede k aminokyselinové substituci arginin/cytosin na pozici
230 ve vazebné doméné zodpovédné za vazbu vapenatych iontt. Asociace tohoto
polymorfismu se sarkoid6zou byla poprvé zaznamenana v ramci celogenomové asociacni
studie provedené v némecké populaci (Hofmann et al., 2008) a nasledné byla replikovana
v ¢eské (Mrazek et al., 2011), portugalské (Morais et al., 2013) a americké (Levin et al.,
2013) populaci s protektivnim G¢inkem. Protektivni asociace tohoto polymorfismu
s pokrocilejsimi stadii 2-4 u sarkoidozy byla zatim zaznamenana pouze u Ceské populace
(Mrazek et al., 2011). Asociace s perzistenci onemocnéni byla zaznamenana u americké
populace (Levin et al., 2013).

U genu TGF-43 se piedpoklada antifibroticky ucinek pii hojeni ran (Gilbert et al., 2016;

Shah et al., 1995). Polymorfismus rs3917200 v genu TGF-B3 byl jiz diive popsan
Vv souvislosti s fibrotickymi procesy (Pabst el al., 2011). V piedchozi studii tohoto
polymorfismu u némecké populace byl pozorovan trend naznacujici mutaci alely C tohoto
SNP jako faktor prispivajici ke vzniku plicni fibrozy u pacientd se sarkoidézou (Pabst el al.,
2011). Podobnd pozorovani tykajici se tohoto SNP v TGF-£3 byla zaznamenéana
u nizozemské populace (Kruit et al., 2006). Je tedy mozné piedpokladat, ze SNP rs3917200
v TGF-f3 by mohl byt potencidlnim markerem progrese onemocnéni u pacientl
se sarkoiddzou.
Byla pozorovana také asociace polymorfismu rs1800629 v genu TNF-a s pokrocilej$imi stadii
2-4 u sarkoid6zy ve srovnani S kontrolnimi jedinci. Asociace mezi timto polymorfismem
a sarkoidozou obecné byla jiz diive zaznamenana u jiné populace (Mrazek et al., 2005),
ne vSak asociace s vyssimi stadii 2-4 u sarkoid6zy. TNF-a hraje dulezitou roli v patogenezi
sarkoidozy pii tvorbé granulomti a polymorfismus rs1800629 mize tedy ovliviiovat
transkripci tohoto genu, a tim 1 jeho produkci.

Provedena analyza polymorfismti u fecké populace méla urcita omezeni. Byl vysetien
stadii. K ovéteni téchto vysledki a prozkoumdani jejich mozného vztahu ke klinickému

prib&hu onemocnéni by bylo zapotiebi replikovat vysledky na vétsi kohorté pacienti.
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5.7 Analyza zdravé chorvatské populace

Jedna se o prvni analyzu diverzity HLA lokust v populaci vychodniho Chorvatska
provedenou u zdravych darcu krve. Analyza byla provedena u 6 HLA lokusti pomoci NGS
umoziiyjictho rozsdhlou analyzu s pokrytim exonl/intronii s minimem nejednoznacnosti.
Poprvé v chorvatské populaci byla provedena analyza 6 lokust s rozliSenim na 4 pole.
Vysledky byly porovnany s chorvatskym registrem darct kostni diené.

Porovnani vysledkd v lokusu HLA-A neodhalilo zadné signifikantni rozdily. Shodovalo
se 1 pofadi nejcastéjsich alel A*02:01:01, A*01:01:01:01, A*03:01:01:01, a A*24:01:01:01.
Rozdily mezi udaji prezentovanymi v této praci a udaji z registru darct kostni diené byly
pozorovany v lokusu HLA-B. Varianta HLA-B*18:0, ktera zde byla uvedena jako
6. nejCastéjsi, byla v registru druhou nejcastéjsi (8.16 %) (Grubic et al., 2014). Toto spolu
s vyskytem varianty HLA-B*35:01, ktera byla v této praci pozorovana u chorvatské populace
jako druha nejcastéjsi, poukazuje na silny vliv jithovychodoevropskych populaci na slozeni
HLA u vychodnich Chorvati, jelikoz tyto se shoduji se zastoupenim v turecké (Pingel et al.
2013) ¢i italské populaci (Rendine et al., 2012).

V potadi variant v lokus HLA-C bylo pozorovano také nékolik odlisnosti. V registru
darct kostni dfen¢ byla na prvnim misté varianta HLA-C*07:01 (21.77 %) a na druhém
varianta HLA-C*04:01 (15.59 %), ve zde prezentované populaci byla HLA-C*07:01
(14.41 %) na druhém misté¢ a HLA-C*04:01 (18.01 %) na prvnim misté. Obecné bylo potadi
alel shodné spise s vysledky v turecké populaci (Pingel et al., 2013).

Odlisnosti byly i ve vysledcich lokusu HLA-DRB1. Varianty HLA — DRB1*16:01
(13.96 %) a DRB1*03:01 (7.66 %) byly ve zde prezentovanych vysledcich prvni a pata
nejcastéjsi, zatimco mezi chorvatskymi darci kostni diené byly v tomto pofadi na Etvrtém
a prvnim misté. Zde prezentované vysledky tak odpovidaji spiSe vychodoevropské, bulharské,
populaci (lvanova et al., 2002). Naopak pomér vyskytu variant HLA-DRB1*11:01:01:01
a HLA-DRB1*11:04:01 byl v souladu s vysledky chorvatského registru darct kostni dien¢.

Haplotypovou analyzou byly zjiStény a potvrzeny haplotypy pozorované i v rdmci
registru darcti kostni dfend. Cetnost vyskytu haplotypu A*11:01:01:01-C*04:01:01:01-
B*35:01:01-DRB1*01:01:01-DQA1*01:01:01:01-DQB1*05:01:01:03 (1.35 %) se shodovala
s vysledky polské populace (Nowak et al., 2008). Byl pozorovan i vyskyt haplotypt
DRB1*03:01:01:01- DQA1*05:01:01:02-DQB1*02:01:01, DRB1*15:01:01-
DQA1*01:02:01:01- DQB1*06:02:01:01, DRB1*01:01:01-DQA1*01:01:01:01-
DQB1*05:01:01:03 a A*01:01:01:01-C*07:01:01-B*08:01:01-DRB1*03:01:01:01-
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DQA1*05:01:01:02- DQB1*02:01:01 v této praci diive pozorovanych ve spojitosti

s vyskytem ¢i pribéhem sarkoiddzy v ¢eské populaci.

5.8 Spojitost vyskytu polymorfismi s geografickou polohou

V ceské a polské populaci, kdy se jedna o populace sousednich stitedoevropskych stati,
se vysledky analyzy spojitosti polymorfismi se sarkoidozou témét shodovaly. V obou
ptipadech byla identifikovana spojitost skupiny polymorfismi na 6. chromozomu (rs1800629,
rs2187668, rs3129927, 3130288, rs3135394 a rs2040410) s ptiznivejsi prognozou sarkoidozy
(Obr. 5). U polské populace byla identifikovana nejen protektivni asociace polymorfismu
rs3830135 pted vznikem sarkoiddzy, ale i ukazatel rizika vzniku sarkoiddzy polymorfismus
rs9277357. U cCeské populace byly navic identifikovany polymorfismy rs3917165
potvrzena ochrannd funkce polymorfismu rs1049550 pied vznikem sarkoiddzy, coz bylo
mozné pozorovat 1 v dalsi evropské populaci, a to sice v fecké populaci (Obr. 4). Zde byly jiz
pozorovany jisté odliSnosti ve vyskytu asociaci se sarkoid6zou mezi touto a sttedoevropskymi
populacemi. Naptiklad polymorfismus rs1800629 zde byl asociovan S vys$imi stadii
onemocnéni. V této populaci byl identifikovan novy pravdépodobny rizikovy faktor
onemocnéni polymorfismus rs3917200 v genu TGF-f3, ktery byl rizikovym pro vznik
sarkoidozy i v korejské populaci (Obr. 4). V téchto dvou populacich, fecké a korejské, byla
(Obr. 6).

Ve vychodoasijské populaci z Korejské republiky byly pozorovany dalsi odliSnosti
oproti populacim evropskym. Se sarkoid6ézou zde byly asociovany predevsim polymorfismy
v lokusu TGF- f. Jedna se o cytokin vyskytujici se ve vice izoformach a dusledkem naruSeni
rovnovahy (poméru) téchto izoforem muze byt vznik fibrézy. Polymorfismy rs1891467,
rs2066844, rs3830135 a rs3917200 byly v korejské populaci identifikovany jako rizikové
pro vznik sarkoidozy, naopak polymorfismy rs1964995, rs2187668 a rs3819717 mély v ramci
sarkoidozy ochranny charakter. Polymorfismus rs2040410 byl v korejské populaci pozorovan
jako rizikovy pro vznik sarkoidozy. V ramci pacienti se sarkoidéozou se ovSem vice
vyskytoval ve skupin€, kdy nemoc zasahovala pouze plice, coz odpovidad spojitosti
S ptiznivéjsi prognozou ve stiedoevropskych populacich (Obr. 5).

Vramci analyzy HLA variant je v této praci také popsana podrobna charakteristika
diverzity HLA u vychodochorvatské populace, ktera poukazuje na charakteristické znaky alel

a haplotypi, které odpovidaji slozité populacni historii studované skupiny Chorvati a této
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geografické oblasti. Tato data zvySuji populacni a geografické pokryti daty NGS a davaji
zaklad klinickym a genetickym Udajim. Tato studie pfedstavuje uZiteCnou referenci
pro populac¢ni studie a studie asociaci HLA s nemocemi.

V analyze jednonukleotidovych polymorfismii jednotlivych populaci Ceské republiky,
Polské republiky, Recké republiky a Korejské republiky byly nalezeny polymorfismy, které
pro danou skupinu neodpovidaly Hardy-Weinbergové rovnovaze. Tyto polymorfismy
se nachazely piedev$im na chromozomu 6 v oblasti MHC. Jedna se o oblast s velmi vysokou
variabilitou a vyskytem paralogiich useki, ovliviiujicich HWE a komplikujicich tak

genotypizacni analyzu (Kennedy et al., 2017).
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6 Zavér

V této praci bylo vybrano a analyzovano 20 jednonukleotidovych polymorfismt v genech
spojenych s patofyziologii sarkoidézy pomoci metody MassArray v Ceské, polské, fecké
a korejské populaci. Dale byly analyzovany HLA varianty u Ceské a korejské populace
pomoci NGS metody s vysokym rozlisenim. Nasledné byla analyzovana spojitost téchto
polymorfismi a HLA variant se sarkoidézou. Byla analyzovédna i spojitost polymorfisma
aHLA variant sjednotlivymi klinickymi fenotypy, a to predev$im v detailné¢ popsané
populaci 301 ceskych pacientt se sarkoidozou, kdy byla k dispozici i pocetna kontrolni
skupina.

V této praci se podarilo replikovat vysledky piedchozich studii a objevit i nékteré nové
souvislosti mezi zkoumanymi polymorfismy HLA variantami a sarkoidézou. Byla také zjevna
zavislost pfitomnosti polymorfisma a riznych HLA variant na geografickém umisténi dané
populace. V Ceské a polské populaci byla identifikovana spojitost skupiny polymorfismt
na 6. chromozomu s priznivéjsi prognézou sarkoidozy. Spojitost byla pozorovatelna i u ceské
a fecké populace. Zde byla potvrzena ochranna funkce polymorfismu rs1049550
pied vznikem sarkoidézy.

V korejské populaci byly se sarkoiddzou asociovany polymorfismy v lokusu TGF-,
polymorfismus rs3917200 byl asociovan i s feckymi pacienty se sarkoidozou. Polymorfismus
rs2040410 byl v korejské populaci pozorovan jako rizikovy pro vznik sarkoidozy a s pacienty,
u kterych nemoc zasahovala pouze plice. To odpovida vysledkim ve stiedoevropskych
populacich.

Byly také analyzovany HLA varianty. Je zde popsana podrobna charakteristika diverzity
HLA u vychodochorvatské populace. Oblast MHC je dlouhodobé uvadéna ve spojitosti
se sarkoidézou. V ceské populaci byla jako rizikovy faktor pro vznik sarkoidézy potvrzena
varianta HLA-DQB1*06:02 a nové byla jako rizikovd pozorovana varianta
HLA-DQB1*06:04. Byla navrzena také souvislost varianty HLA-DRB1*11:01, jiz dfive
spojené s rizikem sarkoiddzy, jako rizikového faktoru pro progredujici pribéh onemocnéni.
Naopak byly pozorovany né&které varianty HLA spojené s mimoplicnim postizenim
a chronickym pribéhem onemocnéni. Nositelé téchto HLA variant by méli byt peclivé
sledovani, vySetfovani na mimoplicni postizeni a méla by byt zvazovana jejich 1éc¢ba. V této
praci, jako v jedné z prvnich, byla potvrzena role 8.1 ancestralniho haplotypu u sarkoidozy,

jenz byl ¢asto zminovan u jinych autoimunitnich onemocnéni.
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Pfinos interakce 8.1 ancestralniho haplotypu s fenotypem autoimunitniho onemocnéni,
zvazit s ohledem na piistup personalizované mediciny a muze byt uziteCna, pokud jde
o indikaci 1écby kortikosteroidy.

V korejské populaci, byly potvrzeny asociace mezi nékterymi variantami HLA
a sarkoidozou, které byly diive popsany v jinych populacich. Byly identifikovany i nékteré,
diive nepopsané, spojeni HLA variant se sarkoiddzou, zejména v lokusech HLA II. tfidy,
definované pomoci pfesné genotypizace NGS ve zde pouZitém souboru korejskych pacientt.
Nez vSak bude mozné dale zkoumat pravdépodobny klinicky vyznam nebo funkéni vyznam
zde uvedenych asociaci, je nutné provést potvrzujici studie v jiné korejské kohorté pacienti

se sarkoiddzou.

Zde uvadéné vysledky imunogenetickych analyz, ziskané studiem Ctyf raznych populaci,
potvrzuji heterogenitu sarkoidézy na zdklad€ etnického pilivodu pacienti. Toto zjisténi
by mé¢lo byt, jak z této studie vyplyva, zohlednéno i v piipadé personalizace pfistupu

k diagnostice a urCovani prognézy ¢i indikaci 1é¢by tohoto onemocnéni.
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e Ensembl genome browser 108
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e Analyze a 2x2 contingency table (graphpad.com)

e 2x2 Contingency Table with Odds Ratios, etc. (vassarstats.net)

e HLA Analysis Tools (lanl.gov)
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Prilohy Tabulka 21: RozliSené varianty a varianty souvisejici s onemocnénim v Sesti
zkoumanych lokusech HLA (iroveii rozliSeni na dvé pole) (tabulka uvadi pocet variant,
které se ndm podatilo rozlisit pomoci NGS genotypizace HLA, a pocet variant asociovanych
se sarkoidozou ve zkoumanych HLA lokusech pozorovanych u ceskych pacientii. Vyznamna
asociace: na "primarni Grovni": p < 0.05, pted Bonferroniho korekci na mnohocetna srovnani

(*))

Locus DETERMINED ASSOCIATED ON | ASSOCIATED AFTER
VARIANTS PRIMARY LEVEL | CORRECTION*
HLA-A 21 1 0
HLA-B 45 3 1
HLA-C 22 4 3
HLA-DRB1 41 6 2
HLA-DQA1 17 8 3
HLA-DQB1 19 7 3




Piilohy Tabulka 22: Souhrn HLA variant asociovanych s pacienty ve stadiich 0-1
(n=30) pri porovnani s kontrolnimi jedinci (HLA I. tfidy n = 485; HLA II. tiidy
n = 324) v korejské populaci (jsou zobrazeny jen alely asociovany alespoii na primarni
urovni) (f-frekvence, OR-odds ratio, Cl-confidence interval, pcor-p-hodnota po korekci
pro mnohocetna srovnani (signifikantni zvyraznéna tuén¢), NA-neanalyzovano)

HLA fstadia 0-1 | f kontroly | OR (95% CI) p Peorr

HLA-A*02:07 0.08 0.03 2.94 (1.10-7.89) | 0.043 0.601
HLA-C*03:02 0.02 0.11 0.14 (0.02-1.02) | 0.016 0.294
HLA-DRB1*12:01 0.17 0.05 4.24 (1.95-9.19) | 0.001 0.033
HLA-DRB1*14:54 0.03 0.00 NA 0.007 0.252
HLA-DQA1*01:02 0.07 0.20 0.28 (0.10-0.79) | 0.009 0.145
HLA-DQA1*03:01 0.02 0.10 0.16 (0.02-1.16) | 0.033 0.436
HLA-DQA1*05:08 | 0.07 0.00 NA 4.7%10% | 0.001
HLA-DQB1*03:02 0.02 0.10 0.15 (0.02-1.09) | 0.034 0.485




Piilohy Tabulka 23: Souhrn HLA variant asociovanych s pacienty ve stadiu 2-4 (n = 73)
pri porovnani s kontrolnimi jedinci (HLA I. tfidy n = 485; HLA II. tiidy n = 324)
V korejské populaci (jsou zobrazeny jen alely asociovany alespoii na primarni urovni)

(f-frekvence, OR-odds ratio, Cl-confidence interval, pcorr-p-hodnota po korekci
pro mnohocetna srovnani (signifikantni zvyraznéna tuén¢), NA-neanalyzovano)

HLA f stadia 2-4 |f kontroly | OR (95% CI) p Peorr
HLA-A*33:03 0.07 0.16 0.38 (0.19-0.73) | 0.002 0.038
HLA-B*15:01 0.05 0.11 0.43 (0.2-0.94) 0.035 0.798
HLA-B*15:07 0.03 0.00 NA 2.83*10™| 0.013
HLA-B*51:01 0.14 0.08 1.73 (1.03-2.92) | 0.046 0.877
HLA-B*58:01 0.02 0.07 0.30 (0.09-0.97) | 0.036 0.812
HLA-C*03:02 0.02 0.11 0.17 (0.05-0.55) | 2.41*10°%| 0.005
HLA-C*03:04 0.12 0.04 3.25(1.78-5.93) | 3.13*10%| 0.007
HLA-C*05:01 0.03 0.01 3.51 (1.18-10.48) | 0.036 0.553
HLA-C*08:22 0.03 0.00 NA 2.83*10™[ 0.006
HLA-DRB1*01:01 | 0.02 0.06 0.31 (0.1-1.02) 0.044 0.842
HLA-DRB1*03:01 | 0.00 0.03 NA 0.033 0.750
HLA-DRB1*04:06 | 0.01 0.06 0.22 (0.05-0.93) | 0.021 0.576
HLA-DRB1*12:01| 0.14 0.05 3.56 (1.97-6.44) | 7.83*10%| 0.003
HLA-DRB1*12:10 | 0.01 0.00 NA 0.034 0.754
HLA-DRB1*13:02 | 0.04 0.1 0.37 (0.16-0.88) | 0.017 0.503
HLA-DRB1*14:03 | 0.04 0.01 7.08 (1.95-25.66) | 0.004 0.147
HLA-DRB1*14:54| 0.05 0.00 NA 1.11%10%| 457*10%
HLA-DRB1*14:01 | 0.00 0.04 NA 0.008 0.283
HLA-DQA1*01:01| 0.03 0.08 0.34 (0.12-0.97) | 0.042 0.514
HLA-DQA1*01:02| 0.07 0.20 0.29 (0.15-0.57) | 6.13*10°%| 0.001
HLA-DQA1*05:01 | 0.00 0.03 NA 0.035 0.454
HLA-DQA1*05:06 | 0.01 0.00 NA 0.034 0.441
HLA-DQA1*05:07| 0.04 0.00 NA 3.55*10%| 0.001
HLA-DQA1*05:08| 0.03 0.00 NA 1.99%10™| 0.003
HLA-DQB1*02:01 | 0.00 0.03 NA 0.033 0.474
HLA-DQB1*03:02| 0.01 0.10 0.06 (0.01-0.44) | 2.03*10%| 3.86*10™
HLA-DQB1*06:09| 0.03 0.00 NA 1.98*10™| 0.004
HLA-DQB1*06:05 | 0.00 0.04 NA 0.008 0.143




Prilohy Tabulka 24: Souhrn HLA variant asociovanych s pacienty s mimoplicnim

postiZenim (n =

73) p¥i porovnani S kontrolnimi jedinci (HLA I. tfidy n = 485;

HLA I1. tiidy n = 324) v korejské populaci (jsou zobrazeny jen alely asociovany alespoii
na primarni drovni) (f-frekvence, OR-odds ratio, Cl-confidence interval, pcorr-p-hodnota
po korekci pro mnohocetna srovnani (signifikantni zvyraznéna tuén¢), NA-neanalyzovano)

