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ZKRATKY

AERD aspirinem exacerbované respiracni onemocnéni
AIM/CDS5L inhibitor apoptdzy makrofagi

ALPS autoimunitni lymfoproliferativni syndrom
APC antigen prezentujici buiika

ASCs protilatky produkujici buiiky

Bcl-6 inhibitor apoptdzy makrofagi

BCR B-bunécény receptor

Blimp-1 B lymfocyty indukovany matura¢ni protein 1
Breg regulacni B lymfocyty

CD21v CD21°" B lymfocyty

cDC konvenc¢ni neboli myeloidni dendritické buiiky
CLR lektinové receptory typu C

CP5 polysacharid typu 5 Staphylococcus aureus
CP8 polysacharid typu 8 Staphylococcus aureus
CVID béznd variabilni imunodeficience

CXCL13 chemokinovy C-X-C ligand 13

CXCR5 chemokinovy C-X-C receptor typu 5

DC dendritické bunky

FAE schopnost vymény Fab ramének

fMLP N-formylmethionyl-leucin-fenylalanin

FOB folikularni B lymfocyty

Gal-9 galektin-9

GC zarodecné centrum

G-MDSCs granulocytarni myeloidni supresorové buiky
HDNs neutrofily s vysokou denzitou

HRCT vypocetni tomografie s vysokym prostorovym rozliSenim
ICAM-1 intercelularni adhezivni molekula 1

ICOS inducibilni kostimula¢ni protein

IFN-y interferon gamma

IGH tézky fetézec imunoglobulind

IGL lehky fetézec imunoglobulint
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ILC-2 piirozené lymfoidni bunky typu 2

IPEX imunitni polyendokrinopatie a enteropatie vazand na X chromosom
IVIG intravendzni imunoglobuliny

LDNs neutrofily s nizkou denzitou

LFA-1 antigen spojeny s funkci lymfocytt 1

LPS lipopolysacharid

MAC membranu atakujici komplex

MBL manozu vazajici lektin

MCP-1 monocyty atrahujici protein 1

MDSCs myeloidni supresorové bunky

MHC hlavni histokompatibilni komplex

MLR smiSena leukocytarni reakce

moDC z monocytl odvozené dendritické bunky
MZB B lymfocyty margindlni zény

NB naivni B lymfocyty

NETs neutrofilni extracelularni sité

NGAL lipokalin asociovany s Zelatindzou neutrofilti
NGS sekvenovani nové generace

NHPHL nodularni Hodgkintiv lymfom s predominanci lymfocytt
PAMPs s patogenem asociované molekularni vzory
PB plazmablasty

PBMCs periferni mononuklearni bunky

PC plazmatické bunky

PCP pneumokokové polysacharidy

PD-1 receptor programované bunécné smrti 1
pDC plazmacytoidni dendritické bunky

pIgR polymerni imunoglobulinovy receptor (poly-Ig receptor)
PMA forbol myristyl acetat

PRRs receptory rozpoznavajici vzorce

pSS primarni Sjogrentiv syndrom

PWM pokeweed mitogen

RIGI kyselinou retinovou indukovatelny gen I

SAC Saccharomyces cerevisiae Cowan [
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SCID tézka kombinovana imunodeficience

SD smérodatna odchylka

SFC bunky tvofici spoty (z anglického ,,spot forming cells*)
SHM somatické hypermutace

slgAD selektivni deficit IgA

SLE systémovy lupus erythematodes

SMB izotypove presmyknuté pamétové B lymfocyty
Spl polysacharid typu 1 Streptococcus pneumoniae
SSc systémova sklerodermie

STAT-5 signalni transduktor a aktivator transkripce 5
TCR T-bunécny receptor

TD T-dependentni

TI T-independentni

TLR Toll-like receptory

TNF-a tumor nekrotizujici faktor alfa

TRB tranzientni B lymfocyty

VLA velmi pozdni antigen

XLA X-vazana agamaglobulinémii

ZPS zwitterionické polysacharidy
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1 KOMENTAR K HABILITACNI PRACI

Imunitni systém ¢lovéka predstavuje komplikovany soubor mechanismi, které se podileji
na udrZzovani homeostazy organismu, a tim jeho pteziti v prostfedi neustdle se ménicich
podminek vnéjsiho a vnitiniho prostiedi. Mezi zdkladni obranné mechanismy organismu patti
protilatky. Predkladana habilitacni prace je komponovana z deviti komentovanych autorskych
praci jejimz cilem bylo pfinést nové poznatky ohledn¢ klinického vyznamu dysregulace sérové
koncentrace jednotlivych imunoglobulinovych tfid a podtiid. Rozsifuje také dnes zndma
patofyziologicka fakta tykajici se patogeneze nejCastéjsi symptomatické a klinicky vyznamné
vrozené poruchy tvorby protilatek v dospélém véku, a to bézné variabilni imunodeficience

(CVID).

Kazdy z izotypti imunoglobulinl plni v rdmci obranyschopnosti rozdilné funkce. Jejich
snizena nebo nadmérna tvorba piimo zplisobuje nebo provazi celou fadu raznych patologickych
stavil, mezi které patii také vzacné vrozené poruchy funkce imunitniho systému. K usnadnéni
diferencialni diagnostiky této skupiny onemocnéni v détském véku jsme u pacientli s neonatalni
erytrodermii, té¢zkou atopickou dermatitidou nebo elevaci sérové koncentrace celkovych IgE
imunoglobulinti navrhli nové diferencialné diagnostické postupy. Popsali jsme novou mutaci
stojici za heterozygotnim deficitem exprese IgD na povrchu B lymfocyti. Zjistili jsme,
ze se B lymfocyty bez povrchové exprese IgD imunoglobulinu vyvijeji az do stadia
pamétovych B lymfocytl, takze exprese IgD na povrchu B lymfocytd neni pravdépodobné
podstatnd pro diferenciaci téchto bunék. Publikovanim klinickych a laboratornich parametrt
pacient se selektivnim deficitem IgM jsme pfispéli k rozvoji poznani o této vzacné
protilatkové deficienci s nejasnou klinickou relevanci. U vétSiny téchto pacientll jsme nalezli
velmi nizké titry izohemaglutininii, zvySeni poctu tranzientnich B lymfocyti, snizeni mnoZstvi
B lymfocytl marginalni zény, zvySeni poétu CD21°% B lymfocytl a dale srovnatelnou
povrchovou expresi IgM na povrchu B lymfocyti a jejich subpopulaci s kontrolnimi osobami.
U c¢asti pacientl byla zachovana také produkce IgM protilatek po mitogenni stimulaci. Popsali
jsme prvni ptipad pacienta s Wiskottovym-Aldrichovym syndromem, u které¢ho se podatilo
uspésné provést transplantaci ledviny z diivodu IgA nefropatie, pficemz nedoslo k rychlému
odhojeni $tépu a jeho funkci se podatilo udrzet nékolik let. Cilem dal$i prace bylo upozornit
Iékate onkology na existenci skupiny IgG4 asociovanych onemocnéni, jejichz zékladnim
diagnostickym uskalim je fakt, ze tyto stavy na zobrazovacich metodach velmi presveédcive

imituji pokrocila nadorova onemocnéni, coz ¢asto vede ke zbytecnému odstranéni organii nebo
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jejich ¢asti vramci chirurgického tfeSeni ve spojeni s histologickym odbérem. Podstatou
patofyziologie pacienti s diagnézou CVID je dysregulace funkce imunitniho systému, ktera
se tyka mechanismu vrozeného i ziskané¢ho imunitniho systému. Vyzkumem funkce vybranych
parametrii vrozené¢ho imunitniho systému u pacientti s CVID jsme prokazali, ze deficit MBL je
u pacientti s CVID asociovany s rozvojem bronchiektazii a mize tyto pacienty predisponovat
k rozvoji plicni fibrozy a respiracni insuficience. Dale se ndm podafilo popsat, ze diagnoza
CVID je asociovana s chronickou granulocytarni aktivaci, ktera je dale potencovana pomoci
IVIG 1écby. Ukazali jsme, ze neutrofily pacientd s CVID jsou aktivované a siln¢ snizuji
T-bunécnou aktivaci. Proto ovlivnéni aktivity myeloidnich supresorovych bun€k by mohlo
znamenat novou potencidlni 1écebnou strategii u pacientl s CVID. Vyzkumem zaméfenym
na protilatkovou odpovéd’ u pacient s CVID jsme prokazali, ze se u téchto pacienti vyskytuje
pravdépodobné porucha v termindlni diferenciaci B lymfocyti do stddia plazmablasth
produkujicich protilatky. Navic detekce poctu plazmablasti 7. den po ockovani miize slouzit
jako pomocny diagnosticky marker odpovédi na vakcinaci v rdmci diagnostického procesu
pied zavedenim lécby, ale také ke sledovani protilatkové odpovédi u pacient

na imunoglobulinové substitu¢ni 1écbe.

Protilatkova imunitni odpovéd’ predstavuje jeden ze zakladnich pilift obranyschopnosti
organismu. [ kdyz poznani ohledné¢ mechanismli tvorby protilatek v lidském organismu
v poslednich desetiletich znacné pokrocilo, stale ztistavaji nékteré ¢asti tohoto procesu ne zcela
objasnény. Jednou z moznosti, jak postoupit dal v poznanim protilatkové imunitni odpovédi
v lidském organismu, je vyzkum na poli vrozenych poruch tvorby protilatek, ktery ndm pomtize
objasnit dalsi chybéjici detaily fyziologickych 1 patologickych principt protilatkové imunitni
odpoveédi.
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2 CILE PRACE

1)

2)

3)

4)

Rozbor funkci jednotlivych tiid a podtiid imunoglobulinli se zamétenim na piiklady

patologickych stavii souvisejicich s dysregulaci jejich tvorby.

Prispéni k rozSiteni znalosti ohledné vybranych patologickych stavii souvisejicich

s poruchou tvorby jednotlivych imunoglobulinovych tfid.

Rozbor zédkladnich mechanismt tvorby protilatek v lidském organismu, co se tyce
zapojeni jednotlivych bunék imunitniho systému v zavislosti na typu antigent, které
imunitni odpovéd’ vyvolavaji.

Ptispéni k rozsifeni znalosti ohledné patogeneze a diagnostickych moznosti bézné
variabilni imunodeficience (CVID) jako klinicky nejvyznamnéjsi poruchy tvorby

protilatek v dospélém veku.
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3 Uvod

Imunitni  systém clovéka piredstavuje komplikovany soubor mechanismi,
které se podileji na udrzovani homeostazy organismu, a tim ptispiva k jeho pteziti v prostiedi
neustale se ménicich podminek vnéjsiho a vnitiniho prostfedi. Schopnost imunitniho systému
Cloveka reagovat na rizné podnéty se béhem Zivota méni. Po narozeni se obranyschopnost
cloveéka postupné rozviji ve snaze dosahnout co nejlepsi funkce v boji proti nezddoucim vliviim
vnéjSiho 1 vnitiniho prostfedi, ¢ehoz je vyuzivano béhem produktivniho Zivota Clovéka.
Nicméne ve vyssim veku dochazi k postupné remodelaci funkce imunitniho systému,
ktera mtze byt v jistych ohledech pro organismus vyhodna, ale ve vétsiné pripadu je tomu spise
naopak. Tento proces je oznaCovan jako imunosenescence [1]. Mezi hlavni funkce imunitniho
systému patii obranyschopnost, autotolerance a imunitni dohled. Béhem fylogenetického
vyvoje se k piivodnim vrozenym nespecifickym mechanismiim imunitniho systému postupné
vyvinula schopnost adaptivni imunitni odpovédi, kterda umoznuje specifickou a ii¢innou obranu
proti celé fad¢ patogent. Imunitni systém funguje jako sit' vzajemné propojenych molekul
a bun¢k, ktera je ovliviiovana také nervovym a endokrinnim systémem. Jednotlivé mechanismy
fadici se do vrozen¢ho nebo adaptivniho imunitniho systému od sebe nelze funkéné oddélit a
pracuji vzdy ve vzdjemném propojeni, coz ssebou pifinas§i celou ftadu duasledka,

které se uplatiiuji jak ve fyziologické, tak v patologické tirovni.

Poruchy funkce imunitniho systému se mohou tykat jejich jednotlivych slozek (poruchy
funkce B lymfocytd, T Ilymfocytd, komplementového systému nebo fagocytdzy).
Mezi nejcastéjsi vrozené poruchy imunitniho systému patii protilatkové imunodeficience.
Poruchy funkce imunitniho systému se mimo jiné manifestuji zvySenou néchylnosti
k infekénim komplikacim, které mohou byt zplsobeny atypickymi patogeny, maji
prolongované trvani nebo nereaguji adekvatné na symptomatickou 1écbu. Nicméné plivodni
pohled na poruchy funkce imunitniho systému ve smyslu prostého sniZzeni jeho funkce v tizi
a fenotypu dle zévaznosti a typu porusené ¢asti imunitniho systému (pivodnim oznacenim
imunodeficience) se dnes méni na mechanismus souvisejici s komplexni dysregulaci funkce
imunitniho systému (nyni nové€ ,,inborn errors of immunity* neboli ,,vrozené poruchy
imunity*). Tomu odpovida také fakt, ze asi u tfetiny pacientd s vrozenymi poruchami funkce
imunitniho systému se vyskytuje dominantné¢ imunitné mediovana patologie (autoimunitni
onemocnéni, autoinflamace nebo hyperinflamace, lymfoproliferace, malignity nebo tézké

atopické stavy) [2]. Dle nejnovéji publikovanych dat IUIS klasifikace z roku 2022 bylo popséano
11
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celkem 485 genetickych defekti asociovanych s poruchou funkce imunitniho systému [3]. Cela
fada z nich se klinicky manifestuje predominantn€ imunitné mediovanou patologii spiSe nez
infekénimi komplikacemi [2]. Nejdillezitéjsi ¢asti patogeneze téchto onemocnéni je prave
prolomeni imunitni regulace. Jedna z klinicky nejvyznamnéjSich vrozenych poruch tvorby
protilatek v dospélém véku, bézna variabilni imunodeficience (z anglického ,,common variable
immunodeficiency disorders®; CVID) nebo pacienti s CVID-like fenotypem, stoji na pomezi
toho déleni, protoze jedna ¢ast pacientli se manifestuje prevazné infek¢nimi komplikacemi,
zatimco u druhé ¢asti pacientti klinicky dominuji ptiznaky dysregulace funkce imunitniho

systému [2].

V této praci se proto zaméfime piedevsim na protilatkovou imunitni odpoved, jeji
fyziologické a patologické aspekty a propojeni mezi vrozenou a adaptivni imunitou 1 na urovni

nemalignich poruch tvorby protilétek, jejimz zakladnim zastupcem je prave diagndéza CVID.
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4 B lymfocyty a jejich zakladni charakteristika

B lymfocyty ptedstavuji spolecné s T lymfocyty zakladni buné¢nou slozku adaptivniho
imunitniho systému. Termindlné diferencovand stddia B lymfocytil, kam patii plazmablasty
a plazmatické bunky, jsou dosud jediné znamé bunky lidského téla, které jsou schopny
secernovat protilatky. B lymfocyty byly poprvé popsany v roce 1965 [4] a od doby svého
objevu doslo postupné¢ k vyznamnému vyvoji poznani ohledné jejich vyvoje, maturace
a funkce, ktery vSak zatim neni zdaleka u konce. Navic obecné platnou vyznamnou limitaci
studii tykajicich se vyzkumu lymfocytarnich populaci je fakt, ze fada dat byla ziskana z pokusii
na mySich modelech, pficemz jednoducha extrapolace téchto poznatkli na lidsky imunitni

systém neni vzdy mozna.
4.1 Zakladni déleni B lymfocyti

Do dnesni doby byla identifikovana cela fada subpopulaci B lymfocytt, které spadaji
do nékolika zakladnich skupin. Jedna se o B-1 B lymfocyty, B-2 B lymfocyty a regula¢ni
B lymfocyty (Breg). B-1 B lymfocyty pochazi vétSinou z fetdlnich jater a jsou tvofeny
subpopulacemi B-1a a B-1b B lymfocytti. B-2 B lymfocyty pochdzi z kostni dfen€ a jsou dale
déleny na folikularni B-2 B lymfocyty (FOB) a B-2 B lymfocyty marginalni zony (MZB). Breg
lymfocyty se vytvari béhem procesti ustanoveni tolerance imunitniho systému na urovni kostni
protilatkové imunitni odpovédi [5].

4.2 B-1 B lymfocyty

Skupina B-1 B lymfocytl piedstavuje pravdépodobné piivodni populaci B lymfocyt
charakterizovanou jedine¢nou fenotypovou, ontogenni a funk¢éni charakteristikou, ktera tyto
buniky odliSuje od konvenénich B-2 B bunécnych subpopulaci. Tyto buiky se vyskytuji
zejména v pleurdlni nebo peritonealni duting, pfi¢emz ve sleziné nebo perifernich lymfatickych
uzlindch se nachazi jen v malém mnozstvi [6]. Je pro né charakteristickd zejména konstitutivni
produkce tzv. pfirozenych protilatek ve tfidé IgM a IgA bez zfejmé pfitomnosti antigenni
stimulace ve smyslu infekce nebo vakcinace. Pfirozené protilatky se pravdépodobné tcastni
obranych mechanisml v dobé&, nez dojde k aktivaci produkce klasickych protilatek pomoci
konvencnich B-2 B lymfocyti. Kromé toho se ptirozené protilatky vazi také na autoantigeny

a neoepitopy, které vznikaji béhem odumirani buné€k lidského organismu, a podileji se na jejich
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odstraniovani a tim udrZovani homeostazy [7]. B-1 B lymfocyty jsou tedy povaZovany

za spojnici mezi vrozenym a adaptivnim imunitnim systémem.

4.3 B-2 B lymfocyty

Do skupiny B-2 B lymfocyti jsou fazeny klasické konvencni B lymfocyty, které
fyziologicky produkuji protilatky v odpovédi na setkdni se organismu s infekénim agens.
Mezi zakladni B-lymfocytarni subpopulace patii tranzientni B lymfocyty (CD38hie"gMPhich;
TRB), naivni B lymfocyty (IgMIgD'CD27; NB), B lymfocyty margindlni zoény
(IgM"IgD'CD27"; MZB), izotypové piesmyknuté pamétové B lymfocyty (IgM-IgD-CD27+;
SMB),

CD21°Y B lymfocyty (CD21°¥CD38°"; CD21°%) a terminaln& diferencovana stddia
B lymfocytt produkujicich protilatky (ASCs), kam patii kratce zijici cirkulujici plazmablasty
(PB) a dlouze Zijici plazmatické bunky (PC) [8-10].

Toto déleni B lymfocytl v§ak vychazi z jejich vyvojového, ale nikoli funkéniho stavu
[9]. O to se pokusila nedavno publikovana prace, ktera rozdélila B lymfocytarnich subpopulace
dle jejich funkce [11]. Glass et al. vySetiili expresi 351 znamych bunéénych povrchovych
molekul na B lymfocytech pomoci hmotnostni spektrofotometrie, pfi¢emz na nich detekovali
ptitomnost 98 z nich. Kombinaci téchto molekul s ohledem na jejich funkci bylo navrzeno nové
klasifikaéni schéma B lymfocyti, které rozdélilo tyto bunky do 12 subtypti dle Ctyiech
funk¢nich oblasti (kostni dien, tonsily, lymfatické uzliny, periferni krev) [11]. Nové funkéni
subpopulace lymfocyti predstavuji tranzientni nevyzralé B lymfocyty, CD73" naivni
B lymfocyty, CD73" naivni B lymfocyty, CD45RB'CD27  pamétové B lymfocyty,
CD45RB'CD27'CD73" pamétové B lymfocyty, CD45RB'CD27'CD73" pamétové
B lymfocyty, CD45RB™ pamétové B lymfocyty, CD95" pamétové B lymfocyty,
CD19"¢"CD11C" pamétové B lymfocyty, plazmatické buiiky, B lymfocyty zarode&ného centra
a CD39" tonzilarni B lymfocyty. Ukézalo se, Ze pozitivita znaki CD45RB, CD11c, CD39,
CD73 a CD95 definuje B lymfocyty, které se jiz setkaly s antigenem [11].

4.4 Regulaéni B lymfocyty

Pod pojmem B-regulaénich lymfocytt (Breg) se skryva skupina B lymfocytt, u kterych
byla prokdzana imunoregula¢ni funkce. Jejich funkci je udrzovani tolerance, tlumeni

probihajici imunitni odpovédi a udrzovani homeostazy organismu. Regulac¢ni B lymfocyty hraji
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dilezitou roli v prevenci rozvoje autoimunitnich onemocnéni a rejekce S$tépli v ramci
transplantace, ale ucastni se také patogeneze infekénich, alergickych, nadorovych
a chronickych metabolickych onemocnéni [12]. Tyto buniky jsou schopné vykonavat své
efektorové funkce zejména produkci imunosupresivnich cytokinii (IL-10, TGF-8 nebo IL-35),
ale také ptitomnosti povrchovych molekul CD1d a PD-L1 a schopnosti indukovat tvorbu
regula¢nich T lymfocyti [13]. Mezi dnes znamé lidské regulacni B lymfocyty patii
B10 B lymfocyty (CD24"CD27"), tranzientni B lymfocyty (CD19"CD24"CD38M),
Brl B lymfocyty (CD19°CD25"CD71MCD73"), plazmablasty (IgA*CD138"PD-LI1-IL-10"
a CDI19'CD27MCD38"), GrB* B lymfocyty (CD19°CD38°CDI1dIgM CD147%),
CD9* B lymfocyty (CD19°CD9") a CD5"CD1d" B lymfocyty (CD19*CD5"CD1dM) [12].

4.5 Vyvoj B lymfocyti
4.5.1 Puvod avyvoj B-1 B lymfocyta

Zatimco mysi B-1 a B-2 B lymfocyty vznikaji ze dvou odlisnych progenitord, piivod
lidskych B-1 a B-2 B lymfocytil zatim z{istava ne zcela objasnén. Je to dano také tim, Ze lidské
B-1 a B-2 B lymfocyty od sebe nelze jednoduse fenotypicky odlisit tak, jako je tomu u mysi
[14]. Vroce 2011 byla popsana v pupecnikové krvi a periferni krvi dospélych osob nova
populace CD20"CD27 'CD43"CD70" bunék, ktera sdilela podobné funkéni vlastnosti jako mysi
B-1 B lymfocyty [15] a jejich pocet se snizoval s vékem [15]. Jejich vyvojovy ptivod vSak
zustava nejasny. Zda se vsak, ze by se lidské B-1 a B-2 B lymfocyty mohly na rozdil o mysich
analogli vyvijet ze spole¢né Lin"CD34"CD38°" populace kmenovych bunék [14]. Nicméné
mira poznani ohledné piivodu a jednozna¢né charakteristiky lidskych B-1 B lymfocyti

produkujicich pfirozené protilatky zatim ziistava netuplna [16].

4.5.2 Puvod a vyvoj B-2 B lymfocyta

Tyto konvenéni B lymfocyty vznikaji a vyviji se ze svych prekurzorti v kostni drent,
kde prochazi stadiem pro-B lymfocytl, pre-B lymfocytl a nevyzralych B lymfocyti. Béhem
této diferenciace v kostni dieni dochazi také k vyvoji jejich BCR receptoru pomoci procest
tzv. VDJ rekombinace. Jedna se o mechanismus genetické rekombinace vyskytujici se evolu¢né
u obratlovct, ktery nadhodné vybird a spojuje segmenty genli kodujicich specifické proteiny
zasadni pro fungovani imunitniho systému. Tento proces dava vzniknout rozmanitému

repertoaru molekul receptort T Ilymfocytd (TCR) a B lymfocyti (BCR) nezbytnych
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k rozpoznavani velkého mnozstvi antigenti pochdzejicich z cizorodych bakterii, vird, parazitt
nebo vlastnich poskozenych buné€k [17]. Behem VDJ rekombinace se u B lymfocytl vytvari
unikatni BCR receptor. U kazdého prekurzoru B lymfocytu dochdzi nejprve ke kombinaci mezi
jednim genem variabilni (V) oblasti s jednim genem oblasti riznorodosti (D) a jednim genem
spojovaci oblasti (J) tak, aby se vytvoril gen kodujici tézky fetézec imunoglobulinu (IGH).
Vysoky pocet moznych kombinaci jednotlivych geni V, D a J oblasti spolecné s ptidanim
N-nukleotid a deleci nukleotidii v junkéni oblasti umoziuje vytvofeni velkého poctu
rozmanitych BCR receptort. Po Gspésném dokonceni VDJ rekombinace v oblasti IGH lokusu
a preskupeni oblasti lehkého fetézce imunoglobulinti (IGL) dochazi k testovani, zda neni nové
vznikly BCR receptor autoreaktivni. V piipadé vzniku autoreaktivniho BCR receptoru dochazi
k upravé receptoru nebo apoptdze autoreaktivniho B lymfocytu, zatimco ostatni B lymfocyty
opousteji kostni dfent a pfeménuji se do stddia tranzientnich B lymfocyta (T1, T2 a T3),
které exprimuji znaky CD19*IgD'*"*CD27-CD24"*CD38"". B lymfocyty se déle diferencuji
do stadia B lymfocytii marginalni zony (MZB) a pies stddium vyzralych naivnich B lymfocytl
do stadia folikularnich B lymfocytd (FOB). MZB lymfocyty tvofi asi 20 % perifernich
B lymfocytl. Usidluji se v marginalni zoné sleziny, kde umoziuji rozvoj T-independentni
imunitni odpovédi. FOB lymfocyty osidluji lymfoidni folikuly ve sleziné a lymfatickych
uzlinach a tvoti dominantni populaci B lymfocytti. Po setkani se s antigenem a obdrzeni pomoci
od folikuldrnich T lymfocytd proliferuji v zarode¢nych centrech lymfatickych uzlin,
coz nakonec vede k tvorbé specifickych vysokoafinitnich protilatek vSech imunoglobulinovych
izotypu [18].

Mezi konec¢na stadia diferenciace B lymfocytt patii plazmablasty (PB) a plazmatické
bunky (PC). Plazmablasty ptedstavuji populaci rychle proliferujicich kratce zijicich
B lymfocytt, které produkuji protilatky. Do stddia plazmablastl se mohou vyvinout obecné
B-1 B lymfocyty, MZB lymfocyty, FOB lymfocyty nebo pamétové B lymfocyty. Plazmatické
bunky predstavuji nedélici se terminalné diferencované B lymfocyty, které mohou vznikat
z vyzralych aktivovanych B lymfocytl zarode¢ného centra. Tato bunécné populace je schopna
vytvaret velkd mnozstvi protilatek s vysokou afinitou riznych izotypi a specifit. Jedna
se dlouze zijici buiky, které migruji do kostni diené, kde prezivaji v prostiedi stromalnich
bun¢k. Také plazmablasty se mohou nakonec pireménit do stadia plazmatickych bunék.
B lymfocyty se mohou pfeménit také do stddia pamétovych B lymfocyti, které mohou byt
po opétovném setkani s antigenem reaktivovany a preménény opét do stadia B lymfocytt

zarode¢ného centra, plazmablastii a plazmatickych bunék [17, 19]. Recentné bylo popsano,
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ze populace lidskych cirkulujicich bunék se sklada z celkem Ctyf populaci, a to pamétovych
B lymfocytii, plazmablastti, B-1 B lymfocyti a nové popsanych CD20°CD27MCD38" B
lymfocytl [5]. Tyto nové popsané B lymfocyty byly schopny podobné jako B-1 B lymfocyty
a plazmablasty tvoftit protilatky a vykazovaly znaky cirkulujicich preplazmablasti [5].

4.5.3 Puvod a vyvoj regulacnich B lymfocytu

Vzhledem ke zna¢né heterogenité¢ B lymfocytarnich subpopulaci riiznych maturac¢nich
a diferenciacnich stadit, které vykazuji regulacni charakter, se zda byt pravdépodobné, Ze riizna
vyvojova stadia B lymfocytd si mohou osvojit regulaéni fenotyp v odpovédi na nejrizné;si
faktory zevniho prostiedi. Vzhledem ke znacné heterogenité subpopulace Breg lymfocytii zatim
nebyl nalezen specificky transkripéni faktor, ktery by vedl k rozvoji regulacniho fenotypu
téchto bun¢k. Mozné je také to, ze Breg lymfocyty nepfedstavuji jednu urcitou bunécnou linii

a regulacni fenotyp tak mohou ziskat rizné subpopulace B lymfocytt [12].
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5 Protilatkova imunitni odpovéd’

Protilatkova imunitni odpovéd predstavuje zékladni obranny mechanismus adaptivniho
imunitniho systému a jeji rozvoj je vysledkem kooperace celé fady bunéénych a humoralnich
faktor. B lymfocyty jako takové stoji na samém konci slozitého fetézce udalosti, které vedou
k jejich aktivaci a rozvoji humoralni imunitni odpovédi. Soubor protilatek vSech specificit
a péti raznych izotypt (IgG, IgA, IgM, IgD a IgE), namitfenych jak proti nebezpecnym agens
z vnéjsiho prostredi, tak vlastnim antigenim, pfedstavuje zakladni humoralni efektorovou

a regulacni slozku adaptivni imunitni odpovédi.

5.1 Zakladni typy protilatkové imunitni odpovédi

V imunitnim systému ¢loveéka se mizeme setkat se tremi zadkladnimi typy protilatkové
odpovédi, které se od sebe v riznych aspektech lisi. Jedna se o tvorbu protilatek indukovanou
antigenem proteinové nebo polysacharidové povahy, ale také tvorbu protilatek
bez vyznamné antigenni stimulace ve smyslu imunizace infekénim agens nebo vakcinalnim
antigenem. Jednotlivé typy protilatkové odpovédi se od sebe lisi typem vyvolavajiciho Cinitele,
mirou potfeby T-lymfocytarni pomoci nebo predilekénim izotypem produkovanych protilatek.
Antigeny schopné aktivovat B lymfocyty byly historicky déleny dle toho, zda byly schopny
u thymektomovanych mysi, které mély tim padem porusSeny vyvoj T lymfocyt, vyvolat
protilatkovou odpovéd’. Antigeny, které tvorbu protilatek vyvolaly, byly oznaceny jako
thymus-independentni (T-independentni, TI). Ostatni antigeny, které vyvolaly tvorbu protilatek
pouze v pfitomnosti funkénich pomocnych T lymfocyti, byly oznafeny jako thymus-

dependentni (T-dependentni, TD) [20].

V lidském organismu byly piivodné popséany tfi zakladni skupiny B lymfocytl, které
se Ucastni riznych typid protilatkové imunitni odpovédi. Jedna se o folikularni B lymfocyty
(FOB) vyskytujici se zejména v B-bunéénych folikulech lymfatickych uzlin, které jsou
zodpovédné za TD protilatkovou odpovéd’, a tim padem pievazné za odstraiiovani patogent
pochazejicich z vnéjsiho prostfedi. Druhym typem B lymfocyti jsou B lymfocyty margindlni
zony (MZB) vyskytujici se zejména v margindlni zoné sleziny, které jsou zodpovédné za TI
protilatkovou odpovéd’, a tim padem tvofi prvni linii obrany proti patogeniim nachazejicim se
pfevazné ve vaskularnim systému a uplatituji se také v udrzovani homeostidzy organismu.

Poslednim typem B lymfocytt jsou B-1 B lymfocyty produkujici protilatky bez ptimé antigenni
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stimulace, které tvofi prvni linii obrany proti patogenim pochazejicim z oblasti sliznic a také

se podobné jako MZB lymfocyty uplatiiuji pii udrzovani homeostazy organismu [21].

U clovéka dochazi po narozeni k postupnému vyvoji schopnosti protilatkové odpovédi
proti riznym antigenim. Zatimco TD protilatkova odpoveéd’ na komplexni proteinové antigeny
je ptitomna jiz kratce po narozeni, mira TI protilatkové odpovédi se vyviji s vékem [22]. Proto
je tieba mit na paméti, ze TI protilatkova odpovéd’ neni plné vyvinuta u déti mladsich 2 let a

vytraci se v rdmci imunosenescence také u seniorni populace [23].

5.1.1 T-independentni protilatkova odpovéd

T-independentni antigeny ziskaly svlij nazev diky schopnosti aktivovat B lymfocyty
k tvorbé protilatek bez nutnosti T bunééné pomoci zavislé na spolupraci TCR receptoru
s receptorem hlavniho histokompatibilniho syst¢ému (MHC) na antigen prezentujicich bunikach
(APC). Déli se do dvou zakladnich typl. T-independentni antigeny typu 1 (TI-1) jsou schopny
stimulovat B lymfocyty bez zavislosti na signalizaci pfes BCR receptor, ¢imz se fadi mezi
nespecifické B-bunécné mitogeny. Do této skupiny antigenti patii lipopolysacharidy (LPS)
tvofici bunécnou sténu gramnegativnich bakterii a rostlinné lektiny, kam patii naptiklad
pokeweed mitogen (PWM) [24]. T-independentni antigeny typu 2 (TI-2) jsou charakterizované
pfitomnosti mnohokrat se opakujicich molekularnich struktur, které jsou schopné zesitovat
specifické BCR receptory a zajistovat tak specifickou B-bunécnou T-independentni aktivaci.
Medicinsky nejvyznamnéj$im piikladem téchto antigenti jsou polysacharidové struktury kapsul
opouzdienych bakterii (naptiklad Streptococcus pneumoniae, Haemophilus influenzae nebo
Neisseria meningitidis), které se skladaji z neutralnich nebo negativné nabitych monosacharidu,
nebo polysacharidové epitopy bunééné stény neopouzdienych bakterii. Tyto polysacharidové
struktury jsou sice intracelularné zpracovany [25], nejsou se vSak schopny navdzat na MHC
glykoproteiny II. tfidy a byt vystaveny na povrchu APC a aktivovat tak T lymfocyty [26].
Vyjimku tvofi jedinecnd skupina mikrobidlnich polysacharidii, které se stfidavé skladaji
z kladn¢ a zaporné nabitych monosacharidd, a jsou proto oznacovany jako tzv. zwitterionické
polysacharidy (ZPS). Piikladem téchto polysacharidii je polysacharid typu 5 a 8
Staphylococcus aureus (CP5 a CP8), polysacharid typu 1 Streptococcus pneumoniae (Spl)
nebo polysacharid A Bacteroides fragilis [26]. Na rozdil od ostatnich polysacharidl se ZPS
po piipravé APC k prezentaci mohou vazat na MHC glykoproteiny II. tfidy a vyvolat tak silnou

T-bunécnou aktivaci [27].
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Hlavnimi bunkami, které se uplatiiuji v rozvoji TI protilatkové odpovédi jsou
B lymfocyty marginalni zény a B-1 B lymfocyty. Mezi zékladni bunky, které transportu;ji
antigeny nachazejici se v krevnim fe¢isti do sleziny, patii neutrofilni granulocyty a CD11c!*™
nevyzralé dendritické bunky. Zda se, ze rozvoj TI protilatkové odpovédi zavisi podobné jako u
TD protilatkové odpovédi na dvou zakladnich signalech, které se vSak vzajemné lisi. Zakladnim
rozdilem mezi TI a TD antigeny je jejich molekularni struktura. Zatimco TD antigeny jsou
rozpoznavany T lymfocyty v podobé kratkych peptidovych fragment, zékladni
charakteristikou TI antigenti je piitomnost mnohocetnych opakujicich se antigennich
determinant, které jsou schopné pfemostit a nasledné zesitovat mnoho povrchovych BCR
receptorti. To pfedstavuje prvni signal vedouci k proliferaci B lymfocyti bez piimé ucasti
T lymfocyti a rozvoji rychlé IgM protilatkové odpovédi, kterd nastupuje do 48 hodin
po aktivaci B lymfocytu [28]. Zd4 se, Ze k aktivaci jednoho B lymfocytu TI antigenem postaci
zesitovani piiblizn¢ 10 BCR receptori pomoci multivalentni antigenni molekuly [29].
K vyvolani proliferace poloviny B-lymfocytarni populace je zapotiebi asi 100 povrchovych
IgD molekul, coz pfedstavuje méné nez 0,1 % celkového poc¢tu membranovych imunoglobulint
na B-bunééném povrchu [28]. Nutnost pfitomnosti druhého signélu predstavuje pojistku proti
tvorb¢ autoreaktivnich protilatek. Nezavislost rozvoje protilatkové odpoveédi na multivalentni
antigeny na T lymfocytech je tedy pouze relativni. Navazani multivalentniho antigenu totiz
spousti proliferaci B lymfocytil in vitro, nicméné pro zahdjeni tvorby protilatek B lymfocyty
potiebuji druhy kostimulacni signal [30]. Téchto druhych signalit miize vSak byt cela rada.
Napiiklad bylo prokazano, ze samotné TI antigeny jsou schopny vyvolat tvorbu jen velmi
malého az nedetekovatelného mnozstvi protilatek B lymfocyty, pokud byly kultivovany in vitro
pouze se samotnymi B lymfocyty bez dalSich kostimulacnich signald. Jakmile vSak byly
do kultury pfidany cytokiny pochézejici z T-lymfocyti, tvorba protilatek se signifikantné
zvysila [28]. Z toho vyplyva, ze pfemosténi povrchovych B-bunéénych receptora piedstavuje
pouze Castecny aktivacéni signal, ktery mize za ptispéni dalSich kostimula¢nich signald spustit
proliferaci a diferenciaci B lymfocyti do plazmatickych a pamétovych bunék. Témito
kostimulacnimi signdly miize byt pfitomnost urcitych cytokini, bunécny kontakt

s dendritickymi buiikami nebo pfima interakce se systémem Toll-like receptorti (TLR) [28].

7

5.1.2 T-dependentni protilatkova odpovéd’

K aktivaci B lymfocytti a nasledné tvorb¢ protilatek proti T-dependentnim antigeniim

je tfeba vzajemna souhra celé fady bunék a jejich povrchovych receptord, cytokinového
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prostiedi, ale také urCitého lokalniho mikroprostredi, ve kterém se rozvoj protilatkové odpoveédi
odehrava. Navic vSechny zucastnéné builky musi byt aktivovany stejnym antigenem.
Pro TD antigeny je typické, ze se mohou dostat na povrch APC ve vazbé na MHC glykoproteiny

II. t¥idy, zatimco u TI antigent toto mozné neni.

5.1.2.1 Antigenni prezentace je klicova pro rozvoj T-dependentni protilatkové odpovedi

T lymfocyty a jejich TCR receptory nejsou schopny rozpoznavat antigeny v nativni
podobé. Antigeny musi byt nejprve pfipraveny k prezentaci T lymfocytim pomoci APC. Mezi
zakladni APC patii dendritické buiiky, monocyty/ makrofagy, ale také B lymfocyty. Tyto buiiky
jsou schopny prezentovat na svém povrchu peptidové fragmenty pochézejici z extracelularniho
nebo intracelularniho prostiedi ve vazbé na receptory MHC. Peptidové fragmenty vystavené
na MHC glykoproteinech I. tiidy jsou prezentovany cytotoxickym CD8" T lymfocytim (Tc)
a pochazeji z intracelularniho prostedi, zatimco peptidové fragmenty vystavené na MHC
glykoproteinech I1. tiidy jsou prezentovany pomocnym CD4" T lymfocytim (Th) a pochézeji

z extracelularniho prostiedi [31].

Kli¢ovymi bunikami, které se piimo specializuji na prezentaci antigent, jsou dendritické
bunky. Podili se na udrzovani homeostazy organismu tim, Ze v klidovém stavu nastavuji
imunitni toleranci, ale pfi setkani s patogeny aktivuji imunitni systém. Vyskytuji
se v perifernich tkanich i lymfatickych organech. Tvofi funkéni pilif propojujici vrozeny
a adaptivni imunitni systém. Plivodni vyzkumy ohledné¢ typti a funkce dendritickych bunék byly
provadény na mysich modelech, pficemz pozdéji se ukazalo, ze takto ziskana data nelze
jednoduse aplikovat na imunitni systém cloveéka. MysSi dendritické bunky vznikaji
z lymfoidnich nebo myeloidnich prekurzorti v kostni dfeni a déli se do dvou zakladnich typt
[32]. Klasické (konven¢ni) dendritické bunky (cDC) jsou tvoifeny dvéma subtypy,
ato CD8a"CD103" ¢cDC a CD11b" ¢cDC. Mezi neklasické (nekonvenéni) dendritické butiky se
fadi z monocytl odvozené dendritické builkky (moDC), plazmacytoidni dendritické buiky
(pDC) a Langerhansovy nebo epidermalni dendritické buniky (DC) [32]. Lidské dendritické
builky patfi mezi leukocyty vznikajici v kostni dfeni a vyvijejici se ze spolecného
hematopoetického CD34" progenitoru. Tato buiika diava vznik myeloidnim a lymfoidnim
prekurzorim. Myeloidni buiky se dale diferencuji na monocyty, makrofagy a myeloidni
prekurzory dendritickych bun¢k (MDP), které davaji vznik monocytim a spolecnym
prekurzortim dendritickych bunék. Tyto spole¢né prekurzory dendritickych bunék se nachazi v
kostni dfeni, kde se z nich nasledné vyviji plazmacytoidni dendritické buiiky (pDC) a cirkulujici
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prekurzory konvencnich dendritickych bun¢k (pre-cDC). Z nich se nasledné vytvareji dva typy
dendritickych bunék (cDC1 a cDC2), které osidluji sekundarni lymfatické organy [33]. Dle
nejnovéjsich poznatkl se skupina lidskych dendritickych bunék déli na zékladé cytokinového
prostiedi do ¢tyfech subpopulaci. Jedna se o klasické, konvenéni neboli myeloidni dendritické
buiiky (cDC), dermalni nebo intersticialni dendritické bunky, Langerhansovy bunky a
plazmacytoidni dendritické buniky (pDC). Na zaklad¢ exprese povrchovych markert se lidské
dendritické buniky déli do tii zékladnich subpopulaci, a to na BDCA1 (CDlc"), BDCA2
(CD303") a BDCA3 (CD141") dendritické buiiky. Dnes je v8eobecné piijimano, ze lidské
BDCA1 (CDIc¢") dendritické buiiky odpovidaji mys§im CDI11b" ¢DC, BDCA2'CDIllc
dendritické buiiky jsou ekvivalentem mysich plazmacytoidnich dendritickych bunék a BDCA3"
dendritické bufiky jsou ekvivalentem my$ich CD8a" ¢cDC [32].

Jejich zékladni funkci je piiprava antigenu k prezentaci a naslednd prezentace
antigennich fragment naivnim T lymfocytim, coz vede k aktivaci téchto bunék. Nevyzralé
dendritické buiiky, které vznikaji hematopoézou, migruji z kostni dien¢ a osidluji nelymfatické
tkan¢ lidského organismu. Diky receptorim na svém povrchu, patficim do skupiny receptori
rozpoznavajicich vzorce (z anglického ,,pattern recognition receptors®; PRRs), rozpoznavaji
rizné struktury patogenil, které se nevyskytuji na sav€ich buitkach. Mezi tyto receptory
dendritickych bun¢k patii Toll-like receptory (TLR), lektinové receptory typu C (CLR) nebo
kyselinou retinovou indukovatelny gen I (RIGI). Dendritickymi bunikami rozpoznavané
struktury se nazyvaji s patogenem asociované molekularni vzory (z anglického ,,pathogen
associated molecular patterns®; PAMPs). Tyto patogenni slozky aktivuji receptory nebo spusti
internalizaci daného patogenu do nitra dendritické buiiky. Takto aktivované dendritické buiky
migruji do lymfatickych uzlin, nasledné vyzravaji, ztraci schopnost vychytdvani novych
antigenl a stavaji se z nich potentni APC diky povrchové expresi MHC glykoproteint I. nebo
II. tfidy s navazanymi peptidovymi fragmenty zpracovanych antigent, aktiva¢nich molekul

CD40, CD80 a CD86, ale také tvorbé imunostimula¢nich cytokinti a chemokint [34].

5.1.2.2  Aktivace a diferenciace T lymfocytu ucastnicich se protilatkové odpovedi

Lymfocyty, které¢ aktivuji B lymfocyty k tvorbé protilatek, patii do skupiny pomocnych
T lymfocytd (Th) a jsou charakterizovany mimo jiné povrchovou expresi znaku CDA4.
Do skupiny CD4" T lymfocytt patii Thl a Th2 lymfocyty, Th17 lymfocyty, folikularni
pomocné T lymfocyty (Tru) a regulacni T lymfocyty (Treg) [35]. Dendritické bunky hraji
tstiedni roli v regulaci proliferace naivnich CD4" T lymfocytt. Spole¢né s ostatnimi bufikami
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se podili také na polarizaci naivnich CD4" T lymfocyti do jejich jednotlivych podtypt
v zavislosti na druhu stimulu, ktery vyvolal celou reakci. K aktivaci a dalsi diferenciaci
naivniho CD4" T lymfocytu do efektorovych podtypt je zapotiebi celkem 3 zakladnich signald.
Prvnim zéasadnim signalem je vazba TCR receptoru naivniho CD4" T lymfocytu na cizorody
peptidovy fragment navazany na MHC glykoproteinu II. tfidy na povrchu antigen prezentujici
buiiky. Druhym kostimulaénim signalem je vazba molekuly CD28 na povrchu CD4"
T lymfocyti s molekulou CD80 a CD86 na povrchu antigen prezentujicich bunék. Ttetim
signalem jsou pak mezibunécné interakce a cytokinové signaly v mikroprostiedi probihajici
imunitni reakce, na kterém se podili dendritické buiiky, ale i dal$i pfitomné buiiky. Prvni dva
signaly jsou pro aktivaci naivnich CD4" T lymfocyti zasadni. I kdyz schopnost poskytnuti
prvniho a druhého signalu neni vysadou samotnych dendritickych bunék, jsou tyto bunky casto
nezbytné a postacujici k aktivaci naivnich CD4" T lymfocytl, protoZze maji jedine¢nou

schopnost migrovat z tkdni do lymfatickych uzlin nebo sleziny [36].

Hlavni populaci dendritickych bunék, které migruji do lymfatickych uzlin a aktivuji
naivni CD4" T lymfocyty, jsou konvenéni (klasické) dendritické butiky (cDC) [34]. Tyto
dendritické buniky mohou byt déleny na rezidentni cDC a migrujici cDC, pfi¢emz oba tyto typy
jsou dale déleny na ¢cDC1 a ¢DC2 dendritické buiky. Migrujici ¢cDC bunky se vyskytuji
zejména ve tkanich, odkud migruji ptes lymfatické cévy do sekundarnich lymfatickych organt
v klidovém stadiu organismu i v pfipad¢ infekce. Rezidentni dendritické buiiky se sice
vyskytuji pfevazné v lymfatickych uzlinach, ale zachovavaji si také jistou schopnost migrace
[36]. Lidské ¢DC1 dendritické buiiky jsou definovany jako Lin CD64 HLA-DR'CD141"
buiiky a diky jejich schopnosti zkiizené prezentace antigent (tedy vazby extraceluldrniho
patogenu na MHC glykoproteiny 1. téidy) se ucastni zejména aktivace cytotoxickych CD8"
T lymfocytd a tim paddem antivirové a protinddorové imunitni odpovédi. Prezentuji vSak
antigeny také CD4" T lymfocyttim, v klidovém stavu se podili zejména na tvorb& regula¢nich
T lymfocytlh a v obdobi zanétu pak aktivuji Thl mediovanou bunécnou imunitni odpovéd'.
Lidské ¢DC2 dendritické buiky definované jako Lin HLA-DR'CDIc'SIRPa" se podileji
zejména na aktivaci naivnich CD4" T lymfocyti a jejich polarizaci na Th2, Th17, Treg a Tru

T lymfocyty dle podtypu téchto bunck a cytokinového prostredi.
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5.1.2.3 Th2 a Tru lymfocytarni populace jsou zasadni pomocné T lymfocyty ucastnici se

protilatkové odpovédi

Populace lidskych pomocnych CD4" T lymfocytt byla nejprve roz¢lenéna na Thl a Th2
podtypy dle rlznych cytokinovych profild, které tyto bunky produkovaly [37]. Nasledné
se ukazalo, ze hlavnimi cytokiny Th2 lymfocytt jsou IL-4, IL-5 a IL-13 a predpokladalo se,
ze se tim padem jedna o hlavni pomocné T lymfocyty, které aktivuji B lymfocyty k tvorbé
protilatek. Pocatkem druhého desetileti tohoto stoleti byla vSak objevena nova subpopulace
pomocnych T lymfocyt produkujicich IL-4, které byly dle mista svého vyskytu v B-bunéénych
folikulech sekundarnich lymfatickych organti nazvany jako folikularni pomocné T lymfocyty
(Tru). Tyto buiikky jsou charakterizovany povrchovou expresi chemokinového receptoru

CXCRS, ktery jim umoznuje homing do oblasti folikulti sekundarnich lymfatickych organt.

