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Uvod

Monogenni a komplexni dédi¢nost u primarnich imunodeficienci

PFicinou monogennich poruch je defekt jednoho genu, ktery zdsadnim zplsobem postihuje nékterou
komponentu nebo funkéni drahu v rdmci imunitniho systému a ktery také dominuje klinickému
a/nebo laboratornimu obrazu onemocnéni. Ostatni genetické a vnéjsi faktory se uplatiiuji v mensi
mire, presto mohou vyznamné modifikovat klinickou manifestaci onemocnéni, a tak i v pfipadé
monogennich onemocnéni se mlizZeme setkat s celou $kalou rozlicnych fenotypovych projeva.
Naprosta vétsina primarnich imunodeficienci (PID; primary immunodeficiencies) patfi mezi

monogenni choroby (Al-Herz et al., 2014).

Na fenotypu komplexnich imunopatologickych stavi se podili vice gend kédujicich jednotlivé slozky
imunitniho systému nebo pfislusné regulaéni proteiny. Vyznamnou roli hraje jejich vzajemna
interakce a také interakce s faktory vnéjsiho prostredi. V ramci téchto genl se vyskytuji
polymorfizmy, coZ jsou sekvenéni varianty pfitomné u vice nez 1 % jedincl v dané populaci, které
mohou nebo nemusi byt funkéné vyznamné. Bylo prokazano, Ze nékteré imunopatologické stavy jsou
asociovany s funkénimi polymorfizmy ve zminénych genech. Takové polymorfizmy predstavuji pro
jejich nositele zvysené riziko vzniku pfislusné imunopatologie. Z primarnich imunodeficienci ma
pravdépodobné komplexni povahu s velmi vyraznou genetickou komponentou vétsina pripadl bézné
variabilni imunodeficience (CVID, common variable immunodeficiency), jen mensi ¢ast CVID (asi 3%)
byla doposud charakterizovana jako nasledek defektu jednoho genu, tedy jako monogenni
onemocnéni (Salzer et al., 2012). Opacna je situace u autoimunitnich ¢i alergickych onemocnéni, kde
jen u nékolika stavl byly popsany kauzalni defekty jednoho genu, ve vétsiné pripadl se ukazuje

komplexni povaha téchto chorob.

Funkéné vyznamné varianty geni malého Gcinku samy o sobé nevedou ke vzniku onemocnéni, ale ve
vzdjemné kombinaci a v interakci mezi sebou navzajem Ci s epigenetickymi a zevnimi vlivy mohou
onemocnéni zplUsobit. Zarover mohou byt v roli genl modifikujicich priibéh chorob, kdy ovliviuiji tizi

a rozsah projevl, progndzu nebo odpovéd na zavedenou lécbu.
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Vztah genotypu a fenotypu u primarnich imunodeficienci

Klinicka manifestace PID je velmi pestra. K fenotypovym projevim patfi kromé infekénich komplikaci
také lymfoproliferativni onemocnéni, autoimunitni choroby, alergie ¢i autoinflamatorni symptomy
(Boisson et al., 2015). Infekce, stejné jako napf. maligni onemocnéni, pfitom mohou byt nejen
disledkem, ale také pfticinou stavli imunodeficience. Vztah genotypu a fenotypu je v pfipadé PID
komplikovany a casto pomérné malo predvidatelny. Stejny klinicky obraz miize byt zplsoben

defekty rGznych geni a naopak defekt jednoho genu muze vést k riiznym klinickym manifestacim.

Casteéné Ize variabilitu v ti%i fenotypovych projevi vysvétlit typem mutace v genu zodpovédném za
vnik onemocnéni. V pfipadé velkych deleci ¢i duplikaci nebo u mutaci, které vedou k pred¢asnému
ukondeni syntézy proteinového fetézce, at uz v disledku nukleotidové substituce (nonsense mutace),
posunu c¢teciho ramce vlivem kratkych deleci ¢i inzerci (frameshift mutace) ¢i poruchy sestfihu mRNA
(splicing mutace), Ize obecné predpokladat vétsi funkéni dopad neZ u mutaci vedoucich k zdméné
aminokyseliny (missense mutace) nebo k vypadku ¢i vloZeni jedné az nékolika aminokyselin (inframe
delece ¢iinzerce). U vétSiny PID ovsem nebyla mezi typem mutace a fenotypovymi projevy nalezena

vyznamna korelace (Gaspar et al., 2000; Holinski-Feder et al., 1998; Tao et al., 2000).

Rozdilnou klinickou manifestaci logicky podminuji mutace vyskytujici se v rdmci jednoho genu, které
vedou ke ztraté nebo zeslabeni funkce proteinu (mutace typu ,loss-of-function”) nebo naopak k
posileni funkce nebo vzniku nové funkce kédovaného proteinu (mutace typu ,,gain-of-function”).
Napftiklad mutace v genu WASP vedouci k deficitu proteinu jsou zodpovédné za vznik Wiskottova-
Aldrichova syndromu nebo trombocytopenie vazané na chromozom X, zatimco mutace typu gain-of-
function ve stejném genu zpUsobuji téZzkou X-vdzanou kongenitdlni neutropenii (Thrasher and Burns,

2010).

S rostoucim poctem zndmych mutaci v jednotlivych genech roste i pocet pripad(, kdy detekované
mutace jsou spojeny s atypickym fenotypem, ¢asto v podobé mirného nebo dokonce
asymptomatického pribéhu onemocnéni. V nékterych pripadech se zase vyznamné lisi klinicka
manifestace u jednotlivych ¢lend téze rodiny, tedy u nositeld stejné mutace, z cehoz plyne, Ze do hry
vstupuji dalSi genetické faktory, epigenetické vlivy a snad i faktory zevniho prostiedi, které

modifikuji fenotyp PID.

Prikladem, kdy rGzné nebo i totoZzné mutace v jednom genu vedou k odlisSnym fenotypovym
projeviim, jsou defekty v molekulach RAG1, resp. RAG2. Jedna se o regulaéni proteiny dilezité

v procesu V(D)J rekombinace. Mutace v genech RAG1 a RAG2 byly plivodné popsané u T-B- formy
tézké kombinované imunodeficience (SCID, severe combined immunodeficiency) (Schwarz et al.,

1996). Hypomorfni mutace, které snizuji, ale nikoliv rusi expresi RAG1 a RAG2, byly nasledné
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detekovany u pacientl s odliSnou formou choroby, tzv. Omennovym syndromem, charakterizovanym
absenci cirkulujicich B lymfocyt( a zaroven pfitomnosti oligoklonalnich, aktivovanych, le¢ funkéné
neplnohodnotnych T lymfocytd (Villa et al., 1998). Zajimavé je, Ze oba fenotypy se mohou vyskytovat
soucasné v ramci jedné rodiny nebo u nositel(l stejné mutace z rGznych rodin, coz ukazuje, Ze
charakter mutace neni v téchto pfipadech jedinym urcujicim faktorem fenotypového projevu (Corneo
et al., 2001). Pozdéji byly nalezeny jesté dalsi dva klinické fenotypy souvisejici s mutacemi v genech
RAG1/2, a to kombinovana imunodeficience spojena s expanzi y6 populace T lymfocytl a
cytomegalovirovou infekci a kombinovana imunodeficience provdzena koznimi granulomatéznimi
Iézemi (Niehues et al., 2010). Aby byla situace jesté méné prehledna, fenotyp Ommenova syndromu
byl zjiStén i v souvislosti s defekty v dalSich genech, jako DLCRE1C, IL2RG, IL7R a ADA (Villa et al.,
2008).

Zminéné priklady jen dokumentuji velkou heterogenitu popisovanou se vzrlstajici frekvenci pfi
klinické, imunologické a genetické charakterizaci pacientl s PID. Vezmeme-li v ivahu pfekvapivou §ifi
fenotypovych projevi PID véetné zcela atypickych prezentaci, dojdeme ke spekulaci, Ze kauzalni
mutace v pfedmétnych genech mohou byt mnohem ¢astéjsi, nez se v soucasné dobé domnivame, a

Ze se tedy kumulativné nejedna o tak vzacna onemocnéni, za kterda byla vétsinou povazovana.

PFinos a vyznam molekularné genetické diagnostiky PID

Molekularné genetické metody zaznamenaly v poslednich 25 letech nebyvaly rozvoj a zdsadnim
zpUsobem zmeénily pochopeni primarnich imunodeficienci. Pfispély k poznani fyziologickych i
imunopatologickych mechanizm imunitni odpovédi, vedly k indukci vyznamnych objevl, zménily

pohled na klasifikaci PID a umoznily vyvoj novych lé¢ebnych postupu.

Historické souvislosti

Za pocatek éry moderni imunologie je povazovan rok 1952, kdy byl C. O. Brutonem uverejnén popis
pfipadu 8-letého chlapce, kterého postihla ve 4 letech septickd artritida kolene a ktery nasledné
prodélal cetné epizody pneumokokové sepse, dvakrat pneumokokovou pneumonii a opakované
ataky otitidy. Pomoci tehdy nové techniky elektroforézy byla odhalena absence gamaglobulinové
frakce v séru a pacient neodpovidal na vakcinaci tvorbou specifickych protilatek. Po
intramuskuldrnich injekcich gamaglobulin(l se jeho stav vyrazné zlepsil (Bruton, 1952). Pozdéji byla u
podobné postizenych chlapcll prokazana dédi¢nost onemocnéni vazana na chromosom X.

Sledovanim pacientl s X-vazanou formou agamaglobulinemie (XLA) se ukazalo, Ze protilatky jsou
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dalezité zejména v obrané proti infekcim zplsobenym opouzdienymi bakteriemi jako Str.
pneumoniae, Str. pyogenes ¢i Haemophilus influenzae, zatimco tuberkuléza, mykotické infekce Ci
infekce virem spalnicek, zardének nebo planych nestovic se u nich ve zvySené mife nevyskytovaly. Jiz
predtim, v roce 1950, popsali Glanzmann a Riniker dva pacienty s anamnézou tézkych infekci,
exantému a obtiZzné zvladatelného prajmu, ktefi podlehli zavazné infekci zplsobené kvasinkou
Candida albicans ve druhém roce Zivota (Glanzmann and Riniker, 1950). U obou byla zaznamenana
hluboka lymfopenie. Definice rozdilnych populaci lymfocytli T a B pfisla v 60. letech minulého stoleti
a pravé infekce pozorované u pacientu s tézkou kombinovanou imunodeficienci (SCID) ukazaly
spektrum patogend, k jejichz eliminaci jsou dilezité T lymfocyty. V 70. letech byly popsany absence B
lymfocytl u pacientl s XLA, deficit adenosin deaminazy (ADA) u ¢asti pacientl se SCID i absence
cytochromu b u jedincl s chronickou granulomatézni nemoci (CGD). K obrovskému narlstu poznatkd
pak doslo s nastupem metod molekuldrni genetiky. V 80. letech byly detekovany mutace v genu pro
ADA a phox91 u pacientl s CGD a od pocatku 90. let jsme byli svédky exploze v identifikaci gent
zodpovédnych za vznik primarnich imunodeficienci (PID), mezi prvnimi gentd pro Brutonovu
tyrosinkindzu u XLA, pro CD40 ligand u hyperlgM syndromu, pro gama fetézec receptoru pro IL-2 u X-
vazané formy SCID a pro WAS protein u Wiskottova-Aldrichova syndromu (WAS). Rychle nasledovaly
dalsi a dnes zname vice nez 260 geneticky definovanych PID (Al-Herz et al., 2014). Presto, Ze jiz byl
osekvenovan cely lidsky genom, a pres rychly rozvoj metod od polymerazové retézové reakce (PCR)
az k sekvenovani pristi generace (NGS, Next Generation Sequencing), stale existuji imunodefekty se
silnou genetickou komponentou, u nichZ nebyla genetickd podstata dosud jasné vysvétlena. To je i
pripad relativné ¢asté bézné variabilni imunodeficience (CVID), kde byla monogenni podstata

odhalena jen u malé ¢asti pacientd.

Indukce novych objevl

Jednim z efekt(, ktery s sebou nese poznani genl zodpovédnych za danou poruchu, je indukce

novych dulleZitych objevl. To Ize demonstrovat na nékolika prikladech.

Odhaleni mutaci v genu pro spolecny v, fetézec interleukinovych receptor( ukazalo pficinu tézké
kombinované imunodeficience vazané na chromozom X (X-SCID), ktera je charakterizovana
defektnim vyvojem T lymfocytl i NK bunék (Noguchi et al., 1993b; Puck et al., 1993). V dobé objevu
byl y fetézec povaZovan za soucdst receptoru pouze pro IL-2. Bylo ovSiem zndmo, Ze absence IL-2
sama o sobé nepUsobi tak zavazné poskozeni vyvoje T lymfocytQ, které by vysvétlovalo fenotyp X-
SCID (Schorle et al., 1991). To vedlo ke spekulacim, Ze IL-2 neni jedinym cytokinem, ktery se uplatriuje

v patogenezi tohoto onemocnéni. Dalsi vyzkum skute¢né potvrdil, Ze stejny y fetézec je sdilen také



receptory pro IL-4, 7,9, 15, a pozdéji i pro IL-21 (Asao et al., 2001; Giri et al., 1994; Kimura et al.,
1995; Kondo et al., 1993; Noguchi et al., 1993a; Russell et al., 1993). Bylo tedy zifejmé, Ze jeden nebo
vice z uvedenych cytokint hraji klicovou Ulohu ve vyvoji T lymfocytd a NK bunék. Nezastupitelnym
pro spravny vyvoj T lymfocyt(, ale nikoliv NK bunék, se ukazal byt IL-7 (He and Malek, 1996). To
pozdéji korespondovalo se skutecnosti, Ze v periferni krvi jedinc( s izolovanym defektem retézce a
receptoru pro IL-7 byly NK bunky pfitomny v normalnim poctu (T-B+NK+ SCID) (Puel et al., 1998).
Jako rozhodujici pro vyvoj NK bunék byl identifikovan IL-15 (Mrozek et al., 1996; Waldmann and
Tagaya, 1999) , coZ zase odpovidalo tomu, Ze u defektu y fetézce sdileného receptorem pro IL-7 i IL-
15 chybéji funkéni T lymfocyty i NK buriky (T-B+NK- SCID) (Rosen FS, 1999). Mutace v genu pro a
podjednotku receptoru specifického pro IL-2 zpUsobuje zcela jiny typ postiZeni, a to
lymfoproliferativni chorobu. To poukazuje na dileZitou Ulohu IL-2 v procesu apoptdzy aktivovanych T

lymfocytl (Sharfe et al., 1997).

sve

Dalsim pfikladem indukce novych objevli mizZe byt odhaleni pfi¢iny autosomalné recesivni (AR)
formy T-B+ SCID. Vzhledem ke znalosti vazby proteinkindzy JAK3 na intracelularni doménu y fetézce
(Asao et al., 1994; Russell et al., 1994), jehoz defekt hraje roli pfi manifestaci X-vazané formy
stejného syndromu, stal se gen JAK3 kandidatnim genem pro AR formu onemocnéni. Mutacni analyza
genu JAK3 provedenad na zakladé této dedukce potvrdila sprdvnost takového pfistupu (Russell et al.,

1995).

Jinym prikladem jsou vrozené formy agamaglobulinemie. Jako pfi¢ina X-vdzané agamaglobulinemie
(XLA) byl popsan defekt Brutonovy tyrosinkinazy, ktera ma vyznamnou ulohu pfti vyvoji B lymfocytl a
je soucasti signalizace pres pre-B a B bunécny receptor (pre-BCR, BCR) (Tsukada et al., 1993; Vetrie et
al., 1993). Pri patrani po pfi¢inach AR formy agamaglobulinemie byly u mysi postupné detekovany
defekty v genech kddujicich jednotlivé slozky pre-BCR a BCR komplexu (fetézec y, Iga, zastupny lehky
imunoglobulinovy fetézec A5), resp. dalsi molekuly pre-BCR a BCR signalizac¢ni drahy (BLNK). Uvedené
poruchy byly nasledné demonstrovany i u ¢lovéka, stejné jako defekt v retézci IgR nebo

v podjednotce p85a molekuly PI3 kinazy (Boisson et al., 2013; Ferrari et al., 2007; Minegishi et al.,
1999a; Minegishi et al., 1998; Minegishi et al., 1999b; Yel et al., 1996).

Na uvedenych prikladech je vidét to, co je opakované zminovano v odborné literature, Ze vrozené,
primarni poruchy imunitniho systému jsou experimenty pfirody, predstavujici jakési modelové
situace, jejichZ objeveni, sledovani a zkoumani vyznamnou mérou prispélo a stale pfispiva k hlubSimu
poznani mechanizm( a souvislosti v ramci imunitniho systému a k nachazeni novych zptsobu 1écby
imunodeficienci. Pfesny popis defektu a chybéjici funkce na drovni klinické a laboratorni stimuloval
objevy novych bunécénych subpopulaci, receptort ¢i signalnich drah a pomohl definovat jejich

pfirozenou Ulohu v nespecifické i adaptivni imunité. Vyvoj Sel postupné od klinickych pozorovani pres
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charakterizaci defektu na bunécné drovni az po poznani molekuldrni podstaty na Urovni proteind a
nukleovych kyselin. Ne ndhodou byly prvni Gspésna transplantace kostni dfené (1968) a pozdéji prvni
Uspésna genova terapie (2000) provedeny u pacientl s primarni imunodeficienci (X-vazanou formou

SCID) (Cavazzana-Calvo et al., 2000; Gatti et al., 1968).

Pochopeni vzacnych dédi¢nych imunodeficienci na molekularni drovni ma navic vyznam i pro

diagnostiku a [é¢bu imunodeficienci ziskanych, které jsou vyrazné ¢astéjsi.

Klasifikace PID

Diky rozvoji a vyuZziti molekuldrné biologickych technik kazdoro¢né exponencidlné roste pocet
geneticky definovanych PID. Jednou za 2 roky dochazi k revizi a aktualizaci klasifikace PID, kterou
provadi expertni panel pfi Mezinarodni unii imunologickych spolecnosti (IUIS, the International Union
od Immunological Societies) (Al-Herz et al., 2014). Od zaloZeni systému klasifikace je uplatriovan
stejny princip ¢lenéni PID, ktery se ve svétle stavajiciho pozndni zda byt jiz nevyhovujici a bude
pravdépodobné vyZadovat koncepcni revizi (Maggina and Gennery, 2013; Parvaneh et al., 2013). PID
jsou ¢lenény do kategorii podle dominantné postizené slozky imunitni odpovédi. Rada nemoci oviem
genotypoveé i fenotypoveé spada do vice kategorii. Na jedné strané vidime odlisné ¢i prekryvné
fenotypy podminéné stejnymi genetickymi defekty, na strané druhé se potkavame se shodnymi
klinickymi a laboratornimi projevy rlznych genetickych defekt(. Diky rozsifujicimu se spektru a
heterogenité popsanych nemoci postihujicich imunitni systém, ale i dalsi systémy, se tak soucasny
klasifikacni systém stava méné prehlednym a matoucim. Jistou pomoc v orientaci v tak heterogenni
skupiné klinickych projevud a genetickych poruch predstavuje, zejména pro klinické imunology,

fenotypovy pristup k existujicimu klasifikacnimu schématu (Bousfiha et al., 2013).

Hlavnim ucelem klasifikace by méla byt definice jednotlivych klinickych jednotek tak, aby pro né
mohla byt definovana i optimalni |é¢ebna strategie. Vybér optimalni Iécby by mél vychazet z velkych
mezinarodnich studii, které shromazdi dostatecny pocet pfipadl pro kaZzdou kategorii onemocnéni,
aby mohly byt validné porovnany jednotlivé [écebné pfistupy. Urceni zodpovédného genetického
defektu u kazdého pacienta je a bude zdkladem sprdvné klasifikace onemocnéni a jejich potiebné

kategorizace, z niz bude vychazet volba Ié¢by nejvhodné;jsi pro daného pacienta.

Praktické aspekty molekularné genetické diagnostiky

Jsou dva zasadni dlivody, proc¢ u pacienta s podezienim na imunodeficit zvaZovat genetické vysSetreni.

Molekularné geneticka analyza s nalezem kauzalni mutace znamena definitivni potvrzeni diagndzy



PID, coz ma vyznam zejména v situacich, kdy klinicka manifestace a/nebo vysledky imunologického
vysSetieni jsou atypické, nekompletni nebo nejasné. Znalost konkrétniho genotypu muze byt dlleZita
pro stanoveni progndzy a zejména pro urceni optimalni Iééebné strategie. Druhym divodem je
moznost genetického poradenstvi v rodiné véetné stanoveni rizika narozeni dalSiho postizeného
ditéte. Pokud je zndm presny geneticky defekt, je mozné urcit prenasecstvi u rodinnych prislusnikd a

dostupnd je i prenatalni, pripadné preimplantacni diagnostika.

U vétsiny genl v pripadé PID se setkavame s jedine¢nymi mutacemi, popsanymi jen u malého poctu
rodin, nebo se zcela novymi mutacemi. Proto neni mozné zaméfit se pfi analyze na konkrétni mutace,
ale je nutné vysetrovat celé geny. Metody detekce mutaci v pfislusnych genech na drovni nukleovych
kyselin se kontinualné vyvijeji, jejich zakladem je vétSinou polymerazova fetézova reakce (PCR). Vyvoj
postupuje od screeningovych metod urceni oblasti genu s pravdépodobnym vyskytem mutace, na
néz navazovalo stanoveni sekvence této oblasti, pres v soucasnosti nejvice rozsirené sekvenovani
vSech kddujicich oblasti daného genu Sangerovou metodou, az po pfichazejici velkokapacitni
sekvenovani pristi generace (NGS), jehoz pomoci ziskdme v kratkém case sekvence rozsahlych oblasti
genomu. Pro detekci velkych deleci genu se nejvice pouziva metoda MLPA (multiplex ligation-

dependent probe amplification).

Klicova je ovSem spravnad interpretace vysledku, kdy je nutno rozhodnout, zda nové detekovan3,
dosud nepopsana sekvenéni zména ma kauzalni vztah k dané chorobé. U popsanych mutaci se
muZeme orientovat podle publikovanych udaja. U nové detekovanych mutace se fidime typem
mutace (mutace zpUsobujici pfed¢asné ukonceni syntézy proteinu maji zpravidla vyssi
pravdépodobnost, Ze jsou funkéné vyznamné, nez mutace spocivajici v zaméné aminokyseliny),
polohou mutace, segregaci mutace s fenotypem v rdmci postizené rodiny, pfipadnym vyskytem
detekované zmény u zdravych jedinct ¢i vysledky in silico predikénich test(l. Nejvétsi hodnotu maji
funkéni analyzy, kdy prokazeme dopad mutace na kvalitu ¢i mnoZstvi mRNA a/nebo kvalitu, mnoZstvi

¢i funkci proteinu.

Zaroven je potfeba mit na paméti, Ze negativni vysledek mutacni analyzy neznamend automaticky, Ze
dany gen neni defektni. Falesné negativni vysledek muzZe byt zplsoben umisténim mutace v intronu,

mimo analyzované oblasti genu, nebo nedokonalosti pouzitych technik.

Molekularné genetické testy jiz ddvno nejsou jen otdzkou vyzkumu, ale zaujimaji pevné misto i

v rutinni diagnostice PID. Vysledky vSak musi byt interpretovany obezietné.
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Primarni poruchy tvorby protilatek

Primarni protilatkové imunodeficience jsou nej¢astéjsi vrozené poruchy imunity. Dfive se soudilo, ze
se jednd prevainé o poruchy lezici v B lymfocytdarni linii, ale postupné byly odhaleny funkéni defekty T
lymfocytl nebo bunécnych komponent nespecifické imunity, které rovnéz vedou k poruse tvorby
a/nebo funkce protilatek. Jak bylo obecné zminéno vyse, i zde plati, Ze molekularné geneticky
vyzkum ptinesl objev novych aspektl vyvoje B lymfocytl a produkce protilatek, véetné kontroly
tvorby autoprotilatek a Géasti v obrané proti patogenim. K porucham tvorby protilatek se radi
defekty zasahujici do vyvoje, migrace, preZiti a aktivace B lymfocytl, do mechanizm izotypového
presmyku i cytokinové signalizace B lymfocyt(, i defekty na Urovni T lymfocytd Ci antigen

prezentujicich bunék (Durandy et al., 2013).

Protilatkové imunodeficience, jak je uvadi mezinarodni klasifikace (Al-Herz et al., 2014), jsou shrnuty
v tabulce €. 1. Prvni skupinu onemocnéni predstavuji agamaglobulinemie s absenci vSech
imunoglobulinovych izotypll v séru a dramaticky snizenymi nebo chybéjicimi B lymfocyty v periferni
krvi. Nejvyznamnéjsim zastupcem v této skupiné je X-vazand Brutonova agamaglobulinemie
zpUsobena defektem Brutonovy tyrozin kinazy, klicového enzymu vyvoje B lymfocytl, mnohem
vzacnéjsi jsou autozomalné recesivni formy choroby s defekty slozek pre-B ¢i B bunécné signalizace
(tézkého retézce , Iga, IgB, BLNK, A5 ¢i recentné pfifazené podjednotky p85a PI3 kindzy Ci
transkripéniho faktoru E47) (Boisson et al., 2013; Ferrari et al., 2007; Minegishi et al., 1999a;
Minegishi et al., 1998; Minegishi et al., 1999b; Tsukada et al., 1993; Vetrie et al., 1993; Yel et al.,
1996). S vyjimkou defektu fetézce p vsak nebyl zadny AR defekt popsdn u vice nez 10 nepfibuznych

pacientd.

Do druhé skupiny, charakterizované vyznamnym sniZzenim alespon 2 imunoglobulinovych t¥id

s normalnim ¢i snizenym poctem B lymfocytl v periferni krvi, je zafazena bézna variabilni
imunodeficience (CVID, common variable immunodeficiency), ktera je heterogenni skupinou
onemocnéni zahrnujici pravdépodobné cely komplex genetickych variant. Z kategorie CVID jiz byly
vyclenény stavy, kdy byly detekovany defekty jednoho genu zodpovédné za vznik daného fenotypu
nebo s nim vyznamné asociované, jako jsou defekty gent ICOS, CD19, CD81, CD20, CD21, LRBA,
TWEAK, NFKB2, TNFRSF13B a TNFRSF13C (Alangari et al., 2012; Castigli et al., 2005; Grimbacher et
al., 2003; Chen et al., 2013; Kuijpers et al., 2010; Lopez-Herrera et al., 2012; Salzer et al., 2005; Thiel
et al., 2012; van Zelm et al., 2006; van Zelm et al., 2010; Wang et al., 2013; Warnatz et al., 2009). U
genl TNFRSF13B a TNFRSF13C kodujicich molekuly TACI a BAFF receptoru, které maji tlohu v preziti
a udrzeni homeostazy B lymfocyt(, se nyni spiSe nez o kauzalnim vyznamu mutaci v téchto genech

hovofi o jejich roli jako faktort modifikujicich pribéh onemocnéni (Durandy et al., 2013). VSechny
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zminéné defekty vysvétluji méné nez 10% pripadl CVID, po odecteni defektu TACI se dostaneme jen

asi ke 3% objasnénych pripadl. Nékteré defekty (CD20, CD21) byly dosud popsany jen u 1 pacienta.

Treti skupinu nemoci predstavuji choroby s vyznamnym sniZzenim hladin IgG a IgA, pfi normalnich i
dokonce zvysenych hladinach IgM a normalnim poctu B lymfocyt(. Jedna se o nemoci oznacené jako
hyperlgM syndrom, kdy nejvyznamnéjsi zastupce, X-vazana forma onemocnéni zplsobena defektem
CD40 ligandu, je zaroven fazena do skupiny kombinovanych imunodeficienci (spolu se vzacnym AR
defektem molekuly CD40). Dalsimi zastupci jsou AR defekty genl AID a UNG, vSsechny molekuly
defektni v ramci této skupiny hraji zadsadni roli v izotypovém pfesmyku pfi dozravani B lymfocytl

v lymfatickych uzlinach (Allen et al., 1993; Aruffo et al., 1993; DiSanto et al., 1993; Ferrari et al., 2001;
Fuleihan et al., 1993; Imai et al., 2003; Korthauer et al., 1993; Revy et al., 2000).