HLA f mimoplicni | f kontroly] OR (95% CI) p Peorr
HLA-A*33:03 0.07 0.16 0.38 (0.19-0.73) | 0.002 0.038
HLA-B*15:07 0.03 0.00 NA 2.82*10™ | 0.013
HLA-B*44:02 0.04 0.01 3.54 (1.3-9.64) | 0.022 0.631
HLA-B*55:02 0.00 0.03 NA 0.039 0.832
HLA-C*03:02 0.03 0.11 0.23 (0.08-0.64) | 0.001 0.019
HLA-C*03:04 0.10 0.04 2.82 (1.51-5.28) | 0.002 0.054
HLA-C*05:01 0.04 0.01 4.24 (1.51-11.92) 0.012 0.230
HLA-C*08:22 0.02 0.00 NA 0.002 0.047
HLA-DRB1*04:06 | 0.01 0.06 0.11 (0.01-0.81) | 0.005 0.187
HLA-DRB1*12:01 | 0.12 0.05 2.79 (1.49-5.23) | 0.002 0.097
HLA-DRB1*12:10 | 0.01 0.00 NA 0.034 0.754
HLA-DRB1*14:54 | 0.03 0.00 NA 1.99%10% | 0.008
HLA-DRB1*14:01 | 0.00 0.04 NA 0.008 0.283
HLA-DQA1*01:02 | 0.08 0.20 0.32 (0.17-0.61) | 1.78*10% | 0.003
HLA-DQA1*05:07 | 0.02 0.00 NA 0.006 0.099
HLA-DQA1*05:08 | 0.03 0.00 NA 1.99%10™ | 0.003
HLA-DQB1*03:02 | 0.01 0.10 0.06 (0.01-0.44) | 2.03*10% | 3.86*10"
HLA-DQB1*04:01 | 0.03 0.08 0.34 (0.12-0.95) | 0.029 0.426
HLA-DQB1*04:02 | 0.00 0.04 NA 0.008 0.143
HLA-DQB1*05:03 | 0.09 0.03 3.05 (1.48-6.29) | 0.004 0.078
HLA-DQB1*06:03 | 0.04 0.01 3.87 (1.28-11.65)| 0.019 0.312
HLA-DQB1*06:09 | 0.03 0.00 NA 1.99%10™ | 0.004
HLA-DQB1*06:05 | 0.00 0.04 NA 0.008 0.143
HLA-DPB1*02:01 | 0.07 0.25 0.23 (0.12-0.44) | 3.32*10"" | 5.98*10°%°
HLA-DPB1*02:02 | 0.01 0.05 0.13 (0.02-0.93) | 0.012 0.199
HLA-DPB1*04:01 | 0.01 0.09 0.07 (0.01-0.50) | 8.40%10% | 0.002
HLA-DPB1*04:02 | 0.01 0.07 0.19 (0.04-0.78) | 0.006 0.105
HLA-DPB1*13:01 | 0.01 0.07 0.19 (0.04-0.78) | 0.006 0.105
HLA-DPB1*135:01| 0.02 0.00 NA 0.006 0.105
HLA-DPB1*15:01 | 0.01 0.00 NA 0.034 0.460




Piilohy Tabulka 25: Souhrn HLA variant asociovanych s pacienty s mimoplicnim
postiZenim (n = 73) p¥i porovnani s pacienty, u kterych byly zasaZeny jen plice (n = 30)
v korejské populaci (jsou zobrazeny jen alely asociovany alespoin na primarni trovni)
(f-frekvence, pcorr-p-hodnota po korekci pro mnohocetna srovnani)

HLA f jen plice f mimoplicni p Peorr

HLA-A*02:06 0.143 0.046 0.031 0.483
HLA-C*15:02 0.080 0.007 0.018 0.334
HLA-DRB1*12:01 0.259 0.125 0.030 0.714
HLA-DQA1*05:06 0.068 0.000 0.021 0.297




Prilohy Tabulka 26: Souhrn HLA variant asociovanych s pacienty s progresi
onemocnéni (N = 5) pFri porovnani S kontrolnimi jedinci (HLA 1. tfidy n = 485;
HLA I1. tiidy n = 324) v korejské populaci (jsou zobrazeny jen alely asociovany alespoii
na primarni drovni) (f- frekvence, OR-odds ratio, Cl-confidence interval, pcor-p-hodnota

po korekci pro mnohocetna srovnani)

HLA

f progrese

f kontroly

OR (95% ClI)

pCOI’I’

HLA-DQB1*05:03

0.20

0.03

7.81 (1.56-39.15)

0.041

0.548




Piilohy Tabulka 27: Souhrn HLA variant asociovanych s pacienty s remisi onemocnéni
(n = 58) pfi porovnani s kontrolnimi jedinci (HLA I. tfidy n = 485; HLA II. tiidy
n = 324) v korejské populaci (jsou zobrazeny jen alely asociovany alespon na primarni
urovni) (f-frekvence, OR-odds ratio, Cl-confidence interval, pcor-p-hodnota po korekci
pro mnohocetna srovnani (signifikantni zvyraznéna tuén¢), NA-neanalyzovano)

HLA f remise | fkontroly | OR (95% CI) p Peorr
HLA-A*33:03 0.06 0.16 0.33 (0.15-0.72) 0.002 0.049
HLA-B*15:07 0.02 0.00 NA 0.011 0.401
HLA-B*44:02 0.05 0.01 451 (1.65-12.31) | 0.008 0.312
HLA-B*44:03 0.03 0.09 0.2 9(0.09-0.92) 0.026 0.699
HLA-C*03:02 0.03 0.11 0.22 (0.07-0.70) 0.003 0.059
HLA-C*03:04 0.10 0.04 2.85 (1.44-5.62) 0.004 0.094
HLA-C*05:01 0.05 0.01 5.40 (1.91-15.23) | 0.004 0.090
HLA-C*08:22 0.02 0.00 NA 0.011 0.222
HLA-DRB1*01:01 | 0.02 0.06 0.26 (0.06-1.09) 0.048 0.869
HLA-DRB1*04:06 | 0.00 0.06 NA 0.002 0.088
HLA-DRB1*12:01| 0.15 0.05 3.64 (1.93-6.86) 1.49*10% | 0.006
HLA-DRB1*12:10 | 0.02 0.00 NA 0.023 0.613
HLA-DRB1*13:01 | 0.04 0.01 4.07 (1.27-13.00) | 0.024 0.634
HLA-DRB1*13:02 | 0.03 0.10 0.31 (0.11-0.87) 0.015 0.459
HLA-DRB1*14:03 | 0.05 0.01 9.01 (2.48-32.75) | 0.001 0.054
HLA-DRB1*14:54| 0.04 0.00 NA 7.49%10% | 0.003
HLA-DRB1*14:01 | 0.00 0.04 NA 0.023 0.610
HLA-DQA1*01:01 | 0.03 0.08 0.32 (0.10-1.05) 0.047 0.557
HLA-DQA1*01:02| 0.06 0.20 0.25 (0.12-0.56) 1.13*10™ | 0.002
HLA-DQA1*02:01 | 0.01 0.06 0.15 (0.02-1.08) 0.031 0.418
HLA-DQA1*03:01 | 0.03 0.10 0.25 (0.08-0.80) 0.011 0.168
HLA-DQA1*05:06 | 0.03 0.00 NA 0.003 0.057
HLA-DQA1*05:07| 0.05 0.00 NA 1.10*10% | 1.86*10™
HLA-DQA1*05:08| 0.04 0.00 NA 7.49%10% | 0.001
HLA-DQB1*02:02 | 0.01 0.05 0.15 (0.02-1.12) 0.031 0.447
HLA-DQB1*03:02| 0.01 0.10 0.08 (0.01-0.56) 2.46*10™ | 0.005
HLA-DQB1*04:01 | 0.03 0.08 0.32 (0.10-1.04) 0.047 0.596
HLA-DQB1*04:02 | 0.00 0.04 NA 0.023 0.354
HLA-DQB1*06:03 | 0.04 0.01 4.07 (1.27-13.00) | 0.024 0.373
HLA-DQB1*06:04 | 0.01 0.06 0.13 (0.02-0.95) 0.013 0.225
HLA-DQB1*06:09| 0.03 0.00 NA 0.001 0.010
HLA-DQB1*06:05 | 0.00 0.04 NA 0.023 0.356




Prilohy Tabulka 28: Souhrn HLA variant asociovanych s pacienty se stabilnim
32) pri porovnani S kontrolnimi jedinci (HLA I. tfidy n = 485;
HLA I1. tFidy n = 324) v korejské populaci (jsou zobrazeny jen alely asociovany alespon
na primarni arovni) (f-frekvence, OR-odds ratio, Cl-confidence interval, pcor-p-hodnota
po korekci pro mnohocetna srovnani (signifikantni zvyraznéna tuén¢), NA-neanalyzovano)

onemocnéni (n

HLA f stabilizace| f kontroly | OR (95% CI) p Peorr
HLA-B*15:07 0.03 0.00 NA 0.004 0.156
HLA-B*40:02 0.09 0.04 2.62 (1.06-6.45) | 0.044 0.869
HLA-C*03:02 0.02 0.11 0.13 (0.02-0.95) | 0.017 0.308
HLA-C*03:04 0.09 0.04 2.55(1.04-6.28) | 0.049 0.667
HLA-C*08:22 0.03 0.00 NA 0.004 0.080
HLA-DRB1*08:03 | 0.25 0.07 4.23 (2.24-8.02) 4.07*10% | 0.002
HLA-DRB1*12:01 | 0.13 0.05 3.03(1.32-6.93) | 0.013 0.415
HLA-DRB1*14:54 | 0.08 0.00 NA 5.07*10% | 2.08*10™
HLA-DQA1*01:02 | 0.09 0.20 0.41(0.17-0.97) | 0.044 0.538
HLA-DQA1*05:08 | 0.03 0.00 NA 0.008 0.127
HLA-DQB1*03:01 | 0.03 0.13 0.22 (0.05-0.92) | 0.024 0.368
HLA-DQB1*03:02 | 0.02 0.10 0.14 (0.02-1.02) | 0.022 0.348




Piilohy Tabulka 33: Analyza asociaci SNP v porovnani pacienta se stadiem 1 (n = 29)
s pacienty se stadii 2-4 (n = 68) na alelické urovni v Fecké populaci (OR-odds ratio,
Cl-confidence interval, pcorr-p-hodnota po korekci pro mnohocetna srovnani, signifikantni
vysledky zvyraznény tucné, kurziva-vysledky, které nesplnovaly kontrolu kvality,

NA-neanalyzovano)

Gen SNP OR (95% ClI) P Poorr
ANXALL rs1049550 | 1.374 (0.741-2.547) 0.340 0.999
TNF-a rs1800629 | 0.438 (0.157-1.223) 0.120 0.900
TGF-52 rs1891467 | 1.403 (0.757-2.600) 0.338 0.999
GREML1 rs1919364 | 1.551 (0.865-2.783) 0.183 0.974
HLA-DRA, HLA-DRB5 rs1964995 | 0.472 (0.150-1.483) 0.217 0.988
NOD2 rs2066844 | 1.563 (0.406-6.018) 0.496 1.000
BTNL2 rs2076530 | 1.533 (0.837-2.808) 0.210 0.986
HLA-DQAL 152187668 | 0.616 (0.191-1.986) 0.585 1.000
CACFD1 153124765 | NA 0.999 1.000
C6orf10 rs3129927 | 0.533 (0.107-2.639) 0.721 1.000
ATF6B rs3130288 | 0.617 (0.121-3.143) 0.716 1.000
HLA-DRA rs3135394 | 0.533 (0.107-2.639) 0.721 1.000
TAP2 rs3819717 | 0.806 (0.410-1.585) 0.613 1.000
HLA-DRB1 rs3830135 | 0.940 (0.227-3.879) 1.000 1.000
TGF-53 1s3917165 | 2.709 (0.900-8.151) 0.082 0.786
TGF-53 rs3917200 | 0.916 (0.514-1.634) 0.882 1.000
HLA-DPB1 19277357 | 0.631 (0.314-1.266) 0.237 0.992
LRRCI6A 1s9295661 | NA 0.552 1.000
HLA-DRB1*03:01 rs2040410 | 0.460 (0.178-1.190) 0.138 0.257
HLA-DRB1*15:01 rs3135388 | 0.970 (0.235-4.001) 1.000 1.000




Piilohy Tabulka 34: Analyza asociaci SNP v porovnani pacienta se stadiem 1 (n = 29)
s kontrolnimi jedinci (n = 100) na alelické tdrovni v iFecké populaci (OR-odds ratio,
Cl-confidence interval, pcorr-p-hodnota po korekci pro mnohocetna srovnani, signifikantni
vysledky zvyraznény tucné, kurziva-vysledky, které nespliiovaly kontrolu kvality,

NA-neanalyzovano)

Gen SNP OR (95% CI) p Pcorr

ANXA11 rs1049550 |0.685 (0.372-1.261) 0.288 0.998
TNE-« rs1800629 |1.342 (0.457-3.936) 0.566 1.000
TGF-52 rs1891467 |1.182 (0.635-2.196) 0.631 1.000
GREM1 rs1919364 |1.374 (0.762-2.478) 0.300 0.998
HLA-DRA, HLA-DRB5 rs1964995 |0.337 (0.098-1.155) 0.103 0.859
NOD?2 rs2066844 |2.370 (0.645-8.703) 0.240 0.993
BTNL2 rs2076530 |1.176 (0.641-2.158) 0.639 1.000
HLA-DQA1 rs2187668 |0.842 (0.270-2.626) 1.000 1.000
CACED1 rs3124765 |1.380 (0.657-2.900) 0.426 1.000
C6orf10 rs3129927 |2.321 (0.378-14.238) 0.317 0.999
ATF6B rs3130288 |2.321 (0.378-14.238) 0.317 0.999
HLA-DRA rs3135394 |2.321 (0.378-14.238) 0.317 0.999
TAP2 rs3819717 |0.839 (0.410-1.717) 0.723 1.000
HLA-DRB1 rs3830135 |0.541 (0.117-2.493) 0.532 1.000
TGF-$3 rs3917165 |4.960 (1.645-14.954) 0.005 0.086
TGF-43 rs3917200 |3.260 (1.765-6.021) 1.74*10™ 10.003
HLA-DPB1 rs9277357 |0.793 (0.388-1.617) 0.601 1.000
LRRC16A rs9295661 |NA 0.999 1.000
HLA-DRB1*03:01 rs2040410 |0.826 (0.320-2.131) 0.819 0.967
HLA-DRB1*15:01 rs3135388 |0.724 (0.200-2.613) 0.770 0.947




Piilohy Tabulka 35: Analyza asociaci SNP v porovnani pacientd se stadii 2-4 (n = 68)
s kontrolnimi jedinci (n = 100) na alelické urovni v iecké populaci (OR-ratio,
Cl-confidence interval, pcorr-p-hodnota po korekci pro mnohocetna srovnani, signifikantni
vysledky zvyraznény tucné, kurziva-vysledky, které nesplnovaly kontrolu kvality,

NA-neanalyzovano)

Gen SNP OR (95% CI) P Peorr
ANXA11 rs1049550 | 0.526 (0.329-0.842) 0.007 0.119
TNF-a rs1800629 | 2.496 (1.195-5.213) 0.015 0.238
TGF-2 rs1891467 | 0.889 (0.549-1.439) 0.713 1.000
GREM1 rs1919364 | 0.894 (0.575-1.390) 0.653 1.000
HLA-DRA, HLA-DRB5 rs1964995 | 0.792 (0.404-1.555) 0.613 1.000
NOD2 rs2066844 | 1.240 (0.37-4.149) 0.761 1.000
BTNL2 rs2076530 | 0.837 (0.52-1.345) 0.474 1.000
HLA-DQA1 rs2187668 | 1.118 (0.511-2.447) 0.841 1.000
CACFD1 rs3124765 | NA 0.126 0.911
C6orf10 rs3129927 | 3.582 (0.909-14.111) | 0.096 0.837
ATF6B rs3130288 | 3.095 (0.760-12.601) | 0.164 0.960
HLA-DRA rs3135394 | 3.582 (0.909-14.111) | 0.096 0.837
TAP2 rs3819717 | 1.181 (0.713-1.959) 0.519 1.000
HLA-DRB1 rs3830135 | 0.722 (0.264-1.974) 0.625 1.000
TGF-3 rs3917165 | 1.476 (0.465-4.680) 0.557 1.000
TGF-p3 rs3917200 | 2.953 (1.836-4.750) 9.52*10% | 1.71*10™*
HLA-DPB1 rs9277357 | 1.203 (0.733-1.975) 0.525 1.000
LRRC16A rs9295661 | 2.221 (0.366-13.477) | 0.399 1.000
HLA-DRB1*03:01 rs2040410 | 1.458 (0.785-2.709) 0.263 0.457
HLA-DRB1*15:01 rs3135388 | 0.613 (0.229-1.637) 0.358 0.588




Prilohy Tabulka 36: Alelické frekvence HLA-A, HLA-B a HLA-C u 111 nepiibuznych
darci krve z vychodniho Chorvatska (n-pocet jedincu, f — frekvence)

HLA-A n |f HLA-B n |f HLA-C n |f
1| A*02:01:01 72 | 32.43% | B*51:01:01 19 | 8.56% | C*04:01:01:01 | 31 | 13.96%
2 | A*01:01:01:01 | 27 | 12.16% | B*08:01:01 18 | 8.11% | C*07:01:01 25| 11.26%
3| A*03:01:01:01 | 26 | 11.71% | B*35:01:01 18 | 8.11% | C*02:02:02 21 | 9.46%
4| A*24:02:01:01 | 26 | 11.71% | B*07:02:01 15| 6.76% | C*07:02:01 18| 8.11%
5| A*11:01:01:01 | 22 | 9.91% | B*35:03:01 15 | 6.76% | C*12:03:01 16| 7.21%
6 | A*32:01:01:01 | 8| 3.60% | B*18:01:01 12 | 5.41% | C*06:02:01:01 | 15| 6.76%
7| A*23:01:01:01 | 5| 2.25% | B*15:01:01:01 | 9| 4.05% | C*03:03:01 12| 5.41%
8 | A*25:01:01:01 | 5| 2.25% | B*27:05:02 914.05% | C*01:02:01 11| 4.96%
9| A*31:01:02:01 | 5| 2.25% | B*44:02:01:01 | 9 | 4.05% | C*05:01:01 11| 4.96%
10 | A*26:01:01:01 | 4| 1.80% | B*27:02:01:01 | 8 | 3.60% | C*07:04:01 11| 4.96%
11 | A*30:01:01 3| 1.35% | B*52:01:01 8 | 3.60% | C*04:01:01:06 9] 4.05%
12 | A*68:01:02:02 | 3| 1.35% | B*55:01:01 8| 3.60% | C*12:02:02 8| 3.60%
13 | A*24:02:01:05| 2| 0.90% | B*57:01:01:01 | 7 | 3.15% | C*15:02:01:01 7| 3.15%
14 | A*29:02:01:01 | 2| 0.90% | B*13:02:01:01 | 6 | 2.70% | C*03:04:01 5| 2.25%
15| A*66:01:01:01 | 2| 0.90% | B*44:27:01 6| 2.70% | C*07:01:02 41 1.80%
16 | A*03:01:01:03 | 1| 0.45% | B*44:03:01 5|2.25% | C*08:02:01:01 3| 1.35%
17 | A*03:01:01:05| 1| 0.45% | B*15:17:01:01 | 4 | 1.80% | C*14:02:01 3| 1.35%
18 | A*26:01:01:06 | 1| 0.45% | B*35:02:01 411.80% | C*07:18 2| 0.90%
19 | A*26:08 1| 0.45% | B*38:01:01 4 11.80% | C*15:05:02 2| 0.90%
20 | A*29:01:01:01 | 1| 0.45% | B*39:01:01 411.80% | C*17:03:01 2| 0.90%
21 | A*31:01:02:04 | 1| 0.45% | B*14:02:01:01 | 3| 1.35% | C*03:02:02:01 1| 0.45%
22 | A*33:01:01:01 | 1| 0.45% | B*40:01:02 3] 1.35% | C*03:04:02 1| 0.45%
23 | A*33:03:01:02 | 1| 0.45% | B*40:02:01 3| 1.35% | C*06:02:01:02 1| 0.45%
24 | A*68:01:01:02 | 1| 0.45% | B*41:02:01 31 1.35% | C*07:01:09 1| 0.45%
25 | A*68:02:01:01 | 1| 0.45% | B*58:01:01 3] 1.35% | C*16:02:01 1| 0.45%
26 B*18:03 2 | 0.90% 1| 0.45%
27 B*35:08:01:01 | 2| 0.90%
28 B*37:01:01:01 | 2 | 0.90%
29 B*49:01:01 21 0.90%
30 B*56:01:01 21 0.90%
31 B*07:05:01 1]0.45%
32 B*07:06:01 1| 0.45%
33 B*15:01:06 11]0.45%
34 B*15:10:01 1]0.45%
35 B*27:02:01:04 | 1| 0.45%
36 B*44:02:01:03 | 1| 0.45%
37 B*44:05:01 1]0.45%
38 B*50:01:01:01 | 1| 0.45%
39 B*54:01:01 1| 0.45%




Prilohy Tabulka 37: Alelické frekvence HLA-DRB1, HLA-DQAl a HLA-DQB1

u 111 nepiibuznych darcu krve z vychodniho Chorvatska (n-pocet jedinca, f — frekvence)