Th2 bunétna populace se podili na aktivaci imunitniho systému v boji proti
parazitarnim infekcim a jediim, ale zéroven se podili také na procesu hojeni ran. Dysregulace
této fyziologické imunitni odpovédi vede k rozvoji alergickych onemocnéni. Th2 lymfocyty
produkuji cytokiny IL-4, IL-5 a IL-13, které se UiCastni akumulace eozinofilii v misté zanctu
a spousti produkci IgE protilatek B lymfocyty a hlenu epitelidlnimi bunikami [38]. Témto
bunkam chybi exprese chemokinového receptoru CXCRS, a tudiz mohou na rozdil od Tru
lymfocytl vykonavat své efektorové funkce piimo v misté zanétu. Signaly pochazejici od APC
vedouci k diferenciaci naivnich CD4" T lymfocyti do Th2 subtypu nejsou je$té zcela
objasnény. Hlavnimi cytokiny, které spousti expresi klicového transkripéniho faktoru
pro diferenciaci Th2 lymfocytdh GATA-3 [39], jsou IL-2 a IL-4 [40]. Nicmén¢ zdroj tvorby IL-
4 ziistava nejasny. Neexistuji dikazy o tom, ze by IL-4 produkovaly samotné dendritické
buniky, nicméné jeho tvorba byla zjiSténa u bazofili, NK T lymfocytd, yd T lymfocytl
a ptirozenych lymfoidnich bunék [41]. Do jaké miry se vSak tyto buiiky podili na diferenciaci
Th2 lymfocytd neni zcela jasné. Dalsi studie ukdzaly, ze cytokin IL-13 produkovany
piirozenymi lymfoidnimi buiikami typu 2 (ILC-2) je zasadni ke spusténi migrace CD11b" ¢cDC
do lymfatickych uzlin, kde se odehrava diferenciace naivnich CD4" T lymfocytd do podoby
Th2 lymfocytti [42]. Dle poslednich vyzkumu se zda byt pravdépodobné, Ze klasické konvencni
dendritické bunky typu 2 (cDC2) jsou hlavnim podtypem dendritickych bunék, které se podili
na rozvoji Th2 imunitni odpovédi. Langerhansovy buiikky mohou za uréitych okolnosti vyvoj
Th2 lymfocytii podporovat, zatimco ¢cDC1 a pDC dendritické bunky diferenciaci do Th2
lymfocyti inhibuji [41].
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Folikularni pomocné T lymfocyty (Trn) jsou specialnim podtypem pomocnych CD4"
T lymfocytt, které hraji zasadni roli v rozvoji B-bunééné imunitni odpovédi. Vyskytuji se
v B bunéénych folikulech sekundéarnich lymfatickych organti a rozviji protilatkovou imunitni
odpovéd’ ve smyslu aktivace reakci zarodecného centra a diferenciace B lymfocytii do podoby
pamétovych B lymfocytl a plazmatickych bunék [43]. Tyto buiiky na svém povrchu exprimuji
stimula¢ni molekuly CD40L a tvofi cytokiny IL-4 a IL-21, které dodavaji B lymfocytim
v zarodecnych centrech lymfatickych uzlin nejen proliferacni signaly, ale umoznuji také jejich
pieziti. Tvorba Teu lymfocytl z naivnich CD4" T lymfocyti nastava v ptipadé vhodného
cytokinového prostiedi za pfitomnosti IL-6, IL-12 a IL-21, zatimco IL-2 jejich diferenciaci
tlumi [44]. Tento cytokin totiz suprimuje aktivitu hlavniho transkripéniho faktoru Bcl-6
prostiednictvim upregulace STATS a Blimp-1, které snizuji expresi Bcl-6 [45, 46]. Tento
transkripéni faktor totiz exkluzivné spousti diferenciaci naivnich CD4" T lymfocyti do podoby
Tru bunék, a nikoli ostatnich subtypt (Thl, Th2 nebo T17 lymfocytit) [45]. Diferenciace Tru
bunék je nekolikastupniovy proces, béhem kterého se uplatiiuji kromé dendritickych bunék také
B lymfocyty. Dendritické bunky hraji svou roli v rozvoji Tra bun€k béhem prvnich tfi dni
po antigenni stimulaci, ale dale jiz samotné nestaci k udrzeni zivotaschopnosti a kompletni
funkce téchto bunék. Jsou zodpovédné za zvyseni exprese CXCRS u Trn bungk, a tim za jejich
nasmérovani do lymfatickych folikulii sekundarnich lymfatickych orgénd, kde se setkavaji
s B lymfocyty [47], které jsou nezbytné pro jejich findlni diferenciaci. Tra lymfocyty na svém
povrchu exprimuji kromé transkripéniho faktoru Bcl-6 také inducibilni kostimula¢ni protein
(ICOS), receptor programované bunécné smrti 1 (PD-1) a chemokinovy receptor CXCRS.
Pravé ligand tohoto receptoru CXCL13 umoziiuje homing Tru lymfocyti do oblasti

B-bunéénych folikula [43].

K aktivaci naivniho CD4" T lymfocytu je vzdy zapotiebi nejméné dvou signalii. Vazba
TCR receptoru naivniho T lymfocytu na cizorody peptidovy fragment exprimovany na MHC
glykoproteinu II. tfidy na povrchu APC ptedstavuje prvni signal potfebny pro aktivaci a dalsi
diferenciaci naivnich T lymfocyti. Druhym signalem je vazba molekuly CD28 na povrchu
T lymfocytd s molekulou CD80 a CD86 na povrchu APC, coZ vede v urcitém cytokinovém
prostiedi a pfitomnosti dalSich faktori popsanych vySe k aktivaci a diferenciaci naivnich

T lymfocytt do podoby Trn pomocnych T lymfocyta.
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5.1.2.4 Reakce zarodecného centra (germindlni reakce)

Naivni konvenéni B lymfocyty se vyskytuji v klidovém stadiu v periferni krvi nebo
v sekundarnich lymfatickych organech a ¢ekaji na setkani s antigenem. Jakmile svym BCR
receptorem navazi antigen v nativni podobé, internalizuji ho a intracelularné pfipravi
k prezentaci na svém povrchu na MHC glykoproteinech II. tfidy spole¢n¢ s kostimula¢nimi
molekulami CD80 a CD86. Nasledn¢ migruji do sekundarnich lymfatickych organii, protoze
ke své aktivaci a diferenciaci do pln¢ vyzralych efektorovych B lymfocytl pottebuji nékolik
dalsich kostimulacnich signali a urcité cytokinové prostfedi. Terminalni kroky jejich
diferenciace probihaji ve specializovanych oblastech sekundarnich lymfatickych organt, ktera

se oznacuji jako germinalni neboli zarodecna centra (GC).

Germinalni centra byla poprvé popsana Waltherem Flemmingem v roce 1884 jako
mikroanatomické oblasti v sekunddrnich lymfatickych orgéanech, které obsahovaly délici
se buiiky. Pivodné se myslelo, Ze se jedna o misto vzniku novych lymfocyti, ale casem bylo
zjisténo, ze se germinalni centra vytvari pouze v odpovédi na antigenni stimuly a jsou mistem
klonalni expanze B lymfocytii béhem T-dependentni protilatkové odpovédi. Zarodecna centra
jsou organizovana do dvou oblasti, kterym se fikd svétla zona a tmava zéna. Mezi témito
oblastmi se B lymfocyty neustidle pohybuji, dokud nedosdhnou vysoké afinity pro cilovy
antigen [48]. Zarodecna centra jsou tvofena samotnymi B lymfocyty v odpovédi na Bcl-6
expresi [49]. IL-21 piedstavuje hlavni cytokin, ktery je zodpovédny za maximalni tvorbu
audrzovani zarodec¢nych center [50, 51]. Jakmile se B lymfocyty, které byly aktivovany
antigenem, dostanou do sekundarnich lymfatickych organi, pohybuji se smérem k rozhrani
mezi B-lymfocytarni a T-lymfocytarni oblasti, kde dochézi ke kontaktu mezi B lymfocyty a Tru
lymfocyty, které byly aktivovany stejnym antigenem. Pomocné Tru lymfocyty rozpoznaji tento
antigen na MHC glykoproteinech II. tfidy na povrchu B lymfocytil, coZ ptedstavuje prvni signal
pro aktivaci B lymfocyti nasledovany interakci receptoru CD40 na povrchu B lymfocytu
s ligandem tohoto receptoru CD40L na povrchu aktivovaného Try lymfocytu. Signalizace ptes
receptor CD40 je esencialni pro dalsi faze protilatkové odpovédi, jako je afinitni maturace
a izotypovy presmyk [52]. Po této aktivaci se B lymfocyty piesouvaji do vnéjSich casti
lymfatickych folikult, kde se intenzivné dé€li, vytvareji extrafolikularni oblasti a diferencuji
se do protilatky tvoticich plazmablastii a nasledné plazmatickych bun¢k. Mnoho z nich vSak
zahyne apoptozou in situ [53]. Variabilni oblasti takto produkovanych protilatek jsou vétSinou
nemutované a jsou ve tiidé IgM. Nicméné tyto protilatky predstavuji dilezitou slozku rychlé

humorélni obranyschopnosti v ivodni fazi boje proti patogentim. Cast z ptivodné aktivovanych
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B lymfocyti se vSak vraci zpét do primarnich folikuld, kde intenzivné proliferuji a tvofi
zarodecnd centra, kde dochazi k druhé viné tvorby plazmatickych bunék. B lymfocyty
v zarode¢nych centrech vytrvale migruji mezi svétlou a tmavou zoénou. Antigen specifické
B lymfocyty se v oblasti tmavé zony rychle dé€li a probihaji u nich somatické hypermutace
(SHM). Jedna se o nahodné mutace variabilnich oblasti tézkych i lehkych fetézcti. SHM jsou
zahajeny pomoci enzymu aktivaci indukované deaminazy (AID). Tento enzym ma obrovsky
mutacni potencidl, jelikoz frekvence SHM BCR receptoru je az milionkrat vyssi nez frekvence
spontanni mutageneze. Tyto ndhodné mutace mohou vést k apoptdze B lymfocytl nebo tvorbé
BCR receptori s niz$i, stejnou nebo vyss$i afinitou k plvodnimu antigenu. Nasledné
B lymfocyty po ukonceni fAze SHM migruji do svétlé zony zarode¢ného centra, kde probiha
antigenni selekce a izotypovy presmyk (CSR). Interaguji zde pomoci svych BCR receptora
s folikularnimi dendritickymi buiikami, které na svém povrchu exprimuji dané antigeny.
B lymfocyty tyto antigeny internalizuji a intracelularné zpracuji, pfi¢emz je nasledné vystavi
na svém povrchu na MHC glykoproteinech II. tfidy pro jejich rozpoznani pomoci antigen
specifickych Tru lymfocyti. Mira afinity BCR receptoru pro dany antigen pravdépodobné
pozitivné koreluje s mnoZstvim internalizovaného antigenu a tim padem mirou nasledné
pomoci od Try lymfocyta [53]. Klony B lymfocytli mohou dopadnout ¢tyimi rliznymi zptisoby
dle sily BCR signalu (antigenni afinity) a velikosti pomoci od Tru lymfocyt: nizkd afinita
a nepfitomnost pomoci od Tru lymfocytd vede k jejich apoptoze; stfedni afinita a mala mira
pomoci od Tru lymfocyth vede k tvorbé dlouze Zijicich pamétovych B lymfocyta; vyssi afinita
a mira pomoci od Tru lymfocyti vede k dalsimu kolu SHM ve tmavé zon€; vysoka troven
afinity a kvalitni pomoc od Trn lymfocyti vede k diferenciaci do podoby dlouze Zzijicich
plazmatickych bun¢k [54]. Obecné se da fici, ze ptezivaji a dale se diferencuji pouze ty
B lymfocyty, u kterych se vytvoii BCR receptory s ur¢itou mirou afinity vici ptivodnimu
antigenu. Cést téchto B lymfocytii se potom vraci do tmavé zony sekundarnich lymfatickych
organi a probihaji u nich dalsi kola SHM. Druhd ¢ast téchto B lymfocytli opousti zarode¢na
centra jako pamétové buiiky nebo plazmatické bunky [53].

Vyzravani B lymfocytl je kompletni po izotypovém piresmyku, ktery buitkdm umoziuje
produkci jednotlivych imunoglobulinovych tfid, coz méni efektorové funkce vytvofenych
specifickych protilatek. Vysledkem téchto procesti je vytvoieni sady BCR receptort, které
predstavuji antigenem selektovany BCR repertoar [55]. Béhem izotypového ptesmyku dochazi
k dele¢ni rekombinaci genu konstantni oblasti kodujicich IgM a IgD a expresi rtiznych nasledné

se vyskytujicich gent ostatnich konstantnich domén (IgG1, 1gG2, 1gG3, IgG4, 1gAl, IgA2 a
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IgE) [56]. Po rozpoznani antigenu se tedy naivni IgM'IgD" B lymfocyty pfeménuji tak,
aby byly schopny tvofit ostatni imunoglobulinové tiidy (IgG, IgA a IgE) a jejich podttidy
(IgG1-4, IgA 1-2) diky rekombinacim gent konstantni ¢asti tézkych fetézcli. Dnesni znalosti
tykajici se izotypového presmyku jsou vsak interpolovany z analyzy B lymfocyti, které byly
ptivedeny do faze izotypového presmyku in vitro. Ptesny prabéh tohoto biologického procesu
vedouciho k izotypovému piesmyku realné v zivém organismu zustdva zatim nepoznan.
Pivodné se myslelo, Ze se tento d¢j odehrava béhem vyzravani B lymfocyti v germinalnim
centru a je spojen s bunéénym délenim a SHM. Dle nejnovéjsich vyzkumtl se zda byt
pravdépodobné, zZe se izotypovy presmyk déje jeste pred vstupem bunék do zarode¢ného centra
[57]. PGvodni paradigma rozvoje protilatkové odpovédi tika, ze vyssi frekvence SHM
B lymfocytti v GC vedouci k ustanoveni vyssi afinity BCR receptorti nasméiuje dalsi vyvoj
B lymfocytt spiSe do podoby plazmablasti nez pamétovych B lymfocyti [58, 59]. King a kol.
vsak prokazali, Ze izotypové presmyknuté pamétové B lymfocyty maji srovnatelnou frekvenci
SHM jako plazmablasty, coz neodpovida vySe uvedenym piedstavam o tom, ze B lymfocyty
GC s vyssi afinitou svych BCR receptorti se prednostné pieménuji do podoby plazmablasta
produkujicich protilatky, zatimco nizce afinitni klony B lymfocytl tvofi pamétovy
kompartment [59]. King et al. také dale prokazali, Ze izotypové pfesmyknuté B lymfocyty GC
maji na rozdil od IgM" B lymfocyti genovou expresi odpovidajici zvySené schopnosti
signalizace cestou jejich BCR receptoru a vyssi schopnost udrzet se v GC a ziskat T-buné¢nou
pomoc, aby u nich mohlo dojit k dal§im kolim SHM a afinitni maturace [56]. Je tedy
pravdépodobné, ze selekéni mechanismy zalozené na protilatkach se 1i$i dle nasledného vyvoje
B lymfocytii do faze plazmablastii nebo pamétovych B lymfocytl a zavisi na procesech, které
se odehravaji diive béhem procesti maturace B lymfocytti [56]. Pokud se izotypovy presmyk
ve skutecnosti objevuje pfed vstupem B lymfocytu do zarode¢nych center [57],
tak by schopnost B lymfocytii ziskat vysokou afinitu mohla byt urCovédna tim, jak dopadne
specificky kontrolni bod izotypového presmyku ve stadiu pred vstupem do germinélniho centra

[56].

Plazmatické buiiky predstavuji konecné vyvojové stadium konvencnich B lymfocytil,
které¢ produkuje protilatky. Plazmatické buiiky, které opustily zarode¢nd centra, migruji
do kostni diené, kde prezivaji po mnoho let. Tyto plazmatické buiiky se lisi od B lymfocytu
zarodec¢nych center a pamétovych B lymfocyti afinitou BCR receptoru k antigenu, ktera je
u plazmatickych bun¢k vyssi v porovnani s ostatnimi B lymfocyty [58, 60]. Takze dalsi

vyvojovy osud B lymfocytl pravdépodobné zavisi na afinité jejich BCR receptoru, pfi¢emz
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B lymfocyty s vysokou afinitou BCR receptoru k danému antigenu se pfeménuji do stadia
plazmatickych buné€k. To mé pravdépodobné za cil udrZzovat nejvyssi moznou kvalitu protilatek
pro dlouhodobou ochranu organismu [53]. Vzhledem ktomu, Ze polocas cirkulujicich
protilatek je nékolik dni az tydnii, udrzovani populace specifickych plazmatickych bunék je

zasadni pro existenci protilatkové imunitni odpovédi.

Schopnost tvorit razné tiidy protilatek diky izotypovému piesmyku, které se od sebe
odliSuji svymi funk¢énimi vlastnostmi, je zasadni pro obranyschopnost vici riiznym druhiim
patogenii. Poruchy v tomto procesu vSak vedou k rozvoji riznych onemocnéni spojenych
s imunitni dysregulaci, jako jsou autoimunitni nebo alergickd onemocnéni, IgG4-asociovana

onemocnéni, hyper-IgE syndromy a dalsi [61].
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6 Imunoglobuliny a jejich fyziologické a vybrané patologické aspekty

Imunoglobuliny pfedstavuji slozité proteinové molekuly, které jako humoralni slozky
adaptivniho imunitniho systému hraji Gstfedni roli v propojeni mechanismu vrozené a adaptivni
imunitni odpovédi. O jejich existenci vime jiz vice nez 130 let. Jiz v roce 1890 popsali poprvé
v Némecku von Behring a Kitasato piitomnost latek v krvi Cloveéka, které jsou schopny
neutralizovat diftericky toxoid [62]. Tato latka byla pavodné nazvana ,,Antikorper,
coz odpovida dnesnimu anglickému oznaceni ,,antibody* neboli protilatka. Nasledné¢ byla
pojmenovana také latka, kterd vyvolava tvorbu protilatek jako ,,Antisomatogen +
Immunkd&rperbildner, z c¢ehoz bylo odvozeno anglické oznaceni ,antibody generating
substances®, tedy zkracen¢ antigen. V roce 1939 Tiselius a Kabat poprvé separovali sérum
elektroforézou a ziskali kromé albuminové, alfa-globulinové a beta-globulinové také gama-

globulinovou frakei, kterou tvoti prave lidské imunoglobuliny [63].

6.1 Izotypy imunoglobulinii

Imunoglobuliny se vyskytuji v péti zékladnich tfidach neboli izotypech (IgG, IgM, IgA,
IgE a IgD), pti¢emz tiida IgG a IgA je dale clenéna na podtiidy (IgG1—4, IgA1-2). Asi 75 %
imunoglobulinli krevniho séra je tvofeno imunoglobuliny ve tid€ IgG, 15 % ve tfide IgA, 10 %
ve tfide IgM a zbyvajici malé mnozstvi je tvofeno imunoglobuliny ve tfide IgD a IgE. Jednotlivé
tiidy imunoglobulinli jsou tvofeny souborem specifickych protildtek namifenych proti
konkrétni antigenni determinanté neboli epitopu jednotlivych antigend. Protilatky maji dvé
zékladni funkce, které se odviji od jejich lokalizace. Povrchoveé vazané imunoglobuliny slouzi
jako receptory pro antigen, coz vede k aktivaci signalizacnich drah a nasledné bunécné aktivaci.
Solubilni efektorové protilatky poskytuji obranu organismu obecné tiemi zakladnimi
mechanismy, mezi které patii neutralizace antigenli znemoznujici vstup do hostitelské bunky,
opsonizace antigent podilejici se na usnadnéni procesu fagocytdézy a aktivace mechanismu
vedoucich k lyze patogenii (aktivace pfirozenych zabijecii nebo komplementového systému).
Jednotlivé protilatkové tridy se v ramci téchto reakci uplatiuji rtizné€. Jednotlivé izotypy
imunoglobulinti se vzdjemné odliSuji svymi Fc doménami, které ovliviiuji specifické funkce
péti zékladnich protilatkovych tfid, kam patfi zejména schopnost aktivace komplementu,

fagocytdza, cytotoxicita zavisla na protilatkach nebo uvoliiovani prozanétlivych cytokint [64].
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Ptedstava o klasickém fungovani protiladtek spociva ve vazbé protilatky na piislusny
antigen za vzniku imunokomplexu, coz vede k aktivaci mechanismii vrozeného imunitniho
systému. Nicméné protilatky maji celou fadu dalSich neklasickych funkei, které souviseji
s destrukci riznych patogeni diky katalytické aktivit¢ a kofaktorovym u¢inkiim, ptsobi jako
agonisté nebo antagonisté riznych receptort, kontroluji bakteridlni diverzitu stieva a podobné.
Tyto Siroké mechanismy uc¢inku jsou umoznény existenci znané rozsahlého protilatkového
repertoaru, ale také pfitomnosti raznych typa protilatek, které se v téle vytvareji (antigen
specifické, pfirozené, polyreaktivni, Siroce neutralizujici, homofilni, bispecifické nebo
katalytické) [65]. Nékteré izotypy imunoglobulinti se uplatiiuji zejména v sekre¢ni podobg, jiné
zase vazané na membranach. S tim souvisi také rizné sérova koncentrace jednotlivych izotypt

imunoglobulini, coz odpovida jejich odliSnym fyziologickym funkcim.

6.2 Imunoglobuliny ve tridé IgE

Imunoglobuliny ve ttidé IgE ptedstavuji unikatni imunoglobulinové izotypy s nejniZsi
sérovou koncentraci, které¢ se jako soucast humoralniho adaptivniho imunitniho systému
uplatiiuji v aktivaci vrozeného bunééného imunitniho systému (zejména bazofili a mastocytit).
Sérova koncentrace IgE imunoglobulini je piiblizn¢ 0,00005—-0,0002 g/1, coz je pfiblizné
o Ctyfi az pét fadi méné, nez odpovida koncentraci ostatnich imunoglobulinovych tiid [66].
Sekre¢ni IgE protilatky maji nejkratsi sérovy polocas ze vSech imunoglobulinovych izotypd,
ktery Cini asi 2 dny [67]. Nicméné IgE protilatky navazané na vysokoafinitnich receptorech pro
IgE (FceRI) na povrchu bunék nesoucich tento receptor maji relativné dlouhy polocas rozpadu,
ktery je podobné jako u IgG imunoglobulint pfiblizné 3 tydny [68]. Funkce IgE protilatek jsou
zprostfedkovany pomoci vazby téchto protilatek na jejich receptory, kam patii vysokoafinitni

receptory pro IgE (FceRI) a nizkoafinitni receptory pro IgE (FceRIIl; CD23) [69].

Receptory FceRI se vyskytuji predev§im na mastocytech a bazofilech, nachéazi se také
na eozinofilech, neutrofilech, plazmacytoidnich dendritickych bunikdch, monocytech
a makrofazich, trombocytech, ale vyskytuji se také na bunikach hladkych svalli dychacich cest,
bronchidlniho epitelu a stfevnich epitelidlnich bunék [69]. Mastocyty a bazofily jsou
aktivovany po navazani multivalentniho antigenu na specifické IgE protilatky navazané na
povrchu bazofili nebo mastocytli na FceRI receptorech, coz vede k rychlému uvolnéni
preformovanych mediatora (jako je histamin nebo proteazy) a k tvorbé nové syntetizovanych

lipidovych mediatord, cytokinii a chemokint [70]. Tato reakce je fyziologicky namifena proti
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parazitarnim infekcim. Pro aktivaci mastocytii je tfeba premosténi 100-1000 receptort,
pfiCemZ na mastocytech mize byt vjednu chvili navazano 300-3000 specifickych IgE
protilatek namifenych proti riznym antigentiim. Tomu by odpovidal také fakt, ze pro aktivaci
lidskych mastocytli je potieba premosténi piiblizné 0,3 % specifickych IgE protilatek [71].
Nicmén¢ nasledna aktivace mastocytti ve smyslu jejich degranulace a tvorby cytokinti nebo
chemokint je zavisla na poctu aktivovanych receptorti na povrchu mastocytii [72]. Naptiklad
lymfokiny ucastnici se alergické reakce (naptiklad monocyty atrahujici protein 1; MCP-1) jsou
siln¢ produkovany pii nizké koncentraci antigenu nebo pii nizkém poctu FceRI receptort
s navazanym IgE, zatimco interleukiny regulujici tuto reakci (napfiklad IL-10) jsou
produkovany pfi vysokém poctu FceRI receptorti s navazanym IgE [72]. Receptory FceRII byly
poprvé objeveny na B lymfocytech a jsou exprimovany na nékolika dalSich typech buné¢k,
vcetné riiznych APC, ale také bunék respiracniho nebo gastrointestinalniho epitelu. Vazba IgE
protilatek na FceRII (CD23) na B lymfocytech vede na jednu stranu k regulaci IgE mediované
bunécné odpovédi v disledku snizeni moZnosti vazby téchto protilatek na aktivacni FceRI
receptory, ale na druhou stranu vazba imunokomplexti IgE s antigenem usnadiiuje antigenni
prezentaci prostiednictvim dendritickych bunék [73]. Bylo prokazano, Ze solubilni IgE
protilatky se vazi preferenén¢ na FceRI receptory, zatimco imunokomplexy IgE protilatek

s navazanym antigenem se vazi pievazné na FceRII receptory [74].

1 kdyz elevace celkovych imunoglobulinii ve tride IgE provazi nejcastéji kromé jiného
parazitni onemocnéni nebo atopické stavy, byva také vyrazem dysregulace funkce imunitniho
systemu u celé rady onemocnéni patiicich do skupiny vrozenych poruch imunitniho systému.
Proto je treba v ramci diferencialni diagnostiky atopickych stavii u deti pomyslet také na vzacné
vrozené poruchy imunitniho systéemu. Pro usnadnéni diferencidlni diagnostiky klinicky
systému jsme se v nasi praci zameérili na prehlednou sumarizaci klinickych a laboratornich
parametri jednotlivych onemocnéni patricich do skupiny vrozenych poruch imunitniho
systéemu, které jsou charakterizované neonatalni erytrodermii, tézkou atopickou dermatitidou
nebo elevaci sérové koncentrace celkovych IgE imunoglobulinii. Tato onemocneni mohou byt
tim padem v uvodu mylné povazovana za prosty tézky atopicky stav. Dle nejnovejsi IULS
syndromy (HIES). Jedna se o klasicky Jobuv syndrom (zpiisobeny mutaci vedouct ke ztrdate
funkce proteinu kodované genem STAT3 dedenou autozomdalné dominantné), dale PGM3

deficienci (zpiisobenou mutaci genu PGM3 dédénou autozomalné recesivne) a Comeliiv-
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Nethertonuv syndrom (zpiisobeny mutaci genu SPINKS5). Extrémni zvySeni koncentrace
celkovych IgE imunoglobulinii doprovazi pomérné nedavno popsané vrozené poruchy
imunitniho systému, a to onemocneéni zpiusobené mutaci vedouci ke ztraté funkce proteinu
kodovaného genem CARDI11 dédénou autozomalné dominantné a deficienci proteinu ZNF341
zpusobenou mutaci genu ZNF341 dédeénou autozomalné recesivne. Variabilni sérové
koncentrace IgE imunoglobulinii se vyskytuji u riiznych dalSich onemocnéni ze skupiny poruch
vrozeného imunitniho systemu nebo humoralnich, bunécnych c¢i kombinovanych defektu
adaptivni imunity. Neonatalni erytrodermie je jednim z klinickych priznakii Omennova
syndromu patiictho mezi onemocneéni ze skupiny tezkych kombinovanych imunodeficienci
(SCID), kompletniho diGeorgova syndromu, ichtyosis vulgaris nebo Comelova-Nethertonova
syndromu. Tezka atopicka dermatitida se vyskytuje u pacientii s Jobovym syndromem, ZNF341
deficienci, PGM3 deficienci, Wiskottovym-Aldrichovym syndromem, DOCKS deficienci
a pacientii s X-vdazanou imunitni polyendokrinopatii a enteropatii vazanou na X chromozom
(IPEX syndrom). V ramci prehledu jednotlivych vyse uvedenych diagnoz jsme také navrhli
zdakladni diferencialné diagnostické postupy, které mohou napomoci klinickym lékarim odlisit,
zda se jedna o prosty atopicky stav nebo o pacienta s vrozenou poruchou funkce imunitniho
systému. Casnd diagnostika téchto onemocnéni je totiz zdsadni pro zéakladni lécbu i dalsi péci

umoznujici preziti a zvySeni kvality Zivota pacientii s vrozenymi poruchami imunitniho systému.
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6.3 Imunoglobuliny ve tridé IgD

IgD imunoglobuliny tvoii v séru druhou nejméné zastoupenou tiidu imunoglobulint.
Sérova koncentrace IgD imunoglobulinii vykazuje znacnou variabilitu, proto neni snadné
jednoznacné urcit normalni sérovou koncentraci tohoto imunoglobulinu. Dle nékolika

publikovanych praci se vSak sérova koncentrace IgD pohybovala v intervalu 0,005—-0,240 g/1
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[75]. Secernovany IgD se tvofi vramci adaptivni imunitni odpovédi nasledné po IgM
imunoglobulinech [76]. Jeho pfitomnost byla poprvé popsana v séru v roce 1965. Teprve
pozd¢ji bylo zjisténo, ze je membranové vazany imunoglobulin IgD soucasné exprimovan
s imunoglobulinem IgM jako receptor na povrchu naivnich B lymfocytii [77]. Pfitomnost IgD
imunoglobulinti je fylogeneticky zakonzervovana jiz od imunitniho systému ryb,
coz bezpochyby vypovidd o jeho podstatné roli v imunitnich reakcich organismu. Pfesto
vSechno vsak zacaly byt jeho specifické funkce objasiiovany teprve nedavno, pfic¢emz role

povrchovych IgD imunoglobulinii zGistava i nadale ne zcela jasna.

Solubilni IgD imunoglobulin je tvofen IgD'IgM™ plazmatickymi bufikami, které
vznikaji ze slizni¢nich B lymfocyti, které prosly izotypovym piesmykem z IgM na IgD [78].
Tento proces se odehrava v lymfoepitelialnich organech sliznice dychacich cest a traviciho
systému. Lidské IgD " TgM" plazmatické buiiky netvoii IgD pouze ve sliznicich, ale dostavaji se
také do systémové cirkulace, aby osidlily stfedni ucho, slzné, slinné a prsni zlazy. Zajimavé je,
ze k izotypovému presmyku z IgM do IgD nedochazi v systémovych lymfoidnich tkanich, ale
vyskytuje se ve slizni¢nich oblastech, které jsou pod tlakem antigenti pochéazejicich ze vzduchu
nebo potravy [79]. Pfi vyvoji B lymfocytt dochéazi nejdiive k expresi IgM imunoglobulinu jako
soucasti BCR receptoru, pficemz exprese IgD se poprvé objevuje po migraci pre-B lymfocyt
do periferie ve stadiu tranzientnich B lymfocytt. Sestfih do podoby IgD je kriticky zavisly
na pritomnosti proteinu ZFP318 [80]. U vyzralych naivnich B lymfocytli pfesahuje mnozstvi
povrchové navazanych IgD imunoglobulini IgM a k snizovani jeho exprese dochazi az
po rozpoznani antigenu B lymfocytem. Nékteré B lymfocyty se v ndvaznosti na Casnou
expozici solubilnim antigenim pfeménuji do stadia plazmatickych bunék tvoficich IgD
protilatky [81]. Solubilni IgD protilatky rozpoznéavaji komenzalni mikroorganismy respira¢niho
a gastrointestinalniho traktu, patogeny i potravinové antigeny. Ukazalo se, Ze IgD protilatky
se vazi na myeloidni efektorové bunky, jako jsou bazofily nebo mastocyty pies receptor, ktery
se skladd z molekuly CD44 a galectinu-9 (Gal-9) [81]. Po vazb¢ specifickych IgD protilatek
na tento receptor a navazani antigenu na jejich vazebna mista dochazi k aktivaci bazofila
ve smyslu sekrece cytokinli IL-4, IL-5 a IL-13, coZ mé za nasledek zvySenou produkci
protilatek ve tfid¢ IgG1 a IgE diky aktivaci B lymfocyti prostiednictvim Th2-bunééné imunitni
odpovédi [81]. Na druhou stranu vSak navazané IgD protilatky na povrchu bazofilti nebo
mastocytll snizuji jejich degranulaci zprostfedkovanou pomoci IgE protilatek [81]. Tento
proces se muze podilet na udrzovani slizni¢ni homeostazy a imunitni odpovédi ve spolupraci

se sekre¢nimi IgA a IgG protilatkami.
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V nasi ambulanci se nam podarilo nahodné zachytit pacienta, jehoz jedna polovina
naivnich vyzralych B lymfocytii exprimovala na svém povrchu IgD, pricemz druha polovina
téchto bunek nikoli. Jednalo se o nahodny nalez, ktery byl zjistén pri podrobném vysetieni
lymfocytarnich subpopulaci z periferni krve pacienta metodou priitokové cytometrie v ramci
vstupniho imunologického vysetieni. Ditvodem tohoto vysetieni bylo levostranné zvétseni
lymfatickych uzlin v tiiislech, které si pacient sam nahmatal. Histologické vysetieni prokdzalo
granulomatozni mykotickou lymfadenopatii s nejistymi znaky, které by mohly odpovidat
aspergilové infekci. Vzhledem k nejasnosti nalezu byla doplnéna biopsie druhé uzliny, kterd
v dobé prvniho vysetreni u nds nebyla jeste k dispozici. Vzhledem ke zjistené anomalii ohledné
exprese IgD na B-bunécném povrchu byly lymfocyty toho pacienta dale zkoumany. Bylo
zjisteno, Ze za timto fenotypem stala heterozygotni nonsense mutace v genu pro tezky retézec
delta (IGHD). Jednalo se konkrétne o c.368G>A mutaci v IGHD exonu 1. Tato heterozygotni
mutace vedla je zmené tryptofanu (TGG) na stop kodon (TAG). Jelikoz se tato nonsense mutace
(p.W123X) nachazi v exonu 1, tato alela neumozZiuje vznik funkcni IgD molekuly. To vede
ke ztraté membranové exprese IgD u priblizne 50 % naivnich B lymfocytii u viech nositelii této
mutace. Pri vySetreni ostatnich dostupnych clenii rodiny pacienta bylo zjisteno, ze stejnd
mutace se vyskytovala také u matky pacienta, sestry matky pacienta a dédecka pacienta
z matciny strany. Tato mutace naopak nebyla zjisténa u otce pacienta a babicky pacienta
z matciny strany, kteri vykazovali povrchovou expresi IgD na B lymfocytech srovnatelnou
s kontrolnimi osobami. Tato mutace nebyla doposud publikovana v elektronické databazi
Ensembl, proto se jednalo o prvni popsani této mutace vedouci poruse tvorby IgD
imunoglobulinii. Nasledny vyzkum vyznamu této mutace byl zaméren na zjisténi in vivo role
povrchovych IgD imunoglobulinii v B-bunécné homeostdze a protilatkové odpoveédi. Vsichni
pacienti s touto heterozygotni mutaci v genu IGHD méli normdalni pocty B lymfocytii
a koncentraci serovych imunoglobulinii. Klinicky neméli priznaky svédcici pro imunodeficienci
nebo imunodysregulaci. Polovina naivnich vyzralych B lymfocytii téchto pacientii exprimovala
IgD (IgD") a druha polovina nikoli (IgD"). Obé tyto dvé skupiny B lymfocytii vSak mély stejny
imunofenotyp az na snizenou expresi CD79b u skupiny IgDnaivnich vyzralych B lymfocyti.
Nicméné obé dve skupiny naivnich vyzralych B lymfocytii mély nezavisle na expresi povrchové
molekuly IgD srovnatelnou replikacni historii, stejnou kapacitu diferenciace do plazmatickych
bunek po stimulaci in vitro a izotypove presmyknuté pamétové B lymfocyty vykazovaly
podobnou urovenn SHM. B lymfocyty, kterym chybéla exprese membranove vazaného IgD,
se tedy normalné vyvijely az do stadia pamétovych B lymfocytii. To by mohlo znamenat, Ze by

se IgD mohlo uplatniovat spise v modulaci B-bunécné odpovedi na konkrétni antigeny. Vyvoj
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klinického stavu pacienta s opakovanym histologickym vysetienim lymfadenopatie nakonec
u néj vedl ke stanoveni diagnozy noduldrniho Hodgkinova lymfomu s predominanci lymfocytii
(NLPHL), ktery byl uspésné zalécen chemoterapii, radioterapii a biologickou léchou. Pacient

je v soucasné dobé v remisi zakladniho onemocnéni.

ANNEX II
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6.4 Imunoglobuliny ve tridé IgM

Imunoglobuliny ve tfidé¢ IgM byly poprvé popsany v roce 1939, kdyz byla poprvé
uréena molekulova hmotnost protilatek tvofenych nékterymi zviraty a clovékem v odpovédi
na ockovani proti pneumokokovi. Vzhledem k vysoké molekulové hmotnosti (pfiblizné 990
kDa) byly tyto velké molekuly oznaceny jako y-makroglobuliny [82]. Nasledné byly tyto
protilatky v roce 1964 pirejmenovany Svétovou zdravotnickou organizaci (WHO) na IgM
protilatky odkazujici na ptivodni oznaceni ,,makroglobulin®. Dalsim vyzkumem bylo zjisténo,
ze sekre¢ni IgM imunoglobuliny piedstavuji multifunkéni evolu¢né konzervované protilatky,
které jsou velmi dtlezité pro udrzeni tkdnoveé homeostazy, stejné tak pro rozvoj plné€ protektivni
humoralni odpovédi na patogeny. Polocas rozpadu IgM je velmi kratky a ¢ini asi 5—8 dni [83].
Sérova koncentrace IgM imunoglobulina je ptiblizné 0,5-3,0 g/l, coz je Cini tfetim nejvice

zastoupenym izotypem imunoglobulini v séru.

Imunoglobuliny ve tfidé IgM predstavuji evoluéné vysoce konzervovany
imunoglobulinovy izotyp, ktery je soucasti povrchového antigenniho receptoru B lymfocyti
(BCR). IgM je viibec prvnim typem protilatky tvofené v ontogenetickém vyvoji a je také prvni
protilaitkou uvoliiovanou v odpovédi na setkdni se spatogenem. Od ostatnich
imunoglobulinovych izotypl se strukturalné odliSuji, protoze v sekre¢ni podobé se vyskytuji
ve form¢ pentamert a chybi jim flexibilni pantova oblast [84]. Jednotlivé monomery IgM jsou

spojeny do podoby pentamerti pomoci spojovaciho fetézce (J-fetézce) [84]. Tato pentamerni
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struktura vyznamné zvySuje aviditu vazby této protilatky na antigen. V piipad¢ absence
J-tetézce agreguji monomery IgM do podoby hexamert, které vazi komplementovy systém
jesteé efektivnéji nez pentamery IgM [84]. Nicmén¢ o fyziologické funkci hexamerti IgM je dnes
znamo jen velmi malo. Celou dobu se myslelo, Ze hlavni efektorovou funkci protilatek ve tiide
IgM je specifickd vazba na antigen a nésledné aktivace komplementové kaskady klasickou
cestou aktivace komplementu. Dle poslednich vyzkumi se ukézalo, ze IgM pentamer neni
tvoten symetrickou strukturou vazby péti monomert IgM, ale tvoii asymetricky pentagon, ktery
obsahuje jeden velky prostor mezi dvéma monomery IgM [85]. V tomto prostoru se vyskytuje
navazany sérovy protein ,inhibitor apoptdézy makrofagi“ (AIM/CDSL). Takze IgM
pravdépodobné neslouzi pouze jako efektorova protilatka, ale také transportér pro dalsi

efektorovy protein [85].

Pentamerni IgM se mlze vazat na polymerni imunoglobulinovy receptor (pIgR)
ptes svij J-fetézec, ktery urychluje transport IgM protilatek pies epitel do lumen slizni¢nich
tkani [86]. Ukézalo se, ze oblast lamina propria lidského gastrointestinalniho traktu obsahuje
signifikantni mnozstvi IgM plazmatickych bunék. Sekre¢ni IgM spolecné se sekrecnim IgA
ovliviluje stfevni mikrobidlni diverzitu diky vazbé na komenzalni bakterie a jejich ukotveni
ve vrstvé hlenu [87]. Neni vSak zatim zcela jasné, jak se funkéné odliSuje vazba IgM a IgA
protilatek na soucasti mikrobioty a jaké jsou zjevné druhové specifické rozdily téchto procesi.
Nicmén¢ pritomnost sekre¢niho IgM zéasti vysvétluje fakt, pro¢ pacienti se sIgAD, ktefi
z podstaty svého onemocnéni netvoii nejvice zastoupené slizni¢ni protilatky ve tiidé IgA, maji

vétsinou pomérné chudou klinickou symptomatologii [88].

Sekrecni IgM protilatky se fadi do dvou zakladnich typti podle svého ptivodu, zptisobu
regulace jejich produkce a celkové funkce, a to na pfirozené IgM protildtky a imunitné
indukované IgM protilatky. Zatimco pfirozené IgM protilatky jsou tvoreny konstitutivné
bez antigenni stimulace, imunitné indukované IgM protilatky vznikaji v dsledku plsobeni

vyvolavajiciho ¢initele (tkaniového poskozeni nebo infekce).

Ptirozené IgM protilatky, sekretované pievazné B-1 B lymfocyty, tvoii skupinu
cirkulujicich protilatek, které reaguji s autoantigeny, ale také patogeny, odstranuji apoptotické
a jin¢ bunécné zbytky a iniciuji silnou imunitni odpovéd’ [89]. Zakladni vlastnosti pfirozenych
IgM protilatek je jejich polyreaktivita a zaroven schopnost vazby na nékteré spole¢né antigeny
patogennich mikroorganisma (napt. razné epitopy fosfolipidl, sacharidli, ssDNA, dsDNA,
oxidovanych LDL ¢astic a riznych dalsich PAMPs). Tato vlastnost piirozenych IgM protilatek

jim dava evolu¢ni vyhodu, kterd je pravdépodobné diivodem, pro¢ se pravé IgM protilatky
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(a ne IgG nebo IgA protilatky) vyskytuji u vSech obratlovci [90]. Nizkd afinita vazby
ptirozenych IgM protilatek na antigen je vyvazena vyssi aviditou teoreticky 10 dostupnych
vazeb pentamerniho sekre¢niho IgM. Pfirozené IgM protilatky se na jednu stranu vazi
na autoantigeny a umoziuji tak navozeni homeostazy prevenci rozvoje zanétu a tkanového
poskozeni. Na druhou stranu v ptipadé chronického nebo silného zanétu se mohou pii poruseni
endotelu cév dostavat do tkéani, kde se déle podileji na rozvoji zdnétu a na tkanovém postizeni

[89].

Imunitné indukované IgM protilatky, vznikajici po stimulaci zejména konvencnich
B-2 B lymfocytl patogennimi agens, zesiluji tuto casnou pasivni linii [gM-mediované imunitni
odpovédi a reguluji naslednou IgG tvorbu. Podle poslednich vyzkumii se totiz ukazalo,
ze imunitné indukované IgM protilatky nejsou dilezité pouze v tivodni fazi boje organismu
proti infekci, kde se uplatiiuje zejména jejich schopnost aktivace komplementu. U znacné ¢ésti
pamétovych B lymfocytl, které proSly reakci v germindlnim centru, totiz nedochazi
k izotypovému piesmyku a zastavaji v pamétové podobé nachystané k dalsi produkeci IgM
protilatek po opétovném setkani s antigenem [91], coZ by mohlo ukazovat na dalsi dilezité
efektorové funkce IgM protilatek vychéazejici z vazby na jejich receptory. Naptiklad
nedostate¢na tvorba IgM protilatek se muize podilet na rozvoji autoimunitni reakce proti
vlastnim antigentim [92]. Sekrecni IgM protilatky hraji také dilezitou roli v rozvoji maximalni
IgG imunitni odpovédi [89]. Ackoli je tento fenomén IgM-zvySované IgG produkce znam
uz mnoho let a uplatiluje se zejména pii indukci imunitni odpovédi pii omezeném mnozstvi

vyvolavajiciho antigenu, pfesny mechanismus toto jevu neni zatim objasnén [93-95].

Rozdilné efekty sekrecniho IgM v procesech navozeni homeostazy ¢i imunitni obrany
jsou zpusobeny diky vazbé téchto protilatek na receptory na rliznych bunikach. V posledni dobé
byly objeveny tii Fc receptory pro IgM. Jednd se o Fco/p receptor (Fco/p R), polymerni
imunoglobulinovy receptor (pIgR) a Fcp receptor (FcpR) [96]. Fco/p R je exprimovan
hematopoetickymi i nehematopoetickymi bunikami a hraje dalezitou roli v humoralni imunitni
odpovédi (zejména v prozanétlivych funkcich B-lymfocytl marginalni zony sleziny pti sepsi).
Hlavni funkci pIgR je transport dimerniho IgA a polymerniho IgM z lamina propria mucosae
pfes epitelidlni bariéru na povrch sliznic. FcuR byl objeven teprve nedavno a jeho fyziologicka

funkce neni jesté zcela objasnéna [96].