Tabulka 1. Pfehled protilatkovych primarnich imunodeficienci podle klasifikace 1UIS (pfevzato z (Al-

Herz et al., 2014))

Onemocnéni Geneticky defekt, Dédic- | Sérové koncentrace Hlavni symptomy Klasifikace
predpokladana funkce | nost imunoglobulind OMIM
proteinu, patogeneze

1. Zasadni redukce vsech tfid imunoglobulin(i s vyznamnym poklesem nebo absenci B lymfocyt

(a) Deficience Btk | Mutace BTK, X U vétsiny pacientt vSechny | Zavainé bakterialni 300300
cytoplazmatické tfidy imunoglobulind infekce, normalni pocet
tyrozin kinazy, sniZeny, u ¢asti pacientt pro-B lymfocytl
aktivované detekovatelné hladiny
pfemosténim BCR imunoglobulint

(b) Deficience Mutace IGHM, AR Vsechny tridy Zavainé bakterialni 147020

tézkého retézce u | zakladni slozky pre- imunoglobulind sniZzeny infekce, normalni pocet
BCR pro-B lymfocytd

(c) Deficience A5 % | Mutace IGLL1, &asti AR Vsechny tridy Zavainé bakterialni 146770
zastupného lehkého imunoglobulinl snizeny infekce, normalni pocet
fetézce pre-BCR pro-B lymfocytl

(d) Deficience Iga.® | Mutace CD79A, slozky AR Vsechny tridy Zavainé bakterialni 112205
pre-BCR a BCR imunoglobulind sniZzeny infekce, normalni pocet

pro-B lymfocytd
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(e) Deficience IgB ® | Mutace CD798B, slozky AR Vsechny tridy Zavainé bakterialni 147245
pre-BCR a BCR imunoglobulind snizeny infekce, normalni pocet
pro-B lymfocytd
(f) Deficience BLNK | Mutace BLNK, AR Vsechny tridy Zavainé bakterialni 604515
@ strukturniho proteinu imunoglobulin( sniZzeny infekce, normalni pocet
vaziciho BTK pro-B lymfocytd
(g) Deficience Mutace PIK3R1, kindzy AR Vsechny tFidy Zavainé bakterialni 171833
regulaéni zahrnuté v signalizaci imunoglobulind snizeny infekce, pro-B lymfocyty
podjednotky p85a | u vice bunéénych typl snizené nebo chybi
PI3 kinazy °
(h) Deficience Mutace TCF3, AD Vsechny tridy Opakované bakterialni | 147141
transkripéniho transkrip¢niho faktoru imunoglobulind snizeny infekce
faktoru E47 ° dileZitého provyvoj B
lymfocyta
(i) Myelodysplazie | Mlze byt monosomie | Variabil- | Jedna nebo vice tfid mohou | Infekce; snizeny pocet Nepridé-
s hypogama- 7, trisomie 8, nebo ni byt snizeny pro-B kymfocyta leno
globulinemii kongenitalni
dyskeratdza
(j) Thymom's Neznamy - Jedna nebo vice tfid mohou | Bakteridlni a oportunni | Neptidé-
imunodeficienci byt snizeny infekce; autoimunitni leno
komplikace; snizeny
pocet pro-B lymfocytd
2. Zasadni redukce alespon dvou imunoglobulinovych tfid s normalnim nebo nizsim poctem B lymfodyt
(a) Bézna Neznamy Variabil- | Nizky 1gG a IgA a/nebo IgM | Heterogenni klinicky Nepfridé-
variabilni ni fenotyp: vétsina leno
imunodeficience pacientli s
(CVID) opakovanymi

infekcemi, u ¢asti
polyklonalni
lymfoproliferace,
autoimunitni cytopenie
a/nebo granulomatézni

onemochnéni
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(b) Deficience ICOS

a

Mutace ICOS;
kostimula¢ni molekuly
exprimovanéna T

lymfocytech

AR

Nizky IgG a IgA a/nebo IgM

Opakované infekce,
autoimunitni
komplikace,
gastroenteritidy, u ¢asti

granulomy

604558

(c) Deficience

CD19°

Mutace CD19;
transmembranového
proteinu
amplifikujiciho signal

z BCR

AR

Nizky I1gG a IgA a/nebo I1gM

Opakované infekce, u

¢asti glomerulonefritida

107265

(d) Deficience

cD81°

Mutace CD81;
transmembranového
proteinu
amplifikujiciho signal

z BCR

AR

Nizky 1gG, nizky nebo
normalni IgA a IgM

Opakované infekce, u

Casti glomerulonefritida

186845

(e) Deficience

CD20°

Mutace CD20;
povrchového B
lymfocytarniho
receptoru zavzatého
do vyvoje B lymfocyt(
a diferenciace

plazmatickych bunék

AR

Nizky 1gG, normalni nebo

zvySeny IgM a IgA

Opakované infekce

112210

(f) Deficience CD21

a

Mutace CD21;
molekuly znamé také
jako komplementovy
receptor 2,
spoluvytvarejici

komplex CD19

AR

Nizky 1gG; snizena odpovéd'

na pneumokoky

Opakované infekce

614699

(g) Deficience TACI

a

Mutace TNFRSF13B
(TACI); ¢clena TNF
receptorové rodiny
pfitomného na B
lymfocytech jako
receptor pro BAFF a
APRIL

AD nebo
AR nebo
komp-

lexni

Nizky IgG a IgA a/nebo IgM

Variabilni klinicky
fenotyp

604907
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(h) Deficience Mutace LRBA; AR Snizny 1gG a IgA u vétsiny Opakované infekce, 606453
LRBA lipopolysaccharide pacientd nespecifické strevni

responsive beige-like zanéty, autoimunitni

anchor proteinu komplikace; EBV infekce
(i) Deficience BAFF | Mutace TNFRSF13C AR Nizky 1gG a IgM Variabilni klinicky 606269
receptoru ° (BAFF-R); clena TNF fenotyp

receptorové rodiny

pfitomného na B

lymfocytech jako

receptor pro BAFF
(j) Deficience Mutace TNFSF12, k AD Nizky IgM a IgA; Pneumonie, bakteridlni | 602695
TWEAK ® TNF vztazeného nedostatecnd odpovéd na |infekce, veruky;

slabého induktoru pneumokoky trombocytopenie,

apoptodzy (Tweak) neutropenie
(k) Deficience Mutace NFKB2, AD Nizky 1gG a IgA a IgM Opakované infekce 164012
NFKB2 * zékladni komponenty

nekanonické cesty NF-

KB
() Syndrom Mutace CXCR4; AD Panhypogamaglobulinémie, | Veruky/infekce HPV, 193670
WHIM: veruky receptoru pro CXCL12; B lymfocyty snizeny neutropenie, snizeny
(warts), typu gain-of-function pocet B lymfocytd,
hypogama- hypogamaglobulinemie

globulinemie,
infekce,

myelokathexe

3. Vyznamné snizeni sérovych koncentraci IgG a IgA s normalnim/zvySenym IgM a normalnim poc¢tem B lymfocytd

(hyperlgM syndrom)

(a) Deficience Mutace CD40LG X IgG a IgA snizeny; IgM Bakteridlni a oportunni | 300386
CD40L (TNFSF5, CD154) normalni nebo zvyseny; infekce, neutropenie,

pocet B lymfocytl normalni | autoimunitni

nebo zvyseny komplikace
(b) Deficience Mutace CD40 AR Nizky 1gG a IgA; normalni Bakteridlni a oportunni | 109535

CD40°

(TNFRSF5)

nebo zvyseny IgM

infekce, neutropenie,
autoimunitni

komplikace
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(c) Deficience AID | Mutace genu AICDA AR IgG a IgA snizeny; IgM Bakterialni infekce, 605257
zvyseny zvétSené uzliny a
zdrodecna centra
(d) Deficience UNG | Mutace UNG AR IgG a IgA snizeny; IgM Zvétsené uzliny a 191525
zvyseny zarodecna centra
4. 1zotypové deficience Ci deficience lehkych fetézct, obvykle s normalnim poctem B lymfocyt
(a) Mutace nebo Mutace nebo AR Chybi jedna nebo vice Mize mit Nepfidé-
delece tézkého chromozomalni podtfid IgG a/nebo IgA, asymptomaticky prabéh | leno
retézce delece 14932 muze chybét IgE
imunoglobulind
(b) Deficience Mutace IGKC; AR Vsechny imunoglobuliny Asymptomaticky 147200
fetézce k ° konstantni oblasti pro maji lehky fetézec A prabéh
lehky Fetézec k
(c) Izolovana Neznamy Variabil- | SniZeni jedné nebo vice Obvykle Neptidé-
deficience ni podtrid 1gG asymptomaticky leno
podtrid(y) 1gG prabéh; mala ¢ast ma
sniZzenou protildtkovou
odpovéd na specifické
antigeny a trpi
opakovanymi
virovymi/bakterialnimi
infekcemi
(d) Deficience IgA | Neznamy Variabil- | Snizeni IgA a jedné nebo Opakované bakteridlni | Nepfridé-
spolu s podtfidou/ ni vice podtrid I1gG infekce leno
podttidami IgG
(e) Deficience Mutace PRKCD; ¢lena AR Nizky 1gG; IgA a IgM Opakované infekce; 615559

PRKC &°

rodiny protein kinazy

C, kritické molekuly
pro regulaci

bunécného preziti,

proliferace a apoptdzy

zvyseny

chronicka infekce EBV;
lymphoproliferace,
autoimunita "SLE-like"
(nefroticky a
antifosfolipidovy

syndrom)
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(f) Aktivovana Mutace PIK3CD; AD Snizeny 1gG2 a slabsi Respiracni infekce, 602839
PI3K-& katalytické domény protilatkovd odpovéd na bronchiektazie;
p110 PI3K (typu gain- pneumokoky a hemofily autoimunitni
of-function) komplikace; chronické
infekce EBV, CMV
(g) Selektivni Neznamy Variabil- | IgA snizeny/chybi Obvykle 137100
deficience IgA ni asymptomaticky

pribéh; mohou byt
pritomny opakované
infekce se snizenou
odpovédi na
polysacharidové
antigeny; zvysené riziko
autoimunitnich nebo
alergickych projevu;
vzacné progreduje do
CVID; koexistence s

CVID v rodinach

5. Deficience specifickych protilatek s normalnimi koncentracemi imunoglobulind a normalnim poctem B lymfocytu
Neznamy Variabil- | Normalni Snizena schopnost Neptidé-
ni produkovat protilatky leno
na specifické antigeny
6. Tranzientni hypogamaglobulinemie détského véku s normalnim poétem B lymfocytu
Neznamy Variabil- | 1gG a IgA sniZeny Normalni schopnost Nepfidé-
ni tvorby protilatek na leno

vakcinacni antigeny,
zpravidla nebyvaji
zavaznéjsi infekéni

komplikace

X = dédi¢nost vazana na chromozom X; AR = autozomalneé recesivni dédicnosti; AD = autozomalné dominantni dédicnost;

BTK = Bruton tyrosine kinase; BLNK = B cell linker; AID = activation-induced cytidine deaminase; UNG = uracil-DNA

glycosylase; ICOS = inducible costimulator; Ig(k) = lehky rfetézec k imunoglobulinu.

®Dosud v literatufe popsano nejvice 10 nepFibuznych pfipadg.

Defekty CD40L a CD40 zarazeny zaroven i do kategorie kombinovanych imunodeficienci.
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V dalsi skupiné jsou zahrnuty izotypové deficience a deficience lehkych fetézcl, obvykle s normalnim
poétem B lymfocytl, véetné nejcastéjsi primarni imunodeficience viibec, selektivniho deficitu IgA
(IgAD, IgA deficiency). Cast nemocnych se selektivnim deficitem IgA progreduje do CVID a nejméné u
¢asti nemocnych se tak predpoklada spolecny geneticky zaklad obou chorob (Hammarstrom et al.,

2000; Latiff and Kerr, 2007).

Posledni 2 skupiny predstavuji porucha tvorby specifickych protilatek s normalnimi koncentracemi
imunoglobulini a normalnim poétem B lymfocyt(, resp. transientni hypogamaglobulinemie détského

véku s normalnim poc¢tem B lymfocytu.

Ve své prdci jsem se vénoval molekularné genetickému podkladu nejc¢astéjsich protilatkovych
imunodeficienci, X-vdzané formy agamaglobulinemie, CVID a selektivniho deficitu IgA, a to nejen
z hlediska kauzalnich mutaci, ale predevsim z hlediska genetickych faktord modifikujicich pribéh

téchto onemocnéni.

X-vazana agamaglobulinemie

X-vdzana agamaglobulinemie (XLA, X-linked agammaglobulinemia; MIM#300755) je vzacna zavazna
imunodeficience postihujici 1 ze 190.000 Zivé narozenych chlapct, zplsobena defektem enzymu BTK,
Brutonovy tyrozin kinazy, ktery je dllezity pro spravny vyvoj B lymfocyti a myeloidnich bunék.
Defekt BTK stoji za 85% primarnich agamaglobulinemii détského véku, zatimco zbylych 15%,
vyznacujicich se autozomalné recesivnim typem dédicnosti, je zplsobeno prevainé defekty v dalSich
molekuldch téze signalizacni drahy pre-B a B bunécného receptoru. Dlsledkem defektu BTK je
absence B lymfocyt(i v periferni krvi a imunoglobulin(i v séru. Onemocnéni se typicky manifestuje ve
druhém pulroce Zivota, po vymizeni matefskych protilatek z cirkulace ditéte. Chlapci trpi
opakovanymi respiracnimi infekty zpisobenymi zejména opouzdienymi bakteriemi, pneumokoky,
hemofily a stafylokoky. Nejc¢astéji se objevuji zanéty stfedousi, bronchitidy a sinusitidy, ale mizeme
se setkat i s pneumoniemi, prijmy, koZznimi infekcemi, artritidami, osteomyelitidami, sepsemi i
meningitidami. Virové infekce nejsou typické, s vyjimkou enterovirovych meningoencefalitid. Infekce
gastrointestindlniho traktu mohou byt zplisobeny parazitem Giardia lamblia. Obdvanou komplikaci je
rozvoj trvalého plicniho postizeni s bronchiektaziemi. Jedinou efektivni Ié¢bou je substituce protilatek
podavanych ve formé intravendznich ¢i subkutannich infazi preparatl IgG v pravidelnych 3-4
tydennich, resp. tydennich intervalech. DuleZité je v€asné stanoveni diagndzy, aby 1é¢ba mohla byt
zahajena vcas, tj. pred tim, nez dojde k ireverzibilnimu poskozeni plicni tkané (Conley and Howard,

2002; Ochs and Smith, 1996).
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1.4.2 Bézna variabilni imunodeficience a selektivni deficit IgA

Selektivni deficit IgA je nej¢astéjsi primarni imunodeficienci s frekvenci vyskytu asi 1:400 azZ 1:600.
Vyznaduje se nizkymi koncentracemi IgA v séru, opakované pod 0,07 g/|, bez dalsich laboratornich
abnormalit, ve véku alespon 4 let. Vétsina jedincl s IgAD nema Zadné zdravotni problémy, ale u ¢asti
z nich se mohou objevit ¢astéjsi respiracni nebo gastrointestinalni infekce nebo autoimunitni
komplikace. Vzacné se vyskytuji protilatky proti IgA, které mohou byt zdrojem zavaznych komplikaci
pfi podani krevnich derivatl s obsahem IgA. IgAD m3 silnou genetickou komponentu, zvysené se
vyskytuje v rodinach a u malé ¢asti pacient( se rozvine CVID. Pravé spoleény vyskyt s CVID v rodinach
a dokumentovany prerod IgAD v CVID davé zaklad uvah o spole¢ném genetickém pozadi obou

onemocnéni (Hammarstrom et al., 2000).

Bézna variabilni imunodeficience se vyskytuje u 1 z 25.000 osob a je tak nej¢astéjsi zavaznou primarni
poruchou imunity (Jolles, 2013). Mnohaletd sledovani ukazala, Ze CVID vyznamné sniZzuje dlouhodobé
prezivani pacientl. Geneticky se jedna o velmi heterogenni skupinu onemocnéni. Jen asi u 3%
pacientl byl popsan geneticky defekt zodpovédny za manifestaci onemocnéni, jak je uvedeno vyse.
CVID je charakterizovdna nizkymi koncentracemi IgG a IgA, s normalnimi nebo snizenymi
koncentracemi IgM. Pocet B lymfocytl je snizeny nebo muize byt normalni. Zakladnim kamenem
diagnostiky je porucha tvorby specifickych protilatek na vakcinacni podnéty. CVID mize byt
diagnostikovana v jakémbkoliv véku s vyjimkou déti do 4 let. Na rozdil od vétsiny PID je toto

onemocnéni typicky zjisténo v dospélém véku a urceni diagndzy po 50. roku véku neni vyjimecné.

Onemocnéni se manifestuje opakovanymi zavaznymi infekénimi komplikacemi, ale neméné
vyznamné jsou také neinfekéni projevy choroby. Z infekénich komplikaci, jako u ostatnich
protilatkovych deficienci, dominuji respiracni a gastrointestinalni infekty opouzdienymi bakterialnimi
patogeny, typicky sinusitidy, bronchitidy, pneumonie a gastroenteritidy. Opakovanymi respira¢nimi
infekcemi trpi 90% pacientll. Nicméné ukazuje se, Ze vétsi negativni vliv na prezivani pacientl maji
neinfekcni komplikace nemoci, jako jsou autoimunitni a lymfoproliferativni manifestace, predevsim
cytopenie (trombocytopenie, autoimunitni hemolytické anemie a/nebo neutropenie), granulomy,
lymfocytdrni intersticidlni pneumonie nebo nevysvétlitelné lymfadenopatie ¢i enteropatie. U
pacientl s CVID je také zvysené riziko malignich komplikaci. Pacienti s alespon jednou neinfekéni
komplikaci méli béhem sledovaného obdobi 11x vyssi riziko Umrti oproti pacientlim trpicim pouze

infekénimi chorobami (Chapel et al., 2008; Resnick et al., 2012).

Osou lécby je v soucCasné dobé stejné jako u XLA podavani preparatl obsahujicich IgG, které dokazi

uspokojivé drzet pod kontrolou zejména infekéni komplikace choroby. BliZsi poznani faktor(
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urcujicich rozvoj neinfekénich komplikaci, véetné genetickych vliv, by mélo zasadni vyznam pro

uréeni progndzy pacientl s CVID a pro nové moznosti prevence a lécby téchto komplikaci.

Kapitola 1 byla sepsdna s vyuzitim ndsledujicich texti:

T. Freiberger: Molekuldrni genetika primdrnich poruch imunity. Alergie, 6, 2004, C. 4, pp. 23-33. (Cena

CSAKI za nejlepsi prehledny vzdéldvaci ¢ldnek za rok 2004 publikovany v asopise Alergie).

T. Freiberger: Genetickd analyza v diagnostice vrozenych poruch imunity. In Jeseridk M., Banovcin P. a

kol., Vrodené poruchy imunity, A-medi management, 2014.
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2.1

Urceni kauzalni mutace u pacientd s primarnimi poruchami tvorby protilatek

V genetické laboratofi Centra kardiovaskuldrni a transplantacni chirurgie v Brné se dlouhodobé a
systematicky vénujeme molekularné genetickym aspektim PID, a to z pohledu diagnostiky i vyzkumu.
Diagnosticka vy$etieni provadéna pro celou CR, v nékterych p¥ipadech i pro kolegy ze zahraniéi, jsou
uvedena v tabulce €. 2. Z onemocnéni zahrnujicich primarné poruchu tvorby protilatek sem patfi X-
vazana (Brutonova) agamaglobulinemie, AR agamaglobulinemie z deficitu tézkého retézce p a

z deficitu P13 kinazy, béZna variabilni imunodeficience, selektivni deficit IgA, syndrom aktivované
PI3kindzy delta a X-vazany hyper IgM syndrom, ktery je zaroven fazen do kategorie kombinovanych

imunodeficienci s postizenim také T lymfocytd.

Urceni kauzalni mutace v genu zodpovédném za vznik onemocnéni vede k potvrzeni diagndzy a

k moznosti vySetreni nosi¢stvi mutace u pribuznych a genetického poradenstvi pfi planovani
rodicovstvi. Znalost prfesného molekularniho defektu umozni, pfi dostupnosti informaci o prabéhu
onemocnéni u skupiny pacientll se stejnym typem postiZeni, pfesnéjsi stanoveni progndzy a uZiti
optimalni 1é¢by, samoziejmé s nutnym zvazenim individualni situace pacienta. U novych dosud
nepopsanych mutaci, které jsou prokazatelné funkéné vyznamné, pfipiva jejich stanoveni k objasnéni
mechanizm, jimiz mutace vedou k poruseni funkce proteinu, pfipadné k pozorovanému fenotypu
onemocnéni. V souvislosti s vySetfenim genu BTK u pacientl s agamaglobulinemii jsme publikovali

nékolik praci.

X-vazana agamaglubulinemie u déti s komunitni pneumonii

Primarni imunodeficience jsou vzacnd onemocnéni a infekéni komplikace, véetné pneumonii, patfi ke
klicovym fenotypovym projevim. X-vazand agamaglobulinemie (XLA) se manifestuje pfiblizné u 1 ze
190.000 narozenych chlapcd, asi v 50% pripad(i se onemocnéni projevi v prvnim roce Zivota, 90%
pfipadu se klinicky projevi do 5 let véku. Asi polovina pacientll prodéla pred stanovenim diagndzy
alespon jednu epizodu pneumonie. Median stanoveni diagndzy je 26 mésicl. V¢asné urceni diagndzy
a zahajeni lécby je velmi dllezZité, protoze dramaticky snizuje riziko infekénich komplikaci dolnich cest
dychacich, které vedou k ireverzibilnimu poskozeni plic, zejména vznikem bronchiektazii, a jsou
hlavni pricinou sniZeni délky a kvality Zivota u pacient(i s XLA (Conley and Howard, 2002; Ochs and

Smith, 1996).
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Tabulka 2. Prehled diagnostickych molekularné genetickych vysetfeni u pacientl s PID provadénych

v genetické laboratoti CKTCH v Brné

Onemocnéni MiM Gen Dédicnost Poznamka
X-vazana agamaglobulinemie 300 755 BTK X
AR agamaglobulinemie - deficience tézkého retézce p | 147 020 IGHM AR
Syndrom aktivované PI3 kinazy delta (defekt mutace gain-of-
615513 PIK3CD AD
katalytické domény p110) function
Syndrom aktivované PI3 kinazy delta 2 (defekt mutace gain-of-
616 005 PIK3R1 AD
regulacni podjednotky p85a) function
CD40L
X-vazany hyper IgM syndrom 300 386 X
(TNSF5)
gen modifikujici
BéZna variabilni imunodeficience a selektivni deficit 240500
TNFRSF13B |  (AD) pribéh
IgA*® 609 529
onemocnéni
X-vazana tézka kombinovana imunodeficience 102 700 IL2RG X
AR tézka kombinovana imunodeficience, Omenn(v 179 615
RAG1, RAG2 AR
syndrom 179616
X-vazana chronicka granulomatézni nemoc 300 481 CYBB X
Wiskott-Aldrich(v syndrom 301 000 WASP X
X-vazana trombocytopenie 313900 WASP X
mutace gain-of-
X-vazana tézka kongenitalni neutropenie 300 299 WASP X
function
X-vazany lymfoproliferativni syndrom 1 308 240| SH2D1A X
X-vazany lymfoproliferativni syndrom 2 300 079 BIRC4 X
¢asto mutace de
Hyper IgE syndrom 147 060 STAT3 AD
novo
MonoMAC syndrom/deficience DCML (dendritickych 614 172
bunék, monocytd a nékterych lymfocytd); Embergertv | 614 038
GATA2 AD
syndrom, familiarni MDS/AML (myelodysplasticky 614 286
syndrom/ akutni myeloidni leukémie) 601 626
Hereditarni angioedém 106 100 | SERPING1 AD
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Deficit C2 slozky komplementu 217 000 c2 AR

gen modifikujici
Deficit lektinu vazajiciho mandzu ° 154 545 MBL2 AR/AD prabéh

onemocnéni

Tucné jsou zvyraznény primarni imunodeficience pattici do kategorie protilatkovych imunodeficienci. Pacienti

s deficitem CD40L jsou soucasné razeni do kategorie kombinovanych imunodeficienci.

X = dédi¢nost vazana na chromozom X; AR = autozomalné recesivni dédi¢nosti; AD = autozomalné

dominantni dédi¢nost

*Nejednad se o vysetieni kauzalnich genu.

Nedavné studie ukazaly, Ze diagnostika PID je ¢asto zpoZzdéna. Poradni panel Nadace , Jeffrey Modell”
navrhl sadu 10 varovnych ptiznakd, jejichz zaznamenani, i jednotlivé, by mélo lékare upozornit na
moznou PID (www.info4pi.org). Bylo oviem dokumentovano, Ze zejména v pfipadé protilatkovych
deficienci nema uplatnéni zminéné sady 10 varovnych pfiznak( dostatecnou senzitivitu a XLA tak
¢asto unikne pozornosti. Pfitom diagnostika XLA je zalozena na jednoduchém vysetieni, stanoveni
koncentraci imunoglobulinG v séru. Pfi zachycené hypogamaglobulinemii by méla byt vysetfena
koncentrace B lymfocytll v periferni krvi a jejich absence u chlapcl pak znamena velmi

pravdépodobnou diagndzu XLA.

Naproti tomu komunitni pneumonie se vyskytuje vyrazné Castéji, v evropské populaci ve véku 0-5 let
s incidenci 33/10.000 (Harris et al., 2011). Vyznamna ¢ast pacient(l, 7-13% vyZaduje hospitalizaci, coz
¢ini komunitni pneumonii jednou z nejcastéjsich pfricin hospitalizace v détském véku (Rudan et al.,
2008). Je tedy ziejmé, Ze jen mala ¢ast pneumonii vznika na podkladé PID obecné ¢i na podkladé XLA.
Prevalence PID (XLA) u détskych pacientli s komunitni pneumonii vSak nebyla dosud systematicky

studovana.

V nasi 3 leté prospektivni observacni studii jsme se zaméfili na uréeni etiologie komunitni pneumonie
u déti hospitalizovanych s touto diagndzou ve FN Motol. Diagndza pneumonie byla ve sledovaném
obdobi potvrzena radiologickym vysetfenim u 254 déti, z toho u 131 chlapci. Provadéné vysetreni
imunoglobulinG odhalilo kompletni agamaglobulinemii u 2 chlapcd, u nichZ byla nasledné prokazana i
absence B lymfocytl v periferni krvi. U obou byla diagndza XLA potvrzena molekularné genetickym
vySetfenim genu BTK, kdyZ v jednom pfipadé byla popsdana novd mutace, c.721-249_1026+366del,
znamenajici rozsadhlou deleci exonl 8-10, a v druhém pripadé byla detekovana znama kauzalni

mutace spocivajici v zaméné aminokyseliny na pozici 28, p.Arg28Cys. Teprve po potvrzeni diagndzy si
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matka druhého chlapce vzpomnéla na pfipad umrti bratra své matky v 18 letech véku v disledku
tézké infekce, kdyZ do té doby prodélal nékolik pneumonii, encefalitidu a byl u néj zjistén i mozkovy

absces. U obou chlapcl byla bez odkladu zah3jena substituéni terapie imunoglobuliny.

V obou pfipadech byla diagndza zavazné primarni protildtkové deficience stanovena pfi prvni
zavaznéjsi manifestaci respiracni infekce na zakladé vysetfeni imunoglobulind, které vsak v téchto
situacich neni rutinné provadéno, ani neni souc¢asti doporuceni vénovanych diagnostice a |écbé déti
s komunitni pneumonii. Citlivy diagnosticky pomocnik, pozitivni rodinna anamnéza, byla sice

v jednom pripadé pfitomna, ale odhalena byla az po stanoveni diagndzy. Frekvence XLA ve
vySetfovaném souboru byla vyrazné vyssi nez by vyplyvalo s frekvenci vyskytu komunitni pneumonie
a XLA v populaci. M(zZe se jednat o chybu malych éisel, ale mizZe to také znamenat, Ze XLA je
vyznamné poddiagnostikované onemocnéni. Na zakladé provedené studie jsme navrhli, aby
jednoduché vysetieni imunoglobulinl bylo provadéno u vsech pripadd komunitni pneumonie

v détském véku vyZadujicich hospitalizaci. Molekularné genetické vysetfeni mGze byt vyuZito jako
ucinny nastroj k potvrzeni diagndzy, jehoz vysledky je moZno vyuZit pfi genetickém poradenstvi v

postizenych rodinach.

Ndsleduje piny text ¢lanku:

Z. Vancikova, T. Freiberger, W. Vach, M. Trojanek, M. Rizzi, A. Janda. X-linked agammaglobulinemia
in community-acquired pneumonia cases revealed by immunoglobulin level screening at hospital

admission. Klin Padiatr 2013; 225(6):339-342.
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Abstract

v

In children with primary immunodeficiencies,
the onset of symptoms precedes the diagnosis
and the initiation of appropriate treatment by
months or years. This delay in diagnosis is due
to the fact that while these disorders are rare,
some of the infections seen in immunodefi-
cient patients are common. Defective antibody
production represents the largest group among
these disorders, with otitis, sinusitis and pneu-
monia as the most frequent initial manifestation.
We performed a prospective study of humoral
immunity in children hospitalized due to com-
munity-acquired pneumonia in tertiary care
hospital. Out of 254 patients (131 boys, 123 girls,
median age 4.5 years) recruited over 3 years, we
found 2 boys (age 11 and 21 months) lacking
serum immunoglobulins and circulating B cells.
Subsequent genetic analysis confirmed diagnosis
of X-linked agammaglobulinemia. Despite their
immunodeficiency, the pneumonia was uncom-
plicated in both patients and did not call for
immunological evaluation. However, the immu-
noglobulin screening at admission allowed for
an early diagnosis of the immunodeficiency and
timely initiation of immunoglobulin substitu-
tion, the key prerequisite for a favorable course
of the disease.

Conclusions: Simple and inexpensive immuno-
globulin measurement during the management
of hospitalized children with community-
acquired pneumonia may help in early identi-
fication of patients with compromised humoral
immunity and prevent serious complications.
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Zusammenfassung

v

Bei Kindern mit primdrer Immundefizienz kann
die Latenz zwischen klinischer Erstmanifestation
und der definitiven Diagnosestellung Monate
oder sogar Jahre betragen. Diese Verzogerung
in der Diagnosestellung ist u.a. der Tatsache
geschuldet, dass angeborene Immundefekte
seltene Erkrankungen sind, wdhrend einige
der Infektionen, zu denen primdre Immunde-
fekte pradisponieren, hdufig auftreten. Eine der
groften Gruppen innerhalb dieser Erkrankun-
gen stellen Defekte in der Antikoérperproduk-
tion dar, die in vielen Fdllen als Otitis, Sinusitis
und Pneumonie manifest werden. Wir stellen
die Ergebnisse einer prospektiven Studie zur
humoralen Immunitédt bei Kindern vor, die mit
ambulant erworbener Pneumonie in einem
Krankenhaus der maximalen Versorgungsstufe
hospitalisiert wurden. Unter 254 Patienten (131
Jungen, 123 Maidchen, Durchschnittsalter 4,5
Jahre), die iiber einen Zeitraum von 3 Jahren
rekrutiert wurden, waren 2 Jungen (11 bzw. 21
Monate alt) mit einem Mangel an Serumimmun-
globulinen und erniedrigten B-Lymphozyten.
In der genetischen Analyse konnte bei beiden
Patienten eine X-chromosomal-vermittelte
Agammaglobulindmie diagnostiziert werden.
Die Bestimmung der Immunoglobuline bei sta-
tiondrer Aufnahme erlaubte frithe Diagnosestel-
lung des Immundefekts und einen zeitnahen
Beginn der Immunglobulinsubstitution. Beides
sind wesentliche Voraussetzung fiir einen giin-
stigen Krankheitsverlauf.

Schlussfolgerung: Die einfache und kosten-
gilinstige Bestimmung von Serumimmunglo-
bulinen wdhrend der stationdren Behandlung
von Kindern mit ambulant erworbenen Pneumo-
nien kann dabei helfen, Patienten mit Defekten
der humoralen Immunitdt frithzeitig zu identifi-
zieren, und schwere Komplikationen verhindern.

Vancikova Z et al. X-linked Agammaglobulinemia in Community-acquired... Klin Padiatr 2013; 225: 339-342
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Introduction

\ 4

The European incidence of community-acquired pneumonia
(CAP) is estimated to be 33/10000 in those aged 0-5 years, and
14.5/10000 in those aged 0-16 years as reviewed by Harris et al.
[5]. Those numbers certainly vary across the continent. For
example the incidence of CAP among children younger 5 years in
Schleswig-Holstein has been shown to be much higher (137-
169/10000) [12]. Hospital admission is required in 7-13% of
cases [8], making CAP one of the most frequent causes for hospi-
talization in childhood.

Primary immunodeficiency disorders (PID) are rare diseases,
often presenting early in life. Affected children frequently suffer
from symptoms related to their disease months or years before
the diagnosis is made and the appropriate treatment initiated.
Among PID, the largest group is represented by defective anti-
body production, with pneumonia being one of the most preva-
lent initial symptoms. The prevalence of PID in children with
CAP is unknown as reflected in the recently published CAP
guidelines [1,5].

A 3-year prospective observational study (2006-2009) was
designed to address the etiology and humoral immune status in
children admitted to a tertiary-care hospital for CAP. The study
was approved according to the Declaration of Helsinki by local
Ethical Committee and written parental informed consent was
obtained. The inclusion criteria (CAP was defined as a previously
well child, not hospitalized 14 days before admission, admitted
with fever, symptoms of lower respiratory tract disease and
chest X-ray finding compatible with the diagnosis of pneumonia,
assessed by a skilled senior pediatric radiologist [9]) were ful-
filled in 254 children (131 boys, 123 girls, median age 4.5 years).
In all patients complete blood count, standard biochemistry
panel, microbiological tests, as well as measurement of immu-
noglobulin levels and antibodies specific for vaccination anti-
gens were performed on admission. Within this cohort several
patients with humoral immunity abnormalities were identified.
A detailed description of all results from the study is the subject
of another manuscript in preparation. In this paper we concen-
trate on 2 patients with complete agammaglobulinemia.

Patient 1
Parameters at admission
age 21 months
symptoms fever, cough, dyspnoe, diarrhoea
chest X-ray peribronchial infiltration

immunoglobulin levels (IgG, A, M) Not detectable

B cells Not detectable
C-reactive protein (mg/L) >160

white Blood Cells (10*9/L) 5,5
lymphocytes 37%
granulocytes 5%

monocytes 58%
Treatment antibiotics, IVIg

Complications

History known prior diagnosis of XLA
personal

family

Molecular defect in BTK

unremarkable
unremarkable
€.721-249_1026 +366del

bacteriaemia (Pseudomonas aeruginosa)

Case 1

v

A previously healthy 21-month-old boy presented to emergency
department with fever, laryngeal cough, dyspnea and diarrhea. 3
days before admission he had finished oral antibiotic treatment
for uncomplicated CAP. The boy was born at term by Caesarean
section from an uneventful dizygotic twin pregnancy after in
vitro fertilization. Weight at birth was 2890¢g, postnatal adapta-
tion uncomplicated. The boy was not breast-fed, he received full
vaccination including live attenuated bacillus Calmette-Guérin
vaccine (BCG) and live attenuated Polio vaccine as well as mea-
sles-mumps-rubella vaccine, all without adverse reactions.
Initial investigations revealed high C-reactive protein (CRP), nor-
mal white blood count (WBC) with marked monocytosis, nor-
mal lymphocyte count and profound neutropenia (© Table 1).
Chest X-ray (CXR) showed peribronchial infiltrations. Pseu-
domonas aeruginosa was cultivated from stools, urine, as well as
upper respiratory tract secretion and blood. Neither immu-
noglobulins nor circulating B cells were detectable in the serum.
Since the agammaglobulinemia was diagnosed, the boy received
intravenous immunoglobulins (IVIg, 500 mg/kg/dose) and intra-
venous antibiotics (3" generation cephalosporins, aminoglyco-
sides) for the following 2 weeks. His clinical condition improved,
and the laboratory parameters subsequently normalized. Regu-
lar IVIg substitution every 3 weeks at 500 mg/kg/dose was initi-
ated and he has been doing well since then.