HLA-DRB1 [ n |f HLA-DQA1 n|f HLA-DQB1 n f
1 | DRB1*16:01:01 30 | 13.51% | DQA1*01:02:02 35| 15.77% | DQB1*05:02:01:01 35| 15.77%
2 | DRB1*01:01:01 24 | 10.81% | DQA1*03:01:01 16 | 7.21% | DQB1*03:01:01:03 33 | 14.86%
3 | DRB1*07:01:01 22 | 9.91% | DQA1*02:01:01:01 | 15 | 6.76% | DQB1*05:01:01:03 23 | 10.36%
4 | DRB1*15:01:01 15| 6.76% | DQA1*01:03:01:02 | 13 | 5.86% | DQB1*02:01:01 17 | 7.66%
5 | DRB1*03:01:01:01 12 | 5.41% | DQA1*05:01:01:02 | 12 | 5.41% | DQB1*03:02:01:01 16 | 7.21%
6 | DRB1*11:01:01:01 10 | 4.50% | DQA1*01:02:01:01 | 10 | 4.50% | DQB1*02:02:01:01 15| 6.76%
7 | DRB1*11:04:01 10 | 4.50% | DQA1*05:05:01:09 | 10 | 4.50% | DQB1*05:03:01 13| 5.86%
8 | DRB1*14:54:01:02 9| 4.05% | DQA1*01:01:01:01 | 9| 4.05% | DQB1*06:02:01:01 13| 5.86%
9 | DRB1*08:01:01 8| 3.60% | DQA1*05:05:01:04 | 9| 4.05% | DQB1*06:03:01:01 13| 5.86%
10 | DRB1*13:01:01:02 8| 3.60% | DQA1*01:01:01:03 | 7| 3.15% | DQB1*03:03:02:01 7| 3.15%
11 | DRB1*13:01:01:01 7| 3.15% | DQA1*01:03:01:01 | 7| 3.15% | DQB1*04:02:01:01 7| 3.15%
12 | DRB1*15:02:01:01 7| 3.15% | DQA1*02:01:01:02 | 7| 3.15% | DQB1*06:01:01/15 71 3.15%
13 | DRB1*11:01:01:03 6| 2.70% | DQA1*01:04:01:01 | 6| 2.70% | DQB1*06:04:01 4| 1.80%
14 | DRB1*13:02:01:02 5| 2.25% | DQA1*05:05:01:01 | 6| 2.70% | DQB1*03:01:01:05 3| 1.35%
15 | DRB1*03:01:01:03 4| 1.80% | DQA1*01:02:01:04 | 5| 2.25% | DQB1*05:01:01:05 3| 1.35%
16 | DRB1*04:01:01:03 3| 1.35% | DQA1*01:04:01:02 | 5| 2.25% | DQB1*06:03:01:02 3| 1.35%
17 | DRB1*04:02:01 3| 1.35% | DQA1*05:01:01:03 | 5| 2.25% | DQB1*03:03:02:02 2| 0.90%
18 | DRB1*04:03:01:01 3| 1.35% | DQA1*01:01:01:02 | 4| 1.80% | DQB1*03:01:01:01 1| 0.45%
19 | DRB1*10:01:01:03 3| 1.35% | DQA1*01:05:01 4| 1.80% | DQB1*03:01:01:02 1| 0.45%
20 | DRB1*11:03:01 3| 1.35% | DQA1*04:01:01:03 | 4| 1.80% | DQB1*03:01:01:10 1| 0.45%
21 | DRB1*12:01:01/12:10 | 3| 1.35% | DQA1*05:05:01:02 | 4| 1.80% | DQB1*03:01:01:19 1| 0.45%
22 | DRB1*13:03:01 3| 1.35% | DQA1*05:05:01:05 | 4| 1.80% | DQB1*03:02:01:02 1| 0.45%
23 | DRB1*04:01:01:01 2| 0.90% | DQA1*01:01:01:05 | 3| 1.35% | DQB1*05:01:01:01 1| 0.45%
24 | DRB1*04:05:01:03 2| 0.90% | DQA1*01:02:01:05 | 3| 1.35% | DQB1*05:01:01:02 1| 0.45%
25 | DRB1*04:08:01 2| 0.90% | DQA1*03:03:01:01 | 3| 1.35% | DQB1*05:04 1| 0.45%
26 | DRB1*09:01:02 2| 0.90% | DQA1*03:02:01:01 | 2| 0.90%
27 | DRB1*14:01:01 2| 0.90% | DQA1*04:02 2| 0.90%
28 | DRB1*16:02:01:02 2| 0.90% | DQA1*05:05:01:06 | 2| 0.90%
29 | DRB1*01:02:01 1| 0.45% | DQA1*05:05:01:08 | 2| 0.90%
30 | DRB1*03:01:01:02 1| 0.45% | DQA1*01:01:02 1| 0.45%
31 | DRB1*04:01:01:02 1| 0.45% | DQA1*01:02:01:03 | 1| 0.45%
32 | DRB1*04:04:01 1| 0.45% | DQA1*01:03:01:06 | 1| 0.45%
33 | DRB1*04:15 1| 0.45% | DQA1*01:04:01:03 | 1| 0.45%
34 | DRB1*08:04:01 1| 0.45% | DQA1*01:04:01:04 | 1| 0.45%
35 | DRB1*10:01:01:01 1| 0.45% | DQA1*01:10 1| 0.45%
36 | DRB1*11:01:08 1| 0.45% | DQA1*04:01:02:01 | 1| 0.45%
37 | DRB1*13:05:01 1| 0.45% | DQA1*05:05:01:03 | 1| 0.45%
38 | DRB1*14:05:01:02 1| 0.45%
39 | DRB1*14:54:01:01 1| 0.45%
40 | DRB1*16:01:02 1| 0.45%




Piilohy Tabulka 38: Nejéastéjsi (f > 1) haplotypy v chorvatské populaci zdravych darci
krve (n = 111) (n-pocet, f-frekvence)

HLA-A-B-C f
1| A*01:01:01:01 B*08:01:01 C*07:01:01 15 6.76%
2 | A*11:01:01:01 B*35:01:01 C*04:01:01:01 8 3.60%
3 | A*03:01:01:01 B*07:02:01 C*07:02:01 6.89 3.11%
4 | A*02:01:01 B*57:01:01:01 C*06:02:01:01 6 2.70%
5 A*02:01:01 B*27:02:01:01 C*02:02:02 5 2.25%
6 | A*02:01:01 B*35:01:01 C*04:01:01:06 5 2.25%
7 | A*02:01:01 B*35:03:01 C*04:01:01:01 5 2.25%
8 | A*02:01:01 B*44:02:01:01 C*05:01:01 5 2.25%
9 | A*03:01:01:01 B*35:03:01 C*04:01:01:01 5 2.25%
10 | A*02:01:01 B*44:27:01 C*07:04:01 4 1.80%
11 | A*11:01:01:01 B*52:01:01 C*12:02:02 4 1.80%
12 | A*02:01:01 B*27:05:02 C*02:02:02 3.89 1.75%
13 | A*02:01:01 B*18:01:01 C*07:01:01 3 1.35%
14 | A*02:01:01 B*52:01:01 C*12:02:02 3 1.35%
15 | A*03:01:01:01 B*15:01:01:01 C*07:04:01 3 1.35%
16 | A*23:01:01:01 B*44:03:01 C*04:01:01:01 3 1.35%
17 | A*24:02:01:01 B*13:02:01:01 C*06:02:01:01 3 1.35%
18 | A*24:02:01:01 B*35:02:01 C*04:01:01:06 3 1.35%
19 | A*24:02:01:01 B*51:01:01 C*15:02:01:01 3 1.35%
20 | A*02:01:01 B*07:02:01 C*07:02:01 2.88 1.30%
HLA-DQA1-DQB1-DRB1 f
1| DQA1*01:02:02 DOB1*05:02:01:01 DRB1*16:01:01 30 13.51%
2 | DOA1*02:01:01:01 D0OB1*02:02:01:01 DRB1*07:01:01 11.82 5.32%
3 | DOA1*05:01:01:02 DOB1*02:01:01 DRB1*03:01:01:01 11 4.96%
4 | DOA1*01:02:01:01 DOB1*06:02:01:01 DRB1*15:01:01 10 4.50%
5 | DOA1*01:01:01:01 D0OB1*05:01:01:03 DRB1*01:01:01 9 4.05%
6 | DOA1*01:01:01:03 DOB1*05:01:01:03 DRB1*01:01:01 7 3.15%
7 | DOA1*03:01:01 DOB1*06:01:01/15 DRB1*15:02:01:01 7 3.15%
8 | DOA1*01:03:01:01 DOB1*06:03:01:01 DRB1*13:01:01:01 7 3.15%
9 | DOA1*03:01:01 DOB1*05:03:01 DRB1*14:54:01:02 6 2.70%
10 | DOA1*01:03:01:02 DOB1*03:01:01:03 DRB1*11:04:01 5 2.25%
11 | DOA1*01:04:01:01 DOB1*05:01:01:03 DRB1*01:01:01 4 1.80%
12 | DOA1*05:05:01:09 DOB1*06:04:01 DRB1*13:02:01:02 4 1.80%
13 | DOA1*01:01:01:02 DOB1*06:03:01:01 DRB1*13:01:01:02 4 1.80%
14 | DOA1*01:02:01:04 DOB1*04:02:01:01 DRB1*08:01:01 4 1.80%
15 | DOA1*01:03:01:02 DOB1*02:01:01 DRB1*03:01:01:03 4 1.80%
16 | DOA1*04:01:01:03 DOB1*03:03:02:01 DRB1*07:01:01 3.82 1.72%
17 | DOA1*05:01:01:03 DOB1*03:03:02:01 DRB1*07:01:01 3.18 1.43%
18 | DOA1*02:01:01:02 DOB1*02:02:01:01 DRB1*07:01:01 3.18 1.43%
19 | DOA1*02:01:01:01 DOB1*05:01:01:03 DRB1*01:01:01 3 1.35%
20 | DOA1*02:01:01:02 DOB1*06:02:01:01 DRB1*15:01:01 3 1.35%
21 | DOA1*01:01:01:05 DOB1*03:02:01:01 DRB1*04:01:01:03 3 1.35%
22 | DOA1*01:02:01:05 DOB1*03:02:01:01 DRB1*04:02:01 3 1.35%
23 | DOA1*03:01:01 DOB1*03:02:01:01 DRB1*04:03:01:01 3 1.35%
24 | DOA1*05:05:01:02 DOB1*03:01:01:03 DRB1*11:01:01:01 3 1.35%
25 | DQOA1*05:05:01:04 D0OB1*03:01:01:03 DRB1*11:01:01:01 3 1.35%
26 | DOA1*05:05:01:05 DOB1*03:01:01:03 DRB1*13:03:01 3 1.35%
27 | DOA1*05:05:01:09 DOB1*03:01:01:03 DRB1*11:01:01:03 3 1.35%
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ABSTRACT

Background: In sarcoidosis, the direction and intensity of immunological reactions involved in disease
pathophysiology is affected by variation in the genes coding for effector and regulatory molecules with
immune functions. This study, therefore, investigates polymorphic variants in genes involved in inflam-
mation, immune reactions, and granuloma formation in context of their plausible association with
sarcoidosis, with specific focus on Greek population.

Methods: A total of 18 single-nucleotide polymorphisms (SNPs) were genotyped in Greek patients with
pulmonary sarcoidosis (n = 103) and in healthy Greek control subjects (n = 100) using multiplexed
MassARRAY (MassARRAY °) iPLEX assay based on MALDI-TOF mass spectrometry.

Results: TGF-3 rs3917200*G variant was associated with sarcoidosis (OR: 3.04 [95% Cl: 1.98-4.69],
p = 2.76*1077). Further, ANXAT1 rs1049550*A variant was associated with sarcoidosis (OR: 0.59 [0.39-
0.89], p = 0.01).

Conclusions: This first study of genetic variation of immune-related genes in Greek patients with
sarcoidosis brings to attention a novel disease ‘susceptibility’ factor: TGF-3 rs3917200*G allele. It also
confirms previously reported ‘protective’ association between sarcoidosis and functional variant ANXAT1
rs1049550%A. Further work is required to validate these findings and to expand investigation of their
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plausible relationship with clinical course of the disease.

1. Introduction

Sarcoidosis is a disease with features of altered immune response,
often with multisystemic involvement. Presentation of this disease
is heterogeneous; the mostly presented phenotype is pulmonary
manifestation, which is widespread mostly in populations of
European descent. Course of this disease is also very variable. In
some patients, there is often speedy resolution but in approxi-
mately 15%-20% of cases, there is progress to one of the most
dangerous courses, irreversible pulmonary fibrosis, where the risk of
deterioration, even death is high [1-3].

Etiology of sarcoidosis is still unknown. The genetic factors,
altered immunoregulation, and inflammation leading to gran-
uloma formation have been suggested to have a crucial role in
sarcoidosis pathogenesis [4]. Further, patients with sarcoidosis
often present with hypercalcemia [1].

In this context, this study aimed to determine the implication of
gene variants coding for immune-related molecules such as cyto-
kines, proteins, and receptors involved in antigen presentation and
immunoregulation processes, and also in calcium signalization, to
characterize their possible roles as genetic factors sarcoidosis,
including those contributing to disease course.

According to study in Greek centers enrolling 60% of the
adult population [5], sarcoidosis is the leader between lung
diseases (ILD) in Greece: one of five ILD cases presented with
sarcoidosis [5]. As there has been rather limited information on
immunogenetic background of Greek patients with sarcoido-
sis, we focused our study on this particular population.

2. Patients and methods
2.1. Patients and control subjects

This case-control study comprised 103 sarcoidosis cases (mean
age + standard deviation [SD], 56.6 + 11.6 years; age range, 28—
85 years; male [M]: female [F] ratio, 30:73) and 100 control
subjects (43.5 + 11.9 years 21-72 years, M:F, 30:70); all subjects
were unrelated and of Greek origin. The patients were diagnosed
according to the ATS, ERS, and WASOG statement on sarcoidosis
[6] at the General Hospital for Chest Diseases, Athens; the healthy
control subjects were enrolled at the Laiko General Hospital,
Athens (Department of Immunology and Histocompatibility) as
healthy blood donors. Both patients and control subjects pro-
vided informed consent with participation in the study, which
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Article highlights

o We present the first detailed study of genetic variation of immune-
related genes in Greek patients with sarcoidosis.

e We confirm previously reported ‘protective’ association between
functional variant ANXA11 rs1049550*A (Arg230Cys).

e We report a novel, plausible ‘susceptibility’ factor - TGF-33
rs3917200%G.

o Further, polymorphism rs1800629 in TNFA gene is associated with the
more advanced CXR stages in our cohort of Greek sarcoidosis
patients.

o Further work is required to validate these findings and to investigate
in detail their relationship with clinical course of the disease.

was approved by institutional review boards. The study was
carried out from 11 October 2017 to 13 November 2019.

Sarcoidosis cases were followed for a minimum of 2 years
after their diagnosis to observe the development of the dis-
ease and response to the treatment. Patients were treated by
corticosteroids (n = 57); in some cases in combination with
methotrexate (n = 5) this therapy was used in all cases com-
bined with pulmonary hypertension and also in some cases
with extrapulmonary cardiac involvement or in inhalation
form in combination with long-acting 2-agonist (n = 2); in
five cases the treatment was stopped. The remaining 46
patients with sarcoidosis were without any treatment. After
2 years from the diagnosis, the patients were evaluated, i.e. for
the disease status as follows: (a) stabilized patients (n = 87), (b)
remission (n = 13), and (c) progression (n = 3), for patients with
deterioration of the condition. Two of three progressing
patients had extrapulmonary cardiac involvement.

Patients were also evaluated based on the chest X-ray (CXR)
stages (thoracic involvement) using Scadding’s criteria: stage 1
that involved bilateral hilar lymphadenopathy (BHL) only (n = 29),
stage 2 for BHL with pulmonary infiltrates (n = 59), stage 3 with
parenchymal infiltrates only (n = 4), and stage 4 with pulmonary
fibrosis (n = 5); in six patients the CXR stage was not determined.

Some patients have also extrathoracic manifestation such
as cardiopathy based on magnetic resonance imaging findings
(nh = 12), cutaneous sarcoidosis (n = 13), uveitis (n = 8), per-
ipheral lymphadenopathy (n = 4), arthropathy (n = 3), hyper-
calcemia (n = 3), erythema nodosum (n = 2), pulmonary
hypertension (n = 2), and neurosarcoidosis (n = 1).

2.2, Genotyping

DNA was isolated from peripheral blood using arrow automated
extraction system (Isogen Life Science, PW De Meern, Utrecht,
the Netherlands). For polymorphism analysis, a total of 18 plau-
sible gene variants (Table 1) were genotyped using MassARRAY®
method. These 18 gene variants were selected based on the
previous reports for associated with sarcoidosis [7-14]. These
polymorphisms were located in genes involved in antigen pre-
sentation, immunoregulation, calcium signalization, cytokines,
or genes otherwise connected to immune functions.
Genotyping was performed using multiplexed MassARRAY
iPLEX assay followed by MALDI-TOF mass spectrometry
(Agena Bioscience, CA, USA). The steps for assay design
using Assay Design Suite v2.0, polymerase chain reaction

Table 1. List of candidate single-nucleotide polymorphisms (SNPs) investigated
in the study.

Minor
Gene SNPID  allele Chr. Function
ANXATT rs1049550 A 10 Ca2+ dependent
phospholipid-binding
TNF-a rs1800629 A 6  Cytokine (inflammation)
TGF-32 rs1891467 G 1 Cytokine (cell signaling
and SMAD activation)
GREM1 rs1919364 G 15 Cytokine, regulating tissue

differentiation
Immunity and antigen
presentation

HLA-DRA, HLA-DRB5  rs1964995 G 6

NOD2 rs2066844 T 16  Stimulates an immune
reaction

BTNL2 rs2076530 G 6 Regulates activated T cells

HLA-DQAT 12187668 T 6  Immunity and antigen
presentation

CACFD1 rs3124765 T 9 Calcium channel activity

Céorf10 rs3129927 C 6 Immune diseases risk

ATF6B rs3130288 A 6 ER stress and signal
transduction

HLA-DRA rs3135394 G 6  Immunity and antigen
presentation

TAP2 rs3819717 A 6 Membrane transport and
antigen presentation

HLA-DRB1 rs3830135 A 6  Immunity and antigen
presentation

TGF-83 rs3917165 T 14 Cytokine and lung
development

rs3917200 G 14 Cytokine and lung

development

HLA-DPB1 19277357 G 6  Immunity and antigen
presentation

LRRC16A 159295661 C 6  Megakaryocyte and

platelet production

SNP ID, designation of the particular SNP within the reference sequence (rs)
nomenclature; Chr., chromosomal localization; ER, endoplasmatic reticulum.

(PCR) amplification of multiplexed iPLEX assay and MALDI-
TOF MS-based genotyping have been described in our pre-
vious study [15]. In brief, 10 ng of template DNA was com-
bined with the designed primers (Assay design suite v2.0;
https://www.mysequenom.com/Tools) and master mix. The
amplified targeted PCR products were cleaned by SAP enzy-
matic digestion, followed by a single base extension (SBE)
reaction. The SBE product was applied on Spectro-chip by
nanodispenser and genotyped by MALDI-TOF MS-based
MassARRAY platform (Agena Bioscience, San Diego, CA, USA).
In the assay, positive and negative controls were also included.
Results were obtained by MassARRAY Typer 4.0.20 and manu-
ally validated using call cluster plot.

The single-nucleotide polymorphism (SNP) rs3917200 in
the TGF-83 gene was genotyped by TagMan assay using
LightCycler 480 System (Roche, Branford, CT, USA). For this
reaction, 10 ng of template DNA, LightCycler 480 Probes
Master (Roche) and designed TagMan SNP genotyping assay
(ThermoFisher Scientific, USA) were used. The cycling profile
was as follows: 5 min at 95°C; 45 cycles of 10 s at 95°C, 45 s at
60°C, 1 s at 72°C (with acquisition in each cycle), and then 30 s
at 40°C. The data were obtained by endpoint analysis.

2.3. Statistical analysis

The association analysis was performed using allelic model by
two-tailed Fisher exact probability test to estimate p-value,


https://www.mysequenom.com/Tools

odds ratio (OR) and 95% confidence interval (Cl). Each SNP was
tested for Hardy-Weinberg equilibrium (HWE) (> 0.01) using
Pearson’s chi-square (x2) test or Fisher’s exact test. The statis-
tical significance was considered as p < 0.05. Bonferroni cor-
rection of multiple comparisons was performed as
Pcorr = p X18.

The statistical analysis was performed using http://shesis-
plus.bio-x.cn/SHEsis.html and https://www.snpstats.net/start.
htm in combination with http://vassarstats.net/odds2x2.html.

The calculation of the statistical power of the study was
performed using http://osse.bii.a-star.edu.sg/calculation2.php.

3. Results

We analyzed 18 SNPs in 103 Greek sarcoidosis cases and in
100 healthy control subjects. One polymorphism, namely
rs3819717 in TAP2 gene, was not found in HWE in the group
of control subjects and it was, therefore, excluded from further
analysis.

The polymorphism rs3917200*G in the gene for cytokine
TGF-B3 was associated with sarcoidosis on primary level (OR:
3.04 [95% Cl: 1.98-4.69], p = 2.76*1077) and also after correc-
tion for multiple comparison (peorr = 4.97%107%) (see Table 2).
The statistical power of the study sample size for the
rs3917200*G was 96.2%.

The polymorphism rs1049550*A located in the gene
ANXA11 was found associated with sarcoidosis (OR: 0.59
[95% Cl: 0.39-0.89], p = 0.01). However, this association did
not attain significance after correction for multiple comparison
(Pcorr > 0.05) (see Table 2).

Other 16 investigated polymorphisms were not associated
with sarcoidosis compared to healthy controls.