Bylo prokazano, zZe se u velmi malé casti populace vyskytuji velmi snizené nebo az
nemeéritelné hladiny sérove koncentrace celkovych IgM imunoglobulinii. Tento stav se oznacuje

Jako selektivni deficit IgM a je razen do skupiny prevazné protilatkovych deficienci s nejasnou
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patogenezi a klinickym vyznamem. Podle definice by pacienti s diagnozou sIgMD méli mit
opakované prokadzané snizeni sérové koncentrace IgM (<0,2 g/l nebo <2 SD od priiméru sérové
koncentrace IgM pro danou vékovou skupinu). Soucasné by méli mit také nesnizenou
koncentraci celkovych IgG a IgA imunoglobulinii vcetné jejich podtrid, normalni odpoved
po antigenni stimulaci, absenci T-bunécného deficitu a vylouceni dalsich sekundarnich pricin
snizeni koncentrace IgM imunoglobulinii. Nicméné kohorty a pripadové studie pacientii
publikovanych jako pacientu se sIgMD ne vzdy tato kritéria zcela spliuji. Proto jsme se v nast
dalsi praci rozhodli publikovat klinicka a laboratorni data 17 pacientit se selektivnim deficitem
IgM sledovanych na Ustavu klinické imunologie a alergologie FN u sv. Anny v Brné a FN
v Hradci Kralové. V databazi PubMed jsme pomoci klicovych slovnich spojeni ,,IgM
deficiency* a ,,Selective IgM deficiency * vytridili 32 publikovanych pracich, ve kterych byla
uvedena klinicka a laboratorni data celkem 81 pacientii se sIgMD a tyto jsme porovnali s nalezy
nasich 17 pacienti se sIigMD. U nasSich pacienti jsme sledovali koncentraci celkovych
imunoglobulinu ve tride IgG a jeho podtrid, IgA, IgM a IgE, sérové koncentrace protilatek proti
tetanickému toxoidu, pneumokokovym polysacharidiim a Haemophilus influenzae typu b,
izohemaglutininii, zastoupeni lymfocytarnich subpopulaci, expresi IgM na povrchu B [ymfocyti
a tvorbu IgM protilatek B lymfocyty. Bylo zjisténo, ze vétsina nasich a publikovanych pacientii
se sIgMD meéla velmi nizké titry izohemaglutininii, zvySeni poctu tranzientnich B lymfocytii,
snizeni mnoZzstvi B lymfocytii margindlni zény a zvyseni poctu CD21"" B lymfocytii. Ddle jsme
u 10 pacientii se sIgMD mérili povrchovou expresi IgM na B lymfocytech, kterou jsme
porovnavali s povrchovou expresi IgM na B lymfocytech u 24 zdravych kontrol a nezjistili jsme
Zadny statisticky vyznamny rozdil mezi temito dveéma skupinami. Podobné vysledky jsme ziskali
pri  pozorovani rozdilii v medianu intenzity fluorescence exprese IgM na povrchu
B lymfocytarnich subpopulaci (naivnich B lymfocytu, B lymfocytit marginalni zony, IgM only
CD27 IgM"IgD™ B lymfocytii, izotypové presmyknutych pamétovych B lymfocytii, CD21%"
B lymfocytu a plazmablastii). U 5 pacientii se sIgMD byla také testovana B-lymfocytarni
produkce IgM po stimulaci PWM a SAC (Saccharomyces cerevisiae Cowan 1), pricemz sniZend
tvorba IgM protilatek byla zjisténa u 2 pacientu a zbyli 3 pacienti méli tvorbu IgM protilatek
srovnatelnou s kontrolnimi osobami. Nizka sérova koncentrace IgM byla u nasich pacientii
asociovana s ruznymi patologickymi stavy, nicméné neni ziejmé, jak je tato asociace vyznamnd
a zda jsou imunopatologické stavy v primdrnim nebo sekunddrnim vztahu ke snizené sérové

koncentraci IgM imunoglobulinii.
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6.5 Imunoglobuliny ve tiidé IgA

Imunoglobuliny ve tfidé IgA ptedstavuji skupinu protilatek, které jsou denné
produkovany s nejvyssi koncentraci. Bylo popséano, Ze se béhem jednoho dne tvoii ptiblizné 60
mg IgA imunoglobulinli na kilogram vahy lidského organismu [97]. Jeho pfevazna cast
se uplatituje na sliznicich lidského organismu, které maji povrch zhruba 400 m? [98]. Jedna
se tedy o imunoglobulinovou tfidu predominantné zastoupenou na sliznicich, ptfi¢emz v séru
jsou IgA imunoglobuliny zastoupeny dle vySe koncentrace na druhém misté hned po IgG
imunoglobulinech. Normélni rozmezi sérové koncentrace celkovych IgA imunoglobulinti
je priblizn¢ 0,8—4,5 g/l. Skupina IgA imunoglobulinii je tvofena IgAl podtiidou, ktera
se nachazi predominantné na sliznicich respiracniho traktu, a [gA2 podtfidou imunoglobulint,
ktera se vyskytuje pfevazné na sliznicich gastrointestindlniho traktu. V séru se nachazi ptiblizné
90 % IgA1 a 10 % IgA2 podtypt IgA imunoglobulinii. Na sliznicich je rozlozeni podttid IgA
vice vyrovnané, a to 40 % IgA1 a 60 % IgA2 podtypti IgA imunoglobulint [99].

Unikéatni stavba tézkého fetézce IgA imunoglobulinu umozinuje tvorbu polymert, coz
vede zejména k tvorbé dimerickych forem, ale nekdy také vétSich polymerti na slizni¢nim
povrchu. Ob¢ formy IgA imunoglobulinii (sérovd monomerni a slizni¢ni dimerni nebo
polymerni) jsou schopny neutralizovat a podilet se na odklizeni patogeni napftiklad
prostiednictvim svych Fc receptorit FcaRI (CD89) na fagocytarnich bunikach [99]. Nicméné
v posledni dobé€ se ukazalo, Ze IgA pfi zajisténi slizni€ni imunity kooperuje také s IgM, IgG a

IgD imunoglobuliny k zaji$téni maximalni slizni€ni homeostazy a imunity [79].

Dalsim ditkazem dysregulace funkce imunitniho systému je to, Ze pro nékterd
onemocneni ze skupiny vrozenych poruch imunitniho systému je typicka elevace celkovych IgA
imunoglobulinii. Mezi tato onemocnéni patri kongenitalni trombocytopenie, a to Wiskottiiv-

Aldrichuv syndrom (WAS) nebo X-vazana trombocytopenie (XLT), které jsou zpiisobené
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poruchou tvorby Wiskottova-Aldrichova proteinu (WASp). V nasi dalsi praci jsme publikovali
raritni pripad pacienta s WAS, jehoz spravnad diagnoza byla vzhledem k mirnéjsimu fenotypu
odhalena genetickym vySetrenim az v pubertdalnim veku, tim padem neprodelal transplantaci
hematopoetickych krevnich bunék, jak je u téchto pacientii obvyklé, za to vsak u néj byla uspésné
provedena transplantace ledvin z duvodu IgA nefropatie. WAS predstavuje vzacnou X-vazanou
vrozenou poruchu imunitniho systému, pro kterou je charakteristicka pritomnost
trombocytopenie s malymi destickami doprovazené tendenci ke krvaceni, poruchou funkce
imunitniho systéemu manifestujici se zvySenou ndchylnosti k infekcim a tézkym atopickym
ekzéemem. Navic jsou tito pacienti nachylnéjsi k rozvoji autoimunitnich onemocneéni a vzniku
lymfomii. Pokud tito pacienti nepodstoupi transplantaci hematopoetickych krevnich bunek,
umiraji vetsinou na komplikace zpusobené intracerebralnim krvacenim, tézkymi infekcnimi
komplikacemi nebo lymfomy. Nami vysSetreny pacient s WAS byl od narozeni sledovan v détské
nemocnici pro tézkou atopickou dermatitidu. Na imunologické vysetreni se k nam dostavil
poprvé az v 16 letech. Béhem zdkladniho laboratorniho vySetieni byla u néj nové nahodné
zachycena mimo jiné trombocytopenie s malymi destickami. Vzhledem ke svému klinickému
fenotypu byl pacient ndsledné vysetren geneticky a byla u néj potvrzena mutace v genu pro WAS
protein. Jednalo se o sestrihovou mutaci 30 intron + 4, CTC na CCC vexonu 11,
ktera pravdepodobné stala za klinickym fenotypem pacienta. Naslednou analyzou pomoci
Western blotu byla detekovana reziduadlni aktivita WAS proteinu. Vzhledem k tomu mél pacient
pravdepodobne mirnéjsi klinicky fenotyp onemocnéni a nebylo u néj po zjisténi diagnozy
rozhodnuto o provedeni transplantace hematopoetickych krevnich bunék. V 21 letech se u néej
rozvinula IgA nefropatie. Toto onemocnéni predstavuje castou komplikaci pacientii s WAS.
O pet let pozdeji u pacienta doslo k selhani ledvin. Pacient nastoupil do hemodialyzacniho
programu. Po osmi mésicich lécby hemodialyzacni lécby podstoupil uspésnou transplantaci
ledvin od kadaverozniho darce. Dle HLA typizace zde byla jen jedna neshoda v B lokusu
(darce: BI3, 14, prijemce: Bl3, 62). Vté dobé také byla u néj zahdjena substitucni
imunoglobulinova lécba, i kdyz pacient nemél vyraznéjsi priznaky imunodeficience.
Po transplantaci bylo u pacienta pokracovano v podavani imunoglobulinové substitucni lécby.
Vyrazné se mu zlepsSily priznaky atopické dermatitidy, i kdyz chronicka lichenifikace
pretrvavala. Ve 35 letech doslo bohuzel k navratu postizeni transplantované ledviny v podobé
IgA nefropatie a pacient musel po Sesti a pul letech nastoupit opét do hemodialyzacniho
programu. V dobé publikace naseho sdeleni byl pacient v relativné stabilnim stavu, nemél
vyrazné priznaky imunodeficience a cekal na dalsiho vhodného darce ledviny. Dle nasich

tehdejsich znalosti se jednalo o prvni publikovany pripad pacienta s diagnozou WAS,
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u kterého byla provedena transplantace ledviny, nedoslo k rychléemu odhojeni stepu nebo umrti

pacienta a Stép se podarilo udrzet nékolik nasledujicich let funkcni.
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6.6 Imunoglobuliny ve tiidé IgG

Imunoglobuliny ve tfidé IgG ptedstavuji nejvice zastoupenou skupinu protilatek v séru.
Normalni rozmezi sérové koncentrace celkovych IgG imunoglobulint je ptiblizné 7,5-15,6 g/1.
V 60. letech minulého stoleti byly popsany 4 podtiidy IgG imunoglobulint (IgG1-1gG4),

jejichZ soubor tvoii skupinu celkovych IgG imunoglobulini. Byly ¢iselné oznaceny podle jejich

cv v

v

se od sebe strukturalné i1 funkéné odlisuji, 1 kdyz jejich konstantni domény vykazuji 95 %
sekvencni homologii. Kazda IgG podttida je charakterizovéana vlastnim tézkym fetézcem, ktery
je kodovan odlisnymi geny. Geny pro jednotlivé IgG podtiidy jsou v konstantni oblasti kodujici
tézké ftetézce imunoglobulinii sefazeny nasledovné: IgG3, IgGl, IgG2 a IgG4 [100].
Strukturalni odliSnost jednotlivych podtiid IgG vede také k funkénim rozdiltim ve schopnosti
aktivovat komplementovy systém klasickou cestou aktivace komplementu mezi jednotlivymi
podtiidami IgG (IgG3 > IgG1 > IgG2 > IgG4), ale také rozdilim ve vazb¢ jednotlivych IgG
podtiid na Fc receptory [101]. VSechny Fc-gamma receptory (FcyR) patii do stejné
imunoglobulinové superrodiny a predstavuji nejdilezitéjSi Fc receptory, které
zprostiedkovavaji  fagocytozu opsonizovanych bakterii. Existuje néckolik druhii téchto
receptortl, které se od sebe lisi ve své afinité k protilatkdm v disledku rozdilné molekularni
struktury. Jednd se o FcyRI (CD64), FcyRIIA a FcyRIIB (CD32), FcyRIIA (CD16A)
a FcyRIIIB (CD16B). Obecné se da fici, ze na receptor FcyRI se vazi IgG imunoglobuliny
s vyssi afinitou neZ na receptory FcyRII a FeyRIII [102].
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Komplexni biologické funkce jednotlivych podtfid imunoglobulint a jejich vzajemna
interakce a kooperace neni v sou€asnosti zcela objasnéna, i kdyz nékteré dil¢i mechanismy jiz

Znamy jsou.

6.6.1 Zakladni charakteristika podtiid IeG imunoglobulinu

IgG1 podtiida imunoglobulinii piedstavuje nejcastéji zastoupenou podtiidu IgG
imunoglobulini v séru, kde se vyskytuje v koncentraci ptiblizné 4,9—-11,4 g/1, proto jsou zmény
vjeji sérové koncentraci nejvice zodpovédné za zmeény koncentrace celkovych IgG
imunoglobulinti. I[gG1 mé polocas rozpadu v séru v priblizné¢ 22 dni podobné jako IgG2 nebo
IgG4 podtitida imunoglobulinti. Je tvofena zejména v odpovédi na solubilni proteinové antigeny
a membranové proteiny. Ackoli lidsky imunitni systém dokéze teoreticky vytvaret biliony
ruznych protilatek diky procesim rekombinace a SHM, ukézalo se, Ze kazdy ¢lovek disponuje
pouze jednoduchym, i kdyz jedineénym repertodrem IgG1l protilatek [103]. Proteomicky
vyzkum Bondta et al. ukazal, Ze skoro dv¢ tfetiny vSech detekovanych cirkulujicich IgGl
protilatek tvofilo tficet nejvice zastoupenych klonti [103]. Tyto klonalni protilatkové profily
byly jedine¢né pro jednotlivé vySetfované osoby. Na jednu stranu byly stabilni po delsi dobu
sledovani, na druhou stranu se bylo jejich spektrum schopné adaptovat na patofyziologické

zmény organismu (napf. sepsi) [103].

IgG2 podtiida imunoglobulinti piedstavuje druhou nejvice zastoupenou podtiidu IgG
imunoglobulinil se sérovou koncentraci pfiblizné 1,5-6,4 g/l. Tato podtifida protilatek nas
chrani proti opouzdienym bakteriim a ma =zasadni vyznam v obranyschopnosti
proti polysacharidovym antigentim (napt. Haemophilus influenzae, Neisseria meningitidis nebo
Streptococcus pneumoniae). Vykazuje také vySsi rezistenci k mikrobidlnim protedzam
v disledku unikatni struktury spodni €asti pantové oblasti [104]. IgG2 vaze jen slabé Clq
sloZzku komplementu, proto IgG2 aktivuje komplementovou kaskadu pres alternativni cestu
aktivace komplementu [105]. Ze vSech tii typt FcyR se IgG2 vaze pouze na FcyRII a FcyRIIL.
IgG2 podtiida imunoglobulinGt vdze Clq sloZzku komplementu jen velmi slabé, takze
predominantné aktivuje komplementovy systém alternativni cestou aktivace komplementu

[106].

IgG3 podtiida imunoglobulint se vyskytuje v sérové koncentraci ptiblizné 0,2-1,1 g/1.
Predstavuje spole¢né s IgG1 podtiidou hlavni protilatky tvotené v odpovédi na proteinové

antigeny. IgG3 podtiida imunoglobulini mé vsSak v porovndni s ostatnimi podtfidami
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imunoglobulini krat$i biologicky polocas, ktery je asi 7 dni [107]. Divodem je to, ze 1gG3
se na rozdil od ostatnich podtiid IgG nevaZze na neonatdlni Fc receptor [107]. IgG3 podtiida
imunoglobulinli spolecné s IgG1 podtiidou spousti své efektorové funkce vazbou na Fcy
receptory a aktivaci komplementového systému. Dle pokusii in vitro se zda, ze se 1gG3 vaze
s vy$s$i aviditou na lidské alveolarni makrofdgy, coz by mohlo ukazovat na vyznam
specifickych IgG3 protilatek v protilatkami zprostiedkované fagocytdze [108]. IgG3 podtiida
imunoglobulinli podobné jako IgG1 vznika pii virovych infekcich s tim, ze I1gG3 protilatky
se vytvaii jako prvni [109]. Zajimavosti je fakt, Ze IgG3 ma nejdelsi pantovou oblast ze vSech
podttid IgG, ktera je tvofena asi 62 aminokyselinami, coz je asi ctyfnasobek poctu aminokyselin
tvoticich pantovou oblast IgG1 [110]. Fab fragmenty jsou od Fc fragment IgG3 podtiidy
imunoglobulinti relativné vzdélené, coz této molekule dava vétsi miru flexibility. Ze stejného
diivodu ma tato podtiida v porovnani s ostatnimi podtiidami IgG nejvy$si molekularni
hmotnost [100]. Nicméné obecné se da fict, ze [gG3 dominantni odpovéd’ se zda byt vzacna

[100].

IgG4 podtiida imunoglobulinll se vyskytuje v sérové koncentraci cca 0,08-1,40 g/l.
IgG4 podtiida imunoglobulinil tvoii nejméné zastoupenou podtiidu ze vSech IgG podtiid. Jedna
se o zvlastni typ protilatek, které se svymi charakteristickymi vlastnostmi a funkcemi zcela
vymykaji klasické predstavé o fungovani protilatek ve smyslu prozanétlivého pulsobeni
arozvoje imunitni odpovédi. Diky strukturdlnim rozdilim Fc oblasti se u nich nemohou
uplatnovat klasické Fc-dependentni efektorové mechanismy, proto jeji efektorové funkce zavisi
pfedevsim na Fc-independentnich mechanismech. Mezi né patii naptiklad ovlivnéni interakce
mezi dvéma proteiny, coz vede ke stimulaci nebo blokédé funkce receptorii nebo enzymd,
blokadé prenosu signalii nebo znemoznéni mezibunécné adheze [111]. Vzhledem k vyrazné
flexibilité jejich pantové oblasti dokazi vytvaret disulfidické mistky mezi dvéma tézkymi
fetézci, ale také v rdmci jednoho svého tézkého tetézce [112]. Jejich unikatni vlastnosti je také
schopnost vymény Fab ramének (FAE; z anglického Fab arm exchange) a Fc-Fc interakce. FAE
umoziuje kombinaci poloviny jedné protilatky (jednoho téZkého a lehkého fetézce) a poloviny
druhé protilatky za vzniku bispecifické monovalentni protilatky, kterda dokaze premostit dva
antigeny [113]. Diky schopnosti Fc-Fc interakce se IgG4 protilatka dokaZe vazat na protilatky
vSech ostatnich IgG podtiid, ale ne ostatnich izotypli imunoglobulinli. Tento proces
pravdépodobné slouzi k odstrafiovani ostatnich podtiid IgG s porusenou strukturou [114].

Biologické funkce této zvlastni imunoglobulinové podtiidy nejsou v soucasnosti sice zcela
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objasnény, ale predpoklada se jejich uplatnéni zejména v regulaci imunitni odpovédi. Tyto

protilatky jsou tvofeny v disledku dlouhodobé nebo silné antigenni stimulace [115].

S tvorbou IgG4 podtridy imunoglobulinii souvisi také pomérné nedavno popsand
skupina onemocneni, které se oznacuji jako IgG4-asociovana onemocnéni (IgG4-RD). Cilem
dalsi nasi prace bylo upozornit na problematiku toho vzacného onemocnéni zejména klinické
onkology, kteri se mohou s timto onemocnenim v ramci diferencialni diagnostiky nadorového
postizeni setkat. Skupina IgG4-RD predstavuje imunitné podminéné patologické stavy, jejichz
podstatou je tvorba fibroznich a sklerotizujicich loZisek v riiznych organech lidského téla,
coz vede k progredujicimu postizeni jejich funkce. Mezi nejcastéji postizené organy patri
pankreas a velké slinné zlazy, ale také orbity, slzné Zlazy, biliarni cesty, plice, ledviny,
retroperitoneum, aorta, meningy nebo Stitna zlaza. Zakladnim diagnostickym kritériem je
typicky histologicky obraz, kam patii zejména lehka az stredni infiltrace eozinofily, storiformni
fibréza, obliterativni flebitida a infiltraty velkého mnoZstvi IgG4" plazmatickych bunék.
K diagnoze miize prispét i vysetieni sérové koncentrace IgG4 imunoglobulinii, ktera by se méla
dle diagnostickych kritérii pohybovat nad 1,35 g/l. Nicméné cast pacientii s IgG4-RD ma
sérovou koncentraci IgG4 v normé. Navic elevace koncentrace 1gG4 podtridy imunoglobulinu
se miize vyskytovat také u jinych patologickych stavi, které jsou charakterizované pritomnosti
chronické zanétlivé aktivity (néktera respiracni onemocnéni, onemocnéni zazivaciho traktu,
autoimunitni a nddorova onemocnéni a dalSi patologické stavy). Jedno ze zdkladnich
diagnostickych uskali této skupiny onemocnéni predstavuje fakt, Ze tyto stavy na zobrazovacich
metodach velmi presvédcivé imituji pokrocila nadorova onemocnéni, coz casto vede
ke zbytecnému odstranéni organii nebo jejich casti v ramci chirurgického reseni suspektniho
nadorového bujeni ve spojeni s histologickym odberem. Mezi vyskytem [gG4-asociovanych
onemocneni a nadorovych onemocnéni panuje pravdépodobné urcita souvislost, nicméné
do dnesni doby neni zcela jasné, zda se u pacientii s [gG4-asociovanym onemocnénim vyskytuje
vy$si frekvence ndadorovych onemocnéni nebo u pacientii s nadorovymi onemocnénimi vyssi
frekvence IgG4-asociovanych onemocnéni. Nicméné je jisté, zZe soubeéh obou onemocnéni byva

pomerné casty.
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ANNEX V

CHOVANCOVA, Z.*(corresponding author)*, P. FILIPENSKY, S. ROTNAGLOVA, I
STANICZKOVA ZAMBO, T. SHATOKHINA, K. NOVOSADOVA a J. LITZMAN. IgG4
immunoglobulin subclass and related pathological conditions or how to effectively imitate
cancer disease. Klinicka Onkologie [online]. 2022, 35(1), 20-31. Dostupné
z: d0i:10.48095/cck0202220

Document type: Article

Jak jiz bylo nastinéno dfive, tak proces tvorby protilatek v celé své komplexité
piedstavuje velmi slozity proces rtiznych na sebe navazujicich reakci, které jsou ovliviiovany
bunikami vrozené i adaptivni imunity, cytokinovym prostiedim a lokalizaci rozvoje samotné
imunitni odpovédi. Kromé¢ toho nemusi byt porucha tvorby protilatek jako takova jedinou
imunitniho  systému. Prototypem heterogenntho onemocnéni imunitniho systému,
u které¢ho se snoubi sniZeni koncentrace nékterych celkovych imunoglobulinii doprovazené
porusenou protildtkovou odpovédi po antigenni stimulaci spole¢né s celou fadou dalSich
patologickych stavii odpovidajicich dysregulaci funkce imunitniho systému, je béZné variabilni

imunodeficience (CVID).
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7 Bézna variabilni imunodeficience

Bézna variabilni imunodeficience (CVID) piedstavuje nejcastéjsi symptomatickou
vrozenou poruchu tvorby protilatek s incidenci asi 1:25 000 obyvatel [116]. Poprvé bylo toto
onemocnéni popsano v roce 1954 u 39-leté dospé€lé zeny, pticemz do té doby bylo pozorovano
snizeni koncentrace imunoglobulinti pouze u chlapct, ktefi vSak trpéli pravdépodobné pozdé;ji
popsanou X-vazanou Brutonovou agamaglobulinémii [117]. Oznaceni tohoto onemocnéni
(z anglického ,,common variable immunodeficiency*) bylo poprvé pouzito az v roce 1971
komisi Svétové zdravotnické organizace (WHO), aby doSlo k oddéleni této skupiny
onemocnéni od ostatnich v té dob¢ jiz vice klinicky popsanych onemocnéni imunitniho systému
a téch z mendelianskou dédic¢nosti [118]. Do Cestiny byl nazev tohoto onemocnéni pielozen
ne zcela Stastné jako ,,béznd variabilni imunodeficience. To totiz vyvolavd mylny dojem,
ze se jedna o bézné, a tudiz ¢asté onemocnéni. Piiléhavéjsim oznacenim tohoto onemocnéni by

bylo napfiklad ,,obecna variabilni imunodeficience®, nicméné ptivodni oznaceni se jiz vZilo.

7.1 Obecna charakteristika diagnézy CVID

Toto onemocnéni se manifestuje heterogennimi klinickymi ptiznaky, kterym dominuji
zejména t€zké a opakované infekce, pricemz u nékterych pacientt se k tomu pridava cela fada
dalsich komplikaci vychazejicich z dysregulace funkce imunitniho systému, jako je zvySeny
vyskyt autoimunitnich, autoinflamatornich a nadorovych stavii. Ptiblizné dvé tietiny pacientt
s timto onemocnénim jsou diagnostikovany v dospélosti s maximem klinické manifestace
v obdobi druhé a tfeti dekady Zivota, zbyla tietina pak v détském nebo adolescentnim véku
[119]. Za poslednich né&kolik desetileti byla publikovana celd fada odbornych praci,
které se zabyvaji patogenezi tohoto onemocnéni. S postupujicim poznénim se doslo k zavéru,
ze diagnoza CVID je tvofena skupinou onemocnéni s podobnym klinickym a laboratornim
fenotypem, ze které se postupem cCasu oddéluji samostatné diagndzy charakterizované noveé
zjisténymi genetickymi defekty, které vedou k rozvoji fenotypu CVID. Nedavné studie také

upozornily na dalezity vliv epigenetickych modifikaci v rozvoji tohoto onemocnéni.

V roce 2016 bylo odhadovano, ze monogenni pfic¢ina fenotypu CVID byla odhalena
u asi 2—10 % piipadd tohoto onemocnéni [120], zatimco v letoSnim roce se jiz dle literatury
jednéd o 20—50 % pacientil s monogenni pfi¢inou rozvoje fenotypu CVID [121]. Monogenni

genetické poruchy byly nalezeny na tfech bunécnych urovnich, a to na povrchu bungk,
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v cytoplazmé a jadie [116]. Mezi geny, jejichz poruchy byly asociovany s CVID fenotypem,
patii ICOS, TNFRSF13B (TACI), TNFRSF13C (BAFF-R), TNFSF12 (TWEAK), CD19, CDS1,
CR2 (CD21), MS4A41 (CD20), TNFRSF7 (CD27), IL21, IL2IR, LRBA, CTLA4, PRKCD,
PLCy2, NFKBI, NFKB2, PIK3CD GOF (APDS1), PIK3RI LOF (APDS2), Vavli, Rac2, BLK,
IKZF1 (IKAROS), IRF2BP2, PTEN, TNFSF13 (APRIL), TRNTI, ATP6API1, ARHGEF1I,
SH3KBPI (CIN8S), SEC61A1, MOGS a CTNNBLI1, FCyRIla, PKCo, IP3, LCK, ZAP70, ERK,
CARMAI/CARDI1, Bobl, STATI, NEILI1, CD70, TTC37 [116, 120, 121].

Genetické mutace vedouci k rozvoji klinického a laboratorniho CVID fenotypu
u zbylych pacientli zatim zlistavaji neobjasnény. U téchto pacientti je proto diagnostika tohoto
onemocnéni v soucasné dob¢ zalozena zejména na splnéni diagnostickych kritérii, ktera byla
postupem casu jiz n¢kolikrat modifikovana. Mezi dnes nejpouzivanéjsi diagnosticka kritéria
patii ICON diagnostickd kritéria z roku 2016 a nejnovéjsi ESID diagnosticka kritéria z roku
2019 [122, 123]. Ackoli se jednotliva diagnosticka kritéria od sebe svymi parametry vice ¢i
méné odliSuji, zdkladem vSech dosud publikovanych diagnostickych kritérii je vzdy v prvni
fad¢ vylouceni sekundarnich pfi¢in rozvoje hypogamaglobulinémie [124, 125] a pfitomnost

porusené protilatkové odpovédi po antigenni stimulaci.

7.2 Zakladni klinicka manifestace pacienti s CVID

Pacienti s diagnozou CVID trpi klinickymi pfiznaky zplisobenymi na jedné strané
infek¢nimi komplikacemi v disledku poruchy tvorby protilatek, a na stran¢ druhé rtznou
Cetnosti a zavaznosti dalSich rozmanitych neinfekénich klinickych ptiznakd vychézejicich
z dysregulace funkce imunitniho systému, kam patfi zejména autoimunitni, lymfoproliferativni

a nadorova onemocnéni [126].

Infekéni komplikace patfi mezi zékladni klinické manifestace u pacienti s CVID
a postihuji zejména respiracni a gastrointestindlni trakt [127]. VéEtSina pacientl s diagnézou
CVID trpi zejména na opakované a zavazné infekce dychacich cest (otitidy, sinusitidy
a pneumonie) zpusobené pievazné opouzdienymi patogeny (Streptococcus pneumoniae,
Haemophilus influenzae a Neisseria meningitidis), ale také dalS§imi bakteriemi (naptiklad
Moraxella catarrhalis nebo Staphylococcus sp.). V rozvoji infekénich komplikaci se u pacientt
s CVID uplatiiuji také viry a dalsi patogeny (naptiklad Rhinovirus, virus Herpes zoster nebo
Mycoplasma species). Gastrointestindlni infekce se manifestuji nejcastéji ve form¢é akutnich

nebo chronickych prijmi. Nejcastéj$§im patogenem je Giardia lamblia, ale také Campylobacter
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Jjejuni nebo Salmonella species. Zajimavosti je také fakt, ze se u pacientli s CVID nevyskytuje

vys$i prevalence infekce zpiisobené Helicobacter pylori v porovnéani s béZznou populaci [116].

Az 90 % pacientii s CVID je postizeno plicnimi komplikacemi tohoto onemocnéni,
mezi které patii nasledky prodélanych infekci, dalsi imunitné mediované komplikace nebo
nadorové procesy [128]. Mezi nejcastéjsi postizeni plic u pacientit s CVID patii rozvoj
bronchiektazii a intersticidlniho plicniho postizeni. Bronchiektazie, vyskytujici se az u poloviny
pacientti s CVID, piedstavuji patologickou ireverzibilni dilataci bronchti a bronchioli, ktera
se rozviji v disledku zanétlivé destrukce jejich stény [129]. V misté bronchiektazii dochazi
k opakovanym infekcim a zanétlivym reakcim, které dale poSkozuji nejen prudusky, ale i okolni
plicni tkan [130]. Asi 8—20 % pacienti s CVID trpi na granulomatdzné-lymfocytarni
intersticialni plicni nemoc (GLILD) [131]. Jednd se o klinicky-radiologicky-patologicky
definované intersticidlni plicni postizeni, u kterého se nachézi kombinace piitomnosti plicnich
granulomil a lymfoproliferace, kam patii lymfocytarni intersticidlni pneumonie, folikularni
bronchiolitida a lymfoidni hyperplazie [132]. GLILD je casto doprovazena dalSimi
extrapulmonalnimi pfiznaky patficimi do skupiny dysregulace funkce imunitniho systému,

jako je splenomegalie, autoimunitni cytopenie a zvysené riziko rozvoje lymfomi [131].

U vice nez ¢tvrtiny pacientii s CVID se vyskytuji riizné autoimunitni komplikace [133],
které jsou vice nez sedmkrat Castéjsi nez v bézné populaci [119]. Tato onemocnéni mohou byt
také prvnim manifestnim pfiznakem imunodeficience pacienti s diagnézou CVID.
Mezi nejcastéjSi autoimunitni komplikace patfi autoimunitni cytopenie (imunitni
trombocytopenickd purpura nebo hemolyticka anémie), ale dale se u nich vyskytuje
revmatoidni artritida, uveitida, alopecie, autoimunitni postizeni §titné zlazy, systémovy lupus
erythematodes (SLE), vaskulitidy, antifosfolipidovy syndrom, psoriaza, roztrousena skler6za,
lichen planus, vitiligo, diabetes mellitus I. typu, perniciézni anémie, myasthenia gravis nebo

autoimunitni pankreatitida) [134].

Mezi dalsi klinické komplikace pacientti s CVID patii lymfoproliferativni onemocnéni,
ktera se vyskytuji ptiblizné u pétiny pacientd. Mezi né se fadi lymfadenopatie, lymfoidni
hyperplazie nebo lymfocyticky zanét, lymfocytdoza a gamapatie, ale také lymfomy [135].
U pacientli se CVID se vyskytuji Castéji také dal§i nadorova onemocnéni, pfi¢emZ mezi
nejcastéj$i z nich patii nddorova onemocnéni zaludku a nadory kiize vyjma melanomu [136].
Ukazalo se, Ze se nadorova onemocnéni Castéji vyskytovala u pacientl s klinickymi ptiznaky
odpovidajicimi imunitni dysregulaci (pfitomnost artritidy, atrofické gastritidy nebo

intersticialniho plicniho postizeni), na druhou stranu vyzkum tykajici se vyskytu genetické
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predispozice k nadorovym onemocnénim nepfinesl u této skupiny pacientll slibné vysledky

[136].

Postizeni gastrointestindlniho traktu se u pacientli s CVID manifestuje zejména jako
atrofickd gastritida, pernicidzni anémie, chronicka enteropatie a kolitida, kterd pfipomina
nalezy u zanétlivych stievnich onemocnénich. VétSina pacienti s CVID trpi na chronické
prijmy, které u vice nez poloviny z nich mohou vést az k malabsorpci [137]. Mezi nejcastéjsi
histopatologické nalezy patii vilozni atrofie a ptitomnost zdnétlivych lymfocytarnich infiltrata
[138]. Postizeni gastrointestinalniho traktu ¢asto imituje celiakii, ale bezlepkova dieta v tomto
mechanismus vedouci k rozvoji CVID enteropatie a tim padem nemoznost efektivni 1éCby této

skupiny komplikaci zvySuje morbiditu a mortalitu téchto pacienti.

Vyzkum na poli patogeneze této diagnozy stale intenzivné probiha a zamétuje se kromée
detekce novych kandidatnich genli také na zmény vrozené i adaptivni imunity, které by

dokazaly vysvétlit patogenezi rozvoje klinického fenotypu CVID u vétSiny téchto pacientt.

7.3 Vybrané laboratorni patologické nalezy u pacientii s CVID

Jelikoz piivodné bylo na diagnézu CVID nahliZeno jako na imunodeficienci ve smyslu
snizené tvorby protilatek, ivodni vyzkum na tomto poli byl vénovan zejména zakladnim
parametrim adaptivniho imunitniho systému. Do dne$ni doby byly popsany nejriiznéjsi
patologické zmény poctu a funkce B-lymfocytarnich nebo T-lymfocytarnich subpopulaci
u téchto pacientl. V soucasnosti popsan¢ genetické defekty u pacientti s CVID fenotypem jsou
spjaty s procesy maturace, aktivace a prezivani B lymfocytli. Mutace v genech kodujicich
receptory a aktivacni nebo kostimulacni molekuly ovliviiuji také funkci T lymfocytl a jsou
spojeny s ruznou tizi klinické manifestace zakladniho onemocnéni. Nicméné u piiblizné
poloviny pacienti s CVID zlstava pticina jejich klinického fenotypu neodhalena. Proto
vyzkum poctu a funkce jejich lymfocytarnich subpopulaci mize ptispét k odhaleni spole¢nych
zakonitosti a tim nasmérovani k moznému odhaleni pfic¢iny tohoto stavu. Zajimavosti zistava
fakt, ze ackoli se jedna o jednu z klinicky nejvyznamnéjSich poruch tvorby protilatek
v dospélém veku, tak u vétSiny pacientd s CVID fenotypem nachazime normalni pocty
B lymfocytt v periferni krvi. Méné pozornosti bylo doneddvna vénovano moznym defektim
vrozené imunitni odpovédi, které by vSak mohly pomoci vysvétlit heterogenitu klinického

fenotypu pacientii s CVID.
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Obecné nejvyznamnéjSim limitujicim faktorem témét vSech studii zabyvajicich
se sledovani zmén parametri imunitniho systému u pacienti s CVID je €asto pomérné maly
pocet pacientll, ktefi jsou navic v rdmci své zdkladni diagnézy zna¢né heterogenni, zejména
co se tyCe fenotypu. To mulze byt také divodem casto protichidnych vysledkti vyzkumu
nékterych imunologickych parametrti u téchto pacientd. V nasich studiich jsme se zabyvali
nekterymi aspekty vrozené 1 adaptivni imunity pacientii s CVID ve snaze o zlepSeni diagnostiky

nebo prispéni k odhaleni nékterych aspektli patogeneze tohoto onemocnéni.

7.3.1 Utastni se komplementovy systém patogeneze CVID?

Jednu ze zakladnich humoralnich slozek vrozeného imunitniho systému predstavuje
komplementovy systém, piicemz jeho vliv na patogenezi CVID neni jeste zcela objasnén. Jedna
se 0 vysoce zakonzervovanou c¢ast vrozené¢ho imunitniho systému, kterd se sklada z asi 40
plazmatickych proteini a povrchové vazanych regulacnich proteinti. I kdyz komplementovy
systém patii mezi mechanismy vrozené¢ho imunitniho systému, hraje zasadni roli takeé
v imunitni odpovédi mediované mechanismy adaptivni imunity. Aktivace kaskady
komplementovych proteinii mize byt délena do tii zdkladnich fazi. Nejprve dochazi k vazbé
molekul na mikrobidlni povrchy, coz vede k nastartovani aktivace komplementového systému.
Nasledné se vytvari C3 a C5 konvertazy, které spousti st€peni C3 a C5 slozky komplementu
na konkrétni $tépné produkty. Vyslednym krokem je tvorba membranu atakujiciho komplexu
(MAC), coz vede k finalnimu vytvoreni poru v membrané cilové bunky, a tim k jeji osmotické
lyze. Komplementovy systém mitize byt aktivovan tfemi zakladnimi cestami, mezi které patii
klasicka, alternativni a lektinova cesta aktivace komplementu. Klasicka cesta je spousténa
vazbou Clq slozky komplementu na imunokomplex. Pfi alternativni cesté dochazi
k samovolnému Stépeni slozky C3. Lektinova cesta aktivace komplementu je spousténa

pfes mandzu vazajici lektin (MBL) [140].

MBL ptedstavuje cirkulujici extracelularni protein, ktery je produkovan jaternimi
buitkami [141]. Nachdzi se vSak také v misté probihajiciho zanétlivého procesu a podili se
na odstraiiovani Sirokého mnozstvi patogennich mikroorganismt [141]. Po vazbé na MBL-
receptor aktivuje komplementovy systém, zprostiedkovava opsonizaci a nasledné fagocytozu.
Umoziuje také uvolnéni prozanétlivych cytokinii z monocytl, ucastni se odklizeni
apoptotickych bun¢k, ovliviiuje produkei reaktivnich metabolitii kysliku neutrofily, ale vaze se
také na nadorové bunky, které zabiji mechanismem MBL-dependentni bunécné¢ mediované
cytotoxicity [141]. Bylo prokdzano, ze genetické polymorfismy v genu MBL?2 vedou ke snizeni
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sérové koncentrace MBL. Zatimco deficit slozek klasické nebo alternativni drahy aktivace
komplementu je vzéacny, deficit MBL charakterizovany sérovou koncentraci MBL <0,5 pg/ml
je v normalni populaci naopak pomérné Casty. Postihuje primérné 5-30 % svétové populace
[142], pticemZ jeho vyskyt je popisovan u piiblizné 5—15 % kavkazské populace [143], 25 %
euroasijské populace [144] a 50—60 % obyvatel subsaharské oblasti [145].

I kdyz vétsina pacientd s deficitem MBL byva asymptomaticka, nékteré pacienty tento
deficit predisponuje k vyssi frekvenci respiracnich infekci nebo miize byt spojen s rozvojem
zédvaznych infekénich komplikaci, a to zejména u pacientl s dalSimi porusenymi slozkami
vrozené imunitni odpovédi. Plicni tkan sama o sobé MBL netvoii. Tato molekula se do plicni
tkan¢ dostava ziejmé pirechodem z krevniho fecisté pfi probihajicim zanétu. Tento protein byl
totiz detekovan v bronchoalveolarni lavazi u pacientli s pneumonii, ale ne u pacientt bez plicni
infekce [146]. Jeho nedostatecnd ptitomnost v plicich mize byt spojena s prokazanou vyssi
nachylnosti k respiraénim infekcim u nékterych pacienti s MBL deficitem. Ukézalo se,
ze snizeni sérové koncentrace MBL predisponuje détskou populaci k opakovanym respiraénim
infekcim [147, 148]. Studie Holdawayov¢ et al. popsala podobny trend také v dospélé populaci
[149], avSak Dahl et al. tuto asociaci ve své studii nepotvrdili [ 150]. Bylo prokazano, ze MBL
hraje roli v imunitni obranyschopnosti proti infekci zplsobené opouzdienymi bakteriemi
(naptiklad Streptococcus pneumoniae, ale také Staphylococcus aureus nebo Neisseria
meningitidis), protoze se vaze na jejich povrch a usnadiuje fagocytéozu a usmrceni téchto
bakterii neutrofily nebo makrofagy [151-153]. MBL deficience zvysuje riziko umrti pacientt
se zavaznou pneumokokovou infekei [144]. Nicméné je tfeba mit na paméti, Ze lektinova cesta
aktivace komplementu se podili na komplement-dependentni obrané proti Streptococcus
pneumoniae v porovnani s klasickou cestou aktivace komplementu jen vyznamné mensi mérou
[154]. Deficit MBL miize mit také negativni vliv na pribéh nékterych dalSich respiracnich
onemocnéni, jako je napfiklad primarni ciliarni dyskineze [155], cysticka fibroza [156] nebo
chronickd obstrukéni plicni nemoc [157]. Rozporuplna data se tykaji vlivu této molekuly
na rozvoj a tizi bronchiektazii [158-160] nebo nachylnost k infekci zptisobenou ptivodcem
Mycobacterium tuberculosis [161-166]. Obecné vSak nebylo prokazano, Ze by deficit MBL

zvySoval mortalitu svych nositeli [150].

Ne zcela jednoznacna data ohledné vyznamu deficitu MBL u jinak imunokompetentni
populace nas privedla na myslenku klinického vyzkumu této patologie u pacientii s CVID. Proto
Jjsme se zamerili na to, zda se snizena tvorba MBL miize podilet na tizi klinickych priznakii u

pacientit s CVID. Provedli jsme analyzu polymorfismu MBL2 genu u celkem 94 pacienti
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s CVID, pFicemz 54 z nich pochdzelo z Ustavu klinické imunologie a alergologie FN u sv. Anny
vBrné a LF MU a zbylych 40 pacientu z Oddéleni revmatologie a klinické imunologie
z Freiburgu. Dale bylo vysSetieno celkem 359 kontrolnich osob ceské narodnosti, aby mohla byt
urcena frekvence MBL2 genotypu v geograficky odpovidajici kontrolni populaci. U celkem
66 pacientii s CVID bylo k dispozici CT vysetieni plic k urceni pritomnosti bronchiektdzii
a u 90 pacientu také funkcni spirometrické vysetieni. Dle genetického vysetreni bylo zjisteno,
Ze celkem 58 pacientii s CVID vykazovalo genotyp asociovany s normalni sérovou koncentracit
MBL, 19 pacientii s CVID mélo genotyp asociovany s nizkymi hladinami MBL a u 17 pacienti
byl geneticky prokazan deficit MBL. Frekvence vyse popsanych genetickych anomalii tykajici
se genu kodujictho MBL byla stejna u pacientii s CVID i vysetiené kontrolni populace.
U pacientu s genotypem, ktery je predisponoval ke snizené tvorbé MBL, byla zjisténa zvysend
frekvence bronchiektazii, plicni fibrozy a respiracni insuficience. Nicméné na celou radu
klinickych a laboratornich ndlezii u pacientii s CVID nemél genotyp spojeny se snizenou
tvorbou MBL statisticky vyznamny viiv. Jednalo se o vék pri rozvoji klinickych priznakii, vek
vdobé diagnozy, pocet pneumonii pred stanovenim diagnozy, koncentraci imunoglobulinii
ve tride 1gG, IgA nebo IgM pred zapocetim imunoglobulinové substitucni lécby, rozvoj
emfyzému, abnormality v plicnich funkcich, pritomnost prujmii, granulomii, lymfadenopatie,
splenomegalie, frekvenci infekci respiracniho traktu nebo pocet antibiotickych kiir. Nase studie
byla pravdepodobné prvnim publikovanym vyzkumem, ktery prokdazal asociaci MBL deficience
s rozvojem bronchiektazii u pacienti s CVID. Kromé toho se zda byt pravdépodobné,
Ze nedostatecna tvorba MBL by mohla pacienty s CVID predisponovat take k rozvoji plicni
fibrozy a respiracni insuficience. Na druhou stranu se ukdzalo, Ze nedostatecna tvorba MBL

by nemela mit vliv na rozvoj dalsich komplikaci souvisejici s touto diagnozou.

ANNEX VI

LITZMAN, J., T. FREIBERGER, B. GRIMBACHER, B. GATHMANN, U. SALZER, T.
PAVLIK, J. VLCEK, V. POSTRANECKA, Z. TRAVNICKOVA a V. THON. Mannose-
binding lectin gene polymorphic variants predispose to the development of
bronchopulmonary complications but have no influence on other clinical and laboratory
symptoms or signs of common variable immunodeficiency. Clinical and Experimental
Immunology  [online]. 2008, 153(3), 324-330. ISSN 0009-9104. Dostupné
z: doi:10.1111/.1365-2249.2008.03700.x
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7.3.2 Mohly by se také neutrofilni granulocyty ti¢astnit rozvoje CVID?

Neutrofily tvofi zakladni bunéfnou slozku vrozeného imunitniho systému. Jejich
vyznam odrazi také mnozstvi téchto bunck v periferni krvi, kdy tvofi piiblizné¢ 50—70 %
lidskych cirkulujicich leukocytl. Neutrofily vznikaji v kostni dieni a jsou rychle uvoliovany
do periferni cirkulace, odkud jsou schopny se dostat do mista infekce nebo zanétu pomoci
leukocytarni adhezivni kaskady [167]. Tam se podileji na odstranovani patogenti a tvorbé
riznych mediatord, které reguluji vrozenou i adaptivni imunitni odpovéd’ [168]. Neutrofily jsou
obvykle kratce zijici bunky, které v cirkulaci ptezivaji nékolik hodin a po vycestovani do tkani
nekolik dni. Po vykonani svych efektorovych funkci v misté zanétu nakonec hynou apoptézou
a jsou odstranovany makrofagy bez zavislosti na cytokinovém mikroprostredi [ 169]. Odstranéni
navenek neporusSenych neutrofili fagocytdézou je dilezité pro zamezeni uvolnéni jejich
cytotoxického obsahu do extraceluldrniho prostfedi, ke kterému by doslo v ptipadé, Ze by

bunky zahynuly nekrézou. Zkraceni zivotaschopnosti neutrofili diky jejich zvySené apoptoze

vSak muze zplsobit zvySenou nachylnost organismu k zavaznym a opakovanym infekcim.

Na povrchu lidskych neutrofilii se konstitutivné nachazi molekuly CD11b, CD15, CD16
a CD33, a to bez zavislosti na bunétné lokalizaci, stupni aktivace nebo aktualni fazi
onemocnéni [170]. Molekula CD11b patfi do rodiny integrint a nachazi se na povrchu Sirokého
spektra leukocytti (kromé neutrofilti také monocytti, makrofagti, NK bunék a dalsich). Tato
molekula napomaha adhezi neutrofilti na aktivovany endotel a spole¢né s molekulou CD18
umoziuje vycestovani leukocyti do tkani diapedézou [171]. Molekula CDI15 (Lewis x)
se vyskytuje na lidskych myeloidnich bunkach a zprostfedkovava adhezi neutrofili
k dendritickym buiikkdm. Mechanismus exprese této molekuly zlstavd neobjasnén [172].
Molekula CD16 (v ptipad¢ neutrofili FcyRIIIb) ptedstavuje Fc receptor pro IgG, ktery
se uCastni degranulace neutrofili. Molekula CD33 patfi mezi sialoadheziny, vykazuje
lektinovou aktivitu a zprostfedkovava mezibunééné interakce vazbou na rezidua kyseliny

sialové riznych glykoproteint ¢i glykolipida.