In the meantime, a mutation in BTK confirming the diagnosis of
XLA was detected (¢.721-249_1026 +366del, a newly described
large deletion of exons 8-10).

Case 2

v

An 11-month-old boy presented with a history of 3-day fever
and elevated inflammatory markers. Because of his young age he
was admitted to the pediatric ward for further evaluation.

The boy was born at term following an uneventful pregnancy
with normal weight (3 100¢g). Anorectal atresia was diagnosed
soon after birth; colostomy was performed. At 3 months of age
he required treatment with intravenous antibiotics for pyelone-
phritis ascribed to the previous surgical intervention and vesi-
coureteral reflux. At the age of 6 months plastic surgery of the

Patient 2 Table 1 Characteristics of our
patients diagnosed with X-linked

11 months agammaglobulinemia.

fever

bilateral peribronchial and paracardial

infiltration

Not detectable (IgE 28 IU/ml)
Not detectable

129

10

43%

2%

55%

antibiotics, IVIg

none

congenital anorectal atresia
unremarkable
c.214C>T, p.Arg28Cys
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Table 2 Empirical 10 warning signs of primary immunodeficiency intro-
duced by Jeffrey Model Foundation Medical Advisory Board (www.info4pi.org)

> 4 new ear infections within 1 year

> 2 serious sinus infections within 1 year

> 2 months of oral antibiotic treatment with little effect

> 2 episodes of pneumonia within 1 year

failure of an infant to gain weight or grow normally

recurrent, deep skin or organ abscesses

persistent thrush in mouth or fungal infection on skin

need for intravenous antibiotics to clear infections

> 2 deep-seated infections, including septicaemia

a family history of PID

anal region was performed; the colostomy was closed at 10
months. He received full vaccination, including live attenuated
BCG without adverse reactions. He was still breastfed on
admission. Family history taken at the time of admission was
unremarkable.

On admission the patient’s CXR demonstrated bilateral peri-
bronchial and paracardial infiltration corresponding with pneu-
monia. No microorganism was isolated from the blood culture.
The inflammatory markers (CRP, WBC) were elevated with
marked monocytosis, normal lymphocyte count, and profound
neutropenia (© Table 1). Serum immunoglobulins were unde-
tectable (only IgE was 281U/ml). Circulating B cells were absent.
The patient was treated with intravenous penicillin for 6 days
followed by oral treatment for another 3 days. Due to agamma-
globulinemia he received a 400 mg/kg/dose of IVIg shortly after
admission. Since then, his fever waned and the laboratory
parameters normalized. Regular IVIg substitution every 3 weeks
of 500 mg/kg/dose was started and he is doing well with a low
rate of mild respiratory infections since then.

Diagnosis of XLA was verified by identification of a molecular
defect in BTK in the patient as well as in his mother, her sister
and their mother (p.Arg28Cys, a missense mutation repeatedly
described in XLA patients).

After confirming the diagnosis of PID, the patient’s mother
recalled a remarkable family history. A brother of patient’s
maternal grandmother had suffered from recurrent pneumo-
nias, encephalitis and a brain abscess and had died at the age of
18 years of severe infection of unknown origin.

Discussion

v

XLA (MIM 300755) is a rare (2 XLA cases in 1 million boys [11])
humoral immunodeficiency caused by a defect in the gene cod-
ing for Bruton’s tyrosine kinase (BTK), a cytoplasmic enzyme
important in the development of B lymphocytes and myeloid
cells. Patients typically suffer from severe and recurrent bacte-
rial infections and they present with low or absent serum immu-
noglobulins and low or absent circulating B cells. Half of the
patients develop symptoms during the first year of life, 90%
patients before 5 years of age. Median age at diagnosis of XLA is
26 months. However, some patients despite pronounced clinical
symptoms are diagnosed significantly later. About 50% of XLA
patients have at least 1 episode of pneumonia prior to diagnosis.
Recurrent lower respiratory tract infections lead to a rapid
development of irreversible injury of pulmonary tissue, particu-
larly bronchiectasis, reducing quality of life as well as life expect-
ancy [2,7,13].
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PID are considered to be underdiagnosed or diagnosed with a
significant delay [4]. In 1992 the Jeffrey Model Foundation Med-
ical (JEM) Advisory Board introduced empirical warning signs
for PID (© Table 2, www.info4pi.org) that should improve the
situation while guiding early diagnosis of PID. Surprisingly, a low
reliability of these signs when diagnosing patients with defects
in antibody production has been documented. In a retrospective
study of 430 patients with defined diagnosis of PID, Subbarayan
et al. [10] showed that only a family history positive for PID and
antibiotic treatment for more than 2 months help to detect a
patient with impairment of antibody production. The recent
consensual German interdisciplinary guidelines for diagnosis of
PID [3,6] also highlight increased infection susceptibility as a
leading sign of PID. However, in contrast to JFM warning signs,
no precise figures, e.g. on frequency of infection episodes or
length of therapy, are given. Individual evaluation is emphasized
as the differentiation between physiological and pathological
situations may differ due to age, social and environmental issues.
Generally, further evaluation is only warranted if increased
infection susceptibility is suspected. Among the tested labora-
tory parameters, main emphasis is placed on lymphocyte and
neutrophil counts as well as serum immunoglobulin levels. Sen-
sitivity of those guidelines in revealing PID and antibody defi-
ciency, respectively, remains to be evaluated.

The underlying severe humoral immunodeficiency in our
patients was detected at their first serious respiratory tract
infection thanks to a screening serum immunoglobulin level
measurement. The other remarkable abnormalities in the rou-
tine laboratory tests were the transient neutropenia and mono-
cytosis © Table 1, known phenomenon in patients with XLA
[2,7,13]. However, we suppose that in the pediatric community
a transient neutropenia would be more likely regarded as a
symptom associated with a sepsis or a viral infection rather than
antibody deficiency and would not warrant further immuno-
logical work up. Neutropenia listed among the warning signs of
PID [3,6] is presumably associated with symptoms of innate
immunity impairment and is of persistent or cyclic character.
Also the most sensitive marker of PID - the remarkable family
history of the patient 2 — was revealed only after the diagnosis of
XLA had already been confirmed by molecular genetic analysis.
Thus, we presume that only using JMF warning signs of PID or
recent guidelines for PID diagnosis [3,6], diagnosis of XLA would
have be delayed in our patients.

The frequency of 2 boys with a diagnosis of XLA among 131 boys
hospitalized with CAP in our cohort is extremely high and pre-
sumably does not reflect the real epidemiological situation in the
Central and Eastern Europe [11]. However, we believe that our
findings may draw attention to the immune status evaluation of
children hospitalized with CAP as it has not yet been reflected in
the published guidelines for pediatric pneumonia [1,5].
Admission for CAP could be perceived as a chance for screening
investigation of antibody production disorders in a selected
pediatric population. As a minimal screening method we pro-
pose to measure serum IgG level in all children admitted to the
hospital for CAP, especially in boys younger than 5 years in
whom neutropenia and/or monocytosis in differential blood
count is detected. If the IgG level is below 2 SD for age, lym-
phocyte immunophenotyping should be performed together
with careful reevaluation of the medical history with emphasis
on early deaths in the broad family, infectious diseases and fail-
ure to thrive. If the B-cell count is normal, secondary causes of
hypogammaglobulinemia should be excluded and/or humoral
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Child with CAP admitted to a hospital

Fig. 1 Minimal algorithm for screening of anti-
body production disorders (with focus on X-linked

1 agammaglobulinemia) in children admitted to
hospital for community-acquired pneumonia.

Boy <5y of age
Complete blood count
Monocytosis
and/or
Neutropenia
Serum IgG < |
<2SD
Lymphocyte immunophenotyping (FACS)
B cells>2 SD Bcells <2 SD
Search for Serum IgA, IgM Molecular genetic analysis
secondary causes
of hypogamma- B-cell
globulinemia immunophenotype
Vaccination
response

immunity further investigated based on the clinical phenotype.
In case of absent or very low B-cell counts molecular genetic
analysis should follow (¢ Fig. 1). This approach would reveal
patients with agammaglobulinemia, hypogammaglobulinemia
and some patients with dysgammaglobulinemia. Certainly,
humoral defects that do not affect the total serum IgG level can-
not be detected by this simple screening approach. If other signs
of immunodeficiency are present or progressively develop,
detailed evaluation of immune system should be prompted irre-
spective of the initial serum IgG level.

The suggested approach may increase the chance of early diag-
nosis and treatment of antibody production disorders and thus
prevent significant later morbidity and mortality and contribute
to a better quality of life of the patients.
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2.2 X-vazana agamaglubulinemie u ditéte s Klinefelterovym syndromem

XLA je vzacna zavazna porucha tvorby protilatek, ktera je vazana na chromozom X. Klinefelterav
syndrom (KS) je nejcastéjsi vrozena aberace pohlavnich chromozomd, ktera spodiva v pridatném
chromozomu X u jedincl muZského pohlavi (karyotyp 47,XXY) (Nielsen and Wohlert, 1990). Spojeni

obou diagnéz u jednoho nositele bylo popsano poprvé v nasem pfripadé.

Klinefelterliv syndrom se vyskytuje s incidenci 1:500, zatimco XLA postihuje jen 1 chlapce ze 190.000.
Klinickd manifestace pfidatného X chromozomu muze byt velmi subtilni, nositelé této aberace

maji vyssi postavu, nevyskytuji se u nich zddné dysmorfické rysy, mohou mit hypospadii,
kryptorchismus, typicka je absence spermatogeneze a androgenova deficience. Diagndza je Casto
odhalena az pfi vysetrovani infertility. Jen asi 10% jedinc( s KS je diagnostikovano pred dosazenim
puberty a asi 75% zUstava nediagnostikovano po cely Zivot. Onemocnéni vazané na chromozom X se
u nich projevi tehdy, pokud postihuje oba X chromozomy (Lahlou et al., 2011; Tuttelmann and

Gromoll, 2010).

U chlapce rumunského plvodu s negativni rodinnou anamnézou a normalnim vyvojem bylo v ramci
vysSetfovani pro pneumonii v 6 letech provedeno vysetifeni imunoglobulind, které odhalilo zavaznou
hypogamaglobulinemii, nasledné byla dokumentovana absence B lymfocytl v periferni krvi a bylo
vysloveno podezieni na XLA. Stoji za zminku, Ze pfi postupu podle platnych doporuceni by vysetieni
imunoglobulinli nebylo provedeno a doslo by pfinejmensim k oddaleni urceni diagndzy a opozdéni
v zahdjeni adekvatni [éCby. Z divodu unilateralniho kryptorchismu doporucdil klinicky genetik
psychologické vysetreni, které ukazalo mirné intelektudlni a emocni opozdéni. Nasledné vysetreni
karyotypu vedlo k diagndze KS. Paralelné byla molekularné genetickym vySetfenim detekovdna
missense mutace v SH2 doméné genu BTK na obou X chromozomech. Matka byla potvrzena jako

nositelka mutace.

PFitomnost mutace na obou X chromozomech svédci nejspiSe pro chybu ve druhém meiotickém
déleni v prlibéhu oogeneze. Tento typ non-disjunkce nesouvisi s vyssim vékem matek (Harvey et al.,

1990), coz odpovidalo nasemu pfipadu, kdy matka méla v dobé porodu 25 let.

Tak jako u Zen dochazi u jedinct s KS k inaktivaci jednoho X-chromozomu. Nicméné asi 5% gen0 unika
inaktivaci a dalSich 10% gen(i mUZe vykazovat variabilni obraz inaktivace (Carrel et al., 1999). Navic
asi 1% genl leZi v pseudoautozomalnich oblastech. Jakkoliv se v nasem pfipadé jedna nejspise o
nahodnou koincidenci obou onemocnéni, vyvstavaji ivahy, zda produkty zminénych gent mohou
ovlivnit klinickou manifestaci X-vazaného onemocnéni u jedincl s KS. Prvni zadvazna manifestace PID
u naseho chlapce nastala v 6 letech, ale je obtizné spekulovat o pfipadném protektivnim Gcinku extra

X chromozomu pred rozvojem infekénich komplikaci, protoZe data z lidskych studii ani ze zvifecich
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modell nejsou k této problematice podle nasich védomosti ve svétovém pisemnictvi k dispozici.
Bude také zajimavé sledovat chlapce z hlediska rozvoje autoimunitnich komplikaci, jejichZ vyssi vyskyt
neni v souvislosti s XLA popisovan, ale je zndamo, Ze riziko autoimunitnich chorob je vyznamné
asociovano s Zenskym pohlavim a tedy hypoteticky s pfitomnosti dvou X chromozom( (Gleicher and

Barad, 2007).

Ndsleduje plny text ¢ldnku:

A.-V. Cochino, A. Janda, B. Ravcukova, V. Plaiasu, D. Ochiana, I. Gherghina, T. Freiberger: X-Linked
agammaglobulinemia in a child with Klinefelter’s syndrome. J Clin Immunol 2014; 34(2): 142-145.
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mosome disorder. A previously unreported association of
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Introduction

X-linked agammaglobulinemia (XLA) (MIM#300755) is a
rare humoral immunodeficiency, occurring in 1 of 190.000
male births. It is caused by a defect in the gene coding for
Bruton’s tyrosine kinase (BTK), a cytoplasmic enzyme im-
portant in the development of B lymphocytes and myeloid
cells. Patients typically suffer from severe and recurrent bac-
terial infections and they present with low or absent serum
immunoglobulins and circulating B cells. Half of the patients
develop symptoms during the first year of life, 90 % patients
before 5 years of age. Median age at XLA diagnosis is 26
months. Typical symptoms are recurrent sinopulmonary, en-
teric and skin infections, as well as arthritis. Apart from
bacterial agents, patients are endangered by enteroviral infec-
tions that may be fatal. Patients are treated with lifelong
immunoglobulin substitution [1, 2].

Klinefelter’s syndrome (KS) is the most common chromo-
some aneuploidy in males, with an incidence of 1:500 [3].
Patients carry an additional X chromosome (47,XXY), they
are typically tall, with sparse body hair, narrow shoulders,
broad hips, and normal to slightly decreased verbal intelli-
gence. There is no facial dysmorphism and the phenotype may
vary from absent spontaneous puberty to normally virilized
men. KS men may manifest subtle clinical signs, such as
hypospadias, small phallus, small firm testis or cryptorchi-
dism, absent spermatogenesis and androgen deficiency.
Osteoporosis, varicose veins, thromboembolic disease and
diabetes mellitus are more frequent in these patients [4—6].
Only about 10 % of KS men are diagnosed before puberty and
just around 25 % during their lifetime [7]. The diagnosis is
often determined when the KS men consult physicians about
their infertility. Although there are no specific therapeutic
recommendations for KS, guidelines on the treatment of tes-
tosterone deficiency in general can also be used for these



J Clin Immunol (2014) 34:142—-145

143

patients [8]. In rare cases, viable sperm can be obtained from
individual testicular tubules by biopsy and used for in vitro
fertilization.

To the best of our knowledge an association between XLA
and KS has never been reported, a case is briefly recorded here.

Case report

The patient is a Caucasian boy, term born and with an appar-
ently normal growth and development until the age of 6 years.
He is the first-born child of the family. Since he started
kindergarten at the age of 3 until the age of 6, just two episodes
of bronchitis and several common upper airways infections
were reported. Then at 6 years of age he presented with fever,
cough and malaise and right upper lobe pneumonia was
diagnosed. Profound hypogammaglobulinemia was detected
(IgG 2.58 g/1, IgA 0.03 g/, IgM 0.27 g/1) by chance and flow
cytometric evaluation of peripheral blood lymphocytes
showed markedly decreased numbers of CD19P°® cells
(2 cells/ul, 0.05 % of lymphocyte count), while other lym-
phocyte subsets were normal. Family history was negative.

The physical examination of the boy was unremarkable
except for hypoplastic tonsils and unilateral cryptorchidism. A
clinical geneticist recommended a psychological evaluation,
which indicated a mild intellectual and emotional develop-
mental delay. KS was suspected and confirmed by karyotype
analysis and fluorescence in situ hybridization (see Fig. 1).

Hypogammaglobulinemia and B-cell lymphopenia
prompted BTK gene sequencing, a missense mutation
p.His362Arg in the exon 12 was detected on both of the
patient’s X chromosomes (see Fig. 2). The same mutation
was found in his mother, but not maternal grandmother.

Intravenous immunoglobulin (IVIg) substitution was initi-
ated (0.4 g/kg/4 weeks) with prompt positive clinical re-
sponse. Due to increased frequency of upper respiratory tract
infections a year later, the substitution had to be increased up
to 0.6 g/kg/4 weeks. Since then the patient has been free of
significant infections and thrived. At the age of 10 years
endocrinology consult is planned to evaluate possible hor-
monal replacement therapy.

Discussion

Despite not supported by guidelines [11-13], a screening of
immunoglobulin levels was performed in our patient and it led
to detection of profound hypogammaglobulinemia and subse-
quently to a diagnosis of XLA. Of note, as the course of
pneumonia was uncomplicated and the family history was
negative, immunodeficiency had not been suspected. Without
immunoglobulin screening, the diagnosis of XLA and proper
treatment would have been delayed. Similar observation was
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reported by Vancikova et al. [14] who suggested examining
immunoglobulin levels in young boys suffering from pneumo-
nia, even if uncomplicated and occurring for the first time.

Unilateral cryptorchidism and mild intellectual and emo-
tional delay raised suspicion of KS. Diagnosis was confirmed
by two independent methods.

In KS the redundant X chromosome results sporadically
from either meiotic (meiosis I, II) nondisjunction in germinal
cells or from mitotic non-disjunction in the developing zygote.
The presence of the same BTK mutation on both X chromo-
somes indicates that the non-disjunction accident leading to
KS probably occurred in the second meiotic division of oo-
genesis (maternal isodisomy). The maternal age is not sup-
posed to play a role as the association of disjunction errors
with increasing age of mothers has been attributed only to
meiosis I errors [15]. It corresponds to mother’s age of 25 at
the time of delivery. Less likely the error could have occurred
during an early postzygotic mitotic division [16].

In female somatic cells one X chromosome is transcription-
ally inactive, in order to equalize the dosage of X-encoded genes
to that of male cells. The similar process occurs in KS individ-
uals. However, around 5 % of X-linked genes escape inactiva-
tion and an additional 10 % show variable pattern of inactivation
[17]. Moreover, about 1 % of genes on X chromosome are
located in the pseudoautosomal regions that behave like an
autosome and recombine during meiosis. The KS phenotype
reflects two or three active copies of X-Y homologous genes
from the pseudoautosomal regions as well as the genes which
escape X inactivation [4]. Products of these genes may have
influenced the clinical manifestation of XLA in our patient.

The preferred (skewed) inactivation of X chromosome car-
rying the defective BTK allele occurs in B cells of female
carriers [18]. Similarly, in some cases the heterozygous state
(presence of unaffected extra X chromosome in KS patient with
X-linked disease) protects the patient from either an increased
susceptibility to infections [19] or a lethal effect of the defective
allele [20]. However, both X chromosomes are mutated in our
case and a random inactivation can be expected.

KS is generally not associated with immunodeficiency,
though older surveys report increased incidence of respiratory
tract problems in these patients [21, 22]. Our patient was
asymptomatic until the age of six and one can speculate
whether an additional X chromosome provided some protec-
tion against infection. Unfortunately, no data from human or
murine studies on this issue is currently available.

Rare cases of KS associated with X-linked immunodefi-
ciencies, other than XL A, have been reported. Individual
patients suffered from chronic granulomatous disease (CGD)
[21] and X-linked lymphoproliferative syndrome [23]. In
addition, two cases of KS brothers of patients with CGD
and properdin deficiency, carrying on one of their two
X-chromosomes a causal mutation in the CYBB and PFC gene,
respectively, have been published [19, 24]. Interestingly, one
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Fig. 1 a. Karyotype showing the presence of two X and one Y chromo-
somes. Peripheral blood specimens were collected and cytogenetic anal-
ysis was performed on GTG-banded metaphase spreads obtained from
phytohaemagglutinin (PHA)-stimulated lymphocyte cultures. The har-
vesting of cultures was done after a 72-hour incubation period. b. FISH
(fluorescence in situ hybridization), 47,XXY.ish X(DXZ1x2), Y(SRY+).
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Fluorescence in situ hybridization was carried out on metaphase spreads
according to supplier’s protocol, using probes for the centromeric region
of the X chromosome (DXZ1) and the SRY region (Yp11.2) and the Y
heterochromatic region (DYZ1) on the Y chromosome (Cytocell Aquar-
ius® SRY kit). (Color Online)
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Fig. 2 Electropherograms showing missense mutation p.His362Arg in
SH2 domain ofthe BTK gene in the proband (middle) compared to control
sequence (fop). Mutation is present on both proband’s X chromosomes.
Mother (bottom) is heterozygous for this mutation. This mutation can be
considered as disease causing. It was reported in association with classical
XLA phenotype, its pathogenicity was predicted using in silico tools
(Polyphen, http://genetics.bwh.harvard.edu/pph/; PMut, http://mmb2.
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pcb.ub.es:8080/PMut/; SIFT, http://sift.jevi.org/; data not shown), and
previously published functional analyses of six missense mutations,
located in the same region as p.His362Arg, showed impaired
phosphotyrosine binding in all of them and conformation change of the
SH2 domain in some of these mutations, including the one that affects the
same codon as the one defective in our patient [9, 10]


http://genetics.bwh.harvard.edu/pph/
http://mmb2.pcb.ub.es:8080/PMut/
http://mmb2.pcb.ub.es:8080/PMut/
http://sift.jcvi.org/
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patient with Wiskott-Aldrich syndrome was treated by hemato-
poietic stem cell transplantation from his brother with KS [25].

Autoimmune complications frequently occur in patients
with primary immunodeficiencies. Women are in general
more prone to autoimmune disease development [26]. Due
to the possible gene dose effect of immunity-related genes and
immune-related regulatory micro RNA [27, 28] on the X
chromosome, the KS men share a similar risk of developing
autoimmunity as women, as has been clearly shown for SLE
[29]. Tt would be of interest to learn whether the possibly
increased susceptibility to autoimmunity is counterbalanced
in our patient by the absence of B cells.

The association of Klinefelter’s syndrome and X-linked
agammaglobulinemia in the same patient has not been report-
ed so far and represents coincidental occurrence. Both dis-
eases arose independently, however, BTK gene defect and
additional X-chromosome might interfere in phenotype devel-
opment, particularly in terms of autoimmune complications.
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2.3

Ostatni

Dale byly publikovany nasledujici kazuistiky, u nichZ byl dokumentovan pfinos molekularné

genetického vySetfeni genu BTK:

E. Parizkovd, P. Rozsival, T. Freiberger, D. Komdrek: X-vdzand agamaglobulinémie (Brutonova nemoc)
— tfi kazuistiky a molekuldrné genetické studie jejich rodin. Ces.-slov. Pediat., 59, 2004, ¢. 3, pp. 119-
122.

Z. Havlicekova, M. Jesenak, T. Freiberger, P.Banovcin: X-linked agammaglobulinemia caused by new
mutation in BTK gene: A case report. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 2014,
158(3): 470-473.
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Vyznam gent modifikujicich pribéh primarnich protilatkovych imunodeficienci

Na rozdil od urceni mutaci v kauzalnich genech je analyza genli modifikujicich priibéh onemocnéni
zatim zdlezitosti spiSe vyzkumnou. Je ovSsem zfejmé, Ze i u monogennich chorob existuje cela rada
dalsich genetickych faktord, které maji zasadni vyznam z hlediska véku manifestace onemocnéni a
tize symptomd, spektra klinickych projevi, progndzy, odpovédi na rlizné typy IéCby a dalSich
fenotypovych aspektd nemoci. U komplexnich polygennich chorob je poznani jednotlivych
genetickych variant v kandidatnich genech, jejich vzdjemnych interakci a interakci se zevnimi vlivy
klicové pro pochopeni patogeneze choroby a pro vyvoj cilené Iécby. Predpoklada se, Ze podrobné;jsi
genetické vysetieni bude v budoucnu zdkladem perzonalizované mediciny, kdy u kazdého pacienta
bude mozZné stanovit individudlni rizika rozvoje jednotlivych komplikaci, prognézu a vybrat |é¢bu na

miru, ktera bude mit optimalni U¢innost pfi minimalnim riziku neZzadoucich reakeci.

HLA systém

HLA systém je neobycéejné komplexni a polymorfni. Komplexnost spociva ve velkém mnozstvi gend,
které systém zahrnuje. Polymorfnost je dana vysokym poctem alel, které se mohou na jednotlivych
genovych lokusech vyskytovat. Jednotlivé alely kéduji molekuly, které jsou schopny vazat rGzné
peptidové fragmenty s riznou efektivitou. Nékterd polymorfni mista jednotlivych HLA antigent
ovliviu;ji silu vazby a spektrum proteind prezentovanych T-lymfocytlm, jina pfimo moduluji interakci
komplexu HLA-antigenni peptid s T burikou. Kazda HLA molekula vaze v jedné chvili pouze jeden
peptidovy fragment, celkové vsak m(iZze prezentovat celou fadu antigennich peptidid. Omezena HLA
vybava kazdého jedince spolu s Sirsi specificitou HLA molekul pro vazbu antigen(i podporuji hypotézu,
Ze findlIni Uzka specificita imunitni odpovédi je dana prevazné antigennimi receptory T-lymfocytl. Na
druhou stranu peptidy vazici se ke konkrétni HLA molekule sdileji urcité rysy, které nemohou byt ve
vybavé peptidil véazicich se k jiné HLA molekule. Clovék je oviem obdan dostate¢nym poctem riznych

HLA molekul, které pokryvaji prakticky celé spektrum antigen(, se kterymi se potkava.

HLA typizace velkych skupin pacientl s rdznymi onemocnénimi ukazala, Ze nékteré alely se vyskytuji
vyznamné Castéji u pacientl s danym postiZzenim nez v obecné populaci. Nejcastéji se jedna o
choroby, v jejichzZ etiologii hraje dleZitou roli imunitni systém, zejména o autoimunitni onemocnéni,
ale i o maligni nebo infekéni onemocnéni, miZze se ale jednat i o choroby, u nichZ zatim zadna
vyznamnéjsi etiopatogeneticka vazba k imunitnimu systému prokazana nebyla (narkolepsie s vibec
nejsilnéji dokumentovanou asociaci s HLA, maniodepresivni choroba a dalsi). Vzhledem k tomu, Ze

pritomnost HLA antigenU je vrozenad, zatimco takto asociované choroby jsou ,ziskané”, je presné;jsi
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fici, Ze lidé s urcitymi HLA antigeny maji zvySené riziko vzniku nékterych onemocnéni. Z uvedenych
studii byla odhadovéna relativni rizika vzniku daného onemocnéni u nositeld konkrétniho antigenu,
resp. alely HLA systému. Jako relativni riziko je oznacovan pomér mezi rizikem vzniku urcité choroby
u nositele definovaného rizikového faktoru (v tomto pripadé urcitého antigenu HLA systému) a

rizikem vzniku této choroby v bézné populaci.

U nékterych chorob byly zaznamendny velmi silné asociace. Na druhou stranu dosud nebyla popsdna
situace, kdy se nemoc rozvinula u vSech jedinc s danym HLA antigenem. Byly ovSsem identifikovany
choroby, kdy vyrazna vétsina jedinc(, u nichZ se nemoc rozvinula, skutecné sdilela konkrétni HLA
antigen. To ukazuje na skutecnost, Ze pfitomnost specifického HLA antigenu mUZe byt dileZitou, ale
nikoliv jedinou nebo nezbytnou podminkou vzniku daného onemocnéni. K rozvoji choroby je nutna

Ucast dalsich faktor(, jak genetickych, tak i faktor(i vnéjsiho prostredi.

Ackoliv existuje nékolik hypotéz popisujicich predpokladdanou ulohu HLA systému v rozvoji
autoimunity, pfesny model objasnujici patogenetické mechanismy autoimunitnich procesi ve spojeni
s HLA molekulami dosud vytvoren nebyl. Asi nejvice atraktivni hypotéza pocita se specifickou
prezentaci peptidu, ktery je spousté¢em daného onemocnéni, urcitou konkrétni HLA molekulou
pfimo v misté manifestace onemocnéni, pricemz jind HLA molekula vazby a prezentace tohoto
peptidu schopna neni. MiZe jit o autenticky nebo modifikovany vlastni peptid nebo i o cizorody
antigen. Odpovéd T lymfocytl pak vede k poskozeni tkané a vzniku onemocnéni. Jind hypotéza
hovoti o selhani mechanizmu negativni selekce autoreaktivnich T lymfocyt(i v thymu. Napfiklad,
pokud urcita HLA molekula nenavaze néjaky télu vlastni antigen s dostatecné vysokou afinitou,
nezraly T lymfocyt reagujici s timto antigenem unikne negativni selekci a vyzraje ve funkéné
kompetentni buriku schopnou autoimunitni reakce. Nebo se mUze jednat o ovlivnéni repertoaru T-
bunécénych receptort, véetné populace regulacnich T lymfocytl (Treg), coz mize také vést ke vzniku a
proliferaci autoreaktivnich T lymfocyt(. V dvahu je nutno vzit i fakt, Ze asociace genll HLA s danym
onemocnénim muZe byt v nékterych pripadech dana pouze tim, Ze oblast HLA leZi v blizkosti genu,
ktery ma skutecné kauzalni vztah k tomuto onemocnéni. Takova asociace je tedy zdanliva a dochazi

k ni v dasledku vazebné nerovnovahy mezi urcitymi HLA alelami a mutacemi v kauzalnim genu

(Gregersen and Behrens, 2006; Shiina et al., 2004).

Kapitola 3.1 byla sepsdna s vyuZitim ndsledujicich texti:

T. Freiberger: Hlavni histokompatibilitni systém c¢lovéka. In Litzman a kol., Zdklady vysSetreni v klinické

imunologii, MU Brno, 2009.

T. Freiberger: Genetika imunopatologickych stavd. In Soucek a kol., Vnitrni Iékar'stvi, Grada, 2011.
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3.1.1 Asociace HLA s CVID a IgAD

Vétsina pripadd CVID a IgAD je sporadickych, ale familiarni vyskyt obou onemocnéni byl také
presvédcivé a opakované dokumentovan. Asi ve 20% publikovanych pripad( se CVID a IgAD vyskytly
v ramci jedné rodiny, pficemz CVID bylo zpravidla zaznamenano v rodi¢ovské generaci a IgAD u jejich
déti. U nékterych pacientl byl popsan pfechod IgAD do CVID, cozZ by svédCilo pro spoleény geneticky
zaklad obou onemocnéni. Az na vyjimecné pfipady u CVID (asi 3%) nebyl dosud identifikovan kauzalni
gen pro vznik CVID nebo IgAD a v soucasné dobé se soudi, Ze v obou pfipadech se majoritné jedna
spise o komplexni polygenné podminéna onemocnéni. Byly uskuteénény asociacni studie popisujici
souvislost obou nemoci s urcitymi sekvenénimi variantami v nékterych genech, pficemz nejsilnéjsi
asociace byly detekovany u gend HLA systému (Cunningham-Rundles and Bodian, 1999; Ferreira et
al., 2012; Ferreira et al., 2010; Hammarstrom et al., 2000; Jolles, 2013; Kralovicova et al., 2003;
Vorechovsky et al., 1995; Yel, 2010).

Také nase skupina prokdazala na zacatku tisicileti souvislost mezi neutralnimi aminokyselinami na 57.
pozici HLA fetézce DQJ a sporadickou i familiarni formou IgAD, zatimco negativné nabita kyselina

asparagova na této pozici predstavovala protektivni uéinek pred vznikem onemocnéni.