For subanalysis based on CXR stages, the patients were sub-
divided into two groups: the first one comprising patients with
CXR-1, the second one consisting of patients with CXR-2 and
higher. Next, these groups were compared with healthy control
group. An association on primary level as well as after Bonferroni
correction was observed between the polymorphism
rs3917200*G in TGF-33 and patients with CXR-1 (OR: 3.26 [95%

Table 2. Allelic model of association for sarcoidosis risk in Greek population.

Sarcoidosis (n = 103) vs. controls, (n = 100)

Gene SNP p OR [95% Cl]

ANXA11 rs1049550 0.01 0.59 [0.39-0.89]
TNFA rs1800629 0.06 1.99 [0.99-4.01]
TGF-B2 rs1891467 1.00 1.00 [0.66-1.53]
GREM1 rs1919364 0.84 1.04 [0.70-1.54]
HLA-DRA, HLA-DRB5 rs1964995 0.21 0.64 [0.34-1.20]
NOD2 152066844 0.60 1.48 [0.52-4.23]
BTNL2 rs2076530 0.92 0.98 [0.65-1.48]
HLA-DQA1 rs2187668 1.00 0.97 [0.47-1.99]
CACFD1 rs3124765 0.16 1.47 [0.88-2.43]
Cé6orf10 rs3129927 0.14 3.00 [0.80-11.25]
ATF6B rs3130288 0.22 2.68 [0.70-10.25]
HLA-DRA rs3135394 0.14 3.00 [0.80-11.25]
HLA-DRBT rs3830135 0.51 0.71 [0.29-1.72]
TGF-3 rs3917165 0.11 2.31 [0.87-6.14]
TGF-B3 13917200  2.76*1077 ® 3.04 [1.98-4.69]
HLA-DPB1 rs9277357 0.91 1.04 [0.66-1.63]
LRRC16A rs9295661 1.00 1.45 [0.24-8.76]

S SNP 153917200 peorr = 4971075 OR: odds ratio; Cl: confidence interval; Bold
values are significant.

EXPERT REVIEW OF RESPIRATORY MEDICINE . 1067

Table 3. Allelic model of association for sarcoidosis subgroup analysis, based on
the chest X-ray (CXR) stage in Greek patients with sarcoidosis.

CXR Stg. 1 (n = 29) CXR Stg. 2-4

vs. controls (n = 68) vs. controls

(n = 100) (n = 100)
Gene SNP p-value OR p-value OR
ANXATT rs1049550 0.29 0.69 0.01 0.53
TNFA rs1800629 0.57 1.34 0.02 2.50
TGF-B2 rs1891467 0.63 1.18 0.71 0.89
GREM1 rs1919364 0.30 1.37 0.65 0.89
HLA-DRA, HLA-DRB5 rs1964995 0.10 0.34 0.61 0.79
NOD2 rs2066844 0.24 237 0.76 1.24
BTNL2 rs2076530 0.64 1.18 0.47 0.84
HLA-DQAT rs2187668 1.00 0.84 0.84 1.12
CACFD1 rs3124765 0.43 1.38 0.19 1.48
Céorf10 rs3129927 0.32 2.32 0.10 3.58
ATF6B rs3130288 0.32 2.32 0.16 3.10
HLA-DRA rs3135394 0.32 2.32 0.10 3.58
HLA-DRB1 rs3830135 0.53 0.54 0.63 0.72
TGF-33 rs3917165 5.00%103  4.96 0.56 1.48
TGF-B3 rs3917200 1.74*107%5 326 9.52*10°% 295
HLA-DPB1 rs9277357 0.60 0.79 0.53 1.20
LRRC16A rs9295661 1.00 NA 0.40 222

SSNP 153917200 CXR Stg. 1 vs. controls peorr = 3.13*107> TSNP 153917200 CXR
Stg. 2-4 vs. controls peory = 1.71¥107% NA: not analyzed (in one of the
analyzed groups there were present just homozygotes for one allele, not for
the other allele and no heterozygotes); significant values are in bold.

Cl: 1.77-6.02], pcorr = 3.13*1073) and also with CXR-2 and higher
(OR: 2.95 [95% Cl: 1.84-4.75], Pcore = 1.71%107%) (see Table 3).

Further an association on primary level was observed
between SNP rs3917165*T in TGF-3 gene (OR: 4.96 [95% Cl:
1.65-14.95], p = 5.00¥1073) and patients with CRX-1, compared
to healthy control group (Table 3).

In the case of polymorphism rs1049550 (ANXAT11), protec-
tive association was found with CXR-2 and higher (OR: 0.53
[95% Cl: 0.33-0.84], p = 0.01); no association of this poly-
morphism was observed in the group of patients with CXR-1
(Table 3).

Finally, an association was observed between SNP
rs1800629*A in TNFA gene (OR: 2.50 [95% Cl: 1.20-5.21],
p = 0.02) and patients with CRX-2 and higher, compared to
healthy control group (Table 3).

Other subgroups based on distinct clinical phenotypes,
presence of extrathoracic involvement could not be analyzed
due to small numbers of cases.

4. Discussion

We analyzed a panel of 18 SNPs previously reported to impact
events having the main role in sarcoidosis pathogenesis such
as immune and inflammatory processes, fibrotization and cal-
cium signalization. In this context, this is the first study of
genetic variation of functional immune-related gene variants
performed in Greek patients with sarcoidosis. The main obser-
vation was the strong association between sarcoidosis and the
rs3917200*G variant in TGF-33 gene. Further, this study con-
firmed that ANXAT7 rs1049550*A variant, previously reported
in other population, was associated with sarcoidosis as a
whole also in our Greek patients.

TGF-3 gene has been suggested to have antifibrotic effect in
the wound healing [16,17], the polymorphisms in this gene can
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disrupt this mechanism. In this context, polymorphism
rs3917200*G in the gene TGF-f33 was previously described in
association with fibrotic processes [11]. In this study from
German population, a trend was observed connecting minor
allele in this SNP as a factor contributing to formation of lung
fibrosis in sarcoidosis patients [11]. Similar observations regard-
ing this TGF-3 SNP were reported in a Dutch sarcoidosis popu-
lation [13]. In our study, we found SNP rs3917200 in TGF-33 gene
strongly associated with sarcoidosis among Greek sarcoidosis
cases, with more pronounced occurrence of G allele in the
patients. We may, therefore, speculate that the SNP rs3917200
in TGF-B3 might be a possible marker for progressing disease in
sarcoidosis, characterized by involvement of fibrotization pro-
cesses [3]. Extended study with increased proportion of the most
advanced cases is however required to confirm this speculation.

ANXA11 gene is involved in calcium signalization and
apoptosis. It effects granuloma formation and also the main-
tenance of granulomatous inflammation [2]: disruption of
this mechanism could counter-effect sarcoidosis granuloma
development and thus may possibly contribute to prevention
of sarcoidosis onset. The non-synonymous mutation
rs1049550 located in exon 6 of ANXAT1 results in amino
acid change from arginine to cytosine localized on evolution-
ary conserved position 230 of the first annexin domain [18],
with subsequent ANXA11 protein structure disruption. The
protective (i.e. OR < 1) association of this polymorphism with
sarcoidosis was first reported within a genome-wide associa-
tion study performed in German population [18], and was
subsequently replicated in Czech [19], later also Portuguese
[20] and African and European Americans [21] population, in
the latter an association for the disease persistence was
observed.

We also observed an association of the polymorphism
rs1800629 in TNFA gene with more advanced CXR stages
(CXR 2-4), as compared to healthy controls. This associa-
tion between this particular polymorphism and sarcoidosis
in general has been previously reported in other, Czech
population [14] and also in a meta-analysis [22]. However,
these studies did not associate this SNP with the advanced
CXR stages of sarcoidosis. The TNF-a as product of TNFA
gene has an important role in the pathogenesis of sarcoi-
dosis in granuloma formation and polymorphism
rs1800629 could potentially influence the transcription/
production of this gene and thus contribute to disease
development [23,24].

One may argue that the limitation of the study is a low
number of patients investigated. However, this is relative
due to a lower prevalence of this disease in the population
of Greece. The sarcoidosis prevalence in Greece is 5.89/100
000 [5] compared to the global sarcoidosis prevalence
which ranges between 4.7 and 64/100 000 [3]. Further
work, also in other populations, namely of same or similar
ethnic origins is, therefore, required to validate these find-
ings — this could apply for example to Greek Cypriots or
the Greeks from the main diasporas around the world [25].
Greater groups will also enable to investigate a possible
relationship of genetic markers with the clinical course of
the disease. For future investigations it will be also inter-
esting to explore if any of identified gene variants

correlate with the biomarkers that already have been prac-
tical use such as ACE, IL-2 r or chitotriosidase [26,27].

5. Conclusion

This case-control study in Greek population confirmed the pro-
tective association of functional variant ANXA71 rs1049550*A
with sarcoidosis previously reported for Germans and Czechs.
Polymorphism rs1800629 in TNFA gene was also associated
with more advanced CXR stages in our cohort of Greek sarcoi-
dosis patients. Most importantly, we identified a novel plausible
disease risk factor, TGF-B3 rs3917200*G allele, which represents
a target for replication studies in Greek and/or other
populations.

Acknowledgments

The authors thank Prof. Dr. Joannis Mytilineos (Ulm, Germany) for his kind
advice regarding Greek healthy control population.

Author contributions

MP, AR, KA, MCh, AK, EB, and DB contributed to conception and design, and
provision of study materials or patients.. KS, AK, DB, LK, and VZ contributed to
collection, assembly of data, data analysis, and interpretation. MP, KS, AR, KA,
MCh, AK, EB, DB, AK, LK, and VZ contributed to manuscript writing and final
approval of the manuscript.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

Funding

This work was supported by Palacky University [grant number IGA PU LF
2020_004]; Czech Ministry of Health [grant number NV18-05-00134]; and
Czech government [grant number CZ.02.1.01/0.0/0.0/16_019/0000868,
ENOCH].

Data availability statement

The data that support the findings of this study are available from the
corresponding author martin.petrek2@fnol.cz, on reasonable request.

Previous presentations

Part of this work has been presented as an abstract at the International
Conference on Sarcoidosis and Interstitial Lung Diseases - WASOG 2018
(7-9 June), Heraklion, Greece.



References

Papers of special note have been highlighted as either of interest (-) or of
considerable interest (s+) to reader

1.

Dubrey S, Shah S, Hardman T, et al. Sarcoidosis: the links between
epidemiology and aetiology. Postgrad Med J. 2014;90(1068):582-589.

. Mirsaeidi M, Gidfar S, Vu A, et al. Annexins family: insights into their

functions and potential role in pathogenesis of sarcoidosis. J Transl
Med. 2016;14:89.

. Valeyre D, Prasse A, Nunes H, et al. Sarcoidosis. Lancet. 2014;383

(9923):1155-1167.

A paper from The Lancet seminars series reviewing sarcoidosis
epidemiology, pathophysiology, diagnosis and treatment.
Mortaz E, Masjedi MR, Tabarsi P, et al. Immunopathology of sarcoi-
dosis. Iran J Allergy Asthma Immunol. 2014;13(5):300-306.

. Karakatsani A, Papakosta D, Rapti A, et al. Epidemiology of inter-

stitial lung diseases in Greece. Respir Med. 2009;103(8):1122-1129.

. Hunninghake GW, Costabel U, Ando M, et al. Statement on sarcoi-

dosis. Am J Respir Crit Care Med. 1999;160(2):736-755.

. Morais A, Lima B, Alves H, et al. Associations between sarcoidosis

clinical course and ANXA11 rs1049550 C/T, BTNL2 rs2076530 G/A,
and HLA class | and Il alleles. Clin Respir J. 2018;12(2):532-537.

. Rivera NV, Ronninger M, Shchetynsky K, et al. High-density genetic

mapping identifies new susceptibility variants in sarcoidosis phe-
notypes and shows genomic-driven phenotypic differences. Am J
Respir Crit Care Med. 2016;193(9):1008-1022.

«« An extensive study of susceptibility genes in sarcoidosis show-

10.

11.

12.

13.

14.

ing that clinical phenotype may in part reflect the genotype; as
exemplified by proposal of distinct molecular mechanisms for
Lofgren syndrome and non-Lofgren sarcoidosis.

. Fischer A, Ellinghaus D, Nutsua M, et al. Identification of immune-

relevant factors conferring sarcoidosis genetic risk. Am J Respir Crit
Care Med. 2015;192(6):727-736.

A comprehensive study of immune-related genes as suscept-
ibility factors for sarcoidosis which besides HLA-B, HLA-DPB1,
BTNL2, IL23R loci confirmed ANXA11 polymorphism as a sar-
coidosis risk factor, the patients were enrolled from several
ethnically different populations.

Heron M, Van Moorsel CHM, Grutters JC, et al. Genetic variation in
GREM1 is a risk factor for fibrosis in pulmonary sarcoidosis. Tissue
Antigens. 2011;77(2):112-117.

Pabst S, Franken T, Schonau J, et al. Transforming growth factor-8
gene polymorphisms in different phenotypes of sarcoidosis. Eur
Respir J. 2011;38(1):169-175.

Sato H, Williams HRT, Spagnolo P, et al. CARD15/NOD2 polymorph-
isms are associated with severe pulmonary sarcoidosis. Eur Respir J.
2010;35(2):324-330.

Kruit A, Grutters JC, Ruven HJT, et al. Transforming growth factor-f3
gene polymorphisms in sarcoidosis patients with and without
fibrosis. Chest. 2006;129(6):1584-1591.

Mrazek F, Holla LI, Hutyrova B, et al. Association of tumour necrosis
factor-a, lymphotoxin-a and HLA-DRB1 gene polymorphisms with

15.

20.

21.

22.

23.

24,

25.

26.

27.

EXPERT REVIEW OF RESPIRATORY MEDICINE . 1069

Lofgren’s syndrome in Czech patients with sarcoidosis. Tissue
Antigens. 2005;65(2):163-171.

Kishore A, Zizkova V, Kocourkova L, et al. A dataset of 26 candi-
date gene and pro-inflammatory cytokine variants for associa-

tion studies in idiopathic pulmonary fibrosis: frequency
distribution in normal Czech population. Front Immunol.
2015;6:476.

The methodology for single nucleotide polymorphism geno-
typing by MassArray technology, which was used also in the
present study, is described here in detail.

. Gilbert RWD, Vickaryous MK, Viloria-Petit AM. Signalling by trans-

forming growth factor beta isoforms in wound healing and tissue
regeneration. J Dev Biol. 2016;4(2):21.

. Shah M, Foreman DM, Ferguson MW. Neutralisation of TGF-beta

1 and TGF-beta 2 or exogenous addition of TGF-beta 3 to
cutaneous rat wounds reduces scarring. J Cell Sci. 1995;108(Pt
3):985-1002.

. Hofmann S, Franke A, Fischer A, et al. Genome-wide association

study identifies ANXA11 as a new susceptibility locus for sarcoido-
sis. Nat Genet. 2008;40(9):1103-1106.

. Mrazek F, Stahelova A, Kriegova E, et al. Functional variant ANXA11

R230C: true marker of protection and candidate disease modifier in
sarcoidosis. Genes Immun. 2011;12(6):490-494.

Morais A, Lima B, Peixoto M, et al. Annexin A11 gene polymorph-
ism (R230C variant) and sarcoidosis in a Portuguese population.
Tissue Antigens. 2013;82(3):186-191.

Levin AM, lannuzzi MC, Montgomery CG, et al. Association of
ANXA11 genetic variation with sarcoidosis in African Americans
and European Americans. Genes Immun. 2013;14(1):13-18.
Medica |, Kastrin A, Maver A, et al. Role of genetic polymorphisms
in ACE and TNF-a gene in sarcoidosis: a meta-analysis. J Hum
Genet. 2007;52(10):836-847.

Ziegenhagen MW, Benner UK, Zissel G, et al. Sarcoidosis: TNF-a
release from alveolar macrophages and serum level of sIL-2R are
prognostic markers. Am J Respir Crit Care Med. 1997;156(5):1586—
1592.

Ziegenhagen MW, Miiller-Quernheim J. The cytokine network in
sarcoidosis and its clinical relevance. J Intern Med. 2003;253(1):18-
30.

Wikipedia [Internet]. Greek diaspora; 2020 [last updated 18 May
2020]. cited 2020 May 19]. Available from: https://en.wikipedia.org/
wiki/Greek_diaspora

Culver DA, Judson MA. New advances in the management of
pulmonary sarcoidosis. BMJ. 2019;367:15553.

An extensively referenced review of advances in sarcoidosis
diagnosis, prognosis and treatment which also discusses role
of serum and other emerging biomarkers including genetics.
Research questions pertinent for future research on sarcoido-
sis pathomechanisms and management are posed.

Cameli P, Gonnelli S, Bargagli E, et al. The role of urinary calcium
and chitotriosidase in a cohort of chronic sarcoidosis patients.
Respiration. 2020;99(3):207-212.


https://en.wikipedia.org/wiki/Greek_diaspora
https://en.wikipedia.org/wiki/Greek_diaspora

www.nature.com/scientificreports

scientific reports

W) Check for updates

HLA class Il variants defined
by next generation sequencing
are associated with sarcoidosis
in Korean patients

Katefina Sikorova?, Su-Jin Moon?, Hee-Young Yoon?, Adam Strnad*, Jin Woo Song?** &
Martin Petrek™

Polymorphic genes with immune functions, namely those of the human leukocyte antigen (HLA)
system, have been implicated in sarcoidosis pathogenesis. As HLA polymorphisms in sarcoidosis have
not been yet investigated in the Korean population, we used next-generation sequencing (NGS),
allowing detailed characterization of HLA alleles to investigate the role of HLA variation in Korean
sarcoidosis patients. We enrolled 103 patients diagnosed by the ATS/ERS/WASOG guidelines at

Asan Medical Centre, Seoul, Korea. Among those, genotyping of 7 HLA loci (HLA-A, -B, -C, -DQA1,
-DQB1, -DRB1, -DPB1) was performed using Omixon Holotype™ kit and HLATwin software™. HLA
allele frequencies were compared with frequency data on healthy Koreans from the allelic frequency
databases, and 4-digit characteristics of HLA genotyping were used. Associations were assessed

by two-tailed Fischer’s exact test with correction for multiple comparisons. Variants previously
associated with sarcoidosis risk (HLA-C*03:04, HLA-DRB1*12:01, HLA-DRB1*14:54) and a known
protective variant HLA-DPB1*04:01, were associated with sarcoidosis in Koreans. Further, we suggest
new HLA variants associated with sarcoidosis risk (e.g., HLA-DQA1*05:08) and novel protective
variants HLA-DQB1#*03:02 and HLA-DQA1*01:02 in Koreans. This first study of HLA variation in
Korean patients with sarcoidosis by precise genotyping methodology reports data that could serve
future meta-analyses on HLA variation’s role in sarcoidosis.

Altered immune response to the yet unknown antigen(s), influenced by genetic and environmental factors, is the
hallmark of sarcoidosis pathogenesis. The presentation of sarcoidosis is remarkably diverse as it is the course of
the disease. The disease presents in mild asymptomatic to progressive forms, which occur in 15-20% of patients’.

The occurrence and clinical course of sarcoidosis depend on ethnicity; it is higher and more severe in Afri-
can Americans than in patients of European descent*’. In the Asian population, a generally lower incidence
of sarcoidosis was reported*; however, new cases have increased in the last few years—for example, in South
Korea, with an incidence rate of 0.85 per 100000°. Therefore, it is beneficial to distinguish between sarcoidosis
phenotypes in their early stages for diagnostics, subsequent treatment, and general patient management. To
accomplish this, it can be helpful to investigate the genetic profile of the patients in the context of their immu-
nogenetic backgrounds, such as human leukocyte antigen (HLA) allele variants, HLA coding region genes, and
other genes related to immune response and granuloma formation.

The key role of HLA, the most polymorphic human genetic system, in susceptibility to sarcoidosis and in
modifying its clinical course has already been shown. However, most studies have been performed on popula-
tions of European or Afro-American descent®®. However, in the East Asian region, only a limited number of
studies on Japanese populations have been conducted®'’. To our knowledge, HLA polymorphisms have not yet
been investigated in Korean sarcoidosis patients. Therefore, we focused this study on investigating polymorphic
HLA alleles in sarcoidosis and its clinical phenotypes in Koreans.
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Locus Determined variants | Associated on primary level | Associated after correction
HLA-A 21 1 0
HLA-B 45 3 1
HLA-C 22 4 3
HLA-DRBI 41 6 2
HLA-DQA1 17 8 3
HLA-DQB1 19 7 3
HLA-DPB1 18 6 4

Table 1. Determined and associated alleles in seven HLA loci. Numbers of alleles that we were able to
distinguish using NGS HLA genotyping and numbers of sarcoidosis associated alleles in seven HLA loci
(primary level = before correction for multiple comparisons). HLA human leukocyte antigen.

HLA OR [95% CI] p-value Peorr
A*33:03 0.492 [0.294-0.821] 0.005 0.100
B*15:01 0.389 [0.193-0.783] 0.005 0.218
B*15:07 NA 0.001 0.041
B*58:01 0.285 [0.102-0.791] 0.008 0.290
C*03:02 0.163 [0.06-0.449] 8.38 x 107 1.84x 107
C*03:04 2.949 [1.703-5.105] 3.16 x 107 0.007
C*05:01 2.97 [1.061-8.314] 0.046 0.643
C*08:22 NA 0.001 0.02

Table 2. HLA class I alleles associated with sarcoidosis in Korean patients (only the alleles associated at least
on a primary level are shown). NA not analyzed (no variants were present in one of the analyzed groups), OR
odds ratio, CI confidence interval, HLA human leukocyte antigen. Significant p,,,, (p-value after correction for
multiple comparisons) in bold.