Neutrofily disponuji celou fadou efektorovych mechanismi, mezi které¢ se fadi
fagocytdza, produkce reaktivnich metabolith kysliku, protedz a tvorba neutrofilnich
extracelularnich siti (NETs) [168]. Ve své cytoplazm¢ obsahuji mnoZstvi intracelularnich
granuli a vezikul, které se dostdvaji na bunécny povrch neutrofilii postupnou exocytézou
po jeho stimulaci prozanétlivymi cytokiny. Mezi zakladni granula neutrofili patii azurofilni
(primarni), specifickd (sekundarni), zelatindzovéa (terciarni) a sekre¢ni granula [173].

Po aktivaci neutrofili dochdzi nejprve k exocytdéze a uvolnéni obsahu ze sekrec¢nich granuli,
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nasledné pak zelatinazovych a specifickych granuli. Azurofilni granula se podili na tvorbé
fagolysozomu uvnitt neutrofili [174]. Obsahuji antibakteridlni proteiny (myeloperoxidazu,
azurocidin nebo heparin vazajici protein) a protedzy, které degraduji proteiny extracelularni
matrix. Protedzy se dale podileji na aktivaci a inaktivaci bunécnych receptori a ucastni
se procest nitrobunécného rozkladu vedoucich mimo jiné k odstranéni patogenti (neutrofilni
elastdza, katepsin G a proteinaza-3). Specifickd granula obsahuji antibakteridlni proteiny
(laktoferin, neutrofilni s Zelatindzou asociovany lipokalin, katelicidin a lysozym) a proteazy
(kolagenazu a dalsi). Zelatindzova granula obsahuji antibakteridlni proteiny (lysozym)
a proteazy (Zelatindzu a leukolysin). Sekreéni granula neobsahuji velké mnozstvi
antibakteridlnich proteinti nebo proteaz, ale nachazi se zde antimikrobialni protein azurocidin
[175], ktery se uvolnuje z neutrofilti v ¢asné 1 pozdni fazi jejich aktivace [176]. Kromé toho
obsahuji komplementové receptory a receptory, které jsou dilezité pro migraci neutrofild.
Jedna se o chemotakticky receptor pro N-formylmethionyl-leucin-fenylalanin (fMLP), CD14
receptor pro bakterialni lipopolysacharid (LPS) a nejméné cCtyfi komplementové receptory
(C1gR, CR1, CR3 a CR4), které se spolu s nimi dostavaji také na povrch neutrofila pfi jeho
degranulaci. Paty komplementovy receptor C5aR se vyskytuje na povrchu neutrofilii

konstitutivné.

Cilem dalsi studie bylo ukazat, zda pacienti s CVID vykazuji zvysené systéemové hladiny
markeri aktivace granulocytii a zda jsou tyto hladiny dale ovlivnitelné pomoci intravenozni
imunoglobulinové substitucni lecby (IVIG). Vysetrovanou skupinu tvorilo celkem 46 pacientu
s CVID a kontrolni skupinu pak 44 zdravych osob. U pacientii s CVID i kontrolnich osob byly
zmereny pocty neutrofilii. Pomoci metody ELISA byly u obou vysetfovanych skupin mimo akutni
infekci zmereny sérove hladiny elastazy a myeloperoxidazy, jejichz sérova koncentrace patii
mezi aktivacni znamky granulocytii. Navic u 24 pacientii s CVID byly aktivacni markery
zmeéreny pred aplikaci IVIG a dale za 1 hodinu po aplikaci IVIG. Plazmatické hladiny elastdazy
a myeloperoxiddzy byly signifikantné vyssi ve skupiné pacientii s CVID v porovnani s kontrolni
skupinou. Sérové hladiny elastazy se navic jesté zvysily u pacientit s CVID po aplikaci IVIG.
Absolutni pocty neutrofilii byly statisticky signifikantné vyssi ve skupinée pacientii s CVID
v porovnani s kontrolnimi osobami. Plazmatické hladiny elastazy a myeloperoxidazy byly
signifikantné vyssi ve skupiné pacientit s CVID v porovnani s plazmatickymi hladinami elastdzy
a myeloperoxidazy skupiny kontrolnich osob. Statisticky signifikantné vyssi hodnoty
plazmatickych koncentraci neutrofilni elastazy a myeloperoxidazy byly pozorovany

u 21 pacientii s CVID a soucasné pritomnou splenomegalii v porovnani s 21 pacienty s CVID
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bez splenomegalie. Zadné rozdily v plazmatické koncentraci elastdzy a myeloperoxiddzy nebyly
patrné u pacientii s CVID a pritomnosti nebo nepritomnosti bronchiektdzii. Pacienti bez dalSich
komplikaci  patricich k diagnoze CVID vykazovali nizsi plazmatické koncentrace
myeloperoxidazy v porovnani s pacienty s CVID s dalsimi komplikacemi patricimi k diagnoze
CVID. Pacienti s CVID a enteropatii méli vyssi hladiny myeloperoxidazy nez pacienti bez této
komplikace. Zadné rozdily v plazmatické koncentraci myeloperoxiddizy nebyly patrné mezi
skupinami pacientii s pritomnosti nebo nepritomnosti dalsich klinickych znaku (lymfocytické
infiltraty, autoimunitni onemocnéni). Zadné rozdily nebyly patrné v jednotlivych skupindch
ohledné sérove koncentrace plazmaticke elastazy. Dale bylo sledovano, jaky ma na plazmaticke
koncentrace elastazy a myeloperoxidazy viiv imunoglobulinova substitucni lécba. Sérové
hladiny elastazy se zvysily u pacientu s CVID po aplikaci imunoglobulinove substitucni léchy.
Nebyl vsak rozdil v tom, zda byla imunoglobulinova substitucni lécba podavand intravenozné
nebo subkutanné. In vitro stimulace plné krve 13 pacientii s CVID pomoci IVIG v terapeuticky
relevantni davce po dobu 2 hodin vedla k signifikantnimu zvysSeni plazmatické koncentrace
elastazy v porovnani s nestimulovanou krvi. Tyto vysledky ukazuji, ze CVID je asociovana
s chronickou granulocytarni aktivaci, ktera je dale potencovana pomoci 1VIG léchy. Zvysena
koncentrace elastazy a myeloperoxidazy se tedy muze podilet na komorbiditach u pacientii

s CVID.

ANNEX VII

LITZMAN, lJiri, Zita CHOVANCOVA, Petr BEJIDAK, Marek LITZMAN, Zdenek HEL a
Marcela VLKOVA. Common variable immunodeficiency patients display elevated plasma
levels of granulocyte activation markers elastase and myeloperoxidase. International
Journal of Immunopathology and Pharmacology [online]. 2019, 33, 205873841984338].
ISSN 0394-6320. Dostupné z: doi:10.1177/2058738419843381
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Pivodné se predpokladalo, Ze populace neutrofilnich granulocyti je v lidském
organismu tvofena homogenni skupinou bunék. Postupem ¢asu se vSak ukdzalo, Ze vykazuje
znac¢nou morfologickou, fenotypovou a funkéni heterogenitu [177]. S postupujicim poznanim
doslo také ke zméné soucasného pohledu na funkci téchto bunck. Dnes je stale jasnéjsi,
ze antimikrobialni aktivita neutrofili spocivajici v odstranovani patogentt v ramci vrozené

imunitni odpovédi neni zdaleka jejich jedinou funkci. Neutrofily jsou totiz schopné vyznamné
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regulovat také adaptivni imunitni odpovéd’ [167]. Populace lidskych neutrofilti je tvotfena
pfinejmensim dvéma zakladnimi odlisnymi bunéénymi fenotypy, a to tzv. neutrofily s vysokou
denzitou (z anglického ,high density neutrophils®; HDNs) a neutrofily s nizkou denzitou
(z anglického ,,Jow density neutrophils“; LDNs) [177]. HDNs ptedstavuji klasickou populaci
neutrofild, kterd prevazuje u zdravych osob bez chronickych onemocnéni. LDNs byly poprvé
izolovany popsany v roce 1986 jako buiiky, které byly identifikovany v lymfocytarnim prstenci
mezi mononuklearnimi bunikami po gradientové centrifugaci periferni krve ziskané od pacienti
se systémovym autoimunitnim onemocnénim [178]. Nasledné se ukéazalo, Ze se tyto bunky
vyskytuji také u pacientli s riznymi vétSinou chronickymi onemocnénimi. Skupinu LDNSs tvoii
fada odlisSnych neutrofilti (s prozanétlivymi nebo protizanétlivymi vlastnostmi, nezralymi
1 vyzralymi formami), které se vyskytuji za riznych patologickych stavli [179]. Oba tyto typy
neutrofilnich subpopulaci se statisticky vyznamné nelisi v délce piezivani nebo ve schopnosti
fagocytdzy, ale sniZzena denzita neutrofilti koreluje se jejich zvySenou odpovidavosti na fMLP,

zamezenim Sifeni bakterii a zvySenou kapacitou snizovat T-lymfocytarni proliferaci [179].

Vzhledem k vyse uvedenym faktum jsme se v nasledujici studii zamérili na to, zda
fenotyp neutrofilii pacientii s CVID miize ovliviiovat aktivitu jejich T lymfocytii. Fenotypova
a funkcni charakteristika plazmatickych markerii a populaci neutrofilii byla provedena u 46
pacientit s CVID a 44 kontrolnich osob. Vsichni pacienti s CVID byli léceni bud’ intravenozni
(25 pacientii) nebo subkutanni (21 pacientit) imunoglobulinovou substitucni lécbou. Pacienti
s CVID meli zvyseny absolutni pocet neutrofilu a snizeny absolutni pocet lymfocytit v porovnani
s kontrolnimi osobami. Pacienti s diagnozou CVID vykazovali statisticky signifikantné
zvySenou plazmatickou hladinu lipokalinu asociovaného s Zelatinazou neutrofilit (NGAL), ktery
je markerem aktivace a degranulace neutrofilii. K vylouceni vlivu zvyseného absolutniho poctu
neutrofilti u pacientii s CVID na zvySenou plazmatickou koncentraci NGAL v porovnani
s kontrolnimi osobami byla proveden prepocet koncentrace NGAL na absolutni pocet
neutrofilii, pricemz statisticka signifikance zvysSeni plazmatické koncentrace NGAL u pacientu
s CVID zustala v porovnani s kontrolnimi osobami zachovdana. Podobnych vysledkii bylo
dosazeno po vylouceni pacientit s hodnotami CRP>10 mg/l, takze za zvySenim plazmatické
koncentrace NGAL u pacientii s CVID nestoji pouze systéemova imunitni aktivace. U pacientu
s CVID jsme ddle prokazali zvysenou expresi povrchového markeru neutrofilii CDI1b
a PD-LI1 a sniZzeni exprese povrchovée markeru CD62L, CDI6 a CDS80 v porovnani
s kontrolnimi osobami, coz odpovidd fenotypu aktivovanych neutrofilii se supresivnimi

viastnostmi. Na druhou stranu exprese znakit CD11a, CD87, HLA-DR, CD10, CXCR4 a CD54
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se mezi obéma sledovanymi skupinami statisticky vyznamné nelisila. Fenotypova analyza T
lymfocytii pacientii s CVID ukdzala zvySenou expresi PD-1 na CD4" i CD8" T lymfocytech
v porovnani s kontrolnimi osobami, nicméné nebyla prokdzana statisticky vyznamna korelace
mezi expresi znaku PD-LI1 na neutrofilech a PD-1 na T lymfocytech u pacientit s CVID. Drive
bylo prokdzano, ze CD11b"CDI16"CD62LY™ neutrofily vykazuji imunosupresivni vlastnosti.
Proto jsme nasledné zkoumali schopnost neutrofilit pacientit s CVID suprimovat T-bunécnou
aktivitu in vitro. Pokud byly T lymfocyty pacientit s CVID inkubovany spolecné s autolognimi
neutrofily, doslo ke sniZeni exprese aktivacniho znaku CD25 u populace CD4" T lymfocyti.
Neutrofily pacientii s CVID tedy aktivné snizuji T-bunécnou aktivaci a tvorbu IFN-y
prostrednictvim produkce reaktivnich kyslikovych radikalii. Navic byla u pacientu s CVID
prokazana zvySena frekvence neutrofilii s nizkou denzitou a granulocytarnich myeloidnich
supresorovych bunek (LDNs/G-MDSCs). Pocet téchto bunék také koreloval se snizenim
odpovidavosti T lymfocytii. Vnéjsi stimulace plné krve pomoci LPS napodobovala nékteré, ale
ne vSechny fenotypové zmény pozorované na neutrofilech pacientit s CVID a vedla k tvorbé
populace neutrofilii s LDN fenotypem. Tato data ukazuji na to, Ze neutrofily pacientit s CVID
Jjsou aktivované a silné snizuji T-bunécnou aktivitu. Zamereni se na MDSCs by mohlo znamenat

novou potencialni lécebnou strategii u pacientii s CVID.

ANNEX VIII

VLKOVA Marcela, Zita CHOVANCOVA, Jana NECHVATALOVA, Ashley Nicole
CONNELLY, Marcus Darrell DAVIS, Peter SLANINA, Lucie TRAVNICKOVA, Marek
LITZMAN, Tereza GRYMOVA, Premysl SOUCEK, Tomas FREIBERGER, Jiri LITZMAN a
Zdenek HEL. Neutrophil and Granulocytic Myeloid-Derived Suppressor Cell-Mediated T
Cell Suppression Significantly Contributes to Immune Dysregulation in Common
Variable Immunodeficiency Disorders. Journal of Immunology [online]. 2019, 202(1), 93—
104. ISSN 0022-1767. Dostupné z: doi:10.4049/jimmunol.1800102

Document Type: Article; IF = 4,886

7.3.3 Jaka je uroven tvorby protilatek u pacientt s CVID?

Porusena schopnost nebo neschopnost tvorit protilatky po antigenni stimulaci je jednou
z nevyznamngéjSich charakteristik pacienti s CVID. Klinickym pozorovani téchto pacientti bylo
prokazano, ze incidence a rekurence jejich infek¢nich komplikaci nekoreluje s mirou snizeni

sérové koncentrace celkovych IgG imunoglobulini, ale spiSe s mirou zachovani schopnosti
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urcité tvorby specifickych protilatek [133, 180]. Ukézalo se, ze urcita ¢ast pacientii s CVID
je schopna jisté protilatkové tvorby, ktera je vSak vzdy vyznamné snizend oproti b&zné
imunokompetentni populaci. Nicméné po nékolika tydnech az mésicich po odeznéni
antigenniho stimulu dochazi k opétovnému snizeni koncentrace protilatek nékdy az pod hranici
dolniho referen¢niho rozmezi. Druhd ¢ast pacientli nevytvoii po antigenni stimulaci protilatky
prakticky zadné. I ptes celou fadu studii, které se zabyvaji protilatkovou odpovédi u pacientti
s CVID, existuje pouze malo publikovanych praci zabyvajicich se vztahem mezi mirou
protilatkové odpovédi po vakcinaci a zafazenim pacienta dle pouzivanych CVID klasifikacnich

schémat.

V dalsi nasi studii jsme se zamérili na vyzkum tvorby protilatek u pacientii s CVID
po antigenni stimulaci proteinovym i polysacharidovym antigenem primo na B lymfocytarni
urovni, nebot neprimé stanoveni protilatkové tvorby u pacientit s CVID zalécenych substitucni
imunoglobulinovou lécbou ze séra metodou ELISA neni mozné. Koncentrace protilatek v séru
pacientit s CVID je totiz zkreslena jejich pasivnim podavanim pomoci imunoglobulinové
substitucni lécby. V nasi studii jsme vySetrovali jednak produkci protilatek na B-lymfocytarni
urovni pomoci ELISPOT eseje po vakcinaci proteinovym a polysacharidovym antigenem, dale
jsme se soustredili na detekci pritomnosti plazmablastii v periferni krvi po vakcinaci.
Vuvodnich pokusech ohledne dynamiky tvorby protilatek proti tetanickému toxoidu
a pneumokokovym polysacharidium u kontrolnich osob bylo prokdzano, ze presné 7. den
po ockovani je optimalni pro stanoveni produkce tvorby protilatek ve tride IgG, IgA a IgM
metodou ELISPOT na B-lymfocytarni urovni z periferni krve, coz korespondovalo také
s peakem zvySeni poctu plazmablastii v periferni krvi po ockovani meérenym priitokovou
cytometrii. Nasledne byla skupina 37 pacientii s CVID a 80 kontrolnich osob vakcinovina
tetanickym toxoidem (Alteana) a 23-valentni nekonjugovanou polysacharidovou vakcinou
(Pneumo-23). Pred vakcinaci a 7. den po vakcinaci byla zmérena produkce protildatek metodou
ELISPOT po separaci mononukledrnich bunék a byly detekovany zmeny v B-lymfocytarnich
subpopulacich véetne zmen poctu plazmablastii v periferni krvi. U kontrolnich osob jsme 7. den
po vakcinaci prokazali tvorbu spotii v ELISPOT eseji (SFC), coz odpovidalo produkci IgG, IgA
i IgM protilatek proti tetanickému toxoidu i pneumokokovym polysacharidiim. Navic jsme
detekovali statisticky vyznamné zvySeni poctu plazmablastii v periferni krvi 7. den po vakcinaci
metodou priitokové cytometrie, coz odpovidalo cirkulujicim B lymfocytum produkujicim
protilatky. AvSak u pacientit s CVID se nalez lisil. Celkem 30 pacientit s CVID netvorilo zadné
SFC po vakcinaci proteinovym i polysacharidovym antigenem a zbylych 7 pacientii s CVID
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meélo jen slabou odpoved’ v porovnani s kontrolni skupinou. Navic u pacientii s CVID nebylo
detekovano zvysSeni poctu plazmablastii v periferni krvi po vakcinaci metodou priitokové
cytometrie. Vsichni tito, az na jednoho pacienta s meritelnou odpovedi po antigenni stimulaci,
patrili do skupiny II dle Freiburské klasifikace a skupiny smB" dle klasifikace EUROclass.
V techto skupindch jsou zarazeni obecne CVID pacienti s témér normalnim poctem izotypové
presmyknutych pamétovych B-lymfocytu, kteri jsou charakterizovani mirnéjsimi komplikacemi
tohoto onemocnéni v porovnani s ostatnimi skupinami. Nase vysledky prispivaji k potvrzeni
teorie, ze se u pacientii s CVID vyskytuje porucha v terminalni diferenciaci B lymfocyti
do stadia plazmablastit produkujicich protilatky. Navic detekce poctu plazmablastii 7. den
po ockovani miize slouzit jako pomocny diagnosticky marker odpovédi na vakcinaci v ramci
diagnostického procesu pred zavedenim lécby, ale také ke sledovani protildatkové odpovedi

u pacientit na imunoglobulinoveé substitucni lécbe.

ANNEX IX

CHOVANCOVA, Zita, Marcela VLKOVA, Jiri LITZMAN, Jindrich LOKAJ a Vojtech
THON. Antibody forming cells and plasmablasts in peripheral blood in CVID patients
after vaccination. Vaccine [online]. 2011, 29(24), 4142—4150. ISSN 0264-410X. Dostupné
z: doi:10.1016/j.vaccine.2011.03.087

Document Type: Article; IF = 3,766

60



MUDr. Zita Chovancova, Ph.D.
Vybrané klinické a laboratorni aspekty nemalignich poruch tvorby protilatek v dospélém véku

8 Diskuze

VSechny protilatky v lidském organismu se déli do péti zakladnich tiid (IgG, IgA, IgM,
IgD a IgE). Mezi nejvice zastoupené tiidy imunoglobulini v séru patii prvni tfi z nich. Bylo
popsano, ze sérové koncentrace IgG a IgM imunoglobulinti jsou vy$s$i u Zen v porovnani s muzi,
zatimco u téch byva naopak vyssi sérova koncentrace IgA imunoglobulind [181]. Zatimco
sérova koncentrace IgG a IgA protilatek se s vékem zvySuje, sérové koncentrace IgM ztlistavaji
s vékem stabilni [181]. Zbylé dvé tiidy imunoglobulint (IgD a IgE) se vyskytuji v séru v nizké
koncentraci a zejména IgE imunoglobuliny se vyskytuji pfevazné¢ v membranoveé vazané
podobé. Ruzna sérova koncentrace imunoglobulinii tedy odrazi jejich odlisny vyskyt
v organismu, co se tyce jejich pfitomnosti v pfevazne volné nebo membranoveé vazané podobé,
predilek¢énim vyskytu v jednotlivych tkanovych ¢i cirkulaénich kompartmentech organismu
nebo dynamice jejich tvorby v souvislosti s ¢asovym hlediskem setkdni se organismu
s antigenem. To vSe souvisi srozdilnou funkci jednotlivych izotypti imunoglobulinli

v obranych reakcich organismu.

ZvySeni nebo sniZeni koncentrace jednotlivych ti'id a podtiid imunoglobulinit se miiZe
vyskytovat u riiznych jinych vétSinou chronickych patologickych stavii. Prikladem mohou byt
dnes jest¢ ne zcela objasnéné zmény v distribuci IgG podtiid doprovazejicich nékteré
patologické stavy. V posledni dobé se vSak zvySuje pocet studii, které se zabyvaji sledovanim
rozdill v zastoupeni IgG podtiid u nejriznéjsich diagnoz véetné specifickych autoprotilatek
v jednotlivych IgG podtifidach. Napiiklad Engelhartova et al. zkoumali rozlozeni koncentrace
podtiid IgG v populaci a jejich vztah k diagnostikovanym onemocnénim jednotlivych pacienti.
Z 12 323 vySetfenych pacientii zjistili izolovanou elevaci jedné z podtiid IgG u 552 z nich
[182]. Izolovana elevace IgGl byla statisticky signifikantné asociovana s hepatitidou C
a monoklonalni  gamapatii (v€etné monoklondlni gamapatie nejasného vyznamu
a mnohoc¢etného myelomu), statistické vyznamnosti se blizila také asociace elevace IgGl
se SLE. Izolovana elevace 1gG2 byla statisticky signifikantné asociovana s hypothyroidismem
a syndromem drazdivého tra¢niku. Revmatoidni artritida byla asociovana s izolovanou elevaci
IgG1 nebo IgG3. Izolovana elevace IgG4 byla statisticky signifikantné asociovéana s celiakii,
aspirinem exacerbovanym respiracnim onemocnénim (AERD), nazalnimi polypy a eozinofilii.
A potvrdila se také jiz diive publikovana data, ze izolovana elevace IgG4 podtiidy
imunoglobulinil je asociovdna s autoimunitni pankreatitidou, kterd se dnes fadi do skupiny

onemocnéni oznacovanych jako IgG4-asociovand onemocnéni [182]. Ve skupiné pacientl
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s izolovanou elevaci IgG2 podtiidy imunoglobulini se prokazal také vysSi pocet pacientl
s autoimunitni pankreatitidou, coz odpovida zvazované roli elevace podtiidy IgG2 jako dalsiho
ze serologickych markert IgG4-asociovanych onemocnéni [183]. Tento typ vzacného
onemocnéni mize postihnout jakykoli organ lidského téla, pficemz v zobrazovacich metodach
Casto imituje pokrocilé nddorové onemocnéni. Na tuto skutecnost by méli v ramci diferencidlni
diagnostiky myslet také radiologové a onkologové, na coz jsme chtéli upozornit také v nasi
praci [184]. Dalsi studie se zabyvaji distribuci IgG podtiid u pacientli se systémovymi
autoimunitnimi onemocnénimi. Dle studie Zhanga et al. se u pacientil s autoimunitnimi
onemocnénimi vyskytovala zvysena sérovd koncentrace IgGl a/nebo IgG3 podtiidy
imunoglobulini [185]. Na druhou stranu IgG2 sérova koncentrace byla signifikantné nizsi
u pacientii s primarnim Sjogrenovym syndromem (pSS), SLE a systémovou sklerodermii
(SSc). Pouze 6,34 % pacientl s autoimunitnim onemocnénim mélo sérovou koncentraci IgG4
> 1,35 g/l, coz nebylo statisticky signifikantni v porovnani se zdravymi osobami [185]. Jiné
vysledky piinesly dalsi studie. Dle studie Lina et al. bylo prokazano, Ze pacienti se SLE maji
signifikantn¢ zvysené koncentrace IgG1, 1gG2 a 1gG3 podtiidy imunoglobulini v porovnani
s kontrolnimi osobami, zatimco hladina IgG4 podtfidy imunoglobulint byla mezi témito dvéma
skupinami srovnatelnd [186]. Podobny profil koncentrace podtiid IgG byl pozorovén také u
pacientli se pSS, az na statisticky vyznamné snizeni I[gG4 podtiidy imunoglobulinti v porovnani
s kontrolnimi osobami [187]. Zeng et al. sledovali zastoupeni podtiid IgG tvoricich
antinuklearni protilatky (ANA) u pacienti se SLE a popsali, Ze tito pacienti m¢li statisticky
signifikantné zvysenou sérovou koncentraci celkovych IgG imunoglobulini, ale také vSech IgG
podtiid. Navic bylo zjisténo, Ze kozni a renalni postizeni bylo u pacientil se SLE asociovano
zejména s ANA autoprotilatkami ve tfidé¢ IgGl a IgG4, zatimco kloubni postiZzeni bylo

asociovano zejména s ANA autoprotilatkami ve tiidé IgG3 [188].

Také zmény sérové koncentrace IgA imunoglobulini mohou provazet celou fadu
onemocnéni. Polyklonalni zvySeni koncentrace IgA imunoglobulinti bylo popsano u tézkych
alkoholikti [189] a dale pacient s diabetem mellitem a metabolickym syndromem [190].
Na sérovou koncentraci celkovych IgA imunoglobulini mély nejvysSi vliv abdominalni
obezita, hypertriglyceridémie a hyperglykémie [181]. ZvySend sérovd koncentrace IgA
se vyskytuje také u Henoch-Schonleinovy purpury nebo IgA nefropatie. Pfitomnost zvySené
koncentrace sérovych IgA imunoglobulinii miize byt varovnym signalem ptitomnosti nékterych
vrozenych poruch funkce imunitniho systému, chronickych autoimunitnich onemocnéni nebo

zangtlivych stfevnich onemocnéni [191]. Bylo popséno, ze zvySena koncentrace IgA
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imunoglobulini doprovézela u celé fady pacientli abnormality zubli u ektodermalni dysplazie,
postizeni plic u dyskeratosis congenita, diabetes u IPEX syndromu, autoimunitni projevy
u autoimunitniho lymfoproliferativniho syndromu (ALPS) a gastrointestindlni piiznaky
u deficience mevalonat kindzy (hyper-IgD syndromu) [191]. Detekce elevace celkovych IgA
imunoglobulini mohlo v tomto ptipadé pfispét k diagnoze téchto onemocnéni. Podobné tomu
mohlo byt u naSeho pacienta s Wiskottovym-Aldrichovym syndromem. Tato diagndza je také
spojena s elevaci sérové koncentrace IgA imunoglobulinti. Ac¢koli byva tato diagndza vétSinou
odhalena v raném détstvi, v piipadé mirnéjsiho fenotypu tohoto onemocnéni muze zlstat
neodhalena az do rané dospélosti. Jednalo se o prvni publikovany ptfipad pacienta s touto
diagnozou transplantovaného pro IgA nefropatii, u néhoz nedoslo k rychlému odhojeni stépu a
jeho funkci se podatilo udrzet nékolik let [192]. Pfipad naSeho pacienta dava nadéji dalSim
pacientim s mirnéj$im klinickym fenotypem tohoto onemocnéni, Ze je u nich provedeni
transplantace ledvin mozné a Ze se i pies svlj imunodeficit dokaZzou vyrovnat s urcitou

redukovanou mirou imunosupresivni 1écby.

Jistou zahadou 1 ptes vesSkerou soucCasnou uroven poznani zistavd funkce IgD
imunoglobulinti. Jejich tvorba je fylogeneticky zachovéna, coZ svédci i pres jejich velmi nizkou
sérovou koncentraci o jejich nezanedbatelné funkci. U lidi bylo IgD v sekrecni podobé
detekovano v cirkulaci, v nazofaryngealnim hlenu, slindch nebo slzach a déle ve vazané forme
na povrchu bazofil, mastocytd a monocyti [76]. Tyto solubilni IgD protilatky se vazi na
komenzalni mikroorganismy respiracniho a gastrointestindlniho traktu, ale také
na potravinové antigeny a patogeny. Diky schopnosti vazby na slizni¢ni mastocyty, bazofily
a pravdépodobné také fagocytujici builkky se sekre¢ni IgD protilatky mohou podilet
na odstraniovani béznych antigenti prostredi véetné alergenti [81]. Je zajimavé, Ze také IgE muze
vykazovat podobné funkce, coZ by mohlo znamenat, Ze IgD protilatky kooperuji ve svych
efektorovych funkcich s protilatkami ve ttidé IgE [79]. Tato spoluprace by mohla znamenat
soutéZ o vazbu antigenu na IgD nebo IgE protilatky navazané na povrchu bazofilli nebo
mastocytl, pfi¢emz vazba na IgD povede spise k regulaci degranulace téchto bunék, zatimco
vazba ptes IgE k jejich aktivaci [79]. Nicméné k pfesnému objasnéni téchto mechanismii
je potieba dalSich studii. O protektivni roli IgD imunoglobulini svéd¢i také nékterd dalsi data.
Naptiklad mnozstvi plazmatickych bunék vylucujicich IgD se kompenzatorné zvySuje
u pacientt se selektivnim deficitem IgA [193]. Koncentrace IgD se zvySuje také v séru pacient
s respiracnimi infekcemi a chronickym plicnim zanétem [194]. Koncentrace solubilniho IgD

imunoglobulinu a poéet IgD"CD19"CD38#" plazmablastli byl zvysen v nazélni tkani pacienti
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s chronickou sinusitidou bez nosnich polypt [195]. Krozsifeni pozndni funkce IgD
imunoglobulinti pfispéla i nase prace tykajici se nahodné zachyceného pacienta, jehoZ polovina
naivnich vyzralych B lymfocytii vykazovala poruchu exprese IgD na svém povrchu. K tomuto
fenotypu vedla nami nové popsand heterozygotni nonsense mutace v genu kodujiciho IGHD
[196]. Co se tyce vyznamu funkce membranové vazaného IgD imunoglobulinu bylo vSak
piekvapujici, ze se funkcéné tyto dvé populace B lymfocyti neliSily v replikacni historii,
schopnosti diferenciace do plazmatickych bunék a pfitomnosti SHM. B lymfocyty
bez povrchové exprese IgD molekuly se normélné vyvijely az do stadia pamétovych
B lymfocytti. Vzhledem k tomu se zdé byt pravdépodobné, ze by se IgD mohlo uplatiiovat spise
v modulaci odpovédi B lymfocytli na antigen. Nicméné k objasnéni tohoto piedpokladu je tfeba

dalsich vyzkum?.

Zmény koncentrace celkovych imunoglobulini ve tfidé IgE se vyskytuji také u celé
fady patologickych stavii. ZvySeni sérové koncentrace celkovych IgE imunoglobulini
se nevyskytuje pouze u parazitdrnich onemocnéni nebo atopickych stavii, ale provazi také
nektera dalsi infekéni onemocnéni (naptiklad infekci zpisobenou virem HIV, cytomegalovirem
nebo virem Epstein-Barrové, dale Mycobacterium tuberculosis a Mycobacterium leprae nebo
kandidiazy), vybrand zanétlivd onemocnéni (eozinofilni granulomatézu s polyangiitidou,
Kawasakiho nebo Kimurovu chorobu), nddorova onemocnéni (Hodgkintiv lymfom, Sézaryho
chorobu nebo IgE myelom) nebo dal$i onemocnéni (cystickou fibrézu, nefroticky syndrom,
buloézni pemfigoid a dalsi). Kromé toho se elevace celkovych IgE imunoglobulini mtze
vyskytovat jako vyraz dysregulace funkce imunitniho systému u celé fady vrozenych poruch
funkce imunitniho systému. Proto jsme se v nasi praci jsme se zaméfili na piehled vrozenych
poruch imunitniho systému, u kterych se vyskytuji zndmky atopického stavu (elevace
celkovych IgE imunoglobulinii, neonatdlni erytrodermie nebo tézka atopickd dermatitida),
jehoz cilem bylo usnadnéni diferencialni diagnostiky téchto vzacnych onemocnéni, které
mohou byt povazovany za pouhy tézky atopicky stav [197]. Zatimco dfive byl zdjem odborné
vefejnosti  fokusovan zejména na patologii spojenou se zvySenou koncentraci IgE
imunoglobulinti, nedavné prospektivni a retrospektivni studie ukézaly, Ze také nizké séroveé
koncentrace IgE imunoglobulint pfinaseji zdravotni komplikace. Dle recentni retrospektivni
studie zamétené na klinické parametry pacientli charakterizovanych velmi nizkou koncentraci
IgE imunoglobulind (<2,5 kU/l) a zarovenl normalni sérovou koncentraci ostatnich
imunoglobulinovych tfid bylo zjisténo, Ze tito pacienti méli vyssi frekvenci celé fady infekcnich

1 neinfekénich komplikaci [198]. Asi tfetina téchto pacientd trpéla na opakované infekce
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hornich dychacich cest, bronchiektazie, néjaky typ autoimunitniho nebo maligniho onemocnéni
s nejvyssim zastoupenim non-Hodgkinskych lymfomi [198]. Zajimavé je zjisténi, ze velmi
nizké sérové hladiny IgE jsou asociovany se zvySenym rizikem rozvoje nadorového bujeni
[199]. Pro zvySenou nachylnost k malignim onemocnénim neni pravdépodobné diilezita pouze
snizena sérova koncentrace IgE imunoglobulint, ale také nedostate¢né mnozstvi tkanoveé
vazanych IgE protilatek. Bylo prokazano, ze pacienti s nizkou sérovou hladinou IgE
imunoglobulini a nizkym mnozstvim bunééné vazaného IgE meéli vyssi riziko rozvoje
nadorového bujeni v porovndni s pacienty s nizkou sérovou hladinu IgE imunoglobulint,
ale normalnim mnozstvim bunééné¢ vazaného IgE [199]. Detekce velmi nizkych koncentraci
IgE protilatek by se v budoucnosti mohla stat jednim z novych biomarkera zvysené nachylnosti
k rozvoji maligniho bujeni [200]. Nicméné¢ je potieba dalSich prospektivnich studii ke zjiSténi
pro lepsi charakterizaci pacientl se selektivnim deficitem IgE a rozhodnuti o tom, zda mé byt
tento stav zafazen mezi ostatni vrozené poruchy tvorby protilatek. Zajimavosti také je,
ze 1 autoprotilatky se vyskytuji ve tfidé IgE. Pfitomnost téchto autoprotilatek byla popsana u
celé fady chronickych a autoimunitnich onemocnéni, jako je SLE, chronickd spontidnni
urtikarie, bulozni pemfigoid, smiSena choroba pojiva, roztrouSend skleréza, Graves-
Basedowova choroba, Hashimotova thyreoiditida, pSS, SSc, revmatoidni artritida a
autoimunitni uveitida [201]. V patogeneze téchto onemocnéni se tedy také ziejmé uplatiuji
buiiky nesouci na svém povrchu FceRI receptory, kam patii zejména bazofily a mastocyty, ale
také eozinofily, plazmacytoidni dendritick¢ buinikky a Langerhansovy bunky. Této premise
odpovida také fakt, ze 1écba namiiena proti IgE imunoglobulinim se zda byt u¢inna také u
téchto onemocnéni [201]. Béhem poslednich desetileti byla popsdna také piitomnost

autoprotilatek namifenych proti IgE ve tiid€ IgG i IgE a jejich receptoru ve tiidé IgG [201].

ZvySeni nebo sniZené koncentrace jednotlivych imunoglobulinovych tiid je také
podkladem rozvoje riznych klinickych fenotypi, které definuji jednotlivi onemocnéni.
Zajimavym faktem zUstavd, ze dysregulace koncentrace jednotlivych tfid a podtiid
imunoglobulintl je spjata s pomérné velmi Sirokym rozpétim klinické zavaznosti stavi, které
jsou touto dysregulaci definovany. Piikladem stojicim na obou stranach tohoto rozpéti mohou

byt dvé diagndzy ze skupiny vrozenych poruch tvorby protilatek, a to sigMD a CVID.

Absence pritomnosti IgM protilatek v séru u osob ndsledné zafazenych do skupiny
pacientil se sIgMD byva vétSinou ndhodnym nélezem. Toto onemocnéni ze skupiny pievazné
protilatkovych deficienci s nejasnou patogenezi a klinickym vyznamem bylo poprvé popsano

Hobbsem et al. vroce 1966 u dvou chlapcti, ktefi prodélali fulminantni meningokokovou
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septikémii a v ramci toho byla u nich zjisténa také velmi nizka koncentrace celkovych IgM
imunoglobulinti [202]. Zd4 se, Ze pravy selektivni deficit IgM je velmi vzacny [203]. O jeho
otazné klinické relevanci vypovida také fakt, Ze toto onemocnéni nebylo zatazeno ani do
posledniho aktualizovaného ptehledu zndmych vrozenych poruch imunity (IUIS klasifikace)
[3]. K obohaceni poznatki u této diagndze pfispela i naSe prace tykajici se klinickych
a laboratornich parametrti u 17 pacientt se sIgMD, protoZe prace tykajici se popisu klinickych
a laboratornich parametrti vétsi kohorty pacientti se sigMD v literatute stale chybi [205]. V nasi
kohorté pacientt se sIgMD jsme prokazali, Ze tito pacienti maji povrchovou expresi IgM na
B lymfocytech srovnatelnou s kontrolnimi osobami. Také jsme nezaznamenali rozdil
v povrchové expresi IgM u jednotlivych B-lymfocytarnich subpopulacich. Testovani produkce
IgM protilatek B lymfocyty u pacientii se sigMD po stimulaci B-lymfocytarnimi mitogeny
prokézalo snizeni tvorby u 40 % a srovnatelnou tvorbu IgM protilatek s kontrolnimi osobami
u 60 % z nich. Bylo také prokazéano, ze nizka sérovéa koncentrace IgM byla u nasich pacienti
asociovana s riznymi patologickymi stavy, jako jsou autoimunitni a alergickd onemocnéni
[206]. Neni ovSem jasné, jak je tato asociace vyznamnd a zda jsou imunopatologické stavy

v primarnim nebo sekundarnim vztahu ke sniZzené sérové koncentraci IgM imunoglobulind.

Na druhou stranu sniZzend tvorba imunoglobulinii ve tfidé IgG, ktera se vyskytuje
u pacienti s CVID, je obvykle spjata s vyraznou imunodeficitni klinickou manifestaci
asociovanou cCasto s dalSimi imunodysregula¢nimi pfiznaky. Diagndéza CVID dnes sdruzuje
pacienty s heterogennim klinickym a podobnym laboratornim fenotypem, ze které se postupné
odd¢luji samostatné nosologické jednotky, u kterych je odhalena geneticka pticina tohoto stavu.
I kdyz vyzkum na tomto poli v poslednich desetiletich pokrocil, stadle u nejméné poloviny
pacientii s CVID neni znama pfic¢ina rozvoje jejich klinick¢ého a laboratorniho fenotypu.
Nicméné jednou ze zdkladnich skutecnosti, kterda bez pochyby ovliviiuje tizi jejich klinické
manifestace, je mira jejich porusené protilatkové odpovédi po antigenni stimulaci. Urovei
protilatkové odpovédi se totiz mezi jednotlivymi pacienty 1iSi. Zatimco absence protilatkové
odpovédi na polysacharidové antigeny by se méla vyskytovat prakticky u vSech pacientl
s CVID, muze u nich byt patrné zachovani proteinové protilatkové odpovédi [22]. Naptiklad
Al-Herz a kolektiv dle své studie na 4 prospektivné sledovanych pacientech s CVID ukazali,
ze schopnost tvorby protilatek proti polysacharidovym antigentim u pacientti s CVID vymizela
diive nez schopnost tvorby protilatek proti proteinovym antigenim [22]. Goldackerova et al.
sledovali protilatkovou odpovéd’ u 21 CVID pacienti na substitu¢ni imunoglobulinové 1écbé

po vakcinaci proteinovym a polysacharidovym antigenem ze séra metodou ELISA. Prokézali
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A %

pozitivni vakcinacni odpoveéd’ u téméf Ctvrtiny pacienti s CVID po oc¢kovani T-dependentnim
antigenem, ale také téméf pétiny pacientli s CVID po ockovani T-independentnim antigenem
[207]. Také vysledky dalSich studii ukazuji na znacnou heterogenitu protilatkové odpovédi
u pacientii s CVID, ktera je u jedné ¢asti z nich slaba a u druhé Casti z nich zcela chybi. Navic
pro obé skupiny je typické, ze pacienti s CVID nejsou schopni udrzet pamétovou imunitni
odpovéd’ po delsi Casové obdobi v porovnani s imunokompetentnimi kontrolnimi osobami.
Napiiklad Zhan et al. prokazali, Ze se u zdravych kontrolnich osob po ockovani sezénni
neadjuvantni trivalentni vakcinou proti chiipce vyskytuje populace specifickych IgM
pamétovych B lymfocytl, zatimco wu pacienti sCVID dochdzi jen k mirnému
nesignifikantnimu zvysSeni poctu téchto bunék. U poloviny z 11 vySetfovanych CVID pacientt
a vSech 9 kontrolnich osob doslo po ockovani proti chiipce ke zvySeni poctu specifickych IgG
tvoficich pamétovych B lymfocytd, zatimco druhd polovina CVID pacientd je ptitomné
neméla. Nikdo z CVID pacientli nevytvofil IgA pamétové B lymfocyty, zatimco vice nez
polovina kontrolnich osob ano. Za 4 mésice po oCkovani specificka B-bunécna pamétova
odpovéd’ u kontrolnich osob poklesla, ptfiemz u CVID pacienti zcela vymizela [208].
Cavaliere et al. zjiStovali specifickou IgA a IgM protilatkovou odpoveéd’ u 125 pacientit s CVID
po vakcinaci 23-valentni polysacharidovou vakcinou proti Streptococcus pneumoniae
(IgA a IgM anti-PCP) [209]. Tvorba protilatek IgA anti-PCP a/nebo IgM anti-PCP
se vyskytovala u minoritniho poctu pacientti s CVID, kteti méli mensi incidenci respirac¢nich
komplikaci. Pacienti s CVID, ktefi neodpovédéli na vakcinaci tvorbou anti-PCP protilatek, méli
zvysenou incidenci pneumonii a bronchiektazii [209]. K podobnym zavérim dosla i italska
skupina, kterd vysetiovala tvorbu IgA protilaitek proti vSem 23 pneumokokovym
polysacharidim ve tfidé IgA, a to u 74 pacienti s CVID naockovanych 23-valentni
polysacharidovou vakcinou proti Streptococcus pneumoniae. Pacienti, ktefi netvofili
IgA anti-PCP protilatky nebo nedokazali udrzet tvorbu protildtek po ockovani v Case, méli
zvySené riziko komorbidit a Spatnou progndzu vyvoje jejich zdravotniho stavu. Detekce IgA
anti-PCP protilatek po o¢kovani polysacharidovou pneumokokovou vakcinou by se mohlo stat
prognostickym markerem vyvoje klinického stavu pacientl s CVID [210]. Sdnchez-Ramon et
al. provedli multicentrickou studii, v rdmci které naockovali kromé jiného 22 dospélych
pacientti s CVID polysacharidovou vakcinou proti Streptococcus pneumoniae a Salmonella
typhi. V této studii bylo prokazano, ze zjistovani protilatkové odpovédi proti polysacharidovym
antigenim detekci tvorby protilatek po antigenni stimulaci vakcinou Typhim Vi je klinicky
relevantni a umoznuje diagnostikovat porusenou protildtkovou odpovéd’ po antigenni stimulaci

u pacienti s CVID [211]. Podobné vysledky pfinesla i studie tykajici se o¢kovani vakcinou
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proti Streptococcus pneumoniae a Salmonella typhi u 28 pacienti détské populace
s opakovanymi respiracnimi infekcemi, ktefi meli snizené koncentrace protilatek proti obéma
patogentim pied vakcinaci [212]. Pocet déti s anamnézou pneumonie a potifebou intravendzni
antibiotické léCby byl statisticky signifikantné vysSi ve skupiné déti, které neodpovedely
tvorbou protilatek po o¢kovani vakcinou Typhim Vi [212]. Pacienti s CVID mohou odpovidat
také na podani mRNA vakciny proti viru Sars-Cov-2, i kdyz vzdy mén¢€ nez imunokompetentni
populace. Napftiklad Jalil et al. publikovali kazuistiku pacientky s CVID bez zavedené
imunoglobulinové substitucni 1é¢by, kterd v minulosti odpovédéla tvorbou protilatek
na proteinovou, ale nikoli polysacharidovou vakcinaci, pficemz vytvofila protilatky
po vakcinaci BNT162b2 mRNA vakcinou [213]. Salinasova et al. publikovali data ohledné
ockovani 41 pacienti s CVID pomoci BNT162b2 mRNA vakciny namifené proti spike
proteinu viru Sars-Cov-2 [214]. Celkem 20 % pacientd s CVID si bylo schopno vytvofit
protilatky proti spike proteinu viru Sars-Cov-2 ve tfidé IgG a IgA [214]. V prospektivni
multicentrické studii tykajici se 505 pacientli s vrozenou poruchou imunitniho systému,
které se ucastnilo také 212 pacienti s CVID, byla zjiStovana B lymfocytarni a T lymfocytarni
odpoveéd’ pacientll na vakcinaci 2 ddvkami mRNA vakciny 1273 proti viru Sars-Cov-2 [215].
Zatimco prumérny titr specifickych IgG anti-Sars-Cov-2 protilatek Cinil pro kontrolni skupinu
3503 BAU/mL (95 % CI, 3098—3961), u pacientl s CVID byl titr protilatek statisticky
vyznamng¢ snizen (345.4 BAU/mL; 95 % CI, 240.4—496.1; P <0.0001) [215]. Skupina pacienti
s CVID vykazovala také niZsi specifickou T-lymfocytarni odpovéd’ a nizs§i produkci IFN-y
v porovnani s kontrolnimi osobami [215]. Kromé¢ klasické odpovédi na vakcinaci existuji také
dalsi diikkazy o urcit¢ mife protilatkové tvorby u nékterych pacienti s fenotypem CVID.
Naptiklad opakované bylo prokazano, ze pacienti s CVID majici vramci své diagndzy
nem¢fitelné koncentrace celkovych IgA imunoglobulinti odpovidajici v podstaté definici
slgAD (IgA <0,07 g/1), jsou schopni produkovat IgG anti-IgA protilatky [216-219]. S vyse
uvedenymi fakty koreluji také vysledky nasi studie tykajici se protilatkové odpovédi
po antigenni stimulaci proteinovym 1 polysacharidovym antigenem sledované piimo
na B-lymfocytarni urovni. Z vySetienych 37 pacientti s CVID celkem 7 pacientii vykazovalo
slabou protilatkovou odpovéd’ v porovnani s kontrolnimi osobami. Navic jsme prokazali,
ze stanoveni poctu plazmablasti 7. den po ofkovani v periferni krvi mize slouzit jako novy
diagnosticky marker onemocnéni CVID [220]. Nepfitomnost plazmablastli v periferni krvi
po antigenni stimulaci by mohla znamenat poruchu v termindlni diferenciaci B lymfocytt
do stadia bunék produkujicich protilatky. VétSina studii totiz ukazala, ze témér 90 % pacientli
s CVID ma normalni pocty celkovych B lymfocytt v periferni krvi [221, 222].
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Kromé Sirokého spektra popsanych defekti tykajici se adaptivniho imunitniho systému
se v patogeneze CVID muze uplatiiovat také porusena funkce nckterych vrozenych slozek
imunitniho systému. Pfikladem mtize byt dysregulace funkce komplementového systému, ktera
se muze podilet na zvySené nachylnosti k infekcim, ale také zvySené frekvenci autoimunitnich
onemocnéni téchto pacientll. Vzhledem k castému postizeni plicni tkané u pacientid s CVID byl
zvazovan také vliv tvorby MBL na patogenezi tohoto onemocnéni. Ve studii na 31 pacientech
s CVID byla prokazana asociace mezi strukturdlnimi mutacemi MBL2 genu a zvySenou
frekvenci tézkych respiracnich infekci u pacientd CVID [223]. Studie Fevanga et al. ukazala
v ramci vysetieni 71 pacienti s CVID, ze u pacientl se sérovou koncentraci MBL <0,5 pg/ml
byla zvysena frekvence infekci dolnich dychacich cest a bronchiektdzii, zatimco u pacient
s MBL hladinami >4,0 pg/ml byla frekvence téchto respiracnich onemocnéni snizena
v porovnani s béznou populaci [224]. Ve studii tykajici se 163 pacientti s CVID bylo popséno,
ze MBL deficience by se mohla podilet na dfivéjSim nastupu klinickych ptiznakl a rozvoji
autoimunitnich onemocnéni u pacienti s CVID [225]. Kromé toho bylo recentné v kohort¢
29 pacientti s CVID popsano, ze se u nich v porovnani s kontrolnimi osobami vyskytuje snizena
plazmatickd koncentrace MBL-asociované serinové proteindzy MASP-2, ktera Stépi
komplementové slozky C4 a C2, a MBL-asociované¢ho proteinu Map44 [226]. Navic
kombinace nizkych sérovych koncentraci IgA a sou¢asné¢ MBL byla asociovana s pfitomnosti
bronchiektazii, snizeni plicnich funkci a zhorSeni abnormalit na HRCT snimcich plic téchto
pacientt [227]. Také v nasi studii jsme prokazali, ze deficience MBL je asociovana s rozvojem
bronchiektazii u pacienti s CVID. Navic se zda byt pravdépodobné, ze porusena tvorba MBL
by mohla vést u pacientli s CVID k rozvoji plicni fibrozy a respiracni insuficience. Nicmén¢
dle vysledkil nasi studie se zda byt pravdépodobné, ze porucha tvorby MBL by neméla mit vliv

na rozvoj dalSich komplikaci asociovanych s CVID [228].