Podrobnéji je studie popsdna v ndsledujici publikaci:

T. Freiberger J. Litzman, E. Vondruskovd: Uloha kyseliny asparagové na 57. pozici HLA-DQ beta
fetézce u sporadické a familidrni formy selektivni deficience IgA. Cas. lék. &es., 140, 2001, ¢. 24, s.

770-773.
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3.2

Manozu vazajici lektin

Lektin vazajici mandzu (MBL), dfive nazyvany také protein vazajici mandzu (MBP), je duleZitou
soucasti vrozené imunity. Z hlediska struktury se fadi do rodiny tzv. kolektinl a je jednim ze 30
proteind komplementu. Jeho syntéza probiha v jatrech. Mezi hlavni funkce MBL patfi aktivace
komplementu tzv. lektinovou cestou. Déle se vazbou na cukerné slozky povrchu mikroorganismi
podili na opsonizaci infekénich agens, hraje urcitou Ulohu pfi modulaci zanétu, ovliviiuje uvolfiovani

cytokinlt monocyty, pfispiva k odstraniovani alergen( a Ucastni se apoptdzy.

Sérova hladina MBL je geneticky determinovana. Gen MBL2 je lokalizovdn na chromosomu 10q11.2-
g21. Deficit, resp. snizenda hladina MBL je zpUsobena strukturalnimi mutacemi v kodonech 52, 54 a 57
prvniho exonu genu MBL. Tyto mutace se oznacuji pismeny D (vzacnéjsi), B (tato je v Evropé
nejcastéjsi, je zastoupena asi u ¢tvrtiny Evropan() a C (v Evropé vzacng, ¢asta na africkém
kontinentu); zatimco normalni varianta je oznacovana pismenem A. Nezanedbatelny vliv na sérovou
hladinu MBL ma také polymorfismus v promotorové oblasti genu MBL2. Popsané varianty jsou
oznacovany -550 H/L, -221 X/Y a +4 P/Q, pticemZ bézné se vyskytuji promotorové haplotypy LXP, LYP,
LYQ a HYP. Haplotyp HYP je spojen s normalni az vysokou hladinou MBL, naopak haplotyp LXP urcuje
vyznamné snizenou hladinu MBL (Kilpatrick, 2002; Turner, 2003).

MBL je proteinem akutni faze, jeho hladina se tedy mirné zvysuje v pribéhu akutniho infektu.
Pozitivni vliv na sérovou hladinu MBL ma ristovy hormon, naopak glukokortikoidy hladinu MBL

snizuji (Hansen et al., 2001; Naito et al., 1999).

Deficit MBL je spojen se zvySenou nachylnosti k infekénim onemocnénim, zplisobenym predevsim
extracelularnimi patogeny a patogeny vyvoldvajicimi respiracni infekce v raném détstvi. Hladina MBL
vSak nekoreluje se zavaznosti klinickych ptiznak( a k manifestaci imunodeficitu dochazi vétsinou ve
chvili, kdy se objevi jesté dalsi porucha, napt. deficit podttid I1gG. Projevy imunodeficitu jsou ¢astéjsi u

déti, u dospélych je vétsinou kompenzovan jinymi mechanismy imunitniho systému (Turner, 2003).

MBL deficit ma modulaéni vliv na pribéh nékterych infekcénich a autoimunitnich onemocnéni. U
pacientl se systémovym lupus erythematosus byla zjisténa vyssi frekvence mutantnich alel genu MBL
a nizsi sérové hladiny proteinu (Garred et al., 2001). U pacientl s revmatoidni artritidou deficit MBL
zhorsuje jejich progndzu (Graudal et al., 2000; Saevarsdottir et al., 2001). Spekuluje se o etiologickém
vlivu deficitu MBL na rozvoj atopické dermatitidy (Brandrup et al., 1999). Zajimavé, i kdyZ ponékud
kontroverzni, jsou dalsi zjisténi tykajici se MBL. Napriklad u pacientl infikovanych virem HIV, ktefi
maji zaroven strukturdlni mutaci MBL2 genu, je popisovan rychlejsi pribéh nemoci a vy$si mortalita
(Garred et al., 1997). Pfi nizsi hladiné MBL byla u pacient( s hepatitidou C detekovana horsi odpovéd

na léCbu interferonem (Matsushita et al., 1998). U pacientl s cystickou fibrézou (CF) koreluje deficit

38



3.2.1

MBL s horsimi plicnimi funkcemi, nepfiznivou prognézou pti chronické infekci Pseudomonas
aeruginosa a s Castéjsim vyskytem infekce Burkholderia cepacia (Garred et al., 1999). Dale je u
pacientl s CF popisovana spojitost deficitu MBL s vyssi incidenci jaterni cirh6zy (Gabolde et al., 2001).
Dalsi autofi zaznamenali u pacientt s deficitem MBL vyssi pravdépodobnost tézsiho priibéhu pfi
infekci Plasmodium falciparum (Luty et al., 1998). Existuji dil¢i dlikazy pro etiologickou spojitost nizké
hladiny MBL a vyssi frekvence vyskytu opakovanych potrat( (Kilpatrick et al., 1995). Ojedinéle se
hovoti o vyssim vyskytu mutantnich alel MBL2 genu u pacient(l s tézkou aterosklerézou (Madsen et

al., 1998).

Relativné vysokd frekvence mutantni alel v populaci naznacuje, zZe nizkd hladina MBL by mohla mit i
urcity protektivni Gcinek. Bylo zjisténo, Ze nizsi hladiny MBL chrani proti mykobakterialnim infekcim a
visceralni leishmanidze (Hoal-Van Helden et al., 1999; Santos et al., 2001). Je tedy velice
pravdépodobné, ze MBL napomaha intracelularnim parazitim, ktefi pouZzivaji receptory

komplementu pf¥i priniku do buriky.

Progndza pacient( s deficitem MBL je obecné velice dobra. Jak je vySe uvedeno, mize vsak prispivat

ke komplikovanéjsimu pribéhu rdznych onemocnéni, pfipadné zhorsovat jejich prognézu.

V kapitole 2.2 byl pouZit text ndsledujici publikace:

A. Janda, J. Bart(irikovd, R. Spisek, T. Freiberger: Deficit lektinu vdzajiciho mandzu. Ces.-slov. Pediat.,

60, 2005, ¢. 2, pp 79-80.

Stanoveni frekvence alel a haplotyp( MBL2 v ¢eské populaci

V genetické laboratofi CKTCH v Brné jsme zavedli novou metodu genotypizace MBL2 a stanovili
frekvenci vyskytu jednotlivych alel a haplotypl podminujicich parcialni a Gplny deficit MBL v ¢eské
populaci. Polymorfizmy v oblasti promotoru genu MBL2 byly detekovany pomoci mutacné specifické
PCR, varianty v kodujici oblasti byly analyzovdany metodou multiplexni PCR se vznikem specifickych
amplikonl o délkach 128, 135 a 143 bp. Pro urceni vSech genotypovych variant bylo zapotrebi jen 4-5
amplifikacnich reakci s vyhodnocenim na 2%, resp. 4% agardézovém gelu. NasSe metoda se ve srovnani
s tehdy pouzivanymi genotypizacnimi technikami zaloZzenymi na konvencni PCR ukazala byt
ekonomicky vyhodnym, méné pracnym a ptitom rychlym a spolehlivym nastrojem pro vysetfreni

MBL2.

Stanovili jsme frekvenci vyskytu jednotlivych genotypovych a haplotypovych variant v souboru 359

jedincl obecné ceské populace a porovnali ji s ostatnimi populacemi. Velmi vzacny hyplotyp LYD,
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ktery byl do té doby popsan jen u 1 osoby evropsko-brazilského plivodu a 3 polskych déti
s opakovanymi respiraénimi infekty, byl detekovan u 7 jedinci. RozloZeni jednotlivych variant v ¢eské
populaci se stalo zakladem pro analyzu vyskytu deficitnich haplotypl ve specifickych skupinach

pacientt v dalSich studiich.

Ndsleduje plny text ¢ldnku:

H. Skalnikovd, T. Freiberger, J. Chumchalovd, H. Grombifikovd, A. Sedivd: Cost-effective genotyping of
human MBL2 gene mutations using multiplex PCR. J Immunol Methods, 295 (1-2), 2004, pp. 139-147.

(TF korespondujici autor).

40



Journal of

Immunological Methods

okee L RS
ELSEVIER Journal of Immunological Methods 295 (2004) 139—147

www.elsevier.com/locate/jim

Research paper

Cost-effective genotyping of human MBL2 gene mutations
using multiplex PCR

. . . - b
Helena Skalnikova®, Tomas Freiberger™™, Jitka Chumchalova®,
Hana Grombifikova®, Anna Sediva®
“Laboratory of Molecular Genetics, Centre for Cardiovascular Surgery and Transplantation, Vystavni 17/19, 603 00 Brno, Czech Republic

SCentre of Molecular Biology and Gene Therapy, University Hospital, Brno, Czech Republic
CInstitute of Immunology, Charles University, Prague, Czech Republic

Received 6 July 2004; received in revised form 5 October 2004; accepted 21 October 2004
Available online 11 November 2004

Abstract

Mannose-binding lectin (MBL) deficiency is associated with increased susceptibility to various infections and autoimmune
disorders. It is caused by certain polymorphisms in the MBL2 gene promoter and mutations in the coding region of the gene. In
this report, we present a novel, rapid, efficient and cost-effective method of two multiplex polymerase chain reactions (PCRs)
for the assessment of three structural point mutations within exon 1 at codons 52, 54 and 57. Three additional PCR reactions for
the detection of promoter polymorphisms at positions —550 and —221 were performed. MBL2 haplotypes in 359 individuals of
the general Czech population were detected using this approach. The rare LYD haplotype was found in 1.1% of all alleles.
© 2004 Elsevier B.V. All rights reserved.

Keywords: MBL; Genotyping; Multiplex PCR; Slavic population

1. Introduction MBL have been shown to be associated with impaired
opsonization of pathogenic organisms. This defect

Mannose-binding lectin (MBL) is a serum protein then results in recurrent infections in childhood, more
that can trigger complement activation and thus plays severe courses of infections in immunocompromised
an important role in innate immunity. Low levels of patients and is also implicated in several autoimmune

diseases. The serum levels of MBL are influenced by
the presence of promoter polymorphisms and muta-

Abbreviations: MBL, mannose-binding lectin; PCR, polymerase tions in the 1st exon of the MBL2 gene (reviewed by
i, ton; RS, Tl e o 956 Giprick, 2002 Turer: 2009
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321 1218. ALS583855) is located in humans on 10q11.2-q21 and
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principal sequence variants of the promoter region
have been described: the nucleotide substitutions G to
C in positions —550 (variant H to L) and —221
(variant X to Y). The haplotypes HY, LY and LX are
associated with high, intermediate and low MBL
serum levels, respectively (Madsen et al., 1995). The
variant HX is extremely rare and was described only
in three systemic lupus erythematosus patients of
Black African ethnicity (Sullivan et al., 1996). It
has not been reported so far in Caucasians. An
additional substitution T to C at +4 position in the
5" -untranslated region (variant Q to P) has been
described and does not appear to dramatically reduce
the MBL serum level (Madsen et al., 1998).

Three principal point mutations have been reported
in the coding region of the MBL2 gene and give rise to
the allelic variants B, C and D (also called 0 variants),
while the wild-type allele is designated A. The
substitutions in codons 54 (allele B) and 57 (allele
C) disrupt the amino acid repeat sequence (Glycine—
X-Y) of the collagen-like region of MBL protein by
the replacement of a glycine residue with an aspartic
acid and a glutamic acid, respectively. The mutation in
codon 52 (allele D) results in an arginine-to-cysteine
substitution in the MBL protein and may lead to the
formation of an additional disulphide bond. All three
mutations hamper the oligomerization of MBL pep-
tide and have a profound effect on MBL serum
concentrations (reviewed by Petersen et al., 2001). Six
common (HYA, LYA, HYD, LYB, LYC and LXA)
and two rare (HXA and LYD) haplotypes have been
reported so far (Sullivan et al., 1996; Boldt and Petzl-
Erler, 2002; Garred et al., 2003).

Many approaches to the MBL2 gene genotyping
have been described, e.g., polymerase chain reaction
(PCR) followed by restriction enzyme analysis (Mad-
sen et al., 1994), hybridisation with sequence-specific
oligonucleotide probes (SSOP; Madsen et al., 1994),
amplification refractory mutation systems (ARMS;
Davies et al., 1995; Mullighan et al., 2000; Steffensen
et al., 2000), a combination of ARMS and SSOP
(Crosdale et al., 2000; Boldt and Petzl-Erler, 2002),
heteroduplex analysis (Jack et al., 1997), real-time
PCR (Hladnik et al., 2002; Steffensen et al., 2003) and
a 5 nuclease assay using minor-groove-binder DNA
probes (Van Hoeyveld et al., 2004).

Here, we describe a rapid and cost-effective
method for genotyping the MBL2 gene using multi-
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plex PCR and its use to study MBL2 allelic
frequencies in the Czech population as a representa-
tive sample of Slavic populations.

2. Materials and methods
2.1. Samples

Samples of peripheral blood were obtained from
(a) 255 healthy children with no history of immu-
nodeficiency and (b) 104 umbilical cord blood
samples of healthy neonates after obtaining informed
consent from parent or legal guardian. The genomic
DNA was extracted from leukocytes by established
techniques.

The genotypes of all DNA samples used as
positive controls for the presence of any of the 1st
exon mutations were confirmed by PCR with CF and
CR primers (see below), followed either by restriction
analysis with BshNI and Mboll (MBI Fermentas,
Vilnius, Lithuania) in the case of the B and C alleles,
respectively, or by direct sequencing in the case of
allele D. Both restriction analyses were performed
according to the manufacturer’s instructions. Direct
sequencing was performed using the BigDye Termi-
nator kit (Applied Biosystems, Foster City, CA, USA)
on an ABI-310 sequencer (Applied Biosystems), also
according to the manufacturer’s instructions.

2.2. Primer design

The promoter polymorphisms were detected using
the method of the double amplification refractory
mutation system (ARMS; Newton et al., 1989). The
primer sequences for the promoter genotyping (adap-
ted from Steffensen et al., 2000) were modified in
their length and by the addition of noncomplementary
nucleotides at the fourth positions from the 3’ end of
the primers, to increase the specificity of the reactions
(see Fig. 1). Three separate amplifications with
sequence specific sense and antisense primers were
carried out to determine HY, LY and LX promoter
haplotypes (reaction Nos. 1, 2 and 3, respectively, in
Table 1). The amplification of a 796-bp segment of
the third intron of the HLA-DRB1 gene with primers
C3 (8 GCA TCT TGC TCT GTG CAG AT 3') and
C5 (5 TGC CAA GTG GAG CAC CCA A 3') was
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cctgtegtacaaatatcagaaggte Yas
<
gctgtegtacaaatatcagaaggtce Xas

«
5'agaaaatgcttacccaggcaagcctgtltaaaacacca—3 08-tca ctgccaclgaaagcatgtttatagt cttccagcagcaacgs3

Promoter

I'tcttttacgaatgggteccgtteggacagattttgtggt-308-agtgacggtggctttegtacaaatatcagaaggtegtegttged

Ls cttacccaggcaagceggte

Hs cttacccaggcaagccggtyg
—>

Hs + Yas or Ls + Yas or Ls + Xas 373 bp

1st exon ctegtttocceottggtog 5/R-ARD

ttogtttoccoottggteg S7R-C
cgttgttecctettttecee E42-ACD
—gtzgttcecteztttecce 54R-B

geagracogtggttecetet E2R-ABC

acagtacegtgottecctet 52R-D

ctcattatcaacagaacggteggg CR

5 gtggecagegtettactcagaaactgrgace—78-cgggtgatgficaccaagd
g—78-cccfcactac@gTggttad

3 caccgtegeagaatgagtatttgacacty
CF gcagcgtcttactcagaaactgtg

>

agazaacggggaaccaggtac—" 66-tgtcactaatagttgtettgocageccaggaa 3
tctttteccccttgyzegatg-_o6-acactgzttatcaacagaacggtogggtectt &

CE + 5ZR-RBC or CF + 5ZR-D 128 bp
CE + 54R-ACD or CF + 54R-B 132 bp
CE 4+ 57R-ABD or CE + 37R-C 142 bp
CF + CR 332 bp

Fig. 1. The MBL2 gene sequence, primer design and PCR products’ lengths. The presented sequence of the HYA haplotype is based on
GenBank DNA sequence, accession no. AL583855. The numbers within the sequence represent the number of nucleotides not displayed. The
positions of nucleotide substitutions leading to the promoter polymorphisms —550 H/L, —221 X/Y and the 1st exon mutations at codons 52 (A/
D), 54 (A/B) and 57 (A/C) are indicated in grey. The positions within the sequences of primer bases providing specificity are underlined. The
primers C3 and C5 used as an internal control of amplification in the MBL2 promoter genotyping are not shown.

performed as an internal control of amplification
(Olerup and Zetterquist, 1992).

The multiplex PCR with sequence specific primers
was used to genotype the 1st exon of the MBL2 gene.
The primers, including internal control of amplifica-
tion, were designed using Oligo 4.0 software. Non-
complementary nucleotides were placed at the fourth
positions from the 3’ end of all the allele specific
primers, to reach the higher specificity of the
amplification (see Fig. 1). Three antisense primers,
54R-B, 57R-C and 52R-D specific for the B, C and D
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alleles, respectively, together with common primers
CF (sense) and CR (antisense), were used in one
reaction (reaction No. 4 in Table 1). The CR primer
was added at a 20-fold lower concentration compared
with the CF primer. Common CF and CR primers
were designed partly to increase the amount of
template DNA for specific reactions, partly to serve
as an internal control of amplification. The PCR
products of particular mutant alleles differed in their
length (see Fig. 1 and Table 1). Reaction mix No. 5
(Table 1) contained three antisense primers, 52R-
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Table 1
MBL?2 genotyping in five PCR reactions
Gene Reaction  Primers used in PCR?* PCR product lengths in the presence Mg?" ®  Tag®
region No. of different haplotypes/genotypes
Promoter 1 Ls (0.6)+Xas (0.6)+C3 (0.6)+C5 (0.6) LX haplotype present 373+796 bp 1.0 0.75
LX haplotype not present 796 bp
2 Ls (0.6)+Yas (0.6)+C3 (0.6)+C5 (0.6) LY haplotype present 373+796 bp 1.0 0.75
LY haplotype not present 796 bp
3 Hs (0.6)+Yas (0.6)+C3 (0.6)+C5 (0.6) HY haplotype present 373+796 bp 1.0 0.75
HY haplotype not present 796 bp
Ist exon 4 CF (0.4)+CR (0.02)+52R-D D/A or D/D genotype 128+339 bp 2.0 1.0
(0.2)+54R-B (0.4)+57R-C (0.4) B/A or B/B genotype 135+339 bp
C/A or C/C genotype 143+339 bp
D/B genotype 128+135+339 bp
D/C genotype 128+143+339 bp
B/C genotype 135+143+339 bp
A/A genotype 339 bp
5 CF (0.4)+CR (0.02)+52R-ABC D/D genotype 135+143+339 bp 2.0 1.0
(0.2)+54R-ACD (0.4)+57R-ABD (0.4)  B/B genotype 128+143+339 bp?
C/C genotype 128+135+339 bp
A/A, A/B, A/C or 128+135+143+339 bp

A/D genotype

Primer concentrations in pM are listed in parentheses.

Concentration of Mg”" in mM.

Concentration of Taqg DNA polymerase in U/reaction.

In the case of B/B homozygotes, a 128-bp PCR fragment is not reliably detected (see Fig. 1 and Discussion).

o

ABC, 54R-ACD and 57R-ABD, specific for allele A such allele had been detected in the previous reaction
in codons 52, 54 and 57, respectively. This setup was (No. 4 in Table 1). Thus, theoretically, the PCR
used to discriminate between A/0 heterozygotes and product of 128, 135 or 143 bp should be absent in the
homozygotes for a given mutant allele, provided that case of D/D, B/B or C/C homozygosity, respectively.

339 bp

Fig. 2. Results of the 1st exon genotyping of different MBL2 genotypes. The letters indicate MBL2 genotypes. The numbers 4 and 5 correspond
to the reactions in Table 1. The primers specific for B, C and D alleles were used in reaction No. 4, while primers specific for A allele in codons
52, 54 and 57 were used in reaction No. 5. The lengths of PCR products specific for the B, C and D alleles are 135, 143 and 128 bp,
respectively. The common band amplified with CF and CR primers is 339 bp long (see also Table 1 and Fig. 1). A 4% MetaPhor agarose gel
electrophoresis was used.
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On the other hand, all three products should be
detected in the presence of the A allele after PCR
reaction No. 5 (see Table 1).

The sequences and sites of annealing of the
primers, as well as the composition of primer mixes
and lengths of the PCR products, are presented in
Fig. 1 and Table 1.

2.3. PCR

The reactions were performed in 25-pl volumes
that contained approximately 500 ng of genomic
DNA and 0.02 to 0.6 pM of the specific primers in the
presence of 1 to 2 mM MgCl,, 0.2 mM of each
deoxynucleotide triphosphate, 50 mM KCI, 10 mM
Tris, pH 8.4, 0.2 mg/ml albumin (BSA) and 0.75 to
1 U Taq DNA polymerase (Invitrogen, Paisley, UK;
see Table 1).

All PCRs were initiated by a denaturation step at
95 °C for 3 min, followed by 40 cycles of 30 s at 95 °C,
30 s at 62 °C, and 30 s (in the case of the 1st exon
analysis) to 60 s (in case of the promoter genotyping) at
72 °C. Reactions were completed by an extension step
at 72 °C for 7 min.

2.4. Detection of PCR products

PCR products specific for the particular promoter
polymorphisms and the 1st exon alleles were resolved
by electrophoresis in 2% agarose (voltage 100 V for
60 min) or in 4% MetaPhor agarose (Cambrex, East
Rutherford, NJ, USA; 110 V for 3 h), respectively.
The gels were stained with ethidium bromide and
visualised with UV light.

2.5. Estimation of haplotypes

The assignment of the haplotypes was based on the
strong linkage disequilibrium between the promoter
variants and the 1st exon alleles and the existence of
frequent haplotypes HYA, LYA, HYD, LYB, LYC and
LXA. All suspected or possible LYD haplotypes were
evaluated by specific PCR (see below).

2.6. Detection of LYD haplotype

The primers 5 CTCTGCCAGGGCCAACGTA 3’
(sense) and 5’ CCTCTGGAAGGTAAAGAATTG-
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CAG 3 (antisense) were designed (using Oligo 4.0
software) to amplify a 914-bp DNA fragment in a
sample that appeared likely to carry the LYD
haplotype. The 50 pl PCR reaction mix contained
approximately 1 pg of genomic DNA, 0.4 uM of each
primer, 1.0 mM MgCl,, 0.2 mM of each deoxynucleo-
tide triphosphate, 50 mM KCI, 10 mM Tris, pH 8.4,
0.2 mg/ml albumin (BSA) and 2.5 U Taq DNA
polymerase (Invitrogen). The cycling conditions were
5-min denaturation at 95 °C, 40 cycles of 60 s at 95 °C,

Table 2

Complete genotype frequencies determined in the Czech population
Complete Absolute Relative
genotype frequency (n) frequency (%)
Normal MBL plasma concentrations®

HYA/HYA 30 8.36
HYA/LYA 70 19.50
HYA/LXA 66 18.38
LYA/LYA 24 6.69
LYA/LXA 39 10.86
Subtotal 229 63.79
Intermediate MBL plasma concentrations®

HYA/LYB 27 7.52
HYA/LYC 0 0.00
HYA/HYD 9 2.51
HYA/LYD 1 0.28
LYA/LYB 22 6.13
LYA/LYC 3 0.84
LYA/HYD 11 3.06
LYA/LYD 1 0.28
LXA/LXA 15 4.18
Subtotal 89 24.79
Low MBL plasma concentrations®

LXA/LYB 20 5.57
LXA/LYC 1 0.28
LXA/HYD 6 1.67
LXA/LYD 2 0.56
LYB/LYB 4 1.11
LYB/LYC 2 0.56
LYB/HYD 3 0.84
LYB/LYD 1 0.28
LYC/LYC 0 0.00
LYC/HYD 0 0.00
LYC/LYD 0 0.00
HYD/HYD 0 0.00
HYD/LYD 1 0.28
LYD/LYD 1 0.28
Subtotal 41 11.42
Total 359 100.00

? Plasma concentration groups established according to Schmie-
gelow et al., 2002.
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60 s at 57 °C, and 60 s at 72 °C, with a final extension
at 72 °C for 15 min. Then, the PCR product was
purified using a Gel Extraction Kit (Qiagen, Hilden,
Germany) and cloned into pCR2.1 (TOPO TA cloning
kit; Invitrogen) according to the manufacturer’s
instructions. Both strands of the insert were sequenced
(as described above) to confirm the existence of the
LYD haplotype sequence.

All DNA samples containing the D allele were
further amplified using the LYD specific (Ls and
52R-D) or the HYD specific (Hs and 52R-D) primers
to distinguish between the respective haplotypes. The
composition of the reaction mix was the same as used
for the promoter and the Ist exon genotyping but
contained 2.0 mM MgCl, and 0.4 uM of each primer.
The amplification conditions were 40 cycles of 95
(30 s), 66 (30 s) and 72 °C (40 s), followed by a final
7-min, 72 °C extension step. Both LYD and HYD
haplotype-specific PCR reactions yielded 811-bp
fragments after the respective reaction mixes were
resolved by electrophoresis in 2% agarose gels.

3. Results
The DNA samples of 359 individuals were

analyzed. For each sample, four PCR reactions were
performed (three for promoter genotyping and one for
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the detection of mutant allele(s) of the Ist exon;
reaction Nos. 1-4 in Table 1). One additional PCR
amplification was carried out (reaction No. 5 in Table
1) if one mutant allele was detected within exon 1. All
samples carrying the D allele were further analyzed
for linkage with the LY or HY promoter variants. All
potential variants of the Ist exon genotypes were
tested and appeared to be clearly distinguishable (see
Fig. 2).

The frequencies of individual genotypes in the
Czech population studied and the estimated haplotype
frequencies are summarized in Tables 2 and 3,
respectively. The genotypes associated with normal
(YA/YA or YA/XA), intermediate (YA/0 or XA/XA)
and low (XA/0 or 0/0) plasma MBL concentrations
were detected in 63.8%, 24.8% and 11.4% of
individuals, respectively.

The D allele was previously described particularly
as a part of the HYD haplotype. However, we have
found seven individuals carrying the D allele who did
not have the HY promoter haplotype, and three of
them were LY homozygotes. Therefore, it appears that
the D allele can be present in conjunction with both
promoter variants (LY and HY) in the Czech
population. The rare LYD haplotype was found in
seven individuals, including one case in homozygous
configuration, suggesting a relative frequency of
1.11£0.39% in the Czech population. The presence

Table 3
Haplotype frequencies in the Czech population compared with other Caucasian populations
HYA LYA LXA LYB LYC HYD LYD n
Australian 0.265 0.267 0.218 0.144 0.030 0.076 236
(blood donors)*

British® 0.353 0.211 0.232 0.132 0.016 0.058 0 100
Czech® 0.325 0.270 0.228 0.116 0.008 0.042 0.011 359
Danish? 0.310 0.230 0.260 0.110 0.030 0.060 0 250
Danish® 0.285 0.280 0.195 0.135 0.020 0.085 0 100
Euro-Brazilian® 0.342 0.257 0.220 0.114 0.002 0.062 0.002 202
Polish® 0.513 0.256 0.128 0.090 0.006 0.006 0 78
Spanish” 0.329 0.322 0.185 0.091 0.011 0.062 0 137

n=Total number of genotypes analyzed.
# Minchinton et al., 2002.
° Mullighan et al., 2000.
¢ This study.
4 Madsen et al., 1998.
¢ Steffensen et al., 2000.
 Boldt and Petzl-Erler, 2002.
¢ Cedzynski et al., 2004.
" Villarreal et al., 2001.
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of the LYD haplotype was confirmed by cloning and
sequencing of the particular PCR product. In all cases,
the LYD haplotype was verified by ARMS.

4. Discussion

Multiplex PCR represents a fast and inexpensive
method for the detection of specific DNA sequences.
These advantages are particularly important if there is
a need for analysis of a large number of samples and/
or various regions of the gene, which is the case of
MBL?2 genotyping.

The typing of the MBL2 promoter polymorphisms
presented here was based on PCR with sequence
specific primers described by Steffensen et al., 2000.
Their procedure was very sensitive to Mg®" concen-
trations, and therefore, we modified the allele specific
primer sequences by a noncomplementary nucleotide
at the fourth position from the 3’ end of the primer.
Primers were also modified in their length. The
combination of these refinements would appear to
increase the robustness of the reactions. We did not
include HX promoter variant detection because it has
not yet been reported in Caucasians. We have also
omitted analysis of the P/Q polymorphism at the +4
position because it does not significantly influence the
MBL plasma level (Madsen et al., 1998).

Concerning the genotyping of the 1st exon
variants, we focused on minimising the number of
reactions that would be necessary for the detection of
all common alleles. The method of multiplex PCR
presented in this study permits the fast, efficient,
reliable and cost-effective genotyping of the MBL2
gene in a single tube and with only one additional
reaction to test for homozygozity for the B, C and D
alleles. Two more amplification reactions are neces-
sary to discriminate between the LYD and HYD
haplotypes in samples positive for the D allele. Thus,
all frequently occurring haplotypes are determined
using four to five PCR reactions. All of the designed
reactions included an internal control of amplification.

By optimising the PCR conditions of the 1st exon
genotyping, we were unable to completely prevent the
generation of nonspecific PCR products without
compromising the detection sensitivity for the studied
alleles. However, the nonspecific PCR products dif-
fered significantly in length from the expected specific
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amplified fragments and, thus, did not interfere with the
analysis (see Fig. 2). We have noted that the quality of
PCR products was somewhat variable in various MBL2
genotypes despite our efforts to optimize the PCR
conditions. One explanation could be that this was due
to the sequence overlap of certain primers that were
used. In particular, we were unable to reliably detect a
128-bp specific product in B/B homozygotes in the
reaction with A allele specific primers, while a 143-bp
band was always present (reaction No. 5). It is
conceivable that the presence of the mutant B allele
in the homozygous state introduces an additional
sequence mismatch that hinders the annealing of the
52R-ABC primer and, thus, the amplification of the
128 bp product, while the template for the 57R-ABD
primer and, hence, the amplification of the 143-bp
product, remain intact (see Figs. 1 and 2). Nevertheless,
the patterns of all genotypes were clearly distinguish-
able (see Table 1, Fig. 2).

We are aware that our analysis provides only an
estimate of the particular haplotypes based on
previously described combinations of the promoter
and the 1st exon MBL2 gene variants. However, the
estimates appear to be quite satisfactory and accurate
for the vast majority of samples examined due to the
strong linkage disequilibrium between the exon 1 and
promoter polymorphisms. It is likely that only very
rare previously undetected haplotypes may evade
detection or be incorrectly analyzed.

One technical drawback of our method is the use of
the MetaPhor agarose gels, which are expensive and
complicated to handle compared with conventional
agarose gels. However, the PCR products of 128, 135
and 143 bp could be unequivocally discriminated on
the 4% MetaPhor agarose gels, which were still more
convenient and provided better results in our hands
than did polyacrylamide gels.

We have used the novel method of multiplex PCR
described here to analyze the MBL2 gene polymor-
phisms of DNA samples from 359 unrelated Czech
residents as representatives of the Slavic population.
The haplotype and genotype frequencies in compa-
rison with those of other Caucasian populations are
listed in Table 3. The rare haplotype LYD has been
found only in one Euro-Brasilian person (Boldt et al.,
2002) and three Polish children with recurrent respi-
ratory infections (Cedzynski et al., 2004). We detected
this haplotype in seven individuals (in one of them in
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the homozygous state) and estimated its frequency as
1.1% in the Czech population. This is a significantly
higher proportion than expected. It may suggest that
the LYD haplotype is much more common in
individuals of Slavic ancestry compared with other
Caucasians.