Results

Comparison of the distribution of HLA variants between patients and healthy popula-
tion. This study analyzed seven HLA loci at allele level in 103 patients with sarcoidosis from the Republic
of Korea. HLA class I and class II allele frequencies in patients were compared with allele frequency data from
healthy Korean population.

In the HLA-A locus, 21 different variants were determined by HLA genotyping (Table 1). One of these vari-
ants, HLA-A*33:03, occurred more often in the controls than in the patients, showing a protective association
significant on the primary level. In the HLA-B locus, 45 different variants were distinguished (Table 1), and two
of them, HLA-B*15:01 and B*58:01, were associated at the primary level as protective for sarcoidosis (Table 2).
Further, HLA-B*15:07 was associated as a risk variant for sarcoidosis after correction for multiple comparisons
(Peorr = 0.041). In the HLA-Clocus, 22 different variants were distinguished (Table 1). HLA-C*05:01 was associ-
ated with sarcoidosis at a primary level as a risk variant. Protective variant HLA-C*03:02 (p,,, = 1.84 x 107%)
and risk variants HLA-C*03:04 (p,,,, = 0.007) and HLA-C*08:22 (p,,,, = 0.02) were associated after correction
for multiple comparisons (Table 2, Fig. 1).

HLA-DRBI is the HLA locus most often mentioned in connection with sarcoidosis; 41 different variants
in this locus were determined by HLA genotyping in our patient group (Table 1). Variants HLA-DRB1*04:06,
HLA-DRBI1*13:02, HLA-DRB1*14:01 were protective and variant HLA-DRB1%14:03 acted as a risk allele for
sarcoidosis, associations being significant on a primary level. After correction for multiple comparisons, alleles
HLA-DRB1*14:54 (p,,,, = 2.31 x 107%°) and HLA-DRB1*12:01 (p,,,, = 9.12 x 10™%) were identified as risk factors
for sarcoidosis (Table 3, Fig. 2).

Regarding the HLA-DQAI locus, 17 variants resulted from HLA genotyping (Table 1). HLA-DQA1*05:03,
HLA-DQA1*03:01, HLA-DQA1*05:01, and HLA-DQA1*01:01 were associated on the primary level as protec-
tive for sarcoidosis. Variant HLA-DQA1¥05:06 was associated with the risk for sarcoidosis on the primary level.
After correction for multiple comparisons, HLA-DQA1¥01:02 (p,,,, = 3.64 x 107%) was found as protective and
HLA-DQA1*05:07 (p.,,, = 0.003) and HLA-DQA1*05:08 (p,,,, = 4.11 x 107%) as risk factors (Table 3).

In the HLA-DQBI locus, 19 variants were determined (Table 1). Variants HLA-DQB1*03:03, HLA-
DQB1*04:01, and HLA-DQB1*04:02 were associated as protective on the primary level, and variant HLA-
DQB1%05:03, a risk factor for sarcoidosis. After correction for multiple comparisons, HLA-DQB1*03:02 (p.,,
=2.25x 107%) and HLA-DQB1*06:05 (p,,,, = 0.029) were found as protective for sarcoidosis while risk variant
was HLA-DQB1*06:09 (p,,,, = 0.015); see Table 3.

In the HLA-DPBI locus, 18 different variants were characterized (Table 1). Variant HLA-DPB1*04:02 was
considered protective on primary level and variant HLA-DPB1*135:01 associated with risk. After correction
for multiple comparisons, variants HLA-DPB1¥02:01 (p,,,, = 5.92 x 10™7), HLA-DPB1*02:02 (p.,,, = 0.017),
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Figure 1. Frequencies of HLA class I alleles associated with sarcoidosis in Koreans. Patients—black columns,

A*33:03

B*15:01

B*15:07°

B*58:01

Control population—white columns. $Significant p,,,.

HLA OR [95% CI] p-value Deorr
DRB1*04:06 0.157 [0.037-0.654] 0.002 0.080
DRBI*12:01 | 3.754 [2.204-6.394] | 222x 10 | 9.12x 10%
DRBI*13:02 | 0.445 [0.224-0.881] | 0.017 0.506
DRB1*14:03 | 4.955 [1.371-17.904] | 0.016 0.483
DRBI*14:54 | NA 563107 | 2.31x 10°%
DRB1*14:01 | NA 0.001 0.056
DQAI*01:01 | 0.365 [0.154-0.865] | 0.015 0.223
DQAI*01:02 | 0.288 [0.162-0.512] | 2.14x 10 | 3.64 x 10°%
DQAI*03:01 | 0.425[0.207-0.87] | 0.014 0217
DQAI*05:01 | 0.152 [0.021-142] 0.037 0.474
DQA1%05:06 NA 0.014 0.211
DQA1%05:07 | NA 1.86 x 10 | 0.003
DQA1%05:08 | NA 242x10°% | 4,11 x 10°%
DQAI*05:03 | NA 0.01 0.161
DQBI1*03:02 | 0.086 [0.021-0.356] | 118 x 10 | 2.25 x 10°%
DQB1%03:03 | 0.481 [0.249-0.928] | 0.027 0.404
DQBI*04:01 | 0.36[0.152-0.851] | 0.015 0.244
DQB1%04:02 0.12 [0.016-0.891] 0.01 0.169
DQB1%05:03 | 2.278 [1.13-4.592] | 0.024 0.369
DQBI*06:09 | NA 0.001 0.015
DQBI1*06:05 | NA 0.002 0.029
DPBI*02:01 | 0.259 [0.151-0.445] |3.28 x 10 | 5.92 x 10~
DPB1%02:02 | 0.089 [0.012-0.654] | 0.001 0.017
DPB1*04:01 | 0.049 [0.007-0.354] | 1.08 x 10 | 1.94 x 10
DPBI*04:02 | 0.267 [0.095-0.753] | 0.005 0.093
DPB1*13:01 | 0.199 [0.061-0.649] | 0.002 0.027
DPB1*135:01 NA 0.014 0.222

Table 3. HLA class II alleles associated with sarcoidosis in Korean patients (only the alleles associated at least
on a primary level are shown). NA not analyzed (no variants were present in one of the analyzed groups), OR
odds ratio, CI confidence interval, HLA human leukocyte antigen. Significant p,,,, (p-value after correction for

multiple comparisons) in bold.
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Figure 2. HLA Frequencies of HLA class II alleles associated with sarcoidosis in Koreans. Patients—black
columns, Control population—white columns. *Significant p,,,,.

HLA1 HLA2 p-value

B*58:01 C*03:02 2.09 x 1077
DQA1%05:07 DRB1*14:03 6.21 x 10710
DQA1%05:08 DRB1%12:01 3.33x107%

Table 4. Linkage disequilibrium between HLA alleles observed to be associated with sarcoidosis in Koreans.
HLA human leukocyte antigen.

HLA-DPB1*04:01 (p,,,, = 1.94 x 107%), and HLA-DPB1*13:01 (p,,,, = 0.027) were found protective for sarcoidosis
(Table 3).

Linkage disequilibrium between the alleles associated with sarcoidosis in Korean patients was also calculated.
Non-randomly associated variants in HLA class I, HLA-DQA1*05:08-HLA-DRB1*12:01 (p = 3.33 x 107%) and
HLA-DQA1*05:07-HLA-DRB1¥14:03 (p = 6.21 x 107'°) were found. The pair of linked variants in HLA class [,
HLA-B*58:01-HLA-C*03:02 (p = 2.09 x 107%7), was observed (Table 4).

Comparison of the distribution of HLA variants in the context of different chest radiogra-
phy stages. The association of HLA polymorphisms with CXR stage of the disease was analyzed. Patients
were divided into two groups—the first group included 30 patients with CXR stage 0-1, and the second group
included 73 patients with the more advanced CXR stages 2-4. HLA frequencies observed in the groups were
compared with those of the control population. There were 12 variants associated with CXR stage 0-1 on pri-
mary level and two of them remained after correction for multiple comparisons (HLA-DRB1*12:01 p,,,, = 0.033;
HLA-DQA1*05:08 p.,,, = 0.001) (Supplementary Table S1). The comparison between group CXR stages 2-4
and healthy controls resulted in 33 variants significantly associated with sarcoidosis at the primary level. After
correction for multiple comparisons eight variants remained associated with more advanced forms of disease
(HLA-B*15:07 p,,,, = 0.013, HLA-C*03:04 p,,,, = 0.007, HLA-C*08:22 p,,,, = 0.006, HLA-DRB1*12:01 p,,,, =
0.003, HLA-DRB1*14:54 p,,,, = 4.57x10~%, HLA-DQA1*05:07 p,,,, = 0.001, HLA-DQA1*05:08 p,,,, = 0.003,
HLA-DQB1*06:09 p,,,, = 0.004) and seven were considered protective (HLA-A*33:03 p,,,, = 0.038, HLA-C*03:02
Peors = 0.005, HLA-DQA1%01:02 p,,,, = 0.001, HLA-DQB1¥03:02 p,.,, = 3.86 x 10-, HLA-DPB1*02:01 p,,,, =
2.12 x 107%, HLA-DPB1*02:02 p,,,, = 0.021, HLA-DPB1*04:01 p,,,, = 0.002) (Supplementary Table S2). Mutual
comparison between CXR stage 0-1 patients (n = 30) and CXR stages 2-4 patients (n = 73) showed HLA-
B*51:01 allele being associated with CXR 2-4 at the primary level (p = 0.0421); however, it did not attain signifi-
cance after correction for multiple comparisons.

HLA variants in patients with an extrapulmonary manifestation of sarcoidosis. Distribution
of HLA polymorphisms in patients with extrapulmonary manifestation of sarcoidosis were compared with data
from healthy controls. In this comparison, 30 variants were associated with extrapulmonary manifestation at
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the primary level (Supplementary Table S3). Eleven of them were significant also after correction for multiple
comparisons, six as protective to extrapulmonary manifestation (HLA-A*33:03 p,,,, = 0.038, HLA-C*03:02 p.,,,
= 0.019, HLA-DQA1*01:02 p,,,, = 0.003, HLA-DQB1*03:02 p,,,, = 3.86 x 10~%, HLA-DPB1*02:01 p,,,, = 5.98 x
107%, HLA-DPB1*04:01 p,,,, = 0.002) and five as risk factors (HLA-B*15:07 p,,,, = 0.013, HLA-C*08:22 p,,,, =
0.047, HLA-DRB1*14:54 p,,,, = 0.008, HLA-DQA1*05:08 p,.,, = 0.003, HLA-DQB1*06:09 p,.,, = 0.004). When
mutual comparison of HLA frequencies in patients with and without extrapulmonary involvement was per-
formed, four associations were revealed at the primary level (Supplementary Table S4); however, these did not
attain significance after the correction.

HLA variants in the context of clinical disease course (2 years follow up). The patients were fol-
lowed up at least 2 years after diagnosis. They were divided into three groups depending on the disease course
as follows: patients whose disease had gone into remission, patients with stable disease, and patients whose
disease progressed to a worse state. Next, the distribution of HLA in these three groups was compared with
control population data. Two HLA variants are associated with a progressive, worsening course only at the
primary level (Supplementary Table S5). Importantly, 39 variants were associated with disease improvement;
ten of them remained significant after correction for multiple comparisons (Supplementary Table S6). Out of
these ten stringently associated variants, five were associated with disease improvement (HLA-DRB1*12:01 p,,,,
= 0.006, HLA-DRB1*14:54 p,,,, = 0.003, HLA-DQA1%05:07 p,.,, = 1.86 x 10, HLA-DQA1*05:08 p,,, = 0.001,
HLA-DQB1*06:09 p.,,. = 0.010); remaining five variants were more frequent in population control group. In the
group of patients with stable disease, 14 variants were associated on the primary level, and three of them attained
significance after correction for multiple comparisons (Supplementary Table S7). Two of these three variants
were associated with a stable disease course (HLA-DRB1*08:03 p,,,, = 0.002 and HLA-DRB1*14:54 p,,,, = 2.08 x
107%4); HLA-DPB1*02:01 was more frequent in the control group.

Discussion

This study focused on immunogenetic profiling of Korean patients with sarcoidosis. It explored if variations in
polymorphic HLA genes are related either to the disease itself or to several aspects of its clinical course. We report
variants associated with the risk of sarcoidosis such as HLA-C*03:04, HLA-DRB1*12:01, HLA-DRB1*14:54, and a
protective variant HLA-DPB1*04:01, previously described in other populations®”!"'?, associated with sarcoidosis
also in Koreans. Further, we suggest new HLA variants associated with sarcoidosis risk (e.g., HLA-DQA1*05:08)
and novel protective variants HLA-DQB1*03:02 and HLA-DQA1*01:02 in Koreans. Finally, we confirm the
previous reports that variants HLA-DRB1*12:01 and HLA-DPB1*04:01, linked to better prognosis”'?, are also
valid for Koreans. In this context, we report a new association of HLA-DPB1*02:01 and -DPB1*02:02 with better
disease prognosis in Korean patients.

In sarcoidosis, a multi-systemic granulomatous disease affecting mainly the lungs, alveolar CD4+ T cells
present an unknown antigen interacting with HLA class II molecules. This role for HLA II can be one of the
reasons for the observation that most of the HLA variants associated with sarcoidosis, also in our Korean patients,
belong to HLA class II loci®.

HLA-DRBI locus has been widely associated with autoimmune diseases, including sarcoidosis®'*. We
observed that HLA polymorphisms within this class IT locus were associated with sarcoidosis also in Koreans.
First, the variant HLA-DRB1*12:01 was detected as a risk factor more than threefold in the patients compared
with the control population. In line with our finding, this variant was reported as susceptible in African Ameri-
can population, where it was associated with a doubled risk of disease®”. We also observed that this variant was
overrepresented in the patients who improved after 2 years of follow-up. Therefore, HLA-DRB1*12:01 may be
associated with a better prognosis of sarcoidosis in Koreans. Second, we determined HLA-DRB1*14:54 as a risk
factor for sarcoidosis in Koreans. Interestingly, from a limited number of studies on HLA in sarcoidosis in the
East Asian population, Ishihara et al."! reported that sarcoidosis is associated with HLA-DRB1*12:01 and also
with alleles of the group HLA-DRB1*14 in Japanese patients. Further, alleles of the group HLA-DRB1*14, to
which HLA-DRB1*14:54 belongs, have been previously associated with the risk of the disease, extensive extrapul-
monary involvement, and the prolonged disease course in the Turkish population'>'®.

HLA-DQBI was another HLA class II locus containing sarcoidosis-associated variant in Koreans, specifically
HLA-DQB1%*03:02 as a protective factor. This variant has not been mentioned in connection with sarcoidosis
yet; nevertheless, it may have an important role in the immune response as a protective impact of this variant
was mentioned in the context of HIV infection’.

HLA-DQA1 locus has not been mentioned in connection with sarcoidosis very often. In our study, there was
a linkage disequilibrium between HLA-DQA1 alleles (e.g., HLA-DQA1*05) and associated HLA-DRBI variants,
which could be the reason for the observed associations. Therefore, in the context of the disease course, we can
nominate HLA-DQA1*01:02 as a protective factor against sarcoidosis in Koreans.

Regarding the HLA-DPBI locus, our observation of the over-representation of HLA-DPB1*04:01 in the
Korean control population agrees with reports from Finnish sarcoidosis patients, where HLA-DPB1*04:01 was
identified as a protective marker'. Further, when combined in the haplotype with HLA-DRB1%04:01, it was
characteristic for spontaneous sarcoidosis resolution within 2 years”. In a wider context, the HLA-DPB1*04:01
variant was suggested as protective also in other autoimmune diseases, such as celiac disease’®. In addition to
HLA-DPB1*04:01, we characterized variants HLA-DPB1*02:01 and HLA-DPB1*02:02 as protective factors in
Korean sarcoidosis patients.

Finally, regarding the HLA-DPBI locus, in our Korean cohort, HLA-DPB1*02:02 could be associated with
a better sarcoidosis prognosis, as it did not occur in patients with CXR stage 2-4. In line with this speculation,
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HLA-DPB1%02:02 was associated with a better prognosis in another autoimmune condition—Graves’ disease
in the Japanese population'®.

HLA class I loci (HLA-A, -B, -C) have been previously rarely mentioned in connection with sarcoidosis
and autoimmune diseases. In cases where HLA class I associations with sarcoidosis have been reported, either
linkage disequilibrium between HLA class I and II or independent action in the context of immune response to
intracellular mycobacterial infection were suggested for explanation®>*'. As a protective factor and a risk factor,
HLA-C*03:02 and HLA-C*03:04 were associated with sarcoidosis in Koreans, respectively. Moreover, HLA-
C*03:04 was related to more advanced CXR stages and a worse prognosis. Another class I variant, HLA-A*33:03,
was associated with protection from extrapulmonary involvement; this variant was previously observed with a
frequency higher than 10% in the overall Korean population?.

Our study has limitations. Due to the smaller number of patients, some of the observed associations, especially
in comparisons between clinical subgroups, could arise by chance and, therefore, should not be over-interpreted
before independent replication. Ideally, the patient data should be compared with the data from a real, well-
matched control population instead of the data from population databases. Although we could not use the pre-
ferred option due to pandemic limitations, the allelefrequencies.net database, from where we retrieved the control
data for this study, has been considered an authoritative and reputable source representative of particular local/
national populations®. Further, a high degree of ethnic homogeneity in the South Korean population® is rather
supporting than contradicting, using this kind of population control data for HLA allele frequency comparisons.
However, we acknowledge that we could not use an ideally matched control population. Therefore, the observed
associations should be interpreted cautiously until their verification in another cohort of Korean patients.

By contrast, there are important positive aspects of our study. So far, there have been only a few reports
investigating the role of polymorphisms in HLA loci in sarcoidosis, where high resolution (i.e., very precise)
genotyping methods were used®. However, the greatest strength of our study is that HLA in sarcoidosis has not
been investigated in the Korean population at all, irrespective of precision level. Thus, our report provides the
first data on the distribution of HLA variants in patients with sarcoidosis of this particular ethnicity, which is
relevant to the importance of the ethnic concept of immunogenetics investigations in sarcoidosis®®. Despite the
above-discussed limitations, hereby reported high-resolution data can serve as a basis for future meta-analyses
on the role of HLA variation in sarcoidosis.

Conclusions

In this study, the first one about HLA polymorphisms and sarcoidosis in the Korean population, we extend
associations between some HLA variants and sarcoidosis previously reported in other populations to Koreans.
We suggest other new disease-associated variants, especially in the HLA class II loci, defined by NGS precise
genotyping in our Korean patient cohort. However, before these associations’ plausible clinical significance
or functional meaning can be investigated further, confirmatory (i.e., replication) studies in another Korean
sarcoidosis patient cohort(s) are necessary. In the meantime, the reported data can be, however, useful for meta-
analytical approaches to sarcoidosis genetics across ethnicities.

Methods

Patients. For this case-control study, 103 sarcoidosis cases (mean age + SD, 46.9 + 12.9 years; age range,
27-71 years; male [M]: female [F] ratio, 24: 79) were enrolled. All subjects were unrelated original inhabitants of
South Korea diagnosed according to the ATS, ERS, and WASOG statement on sarcoidosis?”?® at Asan Medical
Centre, Seoul, the Republic of Korea, from 17.5.1994 to 31.5.2019.

Sarcoidosis cases were followed for 1.73-26.76 years after their diagnosis (median 11.95 years). After 2 years
from the diagnosis, the patients were evaluated for the disease status as follows: improved (n = 58), stable disease
(n = 32), and patients with progression of the disease (n = 5) for the remaining eight patients this information
was missing due to loss to follow-up, death of the patients or other reasons. Concerning the treatment, 64 patients
were treated with corticosteroids, in some cases in combination with methotrexate (n = 12), azathioprine (n =
4), or hydroxychloroquine sulphate (n = 4), and in one case in combination with mycophenolate mofetil. In two
cases, the treatment with methotrexate was used independently without a combination of corticosteroids, and
one case was treated with hydroxychloroquine sulphate only. Therefore, 36 patients did not receive any treatment.

Patients were also evaluated based on the Chest radiography stages (thoracic involvement) using Scadding’s
criteria: stage 1 which involved bilateral hilar lymphadenopathy (BHL) only (n = 28), stage 2 for BHL with pul-
monary infiltrates (n = 64), stage 3 with parenchymal infiltrates only (n = 6), stage 4 with pulmonary fibrosis (n
= 3); two patients (stage 0) had normal radiograph.

Regarding extrapulmonary involvement, other organs than lungs have also been affected in some patients—
eyes (n = 21), extra pulmonary lymph nodes (n = 19), skin (n = 16), spleen (n = 11), heart (n = 7), liver (n = 7),
musculoskeletal manifestation (n = 2), renal affection (n = 2), neurosarcoidosis (n = 2), pancreas (n = 1), and
hypercalcemia was presented in 34 patients.

NGS HLA analysis. HLA genotypes for HLA-A, -B, -C, -DRB1, -DQAL1, -DQB1, and -DPB1 loci were deter-
mined by high-resolution NGS technique using Omixon Holotype HLA kits configuration 96/7 v2 (Omixon
Biocomputing Ltd, Budapest, Hungary) for library preparation and subsequent sequencing on Illumina MiSeq
next-generation sequencing platform.