Ukazalo se, Ze v patogeneze CVID by mohly hrat dtlezitou roli také neutrofilni
granulocyty. Pacienti s CVID trpi Casto na bronchiektazie, u kterych se ptredpoklada
patogeneticky vliv neutrofildi [229]. Tyto bunky obsahuji prozanétlivou protedzu elastazu,
pficemz bylo prokazano, ze mnoZstvi elastazy koreluje s tiZi plicniho postizeni a podili
se na progresi bronchiektazii [230]. Také cytokinovy profil pacientd s CVID charakterizovany
zvySenou sérovou koncentraci cytokinli asociovanych s monocytomakrofagovou
a granulocytarni bunécnou linii podporuje piitomnost chronické granulocytarni aktivace
u téchto pacientti [231]. Také vzhledem k vySe uvedenym skutecCnostem se pii vyzkumu

patogeneze rozvoje fenotypu CVID dostavaji do popiedi neutrofily a ovlivnéni jejich funkce
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pomoci imunoglobulinové substitucni lécby. Jiz diive bylo prokdzéno, ze substitucni
imunoglobulinova 1é€ba mize regulovat aktivitu neutrofili [232-234]. Studie Prezza et al.
na 22 pacientech s CVID prokazala, Ze tito pacienti na dlouhodobé imunoglobulinové
substitucni 1écbé maji sniZzeni uvoliovani elastazy z neutrofild, ale normalni expresi molekul
CXCRI1, CD66b a CDll1c na neutrofilech, neporusenou schopnost fagocytézy a normalni
sekreci IL-8 [232]. Navic po aplikaci IVIG doslo k rychlému snizeni sérovych koncentraci
IL-8, snizeni exprese jeho receptoru CXCR1 a snizeni uvoliiovani neutrofilni elastazy [232].
Aplikace IVIG vSak neméla vliv na fagocytdzu neutrofild a expresi receptora CD66b a CD11c
[232]. Dale bylo prokdzano, ze podavani imunoglobulinové substitu¢ni terapie zpusobuje
degranulaci neutrofili [233]. K t¢ dochazi v disledku piimé interakce mezi protilatkami
a neutrofily pies FcyRII receptory. Ukazalo se, Ze za ni byly zodpovédné zejména polymerni
a dimerni IgG protilatky pfitomné v téchto preparatech, které postupné vznikaji pii delsi
casovém odstupu mezi odbérem biologického materidlu a jeho finalnim medicinském pouZzitim
[233]. Pozdéji bylo zkoumdano, zda k podobnym zméndm dochazi také pii aplikaci
imunoglobulinové substitucni 1écby in vivo [234]. Pfitom se ukdzalo, ze neutrofily jsou
pravdépodobné aktivovany nepfimo prostiednictvim makrofagtl, a Ze mira jejich aktivace zavisi
na mnozstvi pfitomnych IgG dimerd [234]. Degranulace neutrofild by se mohla podilet
na rozvoji nezadoucich uc¢inki po podani imunoglobulinové substitu¢ni 1écby. Také vysledky
naSeho vyzkumu ukdzaly, Ze pacienti s CVID vykazuji chronickou granulocytarni aktivaci,
o které¢ vypovidd zvySena koncentrace elastazy a myeloperoxidazy v séru téchto pacientu.
Chronickd granulocytarni aktivace je dale prohloubena podavanim imunoglobulinové
substitucni 1écby [235]. ZvySena koncentrace elastazy a myeloperoxidazy se tedy mtze podilet

na komorbiditach u pacient s CVID.

Bylo prokédzano, ze CVID pacienti maji mimo jiné zvySenou sérovou koncentraci
cytokinil souvisejicich s chronickou aktivaci monocytarnich a granulocytarnich bunéénych linii
(G-CSF, CXCL-10/1P-10, IL-1R antagonistti, TNF-«, IL-10, IL-12, CCL-2/MCP-1 a eotaxinu)
[231]. V nasi studii jsme prokézali, ze neutrofily pacientl s CVID vykazuji odchylny profil
povrchovych molekul v porovnani s kontrolni populaci [236]. Neutrofily pacientii s CVID maji
sniZzenou povrchovou expresi znakli CD16, CD62L a CD80 a zvySenou povrchovou expresi
znakt CD11b a PD-L1. Jiz diive bylo prokazino, ze CD16°% a CD62L!°¥ neutrofily snizuji
T-bunécnou aktivaci [237, 238]. V nasi studii jsme prokazali, ze neutrofily pacientd s CVID
aktivn& snizuji aktivaci a produkci IFN-y CD8" T lymfocyty diky tvorbé reaktivnich metabolitl
kysliku a ¢aste¢né pres PD-L1/PD-1 regulacni cestu. Na snizené odpovidavosti T lymfocytl
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u pacientit s CVID se muze déle podilet zvySené zastoupeni LDNs/G-MDSCs bunék. Pocet
téchto bunck také koreloval se snizenim aktivity T lymfocytl. Vysledky naSeho vyzkumu
pfinesly zcela novy pohled na mechanismy sniZeni funkce imunitniho systému u CVID pacientt
a potencialné dalSich imunodeficienci nebo zanétlivych onemocnéni. Prokazali jsme,
ze neutrofily pacienti s CVID vykazuji aktivovany fenotyp a silné¢ suprimuji T-bunéénou
aktivitu. Neni zatim jasné, zda se rozdily ve fenotypu pacienti s CVID piimo podileji
na porusené protilatkové odpovédi u téchto pacientii. Nicméné ovlivnéni funkce MDSC bunék

by mohlo znamenat novou potencialni lécebnou strategii u pacient s CVID.

9 Zavér

Pritomnost polyklonalnich protildtek namifenych proti riznym antigenim vnéjSiho
1 vnitiniho prostedi predstavuje zdsadni néstroj obranyschopnosti i udrZzovani homeostazy
fungovani lidského organismu. Proces jejich tvorby piedstavuje slozity fetézec udalosti
pocinajici prvotnim setkdnim se slozek imunitniho systému s antigenem a koncici tvorbou
protilatek rtznych izotypovych tifid nesoucich specifické efektorové charakteristiky.
Tento proces je ovliviiovan celou fadou humoralnich a bunéénych faktorii vrozené i adaptivni
imunity. [ kdyz jsme v kontextu dneSniho poznani vyznamné pokroc€ili ohledné¢ znalosti
mechanismi procesu tvorby protilatek, stale vSak nejsou vSechny jeho aspekty objasnény.
Jednou z moznosti, jak se zpétn¢ vracet k fyziologii tvorby protilatek je vyzkum zaméteny
na poruchy tvorby protilatek, jejichz pochopeni nam umozni piiblizit se poznani celého
procesu, ktery k jejich tvorbé vede. U celé fady onemocnéni charakterizovanych poruchou
tvorby protilatek se uplatiuje také riznd mira dysregulace imunitniho systému. Jednim
z prototypovych onemocnéni tohoto druhu je diagnéza CVID. Vzhledem k ptivodnimu pohledu
na diagnézu CVID jako protildtkového imunodeficitu, byl vyzkum byl zaméfen zejména
na pocty a funk¢ni charakteristiku jejich B a T lymfocytti. Nicméné posledni dobou se dostava
do popfedi také vyzkum mechanismii vrozeného imunitniho systému, jejichZ postizeni mlize
nemalou mérou pfispét k rozvoji patogeneze CVID. Vyzkum na poli patogeneze tohoto
onemocnéni miize prinést dilezité informace k vSeobecnému poznani zakladnich mechanismi
protilatkové imunitni odpovédi. Diky tomu také dochédzi k postupné Gpravé paradigmat
fungovani imunitniho systému. UrCitou limitaci téchto vyzkuma na lidské populaci

vsak zlstava fakt, ze je z etického divodu vétSinou mozné vySetfovat imunologické humoralni
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a bunécné parametry pouze z periferni krve nebo bunécnych kultur in vitro, coz nam nikdy
zcela neodpovi na to, co se d€je piimo uvniti naSeho organismu. Optikou toho pak musime

opatrné zachazet s informacemi, které se ndm podaii ziskat.
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1 | RATIONALE AND SEARCH STRATEGY

Abstract

The 2017 International Union of Immunological Societies (IUIS) classification recog-
nizes 3 hyper-IgE syndromes (HIES), including the prototypic Job's syndrome (auto-
somal dominant STAT3-loss of function) and autosomal recessive PGM3 and
SPINK5 syndromes. Early diagnosis of PID can direct life-saving or transformational
interventions; however, it remains challenging owing to the rarity of these condi-
tions. This can result in diagnostic delay and worsen prognosis. Within increasing
access to “clinical-exome” testing, clinicians need to be aware of the implication and
rationale for genetic testing, including the benefits and limitations of current thera-
pies. Extreme elevation of serum IgE has been associated with a growing number of
PID syndromes including the novel CARD11 and ZNF341 deficiencies. Variable ele-
vations in IgE are associated with defects in innate, humoral, cellular and combined
immunodeficiency syndromes. Barrier compromise can closely phenocopy these
conditions. The aim of this article was to update readers on recent developments at
this important interface between allergy and immunodeficiency, highlighting key
clinical scenarios which should draw attention to possible immunodeficiency associ-
ated with extreme elevation of IgE, and outline initial laboratory assessment and

management.

elevation of IgE levels ten times the upper limit of normal has been
used to define the prototypic hyper-IgE syndrome (HIES). Job's syn-

Half a century has passed since IgE was recognized as the circulating fac-
tor responsible for triggering allergic reactions.! Its discovery was ham-
pered by its extremely low plasma concentrations, several logarithms
lower than other immunoglobulin classes.? A similar challenge exists for
the clinician and patient in diagnosing primary immune deficiency, where
rarity mandates “To diagnose PID, you must first think of PID”.

The adult range for total serum IgE is typically cited as below
100-140 IU/mL2® but varies with age* and ethnicity.”> Extreme

drome is a triad of elevated IgE, recurrent skin boils and cyst-forming
lung infections.® The NIH-scoring system’ has been modified and
validated? to aid recognition and diagnosis of this autosomal domi-
nant condition; however, it has limited relevance to other PID-asso-
ciated conditions with extreme elevation of IgE. These include
severe combined immunodeficiency (SCID) and other defects in
T-cell development, where early recognition is life-saving. There is a
wide differential diagnosis for elevated IgE (Table 1). Following a

2122 | © 2018 EAACI and John Wiley and Sons A/S.
Published by John Wiley and Sons Ltd.

wileyonlinelibrary.com/journal/all

Allergy. 2018;73:2122-2136.


http://orcid.org/0000-0002-0236-1059
http://orcid.org/0000-0002-0236-1059
http://orcid.org/0000-0002-0236-1059
http://orcid.org/0000-0003-2105-3462
http://orcid.org/0000-0003-2105-3462
http://orcid.org/0000-0003-2105-3462
mailto:
http://www.wileyonlinelibrary.com/journal/ALL
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fall.13578&domain=pdf&date_stamp=2018-10-02

PONSFORD ET AL

recent article highlighting medical diagnoses associated with elevated
IgE over 1000 IU/mL in a tertiary referral hospital, where the preva-
lence of primary immunodeficiency was <1%,2 we set out to identify
distinctive clinical features where pretest probability is sufficient to
“think of PID”.

We searched OVID MEDLINE for reports in English available up
to 13-2-18 for conditions where IgE values exceeded 1000 IU/mL, in
line with the value used within the hyper-IgE-syndrome-screening
tool developed by Woellner et al,? using the search terms “primary
immune/immunodeficiency,” “PID,” and “hyper OR elevated,” and
“IgE” or “Immunoglobulin E” to identify PID syndromes and associ-
ated clinical conditions associated with IgE > 1000 IU/mL (Tables 1
and 2). Following expert panel review, we identified five key scenar-
ios which should raise suspicion of rare disease, initial strategies to
facilitate safe diagnosis, and management. Scenarios I-IV highlight
presentations which should trigger consideration of primary immun-
odeficiency. Appreciation of allergy as a manifestation of immun-
odysregulation should also trigger consideration of specialist
allergology input for these patients and scenario V considers the rel-
ative burden of allergy associated with different disorders. Together
these observations provide valuable insights into the pathogenesis of
atopy and allergy and serve as a reminder that the finding of an
extremely elevated serum IgE remains relevant. Common themes
include defects in T-cell receptor signalling, autoimmunity and over-
lap with connective tissue disease. This can be viewed in addition to
well-known warning signs of PID, such as family history of severe

recurrent infections, consanguinity or unexplained death.’

2 | I: NEONATAL ERYTHRODERMA

Erythroderma is a medical emergency defined as inflammatory skin
disorder affecting more than 90% of the body surface.!® Although
uncommon in children, erythroderma may be the clinical presenta-
tion of a wide range of acquired and inherited diseases, including
infections, inflammatory skin diseases, inborn errors of metabolism,
ichthyoses, drug hypersensitivity reactions and congenital immunod-
eficiencies. Onset within the first month of life often heralds an

underlying monogenetic cause.!! Rapid diagnostic assessment in

TABLE 1 Differential diagnosis of elevated IgE

Disease Group
Atopic disease
Parasitic infection
Viral infection
Malignancy

Lung diseases

Primary immunodeficiencies

Allergy=zess- B-WILEY-22

parallel with supportive measures is vital to differentiate infective or
iatrogenic causes (e.g drug related), and direct appropriate treatment.
Skin biopsy with H&E and immunohistochemistry are invaluable in

O enabling nature of dermal

differentiating the underlying cause,*
inflammatory infiltrate to be determined alongside characteristic epi-
dermal changes. Typical features may not develop until after
6 weeks of age.}? In this setting, demonstration of exaggerated total
IgE alongside eosinophilia can help narrow the differential diagnosis
(Figure 1) and should prompt consideration of atypical presentations
of severe combined immunodeficiency (SCID) with Omenn syn-
drome. This is characterized by early-onset diffuse exudative ery-
throderma, alopecia, lymphadenopathy, hepatosplenomegaly, chronic
persistent diarrhoea, failure to thrive with hypereosinophilia and

L.*® Omenn syn-

serum IgE levels reported in excess of 10 000 IU/m
drome was first described in association with hypomorphic muta-
tions in RAG1 and RAG2; however, mutations in other SCID genes
are now recognized. ADA-SCID appears particularly associated with
elevated IgE levels.'* Bone marrow transplantation in this setting is
a medical emergency and is life-saving.

An Omenn-like syndrome can also be the first manifestation of
complete DiGeorge syndrome and may be accompanied by hypocal-
caemic tetany, cardiac and palatal defects. Thoracic imaging may
demonstrate thymic absence. Complete DiGeorge syndrome repre-
sents 1.5% of patients with 22q11 deletions and may present with
an Omenn-like syndrome. Thymic transplant is successful in restoring
peripheral lymphocyte function, but immunosuppression may be
required to prevent graft rejection and post-transplant autoimmu-
nity.*®

Barrier defects also manifest with severe early onset of cuta-
neous features in association with failure to thrive, infection and
extreme elevation of serum IgE. The commonest keratinization disor-
der, ichthyosis vulgaris, is caused by loss-of-function mutations in
filaggrin (FLG). Null mutations are now recognized as the most com-
mon genetic risk factor for development of atopic sensitization;
however, their penetrance is incomplete.!® Comél-Netherton syn-
drome (CNS) is a distinctive congenital ichthyosis syndrome, caused
by highly penetrant autosomal recessive mutations in the serine pro-
tease inhibitor gene Kazal-type 5 (SPINKS5) which plays a central role

in preserving skin barrier integrity. The initial presentation of CNS is

Examples

Atopic dermatitis, allergic asthma, allergic rhinitis/conjunctivitis

Helminths (e.g Ascaris, Enterobius, Schistosoma, Strongyloides)

Human immunodeficiency virus (HIV)

Hodgkin and Non-Hodgkin lymphoma, Sézary disease, IgE multiple myeloma
Allergic bronchopulmonary aspergillosis (ABPA), Chronic eosinophilic pneumonia

IUIS recognized hyper-IgE syndromes

e Autosomal dominant loss-of-function STAT3
e Autosomal recessive PGM3 deficiency

e Autosomal recessive SPINK5 deficiency

See Table 2
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(Continued)

TABLE 2

Section

PID defect associated with IgE > 1000 IU/mL

Il: Infantile eczema
and recurrent
infections

\'8

Altered

V: Allergy

Autoimmunity

11l: Syndromic features

I: Erythroderma

Inheritance

XL
AR

Genetic defect Functional defect

-CYBB- gp91 -

process

Inflammatory

Bacterial and fungal

Defects of nicotinamide dinucleotide

Congenital
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gastrointestinal

disease

infections (invasive).

phosphate (NADPH) oxidase

components”®

NCF1

defects of

Atopic dermatitis not

prominent.

(p47phox),
NCF2

phagocyte

(p67phox),
CYBA

(p22phox),
and NCF4

(p40phox))

“CGD”
Selective IgA

Often asymptomatic

Impaired mucosal/barrier defence”?

Polygenic

deficiency

disorders

denotes presentation is not reported or observed in case reports/series.

2Pathway defects may overlap in practice.

2

with early-onset generalized rash that develops into severe ichthyo-
sis.Y” Characteristic bamboo hair (trichorrhexis invaginata) is often

present.'®

CNS presents at the interface of PID, with impaired vac-
cine responses, particularly to polysaccharide T-cell independent vac-
cines. Prognosis is poor, with up to 20% mortality at one year.
Laboratory testing shows hypoalbuminaemia and electrolyte imbal-
ances due to skin failure, enteropathy, with a resulting failure to
thrive. Conventional supportive therapy should include allergy con-
trol and skin care (emollients, topical steroids, calcineurin inhibitors,
retinoic acid and antibiotics) alongside nutritional and electrolyte
support. These can improve but may not normalize skin fully (Fig-
ure 2). Assessment of T-dependent and T-independent vaccination
responses may support trial of immunoglobulin replacement therapy
(IGRT), which has been associated with remarkable clinical benefit.'®
Anti-TNF-a therapy and omalizumab have also been used with bene-
fit in small series in CNS.1?2° Recognition of CNS within the 1UIS-
PID classification of HIES'® raises the question whether other barrier
defects may be associated with immune deficiency. Olmsted syn-
drome is caused by constitutive activating mutations of TRPV3 and
is characterized by mutilating palmoplantar keratoderma, dermal
infections, eosinophilia and gross elevation of IgE.?* Desmoglein-1
deficiency has been recognized as a rare autosomal recessive disor-
der associated with severe dermatitis, multiple allergies and meta-
bolic wasting (SAM) syndrome. Erythroderma manifests within the
first weeks of life and may be complicated by recurrent life-threaten-
ing infections, notably respiratory and skin. Food allergy and ele-
vated IgE follow barrier dysfunction and enhanced systemic Th2

response.22

3 | 11: INFANTILE ECZEMA AND
RECURRENT INFECTIONS

Eczematous lesions are the second most common cutaneous presen-
tation of PID after infections.2® Recognition is challenging as atopic
dermatitis (AD) affects up to 20% of populations from developed
countries, typically manifesting during childhood after 2 months of
age.2* Individuals with severe AD often show greatly increased IgE
levels and eosinophilia and are at risk of suprainfection with S. au-
reus, Herpes simplex or Molluscum contagiosum.?®> Detailed exploration
of the timing and nature of dermatitis can be informative. In a case
series of patients with clinical diagnoses of HIES, 8 of 43 were born
with a rash; 81% had developed the rash within the first 35 days of
life.?¢ STAT3-LOF mutations were subsequently confirmed in these
patients (personal communication, B Grimbacher).

Patients with severe AD appear highly enriched for underlying
PID, with Aghamohammadi et al*” identifying six of 75 patients
through a combination of history, clinical and laboratory findings;
ideally, molecular confirmation should be performed to support diag-
nosis (outlined Figure 3). Dermatitis is also a common presenting
feature of some autoimmune disorders, such as the immunodysregu-
lation, polyendrocrinopathy and enteropathy X-linked (IPEX) syn-

drome.2® These observations underline the importance of eliciting a
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personal or family history of recurrent infections in patients with
dermatitis, as recognition of a PID disorder can provide additional or
curative therapeutic options.

The nature of dermatitis can also aid diagnosis. The prototypic
hyper-IgE syndrome, Job's syndrome (STAT3 loss of function), is
characterized by recurrent staphylococcal skin abscesses, chronic
mucocutaneous candidiasis and pneumonia. In addition to early
onset, skin findings distinguishing it from atopic dermatitis include
distinctive thickened texture of the facial skin, retroauricular fissures,
and severe folliculitis of the axillae and groin. Chronic mucocuta-
neous candidiasis may also be present.® Although defective neu-
“cold”

abscesses often reveals frank pus.>° Analysis of the skin microbiome

trophil chemotaxis has been described,?® aspiration of
for patients with STAT3-HIES reveals a distinctive microbiome to
healthy individuals, with bacterial and fungal species such as Clostrid-
ium and Serratia marcescens, Candida, and Aspergillus.23 The signifi-
cance of early diagnosis follows recurrent sinopulmonary infections
by encapsulated bacteria and Staphylococcus Aureus observed
within the first year of life. These often lead to pneumatocele forma-
tion, creating a focus for subsequent opportunistic pathogens (Fig-

ure 4). Early instigation of prophylactic antistaphylococcal and

Erythroderma

Onset < 1 month

Clinical examination

Initial investigations:

Full Blood Count

Calcium & Parathyroid Hormone
Albumin, Glucose.

Serum electrophoresis

Serum IgG, IgA, IgM, IgE.

Chest Radiograph

Extreme elevation IgE

Normal IgE

e

Allergy ez~ 2 W] LEYM

antifungal agents is recommended to reduce risk of cutaneous and
sinopulmonary bacterial infections, alongside topical antiseptics.3!
Variable specific antibody production is seen, and patients may
require immunoglobulin replacement.

The molecular cause of Job's syndrome was elucidated in 2007
as autosomal dominant mutations in STAT3 causing loss of func-
tion.3? This is integral for a number of immunological processes
including differentiation of IL-17/22 producing Th17 effector T cells,
which in humans play a key role in controlling infections due to
extracellular fungi.®® ZNF341 deficiency has recently been identified
as an autosomal recessive cause of this phenotype, highlighting a
role for this transcription factor in modulating STAT3 nuclear
localization and transcription.3#3> STAT3 deficiency is amenable to
allogeneic haematopoietic transplantation, although longer-term fol-
low-up is required to establish the degree of phenotype reversal
given the wider functions regulated by STAT3%*—as discussed in
section lIl.

Autosomal recessive phosphoglucomutase 3 (PGMS3) deficiency
was described in 2015, linking defective glycosylation with multisys-

5.37

tem involvement some replicating features of STAT3-HIE Neuro-

logical symptoms in early infancy are distinctive additions to an

Consider other causes
Congenital infection
Drug reaction
Metabolic disorders
Mastocytosis

Psoriasis

f \\ f
Comel netherton syndrome
SAM syndrome

\ _:-f}': \

Omenn syndrome
graft vs host disease
atypical 22q11ds

Urgent assessment for bone marrow transplantation

General care
Nutrition, thermal and
electrolyte support
Skin care

Skin biopsy: absence of dys-
keratosis with prominent
dermal blood vessels.

Molecular genetics:
Exome panel
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General care

Pathogen avoidance
Immunoglobulin replacement
Prompt or prophylactic antibiotics

Skin biopsy:

Predominant lymphocyte infiltrate in Omenn
Syndrome with eosinophilia, dyskeratosis and basal
vacuolation. May be nonspecific before 6 weeks.

Molecular genetics:

TREC enumeration

VB distribution or spectratyping
Exome panel

FIGURE 1 Approach to child with erythroderma: considering PID-related differential diagnosis
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infective and atopic phenotype. These include developmental delay,
psychomotor retardation, hypotonia, ataxia, dysarthria, sensorineural
hearing loss and myoclonus. Skeletal abnormalities may resemble
those of STAT3-HIES patients.?” Leukocytoclastic vasculitis is a dis-
tinguishing feature but is not universally present. Defective glycosy-
lation may also compromise antibody function due to aberrant post-
translational modification. PGM3-deficiency patients display suscepti-
bility to bacteria, fungal and viral infections, representing an overlap
between STAT3 and DOCKS (as described below) patterns of infec-
tion.3® Pneumatocoeles have been considered pathognomonic for
STAT3-HIES; however, they are now recognized to accompany other
PIDs including PGM3-deficiency.3®

When severe eczema is associated with recurrent viral infections,
combined immunodeficiency syndromes should also be considered.3?
DOCK8 and WAS protein both play a critical role in the initiation of
T-cell receptor—driven actin polymerization and interact via a com-

P, integrin regulator talin** and Arp2/3 com-

plex also involving WI
plex.*? The integrity of the actin cytoskeleton is important for T-cell
migration into tissues, defence against pathogens, with defects in
epithelial immunosurveillance contributing to viral persistence and
increased rates of haematological and dermatological malignancy.*®
Weak TCR signalling during T-cell activation has been associated
with a skew towards the development of T helper type 2 cells (Th2

cells)**

suggesting its status as a default differentiation pathway
partly underlying the features of atopy in these patients.

DOCKS deficiency is inherited in an autosomal recessive fashion,
and suspicion should be raised where there is a background of con-
sanguinity. It shares many clinical features with STAT3-HIES, includ-
ing eosinophilia, staphylococcal skin and respiratory infections.
Whilst survival until the sixth decade is common for individuals with
STAT3-HIES, median survival in DOCKS8 is typically only 20 years
despite prophylactic antimicrobials and immunoglobulin replace-

ment.*”

This places emphasis on early diagnosis to direct potentially
curative allogeneic bone marrow transplantation, ideally prior to

development of end-organ damage or disability.**

FIGURE 2 Comel-Netherton syndrome.
Photographs obtained by TM with parental
consent and subject assent

WASp deficiency, which results in the X-linked WAS, shares
clinical features of viral skin infections, recurrent sinopulmonary
infections, eczema, elevated serum IgE levels, food allergies and an
increased risk for malignancy and autoimmune diseases. Early suspi-
cion of Wiskott-Aldrich syndrome should be raised by the triad of
eczema within the first weeks of life, thrombocytopenia with small
platelets (<6 fL) and recurrent infections; however, the complete
triad is present in only one-third of cases.*” Skewed X-inactivation
can result in symptomatic females.*® The eczema resembles classi-
cal AD, but may be more severe and combined with serosan-
guinous crusting, petechiae and purpura.*’ Encapsulated bacteria
account for most infective episodes, but Pneumocystis jirovecii or
disseminated herpes simplex and varicella viral infections are also
prominent. Malignancies, typically EBV-positive B-cell lymphoma
and leukaemia, are common.*” Homozygous defects in a compo-
nent of the Arp2/3 complex have been described in a child with
combined immunodeficiency, mild bleeding tendency, elevated IgE
and multiple allergies.*?

The recent landmark description of hypomorphic mutations in
CARD11 as a novel autosomal dominant cause of hyper-IgE, associ-
ated with AD and variable skin and lung infective phenotype, high-
lights the potential for personalized therapy through molecular
diagnosis. CARD11 has also been identified as a risk locus for AD.>°
The mutation causes a dominant-negative effect, disrupting the
CARD11-Bcl2-MALT1
MALT1 insufficiency associated with chronically elevated IgE is also

(CBM)-signalosome. Autosomal recessive
reported.>’ Exploration of the molecular pathway highlights glu-
tamine signalling via the CBM-mTOR pathway as a key driver to
polarization of naive T cells to a Th1/17 fate®?; loss of CARD11
results in a Th2 bias, which can be ameliorated in vitro by glutamine
supplementation.*®

Randomized clinical trials of glutamine supplementations in very
low-birthweight infants have demonstrated a reduced incidence of
atopic dermatitis in the first year of life.>® Future evaluation of diet-

ary glutamine supplementation in atopic individuals (including with
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Detailed history including family history
and possible consanguity.

Clinical examination
Initial investigations:

Full blood count
Serum electrophoresis
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Severe
Eczema
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filaggrin deficiency
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Assessment for bone marrow
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Confirmatory testing and
initial treatment

<

Molecular genetics

p
DOCK8

Assessment for bone marrow
transplantation

Prompt or prophylactic
antibiotics/antifungals

Lymphocyte subsets

Vaccination responses

Molecular genetics

Neurological involvement
Anaphylaxis/allergy

Watery diarrhoea
Dermatitis
Autoimmune
endocrinopathies

IPEX

Microthrombocytopenia
Bleeding

Autoimmunity
Lymphoprolipheration

* Allergy

Bacterial infections

Urgent assessment for bone
marrow transplantation

Prompt or prophylactic
antibiotics

Immunosuppressive treatment
Nutritional support and hormone

replacement

Molecular genetics

FIGURE 3 Approach to child with severe eczema and possible PID-related diagnosis

CARD11-mutations) is suggested to assess whether this simple diet-
ary manoeuvre can lead to real benefit in vivo.

Among PIDs associated with IgE elevation and eczema in
childhood, autosomal recessive mutations in nonreceptor tyrosine
kinase 2 (Tyk2) have classically been labelled as a HIES, based
on the initial case description of patients who suffered from
AD>* however, the subsequently identified patients have failed
to recapitulate the atopic phenotype.’® Similar observations have
been made for mammalian sterile 20-like one deficiency, a rare
form of combined immunodeficiency, where high IgE levels were
found only in three of 10 patients described to date.>® Recessive
defects in the cytoskeletal regulator CARMIL2 manifest with der-
matitis and combined immunodeficiency, but only two of seven
patients had IgE >1000 IU/mL.>” A novel somatic STAT5b gain of
function has been associated with nonclonal eosinophilia, atopic

dermatitis, urticaria and diarrhoea in two paediatric patients;
however, serum IgE was only elevated in one.>® Consequently, it
is difficult to separate mechanistic links to incidental background

atopy.

4 | 11l: SYNDROMIC APPEARANCE OR
CONNECTIVE TISSUE DISORDER

A hallmark of STAT3-HIES is its multisystem nature, encompassing
a range of dental, craniofacial, musculoskeletal and vascular abnor-
malities that represent nonimmunological complications of the
dominant-negative STAT3 mutation,® (Figure 5). These features
may be absent early in life, and their manifestation can have sig-

nificant implications beyond diagnosis. Minimal trauma fractures
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occur in over half of patients; fracture risk is disproportionate to
the degree of osteopenia, suggesting conventional measures for
improving bone density via inhibition of osteoclastogenesis may
be ineffective.’ Screening of adult STAT3-deficient patients with
multimodal angiography demonstrated arterial abnormalities of
peripheral and brain circulations in 84% and coronary arteries in
50%.°© These represent a hidden and potentially devastating com-
plication of this disorder and should be considered in the diagnos-
tic assessment of patients.%!

A connective tissue and atopic phenotype with variable eleva-
tion of IgE are also observed in Loeys-Dietz syndrome (LDS).
Here, autosomal dominant mutations in the transforming growth
factor B (TGF-B) receptor pathway are associated with a Marfan-
like syndrome and familial thoracic aortic aneurysms. Affected indi-
viduals have a high prevalence of allergic presentations, including
asthma, food allergy, allergic rhinitis, atopic eczema and eosinophi-
lic gastrointestinal disease.®? The molecular link between nonim-
munological connective tissue phenotypes and allergic diseases has
recently been revealed by description of ERBIN deficiency.
ERBB2-interacting protein (ERBIN) is integral for STAT3-mediated
downregulation of TGF-f signalling. Loss of ERBIN favours regulatory
T-cell (T-reg) and Th2 polarization, recapitulating the allergic and con-
nective tissue phenotypes of LDS and STAT3-HIES.®® Homozygous
mutation of IL6ST (encoding GP130) has recently been described in a
patient presenting with eczema, recurrent infections, bronchiectasis,
high Ig, defective B-cell memory. They showed an impaired
acute-phase response, as well as skeletal abnormalities including
craniosynostosis. GP130 acts as the common subunit for cytokine
receptor for multiple cytokines, and deficiency leads to blunting of
interleukin 6 (IL-6), IL-11, IL-27 and oncostatin M signalling.®* It is
intriguing to note case reports of craniosynostosis in association with
HIES, prior to description of many of these genes®>; consequently, the
true incidence of these mutations is likely underreported due to their

novelty.

5 | IV: AUTOIMMUNITY

The presence of autoimmunity in association with elevated IgE is a
hallmark of several primary immunodeficiencies. Principal among
these are two dysregulation syndromes: IPEX and ALPS (autoim-
mune lymphoproliferative syndrome), which serve as paradigms for
defects of central and peripheral tolerance. Prevalence of autoim-
mune complications in these select PIDs is summarized in Table 3,
with patients commonly developing multiple autoimmune complica-
tions.

First described in 1982 by Powell et al,®® IPEX is caused by a
defect in the FOXP3 gene, which is vital for development and func-
tion of thymic-committed T-regs. Symptoms appear during the first
months of life and are characterized by potentially life-threatening
enteropathy presenting as intractable diarrhoea and eczema of vari-
able severity. Patients develop early-onset autoimmune disorders,
typically type 1 diabetes, autoimmune thyroiditis or nephritis.”

PA ERECT

FIGURE 4 Chest radiograph and computed tomography (CT)
images of right upper lobe pneumatocele in a STAT3-HIES patient,
developing by age 19 following recurrent pneumonias

Aside from elevated IgE, detailed immunological profiling in IPEX
demonstrates normal lymphocyte numbers and immunoglobulins, but
absent CD4*CD25"FOXP3* Tregs.® Molecular diagnosis is con-
firmed by identification of FOXP3 mutations, although homozygous
mutations in CD25 may phenocopy IPEX.®° Treatment relies on
immunosuppression as a bridge to HSCT. Gene therapy to produce
Treg-like cells from IPEX patient CD4" lymphocytes may hold pro-
mise.

ALPS is caused by heritable defects in lymphocyte apoptosis
(“including” Fas, Fas-ligand, caspase-8, caspase-10, or undefined),
resulting in failure of lymphocyte negative selection leading to the
survival of autoreactive T and B cells. Elevated serum IgE levels and
eosinophilia are observed in 16%-25% of patients with ALPS, likely
caused by antigen-independent maturation of IgE-producing class-
switched plasma cells.”® Clinically this manifests with chronic nonma-
lignant lymphadenopathy, splenomegaly and autoimmunity—in partic-

ular cytopenias (autoimmune haemolytic anaemia, thrombocytopenia,
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FIGURE 5 Diagram showing syndromic
features of AD-HIES.

Courtesy of Cardiff University Medical
lllustration Department

neutropenia). There is an increased risk of haematologic malignancies,
in particular lymphoma.”* Laboratory findings of an elevated popula-
tion of double-negative (CD478~) TCR-alpha/beta cells and elevated
serum vitamin Bq, should alert clinicians to the possibility of ALPS.
Treatment options include corticosteroids and high-dose intravenous
immunoglobulins, as well as immunosuppressive and immunomodula-
tory agents, such as rituximab, mycophenolate mofetil, calcineurin
inhibitors or sirolimus.

Rates of autoimmune complications are also increased in both
WAS and DOCKS, affecting almost 26%-72% of patients WAS”273
and 13% of DOCKS8 patients.*® Typically this manifests in the form
of a vasculitis or an autoimmune haemolytic anaemia (AIHA). %6
Patients with the milder X-linked thrombocytopenia may also
develop autoimmunity over time, notably IgA nephropathy.”* Early
haematopoietic stem cell transplantation has become the standard of
care for children with these disorders. In WAS at least, the level of
donor chimerism is a powerful predictor of post-HSCT autoimmunity,

malignancy or thrombocytopenia.”® This is an important outcome to

2131
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Autosomal Dominant STAT3-Loss of Function

Vascular: Aneurysms and ectasia.

Facial dysmorphism: Coarse features,
asymmetry, broad nasal root, hypertelorism,
prognathism. Retained primary dentition,
high-arched palate

Infective:

Bacterial: Sinopulmonary and cutaneous:
staphylococcus aureus, streptococcal pneu-
moniae, haemophilus, klebsiella.

Fungal: Chronic mucocutaneous candidiasis,
pneumocystitis jiroveci.

Viral: VZV reactivation.

Pneumatocoele formation and secondary
infection with pseudomonas aeringosa,

/ 7\ \ atypical mycobacteria or aspergillus.
=y |
o Rt S Fd
‘ : Gl dysmotility, reflux,
eosinophilic oesophagitis.
Musculoskeletal: Scoliosis, minimal impact
fractures, osteopenia, joint hyperflexibility.

consider for future gene therapy trials, where full chimerism may be
difficult to achieve.

Conditions including inflammatory bowel disease or discoid lupus
may accompany neutrophil function defects such as chronic granulo-
matous disease (CGD). Case series linking CGD with marked eleva-
tions of IgE and sensitization to Aspergillus species highlight overlap
and possible confusion with allergic bronchopulmonary aspergillosis
(ABPA). The use of steroid monotherapy for “ABPA” in undiagnosed
HIES or CGD cases has led to invasive disease and mortality.”®

6 | V:ALLERGIC MANIFESTATIONS OF PID

Elevation of serum total IgE is characteristic but not specific for allergic
diseases. Total levels at birth correlate poorly to future allergy’”;
however, elevation in young children is associated with subsequent
development of allergen-specific IgE and allergic disease, particularly res-

piratory.”® Misdiagnosis of PID as allergy is well described and may be
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complicated by co-occurrence of allergy as a manifestation.”” Compar-
ison of sensitization patterns shows marked differences between
patients with DOCKS8, STAT3 or AD.&° Allergic symptoms and skin prick
test results correlate well with specific IgE results in DOCK8 and AD
patients®® and can be useful in directing dietary exclusion.®? In an inter-
national review of 136 cases, over 70% of DOCKS patients had clinical
symptoms of allergy, with food-related anaphylaxis in 16%. Drug allergy,
asthma and rhinitis were also observed.*® Food allergy in DOCK8-HIES
patients can persist even following HSCT despite full donor chimerism.®2
Multiple allergies are reported in the limited published series of PGM3-
HIES,®” whilst WAS patients and murine models frequently develop IgE-
mediated reactions to common environmental and food allergens.&3

In contrast, STAT3-HIES patients show remarkably similar speci-
fic IgE values and skin prick testing to healthy individuals despite
extremely high total IgE levels.®° The lifetime frequency and severity
of food allergies for STAT3-HIES remain higher than reported by
healthy controls but is greatly diminished relative to atopic controls
with similar IgE.2*

One explanation for this apparent paradox is the profound impair-
ment of mast cell degranulation associated with STAT3 loss of func-
tion.®* Physiochemical analysis of the skin barrier in STAT3-HIES and
AD individuals suggests an additional explanation: dermal integrity
remains remarkably preserved in STAT3-HIES.2° In contrast to atopic
dermatitis patients, transepidermal water loss (TEWL) and stratum
corneum thymic stromal lymphopoietin (TSLP) were equivalent to
healthy controls in STAT3-HIES.® This is in line with the observation
that topically applied JAK inhibitors ameliorate eczema, acting through
suppression of STAT3 signalling to enhance filaggrin expression.%¢
Assessment of TEWL presents a useful bedside tool to risk stratify
babies at risk of future atopic dermatitis®” and can direct more aggres-
sive supportive therapy.

Discordance between total IgE and allergic symptoms is not exclu-
sive to STAT3-HIES. Mutations within innate-immune signalling path-
ways including IRAK4 and MyD88 have been described in association
with a hyper-IgE like syndrome. In a case series of 48 IRAK4 patients
and 12 MyD@88 patients, none of these patients were reported to suf-
fer from allergic asthma, whilst chronic eczematous skin disease was
reported only in one patient.®8 However, a variety of allergen-specific
IgE are detectable in a subset of patients with MyD88 and IRAK-4
deficiencies,®’ and disruption of effector responses might also con-
tribute. Similarly, despite elevated circulating IgE levels and eosinophi-
lia in a subset of patients with ALPS, the prevalence of allergic

d.”® This subset of patients is note-

diseases does not appear increase
worthy, however, as they represent a distinct subgroup of ALPS
patients with higher mortality from infectious complications.”®

Allergic diseases may be the first and/or only clinical manifesta-
tion of selective IgA deficiency, slgAD. This is the commonest
humoral immunodeficiency, with a prevalence in Europeans of
roughly 1:600.°1 IgA deficiency is frequently asymptomatic and may
be underreported. First identified by Buckley, it can be associated
with elevation of serum IgE (range 3-3800 IU/mL).”? Diagnosis can
only be made after 4th year of life and is defined by undetectable
serum IgA levels (<0.07 g/L), normal serum IgG and IgM on at least

TABLE 3 Common autoimmune complications of IPEX, ALPS,
DOCK8 and WASP deficiency

Disease Prevalence
IPEX®” >90%
Autoimmune enteropathy 92%
Type 1 diabetes 49%
Autoimmune cytopenia 31%
Autoimmune thyroiditis 20%
Autoimmune hepatitis 6%
Others: including adrenal

insufficiency, pemphigoid,

psoriasis, alopecia, nephritis, arthritis
ALPS*®* 61%
Autoimmune haemolytic anaemia 52%
Autoimmune thrombocytopenia 26%
Autoimmune neutropenia 8%
Vasculitis 4%
Autoimmune hepatitis 3%
Autoimmune nephritis 2%
Other: uveitis, pancreatitis
WAS deficiency”? 72%
Autoimmune haemolytic anaemia 36%
Autoimmune thrombocytopenia 33%
Autoimmune neutropenia 25%
Skin vasculitis 22%
Intestinal bowel disease 9%
Cerebral vasculitis 7%
Nephritis 4%
DOCKS deficiency®® 13%
Vasculitis 6%
Autoimmune haemolytic anaemia 3.7%
Autoimmune nephritis 0.7%
Others: Systemic lupus 4.4%

erythematosus, arthritis,
autoimmune thyroiditis

two determinations, normal IgG antibody response to vaccinations,
and exclusion of secondary causes of hypogammaglobulinaemia and
T-cell defects.”® Up to 50% of sIgAD patients are recognized after
an allergologic evaluation.”* The most common allergic features are
conjunctivitis, rhinitis, urticaria, eczema, food allergy and asthma.”>?¢
Patients with IgA deficiency may also present severe anaphylaxis
when receiving IgA-containing blood products, possibly due to anti-

IgA 1gG or IgE antibodies.””