In summary, our novel multiplex PCR method for
MBL?2 genotyping is faster, needs less amplification
reactions and is convenient when compared with
previously used methods based on conventional
PCR.
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3.2.2 MBLacCVID

Faktory ovliviujici klinicky prabéh a rGzné laboratorni abnormality bézné variabilni imunodeficience
(CVID) nebyly dosud spolehlivé urceny. Publikované studie ukazaly spojitost urcitych alelickych
variant genu pro vitamin D nebo interleukin-6 s imunofenotypovymi abnormalitami pozorovanymi u
CVID a variant gen( pro TNF a interleukin-10 se vznikem granulomatéznich komplikaci CVID
(Mullighan et al., 1997; Mullighan et al., 1999; Rezaei et al., 2009), ale je zfejmé, Ze vliv na klinickou
manifestaci maji i varianty v dalSich genech. Gen MBL2, jehozZ varianty vedouci k deficienci MBL byly
popsany v souvislosti s vy$Sim rizikem invazivnich infekénich komplikaci nebo se zavazné;jsim
prabéhem infekci a plicniho postiZzeni u cystické fibrézy, je jednim z kandidatnich genl pro vliv na
fenotyp CVID. Tento gen byl u pacient( s CVID jiz dfive ¢asteéné zkouman, Mullighan se spoluautory
(Mullighan et al., 2000) ukazal ¢asnéjsi klinickou manifestaci choroby u pacientl s genotypy MBL2
podminujicimi deficit MBL, zejména u nositel( haplotypu LXA, Fevang a spoluautofi popsali negativni
korelaci hladin MBL s frekvenci infekci dolnich cest dychacich a pfitomnosti bronchiektazii (Fevang et
al., 2005), Andersen se spoluautory zaznamenali vyssi frekvenci zavaznych infekci dolnich cest
dychacich u heterozygotnich nositelll deficit podminiujicich alel (Andersen et al., 2005) a Hamvas

s kolegy na nevelkém vzorku pacientll demonstrovali, Ze u pacientl s hypogmaglobulinemii a
kultivané prokazanou mykoplazmovou infekci je vyznamné vy3si zastoupeni MBL2 deficitnich
haplotyp(i nez v obecné populaci (Hamvas et al., 2005). Uvedené asociace vsak nebyly potvrzeny

dalsimi studiemi.

V nasi studii bylo analyzovéno 94 pacientt s diagnézou CVID ze dvou center, Ustavu klinické
imunologie a alergologie LF MU a FN u sv. Anny v Brné a Divize revmatologie a klinické imunologie
Univerzitni nemocnice ve Freiburgu, jako kontrolni byly pouzity vzorky 359 zdravych jedinct. U
pacientd s CVID byly odhaleny statisticky vyznamné asociace genotypt vedoucich k MBL deficienci

s pritomnosti bronchiektazii, plicni fibrézou a respiracni insuficienci, zatimco s vékem zacatku klinické
manifestace onemocnéni, vékem stanoveni diagndzy, poctem pneumonii pfed zahajenim lécby
imunoglobuliny, hladinami imunoglobulinG pred Iécbou, frekvenci respiracnich infekci, splenomegalii,
lymfadenopatii, vyskytem granulomu ¢i pritomnosti prijmU Zadna souvislost zjisténa nebyla. Prinesli
jsme tedy dlkazy podporujici moZnou ucast deficience MBL na vyvoji chronickych plicnich zmén u
pacientl s CVID, zatimco role nizkych hladin MBL pfi vzniku extrapulmonalnich komplikaci ¢i jejich
souvislost s laboratornimi abnormalitami potvrzeny nebyly. V pfipadé konfirmace nasich vysledk
dalsimi studiemi by bylo moZno zvaZovat moznost aplikace rekombinantniho MBL pacientim s CVID

k zabranéni rozvoje plicnich komplikaci.
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Introduction

Common variable immunodeficiency (CVID) is a primary
hypogammaglobulinaemia affecting both sexes with clinical
manifestation beginning at any age over 2 years [1]. Besides
frequent and complicated respiratory tract infections (RTT),
the patients suffer frequently from other symptoms—
diarrhoea, autoimmune diseases, splenomegaly, lymphaden-
opathy and granuloma formation [2]. Although mutations in
genes coding for inducible co-stimulator (ICOS), CD19, B
cell-activating factor of the tumour necrosis factor (TNF)
family receptor (BAFF-R), and possibly transmembrane acti-
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Summary

Mannose-binding lectin (MBL), activating protein of the lectin pathway of the
complement system, is an important component of the non-specific immune
response. MBL2 gene polymorphisms, both in the coding and promoter
regions, lead to low or deficient serum MBL levels. Low serum MBL levels
were shown to be associated with serious infectious complications, mainly in
patients in whom other non-specific immune system barriers were disturbed
(granulocytopenia, cystic fibrosis). We have analysed two promoter (=550 and
—221) and three exon (codons 52, 54 and 57) MBL2 polymorphisms in a total
of 94 patients with common variable immunodeficiency (CVID) from two
immunodeficiency centres. Low-producing genotypes were associated with
the presence of bronchiectasis (P = 0-009), lung fibrosis (P = 0-037) and also
with respiratory insufficiency (P =0-029). We could not demonstrate any
association of MBL deficiency with age at onset of clinical symptoms, age at
diagnosis, the number of pneumonias before diagnosis or serum immuno-
globulin (Ig)G, IgA and IgM levels before initiation of Ig treatment. No asso-
ciation with emphysema development was observed, such as with lung func-
tion test abnormalities. No effect of MBL2 genotypes on the presence of
diarrhoea, granuloma formation, lymphadenopathy, splenomegaly, frequency
of respiratory tract infection or the number of antibiotic courses of the
patients was observed. Our study suggests that low MBL-producing genotypes
predispose to bronchiectasis formation, and also fibrosis and respiratory
insufficiency development, but have no effect on other complications in CVID
patients.

Keywords: common variable immunodeficiency, complement, lung disease

vator and calcium-modulating cyclophilin ligand interactor
(TACI), were documented in some patients [3], in the major-
ity of affected people the genetic background is unknown.
Factors influencing the clinical course and various laboratory
abnormalities of CVID are still unknown in general. Pub-
lished studies of genetic polymorphisms have shown that the
vitamin D receptor and interleukin (IL)-6 allelic polymor-
phisms were associated with immunophenotypic abnormali-
ties in CVID patients, and particular variants of TNF and
IL-10 alleles conferred susceptibility to granulomatous forms
of CVID [4,5], but probably other disease-modifying genes
are also involved.

© 2008 The Author(s)
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Mannose-binding lectin (MBL) is an important compo-
nent of the innate humoral immune response. It binds to
polysaccharide groups on the surface of various microbes
activating the lectin complement pathway, which is indepen-
dent of previous antigen—antibody interaction. The gene
coding for MBL, designated as MBL2, is located on chromo-
some 10. Various variants on exon 1 influencing serum MBL
levels have been described. A single nucleotide mutation in
codon 54 leads to Gly — Asp substitution (variant B), in
codon 57 Gly — Glu (variant C) and in codon 52 Arg — Cys
(variant D), while the normal, non-mutated allele is desig-
nated as A [6]. Homozygosity in the A allele leads to normal
serum levels of MBL, while individuals heterozygous for one
of the polymorphic alleles have decreased levels of MBL,
reaching approximately one-tenth of the normal levels.
Homozygotes or compound heterozygotes for mutated
alleles have very low serum MBL levels, hardly detectable by
conventional enzyme-linked immunosorbent assay [7],
although marked interindividual variation can be docu-
mented [8]. Also, polymorphisms in the promoter were
documented to lead to alteration of serum MBL levels. H/L,
Y/X and P/Q polymorphisms at positions =550, —221 and +4
were described. When in cis position with the wild allele,
HYA, LYA and LXA haplotypes are associated with high,
low and deficient serum MBL levels respectively [9]. In
summary, in healthy individuals various combinations of
structural and promoter polymorphisms lead to a marked
variation of up to 1000-fold in MBL concentrations [6].

The importance of MBL in anti-microbial defence has
been documented by studies that showed increased occur-
rence of invasive infections caused by Streptococcus pneumo-
niae [10] and Neisseria meningitidis [11] in people with MBL
deficiency. MBL deficiency increases the probability of
attraction of human immunodeficiency virus infection
[12,13], and possibly also shortens survival of patients in the
acquired immune deficiency syndrome stage [12]. The fre-
quency of complications of hepatitis B infection is also asso-
ciated with MBL2 genotypes [14,15].

Data concerning the influence of the MBL2 genotype on
the CVID phenotype are limited. Mullighan et al. [16] analy-
sed MBL2 polymorphisms in 163 CVID patients and 100
controls. They found that low MBL-producing alleles were
associated with earlier clinical manifestations of CVID. This
was most significant in patients with the LXPA haplotype.
They also found that the MBL2 +4 Q allele was associated
with autoimmune manifestation. Fevang et al. [17] found
that serum MBL concentrations correlated negatively with
the frequency of lower RTI and the presence of
bronchiectasis. Andersen ef al. [18] observed an increased
frequency of severe RTT before the initiation of immunoglo-
bulin (Ig) treatment in patients heterozygous for MBL2 exon
1 structural gene variants. MBL2 exon 1 polymorphic vari-
ants were found in 16 of 23 of the patients with various
forms of primary hypogammaglobulinaemia with a proven
mycoplasma infection compared with two-thirds in the

© 2008 The Author(s)
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general population, showing that MBL deficiency predis-
poses to mycoplasma infections in hypogammaglobuli-
naemic patients [19]. None of these results were confirmed
by additional studies.

In this study we have analysed MBL2 exon 1 and promoter
polymorphic markers in CVID patients from two immuno-
deficiency centres and correlated them with various clinical
and laboratory parameters to assess to what extent the MBL2
gene could be regarded as a disease-modifying gene in CVID.

Patients and methods

Ninety-four patients with CVID were included into the
study: 51 females and 43 males aged 12—82 years [mean 45-4,
standard deviation (s.d.) =14-7]. Fifty-four patients were
from the Department of Clinical Immunology and Allergol-
ogy in Brno and 40 from the Department of Rheumatology
and Clinical Immunology in Freiburg. None of them was
known to have ICOS (tested in 51 patients) or TNFRSF13C
(coding for BAFF-R; tested in six patients) mutations, while
the TNFRSFI13B (coding for TACI) mutation was docu-
mented in 10 of 87 patients tested.

Fifty-two patients fulfilled the European Society for
Immunodeficiencies diagnostic criteria for CVID [1]. In 42
patients, mainly those whose treatment was initiated before
the mid-1990s (the introduction of relevant tests in our
laboratories), diagnosis was made by low Ig levels, clinically
significant immunodeficiency and exclusion of other causes
of hypogammaglobulinaemia.

Three hundred and fifty-nine healthy donors of Czech
origin were used as control subjects for assessing the fre-
quency of MBL2 genotypes, as published previously [20].

The onset of the disease was defined as the age when the
first episode of pneumonia or a marked increase in the fre-
quency of RTI occurred. In patients without significant
immunodeficiency symptoms, the date of statement of a
CVID diagnosis was considered to be the beginning of the
disease.

The presence of bronchiectasis and lung fibrosis was
determined by high-resolution computerized tomography.
Data were available in 66 patients. Respiratory functions were
determined by spirometry; the data were available in 90
patients. Obstructive disease was graded as mild, moderate
and severe if forced expiratory volume in 1s was 60-79%,
45-59% and <45% of the predicted value respectively.
Restrictive lung disease was graded as mild, moderate and
severe if vital capacity was 60-79%, 45-59% and < 45% of
the predicted value, respectively. Splenomegaly was defined
by the length of the spleen over 11 cm on ultrasonography.

Serum Ig levels were measured by radial immunodiffu-
sion, turbidimetry or nephelometry, the method being
dependent upon the year of diagnosis of the patients. In the
case of ‘immeasurable’ Ig serum levels, a lower detection
limit was used for calculation. B lymphocyte subpopulations
were determined by flow cytometry, as published previously
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Table 1. Comparison of age at onset, age at diagnosis, diagnostic delay and number of pneumonias in patients with genotypes associated with normal
(N), low (L) and deficient (D) serum mannan-binding lectin levels.

Deficient N versus L N versus N+L
Normal (n =58) Low (n=19) (n=17) versus D P-value L+D P-value versus D P-value
Age at onset (years) 26-7 (13:7) 289 (17-2) 34-9 (15-8) 0-174* 0-122%* 0-062**
Age at diagnosis (years) 32:9 (13:6) 359 (17-3) 384 (17-8) 0-460* 0-191*%* 0-240**
Diagnostic delay (years) 6-1 (7-6) 7-:0 (8-0) 3.5 (4-4) 0-494* 0-866*** 0-304%%*
Pneumonias before diagnosis 1-5 (2-7) 1-6 (3-4) 0-76 (1-0) 0-758* 0-889%** 0-617*%*

The data are given as mean (standard deviation). *Kruskal-Wallis test was used for statistical evaluation; **t-test; ***Mann—Whitney test.

[21], and the patients were subdivided according to the
‘Freiburg classification’ [22].

The MBL2 genotype determination was performed by
multiplex polymerase chain reaction (PCR), as described
previously [20]. Briefly, the promoter polymorphisms were
detected using the double amplification refractory mutation
system method. Three separate amplifications with
sequence-specific sense and anti-sense primers were carried
out to determine HY, LY and LX promoter haplotypes
respectively. The first exon MBL2 gene mutations were iden-
tified using the multiplex PCR method with sequence-
specific primers. One reaction with primers specific to B, C
and D alleles, and another reaction specific to the A allele in
codons 52, 54 and 57, were performed. A 4% MetaPhor
agarose gel electrophoresis was used to discriminate PCR
products of 128, 135 and 143 base pairs. All reactions
included internal control of amplification. Assignment of
haplotypes was based on the strong linkage disequilibrium
between the promoter variants and the first exon alleles, and
the existence of the frequent haplotypes HYA, LYA, HYD,
LYB, LYC and LXA. All suspected LYD haplotypes were
confirmed by a separate long-chain PCR reaction with
sequence-specific primers.

HYA/HYA, HYA/LYA, HYA/LXA, LYA/LYA and LYA/LXA
genotypes were considered to be associated with normal
levels of serum MBL; the patients with this genotype were
labelled as ‘normal’ (N). Patients with HYA/HYD, HYA/LYB,
HYA/LYC, HYA/LYD, LYA/HYD, LYA/LYB, LYA/LYC, LYA/
LYD and LXA/LXA genotypes were considered to have low
serum MBL levels forming the group ‘low’ (L), while HYD/
HYD, HYD/LYB, HYD/LYC, HYD/LYD, LYB/LYB, LYB/LYC,
LYB/LYD, LYC/LYD, LYD/LYD, LXA/HYD, LXA/LYB, LXA/
LYC and LXA/LYD genotype holders were considered to have
deficient MBL levels (the ‘deficient’ group: D).

Statistical analysis

Testing the difference in two continuous variables was per-
formed using either the two-tailed t-test or the Mann—
Whitney test according to normality of data, which was
assessed by the Kolmogorov—Smirnov test. In the case of
more than two variables tested, the Kruskal-Wallis test was
used. Categorical variables were analysed using the appro-
priate test for the contingency tables, i.e. using Spearman’s
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test for two variables with more than two levels and Fisher’s
exact test in the case of two variables with binary outcome. A
standard level of statistical significance o= 0-05 was used,
ie. a P-value<0-05 was considered to be statistically
significant. However, because of multiple hypotheses testing,
standard Bonferroni correction was applied to the o-level
resulting in the appropriate critical value. The statistical
package sTaTisTICA (StatSoft, Inc., Tulsa, OK, USA), version
7, was used.

This study was approved by the Ethics Commission of the
Centre for Cardiovascular Surgery and Transplantation in
Brno. All patients and donors gave their written consent
prior to genetic analysis.

Results

Fifty-eight CVID patients had genotypes associated with
normal MBL levels, 19 patients had genotypes associated
with low MBL levels and 17 patients exhibited genotypes
associated with deficient MBL levels.

The frequency of MBL2 genotype groups leading to
normal, low and deficient MBL production in the general
Czech population [20] and CVID patients did not show any
significant differences (Spearman’s test, data not shown),
such as frequency of determined alleles or patients having at
least one of the determined alleles (Fisher’s exact test, data
not shown).

State before CVID diagnosis

On comparing age at onset, age at diagnosis and the number
of pneumonias before diagnosis, no significant differences
were observed (see Table 1). There were no differences in
serum IgG, IgA and IgM levels before the diagnosis compar-
ing N versus L+D and N+L versus D groups (Mann—Whitney
test, data not shown).

B cell analysis

There were no differences in numbers of patients with B cells
< 1% of peripheral lymphocytes (six in normal, four in low
and two in deficient groups; P = 0-278, Spearman’s test). In
76 patients in whom B cells were > 1% of peripheral lym-
phocytes the Freiburg classification was used, but no signifi-

© 2008 The Author(s)
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Table 2. Presence of lung abnormalities on computed tomography scan. The results were available for only 66 patients. Generalized bronchiectases were
defined as bronchiectases in more than three lung lobes. The results of the extent of bronchiectasis, the extent of fibrosis and the extent of emphysema
are given as no/localized/generalized.

Normal Low Deficient N versus N versus N+L versus

(n=43) (n=13) (n=10) L versus D P-value L+D P-value D P-value
Presence of bronchiectasis 15 10 5 0-009* 0-022*% 0-999**
Extent of bronchiectasis 28/10/5 3/5/5 5/3/2 0-006* 0-013* 0-768*
Presence of fibrosis 12 8 3 0-037* 0-102** 0-999**
Extent of fibrosis 31/10/2 5/6/2 7/2/1 0-048* 0-091* 0-800*
Presence of emphysema 7 2 2 0-959* 0-999** 0-668**
Extent of emphysema 36/4/3 11/0/2 8/2/0 0-913% 0-893% 0-870*

*Spearman’s test; **Fisher’s exact test. N, normal; L, low; D, deficient serum mannan-binding lectin levels.

cant differences in the frequency of groups Ia, Ib and II [22]
were observed (P =0-894 for all groups, Spearman’s test).

Lung abnormalities

The association of MBL2 genotype groups with the presence
of bronchiectasis, lung fibrosis and emphysema is shown in
Table 2; as can be seen, the presence of bronchiectasis and
lung fibrosis was linked to defective MBL2 genotype groups.
On assessing lung function tests (see Table 3), no relation
between restrictive and obstructive disease and MBL2 geno-
type groups was observed, while respiratory insufficiency
was associated mildly with the presence of defective MBL2
genotype groups.

Respiratory tract infections

The number of RTI and antibiotic courses in our patients
during 1 year prior to inclusion into this study is given in

Table 4; no differences in the frequency of RTI or of antibi-
otic courses in the subgroups of CVID patients were
observed. There was no difference in the number of patients
with X-ray-proven pneumonia after the initiation of Ig treat-
ment (nine in the N group, four in the L group, five in the D
group) in all three groups of patients (Spearman’s test,
P =0-414), not even when the groups were merged (N versus
L+D: P=0-227, N+L versus D: P = 0-216, Fisher’s exact test).
There was also no difference in the number of patients who
were on permanent or seasonal antibiotic prophylaxis (eight
patients in group N, three patients in group L and one
patient in group D; Spearman’s test for all groups: P = 0-547,
Fisher’s exact test for N versus L+D: P = 0-760, N+L versus D:
P =0-688). No significant difference was observed compar-
ing patients with more than five infections in 1 year prior to
inclusion into the study (four of 49 patients in group N,
three of 18 patients in group L, one of 15 patients in group D;
Spearman’s test for all groups P = 0-421, Fisher’s exact test: N
versus L+D: P = 0-708, N+L versus D: P =0-999).

Table 3. Lung function abnormalities in patients with common variable immunodeficiency. The results are given as normal/mild/moderate/severe in

the degree of obstructive disease and degree of restrictive disease lines (see Patients and methods; 90 patients evaluated) and no/partial/global in the

respiratory insufficiency degree line (88 patients evaluated).

N versus L N versus N+L versus
Normal Low Deficient versus D P-value L+D P-value D P-value
Obstructive disease 29 5 8 0-132* 0-277** 0-789**
Degree of obstructive disease 27/18/8/3 13/2/2/1 8/3/5/0 0-274* 0-408* 0-620*
Restrictive disease 8 3 2 0-859* 0-999** 0-999**
Degree of restrictive disease 48/7/1/0 15/2/1/0 14/2/0/0 0-869* 0-904* 0-783*
Respiratory insufficiency 3 4 3 0-029* 0-041*% 0-380**
Degree of respiratory insufficiency 51/2/1 14/4/0 13/2/1 0-034* 0-033* 0-291*

*Spearman’s test; **Fisher’s exact test. N, normal; L, low; D, deficient serum mannan-binding lectin levels.

Table 4. Number of respiratory tract infections (RTI) and antibiotic (ATB) courses during 1 year prior to inclusion into the study in subgroups of

common variable immunodeficiency patients. Sufficient data were available in 83 patients. The data are given as mean (standard deviation).

Normal Low Deficient N versus L versus N versus L+D N+L versus
(n=50) (n=18) (n=15) D P-value* P-value** D P-value**
No of RTI infections 2-4 (2:1) 3-3 (2:6) 2:6 (1-5) 0-541 0-576 0-810
No. of ATB courses 1-6 (1-8) 1-8 (2-6) 1-5 (1-3) 0-761 0-655 0-901
*Kruskal-Wallis test; **Mann—Whitney test. N, normal; L, low; D, deficient serum mannan-binding lectin levels.
© 2008 The Author(s) 327
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Table 5. Presence of splenomegaly, lymphadenopathy, autoimmune phenomena, granulomas and chronic diarrhoea in 94 patients with common

variable immunodeficiency. N/L/D means positivity in the patients with genotypes associated with normal/low/deficient mannan-binding lectin levels

respectively.
N versus L N versus N+L versus
N/L/D versus D P-value L+D P-value D P-value
Splenomegaly 32/10/9 0-956* 0-999** 0-792**
Lymphadenopathy 45/11/16 0-561* 0-999** 0-106**
Autoimmune phenomena 15/5/6 0-658% 0-636** 0-551**
Granuloma 2/1/1 0-652* 0-635** 0-556**
Chronic diarrhoea 6/3/3 0-413* 0-629** 0-546**

*Spearman’s test; **Fisher’s exact test.

Other clinical indicators

The frequency of splenomegaly, lymphadenopathy, autoim-
mune phenomena, granuloma and chronic diarrhoea in
CVID patients is given in Table 5. There were no significant
differences between the groups studied.

Particular genetic variant analysis

We have analysed the relation of the polymorphic variants of
MBL2 determined with the presence of subsequent clinical or
laboratory data: presence of pneumonia after initiation of Ig
treatment, chronic diarrhoea, presence of bronchiectasis,
fibrosis, emphysema, respiratory insufficiency, obstructive
lung disease, restrictive lung disease, chronic diarrhoea,
granuloma formation, autoimmune phenomena, splenom-
egaly and lymphadenopathy; more than five infections in 1
year prior to inclusion into the study. Fisher’s test was used for
statistical analysis. Only the presence of autoimmune phe-
nomena in patients negative for allele A (present in five of
eight A- patients, compared with 21 of 86 A+ patients, Fisher’s
test: P =0-035), and chronic diarrhoea for variant D (present
in five of 17 D+ patients and in seven of 77 D— patients,
P =0-038) exceeded P < 0-05 but, because of multiple testing,
only the resultant P-values < 0-002 should be considered sta-
tistically significant.

Discussion

The extensive variability of CVID stimulates searching not
only for causative genes, but also for genes modifying the
clinical course of the affected individual. One such disease-
modifying gene in CVID might be MBL2. Previous studies
have shown that MBL deficiency has only a minor, if any,
influence on the morbidity or mortality of otherwise healthy
people [23], but that it becomes symptomatic if other
defence barrier(s) is/are disturbed, the best example
being granulocytopenia during or after cytostatic treatment
[24,25] or cystic fibrosis [26].

Much less clear is the association of MBL deficiency with
various types of Ig production disturbances. A possible
importance of MBL in patients with antibody deficiencies is
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supported by the observation that MBL2 non-A variants
were associated with increased otitis media episodes at the
age of 12-24 months, but not later [27]. The age span men-
tioned is the life period when maternally derived antibodies
have waned, but adequate adaptive immunity is not yet
developed. On the other hand, Aittoniemi et al. [28] could
not document any influence of serum MBL levels on the
clinical state of IgA-deficient individuals.

Our study confirmed the previous observation [17] that
in CVID patients low MBL levels were associated with the
presence of bronchiectasis; also, the presence of fibrosis was
associated with the presence of defective genotypes. Inter-
estingly, observations in CVID patients are, to our knowl-
edge, the first described associations of MBL deficiency
with bronchiectasis development. Although the numbers of
patients in the evaluated groups were too low to draw any
unequivocal conclusions, it seems that it is predominantly
the decrease in serum MBL level (in both patients from the
L and D groups) that predisposed to bronchiectasis or
fibrosis development. On the other hand, patients with
MBL-deficient genotypes did not have higher proneness to
the mentioned complications than the patients with low
MBL-producing genotypes.

The association of MBL2 genotype groups with respira-
tory insufficiency was also observed in our study, but this
result could be questioned because of the low number of
patients in whom respiratory insufficiency was present. On
the other hand, we could not prove any influence of MBL
status on the frequency of infections of patients under Ig
treatment documented previously by others [17], or the fre-
quency of antibiotic courses in CVID patients. Comparing
our study and the above-mentioned studies, we have
recorded all RTT in our patients, while in the above-
mentioned study only lower RTI were documented [17]. As
many of our patients were treated many years ago, we could
not evaluate the number of lower RTI prior to Ig treatment,
which was shown to be increased in patients heterozygous
for structural polymorphisms associated with low MBL pro-
duction [18]. However, when evaluating the number of
pneumonias before making a CVID diagnosis, we could not
document any difference among patients from different
MBL2 genotype groups.

© 2008 The Author(s)
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Unlike the study by Mullighan et al. [16], we could not
confirm the earlier clinical manifestation of CVID in
patients with defective MBL2 genotypes. Another study from
Norway also showed no effect of MBL levels on the age of
clinical manifestation of CVID[17]. Surprisingly, our data
showed an even later (although not significant) manifesta-
tion of CVID in patients with low and mainly deficient
MBL-producing genotypes. It is necessary to mention that
the retrospective determinations of the onset of immunode-
ficiency symptoms, even when conducted by experienced
physicians, are highly inaccurate in many cases. Also the fact
that currently many patients are diagnosed much earlier
than previously, even with mild clinical symptoms, should be
taken into account as a possible difference from the above-
mentioned study [16] published 8 years ago.

Several studies showed that MBL deficiency might be
associated with autoimmune diseases such as systemic lupus
erythematosus [29] or rheumatoid arthritis [30]. Mullighan
et al. [16] found an association of autoimmune phenomena
with the presence of the MBL2 +4 Q polymorphism. Unfor-
tunately, the polymorphism MBL2 +4 was not determined in
our study, as this polymorphism has only a minor impact on
serum MBL levels [31]. Our study did not find any associa-
tion of low or deficient MBL2 genotype groups or the par-
ticular polymorphic variants evaluated with autoimmune
phenomena in our CVID patients.

The MBL status in this study was determined only by
MBL2 genotyping, while the serum MBL level was not
determined. This is a relatively common approach, as it
allows simplification of the complex situation when the
actual MBL level in a specific person is influenced not only
by genetic background, but also by actual inflammatory
status, as MBL reacts as an acute-phase protein [32]; thyroid
hormones and the growth hormone were also shown to
influence the production of MBL by hepatocytes [33]. Serum
MBL in CVID patients may be influenced mainly by acute or
chronic inflammation, which is common in these patients.

The observation about the influence of MBL deficiency
on bronchiectasis and fibrosis development raises the ques-
tion of whether, in patients with MBL deficiency (or
holders of MBL2 genotypes associated with abnormal
serum MBL levels), a more intensive Ig regimen should be
applied compared with patients with normal MBL levels. In
our opinion the results of our study do not support this
approach strongly. Although the results of MBL determi-
nation might be taken into account in such considerations,
we still do not have clear evidence that the intensity of Ig
treatment has a protective effect on bronchiectasis develop-
ment in general, still less so in the case of MBL deficiency.
Only a prospective large-scale study would be able to
answer this question.

In general, our study showed that the presence of low or
deficient MBL-producing genotypes in patients with CVID
is associated with chronic changes of the bronchi and the
lungs: bronchiectasis, fibrosis development and respiratory

© 2008 The Author(s)
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insufficiency. On the other hand, we could not document
any influence of MBL2 genotypes on the frequency of acute
RTI, extrapulmonary manifestation or various laboratory
parameters. It is supposed that various other disease-
modifying genes and their mutual interactions as well as
interactions with environmental factors must be involved in
the variability of the disease.
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3.3

Neonatalni Fc receptor

Neonatalni Fc receptor (FcRn) patfi do rodiny receptord vazajicich konstantni ¢ast tézkych retézcl
imunoglobulin( tfidy G. Je exprimovan v Sirokém spektru bunék a tkani jako jsou epitelidlni buriky
tenkého stfeva, endotel cév, hematopoetické bunky, epitel mlééné zlazy, epitel ledvin a
syncytiotrofoblast. FcCRn ma v organismu tfi zakladni funkce: 1) zajistuje transfer protilatkové imunity
z matky na potomstvo (nejprve byl popsan jako receptor prenasejici imunoglobuliny G (IgG) z
materského mléka pres epitel tenkého stfeva u sajicich krys a poté byl nalezen jeho lidsky homolog v
placenté, kde zprostredkovava prenos materskych IgG na plod); 2) je zodpovédny za regulaci
koncentrace 1gG v séru, kde prodluzuje jejich biologicky polocas; a 3) slouzi jako senzor luminalnich
infekci, kdyZ zodpovida za pfenos imunokomplext z lumen respiracniho ¢i gastrointestinalniho traktu
na bazolateralni stranu epitelidlnich bunék, kde jsou imunokomplexy pfevzaty dendritickymi burikami
ke zpracovani a prezentaci antigent (Baker et al., 2009; Ghetie and Ward, 2000; Rodewald and
Kraehenbuhl, 1984). Role FcRn v prezentaci antigenu se zd3a byt nezanedbatelna. Cervenak et al. na
transgennich mysich ukazali, ze efekt nadprodukce FcRn v podobé zesilené imunitni odpovédi a s tim
souvisejici zvysené tvorby IgG byl dokonce vyraznéjsi nez vliv zprostfedkovany zpomalenim

katabolismu IgG (Cervenak et al., 2011).