We worked with DNA isolated at Asan Medical Centre, Seoul, Korea. Blood samples were collected in EDTA-
coated blood collection tubes (BD Vacutainer No. 367844). DNA in the blood was extracted using QIAamp DNA
mini and Blood Kit (Qiagen No. 51306).
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The HLA class I and class II loci were amplified by long-range PCR in separate samples in locus-specific 25 pl
reactions, comprising 2.5 ul of PCR buffer, 1.25 ul of ANTP mix, 2 ul of locus-specific primers, 0.4 pl of LR PCR
enzyme, and 5 ul of genomic DNA (35 ng/ul). A combined DQB1 enhancer (5.6 ul/sample) was added to the
DQBI1 master mix. The conditions for class I gene amplification on Mastercycler nexus thermal cycler (Eppen-
dorf, Hamburg, Germany) were set as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for 15 s, 65 °C for
30s, and 68 °C for 5 min, followed by final incubation at 68 °C for 10 min. For class II genes, the conditions were:
95 °C for 3 min, 35 cycles of 93 °C for 15 s, 60 °C for 30 s, and 68 °C for 9 min, followed by final incubation at 68
°C for 10 min. Amplicon presence was validated by 2% agarose gel electrophoresis. DNA was quantified using
QuantiFluor fluorescent dsDNA staining system (Promega, Madison, Wisconsin, USA) and EnSpire Multimode
plate reader (PerkinElmer, Waltham, MA, USA).

All seven amplicons from each sample were pooled into a final 35 ul volume on a new 96-well PCR plate
and purified from residual primers and unincorporated nucleotides with the use of ExoSAP-iT enzyme mix
(Affymetrix Inc., Santa Clara, CA, USA).

The next step was library preparation. The pooled amplicons were fragmented, followed by end repair and
ligation with sample-specific indexed adaptors. Indexed sample-specific libraries were subsequently combined
into a 900 pl pooled library volume and mixed with 900 pl of the AMPure XP beads (Beckman Coulter, Beverly,
Massachusetts, USA) to carry out magnetic bead-based library clean-up. Pooled library fragments ranging
between 650 and 1300 bp in size were subsequently selected on Agencourt AMPure XP beads. The concentration
of the size selected library was determined on LightCycler 480 II (Roche Diagnostics, Mannheim, Germany) real-
time PCR instrument using KAPA Sybr Fast qPCR Master Mix (KAPA Biosystems, Boston, Massachusetts, USA)
and DNA standards ranging from 0.02 to 20 pM concentrations. Prior to sequencing, the library was diluted to
a 2 nM concentration, denatured by NaOH, diluted with hybridization buffer, and the 9 pM library was loaded
on MiSeq (Illumina, San Diego, CA, USA) and sequenced in a single 300-cycle (V2) paired-end sequencing run.
Collected reads were exported in .fastq format.

Allele assignment for all seven loci was performed with the Omixon Twin software v4.2.0 and the IPD-IMGT/
HLA database Release 3.39.0 (July 2020).

The laboratory where the HLA typing took place has a consistent record of passing international external
proficiency testing (quality control) for HLA DNA genotyping since 2014. All experiments, from DNA extraction
to the determination of HLA genotypes, were performed in accordance with relevant guidelines and regulations.

Statistical analysis of the patient genotyping data. Comparison with a healthy population from
Korea in HLA-A, -B, -C (HLA-class I) and HLA-DQA1,-DQBI, -DRBI, -DPB1 (HLA-class II) loci was per-
formed. HLA allele frequencies obtained in patients were compared with frequencies of alleles determined in the
corresponding loci in a healthy population from Korea. For HLA class I, population one from South Korea was
selected as a healthy population, whereas for HLA class II, population three was used. Data for both populations
were retrieved from the database allelefrequencies.net (http://allelefrequencies.net/pop6001c.asp?pop_id=1336;
http://allelefrequencies.net/pop6001c.asp?pop_id=1870)>.

The association of HLA variants typed by NGS was validated by the two-tailed Fisher exact probability test
to estimate the p-value, odds ratio (OR), and 95% confidence interval (CI). Correction for multiple comparisons
was performed according to the following formula: 1 — (1 — p)», where n = count of distinguished alleles in the
loci. The statistical analysis was performed using http://vassarstats.net/odds2x2.html, https://www.graphpad.
com/quickcalcs/contingency2/, and https://www.hiv.lanl.gov/content/immunology/hla/index.html.

The linkage disequilibrium calculation was also performed by software https://www.hiv.lanl.gov/content/
immunology/hla/index.html. The number of two-way tests performed was 9636 (N2 = 9636). The p-value for
two-way comparisons as 0.05/N2 = 5.189 x 107% for a 95% confidence level was calculated. As significant, results
with p-values less than 5.189 x 107 were considered.

Ethical approval. Patients provided informed consent with participation in the study, which was approved
by the institutional review board (Institutional Review Board of Asan Medical Center IRB No—2018-2170).

Data availability

The complete data, which served as the basis for analyses presented in the manuscript, including the data on
the distribution of all detected HLA alleles in the investigated Korean patients with sarcoidosis (Supplementary
Table S8), are provided within the Supplementary Information file.
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HLA-A, -B, -C, -DRB1, -DQA1,
and -DQB1 allele and haplotype
frequencies defined by next
generation sequencingin a
population of East Croatia blood
donors
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Marina Samardzija3, Katerina Sikorova“ & Martin Petrek**

Next-generation sequencing (NGS) is increasingly used in transplantation settings, but also as a
method of choice for in-depth analysis of population-specific HLA genetic architecture and its linkage to
various diseases. With respect to complex ethnic admixture characteristic for East Croatian population,
we aimed to investigate class-1 (HLA-A, -B, -C) and class-Il (HLA-DRB1, -DQA1, -DQB1) HLA diversity

at the highest, 4-field resolution level in 120 healthy, unrelated, blood donor volunteers. Genomic

DNA was extracted and HLA genotypes of class | and DQA1 genes were defined in full-length, -DQB1
from intron 1 to 3’ UTR, and -DRBL1 from intron 1 to intron 4 (lllumina MiSeq platform, Omixon Twin
algorithms, IMGT/HLA release 3.30.0_5). Linkage disequilibrium statistics, Hardy-Weinberg departures,
and haplotype frequencies were inferred by exact tests and iterative Expectation-Maximization
algorithm using PyPop 0.7.0 and Arlequin v3.5.2.2 software. Our data provide first description of 4-field
allele and haplotype frequencies in Croatian population, revealing 192 class-I and class-Il alleles and
extended haplotypic combinations not apparent from the existing 2-field HLA reports from Croatia.
This established reference database complements current knowledge of HLA diversity and should prove
useful in future population studies, transplantation settings, and disease-associated HLA screening.

Croatia is a Mediterranean, crescent-shaped south European country bordering Slovenia in the northwest,
Hungary in the northeast, Serbia in the east, Bosnia and Herzegovina and Montenegro in the southeast, and Italy
along the maritime border. Croatia consists of three major geomorphologic areas, which can be further broken
down into five traditional districts based on history, topography, and economy; Istria and Dalmatia in the north-
ern and southern Croatian littoral, Gorski Kotar in country’s mountainous area, central continental Croatia, and
Slavonia in the Pannonian basin in the east (Fig. 1). Slavonia territory was originally populated by the southern
branch of the Indo-European Slavic populations in the 7% century', and has been a witness of significant pop-
ulation admixture ever since, including the Hungarian migration to Slavonia in 10 century, and the influx of
Islamic and Orthodox Balkan and Asian populations during the Ottoman conquest in 16'" century, causing at the
same time, the continuous shift of Catholics from Bosnia to Slavonia during several centuries®. Under the auspices
of Habsburg monarchy, the settlement of Germans and Austrians in Slavonian urban areas peaks between 18%
and 19th century, while Orthodox Vlachs from Bosnia, immigrating Czechs, Slovaks, Ukrainians, Italians, and
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Figure 1. Map of geographical location of Croatia with representation of Dalmatia, Istria, Gorski Kotar, central
and eastern Croatian regions, five of which (colored in light grey) participated in sample collection. In detail:
Osijek-Baranja county (n = 80), Vukovar-Syrmia county (n =22), Brod-Posavina county (n=9), Pozega-
Slavonia county (n=4) and Virovitica-Podravina county (n=5)%.

Croatians from Gorski Kotar populate rural settlements®. These historic and more recent 20 century migration
events, encompassing emigration of Germans and Austrians from Slavonia, and the settlement of Balkan War vet-
erans from Serbia, Croatian immigrants from Dalmatia, Herzegovina, and most recently also from north Bosnia,
have shaped the genetic diversity of East Croatian population.

Population migration and admixture have an important role in the evolution and diversifying selection of
hypervariable human leukocyte antigen (HLA) molecules involved in innate and adaptive immune responses*.
Two types of HLA molecules, class I and class II, are codominantly expressed on the surface of nucleated and anti-
gen presenting cells, and facilitate peptide antigen presentation, self-tolerance and immune surveillance through
activation of CD8 and CD4 T lymphocytes, respectively. The biological function of HLA molecules is correlated
with high variability of human major histocompatibility (MHC) proteins, which are encoded by the highly pol-
ymorphic gene complex located in the short arm of chromosome 6°. Up to date, 18.691 class I, 7.065 class IT and
202 non-HLA allelic variants (IPD-IMGT/HLA database, release 3.38., https://www.ebi.ac.uk/ipd/imgt/hla/stats.
html)®” have been identified in various human populations and the highest degree of variability was noticed
within exon regions encoding phenotype and peptide-binding preferences of class I (HLA-A, -B, -C) and class I
(HLA-DR, -DQ) HLA molecular isotypes.

Considering important role of HLA molecules in immune response, the HLA gene complex has been
extensively studied in the context of allogeneic transplantation, inflammatory, infectious and autoimmune
disease associations®. The worldwide application of molecular, PCR-based techniques in the clinical settings
(sequence-specific primer (SSP), sequence-specific oligonucleotide (SSO), Sanger sequencing-based typing
(SBT) and most recently, next-generation sequencing (NGS)), also enabled development of the population spe-
cific HLA typing data repositories (The Allele Frequency Net Database)?, and enhanced assessments of popula-
tions migration, diversity and regional HLA specificity. Significant differences in frequency of common and well
documented alleles recently described within European sub-regions, support the role of geographical dispersion
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in development of region specific HLA heritage'®. The inter- and intra-population HLA comparisons made today
are however, mostly constrained to a partial, exon description of HLA genetic variability (1% and 2™ fields of
HLA nomenclature), whereas synonymous (3™ field) and non-coding (4" field) nucleotide variations remain
largely unexplored. In such settings, it remains challenging to accurately build contiguous long haplotypes of
uniformly high resolution even for the largest sample cohorts. The implementation of NGS technologies in HLA
research and routine clinical work, enables however, elucidation of full-length HLA gene sequences, permitting
an in-depth characterisation of population HLA diversity. In this context NGS can overcome limitations of tra-
ditional typing techniques, thereby sustaining optimal HLA matching of donor-recipient pairs for organ and
particularly, haematopoietic stem cell transplantation (HSCT)'!, improved estimates of population structure and
HLA associated disease risk'?!%, and better understanding of demographic history and geographic origin of a
given population’®.

Up to date, HLA allelic and haplotype diversity of a general Croatian population, irrespective of specific geo-
graphical preferences, was estimated in several large cohorts originating from Croatia'®!? and emigrant popula-
tion in Germany®’, as well as few, more isolated populations from particular geographical locations such as island
Krk?!, island Hvar?, Istrian city of Rijeka?® and Gorski Kotar?*. Moreover, several non-frequent, rare and very
rare HLA-A, -B and -DRB1 alleles and haplotypes have been characterized among the unrelated volunteer donors
from the Croatian Bone Marrow Donor Registry (CBMDR)®. In addition, DPB1 allelic diversity was recently
evaluated in 82 Croatian patients who underwent HSCT?. These previous studies were however, based on lower
resolution (1% and 2™ field) HLA typing of selected HLA loci in individuals originating from various Croatian
regions, providing partial insight into the HLA diversity of a general, but not East Croatia population.

The aim of the present study was thus to investigate and describe extended allelic and haplotype diversity of
HLA-A, -B, -C, -DQAL, -DQBI1 and DRBI loci at high-resolution, 4" field level, using high-throughput NGS
technique for HLA typing of 120 healthy, unrelated blood donor volunteers from east Croatia.

Results

NGS sequencing results. We evaluated 120 donors (120 donors x 6 loci x 2 alleles = 1440 alleles), 9 of
whom were excluded from further analysis due to low-performing samples on quality control check [low read
count (<2500bp for class I and <5000 bp for class II genes) and/or low key exon coverage depth (<30)]. The cov-
erage of each locus in the remaining samples (111 donors, 1332 alleles) was calculated by Twin as the percentage
of gene regions covered by reads compared to the whole allele sequence (coverage %). The Omixon Holotype
primer positioning allowed only partial amplification of 3’UTRs and 5'UTRs, and covered exons 2-6 of DQB1
and exons 2-4 of DRBI loci (Fig. 2).

Ambiguous allele calls, which remained unresolvable due to inherent product limitations of the Omixon
Holotype Kit (missing data on SNPs or INDEL variations within the unsequenced 3’ UTR, 5 UTR and intron
1/exon 1 regions), were reported as ambiguous (i.e. DQB1%06:01:01/15), or up to the third field level only (i.e.
DQB1%05:03:01), and are enlisted in Supplementary Table 1. Nevertheless, all amplified exon/intron regions of
each allele in the remaining samples were fully covered (detection %), with an average coverage depth of >140
reads per nucleotide position (Supplementary Table 2). On average, 54359 (Supplementary Table 3) high-quality
reads were produced per sample, of which 91% were subsequently used for final consensus generation after
removing noise reads and PCR crossover artefacts. The average fragment size was 259 bp, and the average read
length 208 bp.

Linkage disequilibrium and HWE estimates. Genotype frequencies of HLA-A, -B, -C, -DRBI, -DQAL1
and DQBI loci did not deviate from Hardy-Weinberg expectations (Supplementary Table 4). Strong link-
age was confirmed between class I, HLA-A, -B, and -C, as well as class II, HLA-DQA1, -DQB1 and DRB1 loci
(Supplementary Table 5 and Fig. 3).

Class | allelic frequencies. The observed frequencies of class I HLA alleles in eastern Croatian population
are reported in Table 1. HLA-A genotyping analysis uncovered 25 different alleles in our sample population, five
of which with frequency >10%. The most commonly observed HLA-A*02:01:01 group alleles (32.43%) were
followed by HLA-A*01:01:01:01 (12.16%), HLA-A*03:01:01:01 (11.71%), HLA-A*24:02:01:01 (11.71%) and
HLA-A*11:01:01:01 (9.91%). Together, these allelic variants comprised 77.47% of HLA-A allelic diversity in our
sample population. Nearly half of the tested individuals (n=59) were positive for HLA-A*02:01:01 allelic vari-
ants, 13 of which were homozygous carriers.

As expected, the highest polymorphism was observed within the HLA-B region, encompassing 39 differ-
ent allelic specificities. The HLA-B*51:01:01 (8.56%), HLA-B*35:01:01 (8.11%) and HLA-B*08:01:01 (8.11%)
were the most frequent alleles, and together with the HLA-B*07:02:01 (6.76%), HLA-B*35:03:01 (6.76%) and
HLA-B*18:01:01 (5.41%) accounted for majority (43.7%) of HLA-B allelic diversity in our population. Notably,
HLA-B*15 (gene frequency, 6.75%), HLA-B*35 (17.57%) and HLA-B*44 (9.91%) allelic families exhibited the
highest variability, each encompassing at least 4 allelic members with different peptide binding motifs. Of interest,
two rare alleles (http://www.allelefrequencies.net, Rare allele detector, score<4) of undefined C/WD status were
also uncovered, namely HLA-B*15:01:06 (0.45%) and HLA-B*44:02:01:03 (0.45%).

The HLA-C genotyping uncovered 26 different allelic specificities within 13 allelic families. The most poly-
morphic was HLA-C*07 group with 6 alleles, covering 27.48% of HLA-C allelic variability. Moreover, 50 subjects,
were positive for either HLA-C*07:01:01 G (14.41%) or HLA-C*07:02:01 G (8.11%) allelic variants®’. Nonetheless,
the most common individual HLA-C representative was the HLA-C*04:01:01:01 (13.96%) allele, followed by
HLA-C*02:02:02 (9.46%), HLA-C*12:03:01 (7.21%) and HLA-C*03:03:01 (5.41%). Rare, but well-documented
HLA-C*07:01:09 allele of undefined C/WD status was also found.
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Figure 2. Shematic representation of HLA-A, -B, -C, -DQA1, -DQB1 and -DRB1 gene regions covered by
Omixon Holotype PCR primers are depicted using Exon-Intron Graphic Maker v.4. (http://wormweb.org/
exonintron)”. Start positions of foreward and reverse primers are marked by green and red arrows, respectively.

Class Il allelic frequencies. Detailed analysis of class Il HLA alleles is presented in Table 2. Among class
IT genes, DRB1 exhibited greatest allelic diversity through 40 alleles, of which HLA-DRB1%16:01:01 (13.51%)
and HLA-DRBI*01:01:01 (10.81%) were most commonly present (>10%). Of interest, HLA-DRB1%16:01:01
allele was twice as frequent as the HLA-DRBI*15:01:01 (6.76%), or HLA-DRBI1%*03:01:01:01 (5.41%). Together
with HLA-DRB1*07:01:01 (9.91%) and HLA-DRBI1*11:01:01:01 (4.5%), these 6 DRBI alleles were responsi-
ble for 50.9% of DRB1 allelic variability. Notably, HLA-DRB1*16 (13.96%) and HLA-DRB1*11 (13.5%) were
the most common allelic families in our donor population. One of the DRB1*¥11 family members was a rare
DRB1%11:01:08 allele, spotted only once. The highest individual variability, however, was detected within the
DRB1*#04 allelic group, which was comprised out of 9 different allelic members, together covering 8.11% of DRB1
allelic variability in our population.

The DQALI analysis uncovered 37 individual alleles, most common being HLA-DQA1%*01:02:02 (15.77%),
HLA-DQA1%03:01:01 (7.21%) and HLA-DQA1%*02:01:01:01 (6.76%). The highest allelic diversity was observed
within DQA1*01 and DQA1*05 allelic families, together accounting for 77.47% of DQA1 allelic variability in
our sample population. The most common DQA1*05 representatives were DQA1¥05:01:01.02 (5.41%) and
DQA1*05:05:01:09 (4.5%) alleles. Two rare alleles of undefined C/WD status were also uncovered, namely,
HLA-DQA1%*01:10 and HLA-DQA1%04:01:02:01.

Among 25 different HLA-DQBI alleles observed, the most frequent alleles accounting for 40.99% of DQB1
allelic variability were DQB1%05:02:01:01 (15.77%), DQB1%03:01:01:03 (14.86%) and DQB1%05:01:01:03
(10.36%). These were followed by HLA-DQB1*02:01:01 (7.66%), HLA-DQB1%*03:02:01:01 (7.21%) and
HLA-DQBI1%02:02:01:01 (6.76%) variants. Two most polymorphic allelic families, with at least 5 different allelic
specificities in each, were DQB1*05 and DQB1*06 allelic groups. Of interest, HLA-DQBI1%03:01:01:19 rare allele
of undefined C/WD status was spotted in one donor.
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Figure 3. Heat map of HLA-A~B~C~DRB1~DQA1~DQBI linkage disequilibrium (LD) expressed in terms of
the D’ measure. The upper colour-key represents the range of D’ Bright yellow colours represent lower D’ values,
while dark red colours demonstrate high haplotype LD. R (v3.6.0), packages: gplots, RColorBrewer (http://
www.R-project.org)®®.

Haplotype frequencies. A complete list of predicted three and six locus haplotypes is given in
Supplementary Tables 6-8. In total, 126 HLA-A~C~B haplotypes were observed in our sample popula-
tion (Supplementary Table 6), and the list of 20 most commonly linked allelic combinations (>1%) is availa-
ble in Table 3. Only one HLA-A~C~B haplotype, the ancestral European combination A*01:01:01:01~C*07:
01:01~B*08:01:01, was present in more than 5% of tested individuals. The second, third and fourth most fre-
quent class I haplotypes were A*11:01:01:01~C*04:01:01:01~B*35:01:01 (3.6%) A*03:01:01:01~C*07:02:01~
B*07:02:01 (3.11%) and A*02:01:01~C*06:02:01:01~B*57:01:01:01 (2.7%), respectively. The remaining three-loci
class I haplotypes were observed <5 times in our data set.

The HLA-DRB1~DQA1~DQB1 haplotype diversity is presented in Supplementary Table 7 and those observed >3
times are enlisted in Table 4. Among 75 different haplotypes, DRB1¥16:01:01~DQA1*01:02:02~DQB1%05:02:01:01
(13.51%) was the most frequent in our population. The next high-ranking haplotypes, were DRB1#07:01:01~
DQA1%02:01:01:01~DQB1#02:02:01:01 (5.32%), DRB1%03:01:01:01~ DQA1*05:01:01:02~DQB1%02:01:01 (4.96%),
DRB1#15:01:01~DQA1%01:02:01:01~ DQB1%06:02:01:01 (4.50%) and DRB1#01:01:01~DQA1%01:01:01:01~
DQB1*05:01:01:03 (4.05%).