7 | DIAGNOSTIC AND THERAPEUTIC
OUTLOOKS

The therapeutic approach for many HIES-associated PID following
diagnosis is much brighter, reflecting initiation of appropriate antimi-
crobial therapies, IGRT and consideration of HSCT. Early diagnosis
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remains challenging as current diagnostic scoring systems, such as
the NIH Score,? are reliant on emergence of sufficient immunological,
infective and anatomical features. This signature may not emerge
until irreversible damage has occurred. Judicious access to “clinical
exomes” promises earlier and clinically impactful diagnosis,”® and we
highlight 5 clinical settings to trigger consideration of further investi-
gation or referral. The monogenetic PID disorders continue to reveal
molecular mechanisms underpinning our understanding of tolerance
and immunity. Targeted therapeutic strategies are in development for
Comel-Netherton syndrome, including protein replacement, tissue
kallikrein inhibitors or using of autologous grafts of genetically cor-
rected patient keratinocytes.’® If successful, these promise to reveal
whether restoration of barrier function can prevent development of
the associated immunodeficiency. Whilst the role of barrier compro-
mise in environmental allergen sensitization is well established, we
are now recognizing the additional importance of the microbiota's
ability to drive autoimmunity. In murine models of Omenn's syn-
drome, marked dysbiosis and translocation of gut commensals across
the mucosal lining is associated with local inflammation, and systemic
autoimmunity. Treatment with oral broad-spectrum antibiotics nor-
malized serum hyper-IgE and ameliorated systemic autoimmunity.1%®
Confirmation in human states are required; however, the implications
are manifold. The interaction between the microbiota, barrier and
mucosal immune system likely represents a modifiable factor con-
tributing to the enteropathy seen in other PIDs associated with
immune dysregulation and enteropathy, but potentially also the
extreme rise in IgE described with graft-vs-host disease following
HSCT.'°! Normalization of the microbiota from the skewed popula-
tions observed in many HIES-PID may be an important means to
optimize therapies and might explain the decline of IgE levels
observed in some adults with STAT3-HIES.® Restoration of epithelial
defence is an attractive avenue. Chaperone modulators can amelio-
rate certain genotypes of cystic fibrosis, and this approach appears
suitable for STAT3-HIES.°2 This could be an important adjunct to
HSCT, given the wide range of extrahaematological manifestations.
Translation of current therapies such as dupilumab, a monoclonal
anti-IL-4Ra antibody, offers “off the shelf” options. Meanwhile, the
potential for a dietary intervention guided by detailed characteriza-
tion of molecular pathways revealed by CARD11 hints at wider impli-
cations for atopy sufferers. International collaborative efforts to
standardize reporting, such as the USIDNET and ESID registry, are
therefore vital to further characterize the true phenotypes of the
expanding range of conditions and long-term outcomes of these
emerging therapeutic options. Together this will help raise awareness
and improve treatment for not only monogenic PID and may inform
molecularly guided treatments for a much wider range of conditions.
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Absence of Surface IgD Does Not Impair Naive B Cell
Homeostasis or Memory B Cell Formation in IGHD
Haploinsufficient Humans

Jana Nechvatalova,""T Sophinus J. W. Bartol,"t Zita Chovancova,*’T Louis Boon,§

Marcela Vlkova,*" and Menno C. van Zelm™Y

Surface IgD is coexpressed with IgM on naive mature B cells. Still, the role of surface IgD remains enigmatic even 50 y after its
initial discovery. In this study, we examined the in vivo role of surface IgD in human B cell homeostasis and Ab responses in four
individuals with heterozygous nonsense mutations in /GHD. All IGHD heterozygous individuals had normal numbers of B cells
and serum Igs and did not show signs of immunodeficiency or immune dysregulation. IgD* and IgD™ naive mature B cells were
present in equal numbers and showed similar immunophenotypes, except for decreased expression of CD79b in the IgD™ subset.
Furthermore, both IgD* and IgD ™ naive mature B cells had normal replication histories and similar capacities to differentiate into
plasma cells upon in vitro stimulation, and Ig class—switched memory B cells showed similar levels of somatic hypermutations.
Thus, human B cells lacking IgD expression develop normally and generate immunological memory in vivo, suggesting that

surface IgD might function more restrictedly in regulating of B cell activation to specific antigenic structures. The Journal of

Immunology, 2018, 201: 1928-1935.

urface-expressed Igs are the hallmark of B cells. During
precursor development in bone marrow, each developing

B cell creates an Ig molecule with unique specificity through
genomic reassembly of elements in their Ig loci (1). This results in
the expression of a receptor with the IgM isotype, which is crucial
for naive B cell survival and activation of the cell in response to a
specific Ag (2, 3). In addition to IgM, circulating naive B cells
coexpress a receptor with the IgD isotype, resulting from alterna-
tive splicing of the exons encoding the variable domain to C8
constant regions encoding exons (4-6). IgM function has been
extensively studied, and even though IgD coexpression is highly
conserved in jawed vertebrates (7), the biological role of surface
IgD remains enigmatic even 50 y after its initial discovery (8, 9).
IgD was first described in 1965 by Rowe et al. (10, 11) as serum
Ig prior to the identification of coexpression with IgM on the
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surface of B cells (12-15). The IgM isotype is already expressed
in progenitor B cells, either with the surrogate L chains as pre-BCR
on pre-BII cells, or together with a rearranged Ig L chain on
immature B cells as BCR. IgM is first expressed as pre-BCR
(v chain with surrogate L chains) by pre-B cells. IgD expres-
sion is first upregulated after migration to the periphery at the
transitional B cell stage, and splicing to IgD is critically dependent
on Zinc-finger protein ZFP318 (16, 17). In mature naive B cells,
the levels of IgD exceed that of IgM and are downregulated after
Ag recognition (18, 19).

Surface IgD has been implicated in regulation of tolerance
induction or anergy versus Ag responses. Activation of IgD™
immature B cells was found to result in tolerance induction or
apoptosis, whereas similar Ag doses activated IgD* mature B cells
(20). In contrast, Ubelhart et al. (21) recently showed using
in vitro models that the large flexible hinge region of IgD prevents
low-valent Ags from triggering downstream signaling and B cell
activation. Furthermore, IgD exhibits reduced sensing of endog-
enous Ags (22). This would suggest that the presence of IgD on
mature B cells functions to inhibit responses to potential non-
complexed autoantigens. In addition, high levels of IgD expres-
sion in comparison with IgM are associated with anergy in both
human and mouse B cells (23, 24).

In terms of immune responses, IgM and IgD appear to function
very similarly: both activate the same downstream signaling cas-
cades, and both can mediate B cell activation, deletion, or anergy
after interaction with specific Ags (25). Furthermore, mouse
models that are deficient in IgD or have IgM substituted with IgD
have normal generation of B cells and are capable of generating
responses to T cell-dependent and independent Ags (26-28). Still,
affinity maturation is slightly delayed in the primary immune
response of B cells expressing IgD only (26), and it has been
suggested in one study that the signal transduction differs quali-
tatively between IgM and IgD (29). Together, these studies indi-
cate potential roles for surface IgD in B cell homeostasis and
immune responses, but its function in B cell in vivo immunity
remains unclear and prompted us to investigate this in vivo.
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In this report, we studied the in vivo function of surface IgD on
human B cells in four individuals from one family who carried het-
erozygous germline nonsense mutations in the /GHD gene. Detailed
clinical, molecular, and cellular analyses of the family were per-
formed and included direct comparison of the B cells expressing the
wild type IGHD allele and those using the /GHD mutant allele.

Materials and Methods

Patients

This family came to our attention when the index patient (IGHDG6; Table I)
was referred to the Department of Immunology and Allergology of the St.
Anne’s University Hospital in Brno on the basis of having enlarged in-
guinal and axillar lymph nodes. Histological examination proved gran-
ulomatous mycotic lymphadenitis. Later, he was diagnosed with nodular
lymphocyte-predominant Hodgkin lymphoma (clinical stage III A). Five
other members of the family (father; mother; and aunt, grandmother, and
grandfather from mother’s side) underwent extensive immunological ex-
aminations after informed consent was obtained and according to the
guideline of the local medical ethics committee. They had no clinical
manifestation of recurrent infection and/or malignancy. The aunt suffered
from celiac disease and Turner syndrome.

Flow cytometric immunophenotyping and purification of
B cells from human blood

All peripheral blood samples were obtained with informed consent and
according to the guidelines of the Medical Ethics Committee of Erasmus
MC and the Institutional Review Board of St. Anne’s University Hospital.

Absolute counts of blood CD3* T cells, CD16%/56" NK cells, and
CD19* B cells were obtained with a diagnostic lyse-no-wash protocol. For
detailed 11-color flow cytometry, RBCs were lysed with NH,CI prior to
incubation of 1 million nucleated cells for 15 min at room temperature in a
total volume of 100 pl (Abs listed in Supplemental Table I). After prep-
aration, cells were measured on a four-laser LSRFortessa flow cytometer
(BD Biosciences) using standardized settings (30). Data were analyzed
with FACSDiva software V8.0 (BD Biosciences).

DNA isolation and IGHD mutation analysis

DNA was isolated from post-Ficoll-Paque granulocytes and sorted B cell
subsets with the GenElute Mammalian Genomic DNA Miniprep kit
(Sigma-Aldrich). All eight IGHD-encoding exons including splice sites
(reference sequence NG_001019) were PCR amplified (Supplemental
Table II) from granulocyte DNA and sequenced on an ABI Prism
3130xl1 fluorescence sequencer (Applied Biosystems).

Sequence analysis of complete IGH gene rearrangements

IgD* and IgD~ naive mature B cells (CD19"IgM*CD27~ CD38%™) were
single-cell sorted into 96-well PCR plates containing 4 .l of lysis solution
(0.5X PBS containing 10 mM DTT, 8 U of RNasin [Promega], and 0.4 U
of 5'-3" RNase Inhibitor [Eppendorf]) and immediately frozen on dry ice.
RNA from single cells was reverse-transcribed in the original 96-well plate
in 12.5-pl reactions containing 100 U of Superscript III RT (Life Tech-
nologies) for 45 min at 42°C using primers in the leader sequence of IGHV
subgroups and a Cp reverse primer (31-33).

IgA and IgG transcripts were amplified from the cDNA of post-Ficoll
mononuclear cells by using the same IGHV subgroup—specific forward
primers in combination with a Ca or Cty consensus reverse primer (32, 34).
The usage of V, D, and J genes, as well as the junctional regions was
analyzed using the international ImMunoGeneTics information system
(http://www.imgt.org/) (35). IgG and IgA subclasses were identified using
the germline sequence of the /GH locus (NG_001019).

Replication history analysis using the k-deleting
recombination excision circles assay

The replication history of sorted IgD" and IgD™ transitional (CD19*
CD27 IgM*CD38") and naive mature (CD19*CD27 IgM*CD38%™)
B cell subsets was determined with the k-deleting recombination excision
circles (KREC) assay as described previously (36). Briefly, the amounts of
coding and signal joints of the /GK-deleting rearrangement were measured
by real-time quantitative PCR in DNA from sorted B cell populations on
an ABI Prism 7000 (Applied Biosystems). Signal joints, but not coding
joints, are diluted 2-fold with every cell division (36). To measure the
number of cell divisions undergone by each population, we calculated the
ratio between the number of coding joints and signal joints. The previously
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established control cell line U698 DBO1 (Invivoscribe) containing one
coding and one signal joint per genome was used to correct for minor
differences in efficiency of both real-time quantitative PCR assays.

Restriction enzyme—based assay for IGHD allele usage

Ig class—switched cells have deleted IGHD from the functional IGH allele,
and only the nonfunctional /GHD allele can be amplified by PCR. Because
the nonsense mutation in exon 1 of /IGHD disrupts an Mscl restriction site
(5'-TGGCCA-3'), exon 1 from IGHD was amplified with a FAM-labeled
forward primer from the DNA of purified CD19*CD38“™[gA* and CD19*
CD38%™gG* memory B cells from heterozygous IGHD-deficient individu-
als. The PCR products were digested with Mscl (New England Biolabs) and
run on the ABI Prism 3130x1. The relative amounts of uncut (mutated) IGHD
were compared with those in granulocytes that each carry both IGHD alleles.
An increase in undigested product would suggest more frequent usage of the
wild type IGHD allele in the Ig class—switched cells. DNA from healthy
controls was used as a positive control for complete digestion with Mscl.

In vitro plasma cell differentiation of purified naive B cells

IgD" and IgD ™ naive B cells were purified and cultured with combinations
of anti-IgM F(ab’),, anti-CD40 agonist, CpG ODN2006, and IL-21 as de-
scribed previously (37, 38). Cells were harvested after a 6-d culture for
TagMan-based quantitative RT-PCR on a StepOnePlus (Applied Biosystems).
Target gene expression levels were determined in freshly isolated and
cultured cells with intron-spanning primes and fluorogenic probes
(Supplemental Table II) and expressed relative to the ABL control gene
(39). All quantitative RT-PCR reactions were performed in duplicate.

Serology

Using a nephelometric method, we determined the levels of CRP, IgG, IgA,
IgM, and IgG subclasses (IMMAGE 800 Immunochemistry System; Beck-
man Coulter) as well as IgD, IgE, and IgA subclasses (Behring Nephelometer
1L, Siemens, Marburg, Germany). ELISA was used for the determination of
the following specific Abs: anti—extranuclear Ags (ENA; ENA screen; BL
Diagnostika GmbH, Mainz, Germany), anti—thyroid peroxidase (anti-TPO),
anti-thyroglobulin, anti-tissue transglutaminase IgG and IgA, and rheuma-
toid factor (all from AESKU.DIAGNOSTICS, Wendelsheim, Germany).
Indirect immunofluorescence was used to detect anti-nuclear Abs (HEp-2 kit;
Euroimmun, Liibeck, Germany), anti-neutrophil cytoplasmic Abs (gran-
ulocytes [EOH]; Euroimmun), anti-gastric parietal cells (anti-GPC), anti-
reticulin, and anti-smooth muscle Abs (autoantibodies RL/RK/RS Kkit;
ORGENTEC, Mainz, Germany). Ab titers to common bacterial pathogens
were evaluated by serological determination of IgG anti—pneumococcal
capsular polysaccharide (23 serotypes), anti-Haemophilus influenzae, and
anti—tetanus toxoid Ab levels (VaccZyme IgG Enzyme Immunoassay Kit;
Binding Site, Birmingham, U.K.).

Statistical analyses

Statistical analyses were performed with the Mann—Whitney U test, paired
Student 7 test, or x> test as indicated in detail in the figure legends. Any
p values <0.05 were considered statistically significant.

Results

Identification of a family with heterozygous nonsense
mutations in IGHD

As part of the diagnostic workup, blood B cells were studied by
flow cytometric immunophenotyping in a patient with nodular
lymphocyte-predominant Hodgkin lymphoma (index case; IGHDG6).
Peripheral blood B cells appeared polyclonal with a normal Igk/Igh
ratio. However, the patient carried an abnormally large population
of IgM-expressing B cells that lacked IgD expression (31.2% of
B cells; Fig. 1A). These cells were phenotypically diverse, with the
majority being CD38%™CD27 "~ (naive) and smaller fractions being
either CD38"CD27 ™ (transitional) or CD38%™CD27* (memory).
Because about half of the CD27 IgM™ naive B cell compartment
was IgD , we hypothesized that these cells used an /GH allele with
a germline mutation in the IGHD-encoding exons. To study whether
this abnormal population was inborn, blood from the patient’s
family members was immunophenotyped. The patient’s mother,
maternal aunt, and grandfather carried an abnormally large fraction
of B cells that were IgM*IgD CD27 ", fitting with a monoallelic
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FIGURE 1. Identification of heterozygous IgD deficiency. (A) Large fractions of IgM-expressing B cells lack surface IgD in four individuals from one
family. Red events denote CD27 IgD™ B cells; all other CD19* B cell events are indicated in blue. (B) Detection of a heterozygous G > A mutation in all
four individuals with large IgD-negative B cell populations. (C) Family tree. Half-filled symbols denote known carriers of the mutation; squares denote male
family members; circles denote female family members. (D and E) The ¢.368G>A mutation in /GHD exon 1 results in a premature stop codon (p.W123X)
in the first Ig constant domain (denoted by *). The underlined gt represents 3’ splice site of exon 1. IgL, Ig L chain.

inheritance. Sequence analysis of the JGHD gene revealed that all
four affected individuals carried the same heterozygous G to A
mutation in exon 1 (Fig. 1B, 1C; Supplemental Fig. 1). This het-
erozygous ¢.368G>A mutation results in mutation of a tryptophan
(TGG) to a stop codon (TAG). Because the nonsense mutation
(p-W123X) is already in exon 1, this allele will not give rise to a
functional IgD molecule (Fig. 1D), resulting in the lack of IgD
membrane expression in ~50% of naive B cells in all affected in-
dividuals. The ¢.368G>A mutation was not present in the unaf-
fected father and grandmother, or in the healthy control, and has not
been reported in Ensembl (current as of August 2018).

Humoral immunity in IGHD heterozygous individuals

Extensive clinical and immunological workup was performed on
all six included family members. Except for the index patient
(Hodgkin lymphoma), only the affected aunt had a history of
celiac disease and Turner syndrome. Besides reduced serum IgD,
heterozygous IGHD-deficient individuals carried mostly normal
serum Ig levels (Table I). Specific Ab levels against common

bacterial pathogens were normal in the three IGHD carriers that
were tested (Table II). Because nationwide vaccination of children
against H. influenzae B and Streptococcus pneumoniae was in-
troduced in the Czech Republic after the year 2000, the positive
titers to the latter reflect responses to previous infections. Reac-
tivity analysis to a large panel of 13 autoantigens revealed the
presence of anti-TPO autoantibodies in the grandmother, anti-
GPC in the mother, and anti-ENA in the father. The grandfather,
aunt, and index patient, who are all carriers of the /GHD mutation,
were negative for all tested autoantibodies.

Flow cytometric analysis revealed normal numbers of blood B cells
in all individuals except for the grandfather. This reduction resulted
from low numbers in both the naive and memory B cell subsets
(Table II). Naive and memory B cells were normally present in the
other individuals, except for low numbers of CD27'IgM*IgD"
marginal-zone-like B cells in carriers of the /GHD mutation. To
study if Ag-experienced B cells showed normal signs of molecular
maturation in the /GHD mutation carriers, IgA and IgG transcripts
were amplified from PBMC without discrimination of origin from
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Table I. Basic and immunological characteristics of all family members
Index (Carrier) Father Mother (Carrier) Aunt (Carrier) Grandmother Grandfather (Carrier) Normal Values

Gender M M F F F M

Age (y) 21 49 56 63 86 88

Blood cells (cells/ul)

Lymphocytes 1080 1361 1852 1290 2860 856 1000-2800
CD3" T cells 615.6" 1048.7 1403.7 1007.2 1924.3 623.3" 700-2100
CD4" T cells 302.4 698.4 678 472.4 962.2 372.1 300-1400
CD8" T cells 270 328.2 662.5 475.4 8717.5 228.8 200-900
CD19" B cells 172.8 100.1 156.2 111.3 416.3 37.9° 100-500
CD16/CD56" NK cells 280.8 179.7 2523 152.2 460.6 2344 90-600

Ig serum levels (g/1)
1gG 7.83 10.4 8.75 9.24 14.8 9.7 7.51-15.6

IeGl 4.64° 5.12 4.89° 3.94% 591 6.41 4.9-11.4
1gG2 2.95 4.82 4.12 4.5 8.32¢ 3.46 1.5-6.4
1gG3 0.225 0.245 0.366 0.421 0.407 0.203 0.2-1.1
1gG4 0.295 1.78¢ <0.07° 0.26 1.92¢ 0.291 0.08-1.4
IgA 1.36 2.62 1.58 2.84 4.86“ 1.88 0.82-4.53
IgAl 1.20 2.19 1.27 2.25 3.90° 1.46 0.58-2.63
IgA2 0.317 0.489 0.315 0.767 0.737 0.723 0.12-1.41
IgM 0.385¢ 1.25 0.931 0.271° 0.413” 0.579 0.46-3.04
IgD (U/ml) <4.6" 35.7 5.8° 6.7° 35.1 <4.6" 0.19-156°
IgE (IU/ml) 22 48 <17 <17 <17 22 0-100
CRP (mg/l) 3.8 5.05 2.15 2.94 10.6“ 3.03 0-8
Autoantibodies Negative Anti-ENA? Anti-GPC? Negative Anti-TPO? Negative

Only positive tests for autoantibodies are indicated.
“Supranormal values.

bSubnormal values.

‘Dunnette et al. (44).

CRP, C-reactive protein; F, female; M, male.

the IGHD wild type or mutant allele. Sequence analysis revealed the
presence of multiple unique clones that nearly all contained somatic
hypermutations (SHM). The mutation levels in IgA transcripts were
slightly higher, and in IgG transcripts, they were similar to those of
unaffected controls (Fig. 2). All IgA and IgG subclasses were present
in carriers of the IGHD mutation with slightly but significantly re-
duced fractions of IgA2 and IgGl in the carriers.

In conclusion, humoral immunity appears to be normal in car-
riers of the /IGHD mutation with no overt signs of autoimmunity or
immunodeficiency.

Molecular and immunophenotypic characteristics of
IgD ™ naive B cells

In normal human B cell development, IgD expression starts from
the transition of immature to mature B cells and coincides with the
migration from bone marrow to the periphery (40, 41). To study

whether defective IgD expression affected B cell generation or
homeostasis of naive B cells, we first analyzed the frequencies of
transitional and naive mature B cells expressing IgD. In unaffected
controls, nearly all naive B cells in blood coexpress IgM and IgD
(Fig. 3A), whereas in the IGHD carriers, only 48.4% of B cells do
(Fig. 3A). These equal frequencies of IgD" and IgD™ fractions
indicate that there is no selective advantage to the presence of IgD
in the generation of new B cells (transitional) or homeostasis of
naive mature B cells.

Naive B cells express IgM and IgD as alternative splice variants (4).
To study the effect of the IGHD nonsense mutation on IgM and IgD
transcript levels, IgD* and IgD™ naive mature B cells were isolated
from blood of three IGHD heterozygous individuals. As the index
patient had started treatment with rituximab, we could not obtain
sufficient cells from him. IgM transcripts were equally present between
subsets, whereas IgD transcripts were reduced by almost 2-fold in

Table II. Immune response characteristics of all family members
Index Mother Aunt Grandfather Normal
(Carrier) Father (Carrier) (Carrier) Grandmother (Carrier) Values®
B cell subsets (cells/l)
CD38"CD27~ transitional 24.0 2.5% 5.0 4.1 3.0 1.2 3-50
CD27 IgM™ naive mature 113.7 50.7 104.2 87.8 230.2 26.4° 57447
CD27*IgD*IgM* memory 1.2° 20.5 6.4° 1.9° 12.9 0.7° 9-88
CD27*1gM*IgD~ (IgM only) 12 6.6 45 1.3 2.5 0.7° 1-33
CD27*IgG* memory ND 2.8 8.0 2.0 25.0 0.9° 5-59
CD27*IgA* memory ND 7.1 7.9 5.2 30.5 0.8" 2-35
CD27 1gG+ memory ND 03" 1.0 0.7 1.4 0.2° 1-46
CD27 IgA* memory ND 0.3° 0.6 0.9 1.0 0.2° 0.4-25
CD38MCD27" plasma cells 2.1 0.4° 0.2% 0.3% 12 0.1 1-3
CD21"°"CD38" 6.2 2.8" 95 2.0° 8.0 43 4-11
IgG titers to common bacterial pathogens
Anti-tetanus (IU/ml) 3.0 ND 0.31 0.20 ND ND >0.12
Anti-PCP (mg/1) 32.1 ND 30.0 4.3 ND ND >15.4
Anti-HIB (mg/l) 6.5 ND 0.14 0.42 ND ND 0.09-17.7

“5-95 percentiles for B cell subsets (45, 46).
bSubnormal values.
HIB, H. influenzae B; PCP, pneumococcal capsular polysaccharide.
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IgD™ B cells (Fig. 3B). Consequently, IgM surface expression was
similar between both subsets (Fig. 3C). Importantly, surface CD79b
expression levels were reduced in IgD™ B cells. Thus, the IGHD
nonsense mutation does not seem to affect IgM transcript and protein
levels. However, mutant /IGHD transcript levels were reduced, and the
lack of IgD surface expression resulted in a decrease in the total
number of B cell receptors on the surface of naive mature B cells.
To further study the homeostasis of naive B cells, DNA was
isolated from IgD* and IgD™ transitional and naive mature
B cells for analysis of their replication history with the KREC
assay (36). Similar to unaffected controls, the IgD* and IgD™
B cells from /IGHD heterozygous individuals did not show pro-
liferation of transitional B cells and on average showed up to two
cell divisions in naive mature B cells (Fig. 3D). Furthermore,
both IgD* and IgD™ naive mature B cells showed normal ex-
pression of BAFF receptor (BAFF-R) and TACI, and lacked
expression of CD95 (Fig. 3E). Finally, complete /GH gene
rearrangements were sequenced from DNA of purified IgD™ and
IgD™ naive mature B cells to determine the length of comple-
mentarity determining region (CDR)3 as a measure for Ig rep-
ertoire selection. IgD* and IgD™ naive mature B cells showed
similar average CDR3 sizes and ranges, and these were not
different from those of unrelated controls (Fig. 3F) (42). Thus,
the absence of IgD on naive B cells does not affect their phe-
notype or cell numbers or impair homeostatic proliferation and,
consequently, does not impair their generation and homeostasis.

B cell memory and plasma cell differentiation in
absence of IgD

The individuals with heterozygous IGHD mutations carried Ig
class—switched memory B cells. To study whether these were
derived equally from IgD-expressing and IgD-deficient naive

B cells, we designed a restriction enzyme assay to discriminate
PCR products derived from the wild type or the mutant allele and
applied this to genomic DNA that was isolated from purified IgG
and IgA memory B cell subsets. These cells have deleted the IgD
coding exons from their functionally rearranged /GH locus, and
any amplified /GHD DNA would be derived from the nonfunc-
tional allele. Purified IgA- and IgG-switched B cells from all
three carriers tested contained equal numbers of mutated and
wild type IgD alleles (Fig. 4A). Thus, in vivo memory B cell
formation had occurred equally from IgD* and IgD™ naive
B cells.

In addition to quantitative analysis of memory B cell formation
from IgD* and IgD ™ naive B cells, we devised a strategy to trace
the origin of IgA and IgG transcripts from the IGHD wild type or
mutant alleles. First, /IGH transcripts were sequenced from single-
sorted IgD* and IgD™ naive B cells to identify IGHV genes that
were polymorphic between the mutant and wild type alleles of
three /GHD heterozygous individuals (Supplemental Table III).
Subsequently, we designated the IgA and IgG transcripts that used
these 11 alleles into those derived from /GHD wild type and
IGHD mutant alleles. IgA transcripts from /GHD wild type alleles
and IgG transcripts from /GHD mutant alleles carried higher SHM
frequencies than those of controls (Fig. 4B).

Finally, we studied plasma cell differentiation from naive B cells
in the presence or absence of IgD. Naive mature B cells from /IGHD
heterozygous individuals were sort-purified and stimulated in vitro
with anti-IgM and anti-CD40 agonist or CpG to mimic T cell
dependent and T cell independent secondary stimulation. After
6 d of culture, [gD" and IgD~ B cells expressed similar levels of
activation-induced cytidine deaminase, which was undetectable in
unstimulated cells, as well as transcription factors IRF4 and XBP1
(Fig. 4C).
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FIGURE 3. Effects of IgD deficiency on naive B cells. (A) Frequencies of transitional and naive mature B cells that express IgD in /IGHD heterozygous
individuals and unaffected controls. (B) IGHM and IGHD transcript levels in sort-purified IgD* and IgD ™~ naive mature B cells from IGHD heterozygous
individuals as determined by TagMan-based quantitative PCR. (C) IgM and CD79b surface expression levels on IgD* (blue lines) and IgD ™ (red lines) naive
mature B cells as determined by flow cytometry. CD3" T cells were used as control (gray lines). (D) Replication histories of transitional and naive mature
B cells from as determined with the KREC assay (36). Values from control (ctrl) populations were determined previously (43). Differences between IgD ™~
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levels of CD95, BAFF-R, and TACI on naive B cells as determined by flow cytometry [see (C) for details]. (F) IgH-CDR3 lengths derived from nucleotide
sequence analysis of unique /GH gene rearrangements of purified IgD* and IgD ™ naive mature B cells of IGHD heterozygotes. Data from unrelated controls
were generated previously (42). Statistics: Mann—Whitney U test. Red lines in (A), (B), (D), and (F) represent median values.

In conclusion, the IgD* and IgD ™ naive B cell in heterozygous
IGHD-deficient individuals show equal homeostasis and are sim-
ilarly capable of differentiation into memory and plasma cells.

Discussion
In this study, we described four members from one family with
heterozygous nonsense mutations in /GHD. Despite half of their
B cells lacking IgD expression and reduced serum IgD levels,
these individuals did not display overt clinical or immunological
defects, nor did they display defective IgG responses to polysac-
charide and protein Ags. Our detailed analysis showed that the
lack of functional IgD did not impair B cell generation, homeo-
stasis, or differentiation into memory B cells and plasma cells.
The expression of IgM was not affected in transitional and naive
mature B cells that used the IgD mutant allele. As a result, these
cells carried fewer surface Ig molecules than IgD-expressing
B cells. In the early 1990s, two IgD-deficient mouse models
were generated (27, 28). The IgD-deficient B cells in these models
showed increased surface IgM levels, resulting in near-normal
total surface Ig. Although the lack of compensation by increased
IgM in the human IgD-deficient B cells could reflect a difference
in species, it is more likely that the difference results from the
introduced mutations. IgD transcript levels in B cells from mutant
mice were strongly reduced, most likely because of increased
splicing of the rearranged VDJH exon to the first Cp coding exon

at the expense of splicing to Cd (27, 28). This is recapitulated
in zfp318 mutant mice in which the B cells are impaired in the
splicing of VDJy to IGHD and express 3-fold more surface IgM
(16). The IGHD p.W123X mutation did result in reduced IgD
transcript levels. Because this was not compensated by increased
IgM transcript, this is likely a postsplicing effect of transcript
instability due to the premature stop codon.

The expression of surface Ig is crucial for B cell survival. In vivo
ablation of surface Ig from mouse B cells was found to result in
upregulation of surface Fas (CD95), which rendered these cells
susceptible to T cell-mediated killing (2). Although B cell survival
can be directly affected by surface Ig levels, we did not find ev-
idence for this in IgD-deficient B cells. Transitional and naive
mature B cells in the four IGHD heterozygous individuals were
equally composed of IgD" and IgD ™ B cells. Furthermore, neither
CD95 expression levels nor the replication histories were in-
creased, thereby excluding compensatory proliferation. Thus, the
absence of IgD and the lower levels of surface Ig did not appear to
affect in vivo human naive B cell homeostasis. This contrasts with
previous observations from mice heterozygous for the previously
mentioned I/GHD-deficient alleles (27, 28), as these carried
~2 times more B cells expressing the wild type IgD allele than
B cells expressing the IgD mutant allele. In contrast, z7fp378 null
B cells that lack IgD expression have increased surface IgM
levels, and these are present in normal numbers in the blood and
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spleen (16). Still, population of peripheral lymphoid compart-
ments by zfp318-deficient B cells has not been tested in a com-
petitive setting with wild type B cells. Thus, it is possible that it is
not the absence of IgD but the overexpression of IgM that might
impair naive B cell survival in IgD-deficient murine B cells. More
recently, mice with an Ile81Lys mutation in /ghd have been de-
scribed. Cells expressing this allele have low levels of surface IgD
without altered IgM expression, and these are outcompeted by IgD
wild type cells. It remains unclear if low expression of the mutant
allele affects any of these processes or if there is a species dif-
ference in the role of IgD between human and mouse. Irrespective
of this, our studies demonstrate that the lack of surface IgD does
not impair homeostasis of naive B cells in humans.

On top of normal naive B cell homeostasis, we did not find
evidence of impaired memory B cell or plasma cell formation from
IgD-deficient B cells either. IgA and IgG memory B cells were
equally derived from naive B cells expressing /IGHD wild type and
mutant alleles and carried similar levels of SHM. Furthermore,
IgD" and IgD™ naive B cells were equally efficient in differenti-
ation into plasma cells following stimulation with anti-CD40 ag-
onist or CpG. IgD-deficient mice showed mostly normal humoral
immunity as well (27, 28). Still, in heterozygous mutant mice,
specific IgG1 generated following immunization with a protein Ag
was predominantly produced by cells expressing the IgD wild type
allele. We were not able to detect IgG variants in the IGHD car-
riers, preventing the analysis of Ag-specific responses of IgD* and
IgD™ B cells. Possibly, IgD-deficient B cells respond differently to
specific types of Ags (e.g., polyvalent Ags [see below]) (21). Still,
this will be restricted to a relatively small amount of Ags, as we
did not observe selective involvement of IgD wild type alleles in
Ag-experienced B cells in vivo.

Structurally, IgD differs mostly from IgM by the presence of a
large hinge region. Ubelhart et al. (21) recently demonstrated that
the hinge region makes IgD nonresponsive to monovalent Ags.

Binding of polyvalent Ags to surface IgD normally activated the
cells and did not result in an overresponse. These findings support
a function of IgD to limit rather than enhance certain types of
responses. This could be important in suppression of responses to
autoantigens. However, we did not find evidence of enhanced
autoimmunity in our patients. Following testing of 13 types of
autoantibodies, only two out of four /IGHD heterozygous indi-
viduals were positive for one each. Hence, loss of surface IgD
does not directly lead to overt autoimmunity. However, to estab-
lish whether IgD has a function in regulating autoreactivity, more
individuals would need to be studied.

The lack of functional impairments in human B cells expressing
a defective IGHD allele was not expected because surface IgD
expression is highly conserved in jawed vertebrates (7). Poten-
tially, IgD affects Ig repertoire selection in developing B cells. As
IgD is not expressed in pre-B or immature B cells in bone marrow
(41), it potentially only affects peripheral selection from the
transitional to the naive mature cell stage (33). We did not find
evidence of increased autoreactivity based on IgH-CDR3 lengths.
However, more specific changes in the Ig repertoire could be
present that have not been picked up by our studies.

If IgD does not confer a general advantage for homeostasis or Ag
responses of naive B cells, what would be the function of surface
IgD? We were not able to study the complete absence of IgD
in vivo, as we did not find an individual with biallelic IgD mu-
tations. Therefore, in all our study subjects, deficits of I[gD-deficient
B cells to specific Ags could have been obscured by IgD-expressing
B cells.

In conclusion, in the absence of surface IgD, human B cells are
normally produced and capable of Ag-dependent maturation that is
not outcompeted by IgD* B cells as assessed in our assays. Rather
than affecting the “wiring” of B cell differentiation and matura-
tion, surface IgD might have a more specific role in modulating
responses to Ag based on their structural organization.
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Abstract

Purpose Primary selective IgM deficiency (sIgMD) is a pri-
mary immunodeficiency with unclear pathogenesis and a low
number of published cases.

Methods We reviewed clinical and laboratory manifestations
of 17 sIgMD patients. Serum IgM, IgG, and its subclasses,
IgA, IgE, antibodies against tetanus toxoid, pneumococcal
polysaccharides and Haemophilus influenzae type b,
isohemagglutinins, and T and B lymphocyte subsets, expres-
sions of IgM on B cells and B lymphocyte production of [gM
were compared with previously reported case reports and a
small series of patients, which included 81 subjects in total.
Results We found that some patients in our cohort (OC) and
published cases (PC) had increased IgE levels (OC 7/15; PC
21/37), decreased 1gG4 levels (OC 5/14), very low titers of
isohemagglutinins (OC 8/8; PC 18/21), increased transitional
B cell counts (OC 8/9), decreased marginal zone B cell counts
(OC 8/9), and increased 21'°% B cell counts (OC 7/9).
Compared with the PC (20/20), only two of five OC patients
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showed very low or undetectable production of IgM after
stimulation. A majority of the patients had normal antibody
production to protein and polysaccharide antigens, basic lym-
phocyte subset counts, and expression of surface IgM mole-
cules on B cells.

Conclusions Low IgM levels are associated with various im-
munopathological disorders; however, pathogenic mecha-
nisms leading to decreased IgM serum level in selective [gM
deficiency remain unclear. Moreover, it is difficult to elucidate
how strong these associations are and if these immunopatho-
logical conditions are primary or secondary.

Keywords Selective IgM deficiency - primary
immunodeficiency - infections - autoimmunity - allergy

Introduction

Immunoglobulin M (IgM) is the first immunoglobulin isotype
expressed on the cell surface of immature B cells during B
lymphocyte lineage differentiation and represents the first an-
tibody that is produced during an immune response after ini-
tial antigen encounter [1]. Circulating human polyclonal IgM
is present in plasma at a concentration between approximately
0.5 and 2.0 g/l in healthy adults, with a half-life of about 5 days
[2]. Polyreactivity, antimicrobial activity, and housekeeping
functions, such as the capacity to promote the removal of
apoptotic cells, belong among the key properties of IgM [3, 4].

Primary selective IgM deficiency (sIgMD) is thought to be
a rare primary immunodeficiency disease (PID). The preva-
lence ranges from 0.03 to 3.80% in various studies [5—10]. Itis
characterized by low serum level of IgM (<0.20 g/l or <2
standard deviations below the age-adjusted mean) and normal
IgG and IgA levels; however, the IgE levels can be increased
[11]. The definition of sigMD based on IgM levels remains

@ Springer


http://orcid.org/0000-0002-7467-8063
mailto:zita.chovancova@fnusa.cz
http://crossmark.crossref.org/dialog/?doi=10.1007/s10875-017-0420-8&domain=pdf

560

J Clin Immunol (2017) 37:559-574

problematic compared to selective IgA deficiency (sIgAD), in
which immeasurable level of IgA (<0.07 g/l) is a criterion for
the diagnosis. In some previously published cases of patients
with sIgMD, the IgM levels are just slightly below IgM refer-
ence ranges. This could explain the discrepancies in clinical
and laboratory parameters reported among studies. No genetic
or molecular defects have been established yet. The clinical
features of these patients are variable. Although upper respi-
ratory tract infections, e.g., rhinitis, otitis media, and sinusitis,
were among the most common clinical symptoms found in
sIgMD patients, they also presented with various other man-
ifestations (e.g., sepsis, meningitis, and anaphylaxis).
Nevertheless, some of the patients are asymptomatic [11].

Goldstein et al. described the clinical features of adult and
pediatric patients with sIgMD in two review studies [6, 12].
Upper respiratory tract infections were among the most com-
mon clinical symptoms accompanied with autoimmune dis-
eases and allergies. The course of the disease was asymptom-
atic in only 3% of sIgMD patients [6, 12]. On the other hand,
only a few series that are primarily focused on the laboratory
parameters of sigMD patients have been published to date. In
our study, we focused on previously reported cases of patients
with sIgMD that contained their laboratory parameters, and
we present the clinical and laboratory data of our cohort of 17
adult patients with sigMD.

Methods

We examined the clinical and immunological features of 17
adult patients with sIgMD (referred to the Department of
Clinical Immunology and Allergy of St. Anne’s University
Hospital in Brno and the Institute of Clinical Immunology
and Allergy of Charles University Hospital in Hradec
Kralove from 1995 to 2015).

In a PubMed literature search using the keywords “IgM
deficiency” and “Selective IgM deficiency,” 32 papers contain-
ing laboratory data of the included patients were identified.

The study was approved by the institutional ethics commit-
tee of St. Anne’s University Hospital in Brno and University
Hospital of Charles University in Hradec Kralove. Informed
consents were obtained from the sigMD patients for anony-
mous publication of their data.

Patient Characteristics

The study group consisted of 17 patients, 9 males aged be-
tween 22 and 70 years with a mean age of 43.8 years at the
time of diagnosis and 8 females aged between 36 and 66 years
with a mean age of 52.6 years at the time of diagnosis. All
patients met the diagnostic criteria for primary sigMD [5]. The
presence of any other well-defined primary or secondary
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immunodeficiencies that are accompanied by decreased levels
of IgM was considered an exclusion criterion.

Patient’s charts were analyzed regarding clinical manifes-
tations, and laboratory data was retrieved and evaluated for
serum levels of IgG, IgG subclasses, IgA, IgM, and IgE im-
munoglobulins, antibody titers against tetanus toxoid (anti-
TET), pneumococcal polysaccharides (anti-PPS) and
Haemophilus influenzae type b (anti-HIB), isohemagglutinin
(IH) levels, T and B cell lymphocyte subsets, expression of
IgM on B cell surfaces and B lymphocyte production of IgM.

Laboratory Investigation

The serum immunoglobulin concentrations were measured by
nephelometry. Autoantibody concentrations against extract-
able nuclear antigen, tissue transglutaminase, cardiolipin,
double-stranded DNA, thyroglobulin, thyroid peroxidase,
and rheumatoid factor were determined with enzyme-linked
immunosorbent assay (ELISA). Autoantibodies against gas-
tric parietal cells, smooth muscle, neutrophil cytoplasm,
mitochondria, endomysium, basal glomerular membrane,
and double-stranded DNA and antinuclear antibodies were
determined by indirect immunofluorescence. Nephelometry
was used to evaluate rheumatoid factor. Anti-TET, anti-PPS,
and anti-HIB antibodies were measured with ELISA assays
(VaccZyme™ Immunoassay Kits, the Binding Site Group Ltd.,
Birmingham, UK).

Plasma anti-A and anti-B isohemagglutinins were investi-
gated with a saline agglutination tube test with incubation to
demonstrate IgM activity. Red blood cells, which possess the
corresponding antigen Al and/or B, were used for reactivity
strength grading.

Immunophenotyping of lymphocyte subpopulations was
performed with the Cytomix FC500 five-color cytometer
(Beckman Coulter Miami, FL, USA). Lymphocyte subsets,
including T lymphocytes (CD3"%), helper T lymphocytes
(Th; CD3"CD4™), cytotoxic T lymphocytes (Tc;
CD3*"CD8"), B lymphocytes (CD19%), and natural killer cells
(NK; CD167/CD56™), were identified using the following
monoclonal antibodies (mAbs): fluorescein isothiocyanate
(FITC) anti-CD45, phycoerythrin (PE) anti-CD4,
phycoerythrin-Texas red X (ECD) anti-CD8, r-
phycoerythrin-cyanine 5 (PC5) anti-CD3, PE-anti-CD56,
ECD-anti-CD19 (Cyto-Stat tetraCHROME, Beckman
Coulter, Miami, FL, USA) and PE-anti-CD16 (Immunotech,
Marseille, France).

B cell subpopulations, including CD21'°" B cells (21low;
CD21'°%CD38""), naive B cells (NA; [gM*CD27"), margin-
al zone B cells (MZ; [gM*CD27"), switched memory B cells
(SM; IgM CD27%), and plasmablasts (PB;
CD27"**CD38**"), were identified using the following
mAbs: Krome Orange (KO) anti-CD45, PE-anti-CD24, r-
phycoerythrin-cyanine 7 (PC7) anti-CD19, allophycocyanin
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(APC) Alexa Fluor 750-conjugated anti-CD38 (Beckman
Coulter, Marseille, France), brilliant violet 421 (BV421) an-
ti-CD27, FITC-anti-IgD, peridinin chlorophyll (PerCP) Cy5.5
anti-IgM (Biolegend, San Diego, USA), and APC-anti-CD21
(BD Pharmingen, San Jose, CA, USA). The reference values
published by Morbach et al. [13] were used.

T cell subpopulations, including naive (CD45RA) and
memory (CD45R0O) CD4* and CD8* T cells, were identified
using the following mAbs: KO-anti-CD45, PC7-anti-CD3,
APC Alexa Fluor A700-conjugated anti-CD8, PE-anti-
CD45RA, ECD-anti-CD45RO (Beckman Coulter, Marseille,
France), and pacific blue (PB) anti-CD4 (Exbio, Prague,
Czech Republic).

IgM production was measured with an ELISA assay after a
10-day incubation of peripheral blood mononuclear cells (10°
PBMCs/well) with pokeweed mitogen (PWM) at three con-
centrations (2.0, 0.2, and 0.02 pug/ml) and Staphylococcus
aureus Cowan I (SAC) at a concentration 1:1000 and
1:10,000. The reference ranges used in this article are the
reference ranges of a local laboratory.

Statistical Analysis

The two-sided Mann—Whitney U test was applied, and p-

values <0.05 were considered as statistically significant. If
not otherwise indicated, the results are expressed as the
mean = SD.

Results
Our sIgMD Patient Cohort
Clinical Findings

Age at Time of Diagnosis The mean age at the time of sigMD
diagnosis was 47.9 + 15.3 years (Table 1). The onset time
could not be precisely determined because more than one third
of the patients were asymptomatic with respect to infections
(6/17). The low IgM level findings in these patients were
incidental (Table 1).

Clinical Course of the Disease Increased susceptibility to
infections, especially involving recurrent upper respiratory
tract infections (i.e., >3 per year; 9/17; 53%) [14], pneumonia
(3/17; 18%), urinary tract infections (3/17; 18%), sinusitis
(2/17; 12%), otitis media (2/17; 12%), meningitis (2/17,
12%), recurrent colpitis (2/17; 12%), and furunculosis (2/17;
12%), was the most common clinical manifestation in our
patients. Other infectious complications in individual patients
included typhoid, erysipelas, and hepatitis B. Except two ep-
isodes of meningitis, no life-threatening infections were

observed. No increased incidence of infections was recorded
in one third of the patients (6/17; 35%) (Table 1).

Allergic disorders included allergic rhinitis (8/17; 47%),
drug allergy (5/17; 29%), bronchial asthma (3/17; 18%), atop-
ic dermatitis (2/17; 12%), urticaria (2/17; 12%), and bee sting
allergy (1/17; 6%). No clinical symptoms related to allergic
disorders were registered in three patients (3/17; 18%).
Autoimmune manifestations included Sjogren’s syndrome
(3/17; 18%), systemic lupus erythematosus (2/17; 12%),
thyreopathy (1/17; 6%), and alopecia (1/17; 6%). One patient
suffered from rectal adenocarcinoma, one patient from
basalioma and melanoma, and patient no. 9 developed
thymoma and Good’s syndrome 8 years after the sigMD di-
agnosis was established (Table 1).

Treatment No prophylactic antibiotic treatment or immuno-
globulin substitution was required in our patients except for
patient no. 9 in whom immunoglobulin replacement therapy
(IVIG) was initiated because of the transition of sigMD into
Good’s syndrome. The treatment of all allergic disorders of
the patients did not diverge from standard approaches.

Clinical Outcome and Mortality Two of our patients died
during the observation period; one aged 71 years of rectal
carcinoma, and the second one aged 76 years of undetermined
reason.

In a female patient no. 9, slgMD was diagnosed at the age
of 51 years. Remarkably, a gradual decrease in IgG and IgA
was observed at age of 54 years. Finally, her IgA dropped to
0.14 g/, and her IgG dropped to 1.99 g/l, which led to the
IVIG administration initiation. At the age of 59 years, Good’s
syndrome was diagnosed due to the discovery of thymoma.

Laboratory Findings

Serum Immunoglobulin Levels Within our 17 sIgMD pa-
tients, 6 had undetectable levels of serum IgM (<0.05 g/1) and
11 had IgM levels that ranged from 0.05 to 0.19 g/I. The serum
levels of IgG and IgA were 11.89 +5.04 and 2.97 + 1.93 g/,
respectively. Nearly half of the patients (7/15) had increased
levels of IgE (122-2110 IU/ml). The IgG subclass concentra-
tions (IgG,-1gG,) were evaluated in 14 of 17 sIlgMD patients;
half of the patients had normal levels (Table 2). One patient
had reduced IgG, levels; one patient had reduced IgG, levels,
and one patient had reduced IgG, and IgG, levels. Five pa-
tients had reduced or unmeasurable levels of IgG, (Table 2).

Antibody Levels The anti-TET, anti-PPS, and anti-HIB IgG
antibody levels were evaluated in 11 of 17 patients. All of
them had protective levels of antibodies except patient no. 5,
who had decreased anti-PPS IgG antibody levels (8.1,
>15.5 mg/l).
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After excluding the patients with proven autoimmune dis-
ease (patient nos. 6, 7, 8, and 15), positive antinuclear autoan-
tibodies were observed in 5 of remaining 14 patients (Table 2).
No other autoantibodies were detected during the follow-up
period.

We performed ABO blood group testing by measuring
isohemagglutinin titers (anti-A and anti-B antibodies in IgM
class) in nine patients. One patient had the AB blood group;
the remaining patients had low but detectable titers of the
corresponding isohemagglutinins in the IgM class. In three
patients, the IgM anti-A isohemagglutinin titer value was 2
(reference ranges: anti-A > 32). In six patients, the IgM anti-B
isohemagglutinin titer value ranged from 2 to 16 (reference
ranges: anti-B > 8) (Table 3).

Lymphocyte Subsets The lymphocyte subsets were deter-
mined in 11 patients. The absolute numbers and frequencies
of the total T cells, Th and Tc cells, NK cells, and B cells were
within the reference ranges in all investigated patients, except
patient no. 9, who had a decreased Th cell percentage, patient
no. 8, who had a decreased B cell percentage, and three pa-
tients (nos. 3, 7, and 8), who had decreased absolute B cell
numbers. Moreover, patient no. 8 had a decreased absolute B
cell count and B cell frequency (data not shown).

B lymphocyte subpopulations were analyzed in nine pa-
tients (Fig. 1). We found that eight out of nine patients had
increased transitional B cell frequencies and absolute counts
compared with the reference range [13].

The patients had variable naive B cell counts; two patients
had increased frequencies as well as absolute counts; three
patients had normal frequencies but decreased absolute
counts; two patients had normal frequencies and increased
absolute counts, and two patients had increased frequencies
but decreased absolute counts. Regarding marginal zone B
cells, out of nine patients, six had decreased absolute numbers
and percentages, two had decreased percentages but normal
absolute counts, and one had both increased absolute counts
and frequency. Regarding 21'°% B cells, out of nine patients,
seven had increased and two had normal percentages; out of
seven patients, three had increased and one had decreased
absolute counts. The numbers of switched memory B cells
and plasmablasts were variable (Fig. 1a, b).