Gen pro FcRn (FCGRT, alias FCRN) se nachazi na 19. chromozomu, je dlouhy pfiblizné 15,5 kb a
obsahuje sedm exon(. Kéduje protein strukturalné podobny proteintim hlavniho
histokompatibilitniho komplexu I. tfidy (MHC-I), ktery obsahuje tti extraceluldarni domény al-a3,
jednu doménu transmembranovou a jednu cytoplasmatickou (Simister and Mostov, 1989). K
interakci pravdépodobné dochazi mezi CH2-CH3 doménou IgG a a2 doménou FcRn a tato interakce je
velice zavisla na pH (Raghavan et al., 1995). IgG cirkulujici v krvi je zfejmé endocytdzou premistén do
bunék cévniho endotelu nebo do monocytd, v jejichz endosomech dochazi k vazbé s FcRn pti pH<6,5.
Tim je IgG ochranén pred degradaci v lysozomech a nasledné je transportovan na bunécény povrch,
kde je pti neutrdlnim pH uvolnén zpét do cirkulace. Podobnym mechanizmem je zajistén
transplacentarni prenos IgG. Imunoglobulin G z maternalniho obéhu je pasivné internalizovan do
syncytiotrofoblastu, v jehoZ v endosomech dochazi k vytvofeni vazby FcRn-IgG, ktera i v tomto
pfipadé chrani IgG pred degradaci. Nasledné endosomy fuzuji s membranou na fetdlni strané
syncytiotrofoblastu, kde dochdzi k disociaci IgG a FcRn, pficemz IgG vstupuje do fetdlni cirkulace a

FcRn se vraci zpét na maternalni stranu syncytiotrofoblastu (Baker et al., 2009).
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3.3.1 FcRn a protilatkové imunodeficience

FCRN je diky své roli v katabolismu a tim padem dostupnosti autolognich nebo terapeutickych
protilatek jisté kandidatnim genem s moznym vlivem na pribéh protilatkovych PID, véetné odpovédi
na substituéni imunoglobulinovou [é¢bu. Pfipadné zmény v promotorové oblasti genu nebo zamény
aminokyselin ve vazebné doméng, ale i na jiném misté proteinového fetézce, by mohly mit vliv na
expresi, resp. funkci FcRn. Sachs et al. (Sachs et al., 2006) popsali polymorfismus typu VNTR (variable
number of tandem repeats) v promotorové oblasti genu FCRN a ukazali jeho vliv na aktivitu
promotoru, expresi mMRNA i vazebnou kapacitu FcRn exprimujicich bunék k IgG. Dalsi ptirozené se
vyskytujici funkéné vyznamné varianty genu FCRN zatim popsany nebyly (Gunraj et al., 2002; Ishii-
Watabe et al., 2010). My jsme se problematikou sekvencni variability genu FCRN zabyvali a nalezli
jsme nékolik variant, které se vyskytovaly pouze u pacientl s primarnimi hypogamaglobulinemiemi a
nikoliv ve vzorku obecné ¢eské populace. Neprokazali jsme ovsem zadnou asociaci frekventnéjsich
polymorfism(, zejména VNTR, s fenotypovymi projevy CVID, s poklesem IgG po lééebném
intravendznim podani IgG (IVIG) u pacientl s CVID ani s expresi mRNA u pacientl s CVID. Zato jsme
nalezli statisticky vyznamnou souvislost mezi mirou exprese mRNA FCRN a poklesem IgG po IVIG,
jakoz i vyskytem strukturnich plicnich abnormit u pacient( s CVID. Pacienti s generalizovanymi
bronchiektaziemi a plicni fibrézou méli vyznamné nizsi hladiny mRNA FCRN a rozsah bronchiektazii
dokonce vykazoval negativni korelaci s hladinami mRNA FCRN. To by bylo v souladu s hypotézou o
vyznamné roli FcRn nejen v homeostaze IgG, ale i pfi prezentaci antigen( na slizni¢nich povrsich. Na
druhé strané jsme nenasli Zddnou souvislost mezi expresi mMRNA FCRN a vékem prvni klinické
manifestace CVID, vékem stanoveni diagndzy, hladinami IgG a frekvenci antibiotické lIécby pred
zahajenim substitu¢ni imunoglobulinové terapie nebo v jejim pribéhu, pfitomnosti plicnich funkénich

abnormalit, chronickych prijm(, splenomegalie ¢i lymfadenopatii.

Ndsleduje piny text ¢lanku:

T. Freiberger, L. Grodeckd, B. Ravcukovd, B. Kurecovd, V. Postrdneckd, J. Vicek, J. Jarkovsky, V. Thon, J.
Litzman: Association of FcRn expression with lung abnormalities and IVIG catabolism in patients with

common variable immunodeficiency. Clin Immunol 2010; 136(3): 419-425.
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FcRn; phenotype and the catabolism of therapeutically administered intravenous immunoglobulins
Common variable (IVIG) in 28 patients with common variable immunodeficiency (CVID). Patients with generalized
immunodeficiency; bronchiectasis and fibrosis had lower levels of FCRN mRNA compared to patients without these
Lung disease; complications (P=0.027 and P=0.041, respectively). Moreover, FCRN mRNA levels correlated
IVIG negatively with the extent of bronchiectasis and the rate of IgG decline after infusion of IVIG

(P=0.027 and P=0.045, respectively). No relationship of FCRN expression with age at disease
onset, age at diagnosis, diagnostic delay, 1gG levels or frequency of infections before or during
replacement immunoglobulin treatment, the presence of lung functional abnormalities, chronic
diarrhea, granulomas, lymphadenopathy, splenomegaly or autoimmune phenomena was
observed. Our results showed that FcRn might play a role in the development of lung structural
abnormalities and in the catabolism of IVIG in patients with CVID.
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serves as a key regulator of 1gG and albumin homeostasis [1].
It protects these two proteins, which constitute 80% of the
total plasma protein pool, from catabolism very efficiently.
FcRn recycles an equivalent amount of albumin and even four
times as much IgG as can be produced in a given time [2,3]. It
binds endocytosed IgG at acidic pH (<6.5) within endosomes,
diverts it from a degradative fate within lysosomes and
instead transports it back to the cell surface where IgG is
released at neutral pH (>7.0) [1]. Endothelial and hemato-
poietic cells expressing FcRn seem to play an equally
important role in this process [4].

Another notable function of FcRn consists in antigen
delivery. In an animal model, FcRn was shown to be involved
in the transcytosis of monomeric serum IgG from the
basolateral to the apical side of the epithelium, the binding
of immune complexes formed in the lumen and their delivery
to the lamina propria for antigen processing and presentation
by mucosal dendritic cells [5]. Therefore, FcRn in the
epithelium is probably able to sense luminal and epithelial
infections and transmit evidence of these infections to the
local and systemic immune apparatus. In contrast to the
recycling pathway observed in epithelial and endothelial
cells for monomeric IgG, multimeric immune complexes
within dendritic cells are rapidly targeted to a degradative
pathway leading to active antigen presentation [6].

Recently, a polymorphism in the promoter region of the
human FCRN gene consisting of a variable number of 37-bp
tandem repeats (VNTR) has been described. The allele with
two tandem repeats (VNTR2) is associated with decreased
promoter activity compared with the most common VNTR3
allele, and VNTR2 carriers have been shown to have lower
FCRN mRNA levels and decreased binding capacity of
monocytes to immobilized IgG than normal VNTR3/3 homo-
zygotes [7].

Common variable immunodeficiency (CVID) is the most
frequent clinically relevant primary immunodeficiency. It is
a heterogeneous disorder with various genetic backgrounds
and variable clinical manifestations, characterized by
hypogammaglobulinemia (low IgG and IgA, normal or low
IgM levels), recurrent sinopulmonary infections and im-
paired functional antibody responses, encompassing absent
isohemagglutinins and poor responses to protein and/or
polysaccharide vaccines. In addition to these, there can be
other clinical findings, such as autoimmunity, granuloma-
tous disease and neoplasia. A cornerstone of CVID therapy is
an intravenous or subcutaneous IgG substitution [8].
Patients with CVID differ one from another in their IgG
dose, and intervals of IgG infusions needed to maintain
sufficient serum IgG concentrations and satisfactory clinical
status.

Defects in the ICOS, CD19, TNFRSF13C and TNFRSF13B
genes have been described in a minority of CVID patients [8].
Several candidate genes with potential disease-modifying
effects have also been studied, and some have been shown to
be associated with particular laboratory or clinical features
of CVID [9—11]. It is likely that other genes influencing CVID
phenotype are involved.

We hypothesized that FCRN expression, determined by
VNTR polymorphism, influenced IVIG catabolism and clinical
phenotype in patients with CVID due to the role of FcRn in
both 1gG protection from degradation and mucosal antigen
presentation.
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Materials and methods
Patients

Sixty-two patients with CVID from the Department of Clinical
Immunology and Allergology in Brno were included into the
study: 37 females and 25 males aged 15—79 years (mean 46.0,
SD=15.82). None of them was known to have ICOS (tested in 22
patients) or TNFRSF13C (coding for BAFF-R; tested in 4
patients) mutation, while TNFRSF13B (coding for TACI)
mutations were documented in 4 out of 57 patients tested.

Thirty-eight patients fulfilled the ESID diagnostic criteria
for CVID [12] while 24 patients were diagnosed by low
immunoglobulin levels, clinically significant immunodefi-
ciency and exclusion of other causes of hypogammaglobuli-
nemia (as relevant tests had not been available in the
laboratory before the mid-1990s, when replacement immu-
noglobulin treatment was initiated).

Limited numbers of patients (31 and 28) were available for
post-infusion IgG concentrations and FCRN mRNA level
measurements, respectively. However, there were no signif-
icant differences in phenotypic features between patients
available and not available for analyses (data shown in
Supplementary Table 1a for FCRN mRNA expression analysis).

Two hundred and two umbilical cord blood samples
obtained from consecutively full-term newborns of Cauca-
sian origin were examined to estabish allele frequencies in
Czech population. All persons involved in the study provided
a written statement of informed consent approved by the
Ethics Committee of the Centre for Cardiovascular Surgery
and Transplantation in Brno.

The onset of the disease was defined as the age when the
first episode of pneumonia or a marked increase in the
frequency of respiratory tract infection occurred. In patients
without significant immunodeficiency symptoms, the date of
statement of a CVID diagnosis was considered the beginning of
the disease. The presence of bronchiectasis and lung fibrosis
was determined by high-resolution computerized tomography
(HRCT), and respiratory function was evaluated by spirometry.
Twenty-seven patients suffered from bronchiectasis, 22 from
fibrosis. Both bronchiectasis and fibrosis were detected in 16
patients. Obstructive disease was graded as mild, moderate,
or severe if forced expiratory volume in 1 s (FEV,) was 60-79%,
45-59%, or <45% of the predicted value, respectively.
Restrictive lung disease was graded as mild, moderate, or
severe if vital capacity (VC) was 60-79%, 45-59%, and <45% of
the predicted value, respectively. Splenomegaly was defined a
spleen length of over 11 cm on an ultrasonograph.

Fifty-two patients were on regular intravenous replace-
ment treatment at a dose of 210-520 mg/kg/3—4 weeks.
Three patients were on subcutaneous immunoglobulin treat-
ment at a dose of 360—415 mg/kg/4 weeks. Four patients were
not on immunoglobulin replacement treatment during the
study, and three patients were on intramuscular immunoglob-
ulin treatment at a dose of 0.3-1.5 g/week, because each
patient had a satisfactory clinical condition.

IgG catabolism

Serum IgG levels were measured by nephelometry before
IVIG infusion and on days +7 (D7) and +14 (D14) after IVIG
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infusion. This interval was applied because previous research
has shown that approximately half of the infused IgG
disappears from blood by day 7 after infusion, due to not
only catabolism but also to diffusion into extravascular space
[13]. The consequent decrease before the next infusion is
caused particularly by catabolism of IgG, in which FcRn plays
an important role, so the D14/D7 ratio was used for analyses.

FCRN gene VNTR promoter polymorphism

For the VNTR-genotyping PCR reaction, we used HotStart Taq
Master Mix (Qiagen, Hilden, Germany), 800 nM of each gene-
specific primer (sequences available upon request), and 200 ng
of genomic DNA. Heating the reaction at 95 °C for 15 min was
followed by 35 cyclesof 95 “Cfor30s, 57 °Cfor40sand 72 °C
for 30s, and a final extension at 72 °C for 5 min. Reaction
products were resolved in 1.5% agarose (Serva, Heidelberg,
Germany).

FCRN mRNA quantitation by real-time RT-PCR

Peripheral blood mononuclear cells (PBMC) were isolated from
heparin-treated whole blood by Ficoll-gradient centrifugation.
A maximum of 10 million cells was used for RNA isolation with
the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). The
quality of isolated RNA was assured using spectrophotometry
and agarose gel electrophoresis. Reverse transcription (RT)
was carried out with a SuperScript VILO cDNA Synthesis Kit
(Invitrogen, Carlsbad, California). Quantitative PCR (qPCR)
was performed with TagMan Gene Expression Master Mix
(Applied Biosystems, Forster City, California) on an ABI Prism
7000 PCR cycler (Applied Biosystems). Validated PCR primers
and TagMan probes were used as follows: FCGRT (assay ID:
Hs01108967_m1, Fam-MGB) and GAPDH (TagMan endogenous
control, VIC-MGB), both purchased from Applied Biosystems.
Reaction conditions were: 50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15s and 60 °C for 1 min.
Each sample was analyzed in duplicate using average Cr values
for FCRN expression determination. Relative expression
changes of the FCRN gene were calculated using the delta-C+
method (2(Ct FCRN=Ct GAPDH)) 55 described in Nolan et al. [14].

Statistical analysis

Differences between two continuous variables were
detected with the Mann—-Whitney U test. Categorical
variables were analyzed using the appropriate test for the
contingency tables, i.e., Fisher's exact test in the case of two
variables with a binary outcome and the maximal likelihood
chi-square test in the case of two variables with multiple
outcomes. Independence between two continuous variables
was tested by Spearman’s test. A standard level of statistical
significance of o=0.05 was used. The results are presented
without correction for multiple testing since no statistically
significant results were found when this correction was
applied (Bonferroni and false discovery rate (FDR) correction
for multiple testing were adopted for this computation). The
statistical package STATISTICA (StatSoft, Inc.), version 9,
was used; FDR procedure for multiple testing was computed
using R-project 2.8.1 and qvalue library.
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Results
Frequency of VNTR polymorphism

The frequencies of individual VNTR alleles (VNTR1, 2, 3, 4and 5)
did not differ significantly between CVID patients (0.0, 8.9,
90.3, 0.8 and 0.0%) and the general Czech population (0.2, 6.4,
92.6, 0.7 and 0.0%), and they were similar to frequencies
reported in German blood donors [7]. VNTR genotypes detected
in CVID patients were as follows: 3/3 (82.3%), 2/3 (14.5%), 2/2
(1.6%), and 3/4 (1.6%). As functional significance was estab-
lished only for VNTR alleles 2 and 3 [7] and just one carrier of the
other allele (VNTR4) was found among our patients, all further
analyses were done for VNTR3/3 homozygotes compared with
VNTR2 allele carriers.

VNTR polymorphism and phenotypic features of
CVID

No significant differences between VNTR3/3 homozygotes
and VNTR?2 allele carriers were found in clinical or laboratory
characteristics before diagnosis, respiratory tract infections,
lung structural and functional abnormalities or other
phenotypic features of CVID, with the exception of diagnos-
tic delay, which was longer in the latter group (Table 1).
However, a difficulty to interpret these results in cases of
absence of any event in the VNTR2 subgroup, as occurred in
analysis of respiratory insufficiency and granuloma presence,
should be noted.

VNTR polymorphism and IVIG kinetics

No significant differences in serum IgG concentration before
IVIG infusion or in the IgG decrease after IVIG infusion (D14/D7
ratio, see Materials and methods) were noted between the
analyzed subgroups of patients (Table 2).

FCRN gene expression and VNTR polymorphism

As we failed to find any influence of VNTR2 allele presence
on CVID phenotype or IVIG catabolism, peripheral blood
mononuclear cells were isolated from 28 CVID patients to
analyze FCRN mRNA expression. However, we did not detect
any difference in FCRN expression between VNTR3/3 homo-
zygotes and VNTR2 allele carriers with CVID (Table 3).

FCRN gene expression and phenotypic features of
CVID

We continued to analyze the relationship between FCRN
expression and CVID phenotype. The results are documented
in Tables 4 and 5. No correlation was found between FCRN
levels and clinical or laboratory features before diagnosis of
CVID, respiratory tract infections or lung functional abnor-
malities, although a tendency of lower FCRN mRNA levels in
patients with respiratory insufficiency was noted (P=0.065).
However, in the analysis of lung structural abnormalities,
FCRN mRNA levels were negatively correlated with the
extent of bronchiectasis (P=0.027), tended to be lower in
patients with any bronchiectasis (P=0.085) and were lower
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Table 1  Comparison of phenotypic features of CVID in FcRn VNTR3/3 homozygotes and VNTR2 allele carriers.
Phenotypic feature All CVID patients VNTR3/3 VNTR2 carriers P-value
homozygotes
n n n
Age; years 62 45.0 (22.0-70.0) 51 45.0(22.0-70.0) 10 51.0(18.0-70.0) 0.477*
Sex; males/females 62 25/37 51 20/31 10 5/5 0.727*
Before diagnosis
Age at onset; years 61 30.0 (6.0-62.0) 50 28.0(6.0-65.0) 10 34.5(2.0-50.0) 0.367**
Age at diagnosis; years 61 33.0 (13.0-65.0) 50 33.0(13.0-65.0) 10 41.5(13.0-68.0) 0.226**
Diagnostic delay; years 61 3.0 (0.0-17.0) 50 2.5 (0.0-17.0) 10 5.5 (1.0-18.0) 0.035**
Pneumonias during dg delay; n 60 1.0 (0.0-10.0) 49 1.0 (0.0-10.0) 10 1.0 (0.0-5.0) 0.574**
IgG at diagnosis; g/L 61 1.74(0.12-4.34) 50 1.73 (0.12-4.39) 9 2.13 (0.06-3.19) 0.758*
Respiratory tract infections (RTI)
Pneumonias on IVIG/SCIG; n 58 0.0 (0.0-3.0) 48 0.0 (0.0-3.0) 9 0.0 (0.0-1.0) 0.455**
RTI per year; n 59 2.0 (1.0-7.0) 48 2.0 (1.0-7.0) 10 3.0 (1.0-6.0) 0.315*
Lung structure abnormalities
Presence of bronchiectasis; n (%) 58 27 (46.6) 48 23 (47.9) 9 3(33.3) 0.488*
Extent of bronchiectasis; n/n/n 58 31/17/10 48 25/15/8 9 6/2/1 0.717***
Presence of generalized 58 10 (17.2) 48 8 (16.7) 9 1(11.1) 1.000*
bronchiectasis; n (%)
Presence of fibrosis; n (%) 58 22 (37.9) 48 18 (37.5) 9 3(33.3) 1.000*
Extent of fibrosis; n/n/n 58 36/17/5 48 30/14/4 9 6/2/1 0.895***
Lung function abnormalities
Presence of obstructive disease; n (%) 57 27 (47.4) 48 22 (45.8) 8 4 (50.0) 1.000*
Degree of obstructive disease; n/n/n/n 57 30/15/10/2 48 26/14/7/1 8 4/1/2/1 0.437***
Presence of restrictive disease; n (%) 57 10 (17.5) 48 8 (16.7) 8 2(25.0) 0.623*
Degree of restrictive disease; n/n/n/n 57 47/8/2/0 48 40/6/2/0 8 6/2/0/0 0.519***
Presence of respiratory insufficiency; n (%) 55 9 (16.4) 46 8 (17.4) 8 0(0.0) 0.336*
Others
Presence of chronic diarrhea; n (%) 60 14 (23.3) 49 11 (22.4) 10 3 (30.0) 0.688*
Presence of splenomegaly; n (%) 59 37 (62.7) 48 30 (62.5) 10 7 (70.0) 0.733*
Presence of Al phenomena; n (%) 61 15 (24.6) 50 12 (24.0) 10 3 (30.0) 0.700*
Presence of granulomas; n (%) 60 5 (8.3) 50 5 (10.0) 9 0(0.0) 1.000*
Presence of lymphadenopathy; n (%) 60 17 (28.3) 49 13 (26.5) 10 3 (30.0) 1.000*

The extent of bronchiectasis and the extent of fibrosis are given as numbers of patients with no/localized/generalized disease. The degrees
of obstructive and restrictive disease are reported as numbers of patients with normal/mild/moderate/severe form of disease. The
presence of any symptom/disease is given as the number of patients with this particular symptom/disease. Continuous variables are given
as median (5th—95th percentile). Al = autoimmune. P-value: VNTR3/3 homozygotes vs. VNTR2 carriers; *two-tailed Fisher's exact test;
**Mann—Whitney U test; ***maximal likelihood chi-square test. Considerable P-values are marked in bold.

in patients with generalized bronchiectasis (P=0.027). In
addition, patients with fibrosis had lower FCRN mRNA levels
compared to patients without fibrosis (P=0.041), and a
tendency to negative correlation of FCRN mRNA levels with
the extent of fibrosis was noted (P=0.066). No relationship
between FCRN mRNA levels and other phenotypic features of
CVID (presence of chronic diarrhea, splenomegaly, granulo-
mas, lymphadenopathy or autoimmune phenomena) was
documented. An additional analysis was performed to

determine if FCRN mRNA levels were not related just to
the absolute number of peripheral blood monocytes. No
correlation was revealed between these two variables
(Spearman’s correlation coefficient R=0.082, P=0.677).

FCRN gene expression and IVIG kinetics

No correlation was found between FCRN mRNA level and pre-
infusion IgG concentration in CVID patients. However, a

Table 2 Comparison of 1gG concentration before IVIG infusion and IgG kinetics after IVIG infusion in FcRn VNTR3/3 homozygotes

and VNTR2 allele carriers.

IgG and IVIG All CVID patients VNTR3/3 homozygotes VNTR2 carriers P-value
kinetics " n

IgG before IVIG 31 5.82 (3.92-7.79) 26 5.70 (3.99-7.79) 4 6.51 (6.13-6.96) 0.329
D14/D7 ratio 30 0.797 (0.729-0.968) 25 0.816 (0.739-0.941) 4 0.776 (0.736-0.994) 0.448

D7 (D14) = IgG concentration +7 days (+14 days) after IVIG infusion; IgG concentration is given as median (5th—95th percentile) in g/L.
P-value: VNTR3/3 homozygotes vs. VNTR2 carriers, Mann—Whitney U test.
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Table 3  Comparison of FcRn mRNA expression in VNTR3/3 homozygotes and VNTR2 allele carriers.
FcRn mRNA All CVID patients VNTR3/3 homozygotes VNTR2 carriers P-value
expression n n n
FcRn/GAPDH 28 0.086 (0.058-0.131) 24 0.087 (0.058-0.131) 4 0.083 (0.062-0.101) 0.646

The results are given as median (5th—95th percentile) values of the FcRn/GAPDH ratio, which presents the mRNA level of the FcRn gene
normalized to the housekeeping GAPDH gene in peripheral blood mononuclear cells. P-value: VNTR3/3 homozygotes vs. VNTR2 carriers,

Mann—Whitney U test.

correlation was demonstrated between FCRN mRNA level and
the decline in serum IgG concentration during the 2nd week
after IVIG infusion (P=0.045; Table 6). The lower the FCRN
mRNA expression, the more pronounced the decrease in IgG
concentration, in CVID patientsin the tracked period after IVIG
infusion. When a relationship between the extent of bronchi-
ectasis and the rate of 1gG decline after infusion of IVIG was
analyzed, a tendency to the lower 14D/7D IgG concentration
ratio in patients with generalized bronchiectasis was shown
(Spearman’s correlation coefficient R=-0.365, P=0.067).

Discussion

CVID is a heterogeneous disease with complex immunological
and clinical phenotypes. The heterogeneity in the clinical
symptoms and immunological defects is supposedly under-
lain by the number of disease-causing and disease-modifying
genes. An association with CVID has already been shown for
several genes. Biallelic mutations in the ICOS [15], CD19 [16]
and BAFF-R [17] genes are responsible for CVID phenotype in
a minority of patients. Defects in the TNFRSF13B gene,
coding for TACI, are found in about 10% of CVID patients and
increase the risk of disease development. However, these

Table 4 Correlation of FcRn mRNA expression with
quantifiable phenotypic features of CVID.

Phenotypic Spearman R P-value
feature (n=27) coefficient
Before diagnosis
Age at onset 0.024 0.904
Age at diagnosis 0.027 0.894
Diagnostic delay —0.241 0.227
Pneumonias during dg delay -0.212 0.289
IgG at diagnosis 0.142 0.481
Respiratory tract infections (RTI)
Pneumonias on IVIG/SCIG —0.066 0.742
RTI per year -0.194 0.332
Lung structure abnormalities
Extent of bronchiectasis —0.424 0.027
Extent of fibrosis —-0.359 0.066
Lung function abnormalities
Degree of obstructive disease -0.127 0.529
Degree of restrictive disease -0.214 0.283

The extent of bronchiectasis and the extent of fibrosis were
characterized as no, localized and generalized (grades 0-2) and
the degrees of obstructive and restrictive disease as normal,
mild, moderate and severe (grades 0-3). P-value: determined by
Spearman'’s test. Considerable P-values are marked in bold.

defects seem to be neither necessary nor sufficient to cause
CVID [18]. Polymorphisms in several other genes (vitamin D
receptor, interleukin (IL)-6, IL-10, TNF, and MBL2) have been
shown to be associated with particular phenotypic features
of CVID [9-11]. In this study, we analyzed the FCRN gene as a
potential strong disease modifier because of its documented
role in 1gG catabolism and antigen delivery.

Recently, Sachs et al. described a promoter polymorphism
of a variable number of tandem repeats (VNTR) in the FCRN
gene. VNTR2 allele carriers have lower FCRN mRNA levels,
and their monocytes show decreased binding capacity in
vitro compared with VNTR3/3 homozygotes [7]. However,
analyzing a number of phenotypic features, including IVIG
catabolism, we did not find any difference in CVID patients
carrying one or two VNTR2 alleles compared with VNTR3/3
homozygotes. The only exception was a longer time from the
first symptoms to diagnosis in VNTR2 carriers, but this finding
lost its statistical significance after Bonferroni or FDR
correction. Moreover, there would be no known explanation
for such a difference because VNTR2 allele carriers are
expected to exhibit more rapid IgG catabolism and less
efficient antigen delivery and thus shorter diagnostic delay
than VNTR3/3 individuals.

Consequently, no difference in FCRN mRNA expression
was detected between our CVID VNTR2 allele carriers and
VNTR3/3 homozygotes. This result is contrary to the study by
Sachs et al., who reported a significant difference, and even
no overlapping values, between healthy VNTR2 carriers and
VNTR3/3 homozygotes [7]. In that study, RNA was extracted
from the CD14* fraction of peripheral blood mononuclear
cells (PBMC), while all PBMC were used in our study. The
FCRN gene is expressed in multiple blood cells, including
monocytes [19], polymorphonuclear leukocytes [20] and,
probably, B lymphocytes [21]. We consider both monocytes
and all PBMC relevant for FCRN expression analyses, as
hematopoietically derived cells contribute as much to FcRn
mediated protection of IgG from catabolism as do vascular
endothelial cells [4]. We showed that FCRN mRNA levels
were not related to the absolute number of peripheral blood
monocytes in our patients. The discrepancy in results could
arise from low numbers of analyzed individuals: 5 subjects in
both groups in the study of Sachs et al. and 24 patients with
the VNTR3/3 genotype and 4 patients carrying a VNTR2 allele
in our study. Another explanation could be the different
regulation of FCRN expression in CVID patients which may be
determined by other sequence changes within the FCRN gene
or altered activity of other genes/proteins in CVID patients
compared to healthy controls. However, if no difference was
noted in FCRN expression in both analyzed subgroups
(VNTR3/3 vs. VNTR2 allele carriers) it is not surprising that
no difference in phenotypes between these subgroups was



424 T. Freiberger et al.
Table 5 Comparison of FcRn mRNA levels in subgroups of patients with and without particular phenotypic features of CVID.
Phenotypic feature Patients with Patients without P-value

n n
Lung structure abnormalities
Bronchiectasis 14 0.080 (0.055-0.105) 13 0.090 (0.060-0.138) 0.085
Generalized bronchiectasis 5 0.067 (0.055-0.083) 22 0.089 (0.060-0.131) 0.027
Fibrosis 8 0.073 (0.058-0.095) 19 0.088 (0.055-0.138) 0.041
Lung function abnormalities
Obstructive disease 13 0.083 (0.058-0.138) 14 0.089 (0.055-0.112) 0.610
Restrictive disease 5 0.079 (0.062-0.095) 22 0.087 (0.058-0.131) 0.275
Respiratory insufficiency 4 0.064 (0.058-0.090) 23 0.086 (0.062-0.131) 0.065
Others
Chronic diarrhea 5 0.086 (0.058-0.112) 22 0.085 (0.060-0.131) 0.779
Splenomegaly 20 0.085 (0.057-0.134) 7 0.086 (0.062—-0.131) 0.507
Al phenomena 4 0.094 (0.078-0.112) 23 0.084 (0.058-0.131) 0.394
Granulomas 2 0.075 (0.055-0.095) 25 0.086 (0.060-0.131) 0.405
Lymphadenopathy 5 0.076 (0.062—-0.101) 22 0.086 (0.058-0.131) 0.473

The results are given as median (5th—95th percentile) values of the FcRn/GAPDH ratio, which presents the mRNA level of FcRn normalized
to the housekeeping GAPDH gene in peripheral blood mononuclear cells. P-value: determined by the Mann—Whitney U test. Considerable

P-values are marked in bold.

found in the previous experiments (see Tables 1 and 2). Little
is known about how FCRN is transcriptionally regulated.
Undoubtedly, the regulation of FCRN expression is a complex
process. Our results indicate that the influence of VNTR
polymorphism on FCRN expression is not dominant in CVID
patients.

When correlating FCRN mRNA levels with phenotypic
features of CVID, we revealed several interesting and
consistent associations, although their statistical significance
disappeared after Bonferroni or FDR correction. Patients with
generalized bronchiectasis or fibrosis had lower FCRN mRNA
levels compared to patients without such abnormalities.
Moreover, there was a negative correlation of FCRN mRNA
levels with the extent of the bronchiectasis. In concordance
with these findings, FCRN mRNA levels were negatively
correlated with the rate of 1gG decline in the 2nd week after
infusion of IVIG. A decreased capacity of FcRn both to protect
IgG from degradation and to transcytose immune complexes
via the respiratory epithelium due to lower specific mRNA
levels might contribute to bronchiectasis and lung fibrosis
development. However, we did not find an association of FCRN
expression with either the age of disease onset, age of
diagnosis, diagnostic delay, the number of pneumonias before

Table 6 Correlation of FcRn mRNA expression with 1gG
concentration before IVIG infusion and IgG kinetics after
IVIG infusion in CVID patients.

IgG and Spearman R P-value
IVIG kinetics coefficient

n
IgG before IVIG 28 -0.123 0.532
D14/D7 ratio 27 0.390 0.045

D7 (D14) = IgG concentration +7 days (+ 14 days) after IVIG
infusion. P-value: determined by Spearman'’s test. Considerable
P-values are marked in bold.
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diagnosis or the frequency of infections, which could also be
expected considering the presumed mechanism of FcRn
function. It should be taken into account that the latter
variables were mostly based on patient information, which did
not have to be sufficiently exact for statistical evaluation,
particularly when a limited number of patients were available
for analysis. On the other hand, the presence and extent of
bronchiectasis and fibrosis and the presence of respiratory
insufficiency were clearly determined by HRCT and lung
function tests.

FcRn deficiency or blockade confers protection from
autoimmune humoral reactivity in a mouse model of
autoimmune arthritis [22]. However, no association of
FCRN expression with the presence of autoimmune phenom-
ena was found in our CVID patients.

In our previous work we reported the association of low
mannan-binding lectin (MBL) levels with the development of
bronchiectasis, fibrosis and respiratory insufficiency but not
other phenotypic features in patients with CVID [11].
However, we found no difference in FCRN mRNA levels
between subgroups of patients with MBL2 genotypes associ-
ated with normal, low and deficient MBL levels (data not
shown). Therefore, low FCRN expression and low MBL levels
seem to be independent risk factors for the development of
lung complications in CVID patients.

Our findings show that FcRn may play a role in the
development of lung structural abnormalities, which are the
principal life-threatening complications in patients with CVID,
as well as in the catabolism of therapeutically administered
IVIG. Nevertheless, our results show borderline statistical
significance and need to be interpreted carefully. In addition,
some limitations of our study should be addressed in successive
studies for better interpretation of the results. It would be
definitely useful to analyze FCRN expression in people without
an antibody deficiency suffering from bronchiectasis and/or
lung fibrosis to show if altered FCRN levels may contribute
mechanistically to pulmonary complications. It would also be
valuable to examine FCRN expression directly at the site of
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damage as local conditions in the lungs may not reflect truly
the situation in peripheral blood. However, if our observations
are confirmed in a larger cohort of patients in future studies,
increasing FCRN expression might be a potential therapeutic
target to prevent lung complications not only in CVID patients.
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Supplementary Table 1a: Comparison of phenotypic features of CVID in patients available

and not available for FcRn mRNA expression analysis.