Of interest, rare DRB1¥01:01:01~DQA1%01:02:01:03~DQB1*05:04, and two tentative
DRB1%*13:01:01:02~DQA1*01:10~DQB1%*06:03:01:01 and DRB1*04:05:01:03~ DQA1%05:05:01:06~DQB1*03:01:01:03
haplotypes (Supplementary Table 8) with no previous entries within the Allele Frequency database so far, were
spotted once.

Among 181 six-loci haplotypes (Supplementary Table 8), 10 appeared in three or more copies (Table 5),
and the most frequent was the ancestral haplotype A*01:01:01:01~C*07:01:01~B*08:01:01~DRB1%03:01:01:01~
DQA1*05:01:01:02~DQB1*02:01:01 (3.6%). Three six-loci combinations (A*02:01:01~C*07:01:0
1~B*18:01:01~ DRB1*11:04:01~DQA1%*05:05:01:09~DQB1*03:01:01:03, A*03:01:01:01~C*07:02:01~
B*07:02:01~DRB1*16:01:01~DQA1%01:02:02~DQB1*05:02:01:01, and A*11:01:01:01~ C*04:01:01:01~
B*35:01:01~DRB1*16:01:01~DQA1%01:02:02~DQB1*05:02:01:01), which have already been reported in Italian
population?, Turkish minority in Germany?’, and Croatian families'®, were also commonly (1.8%) observed.
Haplotypes characteristic for South European populations of Slavic background or admixture were also found",
namely A*02:01:01~C*02:02:02~B*27:02:01:01~DRB1*16:01:02~ DQA1*01:02:02~DQB1*05:02:01:01 (1.8%), and
even more unique A*02:01:01~C*02:02:02~B*27:05:02~DRB1*01:01:01~DQA1*01:01:01:03~DQB1*05:02:01:01
(0.45%), A*02:01:01~C*07:02:01~B*27:05:02~DRB1#01:01:01~ DQA1%01:01:01:01~DQB1*05:01:01:03 (0.45%)
and A*02:01:01~C*07:02:01~ B*27:05:02~DRB1#01:01:01~ DQA1%*01:01:01:03~ DQB1%*03:01:01:03 (0.45%).
Nevertheless, a limited power in identifying low-frequency haplotypes should be noticed in our sample, where
majority of haplotypic combinations were observed only once, and most frequent variants cover only 17.57% of
our population haplotypic diversity.
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Allele HLA-A | n | AF cF Allele HLA-B | n | AF cF Allele HLA-C | n | AF cF
1 A*02:01:01 72 | 3243% | 32.43% | B*51:01:01 19 |8.56% | 8.56% C*04:01:01:01 31 | 13.96% 13.96%
2 A*01:01:01:01 27 | 12.16% | 44.59% | B*08:01:01 18 |8.11% |16.67% | C*07:01:01 25 | 11.26% | 25.23%
3 A*03:01:01:01 26 | 11.71% | 56.31% | B*35:01:01 18 | 8.11% |24.77% | C*02:02:02 21 | 9.46% 34.68%
4 A*24:02:01:01 26 | 11.71% | 68.02% | B*07:02:01 15 | 6.76% | 31.53% | C*07:02:01 18 |8.11% 42.79%
5 A*11:01:01:01 22 1991% 77.93% B*35:03:01 15 | 6.76% | 38.29% C*12:03:01 16 | 7.21% 50.00%
6 A*32:01:01:01 8 3.60% 81.53% | B*18:01:01 12 | 5.41% | 43.69% C*06:02:01:01 15 | 6.76% 56.76%
7 A*23:01:01:01 5 2.25% 83.78% B*15:01:01:01 | 9 4.05% | 47.75% C*03:03:01 12 | 5.41% 62.16%
8 A*25:01:01:01 5 2.25% 86.04% B*27:05:02 9 4.05% | 51.80% C*01:02:01 11 | 4.96% 67.12%
9 A*31:01:02:01 5 2.25% 88.29% B#44:02:01:01 | 9 4.05% | 55.86% C*05:01:01 11 | 4.96% 72.07%
10 | A¥26:01:01:01 4 1.80% 90.09% | B¥27:02:01:01 | 8 3.60% | 59.46% | C*07:04:01 11 | 4.96% 77.03%
11 | A*30:01:01 3 1.35% 91.44% | B*52:01:01 8 3.60% | 63.06% | C*04:01:01:06 9 4.05% 81.08%
12 | A¥68:01:02:02 3 1.35% 92.79% | B¥55:01:01 8 3.60% | 66.67% | C¥12:02:02 8 3.60% 84.69%
13 | A*24:02:01:05 2 0.90% 93.69% | B*57:01:01:01 | 7 3.15% | 69.82% | C*15:02:01:01 7 3.15% 87.84%
14 | A*29:02:01:01 2 0.90% 94.59% | B¥13:02:01:01 | 6 2.70% | 72.52% | C*03:04:01 5 2.25% 90.09%
15 | A*66:01:01:01 2 0.90% 95.50% | B*44:27:01 6 2.70% | 75.23% | C*07:01:02 4 1.80% 91.89%
16 | A*03:01:01:03 1 0.45% 95.95% | B*44:03:01 5 2.25% | 77.48% | C*08:02:01:01 3 1.35% 93.24%
17 | A*03:01:01:05 1 0.45% 96.40% B*15:17:01:01 | 4 1.80% | 79.28% C*14:02:01 3 1.35% 94.60%
18 | A*26:01:01:06 1 0.45% 96.85% B*35:02:01 4 1.80% | 81.08% C*07:18 2 0.90% 95.50%
19 | A*26:08 1 0.45% 97.30% B*38:01:01 4 1.80% | 82.88% C*15:05:02 2 0.90% 96.40%
20 | A*29:01:01:01 1 0.45% 97.75% B*39:01:01 4 1.80% | 84.69% | C*17:03:01 2 0.90% 97.30%
21 | A¥31:01:02:04 1 0.45% 98.20% | B*14:02:01:01 |3 1.35% | 86.04% | C*03:02:02:01 1 0.45% 97.75%
22 | A*33:01:01:01 1 0.45% 98.65% | B*40:01:02 3 1.35% | 87.39% | C*03:04:02 1 0.45% 98.20%
23 | A*33:03:01:02 1 0.45% 99.10% B*40:02:01 3 1.35% | 88.74% C*06:02:01:02 1 0.45% 98.65%
24 | A*68:01:01:02 1 0.45% 99.55% | B¥41:02:01 3 1.35% | 90.09% | C*07:01:09 1 0.45% 99.10%
25 | A*68:02:01:01 1 0.45% 100.00% | B*58:01:01 3 1.35% |91.44% | C*16:01:01 1 0.45% 99.55%
26 B*18:03 2 0.90% | 92.34% | C*16:02:01 1 0.45% 100.00%
27 B*35:08:01:01 |2 0.90% | 93.24%
28 B*37:01:01:01 | 2 0.90% | 94.14%
29 B*49:01:01 2 0.90% | 95.05%
30 B*56:01:01 2 0.90% | 95.95%
31 B*07:05:01 1 0.45% | 96.40%
32 B*07:06:01 1 0.45% | 96.85%
33 B*15:01:06 1 0.45% | 97.30%
34 B*15:10:01 1 0.45% | 97.75%
35 B*27:02:01:04 | 1 0.45% | 98.20%
36 B*44:02:01:03 | 1 0.45% | 98.65%
37 B*44:05:01 1 0.45% | 99.10%
38 B*50:01:01:01 | 1 0.45% | 99.55%
39 B*54:01:01 1 0.45% | 100.00%

Table 1. HLA-A, HLA-B and HLA-C allele (AF) and cumulative frequencies (cF) in the sample of 111
unrelated blood donor volunteers from East Croatia.

Discussion

This study represents the first report of HLA diversity in an east Croatian population of healthy blood donors,
as studied by the next generation sequencing of 6 HLA genes, providing extensive exon/intron coverage with
minimum ambiguity. For the first time, the allele frequencies and the extended six gene haplotypes of Croats were
examined at the 4-field resolution level and compared to the largest repository of HLA class I and class II data in
Croatia, the Croatian bone marrow donor registry (CBMDR).

The comparison of HLA-A allele frequencies between our and CBMDR inventory did not reveal significant
differences, and the ranking hierarchy of the most common A*02:01:01, A*01:01:01:01, A*03:01:01:01, and
A*24:01:01:01 alleles was also the same. Greater differences in frequency rate between general and east Croatian
population were, however, noticed among HLA-B allelic variants. The HLA-B*51:01 allelic group was the most
frequent in both general and east Croatian cohort, but the frequency rank of the remaining HLA-B allelic variants
was different, which was particularly evident for our 6" ranking B*18:01 allele group, previously reported as
the 2" most frequent allelic variant in the CBMDR (8.16%)” and one Croatian family study (8.27%)'®. Among
five different B*18 alleles detected in the Croats so far*®, we observed only two, the B*¥18:01:01 (5.14%) and
the B*18:03 (0.90%), resulting in a B*18:01 distribution closer to those reported in Armenians®’, Germans®,
Austrian and the Turkish minority in Germany®’, Bulgarian Roma individuals®!, and Iranian Kurds®2. Moreover,
the frequency of the 2°¢ most common HLA-B allelic group in our cohort, the HLA-B*35:01 (8.11%, ranked
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Alelle HLA-DRB1 n AF cF Allele HLA-DQA1 n AF cF Allele HLA-DQB1 n AF cF
1 DRBI1*#16:01:01 30 13.51% 13.51% DQA1%*01:02:02 35 15.77% 15.77% DQB1%05:02:01:01 35 15.77% 15.77%
2 DRBI1*#01:01:01 24 10.81% 24.32% DQA1%03:01:01 16 7.21% 22.97% DQB1*03:01:01:03 33 14.86% 30.63%
3 DRB1%#07:01:01 22 9.91% 34.23% DQA1%02:01:01:01 15 6.76% 29.73% DQB1%05:01:01:03 23 10.36% 40.99%
4 DRBI1*#15:01:01 15 6.76% 40.99% DQA1%01:03:01:02 13 5.86% 35.59% DQB1*#02:01:01 17 7.66% 48.65%
5 DRB1%#03:01:01:01 12 5.41% 46.40% DQA1%05:01:01:02 12 5.41% 40.99% DQB1%03:02:01:01 16 7.21% 55.86%
6 DRBI1*#11:01:01:01 10 4.50% 50.90% DQA1%01:02:01:01 10 4.50% 45.50% DQB1%02:02:01:01 15 6.76% 62.61%
7 DRB1%#11:04:01 10 4.50% 55.41% DQA1%*05:05:01:09 10 4.50% 50.00% DQB1#05:03:01 13 5.86% 68.47%
8 DRB1%#14:54:01:02 9 4.05% 59.46% DQA1*01:01:01:01 9 4.05% 54.05% DQB1%06:02:01:01 13 5.86% 74.32%
9 DRBI1%#08:01:01 8 3.60% 63.06% DQA1*05:05:01:04 9 4.05% 58.11% DQB1*06:03:01:01 13 5.86% 80.18%
10 DRB1%¥13:01:01:02 8 3.60% 66.67% DQA1*01:01:01:03 7 3.15% 61.26% DQB1%03:03:02:01 7 3.15% 83.33%
11 DRB1%#13:01:01:01 7 3.15% 69.82% DQA1*01:03:01:01 7 3.15% 64.41% DQB1*04:02:01:01 7 3.15% 86.49%
12 DRB1%¥15:02:01:01 7 3.15% 72.97% DQA1%02:01:01:02 7 3.15% 67.57% DQB1*06:01:01/15 7 3.15% 89.64%
13 DRB1*#11:01:01:03 6 2.70% 75.68% DQA1*01:04:01:01 6 2.70% 70.27% DQB1*06:04:01 4 1.80% 91.44%
14 DRB1%¥13:02:01:02 5 2.25% 77.93% DQA1%05:05:01:01 6 2.70% 72.97% DQB1%03:01:01:05 3 1.35% 92.79%
15 DRB1%#03:01:01:03 4 1.80% 79.73% DQA1%01:02:01:04 5 2.25% 75.23% DQB1*05:01:01:05 3 1.35% 94.14%
16 DRB1%04:01:01:03 3 1.35% 81.08% DQA1%01:04:01:02 5 2.25% 77.48% DQB1*06:03:01:02 3 1.35% 95.50%
17 DRB1%#04:02:01 3 1.35% 82.43% DQA1*05:01:01:03 5 2.25% 79.73% DQB1*03:03:02:02 2 0.90% 96.40%
18 DRB1%04:03:01:01 3 1.35% 83.78% DQA1*01:01:01:02 4 1.80% 81.53% DQB1#*03:01:01:01 1 0.45% 96.85%
19 DRB1%¥10:01:01:03 3 1.35% 85.14% DQA1%#01:05:01 4 1.80% 83.33% DQB1*03:01:01:02 1 0.45% 97.30%
20 DRB1*11:03:01 3 1.35% 86.49% DQA1*04:01:01:03 4 1.80% 85.14% DQB1#*03:01:01:10 1 0.45% 97.75%
21 DRB1%¥12:01:01/12:10 3 1.35% 87.84% DQA1%#05:05:01:02 4 1.80% 86.94% DQB1*03:01:01:19 1 0.45% 98.20%
22 DRBI1%#13:03:01 3 1.35% 89.19% DQA1%*05:05:01:05 4 1.80% 88.74% DQB1%03:02:01:02 1 0.45% 98.65%
23 DRBI1%#04:01:01:01 2 0.90% 90.09% DQA1*01:01:01:05 3 1.35% 90.09% DQB1*05:01:01:01 1 0.45% 99.10%
24 DRB1%#04:05:01:03 2 0.90% 90.99% DQA1%*01:02:01:05 3 1.35% 91.44% DQB1%#05:01:01:02 1 0.45% 99.55%
25 DRB1%#04:08:01 2 0.90% 91.89% DQA1%03:03:01:01 3 1.35% 92.79% DQB1*05:04 1 0.45% 100.00%
26 DRB1%#09:01:02 2 0.90% 92.79% DQA1%03:02:01:01 2 0.90% 93.69%
27 DRB1%#14:01:01 2 0.90% 93.69% DQA1%04:02 2 0.90% 94.60%
28 DRB1%#16:02:01:02 2 0.90% 94.60% DQA1%*05:05:01:06 2 0.90% 95.50%
29 DRBI1%#01:02:01 1 0.45% 95.05% DQA1%05:05:01:08 2 0.90% 96.40%
30 DRB1%03:01:01:02 1 0.45% 95.50% DQA1*01:01:02 1 0.45% 96.85%
31 DRB1%#04:01:01:02 1 0.45% 95.95% DQA1%01:02:01:03 1 0.45% 97.30%
32 DRB1%04:04:01 1 0.45% 96.40% DQA1%01:03:01:06 1 0.45% 97.75%
33 DRB1%#04:15 1 0.45% 96.85% DQA1*01:04:01:03 1 0.45% 98.20%
34 DRB1%#08:04:01 1 0.45% 97.30% DQA1*01:04:01:04 1 0.45% 98.65%
35 DRB1%¥10:01:01:01 1 0.45% 97.75% DQA1*01:10 1 0.45% 99.10%
36 DRB1%#11:01:08 1 0.45% 98.20% DQA1*04:01:02:01 1 0.45% 99.55%
37 DRB1%¥13:05:01 1 0.45% 98.65% DQA1%#05:05:01:03 1 0.45% 100.00%
38 DRB1%14:05:01:02 1 0.45% 99.10%
39 DRB1%#14:54:01:01 1 0.45% 99.55%
40 DRB1%#16:01:02 1 0.45% 100.00%

Table 2. HLA-DRBI, HLA-DQA1 and HLA-DQBI allele (AF) and cumulative frequencies (cF) in the sample
of 111 unrelated blood donor volunteers from East Croatia.

5% in the CBMDR), was more similar to those observed in Turks?, Serbians’, and Italians?’. A strong influ-
ence of south-eastern European populations on the HLA makeup of eastern Croats was further supported by
the high prevalence of the HLA-B*27:02:01:01 variant, which fits well into the B*27:02 frequency gradient
diminishing from the Middle East towards the Central and West European countries. In support, the observed
B*27:02:01:01 frequency (3.6%) seems to be in close agreement with the B¥27:02 cline extending across the
south-eastern Tunisian (5.8%)**, Bulgarian (4.6%)**, CBMDR (2.14%)"7, Czech (1.9%)’, and Polish (1.5%)*® pop-
ulations. The B*44:27:01 allele, an east European marker considered a rare variant according to the “Rare Alleles
Detector” tool’, was also noticed in our cohort at a relatively high frequency (2.7%), contrasting observations
from Croatian HSCT patients (1.18%)"?, Czech National Marrow Donors Registry (0.69%)°, as well as Polish
(0.8%)%, English (0.19%)°¢, and Argentinian blood donors (0.07%)%. As minor allele within the functionally
identical B¥44:02 G group, the B¥44:27 variant has been reported at a relative ratio frequency of >5% among
the B*44:02:01G-positive Bulgarian (36.82%), Hungarian (9.4%), Slovenian (25.60%) and Portuguese (6.17%)
individuals®. In our sample, the B#44:27:01 relative ratio frequency within the B*44:02:01G-positive individuals
(37.5%) sets the local estimate at the upper boundary.

Several ranking differences were detected between the general Croatian and our population at the HLA-C
loci as well. The 1 (C*07:01, AF=21.77%), and the 2" (C*04:01, AF = 15.59%) highest ranking alleles from
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HLA-A~B~C Observed (n) | HF cF

1. A*01:01:01:01 B*08:01:01 C*07:01:01 15.00 6.76% 6.76%

2. A*11:01:01:01 B*35:01:01 C*04:01:01:01 8.00 3.60% 10.36%
3. A*03:01:01:01 B*07:02:01 C*07:02:01 6.89 3.11% 13.47%
4. A*02:01:01 B*57:01:01:01 C*06:02:01:01 6.00 2.70% 16.17%
5. A*02:01:01 B*27:02:01:01 C*02:02:02 5.00 2.25% 18.42%
6. A*02:01:01 B*35:01:01 C*04:01:01:06 5.00 2.25% 20.67%
7. A*02:01:01 B*35:03:01 C*04:01:01:01 5.00 2.25% 22.93%
8. A*02:01:01 B*44:02:01:01 C*05:01:01 5.00 2.25% 25.18%
9. A*03:01:01:01 B*35:03:01 C*04:01:01:01 5.00 2.25% 27.43%
10. | A*02:01:01 B*44:27:01 C*07:04:01 4.00 1.80% 29.23%
11. | A*11:01:01:01 B*52:01:01 C*12:02:02 4.00 1.80% 31.03%
12. | A*02:01:01 B*27:05:02 C*02:02:02 3.89 1.75% 32.79%
13. | A*02:01:01 B*18:01:01 C*07:01:01 3.00 1.35% 34.14%
14. | A*02:01:01 B*52:01:01 C*12:02:02 3.00 1.35% 35.49%
15. | A*03:01:01:01 B*15:01:01:01 C*07:04:01 3.00 1.35% 36.84%
16. | A*23:01:01:01 B*44:03:01 C*04:01:01:01 3.00 1.35% 38.19%
17. | A*24:02:01:01 B*13:02:01:01 C*06:02:01:01 3.00 1.35% 39.54%
18. | A*24:02:01:01 B*35:02:01 C*04:01:01:06 3.00 1.35% 40.90%
19. | A*24:02:01:01 B*51:01:01 C*15:02:01:01 3.00 1.35% 42.25%
20. | A*02:01:01 B*07:02:01 C*07:02:01 2.88 1.30% 43.54%

Table 3. The most frequent (>1%) HLA~A~B~C haplotypes in East Croatia blood donor volunteers (n=111).