The T lymphocyte differentiation stages were analyzed
in nine patients (Fig. 2). The absolute numbers and per-
centages of CD4™ naive T cells (Fig. 2a, b) were compara-
ble with the reference range in healthy population [15].
Most of the patients had decreased absolute numbers of
CD4" memory T cells; nevertheless, the frequency of these
cells was normal in nearly all of the investigated patients

Table 2 Immunoglobulin

concentrations and autoantibody N/S/A IeM  IgG  IgG;  IgG,  IgGs  IgGs  IgA  IgE  Autoantibodies
presence in our sIgMD patient g @ @ @ @ @ @ (@
cohort
1/M/35  <0.05 9.41 9.00 2.23 0.77 030 229 157  ANA
2/M/76 0.17 1134 732 245 031 052 273 32 Negative
3M/71 0.05 8.03 523 3.06 1.29 032 252 157 Negative
4/M/33  <0.05 13.40 8.90 3.66 0.92 0.62  3.59 393 ANA
S/F/59 <0.05 8.13 541 1.02 0.30 0.17 8.13 2110 Negative
6/F/73 0.12 11.80  6.26 3.10 030 <0.07 633 171 ANA, Sm/RNP
7/¥I77 0.18 1120  6.81 2.61 0.20 0.25 5.21 <20 ANA
8/F/78  <0.05 3030 2794 160 070 0.07 1.77 41 ANA, RF, anti-SSA,
anti-SSB, anti-GPC
9/F/68 <0.05 8.08 3.54 1.88 1.04 <0.08 0.63 <35  Negative
10/M/57  <0.05 13.50 8.80 5.70 0.71 <0.07 330 26 Negative
11/M/36 0.16 10.00 n.d. n.d. n.d. n.d. 1.18 nd. ANA
12/M/39 0.17 9.59 n.d. n.d. n.d. n.d. 1.45 nd.  Negative
13/F/42 0.14 9.50 n.d. n.d. n.d. n.d. 2.53 100 ANA
14/M/44 0.19 1330 9.10 242 0.24 2.02  3.07 1121 Negative
15/F/71 0.16 15.00 12.00 2.67 020 <0.07 327 4 ANA, anti-SSA,
anti-UIRNP, anti-TG
16/M/79 0.19 850  3.40 5.04 0.45 0.26 1.72 18 Negative
17/F/38 0.07 11.10  7.00 332 0.46 0.43 0.82 122 ANA

Reference ranges: IgM (0.46-3.04), IgG (7.51-15.6 g/1), 1gG; (4.90-11.40 g/l), IgG, (1.50-6.40 g/1), IgG; (0.20—
1.10 g/1), [gGy4 (0.08-1.40 g/1), IgA (0.82-4.53 g/l), IgA; (0.58-2.63 g/l), IgA, (0.12-1.41 g/1), IgE (0-100 TU/ml)
N/S/A number/sex/age, M male, F' female, ANA antinuclear antibodies, RF’ rheumatoid factor, anti-GPC antibod-
ies against gastric parietal cells, anti-TG anti-thyroglobulin antibodies, Sm/RNP antibodies against Smith antigen/
ribonucleoprotein, anti-Ul RNP antibodies against U1 ribonucleoprotein
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Table 3  Isohemagglutinin levels in our sIgMD patient cohort
N/S/A Blood group Anti-A IgM Anti-B IgM
1/M/35 A x 1
3/M/71 A x 2
4/M/33 B 2

6/F/73 B 2 X
7/F/77 A x 2
8/F/78 AB x x
9/F/68 0 2 8
13/F/42 A X 4
15/F/71 A x 16

Reference ranges: anti-A > 32, anti-B > 8

N/S/A number/sex/age, M male, F' female, /H isohemagglutinins, #.d. not
done, x not applicable

(Fig. 2a, b). Majority of the patients had normal absolute
CDS8" naive T cell counts and increased absolute CD8"
memory T cell counts while displaying increased percent-
age of both naive and memory CD8" T cells (Fig. 2¢, d)
[16].

IgM Surface Expression IgM surface expression was mea-
sured in 10 patients and compared with 24 healthy donors
(HDs). We found no significant difference in the B cell surface
IgM expression between the patients and HDs (Fig. 3). The
range of B cells bearing IgM on their surface was 70.8 £ 8.4%
in the HD group and 80.2 + 9.5% in the patient group.
Additionally, we did not observe any significant difference
in the median fluorescence intensity (MdFI) of the IgM ex-
pression on the transitional, naive, marginal zone, IgM only
(CD27*IgM*IgD"), switched memory, CD21'°% B cells, and
plasmablasts (data not shown).

IgM Production Testing of B lymphocyte IgM production
was performed in five patients (nos. 1, 3, 7, 8, and 9)
(Table 4). After stimulation with PWM and SAC, the IgM
production was comparable to the HDs in three patients
(nos. 1, 3, and 7) and decreased in two patients (nos. 8 and 9).

Previously Reported sigMD Patients

A cohort of 81 sIgMD patients was derived from relevant
articles. Serum IgM concentrations were available for 65 of

Fig. 1 Absolute counts (a) and a
percentages (b) of B cell 4001 400 7 "001 4001 40”1 4001
subpopulations. TR 100 ] 100 100 10 100
(CD24™*CD38"" transitional B 100+ 100 100 10 100
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zone B cells), SM (CD27*IgM" £ o ® © ¢
switched memory B cells), PB o o
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(CD21°"CD38"°" CD21°" B !
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these patients; 15 had undetectable IgM levels (<0.05 g/1); 29
had IgM levels between 0.05 and 0.20 g/1; 21 had IgM levels
between 0.21 and 0.39 g/1. IgE concentration data were avail-
able for 37 of these patients; 21 patients had increased IgE
levels (124-8900 IU/ml) [8, 17-42].

The level of antibodies against protein and polysaccharide
antigens was available for 20 out of 81 patients. Protective
levels against TET, PPS, and diphtheria toxoid were observed
in 11/14, 4/7, and 5/9 patients, respectively. The responses to
other vaccine against bacterial or viral antigens are shown in
Table 5.

Isohemagglutinin titers were determined in 21 out of 81
patients. Low but detectable anti-A or anti-B antibody titers
were observed in 18/21 patients. Specifically, the anti-A and

anti-B isohemagglutinin titer range was 1-32 in 15/18 pa-
tients, and 3/18 had natural isohemagglutinins present without
a detailed specification (Table 6).

The lymphocyte populations were reviewed for 47 previ-
ously reported patients. Not all the subsets were measured for
all the patients; nevertheless, the sigMD patients had normal
percentages of CD3™ T cells (mean 74.7 + 9.5%; 60-85%),
CD4™" cells (40.8 + 14.3%; 28-57%), CD8™ cells
(31.1 £ 13.6%; 10-39%), NK cells (9.8 + 5.2%; 7-31%),
and B cells (12.6 £ 6.8%; 6-19%) [8, 17-19, 22, 25, 26, 28,
29, 32, 33, 35, 37, 38, 40-42].

B lymphocyte subpopulations were analyzed individually
in three patients [10, 26, 38] and in cohorts of 16, 29, and 20
slgMD patients [43—45]. The cell numbers were variable.
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Fig. 3 IgM surface expression on CD19" B cells

Belgemen et al. observed normal naive and marginal zone B
cell frequencies but a decreased frequency of switched mem-
ory B cells [38]. Low levels of switched memory B cells were
also described in a patient in a study conducted by Saini et al.,
along with a decreased frequency of marginal zone B cells
[10]. A patient in a case report by Ideura et al. had an increased
frequency of naive B cells, decreased frequency of marginal
zone B cells, and normal frequency of switched memory B
cells [26]. Cipe et al. also observed decreased marginal zone B
cell levels in a cohort of 16 patients [43]. Recently, in a cohort
of 29 patients, Mensen et al. described that these patients had

Table 4  IgM concentration (pg/l) after 10-day stimulation with PWM
and SAC
No. PWM SAC
2.0 pg/ml 0.2 pug/ml  0.02 pg/ml  1:1000 1:10,000
P 1 176 1564 2023 1289 1037
P 3 280 201 18 106 3326
P 7 175 198 58 70 289
P 8 12 11 6 0 0
P 9 12 11 28 6 128
HD 1 47 234 782 3962 5333
HD 2 86 110 557 103 68
HD 3 228 151 116 176 139
HD 4 290 180 227 240 210
HD 5§ 383 461 554 52 404

P patient, HD healthy donor, PWM pokeweed mitogen, SAC
Saccharomyces cerevisiae Cowan 1

@ Springer

significantly increased transitional B cells (CD38™CD24™)
and decreased I1gM only (CD27IgM*IgD") and switched
(CD27"IgM IgD") and non-switched (CD27 IgM*IgD")
memory B cells [44]. Additionally, in a cohort of 20 patients,
Louis et al. described significant increase of CD21'°%, IgM
memory B cells, Breg cells, and CD8 Treg cells and signifi-
cant decrease of germinal center B cells, CXCR3* naive, and
memory B cells [45].

Cell proliferation after mitogen stimulation (PWM, phyto-
hemagglutinin or concanavalin A) was measured in 23 out of
81 patients. T lymphocytes proliferated normally after mito-
gen stimulation in 17/23 patients, but the proliferative re-
sponse was impaired or diminished in 6/23 patients
(Table 7). B cell mitogen stimulation by SAC was performed
in 6/23 patients resulting in low response in all of them
(Table 7).

Data regarding IgM surface expression were available for
27 out of 81 patients. Surface IgM was present on B cells in
normal levels in 21/27 patients, and the expression was de-
creased in 6 patients; however, in 3 of these patients, it was
normalized after a 7-day incubation with PWM (Table 7).

PWM-induced immunoglobulin production by PBMCs
over a 7-day culture period was measured in 20 out of 81
patients. All of them had very low or undetectable IgM pro-
duction after stimulation, although IgG and IgA immunoglob-
ulin production was normal or nearly normal (Table 7).

Discussion

Primary sIgMD was first described by Hobbs et al. in 1966 in
two boys who suffered from fulminant meningococcal septi-
cemia and also had very low levels of IgM [46]. Increased
susceptibility to infections is indeed the most common mani-
festation of sIgMD [6, 8, 44]. This may be explained by the
role of IgM in primary antibody responses, which cannot be
completely compensated for by other immunoglobulins
[47-49]. The critical role of IgM in response against bacterial
or viral infections was repeatedly demonstrated. For example,
soluble IgM (sIgM)-deficient mice were unable to eradicate
bacterial infections caused by cecal ligation and puncture [49],
and they displayed significantly reduced virus clearance abil-
ity and survival rates compared with wild-type mice [50].
Moreover, the presence of specific neutralizing IgM antibod-
ies early in the course of Nile virus infection limited viremia
and prevented dissemination into the central nervous system
[51]. IgM antibodies enhanced the primary antibody response
to sheep erythrocytes [52], and deficiency in secretory IgM
resulted in delayed maturation of response to T cell-dependent
antigens [53]. Furthermore, it was shown that IgM antibodies
might attenuate the infectious consequences of a lack of other
immunoglobulin isotypes in patients with hyper-IgM syn-
drome and polyvalent IgG replacement therapy might not
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Table 5  Antibody levels against protein and polysaccharide antigens in the reviewed sIgMD patients

N/S/A Anti-TET response Anti-PPS response Anti-DPT response Other vaccination response Ref.
(TU/ml) (ng/ml) (IU/ml)

S8/F/15 Adequate 1/6 Adequate n.d. [24]
61/M/49 Adequate Adequate n.d. n.d. [25]
64/>M/6 Adequate (6.31) 5112 Adequate (0.740) n.d. [21]

65/F/14 Adequate (>3) 8/12 Adequate (>7.000) n.d. [21]

66/F/15 Adequate 1/6 Adequate n.d. [21]
68/M/58 n.d. n.d. Inadequate (0.065) n.d. [30]
71/M/11 n.d. Inadequate n.d. n.d. [32]

73/F/16 n.d. n.d. n.d. Adequate response to rubella, HSV, EBV VCA [34]

(IgG, IgA but not IgM), EBV EA-DR (IgG)

74/E/59 Adequate (0.5) n.d. n.d. Inadequate response to rubella (IgG < 5 TU/ml) [35]
78/M/13 Adequate n.d. Adequate Adequate response to measles, mumps, rubella, pertussis [10]
80/M/6.5 n.d. Adequate n.d. Adequate response to poliovirus [38]

1/F/3 Inadequate n.d. n.d. Inadequate response to E. coli [18]
2/M/9 Inadequate n.d. n.d. Inadequate response to E. coli [18]

25/F/12 Adequate n.d. Inadequate Inadequate response to S. typhi [42]
63/M/10 n.d. n.d. n.d. Adequate response to rubella and CMV [27]
69/M/52 Adequate n.d. Inadequate n.d. [31]
70/M/41 Adequate n.d. Inadequate n.d. [31]
75/M/65 Inadequate n.d. n.d. n.d. [36]
76/M/72 Adequate nd. n.d. n.d. [36]
81/M/21 n.d. n.d. n.d. Adequate response to vaccinia and variola [39]
Impaired specific antibody response to pneumococcal antigens in 5 out of 11 studied patients (45%) [8]

N/S/A number/sex/age, anti-DPT antibodies against diphtheria toxoid, SV herpes simplex virus, EBV Epstein—Barr virus, CMV cytomegalovirus, E. coli

Escherichia coli, S. typhi Salmonella typhi, EA-DR antigen diffused/restricted, VCA viral capsid antigen, n.d. not done

Table 6 Isohemagglutinin levels

in the reviewed sIgMD patients N/S/A Blood group Isohemagglutinins Reference ranges Ref.
Anti-A Anti-B
1/F/3 n.d. X 8 n.m. [18]
2/M/9 n.d. 16 x nm. [18]
10/M/65 A Rh+ 0 x nm. [33]
S8/F/15 n.d. Isohemagglutinins 16 4-64 [24]
60/M/3 B Rh+ 1 x >10 [17]
64/M/6 n.d. 16 8 1-64 [21]
66/F/15 n.d. 16 4-64 [21]
69/M/52 A X 4 n.m. [31]
70/M/41 0 16 4 n.m. [31]
71/M/11 0 16 4 n.m. [32]
73/F/16 0 Rh+ 2 >32 [34]
75/M/65 B Rh— 0 x n.m. [36]
76/M/72 A Rh+ X Very weak n.m. [36]
77/M/60 n.d. Present Present n.m. [36]
78/M/13 n.d. Isohemagglutinins >128 n.m. [10]
79/M/16 0 Rh+ 32 2 n.m. [37]
80/M/6.5 B Rh+ 2 x >10 [38]
81/M/21 B 16 x nm. [39]
25/F/12 B Rh+ <2 x nm. [42]
59/F/3.5 n.d. 2 x >10 [20]
72/M/6 n.d. X 1 5-640 [22]

N/S/A number/sex/age, M male, F’ female, n.d. not done, X not applicable, n.m. not mentioned
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E g g % Eﬁ fully compensate for IgM deficiency [54]. On the other hand,
% g while prevalence of bronchiectasis was higher in patients with
;D 5 low levels of IgA (<0.8 g/l) and IgM (<0.5 g/l) in add.1t1on t.o
_ e IgG deficiency (<5.0 g/l), the difference in bronchiectasis
§ € & i prevalence between patients with normal IgA or IgM and
) 5‘3 é *:’s): patients with normal IgA and IgM was not statistically signif-
g gn g 2 % icant [55]. In addition, low IgG and IgA but not IgM were
g El g 8 g shown to be associated with increased risk of pneumonia and
g <, % E § bronchiectasis in a long-term follow-up of large cohort of

ia — = patients with common variable immunodeficiency [56].
Tf ; § F; B An increased frequency of autoimmune diseases is mark-
2 23 g g 5 edly associated with sIgMD [57]; however, this association
© = = %; é remains unclear. Recently, secreted polyclonal IgM was
§ % shown to prevent autoantibody formation by facilitating nor-
g5 @ mal B cell development and enforcing negative selection of
"é’ Lgné autoreactive B cells [58]. Moreover, secreted IgM (including
E E % IgM autoantibodies) may lessen the severity of the autoim-
E E} < 2 mune pathology associated with IgG autoantibodies [59].
2 %; § sIgM/antigen immunocomplexes promote a negative feed-
Y S- E ) back loop for B cell activation via CD22 receptor in glycan
% = § g § ligand-dependent manner, which may contribute to B cell tol-
e E DR erance [60]. In contrast, increased IgM levels can also be
g é g § "S associated with autoimmunity [61, 62]. In human PIDs char-
é g . E i @; acterized by elevated IgM levels and impaired B lymphocytes
2 R 2 E % E switching to IgG-producing cells, autoimmune disorders may
5 E '*g develop [48]. Mice with activation-induced cytidine deami-
3 2:; é nase defects, that prevent class switch recombination, develop
% éi hyper-IgM-like syndromes associated with autoimmune dis-
ERCR-] cases [63, 64]. Nevertheless, the role of IgM in association
‘§ “‘;0 é with autoimmune diseases remains unclear [65—68]. An asso-
§ § ; g ciation between slgMD and atopic disorders is prominent;
é &8 :5 however, the mechanism through which the low IgM levels
= §D§ = would cause Thl to Th2 response shift remains unclear. In
% é ; § addition, since the pathogenesis of sIgMD is obscure, it may
c 2 é EL be even possible that the low IgM levels are secondary to

éﬂ % g 2 atopy rather than the reverse.

g < g —é i E‘J The available data on lymphocyte subpopulations in larger
= 2 = S 3 5 sIgMD cohorts is insufficient and often contradictory.
E & % Regarding marginal zone B cells, reduced numbers [10, 26,
< E‘) E 38, 43, 44], normal numbers [44, 45], as well as the expansion
g % 8 ‘g of the marginal zone B cell compartment in mice deficient for
g § = E secreted IgM were described [69]. Gupta et al. recently de-
% é g < = scribed that adults with sIgMD displayed significantly in-
g E‘é 2 %f *“;; creased CD21'°%, IgM memory B cell, B regulatory, and
S ‘?,‘,; 5 = _§_ CD8 regulatory T cell levels and a significant decrease in
§ % = ; g | - ;’Dg germinal center B cells and CXCR3* naive and memory B
% é ‘;E _§ = § 2 cells [45]. Our results confirmed the increased 21'°% B cell
2 “E % 75 Té g2 E f‘ﬁ 8 Zi levels, which is a feature typical for some other PIDs and
é g8 S S =7l 8£¢ autoimmune conditions [70]. The plasmablast numbers were
§ é :z ,‘é. normal [45], which corresponds to the normal IgG and IgA
: el _E é"’g levels in sIgMD patients. The increase of transitional B cells
= s s < E® described in the Mensen et al. cohort was confirmed in our
= =3 E £ 5 study [44]. We observed variable levels of switched memory
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B cells; however, previous publications predominantly report
a decrease in this population [26, 38, 43—45]. Overall, the
results concerning B cell levels in patients with sigMD are
ambiguous. Larger studies might clarify association with cer-
tain B cell subpopulation abnormalities, such as in CVID [71];
however, the real clinical value is probably limited.

Naive B cells, transitional B cells, marginal zone B cells,
IgM only B cells, and IgM* plasmablasts belong to a group of
membrane IgM-expressing cells. It seems that the frequency
of IgM-expressing B cells within the total B cell population is
not diminished in patients with sigMD compared with HDs
[18, 23, 28, 34, 36, 4042, 44] although a few studies de-
scribed decreased surface IgM expression [10, 29, 33]. The
loss of serum IgM was not accompanied by diminution in
membrane IgM expression in mouse models [53]. In contrast
to Mensen et al. observations of significantly decreased mem-
brane IgM expression on IgM-expressing B cells, IgM only
memory B cells, marginal zone-like B cells, and
[gM*CD27 IgD™ memory B cells [44], we found no statisti-
cally significant change compared with HDs. The presence of
normal circulating B cell numbers with surface IgM suggests a
defect in the terminal differentiation of immature B lympho-
cytes into IgM-secreting plasma cells [18, 23, 36, 72-74].

A small number of studies showed a failure of B and T cell
cooperation in IgM production. Functional studies showed
that co-cultivation of patient B and T cells in the presence of
PWM led to absent or markedly decreased IgM production
[18,23, 28, 34, 41]. Concurrently, the IgG and IgA production
was normal [23, 28, 41] or impaired [18, 34] under the same
conditions described previously. Some studies showed normal
production of IgM when the patient T cells were co-cultured
with normal B cells [28, 34, 41], while others showed im-
paired IgM production [18, 23]. When patient B cells were
co-cultured with normal T cells, the IgM production increased
or reached normal levels [18, 41]. When irradiated patient T
cells were added to patient B cells, [gM production was suf-
ficient [23, 28]. Furthermore, Inoue et al. observed that in-
creased T cell numbers in culture led to increased IgG and
IgA but not IgM production [28]. Moreover, when patient B
cells were stimulated with SAC and IL-6, they produced a
significant amount of IgG and IgA under the same conditions.
Recently, Mensen et al. showed a decrease in numbers of [gM-
producing antibody-secreting B cells in two out of six patients
[44]. Moreover, significantly decreased numbers of IgM-
secreting and IgG-secreting cells were found in patients com-
pared with healthy controls due to the low B cell expansion
rate in majority of the patients [44]. Interestingly, patient B
cells were able to undergo isotype switching and produce
immunoglobulins of all other classes, resulting in normal
[10, 27, 34, 38, 39] or impaired [18, 21, 24, 32, 36] specific
antibody production. IgG and IgM isohemagglutinin produc-
tion remained at lower levels compared with healthy popula-
tions [10, 18, 21, 24, 31, 32, 34, 36, 37, 39]. This suggests the
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presence of a selective defect in patient B cells during B cell
maturation into IgM-producing cells. Overall, our understand-
ing of T or B cells’ function in patients with sIgMD is limited
by low number of studies based on small number of patients.
In vitro studies have not produced consistent results, which
might be attributed to variable pathogenesis of sigMD and/or
differences in in vivo and in vitro conditions of IgM produc-
tion. Although B cells or T cells’ intrinsic defects were sug-
gested to play role in pathogenesis of sigMD [18, 23, 28, 33,
40, 41, 74, 75], the key problem may be within IgM secretory
process because patients produce normal amounts of other
immunoglobulin isotypes and majority of them have normal
surface IgM expression.

Conclusions

In summary, the underlying mechanism of sigMD remains
elusive. The clinical presentation and laboratory parameters
range from asymptomatic individuals to patients affected with
severe infections, suggesting that the cause of low or unde-
tectable production of IgM may vary among patients. The
treatment is only symptomatic; prophylactic antibiotic treat-
ment is usually not necessary. We advocate that all sigMD
patients should undergo regular immunological evaluation to
limit the risk of unrecognized transformation into other, more
severe primary immunodeficiency.

Acknowledgements This work was supported by grant 15-28541A
from the Czech Ministry of Health.

Compliance with Ethical Standards

Conlflict of Interest
interest.

The authors declare that they have no conflict of

Ethical Approval All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical
standards.

References

1. Zhang Y, Garcia-Ibanez L, Toellner KM. Regulation of germinal
center B-cell differentiation. Immunol Rev. 2016;270(1):8-19.

2. Kaveri SV, Silverman GJ, Bayry J. Natural IgM in immune equi-
librium and harnessing their therapeutic potential. J Immunol.
2012;188(3):939-45.

3. Ehrenstein MR, Notley CA. The importance of natural IgM: scav-
enger, protector and regulator. Nat Rev Immunol. 2010;10(11):
778-86.

4. Smathers RL, Chiang DJ, McMullen MR, Feldstein AE,
Roychowdhury S, Nagy LE. Soluble IgM links apoptosis to com-
plement activation in early alcoholic liver disease in mice. Mol
Immunol. 2016;72:9-18.



J Clin Immunol (2017) 37:559-574

573

11.

12.

15.

16.

18.

19.

20.

21.

22.

23.

24.

Cassidy JT, Nordby GL. Human serum immunoglobulin concen-
trations: prevalence of immunoglobulin deficiencies. J Allergy Clin
Immunol. 1975;55(1):35-48.

Goldstein MF, Goldstein AL, Dunsky EH, Dvorin DJ, Belecanech
GA, Shamir K. Selective [gM immunodeficiency: retrospective
analysis of 36 adult patients with review of the literature. Ann
Allergy Asthma Immunol. 2006;97(6):717-30.

Hassanein HA, Elbadry MI. Selective immunoglobulin M deficien-
cy in an adult with miliary tuberculosis: a clinically interesting
coexistence. A case report and review of the literature. Int J
Mycobacteriol. 2016;5(1):106-10.

Yel L, Ramanuja S, Gupta S. Clinical and immunological features
in IgM deficiency. Int Arch Allergy Immunol. 2009;150(3):291-8.
Takeuchi T, Nakagawa T, Maeda Y, Hirano S, Sasaki-Hayashi M,
Makino S, et al. Functional defect of B lymphocytes in a patient
with selective IgM deficiency associated with systemic lupus ery-
thematosus. Autoimmunity. 2001;34(2):115-22.

Saini S, Dettore AJ, Bhambhani KJ, Buck S, Poulik J, Savasan S.
Selective IgM deficiency in CD30+ cutaneous lymphoproliferative
disorder. J Pediatr Hematol Oncol. 2011;33(4):e156-9.

Louis AG, Gupta S. Primary selective IgM deficiency: an ignored
immunodeficiency. Clin Rev Allergy Immunol. 2014;46(2):104—
11.

Goldstein MF, Goldstein AL, Dunsky EH, Dvorin DJ, Belecanech
GA, Shamir K. Pediatric selective IgM immunodeficiency. Clin
Dev Immunol. 2008;2008:624850.

Morbach H, Eichhorn EM, Liese JG, Girschick HJ. Reference
values for B cell subpopulations from infancy to adulthood. Clin
Exp Immunol. 2010;162(2):271-9.

Monto AS, Sullivan KM. Acute respiratory illness in the commu-
nity. Frequency of'illness and the agents involved. Epidemiol Infect.
1993;110(1):145-60.

Valiathan R, Deeb K, Diamante M, Ashman M, Sachdeva N,
Asthana D. Reference ranges of lymphocyte subsets in healthy
adults and adolescents with special mention of T cell maturation
subsets in adults of South Florida. Immunobiology. 2014;219(7):
487-96.

Bisset LR, Lung TL, Kaelin M, Ludwig E, Dubs RW. Reference
values for peripheral blood lymphocyte phenotypes applicable to
the healthy adult population in Switzerland. Eur J Haematol.
2004;72(3):203-12.

Celmeli F, Turkkahraman D, Cetin Z, Mihci E, Yegin O. Selective
IgM deficiency in a boy with ring chromosome 18. J Investig
Allergol Clin Immunol. 2014;24(6):442—4.

De la Concha EG, Garcia-Rodriguez MC, Zabay JM, Laso MT,
Alonso F, Bootello A, et al. Functional assessment of T and B
lymphocytes in patients with selective IgM deficiency. Clin Exp
Immunol. 1982:49(3):670-6.

Raziuddin S, Elawad ME, Benjamin B. T-cell abnormalities in an-
tibody deficiency syndromes. Scand J Immunol. 1989;30(4):419—
24.

Bolia R, Misra DP, Aggarwal A, Srivastava A. Paediatric selective
IgM deficiency and IgG4 deficiency: an extremely unusual associ-
ation. BMJ Case Rep 2014; 2014.

Kung SJ, Gripp KW, Stephan MJ, Fairchok MP, McGeady SJ.
Selective IgM deficiency and 22q11.2 deletion syndrome. Ann
Allergy Asthma Immunol. 2007;99(1):87-92.

Makay B, Unsal E, Anal O, Giines D, Men S, Cakmakg¢i H, et al.
Chronic recurrent multifocal osteomyelitis in a patient with selec-
tive immunoglobulin M deficiency. Rheumatol Int. 2009;29(7):
811-5.

Matsushita S, Inoue T, Okubo H. A case of selective IgM deficien-
cy: isotype-specific suppressor T lymphocytes. Jpn J Med.
1984;23(2):149-51.

Al-Herz W, McGeady SJ, Gripp KW. 22q11.2 deletion syndrome
and selective IgM deficiency: an association of a common

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

chromosomal abnormality with a rare immunodeficiency. Am J
Med Genet A. 2004;127A(1):99-100.

Hong R, Gupta S. Selective immunoglobulin M deficiency in an
adult with Streptococcus pneumoniae sepsis and invasive aspergil-
losis. J Investig Allergol Clin Immunol. 2008;18(3):214-8.

Ideura G, Agematsu K, Komatsu Y, Hatayama O, Yasuo M,
Tsushima K, et al. Selective IgM deficiency accompanied with
IgG4 deficiency, dermal complications and a bronchial polyp.
Allergol Int. 2008;57(1):99-105.

Kiratli HK, Akar Y. Multiple recurrent hordeola associated with
selective IgM deficiency. J] AAPOS. 2001;5(1):60—1.

Inoue T, Okumura Y, Shirama M, Ishibashi H, Kashiwagi S, Okubo
H. Selective partial IgM deficiency: functional assessment of T and
B lymphocytes in vitro. J Clin Immunol. 1986;6(2):130-5.
Arahata M, Tajiri K, Nomoto K, Tsuneyama K, Minami S, Shimizu
Y. A novel type of selective immunoglobulin m deficiency in a
patient with autoimmune liver cirrhosis with recurrent hepatocellu-
lar carcinoma: a case report and review of the literature. Int Arch
Allergy Immunol. 2013;161(1):91-6.

Dhir V, Sagar V, Aggarwal A, Rawat A, Singhal M. An unusual
cause of recurrent pneumonia in adults. Lung India. 2014;31(3):
296-8.

Yocum MW, Strong DM, Chusid MJ, Lakin JD. Selective immu-
noglobulin M (IgM) deficiency in two immunodeficient adults with
recurrent staphylococcal pyoderma. Am J Med. 1976;60(4):486—
94.

Sugita K, Eguchi M. Chronic idiopathic thrombocytic purpura in a
young male patient with isolated IgM deficiency. Int J Hematol.
2001;73(4):532-3.

Karsh J, Watts CS, Osterland CK. Selective immunoglobulin M
deficiency in an adult: assessment of immunoglobulin production
by peripheral blood lymphocytes in vitro. Clin Immunol
Immunopathol. 1982;25(3):386-94.

Mayumi M, Yamaoka K, Tsutsui T, Mizue H, Doi A, Matsuyama
M, et al. Selective immunoglobulin M deficiency associated with
disseminated molluscum contagiosum. Eur J Pediatr. 1986;145(1—
2):99-103.

Phuphuakrat A, Ngamjanyaporn P, Nantiruj K, Luangwedchakarn
V, Malathum K. Selective IgM deficiency in an adult presenting
with Streptococcus pneumoniae septic arthritis. J Microbiol
Immunol Infect. 2016;49(1):150-3.

Ross IN, Thompson RA. Severe selective IgM deficiency. J Clin
Pathol. 1976;29(9):773-7.

Jung CL, Cha MK, Jun BH, Hong KS. A case of IgM deficiency
with B cell deficiency detected by ABO discrepancy in a patient
with acute osteomyelitis. Ann Lab Med. 2013;33(3):208-11.
Belgemen T, Suskan E, Dogu F, Ikinciogullari A. Selective immu-
noglobulin M deficiency presenting with recurrent impetigo: a case
report and review of the literature. Int Arch Allergy Immunol.
2009;149(3):283-8.

Brilliant LB, Nakano JH, Kitamura T, Hodakevic LN, Bharucha
PB. Occupationally-acquired smallpox in an IgM-deficient health
worker. Bull World Health Organ. 1981;59(1):99—106.

Ohno T, Inaba M, Kuribayashi K, Masuda T, Kanoh T, Uchino H.
Selective IgM deficiency in adults: phenotypically and functionally
altered profiles of peripheral blood lymphocytes. Clin Exp
Immunol. 1987;68(3):630-7.

Yamasaki T. Selective IgM deficiency: functional assessment of
peripheral blood lymphocytes in vitro. Intern Med. 1992;31(7):
866-70.

Thong YH, Maxwell GM. Primary selective deficiency of immu-
noglobulin M. Aust NZ J Med. 1978;8(4):436-8.

Cipe FE, Dogu F, Giiloglu D, Aytekin C, Polat M, Biyikli Z, et al.
B-cell subsets in patients with transient hypogammaglobulinemia
of infancy, partial IgA deficiency, and selective IgM deficiency. J
Investig Allergol Clin Immunol. 2013;23(2):94-100.

@ Springer



574 J Clin Immunol (2017) 37:559-574
44. Mensen A, Krause T, Hanitsch LG, Meisel C, Kleint ME, Volk HD, 59. Boes M, Schmidt T, Linkemann K, Beaudette BC, Marshak-
et al. Altered B-cell subsets and functional B-cell defects in selec- Rothstein A, Chen J. Accelerated development of IgG autoanti-
tive IgM deficiency. Clin Immunol. 2015;161(2):96-102. bodies and autoimmune disease in the absence of secreted IgM.

45. Louis AG, Agrawal S, Gupta S. Analysis of subsets of B cells, Proc Natl Acad Sci U S A. 2000;97(3):1184-9.

Breg, CD4Treg and CD8Treg cells in adult patients with primary 60. Adachi T, Harumiya S, Takematsu H, Kozutsumi Y, Wabl M,
selective IgM deficiency. Am J Clin Exp Immunol. 2016;5(1):21— Fujimoto M, et al. CD22 serves as a receptor for soluble IgM. Eur
32. J Immunol. 2012;42(1):241-7.

46.  Hobbs JR, Milner RD, Watt PJ. Gamma-M deficiency predisposing 61. Picchianti Diamanti A, Rosado MM, Scarsella M, Ceccarelli S,
to meningococcal septicaemia. Br Med J. 1967;4(5579):583—6. Lagana B, D’Amelio R, et al. Increased serum IgM, immunodefi-

47.  Wardemann H, Boechm T, Dear N, Carsetti R. B-1a B cells that link ciency, and autoimmunity: a clinical series. Int J Immunopathol
the innate and adaptive immune responses are lacking in the ab- Pharmacol. 2015;28(4):547-56.
sence ofthe'spleen. J Exp Med. 2002;195(6):771-80. 62. Durandy A, Revy P, Imai K, Fischer A. Hyper-immunoglobulin M

48. Montgudoum C, Anson M, H?‘O Y, Dupcker SV, Ff:rnandez T, syndromes caused by intrinsic B-lymphocyte defects. Immunol
Gaud{n E, et al. Quorum sensing contributes to activated IgM- Rev. 2005:203:67—79.
secreting B cell home.:ostams. J Immun0.1. 2013;190(1):106-14. 63. Hase K, Takahashi D, Ebisawa M, Kawano S, Itoh K, Ohno H.

49. Boes M, Esau C, Fischer MB, SChm_ldt T Carroll M’_ Chen J. Activation-induced cytidine deaminase deficiency causes organ-
Enhanced ,B 1 9ell devdqpmeqt, but impaired IgG antibody re- specific autoimmune disease. PLoS One. 2008;3(8):¢3033.
sponses in mice deficient in secreted IgM. J Immunol. 64. Vyse TJ, Kotzin BL. Genetic basis of systemic lupus erythemato-
1998;160(10):4776-87. . orin.

50. Baumgarth N, Herman OC, Jager GC, Brown LE, Herzenberg LA, sus. Curr Opin Tmmunol. 1996’8(6)'843__5 L. L .
Chen J. B-1 and B-2 cell-derived immunoglobulin M antibodies are 65. Kauﬁngn HS, Hobbs JR. Immunoglobulin deficiencies in an atopic
nonredundant components of the protective response to influenza population. Lancfe?t. 1970;,2(7682):106 1‘73‘ . .
virus infection. J Exp Med. 2000;192(2):271-80. 66. Fallop KE. Ingblllty to train, recurrent infection, and selective IgM

51. Diamond MS, Sitati EM, Friend LD, Higgs S, Shrestha B, Engle M. deficiency. Clin J Sport Med. 2004;14(6):357-9.

A critical role for induced IgM in the protection against West Nile 67. Entezari N, Adab Z, Zeydi M, Saghafi S, Jamali M, Kardar GA,
virus infection. J Exp Med. 2003;198(12):1853-62. et al. The prevalence of selective immunoglobulin M deficiency

52.  Powell R, Hutchings P, Cooke A, Lydyard PM. Antibody mediated (SIgMD) in Iranian volunteer blood donors. Hum Immunol.
regulation of immune responses. I. Enhancement of specific anti- 2'_016§77(1)37*11-
body responses through IgM antibodies. Immunol Lett. 1982;4(5): 68. Ozcan C, Metin A, Erkocoglu M, Kocabas CN. Allergic diseases in
253-8. children with primary immunodeficiencies. Turk J Pediatr.

53.  Ehrenstein MR, O’Keefe TL, Davies SL, Neuberger MS. Targeted 2014;56(1):41-7.
gene disruption reveals a role for natural secretory IgM in the mat- 69. Baker N, Ehrenstein MR. Cutting edge: selection of B lymphocyte
uration of the primary immune response. Proc Natl Acad Sci U S A. subsets is regulated by natural IgM. J Immunol. 2002;169(12):
1998;95(17):10089-93. 6686-90.

54.  Micol R, Kayal S, Mahlaoui N, Beauté J, Brosselin P, Dudoit Y, 70. Thorarinsdottir K, Camponeschi A, Gjertsson I, Martensson IL.
etal. Protective effect of IgM against colonization of the respiratory CD21-/low B cells: a snapshot of a unique B cell subset in health
tract by nontypeable Haemophilus influenzae in patients with and disease. Scand J Immunol. 2015;82(3):254-61.
hypogammaglobulinemia. J Allergy Clin Immunol. 2012;129(3): 71, Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, Eren E, et al. The
770-7. EUROclass trial: defining subgroups in common variable immuno-

55. Hodkinson JP, Bangs C, Wartenberg-Demand A, Bauhofer A, deficiency. Blood. 2008;111(1):77-85.

Le?_ngohr .P’ Buckland MS, et al. LOW IgA‘ ar.1d IgM is assoc.:iated 72.  Vogelzang NJ, Corwin H, Finlay JL, Pellettiere EV, Luskin AT, Di
with a higher prevalence of bronchiectasis in primary antibody Camelli RF, et al. Clear cell sarcoma and selective IgM deficiency:
deficiency. J Clin Immunol 2017. ) o a case report. Cancer. 1982;49(2):234-8.73.

56. Quinti I, Sqresma A, Querra A, Rondelh R, Spadaro G, Agostlm.C, 73. Guill MF, Brown DA, Ochs HD, Pyun KH, Moffitt JE. [gM defi-
?t al Eﬁ"ectlve;ness F)flmml.mogl.obuhn replacement theraPy on clin- ciency: clinical spectrum and immunologic assessment. Ann
ical outcome in patients with primary antibody deficiencies: results Allergy. 1989:62(6): 547-52.
from a multicenter prospective cohort study. J Clin Immunol. 74, Endoh M, Kaneshige H, Tomino Y, Nomoto Y, Sakai H, Arimori S.
2011;31(3):315-22. . . . .

. . . . L . Selective IgM deficiency: a case study. Tokai J Exp Clin Med.

57.  Saifi M, Wysocki CA. Autoimmune disease in primary immunode- 1981:6(3):327-31
ficiency: at the crossroads of anti-infective immunity and self-tol- R o L . Lo
erance. Immunol Allergy Clin N Am. 2015;35(4):731-52. 75. Ra21u'dd1n S, B{lal N, Benja@n B. Trflns1en§ T-cell abnorrpahty ina

58. Nguyen TT, Elsner RA, Baumgarth N. Natural IgM prevents auto- selective IgM-immunodeficient patient with Brucella infection.

immunity by enforcing B cell central tolerance induction. J
Immunol. 2015;194(4):1489-502.

@ Springer

Clin Immunol Immunopathol. 1988;46(3):360-7.



MUDr. Zita Chovancovd, Ph.D.
Vybrané klinické a laboratorni aspekty nemalignich poruch tvorby protilatek v dospélém véku

Annex IV

CHOVANCOVA, Zita*(corresponding author)*, Milan KUMAN, Marcela VLKOVA
a Jirt LITZMAN. Successful renal transplantation in a patient with a Wiskott-Aldrich
syndrome protein (WASP) gene mutation. Transplant International [online]. 2015,
28(8), 1005-1009. ISSN 0934-0874. Dostupné z: doi:10.1111/tri.12583

Document Type: Article; IF = 2,835



TRANSPLANT

INTERNATIONAL

CASE REPORT

Transplant International ISSN 0934-0874

Successful renal transplantation in a patient with a Wiskott-
Aldrich syndrome protein (WASP) gene mutation

Zita Chovancova, 2 Milan Kuman,® Marcela Vlkova'? and Jiri Litzman'-2

1 Department of Clinical Immunology and Allergy, St. Anne’s University Hospital, Brno, Czech Republic

2 Faculty of Medicine, Masaryk University, Brno, Czech Republic
3 Cardiovascular and Transplant Surgery Centre, Brno, Czech Republic

Keywords Summary
IgA nephropathy, immunodeficiency, renal
transplantation, Wiskott—Aldrich syndrome.
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Introduction

Wiskott—Aldrich syndrome (WAS) is a rare, X-linked pri-
mary immunodeficiency disorder [1] caused by mutations
in the WAS protein (WASP) gene [2]. The WAS protein is
exclusively expressed in haematopoietic cells and is a key
regulator of actin polymerization [3,4].

The clinical manifestations in patients with WASP muta-
tions are highly variable and depend on the type of gene
mutation [5]. The majority of patients suffer from classical
WAS, characterized by a triad of small-platelet thrombocy-
topenia with bleeding tendency, recurrent infections and
severe eczema, with an increased risk of autoimmune disor-
ders and lymphoid malignancies. Patients with X-linked
thrombocytopenia, a milder variant of WAS, suffer pre-
dominantly from thrombocytopenia [6]. If not treated with

© 2015 Steunstichting ESOT 28 (2015) 1005-1009

to renal failure is a well-recognized complication in patients with WAS. Only a
few case reports of renal transplantation have been reported to date. Here, we
present a patient with a WASP mutation who suffered from severe atopic eczema,
mild thrombocytopenia and only a slightly increased frequency of infections, who
then developed IgA nephropathy and consequently underwent renal transplanta-
tion, which was successful. This study demonstrates that renal transplantation is
possible in patients with WAS, regardless of conceivable complications.

haematopoietic stem cell transplantation (HSCT) in
infancy or childhood, patients with WAS die of intracere-
bral bleeding, severe infections or lymphoma. Only in a
minority of cases with a mild clinical course do patients
survive into adulthood without HSCT.

Autoimmune diseases are frequent complications in
patients with WAS, the most common being autoimmune
haemolytic anaemia [7,8]. Renal disease, a common com-
plication in WASP deficiency, is observed in 3.5-19.0% of
all cases [8,9] and includes membranoproliferative glomer-
ulonephritis, interstitial nephritis and IgA nephropathy
(IgAN) [10,11]. All of these renal diseases may progress to
chronic renal failure requiring renal transplantation, which
may be difficult and disfavoured by transplant surgeons
due to established immunodeficiency in patients with
WAS. Therefore, only a few cases of kidney transplantation
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have been reported in the literature [12—14] with low suc-
cess rates.

Here, we report a patient with a WASP mutation who
suffered from severe atopic eczema and mild thrombocyto-
penia without bleeding tendency and only a mildly
increased occurrence of infections who developed IgAN
and consequently underwent renal transplantation, which
was successful.

Case report

The patient was referred for immunological investigation
at the age of 16 years because of severe eczema that
began in his first month of life and an incidental finding
of thrombocytopenia with small platelets (Table 1). He
suffered from a slightly increased frequency of mild,
recurrent respiratory tract infections without severe or
life-threatening complications. The immunological inves-
tigation revealed the typical picture of patients with WAS
(Table 1). Mutation analysis of WASP showed a splice
site mutation (3’ intron + 4, CTC to CCC) in exon 11,
which was highly likely to be disease-causing. Subsequent
Western blot analysis revealed residual expression of
WASP.

Chovancova et al.

At 17 years, mild haematuria and proteinuria were
observed. A renal biopsy performed at 21 years showed
IgAN, but no treatment was necessary. However, at
26 years, the patient developed end-stage renal failure
[urea: 18.3 mmol/l and serum creatinine (SCr): 349 umol/
1] with anaemia and hypertension. Intravenous immuno-
globulin (IVIG) replacement (250 mg/kg/month) was initi-
ated at 27 years, even though the patient did not suffer
from a markedly increased frequency of infections. Hae-
modialysis was also initiated.

Eight months after haemodialysis was initiated, the
patient underwent kidney transplantation from a deceased
donor. There was only one mismatch in the B locus (donor:
B13, 14 and recipient: B13, 62); no special induction therapy
was used. The patient’s primary immunosuppression regi-
men consisted of mycophenolate mofetil (1.0 g/day), taper-
ing to 0.5 g/day on day +60; 10 mg/kg of cyclosporine A
(CyA), tapering to a target 2-h postdose (C2) concentration
of 1300 ng/ml £20% for 1-3 months, 1100 ng/ml £20%
for 4-6 months and 900 ng/ml £20% for 6-7 months after
transplantation; and intravenous methylprednisolone doses
of 500, 250, 125 and 40 mg on days 1, 2, 3 and 4, respec-
tively, followed by 30 mg of prednisone on day 5, decreas-
ing to 5 mg/day on day +90. Because the patient developed

Table 1. Typical laboratory findings in patients with Wiskott-Aldrich syndrome and laboratory findings in the current patient.

At the time of 6.5 years 3 years after
Typical laboratory At the time CRF biopsy- 1 month 3 years a after RT GF waiting
Laboratory investigation findings in patients  of diagnosis confirmed before RT  fter RT (good  (recurrence for the
(reference ranges) with WAS (16 years)  IgAN (26 years) (27 years) graft function) of IgAN) second RT
IgG (7.51-15.60 g/l) Within a normal 10.6 9.0 9.12* 10.90* 7.16* 12.00*
range

IgA (0.82-4.53 g/l) Increased 6.4 10.30 6.56 10.30 6.79 6.19

IgM (0.46-3.04 g/l) Decreased 0.28 0.18 0.10 0.16 0.14 0.18
IgE (0-100 1U/ml) Increased 644 2660 n.d. 1190 1210 594
CD3*(0.90-2.80 x 10° I) NA 0.90 0.66 1.00 4.02 1.01 0.96
CD3*CD4* (0.40-1.40 x 10° ) NA n.d. 0.49 0.77 1.07 0.59 0.39
CD3*CD8* (0.20-0.90 x 10° ) NA n.d. 0.15 0.22 2.78 0.32 0.48
CD19*(0.1-0.5 x 107 I) NA n.d. 0.15 0.16 0.13 n.d. 0.07
CD16%/56* (0.09-0.60 x 10° I) NA n.d. 0.38 0.39 0.13 n.d. 0.10
1gG anti-TET (>0.120 1U/ml) NA 0.170% 0.115¢+ 0.100+ n.d. n.d. n.d.
IgG anti-PPS (>15.4 mg/l) NA 16.5+ 99.37 87.27 n.d. n.d. n.d.
IgG anti-HIB (0.09-17.7 mg/l) NA 0.013+ 0.7037 0.1827 n.d. n.d. n.d.