Phenotypic feature Available Not available P-value
for analysis for analysis

n n
Age; years 28 46.5(22.0-69.0) 34 415(18.0-70.0) 0.538**
Sex; males/females 28 13/15 34 12/22 0.441*
Before diagnosis
Age at onset; years 27 30.0(5.0-48.0) 34 285(6.0-65.00 0.856**
Age at diagnosis; years 27 35.0(14.0-55.0) 34 33.0(13.0-68.0) 0.994**
Diagnostic delay; years 27 3.0(0.0-17.0) 34 3.0(0.0-18.0) 0.930**
Pneumonias during dg delay; n 27 1.0(0.0-10.0) 33 1.0(0.0-10.0) 0.194**
IgG at diagnosis; g/l 27 1.74(0.12-4.48) 34 1.81(0.07-4.34) 0.744**
Respiratory tract infections (RTI)
Pneumonias on IVIG/SCIG; n 27 0.0(0.0-1.0) 31 0.0(0.0-3.0) 0.399**
RTI per year; n 27 2.0(1.0-5.0) 32 30(1.0-8.0) 0.212**
Lung structure abnormalities
Presence of bronchiectasis; n (%) 27 14 (51.9) 31 13 (41.9) 0.598*
Extent of bronchiectasis; n/n/n 27 13/9/5 31 18/8/5 0.744***
Presence of generalized bronchiectasis; n (%) 27 5(18.5) 31 5(16.1) 1.000*
Presence of fibrosis; n (%) 27 8(29.6) 31 14 (45.2) 0.283*
Extent of fibrosis; n/n/n 27 19/5/3 31 17/12/2 0.222***
Lung function abnormalities
Presence of obstructive disease; n (%) 27 13(48.1) 30 14 (46.7) 1.000*
Degree of obstructive disease; n/n/n/n 27 14/7/5/1 30 16/8/5/1 0.998***
Presence of restrictive disease; n (%) 27 5(18.5) 30 5(16.7) 1.000*
Degree of restrictive disease; n/n/n/n 27 22/5/0/0 30 25/3/2/0 0.191***
Presence of respiratory insuficiency; n (%) 27 4(14.8) 28 5(17.9) 1.000*
Others
Presence of chronic diarrhoea; n (%) 27 5(18.5) 33 9(27.3) 0.544*
Presence of splenomegaly; n (%) 27 20 (74.1) 32 17 (53.1) 0.114*
Presence of Al phenomenona; n (%) 27 4 (14.8) 34 11 (32.4) 0.143*
Presence of granulomas; n (%) 27 2(7.4) 33 3(9.1) 1.000*
Presence of lymphadenopathy; n (%) 27 5(18.5) 33 12 (36.4) 0.158*

The extent of bronchiectasis and the extent of fibrosis are given as numbers of patients with
no/localized/generalized disease. The degrees of obstructive and restrictive disease are
reported as numbers of patients with normal/mild/moderate/severe form of disease. The
presence of any symptom/disease is given as the number of patients with this particular
symptom/disease. Continuous variables are given as median (5"-95" percentile). Al =
autoimmune. P-value: VNTR3/3 homozygotes vs. VNTR?2 carriers; * two-tailed Fisher exact

test; ** Mann-Whitney U test; *** maximal likelihood chi-square test.
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Analyzovali jsme také vliv popsanych funkéné vyznamnych polymorfizm(l v promotorové oblasti genu
FCRN, reprezentovanych variabilnim poctem tandemovych repetic (VNTR), na placentarni pfenos IgG.
Vysetireni 103 parovych vzorkd materské a pupecnikové krve, odebranych pfi porodech v 38. a7z 41.

tydnu gravidity, neprokazalo vliv jednotlivych polymorfnich variant na gradient IgG mezi matefrskou a

placentarni krvi.

Podrobny popis studie je uveden v ndsledujici publikaci:

T. Freiberger, B. Ravcukovd, L. Grodeckd, B. Kurecovd, J. Jarkovsky, D. Bartonkovd, V. Thon, J. Litzman:
No association of FCRN promoter VNTR polymorphism with the rate of maternal-fetal IgG transfer. J
Reprod Immunol 2010; 85(2): 193-7.

TACI

TACI je transmembrdanovy aktivator a interaktor s proteinem CAML (Transmembrane Activator and
CAML Interactor), pficemz CAML je kalciovy modulator i ligand pro cyclophilin (CAlcium Modulator
and cyclophilin Ligand). Molekula TACI sestava z 293 aminokyselin a je kddovdna genem TNFRSF13B,
ktery leZi na kratkém raménku 17. chromozomu, ma 5 exonu a velikost 42,5 kb. TACI je jednim

z ¢lent rodiny receptord TNF (tumour necrosis factor) exprimovanych na perifernich B lymfocytech a
podilejicich se na jejich findlni maturaci. Je receptorem pro molekuly BAFF (B-cell Activating Factor) a
APRIL (A PRoliferation Inducing Ligand), které slouzi jako regulatory aktivace, proliferace a
diferenciace B lymfocytd s vyuZitim signalizaéni cesty NF-AT (nuklearni faktor aktivovanych T
lymfocytl; Nuclear Factor of Activated T cells) a NF-kB. TACI pomaha B lymfocytlim v izotypovém
presmyku z IgM na IgG, IgA a IgE, zaroven posiluje vyzravani a preZivani izotypové determinovanych
pamétovych B lymfocyt( a plazmatickych bunék a pfispiva ke zvysovani afinity tvofenych protilatek

cestou somatickych hypermutaci (He et al., 2010; Ozcan et al., 2011).

V experimentech s knock-out tnfrsf13b-/- mysimi modely bylo ukdzano, ze TACI je negativnim
regulatorem aktivace a proliferace B lymfocytl a nezbytnou slozkou imunitni odpovédi nezavislé na T

lymfocytech, typu Il (von Bulow et al., 2001).

Asociace TACl s CVID a IgAD
Genetickd podstata CVID a IgAD nebyla dlouho objasnéna a u vétsiny pfipadd neni objasnéna dodnes.

Velkou nadéji predstavovaly v dobé svého zverfejnéni 2 nezavislé prace (Castigli et al., 2005; Salzer et

69


http://www.ncbi.nlm.nih.gov/pubmed/20452034

al., 2005), které na zakladé pristupu analyzy kandidatnich genl detekovaly mutace v genu TNFRSF13B
jak u pacientl s CVID, tak IgAD. Zprvu to vypadalo na opravdovy prillom, protoZe se zdalo, Ze mutace
v TNFRSF13B jsou zodpovédné za podstatnou ¢ast, az 10%, pripadd CVID. U nejcastéjsich mutaci
(p.CysO4Arg a p.Alal81Glu) byl prokazan negativni efekt na proliferaci B lymfocytu a izotypovy
presmyk po stimulaci ligandem APRIL (Castigli et al., 2005; Salzer et al., 2005). Mutace nebyly

v prvnich studiich nalezeny u zadné z pouzitych zdravych kontrol, ale jiz v pocatku byla zjisténa velka
Sife fenotypového projevu u nositeld mutaci v rodinach pacient(l, od asymptomatického pribéhu,

pres IgAD, az po klasickou formu CVID.

Mysi knock-out model TACI-/- s expanzi B lymfocytd, jejich hyperreaktivitou a tézkym lupus-like
postizenim (Seshasayee et al., 2003; Yan et al., 2001) neodrazel B lymfocytarni ani klinicky fenotyp

pozorovany u lidi.

Dalsi studie navic ukazaly pfitomnost mutaci u malé ¢asti zdravych jedincl kontrolnich soubort a
stale vice se objevovaly zpravy o tom, Ze v fadé rodin nosi¢stvi mutace nekoreluje s fenotypem IgAD
ani CVID (Poodt et al., 2009; Salzer et al., 2009; Sazzini et al., 2009; Speletas et al., 2011; Zhang et al.,
2007). Opakované vsak byla dokumentovana silna, statisticky vyznamna asociace mutaci v genu
TNFRSF13B s CVID, zatimco u IgAD byla tato souvislost zpochybnéna (Pan-Hammarstrom et al., 2007).
Soucasny stav poznani podporuje roli genu TNFRSF13B jako faktoru, ktery predstavuje predispozici ke
vzniku CVID, nikoliv IgAD, a mGze modifikovat priibéh onemocnéni, ale nezbytnd je ucast dalSich

genetickych faktorl a zevnich vliva.

K poznani dlohy genu TNFRSF13B pfi vzniku CVID a/nebo IgAD pfispéla i nase prace. Genovou mutaci
jsme detekovali u 4 ze 70 pacientl s CVID (5,7%), 9 ze 161 pacientl s IgAD (5,6%), 1 ze 17 pacientl

s jinou hypogamaglobulinemii nebo dysgamaglobulinemii (5,9%) a Zzddného ze 195 jedincli obecné
Ceské populace. U ceskych pacientl jsme tak zaznamenali statisticky vyznamnou asociaci mutaci
TNFRSF13B jak s CVID (p=0,01), tak s IgAD (p=0,02), ovSsem pfi kompilaci vSech dat z dostupnych
publikaci zGstala vyznamna asociace ve srovnani s kontrolnim souborem jen v ptipadé CVID (9,9% vs.
3,2%, p<10'6), zatimco u IgAD asociace ztratila statickou vyznamnost (5,7% vs. 3,2%, p=0,145).
Detekovali jsme v souhrnu 8 rliznych mutaci, véetné nejcastéjsich mutaci p.Cys104Arg a p.Ala181Glu
a jedné drive nepopsané missense varianty p.Arg189Lys. Popsali jsme také statisticky vyznamnou
asociaci tiché zamény p.Pro97Pro s CVID, a to nejen v souboru ceskych pacientl (alelicka frekvence
4.3% vs. 0.2%, p=0.01), ale i v kompilovaném souboru vSech populaci (5.1% vs. 1.8%, p=0.003). Neni
vylouceno, Ze tato tichd mutace, resp. polymorfizmus, mize mit funkéni vyznam cestou ovlivnéni

sestfihu mRNA.
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Presto, Ze jsme nenasli mutaci u Zaddného jedince v kontrolnim souboru, nase pozorovani pfitomnosti
mutace u asymptomatickych ¢lenl rodin pacientl s CVID a/nebo IgAD a naopak nepfitomnosti
mutace u klinicky zfejmych pfipadd onemocnéni jsou ve shodé s publikovanymi daty a podporuji
hypotézu o roli TNFRSF13B jako faktoru modifikujiciho vznik a pribéh CVID, spiSe neZ kauzalniho

faktoru vzniku choroby.

Ndsleduje plny text ¢lanku:

T. Freiberger, B. Ravcukova, L. Grodecka, Z. Pikulova, D. Stikarovska, S. Pesak, P. Kuklinek, J.
Jarkovsky, U. Salzer, J. Litzman: Sequence variants of the TNFRSF13B gene in Czech CVID and
IgAD patients in the context of other populations. Hum Immunol 2012; 73(11):1147-54.
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Mutations in the TNFRSF13B gene, encoding TACI, have been found in common variable immunodefi-
ciency (CVID) and selective IgA deficient (IgAD) patients, but only the association with CVID seems to
be significant. In this study, Czech CVID, IgAD and primary hypo/dysgammaglobulinemic (HG/DG)
patients were screened for all TNFRSF13B sequence variants. The TNFRSF13B gene was mutated in 4/70
CVID patients (5.7%), 9/161 IgAD patients (5.6%), 1/17 HG/DG patient (5.9%) and none of 195 controls.
Eight different mutations were detected, including the most frequent p.C104R and p.A181E mutations
as well as 1 novel missense mutation, p.R189K. A significant association of TNFRSF13B gene mutations
was observed in both CVID (p = 0.01) and IgAD (p = 0.002) Czech patients. However, when combined with
all published data, only the association with CVID remained significant compared with the controls (9.9%
vs. 3.2%, p < 10~%), while statistical significance disappeared for IgAD (5.7% vs. 3.2%, p = 0.145). The silent
mutation p.P97P was shown to be associated significantly with CVID compared with the controls in both
Czech patients (allele frequency 4.3% vs. 0.2%, p = 0.01) and in connection with the published data (5.1%
vs. 1.8%, p = 0.003). The relevance of some TNFRSF13B gene variants remains unclear and needs to be elu-
cidated in future studies.

© 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

Common variable immunodeficiency (CVID) and IgA deficiency
(IgAD) are considered to be different phenotypic manifestations of
similar or related genetic backgrounds [1]. Severe deficiency in
production of specific antibodies accompanied by low levels of
IgG, IgA and sometimes IgM, as seen in CVID, manifests clinically

Abbreviations: APRIL, a proliferation-inducing ligand; BAFF, B-cell activating
factor; CRD, cysteine rich domain; CVID, common variable immunodeficiency;
DGGE, denaturing grdient gel electrophoresis; ESID, European Society for Immun-
odeficiencies; HFDR, healthy first degree relatives; HG/DG, hypogamma/dysgam-
maglobulinemia; HRM, high resolution melting; IC, intracellular domain; IgAD,
selective IgA deficiency; NCBI, National Center for Biotechnology Information;
PAGID, Pan American Group for Immunodeficiency; SSPNN, splice site prediction by
neural network; TACI, transmembrane activator and calcium modulating cyclophi-
lin ligand interactor; TM, transmembrane domain; TNFRSF13B, tumor necrosis
factor receptor superfamily 13B gene.

* Corresponding author. Address: Molecular Genetics Laboratory, Centre for
Cardiovascular Surgery and Transplantation, Pekarska 53, CZ-656 91 Brno, Czech
Republic. Fax: +420 543211218.

E-mail address: tomas.freiberger@cktch.cz (T. Freiberger).

through recurrent and severe infections, predominantly of the
respiratory tract, and frequent autoimmune complications [2,3].
In IgAD, the immunoglobulins other than IgA are not altered, and
the disease is usually asymptomatic, although increased frequen-
cies of autoimmune manifestations have been documented [4,5].
Despite the stated differences, both diseases seem to be closely re-
lated. CVID and IgAD may occur simultaneously within families,
and IgAD may develop into CVID [6,7]. Although a common genetic
background is assumed, the genes responsible for the majority of
clinical cases of CVID and IgAD remain unknown. It was suggested
that multiple genes may be responsible for the above mentioned
clinical and laboratory findings.

Previous studies showed that both diseases are linked to gene(s)
in the HLA region of chromosome 6q, and a potential gene locus
named IGAD1 was identified in the HLADQ/DR region [8,9]. Other
studies located the gene(s) responsible for CVID on chromosomes
16q [10], 4q [11], and 5p [12]. Particular autoimmunity risk allelic
variants were found to be significantly associated also with IgAD
[13]. Since 2003, mutations in six genes encoding for receptor/sig-
naling molecules have been recognized as associated with CVID.

0198-8859/$36.00 - see front matter © 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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These include ICOS [14], TNFRSF13B [15,16], TNFRSF13C [17], CD19
[18], CD81 [19] and CD20 [20]. While biallelic mutations in the
ICOS, TNFRSF13C, CD19, CD81 and CD20 genes were mostly detected
in single autosomal recessive CVID families [21,22], heterozygous
or homozygous mutations in the TNFRSF13B gene were found in
a considerable proportion (approximately 10%) of the patients with
CVID [21]. The TNFRSF13B gene encodes for the transmembrane
activator and calcium modulating cyclophilin ligand interactor
(TACI), which is a receptor present on B-cells that interacts with
B-cell activating factor (BAFF) or a proliferation-inducing ligand
(APRIL), serving as a regulator of B-cell activation, proliferation
and differentiation and a trigger of immunoglobulin isotype
switching [23,24]. However, TNFRSF13B mutations were found also
in healthy or only mildly affected first degree relatives of CVID pa-
tients and even in unrelated healthy controls [21]. TNFRSF13B
mutations were also detected in IgAD patients [15], but it was
shown later that the frequency in IgAD was not significantly in-
creased compared with the control populations [25,26]. Only two
studies dealt with larger series of IgAD patients, but both studies
were mainly focused on several of the most frequent mutations
[25,26]. The exact role of TNFRSF13B mutations in the pathogenesis
of CVID, IgAD or other hypogammaglobulinemias is still unclear.

The aim of this study was to screen for all TNFRSF13B mutations
in Czech CVID and IgAD patients, to map the frequencies of these
mutations in Slavonic patients and the general population and to
contribute to defining a role for TNFRSF13B mutations particularly
in IgAD development.

2. Materials and methods
2.1. Patients and controls

Seventy unrelated patients with CVID (58 non-familial and 12
familial cases), 173 unrelated patients with IgAD (149 sporadic
cases, 12 familial cases and 12 cases related to CVID patients), an
additional 14 IgAD patients related to familial IgAD individuals
and 17 unrelated patients with primary hypo/dysgammaglobulin-
emia (HG/DG), followed in the Department of Clinical Immunology
and Allergy, University St. Anne’s Hospital in Brno, were included
in the study. All of the CVID and IgAD patients fulfilled the ESID/
PAGID diagnostic criteria [27]. The patients in the HD/DG group in-
cluded 5 patients with Good syndrome and 12 patients with prob-
able primary HG/DG not fulfilling diagnostic criteria for CVID, IgAD
or other well-defined primary immunoglobulin deficiencies. Avail-
able relatives in the IgAD, CVID and HG/DG families with detected
mutations were invited and tested for the particular mutations. All
persons involved in the study were of the Czech origin and pro-
vided a written statement of informed consent approved by the
Ethics Committee of the University St. Anne’s Hospital in Brno.
DNA from umbilical blood samples of 256 consecutively born
healthy neonates were used as controls after obtaining a written
consent from their mothers, which was approved by the Ethics
Committee of the Centre for Cardiovascular Surgery and Transplan-
tation in Brno.

2.2. Mutation and polymorphism analyses

DNA samples were amplified for further analyses using the
primers and conditions depicted in Supplementary Table 1. Ampli-
cons of exons 1 and 5 were subjected to single-strand conformation
polymorphism (SSCP) electrophoresis, after restriction with Alul
enzyme in the case of exon 5. Briefly, 10 pul of PCR products were
denatured for 5 min at 100 °C and stored at 4 °C to avoid renatur-
ation. Electrophoresis was performed on a special polyacrylamide
gel designed for mutation detection (MDE; Sigma) at the concentra-

tion given by the manufacturer for 24 h at a constant voltage of
200V and a temperature of 6.5 °C (apparatus INGENYphorU sys-
tem). DNA fragments were then visualized by silver staining.

Amplicons of exons 2 and 3 (one of each of the primer pairs
used contained a GC-rich 40 bp segment, a so-called “GC clamp”)
were subjected to denaturation gradient gel electrophoresis
(DGGE) on a 6% polyacrylamide/TAE gel. The linear urea gradient
was from 35% to 70% in the exon 2 experiments and from 30% to
80% in the exon 3 experiments (100% denaturant=9.5M urea).
The resolution was carried out at a constant voltage of 110 V and
a temperature of 65 °C overnight (INGENYphorU system). The het-
eroduplexes were visualized by UV light in the presence of ethi-
dium bromide.

Exon 4 amplicons were analyzed by the high resolution melting
(HRM) method. PCR was performed using a SensiMix™ HRM kit
(Bioline) with EvaGreen as a fluorescent dye and 200 nM concen-
tration of each primer. The PCR temperature conditions used were
as follows: 95 °C for 10 min followed by 45 cycles of 93 °C for 20 s,
64 °C for 20 sand 72 °C for 15s. The HRM analysis was run with
temperature increments of 0.15 °C between 75 and 95 °C. The sam-
ples containing one of following mutations (R189K, A181E and
R202H) were used as positive detection controls.

The amplicons that differed from the standard samples during
analysis were purified with QIAquick PCR purification Kit (Qiagen)
and sequenced using a BigDye terminator cycle sequencing kit (Life
Technologies) on an ABI PRISM 3100 analyzer (Life Technologies)
according to manufacturer’s instructions.

All regions of the gene were tested in 42 unrelated CVID and 57
unrelated IgAD patients, and exons 3 and 4 were analyzed in the
remaining patients and controls. All of the detected non-synony-
mous mutations were confirmed by independent amplification
and sequencing. All of the detected synonymous and intronic vari-
ants and common polymorphisms were checked and examined by
restriction analysis or the HRM method (p.V220A) in all of the pa-
tients and controls. The restrictions were performed overnight
with 5U of enzyme per reaction, and the resulting bands were
visualized on agarose gels. Further reaction details are described
in Supplementary Table 2. HRM analysis was performed using tem-
perature increments of 0.15 °C between 75 and 95 °C after exon 5
PCR using the following conditions: 95 °C for 10 min, 45 cycles of
95 °C for 20's, 66 °C for 20's, 72 °C for 15 s.

To estimate the pathogenic effect of the described TNFRSF13B
mutations on TACI expression and function, we employed several
web based in silico software tools. For assessment of protein affec-
tion, we utilized PMut (http://www.mmb.pcb.ub.es/PMut), SIFT
(http://www.blocks.fhcrc.org/sift/SIFT.html) and Polyphen (http://
www.genetics.bwh.harvard.edu/pph), and for assessment of muta-
tion influence on splicing, we used Splice site prediction by neural
network (http://www.fruitfly.org/seq_tools/splice.html) and Sro-
ogle (http://[www.sroogle.tau.ac.il).

2.3. Statistical analysis

Statistical significance of differences in the frequencies of muta-
tions and polymorphisms between groups was evaluated using
two-tailed Fisher’s exact test. The results of the tests are presented
both as crude p-values and p’-values after Bonferroni correction (in
cases when crude p-values were significant). p’-Values less than
0.05 were considered significant.

3. Results

The non-synonymous mutations in the TNFRSF13B gene de-
tected in Czech patients are listed in Table 1. Mutations were found
in 4 unrelated patients with CVID (5.7%), 3 of them with the
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non-familial and 1 with the familial form of the disease. One CVID
patient was a compound heterozygote for the p.C104R/p.R72H
mutations. (Her healthy mother and son were p.R72H carriers,
while 2 healthy daughters were p.C104R carriers, and the father
was not available; see family A in Supplementary Fig. 1). Among
the IgAD patients, mutations were detected in 8 out of 161 unre-
lated probands, all of them were non-familial cases, as well as 1
relative to the IgAD proband and 1 relative to the CVID proband.
While the relative of the CVID patient was a carrier with the same
mutation as the index case (see family C in Supplementary Fig. 1),
in a different family, the mutation carrier was related to the IgAD
index case who was found to be free of the mutation (see family
D in Supplementary Fig. 1). Thus, in total, mutations were found
in 9 unrelated IgAD patients (5.6%). A mutation was found also in
1 sporadic HG/DG case (5.9%), an asymptomatic 16 years old male
with slightly decreased immunoglobulin (IgG 6.47 g/, IgA 0.34 g/1
and IgM 0.17 g/1). Eight different mutations were detected in our
patients, including the most frequent p.C104R and p.A181E muta-
tions as well as 1 novel missense mutation, p.R189K, located in the
intracellular domain of the TACI protein. The latter was assessed as
benign using the in silico prediction tools Pmut, SIFT and Polyphen
(see Supplementary Table 6). No mutation was found in the control
population. Thus, a significant association of the mutated
TNFRSF13B gene was noted in the CVID and IgAD patients
(p'=0.01 and p’ = 0.002, respectively) and a tendency to associa-
tion was observed in the HG/DG group (p = 0.08). Mutations were
also detected in 5/7 of the examined healthy first degree relatives
of the CVID (71.4%), 1/3 of the IgAD (33.3%) and 1/2 of the HG/DG
(50%) carriers (see families A, B, and C for CVID and families E and F
for I[gAD in Supplementary Fig. 1). Considering the particular muta-
tions, a significant association and tendency to association was
only found between p.C104R and IgAD and CVID (p=0.04 and
p = 0.06, respectively). However, this association disappeared after
Bonferroni correction.

The synonymous, intronic and/or common TNFRSF13B variants
detected in Czech individuals are given in Table 2. A novel synon-
ymous variant, p.F178F, was identified in the control samples but
not in the patients. A silent mutation, p.P97P, was detected more
frequently in the CVID and IgAD patients than in the controls,
although the significance disappeared after Bonferroni correction
for the IgAD patients. A rare intronic variant in intron 3,
c.445 + 31t > a, was found in a heterozygous state in only 1 CVID
patient and 1 IgAD patient. A novel intronic variant localized in
the neighborhood of the former one, c.445+34c > t, was found in
1 CVID patient and 2 IgAD patients. In 2 cases, both variants oc-
curred together, and only c.445+34c >t was present in another
case. None of these variants were found in the controls. Although
in silico prediction tools (SSPNN and Sroogle) did not show any
new splicing site resulting from these sequence changes, their
influence on splicing via binding of splicing factor(s) cannot be
completely excluded without analyzing mRNA, which was not
available in these patients.

To connect our single center results with the published data, we
conducted an overview of all published studies involving series of
unrelated patients (summarized in Table 3, for details see Supple-
mentary Tables 3 and 5). After correcting for the number of pa-
tients with all regions of the gene analyzed and for the number
of compound heterozygotes, the TNFRSF13B gene was found to be
mutated in 9.9% of the CVID patients, 5.7% of the IgAD patients
and 4.1% of the HG/DG patients, while the controls carried the
mutation in 3.2% of the cases. Statistically significant association
of the mutated gene could only be demonstrated with CVID
(p' <107). Several studies only screened for mutations in exons
3 and 4, particularly in the controls, because the vast majority of
all detected mutations occurred in these exons. If only mutations
in exons 3 and 4 were considered, mutations were found in 9.3%
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Table 2

Czech individuals with synonymous, intronic and/or common TNFRSF13B variants.

p3

p2

p1

General Czech population

Allele

HG/DGunrelated patients

Allele

IgADunrelated patients

Allele

CVID unrelated patients

Allele

IS

Protein

cDNA

Allele

Freq 1

Allele

Freq 1

Allele

Freq 1
(%)

Allele

Allele

Allele

nomencl.

nomencl.

0.112

0.118
0.047/
ns

0.131

143 721

413

369

85.3

29

rs8072293  a 110 30 786 211 105 668
g 134 312

rs35062843

p.T27T
p.P97P

c.81G>A

1.000

0.001/
0.012

34 0.0 0.2

1.9

43

c.291T>G

1.000
0.211

1.000
0.490

1.000
0311

0.3

389
392

0.0
8.8
20.6

34
31

0.0
5.5
121
435

322

291

0.0
2.2
129

140
135
122

p.F178F

c.534C>T

44
10.1

18
41

17
38
135
154

C
t

rs56063729
rs34562254
rs11078355
1s2274892

rs55955502

P.V220A

p.P251L

c.659T > C

0.402 0.080

0.349
0.842
0.234
0.253

365
244
238
414

27

276
175

18
57
51

c.752C>T

0.276

0.319

39.6

160
174

50.0

17
16
34
34

17
18

40.7

83

C
C
a

p.S277S

c.831T>C

0.280
1.000
1.000

0.099
0.427

52.9 42.2

48.4

164
307

36.4

89
139
139

c.445+25a>c

0.0
0.0

0.0
0.0

0.3

0.7

c.445+31t>a

0.188

0.253

414

0.6

316

0.7

c445+34c >t

p values for comparisons of unrelated CVID (p1), IgAD (p2) and HG/DG patients (p3) with controls. A two-tailed Fisher’s exact test was used to calculate p-values. If p < 0.05, Bonferroni correction for 9 polymorphisms

p1, p2, p3

hypogamma/dysgammaglobulinemia; freq1 = allele 1 frequency. Novel polymorphisms are marked in bold. The cDNA and protein

was applied, p’-value after correction is reported behind a slash mark. ns = not significant; HG/DG

nomenclature are according to NCBI nucleotide entry NM_012452 and NCBI protein entry NP_036584, respectively.
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Table 4

Allele frequencies of synonymous, intronic and/or common variants in the TNFRSF13B gene.

References?

p3

p2

Controls pl

HG/DG unrelated

patients
Allele

IgAD unrelated patients

CVID unrelated patients

I's

Protein

cDNA

nomencl.

nomencl.

Allele  Allele Freq 1
(%)

Freq 1

Allele

Allele  Allele Allele Freq1 Allele Allele Freq1

Allele

[39,40], this study

80.4 419 217 65.9 0.005/ 1.000 0.027/
0.047 ns

11

65.8 45

229 119

74.2

99

p.T27T rs8072293 a 285

c.81G>A

[39,40,43,44], this

22 1176 1.8 <0.001/ 1.000 1.000
0.003 study

1.8

55

1.7

344

5.1

484

26

p.P97P 1535062843 g

c.291T>G

this study

1.000
0.213

1.000
0.056

1.000
0.360

0.3
2.8

389

3629

0.0
5.4

34
53

0.0
4.1

0.0 322
786

23

140
1200

p.F178F
p.V220A

c.534C>T

[26,39-40], this

study

105

28 34

C

rs56063729

c.659T > C

[15,25-26,39,40],

16.1 611 4983 10.9 0.203 0.815 0.201
this study

47

10.7

160 1342

9.7

1113

119

t

p.P251L 1s34562254

c.752C>T

[39,40], this study

0.383

0.039/

249 352 149 193 436 24 32 429 192 336 364 0.727

135

C

p.S277S rs11078355

c.831T>C

ns
0.038/

[25,40], this study

0.161

107 378 431 585 424 27 29 48.2 565 913 38.2 0.934

65

C

152274892

c.445+25a>c

T. Freiberger et al./Human Immunology 73 (2012) 1147-1154

ns

This study
This study

1.000
1.000

0.427

414 0.0 0.253
0.0

414

0.0
0.0

34
34

0.3

307
316

0.7

139
139

a

rs55955502

c.445+31t>a

0.188

0.253

0.6

0.7

c.445+34c > t

p values for comparison of unrelated CVID (p1), IgAD (p2) and HG/DG patients (p3) with controls. A two-tailed Fisher’s exact test was applied for p-value calculations. If p <0.05, Bonferroni correction for 9

p1, p2, p3

hypogamma/dysgammaglobulinemia; freq1 = allele 1 frequency. The cDNA and protein nomenclature are

polymorphisms was applied, p’-value after correction is reported behind a slash mark. ns = not significant; HG/DG

according to NCBI nucleotide entry NM_012452 and NCBI protein entry NP_036584, respectively.

2 Calculations of total polymorphism frequencies if multiple studies available are reported in Supplementary Table 4.

of the CVID patients, 5.2% of the IgAD patients and 4% of the HG/DG
patients, while mutations were only detected in 3.0% of the con-
trols. The association was again only highly significant for CVID
(p' < 10719), although a tendency to association was noted for IgAD
(p=0.08). When considering individual mutations, a significant
relationship was demonstrated between CVID and the
p.L69TfsX12, p.C104R and p.A181E mutations (p’ <1076, p' <107
and p’ =0.02, respectively) as well as between HG/DG and the
p.L69TfsX12 mutation (p’ = 0.03). For IgAD, only a borderline asso-
ciation was shown for p.A181E, losing its statistical significance
after Bonferroni correction.

The data published on synonymous, intronic and/or common
variants of the TNFRSF13B gene in CVID, IgAD and HG/DG patients
and in controls are summarized in Table 4 (for details see Supple-
mentary Table 4). Surprisingly, in concordance with our results, the
overall data confirmed a significant association between the
p.P97P variant and CVID (p’ = 0.03) and showed a significant asso-
ciation of the p.T27T variant with CVID (p’ = 0.05). Other indicated
associations lost their significance after Bonferroni correction.

4. Discussion

Our study demonstrated a lesser occurrence of mutations in
CVID patients than available published data (5.7% vs. 9.9%) and
similar occurrences of mutations with IgAD patients (5.6% vs.
5.7%) and HG/DG patients (5.9% vs. 4.1%). In contrast with the
majority of other studies, we failed to detect any non-synonymous
mutation in the general population (0.0% vs. 3.2%). Although muta-
tions in the TNFRSF13B gene were detected at similar frequency in
both CVID and IgAD Czech patients and were significantly associ-
ated with both diseases compared with the general Czech popula-
tion, the combined analysis of all published data only confirmed an
association between the TNFRSF13B mutations and CVID. In this
combined analysis a slight tendency toward association was
shown between the TNFRSF13B mutations and disease in IgAD pa-
tients (5.7% vs. 3.2%, p = 0.145).