No. | HLA-DQA1~DQB1~DRB1 Observed (n) | HF cF

1. DQA1*01:02:02 DQB1#*05:02:01:01 | DRB1#16:01:01 30.00 13.51% 13.51%
2. DQA1%02:01:01:01 | DQB1*02:02:01:01 | DRB1*07:01:01 11.82 5.32% 18.84%
3. DQA1*05:01:01:02 | DQB1*02:01:01 DRB1#03:01:01:01 | 11.00 4.96% 23.79%
4. DQA1%*01:02:01:01 | DQB1%06:02:01:01 | DRB1*15:01:01 10.00 4.50% 28.30%
5. DQA1*01:01:01:01 | DQB1*05:01:01:03 | DRB1*01:01:01 9.00 4.05% 32.35%
6. DQA1%*01:01:01:03 | DQB1%*05:01:01:03 | DRB1*01:01:01 7.00 3.15% 35.50%
7. DQA1*01:03:01:01 | DQB1*06:01:01/15 | DRB1*15:02:01:01 | 7.00 3.15% 38.66%
8. DQA1%*01:03:01:02 | DQB1%#06:03:01:01 | DRB1*13:01:01:01 | 7.00 3.15% 41.81%
9. DQA1%01:04:01:01 | DQB1*05:03:01 DRB1%14:54:01:02 | 6.00 2.70% 44.51%
10. DQA1*05:05:01:09 | DQB1*03:01:01:03 | DRB1*11:04:01 5.00 2.25% 46.76%
11. DQA1%01:01:01:02 | DQB1*05:01:01:03 | DRB1*01:01:01 4.00 1.80% 48.57%
12. DQA1*01:02:01:04 | DQB1*06:04:01 DRB1%#13:02:01:02 | 4.00 1.80% 50.37%
13. DQA1%*01:03:01:02 | DQB1%#06:03:01:01 | DRB1*13:01:01:02 | 4.00 1.80% 52.17%
14. DQA1*04:01:01:03 | DQB1*04:02:01:01 | DRB1*08:01:01 4.00 1.80% 53.97%
15. DQA1%*05:01:01:03 | DQB1%*02:01:01 DRB1%#03:01:01:03 | 4.00 1.80% 55.77%
16. DQA1%02:01:01:02 | DQB1*03:03:02:01 | DRB1*07:01:01 3.82 1.72% 57.49%
17. DQA1%*02:01:01:01 | DQB1%03:03:02:01 | DRB1*07:01:01 3.18 1.43% 58.93%
18. DQA1%02:01:01:02 | DQB1*02:02:01:01 | DRB1*07:01:01 3.18 1.43% 60.36%
19. DQA1*01:01:01:05 | DQB1*05:01:01:03 | DRB1*01:01:01 3.00 1.35% 61.71%
20. DQA1%01:02:01:05 | DQB1*06:02:01:01 | DRB1*¥15:01:01 3.00 1.35% 63.06%
21. DQA1*03:01:01 DQB1#*03:02:01:01 | DRB1#04:01:01:03 | 3.00 1.35% 64.41%
22. DQA1%*03:01:01 DQB1*03:02:01:01 | DRB1%*04:02:01 3.00 1.35% 65.77%
23. DQA1*03:01:01 DQB1*03:02:01:01 | DRB1#04:03:01:01 | 3.00 1.35% 67.12%
24. DQA1%*05:05:01:02 | DQB1*03:01:01:03 | DRB1*11:01:01:01 | 3.00 1.35% 68.47%
25. DQA1*05:05:01:04 | DQB1*03:01:01:03 | DRB1*11:01:01:01 | 3.00 1.35% 69.82%
26. DQA1%*05:05:01:05 | DQB1%03:01:01:03 | DRB1*13:03:01 3.00 1.35% 71.17%
27. DQA1*05:05:01:09 | DQB1*03:01:01:03 | DRB1*¥11:01:01:03 | 3.00 1.35% 72.52%

Table 4. The most frequent (>1%) HLA-DQA1~DQB1~DRB1 haplotypes in East Croatia blood donor

volunteers (n=111).
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No. HLA-A~B~C~DQA1~DQB1~DRB1 n HF cF

1 A*01:01:01:01 B*08:01:01 C*07:01:01 DQA1%05:01:01:02 DQB1#02:01:01 DRB1%03:01:01:01 8.00 3.60% 3.60%
2 A*02:01:01 B*18:01:01 C*07:01:01 DQA1%05:05:01:09 DQB1%03:01:01:03 DRB1%11:04:01 4.00 1.80% 5.41%
3 A*02:01:01 B*27:02:01:01 C*02:02:02 DQA1%01:02:02 DQB1%05:02:01:01 DRB1%#16:01:01 4.00 1.80% 7.21%
4 A*03:01:01:01 B*07:02:01 C*07:02:01 DQA1%01:02:02 DQB1%05:02:01:01 DRB1%16:01:01 4.00 1.80% 9.01%
5 A*11:01:01:01 B*35:01:01 C*04:01:01:01 DQA1%01:02:02 DQB1*05:02:01:01 DRB1%#16:01:01 4.00 1.80% 10.81%
6 A*02:01:01 B*13:02:01:01 C*06:02:01:01 DQA1%02:01:01:01 DQB1%02:02:01:01 DRB1%07:01:01 3.00 1.35% 12.16%
7 A*02:01:01 B*44:27:01 C*07:04:01 DQA1*01:02:02 DQB1*05:02:01:01 DRB1%#16:01:01 3.00 1.35% 13.51%
8 A*02:01:01 B*52:01:01 C*12:02:02 DQA1%01:03:01:01 DQB1*06:01:01/15 DRB1%15:02:01:01 3.00 1.35% 14.87%
9 A*11:01:01:01 B*35:01:01 C*04:01:01:01 DQA1%01:01:01:01 DQB1*05:01:01:03 DRB1%01:01:01 3.00 1.35% 16.22%
10 A*24:02:01:01 B*13:02:01:01 C*06:02:01:01 DQA1%02:01:01:01 DQB1%02:02:01:01 DRB1%07:01:01 3.00 1.35% 17.57%

Table 5. HLA-A~B~C~DRB1~DQA1~DQBI extended haplotypes with estimated haplotype (HF) and
cumulative frequency (cF) of 1% or more in East Croatian blood donor volunteers (n=111).

the CBMDR inventory were ranked 2" (14.41%) and 1°* (18.01%) in east Croatian blood donors, respectively.
The ranking sequence in our cohort continued with C*02:02:02 (9.46%), and C*07:02:01 (8.11%) allele group,
which have been deemed 4™ and 5% highest ranking alleles in the CBMRD. Overall, the ranking hierarchy of
HLA-C allele groups in our sample was more similar to the one reported for Greece, and the Turkish minority in
Germany?.

Compared to class I, class II loci exhibited a higher level of heterozygosity at the 4-field level (molecular
variation in introns and UTR regions), allowing us to see three or more different allelic variants within the par-
ticular 3-field G allelic group. For instance, the highest allelic variability was found within the DQA1*05:05:01 G
(8 different alleles), DQA1*01:01:01 G (5), DQA1*01:02:01 G (5), DQA1*01:04:01 G (5), DQB1*03:01:01 G
(6) and DQB1*05:01:01 G (4), whereas up to 3 allelic variants were revealed within the DRB1*03:01:01 G,
DRB1*04:01:01 G, DRB1#11:01:01 G and DQA1%*03:01:01 G group®’.

Compared to Croatian general population and neighbouring nations, the frequency and order of DRB1*16:01
(13.96%) and DRB1#03:01 (7.66%), the 1* and 5" most common DRBI allele groups in our cohort, were
opposite to CBMDR allelic hierarchy (9.41% (4™) and 10.01% (1), respectively), but similar to East European
(Bulgaria 15.5%, 8.18%, respectively)**, and Mediterranean populations (Macedonia 14.9%, 6.7% and Greece
11.5%, 6.5%, respectively)**~#!. At the same time, the frequency ratio of DRB1%*11:01:01:01 and DRB1%¥11:04:01
alleles in our sample was in concordance with the CBMDR data, confirming equal frequency rate of these two
alleles across Croatia, in contrast to higher DRB1¥11:01 prevalence in the north, and DRB1¥11:04 in the south
of Europe'’. In line with the high prevalence and LD patterns of DRB1¥16:01:01, DQA1%*01:02:02 (15.77%)
and DQB1*05:02:01:01 (15.77%) alleles were the most commonly observed DQA1 and DQB1 variants at the
4-field level among east Croatian blood donors. However, looking at the 2-field level, DQA1*01:02 (24.32%),
DQA1%#05:05 (17.1%) and DQB1*03:01 (18.01%) allelic families were found at a higher frequency, emphasizing
significant allelic heterogeneity within the particular allelic group. The most striking observation was a high fre-
quency of the DQA1%05:05 allele (17.1%), a common South-European allelic variant (EFI CWD catalogue v.1.0.)
that has been reported at much lower frequency only in the autochthonous Croatian population from the Gorski
Kotar (2.4%)?, but not in the CBMDR database. Thus far, the DQA1*05:05 allele has been reported for a handful
of European populations’, and the frequency observed in our cohort is currently surpassed only by the prevalence
observed among Czechs (20.6%)*, north Italians (30.5%)° and Greeks (32.5%)*. Additional differences at the
DQBI locus were noticed after comparing DQB1*05:02 and DQB1*02:01 frequencies, with DQB1*05:02 being
more prevalent in eastern (east vs. general CRO; 15.77% vs. 8.53%) and DQB1%¥02:01 in general Croatian popu-
lation (east vs. general CRO; 7.66 vs. 12.94%), partly reflecting a positive, North-West to South-East gradient of
DQBI1*05:02 frequencies. In contrast, an inverse distribution was observed for DQB1*02:01 across Europe, with
the highest DQB1*05:02 and DQB1*02:01 prevalence observed in Greeks (19.8%)** and Englishmen (33%)*,
respectively.

The haplotype distribution in our cohort is in close agreement with previously reported class I and class
II associations in CBMDR and Croatian families, with few interesting differences found in our population
of eastern Croats. Next to the pan-European (A*01:01:01:01~C*07:01:01~B*08:01:01~DRB1*03:01:01:01~
DQA1%*05:01:01:02~DQB1#02:01:01) and Mediterranean (A*02:01:01~C*07:01:01~B*18:01:01~
DRB1%#11:04:01~DQA1%05:05:01:09~DQB1*03:01:01:03) haplotypes, two notable exceptions were extended
A*03:01~C*07:02~B*07:02~DRB1#16:01 and A*11:01~B*35:01~C*04:01~DRB1*16:01 variants, both com-
monly observed in Macedonian families?, as well as Austrian, Croatian, Bosnian-Herzegovinian, Italian,
Romanian, Greek and Turkish minority in Germany?, but not in the CBMDR" or Croatian family study'®
(Table 5), where A*03:01~B*07:02 was more frequently found with DRB1*15:01, and A*11:01~B*35:01
with DRB1*#01:01. Moreover, DRB1*¥11:01, -*11:04, -*12:01 and -*13:03 alleles were more frequently asso-
ciated with DQA1*05:01~DQB1%03:01 haplotype in general, but not east Croatian population, where
above-mentioned DRBI alleles were in strong linkage disequilibrium with DQA1*05:05~DQB1%03:01 com-
bination (Supplementary Table 8). Similar linkage patterns were, however, noticed by comparing extended
A*02:01~B*27:02~C*02:02~ DRB1*16:01~DQA1#01:02~DQB1*05:02 (1.8%) and A*02:01~B*27:05~C*02:02~
DRB1*#01:01~DQA1*01:01~DQB1%05:02 (0.45%) haplotypes with the CBMDR and Southeast European haplo-
type inventory available from the German Bone Marrow Donor Registry (DKMS)*. Compared to our database,
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the A*02:01~B*27:02~C*02:02~DRB1*16:01 haplotype was more frequent only in Bulgarians (2.73%), but
more similar to CBMDR (0.74%)"7, Polish (1%), Bosnian and Herzegovinian (0.9%), and Croatian (0.834%)
minority in Germany®.

The A*02:01~B*27:05~C*02:02~DRB1*01:01, was observed at lower frequency in Polish (0.27%),
Austrian (0.12%), Bosnian and Herzegovinian (0.065%), Greek (0.026%) and Romanian (0.067%) minor-
ity in DKMS?°, compared to CBMDR (0.85%) and our cohort (0.45%), possibly supporting local ori-
gin of this haplotype. Moreover, it was interesting to see a relatively high prevalence of the extended
A*02:01~B*44:27~C*07:04~DQA1*01:02~DQB1*05:02~DRB1*16:01 (1.35%) haplotype, for whom there is no
population data in Allele Frequency Net database. Recent study performed in B*44-positive Croatian subjects
reported a very strong and almost exclusive linkage disequilibrium between B*44:27 and C*07:04 alleles, whereas
B*44:02, -*44:03 and -*44:05 were more commonly seen in association with C¥05:01, -*04:01 and -*02:02, respec-
tively?”. This is in complete agreement with the B*44 extended haplotypes found in our cohort [A*02:01:01~B*4
4:02:01:01~C*05:01:01~DRB1*13:01:01:01 (0.9%), A*23:01:01:01~B*44:03:01~C*04:01:01:01~DRB1*07:01:01
(1.35%), and A*02:01:01~B*44:05:01~C*02:02:02~DRB1*01:01:01 (0.45%)]. Our data further coincided with the
DKMS reports on the A*24:02~C*15:02~B*51:01~ DRB1¥16:01~DQB1*05:02 and A*24:02~C*06:02~B*13:02
~DRB1*07:01~DQB1*02:02 haplotype frequency in Croatian, Greece, Bosnian and Herzegovinian and Polish
minority in Germany?®. In addition, several extended variants of common Mediterranean and Southeastern
European haplotypes were also observed in our population; but at a lower frequency; namely the A*02:01:01:
01~C*12:03:01~B*51:01:01~DRB1*11:01:01:01 ~DQB1*03:01:01:03 (0.45%) and A*24:02:01:01~C*04:01:01:0
6~B*35:02:01~ DRB1*11:04:01~DQB1%*03:01:01:02 (0.45%), which were most frequent in Greece*!, Albania“®,
Italian and Turkish minority in DKMS? (reduced haplotype variant); and the A*02:01:01~C*02:02:01~B*51:01:
01~DRB1%#13:01:01:01~DQB1%¥03:01:01:19 (0.45%) variant, most frequently found in Bulgarians (reduced haplo-
type variant)*. Significant influence of Central and Western European countries on the east Croatian HLA profile
is nonetheless also evident through higher prevalence of two extended, common European haplotypes, the A*1
1:01:01:01~C*04:01:01:01~B*35:01:01~DRB1#01:01:01~ DQA1*01:01:01:01~DQB1*05:01:01:03 (1,35%) and
A*02:01:01~C*06:02:01:01~ B*13:02:01:01~DRB1*07:01:01~DQA1%02:01:01:01~DQB1*02:02:01:01 (1.35%),
which occur at similar frequency in Swedish’, Polish*>, CBMDR’, Austrian, Italian and the Portuguese minority
population from the DKMS inventory?.

In conclusion, the present study provides an in-depth characterisation of HLA diversity in eastern Croats,
revealing distinctive allele and haplotype detail consistent with the complex population history of the studied
geographic region. The data complement and refine the existing estimates of HLA diversity in the Croatian popu-
lation, increase population and geographic coverage by NGS data, and add granularity to clinically and genetically
relevant HLA data. The study represents a useful reference for population and HLA-disease association studies;
however, larger sample size and sequence coverage, particularly for the DQB1 and DRB1 genes, remain a prereq-
uisite for the future studies.

Materials and Methods

Subjects. The study collection consisted of 120 healthy, unrelated, blood donor volunteers (34 female, 86
male, 20-61 years of age, median age 36 years) originating from five eastern Croatia counties; Osijek-Baranja
county (n=80), Vukovar-Srijem county (n=22), Brod-Posavina county (n=9) Pozega-Slavonia county (n=4)
and Virovitica-Podravina county (n=5). All participants were recruited during voluntary blood donations in
county Red Cross branches or at the Clinical Institute of Transfusion Medicine, Osijek University Hospital. Prior
to the blood sampling, completed health questionnaire forms were collected from all donors, to select individu-
als with no personal of family history of various autoimmune and cardiovascular diseases, stroke or carcinoma.
Informed consent in written form was collected from all subjects. All investigations were conducted in accord-
ance with the 1964 Declaration of Helsinki and subsequent legal instruments. Ethical approval was provided by
the University Hospital Osijek Ethics Committtee (No. 25-1:831-3/2015).

DNA extraction and quantification. Genomic DNA was extracted from 200 pl peripheral blood samples
mixed with EDTA, using High Pure PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany)
according to the instructions in the manufacturer leaflet. Quantity and quality of isolated genetic material was
verified by OD,4,/OD,gy > 1.8 and OD,4,/OD,;, > 1.6 measurements performed on IMPLEN NanoPhotometer
P-Class P-330 (IMPLEN GmbH, Munich, Germany).

Long-range PCR amplification, pooling and clean-up of PCR products. HLA genotypes for HLA-A,
-B,-C, -DRBI, -DQA1, and -DQBI loci were determined using high-resolution Omixon Holotype HLA 96/7 and
24/7 (Omixon Biocomputing Ltd, Budapest, Hungary) configuration kits on Illumina MiSeq next-generation
sequencing platform. The Omixon Holotype PCR primers allowed amplification of the entire HLA-A (5'UTR
nucleotide position: —78; 3'UTR nucleotide position: 3081), -B (5'UTR: —35; 3'UTR: 2680), -C (5'UTR: —122;
3'UTR: 2915), and -DQA1 (5’UTR: —281; 3'UTR: 5750) loci. Class II sequence analysis evaluated nucleotides
from intron 1 to 3’ UTR of HLA-DQBI (intron 1: 645; 3'UTR: 6469), whereas ~-DRB1 locus was sequenced
from intron 1 (nucleotide position 4753) to intron 4 (nucleotide position 9135) (Fig. 2). The HLA genotyping
workflow was initiated by long-range PCR amplification of class I and class I HLA loci in a separate, sample and
locus specific 25 ul reactions, comprising 2.5 ul of PCR buffer, 1.25 ul of ANTP mix, 2 ul of locus specific primers,
0.4pl of LR PCR enzyme, and 5 ul of genomic DNA (230 ng/pl). Combined DQB1 enhancer (5.6 ul/sample) was
added to the DQB1 master mix only. The conditions for class I gene amplification on Mastercycler nexus thermal
cycler (Eppendorf, Hamburg, Germany) were set as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for
155, 65°C for 30s and 68 °C for 5min, and a final incubation at 68 °C for 10 min. For class II genes, the conditions
were: 95°C for 3 min, 35 cycles of 93°C for 155, 60 °C for 30's and 68 °C for 9 min, followed by final extension at
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68°C for 10 min. Amplicon size was validated by 2% agarose gel electrophoresis and DNA quantitated on EnSpire
Multimode plate reader (PerkinElmer, Waltham, MA, USA) using QuantiFluor fluorescent dsDNA staining sys-
tem (Promega, Madison, Wisconsin, USA). All six amplicons from one individual sample were pooled into a final
35ul volume on a fresh 96-well PCR plate, and purified from residual primers and unincorporated nucleotides
with the use of ExoSAP-iT enzyme mix (Affymetrix Inc., Santa Clara, CA, USA).

Library construction, normalisation and sequencing on MiSeq. Library preparation, in the next
few steps, included fragmentation of each six-locus amplicon pool, fragment end repair and ligation with
sample-specific indexed adaptors. Equal aliquots of indexed sample-specific libraries were subsequently com-
bined into a 900 ul pooled library volume and mixed with 900 pl of the AMPure XP beads (Beckman Coulter,
Beverly, Massachusetts, USA) to carry out magnetic bead-based library cleanup. Pooled library fragments ranging
between 650 and 1300 bps in size were subsequently selected on Pippin Prep instrument (Sage Science, Beverly,
Massachusetts, USA). The concentration of the size selected library was determined on LightCycler 480 II (Roche
Diagnostics, Mannheim, Germany) real-time PCR instrument using KAPA Sybr Fast qPCR Master Mix (KAPA
Biosystems, Boston, Massachusetts, USA) and DNA standards ranging from 0.02 pM to 20 pM concentrations.
Prior to sequencing, library was diluted to a 2nM concentration, loaded on a MiSeq flow cell (Illumina, San
Diego, CA, USA) and sequenced in a single 500 cycle (V2) paired-end sequencing run. Collected reads were
exported in fastq format and analysed with the Omixon Twin software v3.0.0. and the IPD-IMGT/HLA database
Release 3.30.0_5 (November 2017).

Data analysis. The best matching alleles were selected according to the alignment statistics (described in sec-
tion 4.6), and homology to alleles available in the IMGT/HLA 3.30.0_5 database®’. If more than one allele call was
available for a specific locus, the ambiguity was resolved by re-analysis of increased number of reads processed
from the input files. The remaining ambiguous allele calls (presented in Supplementary Table 1) were referenced
against the “Omixon Holotype HLA and Omixon HLA Twin known product limitations” (missing data on SNPs
or INDEL variations within the unsequenced 3’ UTR, 5/ UTR and intron 1/exon 1 regions), and were hence
reported as ambiguous (i.e. DQB1*06:01:01/15) or up to the third field level only (i.e. DQB1*05:03:01). The
Common and Well-Documented (CWD) allele catalogue (version 2.0.), and “Rare Allele Detector” tool (www.
allelefrequencies.net), were used for the identification of rare HLA alleles. Nine out of 120 samples were excluded
from this study due to Omixon Twin quality control failure. HLA-A, -B, -C, DRB1, -DQA1, -and -DQB1 loci were
successfully sequenced in all remaining samples (n=111).

Quality control (QC) metrics. The Omixon Twin software combines statistical alignment and de novo
assembly algorithms for robust allele calling. The default minimum number of reads required for reliable locus
mapping was set at >2500 for class I, and >5000 for class II loci. A read length of 200bp or greater was a prereq-
uisite for passing QC criteria, and together with additional quality metrics (read quality, noise ratio, consensus
phasing, allele imbalance, crossmapping reads, mismatch count) assured the accuracy and confidence of allele
assignments. The minimum exon/intron coverage threshold supporting the consensus sequence at the weakest
position was set at >30 reads.

Statistics. Allelic frequencies were determined by direct counting. Arlequin version 3.5.2.2%° was used
to calculate expected and observed heterozygosity, exact deviations from Hardy-Weinberg equilibrium (a
modified version of the Markov-chain random walk algorithm described by Guo and Thomson, 10° steps in
Markov chain, 10° dememorization steps)®’, and maximum-likelihood haplotype frequencies (an iterative
Expectation-Maximization algorithm, convergence criterion € = 107, maximum number of iterations = 1000,
50 random initial conditions)®'. A series of linkage disequilibrium (LD) measures (D'***?, Wn>*) was provided for
each pair of loci by using the Pypop 0.7.0 software®. The empirical P-values were obtained by permutation testing
(1000 randomizations).
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