Similar to many other studies, we detected mutations in a sub-
stantial number of the examined healthy first degree relatives of
affected mutation carriers (71.4% with CVID and 33.3% with IgAD).
Martinez-Pomar et al. found mutations even in 28 out of 31 exam-
ined healthy relatives, including 3 p.C104R homozygotes and 1
p.C104R/p.A181E compound heterozygote, although 2 of 3 asymp-
tomatic p.C104R homozygotes had decreased plasma immuno-
globulin levels, which might be the first step toward CVID
development [28]. Interestingly, both studies on Spanish popula-
tions [25,28] showed considerably higher frequencies of the
p.C104R mutation among healthy individuals (2.5% and 2.6%) than
in any other population studied (all populations published <1.0%)
(see Supplementary Table 3).

Several approaches can be used to establish the role of a partic-
ular gene in disease development and the functional significance of
mutations in such a gene to abolish or severely affect protein func-
tion and be causative, including genetic knock-out animal models
and in vitro experiments, functional and in silico studies of mutant
variants and segregation studies of the mutated gene with disease
phenotypes. The evidence suggests that TACI, encoded by the
TNFRSF13B gene, acts as a negative regulator of murine B-cell acti-
vation, an indispensable component of T-cell independent type II
responses and has a role in IgA class switching [29-31]. These de-
fects are similar to the immunological abnormalities observed in
CVID [21,32]. Moreover, in previous studies, mutations in the
TNFRSF13B gene were clearly associated with CVID [15,16] (sum-
marized in Table 3), and in many mutations, such as the most fre-
quent alleles p.C104R and p.A181E, there was an impact on protein
function, including affected NF-kB/NFAT signaling (summarized in
Supplementary Table 6). In the mutations p.C104R and p.A181E,
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stop codon introducing mutations and several other mutations,
pathological significance was demonstrated. Different mutations,
particularly missense ones, were suggested to be functionally si-
lent using in vitro assays and/or in silico prediction tools [33-37].
However, as proposed pathological mutations were found in the
general control population and healthy first degree relatives of
CVID and IgAD patients, occasionally in a homozygous state [28],
questions arise as to which TNFRSF13B mutations are truly patho-
genic (disease causing) or if they act as susceptibility or disease-
modifying mutations relevant only in co-existence with other gene
defects.

The p.C104R and p.A181E mutations and premature stop codon
introducing mutations appear to be relevant, either alone or more
likely in combination with other genetic and/or environmental fac-
tor(s), although statistically significant association was only dem-
onstrated with CVID for the p.C104R, p.A181E and p.L69TfsX12
mutations, mainly because other protein truncating mutations
are very rare (see Table 3). The relevance of most missense muta-
tions is unclear. Some of them, such as p.R72H and p.R202H, also
detected in our CVID patients, were reported at similar frequencies
in CVID patients and controls but were suggested to be possibly
pathological based on several tests (see Supplementary Table 6).
On the other hand, some mutations were predicted and/or tested
to be benign but were detected in the CVID patients and not in
the control samples, including p.E140K and p.E149T. Mutation
p.R189K, found in our IgAD patient and not described previously,
was also predicted to be benign but was not detected in the general
population. Another mutation located in a neighboring codon,
p.K188M, was suggested to be possibly deleterious using the B-
aggregation test [37], although this mutation did not impair NF-
KB signaling in vitro [34].

The relevance of TNFRSF13B silent mutations and intronic poly-
morphisms located outside conserved splicing sequences are not
clear, but many of them are probably not associated with the dis-
ease. However, we detected the p.P97P variant to be significantly
associated with CVID in Czech patients, and the same result also
arose from data extracted from all of the available published pa-
pers (see Tables 2 and 4). To examine the possibility that this var-
iant might affect splicing, we used the in silico tools SSPNN and
Sroogle. We did not detect any obvious relevant changes in the
predicted splice sites or in the splicing regulators. However, we
cannot rule out that the variant affects a splicing regulator that is
outside the scope of the predictors used or some other process that
influences gene expression, such as RNA secondary structure and/
or instability. Similarly, we cannot exclude the influence of two in-
tronic changes detected in our CVID and IgAD patients and not in
the controls, c.445 + 31t > a, c.445 +34c>t, on splicing without
mRNA based analyses. Unfortunately, mRNA and/or protein based
analyses were not available within the scope of this study, but
question of functional significance of the mentioned sequence vari-
ants, particularly p.P97P, should definitely be addressed in future
studies.

In conclusion, we mapped TNFRSF13B gene variants in an exten-
sive single center study of Czech CVID, IgAD and HG/DG patients
and controls, and we connected our results with current published
data. We showed the p.P97P silent variant, considered to be a non-
relevant polymorphism, to be significantly associated with CVID.
We detected one novel mutation in an IgAD patient and one novel
rare intronic variant of unknown significance in CVID and IgAD pa-
tients. Further functional studies including transfection experi-
ments will be necessary to establish if some of these TNFRSF13B
gene variants are functionally relevant to disease and may play a
role, in a combination with other factors, in CVID, IgAD or hypo-
gammaglobulinemia development.
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Supplementary figure 1
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Legend:
The index cases are marked by arrow. Age and immunoglobulin levels in g/L at diagnosis in CVID/IgAD patients and at the first examination in healthy relatives are reported.
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Supplementary table 1

Exon | Primers Annealling Mg2+ Number Amplicon
temp. conc. of cycles Length

1 A: CACCCACCTGGGCTCCTGAGA 60°C 1.5mM 35 282 bp
B: CCCCCACGGCACTCAGGC

2 A: TCAGGGACAAGAGGCCGGGC 67°C 1.5mM 35 280 bp
B: ACTGTGGGGCCAGAGGGTGCTC

3 A: TGGTCAAACCCAGAGTTCCTGCTAG 60°C 1.5 mM 40 406 bp
B: TCCCACGCTTTCTCACCCTGC

4 A: GGATGGGGGGATGTGGATTGCT 64°C 3.0 mM 45 346 bp
B: TGACAGGACCGAGGGATGGCC (HRMA)

5 A: CCCACACCGTCACCCCTACC 60°C 1.5mM 35 380 bp
B: TCTTTCTCTCTCCCCTCCTCTCCAT

Primer sequences are given from 5’ to 3°. A = forward primer; B = reverse primer.

For DGGE analysis a 40 bp “GC clamp” 5> CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC GAC
TGT GGG GCC AGA GGG TGC TC 3¢ was joined to the 5’ end of primers 2B and 3A.

HRMA = high resolution melting analysis.

Supplementary table 2

Exon Polymorphism Enzyme Temp. Minor allele bands Wild type allele bands
2 c.81G>A p.T27T Bsll 55°C 149+110+22 bp 149+58+52+21 bp

3 €.291T>G p.P97P Bpul0l 37°C 191+145+30 bp 156+145+35+30 bp

3 c.445+25a>¢ Nlal 37°C 317+49 bp 289+49+28 bp

3 c.445+31t>a Hphl 37°C 327+23+12+4 bp 339+23+4 bp

3 c.445+34c>t Tsp45l 37°C 299+36+30 bp 274+36+31+25 bp

5 c.752C>T p.P251L Taql 65 °C 190+190 bp 380 bp

5 €.831T>C p.S277S Acil 37°C 270+110 bp 380 bp

Minor allele is considered allele 1 in Table 2 in the text.
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Supplementary table 3: Number of unrelated individuals with non-synonymous TNFRSF13B mutation reported in multiple
studies

CVID IgAD HG/DG Controls Reference/
unrelated patients | unrelated patients | unrelated patients Total
c.DNA protein mut | all % | mut | all % | mut | all % | mut | all %
nomencl. nomencl.
€.204_205insA | p.L69TfsX12 | 1 19 | 53| 0 16 | 0.0 0 50 | 0.0 |[15]
1 | 106 | 0.9 0 62 | 0.0 |[39]
0 237 | 0.0 0 358 | 0.0 |[26] swedish
1 157 | 0.6 0 756 | 0.0 |[26] US
[26, 37]
3 | 51806 0 | 46 | 00| 0 |675] 00 |OW
german in
[23])
0 16 | 0.0 0 16 0.0 1 11 9.1 [40]

0 70 | 0.0 1 161 | 0.6 1 17 | 59 0 207 | 0.0 | this study

6 | 886 | 07 1 430 | 0.2 2 74 | 27 0 |2108| 0.0 |Total

€.215G>A p.R72H 2 |106 | 19 0 62 | 0.0 |[39]
1 115 | 0.9 1 238 | 0.4 0 535 | 0.0 |[26] swedish
1 154 | 0.6 4 | 318 | 1.3 |[26] german
2 | 153 | 1.3 7 | 752 | 0.9 [[26]US
1 | 173 ]| 0.6 0 | 100 | 0.0 | [41]
1 70 |14 ] 0 161 | 0.0 0 17 | 0.0 0 207 | 0.0 | this study
7 701 | 1.0 1 238 | 0.4 11 |1767| 0.6 |Total
C.260T>A p.187N 2 | 518 |04 1 | 46 | 22| 1 |675| 0.1 [[37]

1 70 |14 ] O 161 | 0.0 0 17 | 0.0 0 207 | 0.0 | this study

3 | 588 |05 | 0 |161] 00 1 | 882 0.1 |Total
c.310T>C p.C104R 3 [162] 19 [16]
2 [ 19 [105] 1 [ 16 | 63 0 [ 50 | 0.0 [[15]
5 [ 106 47 0 [ 62 | 00 [[39]
1 [239] 04 8 |1019] 0.8 |[26] swedish
6 | 154 [ 39 5 [ 755 | 0.7 [[26] US
7 [173] 40 0 [100] 00 [[41]
[26, 37]
25 | 518 | 4.8 1 | 46| 22| 6 |675 |09 W
german in
[23])
5 [319] 16 14 | 545 | 2.6 [[25]
1 [ 48 |21 2 [241] 08 [[39]
7 [118] 59 5 [ 198 25 [[29]
1 |39 ]26] 0] 6 00| o] 2 |o0o]| o |114] 00 [[42]
1 16 ]63] 0 |16 00| o | 1100 1 [25] 04 [[40]
2 [ 70 |29 4 [161]25] o | 17 [ 00 [ 0o | 207 [ 0.0 |thisstudy
60 |1423| 42 | 11 | 757 | 15 41 |4225| 1.0 |Total
c.311G>A p.C104Y 1 [518] 0.2 0 [ 46 00| o [675] 0.0 [[37]
0 [ 70 oo | 1 [161]06 | 1 [ 17 [ 59 ] o | 207 ] 0.0 [thisstudy
1 |588]02| 1 |161] 06 0 | 882 0.0 |Total
c364C>T  [pRize2w | 1 | 11409 | 1 | 240 04 | | | | 4 [ 892 0.4 [[26] swedish |
2
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0 154 | 0.0 1 318 | 0.3 |[26] german
1 | 26804 | 1 |240 ]| 04 5 |1210| 0.4 |Total
c.431C>A p.S144X 1 | 162 | 0.6 0 | 100 | 0.0 |[16]
1 | 173 | 0.6 0 | 100 | 0.0 |[41]
2 | 33|06 0 | 200 | 0.0 |Total
c.512T>G p.L171R 1 |106 | 0.9 0 62 | 0.0 |[39]
2 | 118 ] 17 0 | 198 | 0.0 |[28]
1 | 173 | 0.6 0 | 100 | 0.0 |[41]
4 1397 | 1.0 0 | 360 | 0.0 |Total
c.515G>A p.C172Y 1 | 173 | 0.6 0 | 100 | 0.0 |[41]
1 48 | 2.1 0 | 241 | 0.0 |[38]
2 122109 0 | 341 | 0.0 |Total
c.542C>A p.A181E 7 1162 | 43 [16]
1 19 | 53| 0 16 | 0.0 0 50 | 0.0 |[15]
4 | 106 | 3.8 0 62 | 0.0 |[39]
7 |232] 30 12 | 865 | 1.4 |[26] swedish
6 | 155 | 3.9 4 | 755 | 0.5 |[26] US
4 | 173 | 23 0 | 100 | 0.0 |[41]
12 | 518 | 2.3 0 46 | 0.0 7 | 675 | 1.0 |[37]
1 1292 |03 1 | 544 ] 0.2 |[25]
1 63 | 1.6 [43]
1 | 118 | 0.8 0 | 198 | 0.0 |[28]
3 39 | 77] 1 6 |167] 0 2 0.0 1 | 114 ] 09 |[42]
0 16 |00 ]| O 16 | 0.0 1 11 | 9.1 [40]
0 70 | 00| 2 |161 | 1.2 0 17 | 0.0 0 | 195 | 0.0 |this study
39 |1439| 2.7 | 11 | 723 | 15 1 76 | 1.3 | 25 |3558| 0.7 |Total
€.581_582del |p.S194X 1 | 162 | 0.6 0 | 100 | 0.0 |[16]
CCinsAA 1 |173] 06 0 | 100 | 0.0 |[41]
2 | 33|06 0 | 200 | 0.0 |Total
c.602G>A p.R202H 1 | 162 | 0.6 [16]
1 19 | 53| 0 16 | 0.0 0 50 | 0.0 |[15]
1 | 106 | 0.9 0 62 | 0.0 |[39]
0 |115|00| 2 | 240 0.8 0 |1041| 0.0 |[26] swedish
1 318 | 0.3 |[26] german
0 | 157 | 0.0 5 | 764 | 0.7 |[26] US
1 |305] 03 1 | 469 | 0.2 |[25]
1 70 |14 ] 0 |161 ] 0.0 0 17 | 0.0 0 | 195 | 0.0 |this study
4 629/ 06| 3 [722]04] O 17 | 0.0 7 12899 0.2 |Total

HG/DG = hypogamma/dysgammaglobulinemia.
Counts from Total row are used in summary table 3.

cDNA and protein nomenclature according to NCBI nucleotide entry NM_012452 and NCBI protein entry NP_036584,

respectively.
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Supplementary table 4: Allele frequencies of synonymous. intronic and/or common variants in TNFRSF13B gene reported in multiple studies

CVID IgAD HG/DG Controls Reference/
unrelated patients unrelated patients unrelated patients Total
c.DNA protein rs allele | allele | allele | allele | freq 1 | allele | allele | freq 1 | allele | allele | freq 1 | allele | allele | freq 1
nomenclature nomenclature 1 2 1 2 (%) 1 2 (%) 1 2 (%) 1 2 (%)
c.81G>A p.T27T rs8072293 a g 154 58 72.6 50 74 40.3 |[39]
21 11 65.6 18 14 56.3 16 6 72.7 [40]

110 30 78.6 | 211 | 105 | 66.8 29 5 85.3 | 369 | 143 | 72.1 |thisstudy

285 99 742 | 229 | 119 | 658 45 11 80.4 | 419 | 217 | 65.9 |Total

c.291T>G p.PO7P rs35062843| g t 19 | 641 | 29 [[44]
13 | 199 | 6.1 2 | 122 | 1.6 [[39]
7 | 119 | 56 [43]
0 32 | 00 0 32 | 00 1 21 | 45 [40]
6 | 134 | 43 6 | 312 | 1.9 0o | 34 | 00 1 | 413 | 0.2 |thisstudy

26 484 51 6 344 1.7 1 55 1.8 22 | 1176 | 1.8 |Total

€.659T>C p.V220A rss6063729 | c¢ t 7 205 3.3 1 123 0.8 [[39]

17 829 2.0 17 463 3.5 62 | 2620 | 2.3 |[26]

1 31 3.1 0 32 0.0 0 22 0.0 24 494 4.6 |[40]

3 135 2.2 17 291 5.5 3 31 8.8 18 392 4.4 | this study

28 1200 | 23 34 786 4.1 3 53 54 105 | 3629 | 2.8 |Total

C.752C>T p.P251L 1s34562254 | t c 6 | 94 | 60 |[15]
15 | 197 | 71 13 | 111 | 105 [[39]

83 | 765 | 98 | 56 | 424 | 117 358 | 3028 | 10.6 |[26]

60 | 616 | 8.9 108 | 952 | 10.2 |[25]

3 29 9.4 6 26 18.8 2 20 9.1 85 433 | 16.4 |[40]

18 122 12.9 38 276 12.1 7 27 20.6 41 365 10.1 | this study

119 | 1113 | 9.7 160 | 1342 | 10.7 9 47 16.1 611 | 4983 | 10.9 | Total

c.831T>C p.S277S rs11078355| ¢ t 68 144 | 321 32 92 25.8 |[39]

10 22 31.3 14 18 43.8 7 15 31.8 [40]

57 83 40.7 135 | 175 | 435 17 17 50.0 160 | 244 | 39.6 |this study
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135 | 249 | 352 | 149 | 193 | 436 24 32 42.9 192 | 336 | 36.4 |Total
.445+25a>c rs2274892 263 | 403 | 39.5 391 | 675 | 36.7 |[25]

14 18 43.8 14 18 43.8 9 13 40.9 [40]

51 89 364 | 154 | 164 | 484 18 16 52.9 174 | 238 | 42.2 |this study

65 107 | 378 | 431 | 585 | 424 27 29 48.2 | 565 | 913 | 38.2 |Total

HG/DG = hypogamma/dysgammaglobulinemia; freql = allele 1 frequency.
Counts from Total row are used in summary table 4.
cDNA and protein nomenclature according to NCBI nucleotide entry NM_012452 and NCBI protein entry NP_036584, respectively.
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Supplementary table 5: Number of patients screened for unknown TNFRSF13B mutations

CVID CVID IgAD IgAD HG/DG | HG/DG general general | methods reference
all EX3,4 all EX3,4 all EX3,4 | population | population
regions only regions only regions only all regions | EX3,4
only
162 0 0 100 sequencing [16]
518 0 46 107 568 heteroduplex [37]
analysis. sequencing
19 16 0 50 sequencing [15]
106 0 0 62 sequencing [39]
0 55 0 0 sequencing [26]
173 0 0 0 sequencing [41]
118 0 0 198 ? [28]
0 63 0 0 0 sequencing [43]
48 0 0 0 sequencing [38]
39 6 2 114 sequencing [42]
16 16 11 0 sequencing [40]
42 28 57 104 0 17 0 195 SSCP. DGGE. HRM | this study
Total Total Total Total Total Total Total Total
EX3,4 EX3,4 EX3,4 EX3,4
1241 1332 150 254 59 76 631 1394

HG/DG = hypogamma/dysgammaglobulinemia; EX3,4 — exon 3 and 4
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Supplementary table 6: Summary on functional studies and in silico predictions of TNFRSF13B mutations significance

Mutation Domain | Expression Ligand binding | APRIL NF«xB In silico Patient status Comments References
(cell type) BAFF / APRIL |induced activation predictions for
(cell type) proliferation / | (cell type) missense
class switch mutations
(cell type) Pmut / Polyphen /
SIFT / summary *
c.61+1G>T EC 0 (B cells, nd. /0 (EBV) |nd. n.d. n.a. hom. [38]
EBV)
p.W40R CRD1 | N (293T) N (293T)/n.d. |n.d. N D/D/D/ het. [34, 37]
pathological
p.D41H CRD1 | N (293T) N (293T)/n.d. |n.d. N PD/D/D/ together with [34, 37]
pathological p.C100LfsX6 on
one allele
p.D411fsX43 | CRD1 |N (EBV) n.d./N (EBV) |n.d. n.d. n.a. het. [37]
p.P42T CRD1 |n.d. n.d. n.d. n.d. PD/PD/B/ het. [38]
possibly
pathological
p.L69TfsX12 |CRD1 |N (EBV/het,B |n.d./N n.d. /0 (naive |n.d. n.a. het. and c.het. [15, 37]
cells/c.het.); 0 | (EBV/het.) B cells/het., with p.C104R
(293) c.het)
p.R72H n.d. n.d. nd./ || PD/PD/B/ het. [16, 37, 41]
(PBL) possibly
pathological
p.G76fsX3 CRD2 |nd. n.d. n.d. n.d. n.a. het. [39]
p.Y79C CRD2 || (EBV,293T) ||| (EBV, n.d. 0 (293T); (O D/D/D/ c.het. with [33-34, 37]
293T)/ || NFAT pathological p.1I87N
(EBV) activation in
293T cells)
p.I87N CRD2 [N (EBV/het, ||| (EBV/het; |n.d. 11(293T); (|, |D/D/DI/ het. and c.het. [33-34, 37]
293T); | 293T)/ [ to |} NFAT pathological with p.Y79C
(EBV/c.het.) (EBV/het.), 0 activation in
(EBV/c.het.) 293T cells)
p.C89Y CRD2 |n.d. n.d. n.d. n.d. D/D/D/ het. [28]
pathological
p.C100LfsX6 |CRD2 |n.d. n.d. n.d. n.d. n.a. together with [37]

p.D41H on one
allele
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p.C104R CRD2 |[Nto |]] 0(293T)/ diverse ©/ || |0 (293T) D/D/D/ hom., het. and elevated TACI serum [15-16, 33-35,
(PBL/het.), || |diverse® (naive B pathological c.het. levels in mice; effect by | 37-38, 41]
(EBV/hom, cells/het, haploinsufficiency
het.), | (293T) PBL/het)
p.C104Y CRD2 ||| (EBV) nd./0(EBV) |n.d. n.d. D/D/D/ c.het. with [37]
pathological p.C104R
p.E117G stalk n.d. n.d. n.d. n.d. D/PD/B/ het. [28]
possibly
pathological
p.R122W stalk n.d. n.d. n.d. n.d. D/PD/B/ het. [37]
possibly
pathological
p.E140K stalk n.d. n.d. n.d. n.d. B/PD/B/ het. [28]
harmless
p.S144X stalk 0 (EBV) nd./0(EBV) |nd./0(PBL) |n.d. n.a. hom. 0 class switching even | [16, 38, 41]
after IL-10/BAFF
stimulation
p.Al49T stalk n.d. n.d. n.d. n.d. B/B/B/ het. [37]
harmless
p.G152E stalk n.d. n.d. n.d. n.d. D/PD/B/ c.het. with [37]
possibly p.A181E
pathological
p.Y164X stalk Ll (EBV) nd./0 n.d. n.d. n.a. c.het. with [37]
p.C104R
p.L171R ™ 111 (2937) 0(293T)/ |, |lL(PBL)/ |} |0(293T);({} |PD/PD/D?/ c.het. with [34, 37, 41]
(EBV) (PBL) NFAT possibly p.A181E
activation in pathological
293T cells)
p.C172Y ™ N (293T) N (293T)/n.d. |0 (PBL)/ || |0(2937T); (|} D/D/D%/ het. 0 proliferative response | [34, 37-38, 41]
(PBL) NFAT pathological of B cells after
activation in APRIL+IL-10 or
293T cells) CD40L + IL-10
stimulation
p.A181E ™ N (EBV/het, N (293T) /N some Nto0(293T) [D/B/D%/ het. (+ c.het.) elevated TACI serum [15-16, 33-34,
PBL/het., (EBV/het.) to | response pathological levels - may have 37,41]
293T) 1l (PBL/het.) | (PBL/het.)/ resulted from patients

1} (PBL/het.)

lymphoma
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p.K188M IC N (293T) N (293T) /n.d. |n.d. N (293T) B/PD/D/ [34, 37]
possibly
pathological
p.R189K IC n.d. n.d. n.d. n.d. B/B/B/ het. this study
harmless
p.D191GfsX46 | IC Ll (EBV, Ll (EBV) n.d. 0 (293T7) n.a. c.het. with 0 BAFF-ligand NFxB [33, 37]
293T) p.C104R activation (293T)
p.C193X IC Nto || (EBV) |nd./N n.d. n.d. n.a. het. [37-38]
to || (EBV)
p.S194X IC Nto || nd./ || 0/]] n.d.; (| NFAT | n.a. het. + 1 c.het. 0 proliferative response |[16, 38, 41]
(EBV/het.) (EBV/het.), | | (PBL/c.het.) |activation in with p.C104R of B cells after
(EBV/c.het.) 293T cells) APRIL+IL-10 or
CD40L + IL-10
stimulation
p.R202H IC N (293T, PBL) [N (293)/n.d. |n.d. 1 (2937); PD/PD/B/ het. [15-16, 33, 37,
(possibly possibly 45];
NFAT pathological (unpublished
activation data in [45])
block)
p.V246F IC N (293T) N (293T) /n.d. |n.d. N (293T) PD/B/D%/ het. [34, 37]
possibly
pathological

# Predictions done for the purpose of this study. Unified terminology for Pmut/Polyphen/SIFT results: D = damaging; PD = possibly damaging (in Pmut for pathological mutations
with reliability score 0-4); B = benign. Suggested summary from in silico prediction tools used: pathological/ possibly pathological/ harmless.

® APRIL binding: Normal in EBV lines of some heterozygous patients, || in others; | || in homozygous EBV lines.

“ IlgM/APRIL induced proliferation was detectable with one heterozygous EBV line, || with another and 0 with the third one.

¢ predictions that differ from what has been described in Salzer et al. [37] because they used their own multiple sequence alignment setting.

N = normal; 0 = absent/none/abolished; |= slightly reduced; | |= reduced/decreased/impaired; ||| = deeply reduced; n.d. = not determined; n.a. = not applicable; EBV = EBV-
transformed B cell line; PBL = peripheral B-lymphocytes; het. = heterozygote; hom. = homozygote; c.het. = compound heterozygote.

Reference [45] is involved only in the Supplementary material:

45, Castigli E, Geha RS. Molecular basis of common variable immunodeficiency. J Allergy Clin Immunol. 2006;117(4):740-6; quiz 7. doi:S0091-6749(06)00296-X [pii]
10.1016/j.jaci.2006.01.038.

91



Diskuze a zavér

Rozvoj metod molekularni biologie v poslednich 2 desetiletich znamenal obrovsky pokrok v poznani
genetické podstaty fady chorob. Za¢atkem tohoto stoleti a tisicileti bylo dokon¢eno sekvenovani
celého lidského genomu a celkovy pocet lidskych gen( je nyni odhadovan na pfiblizné 22.000.

Z odhadu poctu genll zahrnutych do vyvoje a funkce leukocyt(, ktery prevysuje 1.000, vyplyva, Ze i
pfi predpokladané redundanci ¢asti gend mlzZeme pocitat s existenci témér 1.000 monogennich
primarnich poruch imunity, tedy téch, které jsou bazalné determinované defektem jednoho genu
(Edvard Smith et al.). Pokud jsou tyto Uvahy spravné, jsou jesté vice nez 2/3 gend, jejichz defekt vede
k poruse imunity, nezndmé. Identifikace kauzalni mutace ve znamych genech, ale i identifikace
novych gen( podilejicich se na spravné funkci imunitniho systému, se stava s technologickym
pokrokem stale rychlejSi a ekonomicky dostupnéjsi. Zatimco ziskani sekvence prvniho lidského
genomu v ramci projektu zapocatého v roce 1990 trvalo 13 let a stalo 3 miliardy americkych dolard,
v roce 2012 bylo mozno ziskat s vyuzitim technologie NGS sekvenci jednoho lidského genomu za
méné nez 2 tydny za cenu mensi nez 1.000 americkych dolar(. Uzkym hrdlem je dnes spise
bioinformatickd analyza obrovského mnozstvi ziskanych dat, a také funkéni analyzy odhalenych

mutaci, které prokazi jejich kauzalni vztah ke zkoumanému onemocnéni.

Objeveni kauzdlnich mutaci zodpovédnych za vznik monogennich primarnich imunodeficienci

v novych genech ma vyznam pro hlubsi poznani funkci imunitniho systému a pro vyvoj novych
|éCebnych pristupl dané poruchy, véetné genové terapie. Urceni kauzalni mutace u konkrétniho
pacienta ma vyznam pro presnéjsi urceni progndzy a volbu optimalni terapie, jakoZ i pro genetické
poradenstvi v postiZzenych rodinach. Komplikovanéjsi je situace u komplexnich, polygennich chorob,
kdy se na jejich vzniku podili pravdépodobné kombinace urcitych genetickych variant v celé rfadé
genu, vzdjemna interakce téchto variant, epigenetické vlivy a interakce genetickych variant s faktory
vnéjsiho prostiedi. To je v oblasti primarnich imunodeficienci podle nejnovéjsich poznatkl relevantni
u nejcastéjsi protilatkové imunodeficience, selektivniho deficitu IgA, a nejcastéjsi klinicky zdvazné
protilatkové imunodeficience, CVID. Studium genetickych faktord podilejicich se na vzniku téchto
chorob, vzniku komplikaci, jakoZ i faktor( ovliviiujicich pribéh onemocnéni i odpovéd na rizné typy
IéCby, je zasadni pro vyvoj ucinnych lécebnych strategii. To plati i pro studium genetickych faktord
modifikujicich pribéh monogennich chorob. Pfi obrovské heterogenité klinickych projev pfi
postiZeni stejného genu by znalost dalSich genetickych vlivi u konkrétniho pacienta pomohla
individualizovat lécbu ovlivnénim faktor(, které se podileji na vzniku komplikaci a které ovliviuji

negativné pribéh choroby u konkrétniho pacienta.
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Z uvedenych dlvodU jsme se s kolegy ve svych pracich zaméfili nejen na detekovani kauzalnich
mutaci v genech zodpovédnych za vznik monogennich PID, ale také na studium gend malého Gcinku
modifikujicich pribéh nejen monogennich onemocnéni, ale zejména se podilejicich na vzniku a

ovliviujicich manifestaci komplexnich PID, jako je IgAD a CVID.

Zavérem bych rad uvedl, Ze vyuziti metod molekuldrni genetiky v praxi musi ctit 3 zdkladni pilite
Iékarské etiky, jimiZ jsou prospésnost, autonomie a rovnost. ProspéSnost znamena, Ze testovani musi
mit pro pacienta pfinos, autonomie znamend garanci prava kazdému jedinci svobodné a bez natlaku
se rozhodnout o navrhované |ékarské péci a rovnost znamena zajisténi rovné a spravedlivé |écby pro

vSechny pacienty.

Dramaticky se rozvijejici moznosti diagnostiky mohou vést k prodlevé mezi dobou, kdy jsme schopni
stanovit diagndzu genetického onemocnéni, a chvili, kdy mame k dispozici efektivni nastroje, jak
vzniku daného onemocnéni zabranit nebo jak jej 1écit. V pripadé imunodeficienci se védcim a
Iékarm dafi tuto mezeru Uspésné zacelovat, pfipomerime vyvoj novych antibiotik, substitucni lécbu
imunoglobuliny, transplantaci hematopoetickych kmenovych bunék ¢i genovou terapii. Otazka

nabidky a zachovani dostupnosti péce vSem potifebnym (rovnost) je ale jisté v souvislosti s nabidkou

genetického testovani na misté.

Dalsi okruh etickych problém( predstavuje testovani genetické predispozice ke vzniku onemocnéni u
zdravych dosud asymptomatickych jedincli. Na jednu stranu mUze znalost vysledku genetického
testovani vyvolat Zadouci zmény Zivotniho stylu a pfipadné vést k zahdjeni preventivnich opatfeni

k oddaleni nastupu onemocnéni, na druhé strané muzZe predstavovat velkou psychickou zatéz,
spolecenskou stigmatizaci a diskriminaci u zaméstnavatele nebo u pojistovacich spole¢nosti. Také

v pripadé genetického testovani u nemoci, u nichz neni mozna ucinna prevence a neexistuje ani

efektivni terapie, je diskutabilni, kdy je testovani pro pacienta prospésné a kdy prinasi vice Skod nez

uzitku.

Testovani prenasecstvi u déti zase otevira otazku autonomie. Je nutné testovat uz nyni nebo je
mozné pockat, aZz dité dospéje a bude samo moci rozhodnout o provedeni testl? Se stoupajici silou
genetické diagnostiky stoupa také potreba dobré informovanosti na strané lékafli a poskytovatell
zdravotni péce, ale i na strané pacient(, jejich rodin a spolecnosti, aby informace ziskané genetickym

testovanim byly vyuZivany rozumné a s maximalni moZnou mirou zisku pro pacienta.
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