PLT (150-400 x 10%I) Decreased 34 30 50 82 49 51

MPV (7.80-11.00 fl) Decreased 6.5 7.9 8.80 8.50 8.20 8.20

Urea (1.70-8.30 mmol/l) NA 5.4 18.3 9.00 9.40 22.20 20.40
Serum creatinine (44-115 umol/l) NA 72 349 434 109 309 728

CD3*, T lymphocytes; CD3*CD4", helper and regulatory T lymphocytes; CD3*CD8*, cytotoxic T lymphocytes; CD19*, B lymphocytes; CD16%/56*, NK
cells; anti-TET, antibodies against tetanus toxoid; anti-PPS, antibodies against pneumococcal polysaccharides; anti-HIB, antibodies against Haemophi-
lus influenzae type b; PLT, platelets; MPV, mean platelet volume; GFR, glomerular filtration rate; IVIG, intravenous immunoglobulin; CRF, chronic renal
failure; RT, renal transplantation; WAS, Wiskott-Aldrich syndrome; IgAN, IgA nephropathy; GF, graft failure; NA, not applicable; n.d., not deter-

mined.
*The patient was on IVIG treatment at a dose of 250 mg/kg/month.

iThe patient was vaccinated only against tetanus toxoid within regular immunization schedule in the Czech Republic.
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cyclosporine gingival hyperplasia 7 months after transplan-
tation, CyA was switched to tacrolimus, with a target level
of 4-6 pg/l. The postoperative course was uncomplicated
with good graft function; at discharge on day 28, the
patient’s SCr level was 148 pmol/l and the glomerular filtra-
tion rate (GFR) was 0.940 ml/s. Despite normal clinical
practice in immunocompetent patients, the administration
of prednisone was terminated 18 months after transplanta-
tion. At that time, the patient had stable renal function (SCr
114 pmol/l, GFR 1.450 ml/s).

In the subsequent post-transplantation period, the
patient continued with IVIG treatment (250 mg/kg/
month) and his atopic eczema markedly improved,
although chronic lichenification persisted. During this sta-
ble period, his immunosuppression regime consisted of ta-
crolimus and mycophenolate mofetil. He did not suffer
from an increased frequency of respiratory tract infections;
facial herpes zoster at the age of 32 was successfully treated
with oral acyclovir. Also at 32 years of age, warm-type
autoimmune haemolytic anaemia was successfully treated
with methylprednisolone therapy, tapering from a dose of
32 mg to 4 mg by stepping down the dose every 2 days.
This 6.5-year-long post-transplantation period was
uneventful, enabling the patient to work at a part-time job.

At the age of 35, the patient suffered from oedema of his
lower extremities. A graft biopsy showed a relapse of IgAN
(treated by 250 mg pulse dosing intravenous methylpred-
nisolone for 3 days followed by increase in oral methylpred-
nisolone to 16 mg/day for 2 weeks without clinical effect).
A rapid decrease in graft function over 3 months led to re-
initiation of the haemodialysis programme 6.5 years after
transplantation. One year later, the patient was hospitalized
in the neurosurgery department for an otogenic brain
abscess caused by Pseudomonas aeruginosa. His condition
was successfully treated with stereotactic puncture and

Renal transplantation in a WAS patient

cefotaxime with metronidazole. This therapy led to com-
plete interruption of the immunosuppressive treatment.

At the time that this case report was completed, 10 years
had elapsed since the first transplantation. The patient was
38 years of age, was in a relatively stable state, did not have
significant immunodeficiency symptoms and was waiting
for a second suitable donor.

Discussion

Several renal diseases may lead to renal failure in patients
with WAS; IgA nephropathy has been diagnosed in a
majority of these cases [15]. In addition to our case, 10
cases of WAS/X-linked thrombocytopenia (XLT) with
biopsy-confirmed nephropathy were previously described
[10]. To our knowledge, we describe the first case of suc-
cessful renal transplantation without serious complications
over 6.5 years of good kidney graft function in a patient
with a WASp mutation and biopsy-proven IgAN.

Renal transplantation is complex in patients with WAS
due to the underlying immunodeficiency and the increased
risk of lymphoma [12]. Therefore, only a few cases of renal
transplantation have been reported (Table 2). The first three
reported transplantations were performed in the 1990s,
when the standard triple-therapy protocol used for trans-
plantation consisted of azathioprine (2.0 mg/kg), CyA
(5.0 mg/kg) and prednisone (0.5 mg/kg) [16]. The immu-
nosuppressive treatment in patients described by Webb
et al. [14] and Meisels et al. [13] was reduced in comparison
with that used in immunocompetent patients, but Fischer
et al. [12] used standard doses of this triple immunosup-
pressive therapy. The higher, standard doses could be the
reason for the fatal outcome in the latter patient, who had
complications from multiple infections and lymphoid
malignancy 3 months after transplantation (Table 2).

Table 2. Three previously reported cases of renal transplantation in patients with WAS.

Immunosuppression

Patient Biopsy Type of RT AZA

CyA MPD Outcome References

46-year-old ~ MesPGN  One haplotype matched; 1.0 mg/kg

5.0 mg/kg 0.5 mg/kg

No rejection; death [14]

man deceased donor (CO: 100-150 ng/ml) 35 months after RT
(probable cardiac cause)
33-year-old MPGN Deceased donor 1.0 mg/kg 8.0 mg/kg 0.3 mg/kg  BPCR on day 26 after RT [13]
man (C0: 250-375 ng/ml)
41-year-old n.d. One Haplotype matched; 2.0 mg/kg  (CO: 200-250 ng/ml) 0.5 mg/kg  BPCR on day 76 after RT; [12]
man (brother living related donor multiple infectious
IgAN) complications and

lymphoid
malignancy; death
3 months after RT

AZA, azathioprine; CyA, cyclosporine A; MPD, methylprednisolone; MesPGN, mesangioproliferative glomerulonephritis; MPGN, membranoprolifera-
tive glomerulonephritis; CO, trough level; BPCR, biopsy-proven cellular rejection; RT, renal transplantation; n.d., not determined.

© 2015 Steunstichting ESOT 28 (2015) 1005-1009
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Because azathioprine was replaced with mycophenolate
mofetil in combination with CyA or tacrolimus and pred-
nisone as the standard protocol at the end of the 1990s
[17,18], our patient was treated with a standard dose of
mycophenolate mofetil, prednisone and CyA, which was
switched to a standard dose of tacrolimus. In our patient,
steroid therapy was interrupted 18 months after transplan-
tation to decrease the risk of infectious complications.

Patients with WAS/XLT were recently shown to produce
aberrant galactose-deficient IgA, which can participate in
development of IgAN [19]. Furthermore, HSCT amelio-
rated IgAN and causes decrease in aberrant IgA in the
serum of patient with WAS [20]. Nevertheless, HSCT was
not indicated in our patient because of mild clinical course
of the disease.

Unlike our case, all three previously reported WAS trans-
plant patients had strong family histories of WAS disease,
and the clinical features typical for these patients were well
expressed. Although he has a WASP mutation, our patient
likely suffers from a mild clinical form of WAS, particularly
regarding infectious complications, which could explain his
uneventful post-transplant period.

In conclusion, our case of successful renal transplanta-
tion reinforces the fact that renal transplantation is possible
in patients with WAS, especially those with a milder clinical
form of the disease, regardless of possible complications.
These patients may tolerate appropriately reduced chronic
immunosuppressive treatment.
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PREHLED

Podtfida imunoglobulinu IgG4 a s ni souvisejici

v

v = [

patologickeé stavy aneb jak U¢inné imitovat

nadoroveé onemochneéni

lgG4 immunoglobulin subclass and related pathological conditions

or how to effectively imitate cancer disease
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"Ustav klinické imunologie a alergologie LF MU a FN u sv. Anny v Brné
2Urologické oddéleni LF MU a FN u sv. Anny v Brné
*Onkologicko-chirurgické oddéleni LF MU a FN u sv. Anny v Brné

“1. Ustav patologie LF MU a FN u sv. Anny v Brné

>Klinika zobrazovacich metod LF MU a FN u sv. Anny v Brné

Souhrn

Vychodiska: 1gG4 tvofi nejméné zastoupenou podtfidu imunoglobulind G (IgG) a od ostatnich
protilatek se odlisuji svymi zvlastnimi vlastnostmi. | kdyz jejich funkce v imunitni odpovédi
neni zcela jasna, uplatiuji se zejména v regulaci imunitni odpovédi. IgG4 je tvoren v dusledku
chronické nebo silné antigenni stimulace, pficemz v takové situaci se stava dominantné tvore-
nou podttidou IgG. IgG4 hraji klicovou roli v imunitni toleranci u alergii a nador(. Tolerogenni
potencial IgG4 se uplatriuje v 1é¢bé alergickych onemocnéni pomoci alergenové imunoterapie,
zaroven se vsak také podili na navozeni imunologické tolerance v mikroprostredi nadord, coz
podporuje nadorovou progresi. S IgG4 souvisi pomérné nedavno popsané skupiny patolo-
gickych stavi. Kromé lgG4-autoimunitnich onemocnéni se jedna zejména o lgG4-asociovana
onemocnéni (IgG4-related disease — IgG4-RD). Jedna se o skupinu imunitné podminénych
onemocnéni, u kterych dochazi k tvorbé fibréznich a sklerotizujicich lozisek v rliznych orga-
nech lidského téla, coz vede k postupnému postizeni jejich funkce. Mezi nejcastéji postizené
organy patfi pankreas a velké slinné Zlazy, pficemz dalSimi postizenymi organy byvaji orbity
a slzné zlazy, bilidrni cesty, plice, ledviny, retroperitoneum, aorta, meningy a stitna zlaza. Neni
zcela jasné, zda se u téchto pacientd vyskytuji nddorova onemocnéni s vyssi frekvenci oproti
bézné populaci, nicméné vztah mezi IgG4 a nadorovymi onemocnénimi ma jesté jinou rovinu.
IgG4-RD totiz velmi ¢asto v zobrazovacich metodach imponuiji jako pokrocild nddorova one-
mocnéni, proto by se na jejich existenci mélo myslet také v diferencidlni diagnostice malignich
stavu. Cil: Cilem tohoto sdéleni je zvysit povédomi klinickych onkologtl o diagnéze 1gG4-aso-
ciovanych onemocnéni, ktera mohou svym obrazem imitovat nadorova onemocnéni riiznych
organt v lidském téle. Proto je potfeba na né pomyslet také v diferencidlni diagnostice malig-
nich onemocnéni.
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IgG4 - IgG4-asociovana choroba - imunoregulace - diferencialni diagnostika — malignita
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Summary

Background: 1gG4 is the least represented subclass of human imunnoglobulines G (IgG) in serum and differs from other antibodies by its unique
biological properties. Although its function in the immune response is not entirely clear, it is mainly involved in the regulation of the immune
response. It is formed as a result of chronic or strong antigenic stimulation; in such a case, it becomes a predominantly formed 1gG subclass.
IgG4 play a key role in the immune tolerance in allergies and tumors. The tolerogenic potential of IgG4 is used in the treatment of allergic diseases
using the allergen immunotherapy; at the same time, it is also involved in inducing the immunological tolerance in the microenvironment of
tumors, which promotes tumor progression. The increase of serum IgG4 is associated with relatively recently described groups of diseases. In
addition to the IgG4-autoimmune diseases, it is mainly connected with IgG4-associated diseases (IgG4-RD) where various organs of the human
body are affected by the formation of fibrous and sclerosing deposits in this group of the immune-mediated diseases, which leads to specific
organ dysfunction. The most commonly affected organs include the pancreas and large salivary glands; moreover, the orbits and lacrimal glands,
the biliary tract, the lungs, the kidneys, the retroperitoneum, the aorta, the meninges, and the thyroid gland may also be affected. It is not en-
tirely clear whether these patients have a higher prevalence of cancer than the general population; however, there is also another relationship
between IgG4 and cancer. IgG4-RD very often imitate advanced cancer in medical imaging techniques, so its existence should also be considered
in the differential diagnosis of malignancies. Purpose: The aim of this article is to draw attention of clinical oncologists to the issue of IgG4-asso-
ciated diseases group which can mimic cancer condition in various organs in the human body. Therefore, it is necessary to bear them in mind in
the differential diagnosis of malignant diseases.

Key words

IgG4 - IgG4-related disease — immunoregulation — differential diagnosis — malignancy

Uvod

Imunoglobuliny ve tfidé IgG tvofi sou-
bor ctyf podtiid (IgG1-1gG4), z nichz
IgG4 jsou z hlediska koncentrace v séru
nebo plazmé nejméné zastoupenou
podtiidou [1]. Od ostatnich protilatek
i podtiid 1gG se odlisuji zvlastnimi vlast-
nostmi, které se vymykaji obecné pred-
stavé o funkci protilatek jako téch, které
sméfuji a rozvijeji imunitni odpovéd ve
smyslu jeji aktivace. Funkce IgG4 v imu-
nitni odpovédi sice neni v soucasné
dobé jesté zcela objasnéna, nicméné
svou roli hraji v patogenezi nebo 1é¢bé
alergickych, autoimunitnich ¢i nddoro-
vych onemocnéni. Pomérné nedavno
byla v souvislosti s touto podtfidou imu-
noglobulint popsana nova nozologicka
jednotka s ndzvem lIgG4-asociované
onemocnéni (IgG4-related disease -
IgG4-RD), sdruzujici jednotlivd onemoc-
néni s odpovidajicim charakterem po-
stizeni jednotlivych organ(, které jsou
klasicky vedeny jako samostatné cho-
roby [2]. Do popredi klinického zajmu se
v posledni dobé dostava také problema-
tika 1lgG4-autoimunitnich onemocnéni
(lgG4-autoimmune diseases - 1gG4-
-AID) [3]. Tolerogenni potencial IgG4 se
uplatnuje v [é¢bé alergickych onemoc-
néni pomoci alergenové imunoterapie,
na druhé strané se podili na navozeni
imunologické tolerance v mikropro-
stfedi nddord, coz podporuje nadorovou
progresi a umoznuje Sifeni nadorovych
bunék do okolnich tkani a orgdnu [4].

Vztah mezi IgG4 a nddorovymi onemoc-
nénimi ma jesté dalsi rovinu. IgG4-aso-
ciované onemocnéni totiz v zobrazova-
cich metodach velmi ¢asto imponuje
jako pokrocilé nadorové onemocnéni,
proto by se na jeho existenci mélo my-
slet také v diferencialni diagnostice ma-
lignich stavd.

lgG4-asociované onemocnéni
(IgG4-RD)

Oznaceni 1gG4-RD zahrnuje skupinu
imunitné podminénych onemocnéni
asociovanych s fibroinflamaci, jejimz na-
sledkem je tvorba fibréznich a skleroti-
zujicich lozisek témér v jakémkoli organu
lidského téla [5]. Poprvé byla u pacienta
s autoimunitni pankreatitidou popsana
zvysend koncentrace IgG4 v Japonsku
v roce 2001 [6]. Od té doby se zacaly ob-
jevovat v literature kazuistiky popisujici
postizeni rdznych organu lidského téla
doprovazena elevaci sérové koncent-
race 1gG4 s podobnym histologickym
nalezem. Tato onemocnéni pak byla po-
stupné zafazena pod nové oznaceni tzv.
IgG4-asociovaného onemocnéni (tab. 1).
| kdyZ toto onemocnéni muze postih-
nout teoreticky jakykoli orgén, nejcas-
t&ji byva zasaZen pankreas a velké slinné
zlazy (submandibularni, sublingualni
nebo parotickd) [7,8]. Dalsimi ¢asto po-
stizenymi organy jsou slzné zlazy, plice,
ledviny, retroperitoneum a aorta, me-
ningy a 3titna zlaza, ale i orbita nebo Zlu-
Cové cesty [9]. Asi 60 % pacientl s IgG4-

-RD ma v dobé diagnézy postizeny vice
nez jeden organ [10]. Napf. u pacientd
s lgG4-asociovanou pankreatitidou by-
vaji ¢asto postizeny také submandibu-
[arni slinné zlazy. To mlze pomoci po-
myslet prednostné na diagnézu IlgG4-RD
a usetfit pacienta invazivni pankreatek-
tomie v dusledku podezieni na nador
pankreatu [10].

S postupujicimi znalostmi o tomto
onemocnéni byla samostatna organové
specifickd diagnosticka kritéria dopl-
néna v roce 2011 o vieobecna zevrubna
diagnostickd kritéria IgG4-RD [11]. Nic-
méné praktické zkusenosti s jejich pou-
zivanim v nasledujicich letech pfinesly
tézkosti v podobé ne vzdy snadného
provedeni bioptického vysetfeni nékte-
rych postizenych tkani, problematiky
senzitivity a specificity v ,cut off” hladi-
nach IgG4 svédcicich pro tuto diagndzu,
ale také obtize s barvenim IgG4 v bio-
tickych materidlech. Proto byla tato
kritéria v roce 2020 prepracovadna do
podoby revidovanych zevrubnych dia-
gnostickych kritérii, ktera se skladaji
z tii hlavnich &asti tvorenych typickymi
klinickymi a radiologickymi znaky, sé-
rologickymi a patologickymi znaky
(tab. 2) [12]. U pacientl s pravdépodob-
nou nebo moznou diagnézou 1gG4-RD
je nutné zamérit se na jednotliva orga-
nové specifickd diagnosticka kritéria, je-
jichz splnéni umozni definitivni stano-
veni diagnézy 1gG4-RD (tab. 2). V ramci
diferencidlni diagnostiky téchto one-
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Tab. 1. Piehled vyskytu IgG4-asociovanych onemocnéni.

Postizeny organ
hypofyza

oko

slinné zlazy

dura mater
stitna zlaza
aorta

srdce
mediastinum
plice

prsni zlazy

gastrointestinalni trakt

ledviny
retroperitoneum
prostata

kGze

lgG4-asociované onemocnéni
IgG4-asociovand hypofyzitida
IgG4-asociované ocni onemocnéni
IgG4-asociovana dakryoadenitida
IgG4-asociovany pseudotumor
IgG4-asociovana orbitélni myozitida
IgG4-asociovana sialoadenitida
IgG4-asociovana parotitida

IgG4-asociované postizeni submandibuldrni Zlazy

IgG4-asociovana pachymeningitida
IgG4-asociovana thyroiditida
IgG4-asociovand aortitida/arteritida
IgG4-asociovana perikarditida
IgG4-asociovana mediastinitida
IgG4-asociovana pleuritida
IgG4-asociovana mastitida
IgG4-asociovana pankreatitida
IgG4-asociovana sklerozujici cholangitida
IgG4-asociovand cholecystitida
IgG4-asociované postizeni ledvin
IgG4-asociovana retroperitonedlni fibréza
IgG4-asociovana prostatitida

IgG4-asociované kozni onemocnéni

Pavodni oznaéeni
autoimunitni hypofyzitida

Mikuliczova choroba

Mikuliczova choroba

Mikuliczova choroba
Kattnerdv tumor

hypertrofickd pachymeningitida
Riedelova thyroiditida

zanétlivé aneuryzma aorty

fibrézni mediastinitida

autoimunitni pankreatitida (I. typu)

tubulointersticialni nefritida

Ormondova choroba

kozni pseudolymfom

Tab. 2. Revidovana zevrubna diagnosticka kritéria IgG4-asociovanych onemocnéni.

Klinicka a radiologicka diagnosticka kritéria
- v jednom nebo vice organech se nachazi typicky otok, hmota nebo noduly
- pokud je postizen jen jeden organ, nemusi byt pfitomno zvétseni lymfatickych uzlin
Sérologicka diagnosticka kritéria
- sérova koncentrace IgG4 je > 1,35 g/l (referen¢ni rozmezi 0,08—1,4 g/1)
Patologicka diagnosticka kritéria
- pozitivita dvou ze tfi nasledujicich patologickych kritérif
1) denzni lymfocytarni infiltrace a infiltrace plazmatickymi burikami s fibrézou
2) pomér IgG4* plazmatickych bunék/ IgG4 bunék > 40 % a pocet IgG4* plazmatickych bunék > 10 na jedno zorné pole pfi nej-
vétsim zvétieni
3) typicka tkanova fibréza (zejména storiformni fibréza a obliterativni flebitida)
Diagnoéza
- definitivni (spInéni bodi 1, 2 a 3)
- pravdépodobna (spInéni bodt 1 a 3)
» mozna (spInéni bodu 1 a 2)
V pfipadé pravdépodobné a mozné diagnézy IgG4-RD se pfistupuje k diagnostice podle platnych orgénoveé specifickych dia-
gnostickych kritérii pro IgG4-asociovanou autoimunitni pankreatitidu [71], sklerozujici cholangitidu [72] a retroperitonedlni fib-
rézu [73], déle IgG4-asociované postizeni slznych a slinnych 214z [74], ledvin [75], o¢i [76] a respira¢niho traktu [77].

N
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Tab. 3. Diferencialni diagnostika zvysené koncentrace IgG4.

Respiracni
onemocnéni

Onemocnéni
zazivaciho traktu

Autoimunitni
onemocnéni

Nadorova

onemocnéni pankreatu

Dalsi onemocnéni

bronchiektazie, chronicka rhinosinusitida, astma bronchiale, idiopaticka plicni fibréza, sarkoiddza, chronicka
pleuritida, emfyzém, fibrotizujici mediastinitida, hypersenzitivni pneumonitida, rekurentni pneumonie

postizeni Zlu¢ovych cest (zGzeni zlu¢ovych cest nebo konkrement ve Zlu¢ovych cestach), postizeni pan-
kreatu (pankreatitida, pankreatické cysty, insuficience pankreatu), cirh6za a postizeni jater

vaskulitidy (granulomatéza s polyangiitidou, Churg(iv-Straussové syndrom, polyarteritis nodosa), revma-
toidni artritida, dermatopolymyozitida, primarni sklerozujici cholangitida, pemphigus vulgaris, Crohnova
choroba, ulcerdzni kolitida, Hashimotova thyreoiditida

maligni melanom, cholangiokarcinom, nddory pankreatu, intraduktélni papildrni mucinézni neoplazie

atopickda dermatitida, laktézova intolerance, neurofibromatoza, psoriaza, Castlemanova choroba

mocnéni je vzdy nutné vyloucit nejdfive
infekéni zanétlivé stavy, maligni one-
mocnéni (solidni tumory nebo maligni
lymfomy) a dal3i, pfedeviim autoimu-
nitni onemocnéni (napft. Sjégrendv syn-
drom, primarni sklerozujici cholangitidu,
multicentrickou Castlemanovu chorobu,
granulomatézu s polyangiitidou, sar-
koid6zu nebo eozinofilni granulomatézu
s polyangiitidou). Je nutné téz vylou-
¢it sekundarni formy retroperitonealni
fibrézy, kterd se mlze rozvinout v da-
sledku nddorovych onemocnéni, infekci,
traumat, radioterapie, chirurgickych za-
krok(l nebo uzivani nékterych léciv [13].
V roce 2019 byla vydana také kritéria
Americké revmatologické spole¢nosti
(diagnosticka kritéria ACR/EULAR IgG4-
-RD), kterd vsak ve snaze o dosazeni co
nejvyssi specificity diagnostiky 1IgG4-RD
potlacuji jeji senzitivitu [14]. Nicméné
pfehlednost v diagnostice IgG4-RD pro
klinické lIékare tato diagnostickd kritéria
pfinasi v tom, ze pacienti s IgG4-RD jsou
déleni dle postizenych organl do Ctyf
zakladnich fenotypU. Jedna se o posti-
Zeni slinivky bfisni, jater a Zlu¢ovych cest
(31 %), retroperitonealni fibrézu s aortiti-
dou nebo bez ni (24 %), postizeni oblasti
hlavy a krku (24 %) a klasicky Mikulic-
zUv syndrom (postizeni slznych, pfius-
nich a submandibularnich Z1az) se systé-
movymi pfiznaky (22 %) [14].
Onemocnéni jako takové nezpUso-
buje specifické klinické ptiznaky nebo
bolestivost. Klinickd manifestace vy-
chdazi zejména z utlaku nebo poruchy
funkce orgdnud zplsobené pfitomnosti
fibrézni masy, pfip. zanétlivé odpovédi
organizmu. Mezi klinicky nejnapadnéjsi

pfiznaky patfi ty z dlsledku obstrukce
(napft. obstruk¢ni zloutenka z mechanic-
kého utlaku pankreatu nebo Zlucovych
cest ¢i obstrukéni uropatie pfi retroperi-
tonedlni fibréze). Nespecifické pfiznaky,
jako je Unava nebo bolest kloub(, na-
stupuji vétSinou mirné a pozvolné, pfi-
c¢emz febrilie nebyvaji typickym pfi-
znakem [15]. U pacientll s postizenim
v hrudni oblasti se m{iZze objevit kasel,
dusnost a bolesti na hrudi. Lymfadeno-
patie byva vétsinou symetricka, vyskytu-
jici se ve vice oblastech, jako je krk, axily,
plicni hily a mediastinum. Lymfatické uz-
liny byvaji mirné zvétsené, dobte ohrani-
cené a vétsinou akumuluji fludeoxyglu-
kézu (FDG) na PET/CT. Kardialni postizeni
pfedstavuje pseudotumory koronarnich
arterii, aneurysmata a perikardialni ztlu-
Sténi. Periaortitida/periarteritida typicka
pro 1gG4-RD postizeni se manifestuje
jako zbytnéni adventicie aorty, plicnich
arterii nebo velkych cév s aneurysmatic-
kym rozsitenim nebo bez néj [16]. U pa-
cientl s postizenim pankreatu se muize
rozvinout diabetes mellitus nebo hub-
nuti v dUsledku pankreatické exokrinni
dysfunkce [15]. V dlsledku postizeni re-
troperitonea se objevuji bolesti zad
nebo hydronefrotické postizeni ledvin.
Krom toho se mUze objevit také rendlni
selhdni v dlsledku tubulointersticidlni
glomerulonefritidy [17]. Pfi postizeni
stitné Zlazy se objevuji pfiznaky hypo-
thyreoidizmu, v pfipadé poruchy hy-
pofyzy pak hypopituitarizmu. PostiZzeni
meningl se mlze projevit obrnou hla-
vovych nervd. Pii dal$im postiZzeni v ob-
lasti hlavy se miZze objevit ztrata sluchu
nebo cichu, suchost v Ustech nebo po-

rucha tvorby slz ¢i porucha vizu nebo
diplopie [18].

Zéakladnim diagnostickym kritériem je
typicky histologicky obraz, kam patii ze-
jména lehka az stfedni infiltrace eozino-
fily, storiformni fibrdza, obliterativni fle-
bitida a infiltraty velkého mnoZzstvi lgG4*
plazmatickych bunék [19]. K diagndze
IgG4-RD muze pfispét stanoveni sé-
rové koncentrace IgG4, kterd by se méla
dle diagnostickych kritérii pohybovat
nad 1,35g/l. Tato hodnota ma dle vel-
kych kohortovych studii senzitivitu asi
97 % a specificita se blizi k 80 % [12,20].
Obecné plati, Ze ¢im vice organu je timto
onemocnénim postizeno, tim vy3si bude
pravdépodobnost zvysené koncentrace
IgG4 [10]. Zvyseni koncentrace IgG4 nad
2,89/l poméha odlisit IgG4-asociované
onemocnéni od ostatnich patologic-
kych stavll a umoznuje predpokladat
multiorgdnové postizeni [21]. Celkové
vzato viak elevace sérové koncentrace
IgG4 predstavuje vétsinou spise po-
mocny ukazatel, protoze zvyseni kon-
centrace 1gG4 v séru diagndzu jedno-
znac¢né nepotvrzuje, na druhou stranu
jeji normalni koncentrace naopak sto-
procentné nevyvraci (tab. 3). Napf. u pa-
cientl s adenokarcinomem pankreatu,
lymfomy nebo ANCA-asociovanymi
vaskulitidami mGzeme nachazet zvyse-
nou sérovou koncentraci IlgG4, zatimco
u pacientl s histologicky potvrzenou
IgG4-RD mUze byt sérova koncentrace
IgG4 v normé [10]. Nicméné opétovna
elevace sérové koncentrace IgG4 u pa-
cientld s pavodné zvysenou koncent-
raci lgG4 v dobé diagnézy mlize upozor-
nit na mozny relaps IlgG4-asociovaného
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onemocnéni. Mezi dal$i pouzivané in-
dikatory relapsu patfi koncentrace IgE
a eozinofilie [22,23]. Zda se, Ze kombi-
nace sérové koncentrace IgG2 > 5,39/l
(referen¢nirozmezi 1,5-6,4 g/l) spole¢né
s elevaci IgG4 by se mohla stat novym
indikatorem IgG4-RD [24]. Mezi dalsi sle-
dované potencidlni biomarkery tohoto
onemocnéni patfi stanovovani koncent-
race solubilniho IL-2 receptoru odrazejici
T-bunécénou aktivaci [25], zvyseni poltu
cirkulujicich plazmablastli nebo pamé-
tovych B lymfocytl [26].

Prvni linii 1écby téchto onemocnéni
jsou glukokortikoidy (vétsinou predni-
son v davce 0,5-1,0 mg/kg/den). Uvodni
déavka glukokortikoidd by méla byt po-
nechdna po dobu 2—4 tydnU a nasledné
se pozvolna snizovat. Celkové by lé¢ba
glukokortikoidy méla trvat asi 3—6 mé-
sict [27]. V druhé linii |é¢by je pFi ne-
dostatecném efektu kortikoterapie
mozno vyuzit také anti-CD20 monoklo-
nalni protilatku (rituximab) [15,27,28].
Lécba touto monoklonalni protilatkou
vede k rychlému sniZeni koncentrace
IgG4 a zlepseni klinickych priznak(i one-
mocnéni[29].V pfipadé nedostatecného
uc¢inku monoterapie glukokortikoidy
nebo nemoznosti nasazeni B-bunécné
deplecni 1éCby je mozné vyuzit nékte-
rého z klasickych chorobu modifikujicich
[éciv (disease modifying antirevmatic
drugs - DMARDs), a to bud’ v monotera-
pii, nebo v kombinaci s glukokortikoidy.
Existuji vSak jen malé studie ohledné
pouziti konkrétnich DMARDs (mykofe-
noldtu mofetilu, azathioprinu nebo me-
totrexdtu) u pacientd s timto onemoc-
nénim [30]. ZkuSenosti s touto lé¢bou
jsou spiSe extrapolovany z lé¢by au-
toimunitnich onemocnéni. Dle nejno-
véjsi metaanalyzy z Oxfordu se zd3, Ze
kombinovand lé¢ba glukokortikoidy
s imunosupresivy vede k vyssSimu poctu
remisi, nizSimu poctu relapst a ma po-
dobny bezpecnostni profil jako indukéni
terapie glukokortikoidy, imunosupre-
sivy nebo rituximabem. Glukokortikoidy
v monoterapii vedou k vy$Simu poctu re-
lapst v porovndni s ostatnimi lé¢ebnymi
kombinacemi, rituximab vyznamnéji sni-
Zuje riziko relapsu onemocnéni v porov-
nani s kombinovanou terapii kortikoid(
simunosupresivy [31]. Nicméné k defini-
tivnim zavéram je tfeba vétsich prospek-

tivnich studii, které v soucasné dobé ne-
jsou k dispozici.

Zakefnou diagnostickou vyzvou to-
hoto vzdcného onemocnéni je beze-
sporu skute¢nost, Ze makroskopicky
nalez na zobrazovacich metodach a né-
které klinické ptiznaky tohoto one-
mocnéni mohou velmi sugestivné imi-
tovat nadorové onemocnéni [32-37].
Napf. dle britské studie bylo asi 39 %
pacientli diagnostikovano s IgG4-aso-
ciovanym onemocnénim poté, co bylo
vzhledem k jejich klinickym potizim
a uvodnim vysetfenim (Ubytek na véze,
celkové nespecifické pfiznaky, masa
tkané v zobrazovacich metodach) pu-
vodné uvazovano o malignim onemoc-
néni [38]. lgG4-asociované onemocnéni
bylo zpocatku mylné povazovéno napf.
za nadorové postiZzeni nosnich dutin,
plic, pohrudnice, prsni tkané, zlu¢niku,
Zlu¢ovodd, slinivky bfisni, ledvin, moco-
vodu, prostaty a dalSich tkani a organ
(nékteré konkrétni pfiklady jsou uve-
deny v tab. 4).

Zatim zUstava nejasné, zda jsou pa-
cienti s diagn6zou 1gG4-RD ve vy33im
riziku rozvoje nadorového bujeni v po-
rovnani s béznou populaci. V nékterych
studiich byl popsan zvy3eny vyskyt ma-
ligniho bujeni u pacientl s IgG4-aso-
ciovanym onemocnénim, jiné tuto sou-
vislost neprokdzaly. Na stranu vys$si
incidence nadorového bujeni u pacientt
s 1gG4-RD se stavi hned nékolik studii.
Prvni se zabyvala kromé jiného vysky-
tem malignich onemocnéni u 166 pa-
cientll s diagnézou 1gG4-RD, kdy 17 pa-
cientll mélo diagnostikovano maligni
onemocnéni jiz pred stanovenim dia-
gnoézy lgG4-RD a 9 pacient( az po stano-
veni diagndézy IgG4-RD, pficemz v této
skupiné pacientl byla celkové incidence
malignich onemocnéni 4,5x vyssi oproti
ocekdvanému vyskytu malignit ve stan-
dardni populaci [39]. Prospektivni stu-
die vyskytu malignich onemocnéni
u 587 cinskych pacientl s diagnézou
IgG4-RD trvajici asi 7 let odhalila 17 pa-
cientli s malignitami, pficemz Ctyfi pa-
cienti prodélali nddorové onemocnéni
pfed stanovenim diagnézy |gG4-RD
a 13 pacientll az poté. Pacienti s |gG4-RD
méli v ramci sledované skupiny béhem
61,4 £ 26,4 mésicu sledovani 2,78x zvy-
Sené riziko rozvoje nadorového bujeni

oproti bézné populaci, pficemz nejcas-
t&ji bylo malignim onemocnénim po-
stizeni gastrointestinalniho traktu [40].
Jedna skupina japonskych védcl sledo-
vala 158 pacientl s diagnézou IgG4-RD
po dobu 12 let, kdy odhalili 34 malig-
nich onemocnéni [41], a druha skupina
popsala vyskyt malignich onemocnéni
u 11 ze 106 pacientl s IgG4-RD do doby
diagnézy 1gG4-RD a 3,1 roku po stano-
veni diagnézy, coz bylo v obou pfipa-
dech vice nez v bézné japonské popu-
laci [42]. Také korejska skupina popsala
zvyseny vyskyt malignich onemocnéni
u pacientl s IgG4-RD oproti béZné popu-
laci, protoze malignitu prokazali u 12 ze
118 pacientll s IgG4-RD, pficemz nejéas-
t&jsi typ naddorového postizeni predsta-
vovaly lymfomy [43]. Na druhou stranu
se dle pozorovani Hirana et al maligni
onemocnéni vyskytlo u 13 ze 113 [44]
a dle Inoueho et al u 13 z 235 sledova-
nych pacientl s IgG4-RD, coz v obou pfi-
padech odpovidalo ocekdvané incidenci
malignich onemocnéni v japonské po-
pulaci [8,44]. Data ze $panélského regis-
tru také nepfinesla presvédcivé dakazy
0 zvySeném vyskytu malignich onemoc-
néni u pacientl s IgG4-RD [45].

Neni také jasné, zda prodélané maligni
onemocnéni zvysuje riziko nasledného
rozvoje lgG4-asociovaného onemoc-
néni. Tuto moznost naznacuji vysledky
jedné americké studie, kterd se zabyvala
vyskytem malignit u 125 pacientU s dia-
gnoézou IgG4-RD. Malignim onemocné-
nim trpélo pfed stanovenim diagnézy
IgG4-RD 20 ze 125 pacientd. Prevalence
malignity byla v této skupiné 2,5x vyssi
nez o¢ekavana prevalence v dané po-
pulaci a 3x vys$si nez u kontrol srovna-
telnych vékem a pohlavim [46]. Dle au-
tord studie tyto vysledky naznacuji, ze
maligni onemocnéni mohou byt asocio-
vadna s naslednym rozvojem lgG4-aso-
ciovaného onemocnéni.

Bylo také popsano, Ze u pacientl
s anamnézou maligniho onemocnéni se
diagnéza IgG4-RD objevila v pozdéjsim
véku a byla provazena zvysenou sérovou
koncentraci IgG4 v porovndani se skupi-
nou pacientd, ktefi historii maligniho
onemocnéni neméli [47]. Zatim také
nebyl popsén pfipad pacienta, u kterého
by se IgG4-RD objevilo nasledné po pro-
délaném malignim procesu ve stejném

24

Klin Onkol 2022; 35(1): 20-31




PODTRIDA IMUNOGLOBULINU IGG4 A S NI SOUVISEJICI PATOLOGICKE STAVY

Tab. 4. Pfiklady chybné diagnostiky IgG4-asociovaného onemocnéni - zaména za malignitu.
Postizeny Pacient Klinicka Zobrazovaci Diagnosticko- Suspektni  Definitivni  IgG4 Lit.
organ manifestace vysetieni terapeuticky zakrok diagnéza diagnodza (g/l)
nosni Z otok pravé tvare CT a MR paranazalnich nazalni biopsie nazalni lgG4-asociované 1,6 [78]
dutiny (71let) amirnd proptéza dutin (masa v pravém tumor  postizeni parana-
maxilarnim antru zasa- zélnich dutin
hujici do dutiny nosni)
plice z produktivni kasel  CT plic (mnohocetné plicni biopsie karcinom IgG-asociované 2,06 [79]
(65 let) s hemoptyzou plicni, spise plic postizeni plic
a vahovym solidni, opacity v¢.
ubytkem mediastinalni a hilové
lymfadenopatie)
pohrud- M kasel a bolesti CT hrudniku pleurdini biopsie pleurdini 1gG4-asociovana 2,53 [80]
nice (65 let)  hrudniho kose pfi (mnohocetné mezote- pleuritida
kasli pleurdlni ztlusténi liom
a lymfadenopatie)
prsni tkan z bolest v levém CT hrudniku biopsie levé prsni karcinom |gG4-asociovana 8,82 [81]
(70 let) podpazi (mnohocetné noduly Zlazy prsu mastitida
s levostrannou v prsni tkani vlevo dle
lymfadenopatii CcT)
Zluénik M bolest v oblasti UZV a CT bricha biopsie zlu¢niku karcinom IgG4-asociovand 2,61 [82]
(57 let)  pravého horniho (hypoechogenni masa Zluéniku  cholecystitida
kvadrantu bficha v oblasti Zlu¢niku
trvajici posledni rok s infiltraci jater)
Zlu¢ovody M nebolestivy CT vysetieni bficha hepatektomie cholangio- |gG4-asociovana 7,23* [83]
(56 let) obstrukeniikterus  (symetrické zesileni  pravého laloku jater karcinom sklerozujici
trvajici 2 tydny v oblasti ductus s extrahepatalni cholangitida
hepaticus communis)  resekci zlu¢ovod
a regionalni disekci
lymfatickych uzlin
slinivka M obstrukéni ikterus MR bficha (masa biopsie z masy karcinom IgG4-asociovand 19,8 [34]
bfisni (57 let) alymfadenopatie tkané v oblasti hlavy tkané v oblasti hlavy pankreatu pankreatitida
submandibuldrnich pankreatu) pankreatu
Zlaz
ledviny z bolesti v oblasti CT bficha (renalni levostranna karcinom IgG4-asociovand 18,6* [35]
(54 let) levého boku a otok panevni hmota nefroureterdini ledviny nefritida
ocnich vicek a hydronefréza levé cystektomie
ledviny)
mocovody M levostranna UZV bricha laparoskopicka karcinom IgG4-asociovana 9,13* [84]
(66 let) hydronefréza (bilateralni mirna nefroureterektomie  ureteru nefritida
v dlsledku zesileni hydronefréza) a uretritida
stény mocovodu
urachus M opakované infekce UZV bficha parcidlni karcinom 1lgG4-asociované 2,27* [85]
(26 let)  mocového traktu (masa tkané nad cystektomie urachu  postiZeni urachu
mocovym méchyiem a umbilektomie
v oblasti urachu)
* Hodnoty sérové koncentrace IgG4 byly zméreny az po operac¢nim odstranéni ¢asti nebo celého organu postizeného IlgG4-aso-
ciovanou chorobou.
Lit - literatura, IgG4 — sérovéa koncentrace IgG4 v dobé diagnézy, M - muz, Z - Zzena

organu. Jsou vsak znamy pfipady, kdy
se malignita objevila v organu, kde bylo
pfedtim histologicky prokazano 1gG4-

-asociované onemocnéni [48]. Na dru-
hou stranu je tfeba vzit v Gvahu také to,
ze patologické zmény v zobrazovacich

metodach souvisejici s IgG4-asociova-
nym onemocnénim mohou byt povazo-
vany za metastazy, coz muze vést v ko-
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Obr. 1. CT vysetieni bficha (koronarni fezy).
A) Tumorézné se sytici lozisko v tésném sousedstvi pravé ledviny a musculus psoas major velikosti cca 50 x 36 mm; B) prosak tukové
tkané v okoli; C) dalSi obdobné se sytici drobna loZiska s prosakem okolni tukové tkané pfi kaudalnim pélu ledviny.

nec¢ném dlsledku k poddiagnostikovani
této nozologické jednotky [49]. Prikla-
dem imitace nddorového bujeni na zob-
razovacich metodach a také mozného
rozvoje maligniho onemocnéni u pa-
cienta s lgG4-asociovanym onemocné-
nim je také nasledujici kazuistika.

Kazuistika pacienta
s IgG4-asociovanou nefritidou
nasledovanou karcinomem prostaty
Pacient (muz, narozen 1956) byl na nasi
imunologické ambulanci poprvé vyset-
fen v zafi roku 2018. V Unoru téhoz roku
podstoupil preventivni kolonoskopické
vySetfeni, béhem néjz se nepodafilo
pravdépodobné z anatomickych pficin
prohlédnout celé tlusté stievo. Proto bylo
indikovano dosetieni pomoci CT bficha,
kde bylo ndhodné zachyceno suspektni
tumordzni lozisko pravé ledviny. Pacient
byl odeslan na urologické oddéleni nasi
nemocnice k dalSimu feseni.

Kontrolni CT vysetieni bficha potvr-
dilo plivodni nalez doprovéazeny dalsimi
dvéma drobnymi perirenalnimi infilt-

raty tukové tkdné a zmnozenymi vice-
cetnymi uzlinami v okoli pravé ledviny,
v paraaortalni oblasti, mezenteriu a pe-
ritoneu (obr. 1). V ¢ervnu 2019 pacient
podstoupil radikdlni pravostrannou
nefrektomii a adrenalektomii. Nicméné
histologické vysetfeni vyloucilo maligni
postizeni ledviny. Jednalo se o ne zcela
charakteristicky histologicky obraz po-
lymorfni, pravdépodobné inflamatorni
léze s multinoduldrnimi okrsky denzni
smisené lymfoidni celulizace s dominu-
jici komponentou IgG*/IgG4* plazmo-
cytl, s vyssim podilem aktivovanych
makrofagl, pfimési eozinofild a multi-
nuklearnich makrofag(, dale s hypoce-
luldrnimi useky fibrézy se sporadickou
reaktivni celulizaci (obr. 2).

Pro moznou diagnézu lgG4-asociova-
ného postiZeni ledvin byl pacient ode-
slan k nam na imunologické vysetieni,
které bylo provedeno v z&f 2019, tedy
3 mésice po chirurgickém zakroku. Sé-
rovd koncentrace IgG4 byla 2,919/l
(normalni koncentrace 0,08-1,40g/l),
tedy spliujici dalsi z kritérii pro dia-

gnozu lgG4-asociovaného onemocnéni
(lgG4 > 1,359/1). V rdmci dosetfeni roz-
sahu lgG-asociovaného onemocnéni
bylo provedeno PET/CT vysetieni, které
prokdzalo nejméné tfi metabolicky ak-
tivni loziska z vice loZisek v dutiné brisni,
metabolicky aktivni oblast levého la-
loku prostaty s podezienim na IgG4-aso-
ciovanou prostatitidu a levého varlete
a jistou mirnou aktivitu také ve sterno-
klavilukdrnim skloubeni, distalnim jicnu
a stitné zlaze.

Pacient byl odesldan na kontrolni
urologické vysetfeni k dosetfeni na-
lezu na prostaté. Koncentrace PSA byla
v normé (4,06 ug/ml; referen¢ni rozmezi
0-4,5 pg/ml), nicméné po domluveé s pa-
cientem byla provedena radikalni retro-
pubicka prostatektomie, z niz byl histolo-
gicky prokazan acinarni adenokarcinom
(Gleason 7 (3 + 4), grade group 2) s infil-
traci unilaterélné vlevo ve ventrélniidor-
zalni ¢asti laloku bez extraprostatické ex-
panze (obr. 3). U pacienta nebylo nutné
kromé chirurgické intervence néasledné
indikovat dalsi onkologickou lé¢bu.
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Obr. 2. Histologické vysetieni resekatu ledviny s okolni tukovou tkéani s nalezem znaku typickych pro IgG4 asociované postizeni pe-
rirenalni oblasti.

A) Denzni smisena zanétliva celulizace v perirendlni tukové tkani (HE, 10x); B) fokalné akcentovana plazmocytarni komponenta
v perirenalni tukové tkani s prokazanou pfitomnosti CD79a+ plazmocyti (IHC, 5x); C) denzni zanétliva celulizace perirenalni tu-
kové tkané s vyraznym podilem aktivovanych makrofagt CD163+ (IHC, 5x); D) perirenalni tukova tkan s lymfoplazmocytarni kom-
ponentu s extenzivni pfitomnosti IgG4+* plazmocytt (IHC, 5%).

HE - barveni hematoxilinem a eozinem, IHC — imunohistochemické barveni

ISR P,

ot
- \.:'
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Acinarni adenokarcinom prostaty, Gleason skére 7 (3 + 4), grade group 2: prevazuji izolované nadorové zlazky variabilni velikosti
(Gleason pattern 3) a Spatné formované az naznacené fuzujici zlazky (Gleason pattern 4 - cerny ramecek). A) Zvétseni 100x; B) zvét-
Seni 200x.

IgG4-autoimunitni onemocnéni
(IgG4-AID)

Kromé IgG4-asociovanych onemocnéni
(IgG4-RD) tvofi v posledni dobé rozvi-

jejici se skupinu nozologickych jedno-
tek také IgG4-autoimunitni onemocnéni
(IgG4-AID). Jednd se o pomérné novou
skupinu onemocnéni, ktera jsou charak-

terizovana pfitomnosti patogennich an-
tigen-specifickych autoprotilatek IgG4.
Autoantigeny, proti kterym se autopro-
tilatky IgG4 vytvafi, se nachézi v celém
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organizmu, ale jsou akumulovany ve
¢tyfech hlavnich orgédnech (centrdlni
a periferni nervovy systém, klize, ledviny
a krevni obéh) [3]. Jednd se o vzacnd
onemocnéni s prevalenci < 0,001-5 pfi-
padl na 10 000 obyvatel, kterd mivaji ob-
vykle zédvazny pribéh, pficemz mohou
byt bez |é¢by, nebo dokonce i pres 1é¢bu
smrtelnd. Do této skupiny onemocnéni
patfi napf. pemphigus vulgaris a fo-
liaceus, myastenia gravis s pozitivitou
protilatek proti svalové specifické tyro-
zinkindze nebo trombotickd trombocy-
topenicka purpura [3].

Jaka je role podtridy
imunoglobulinti IgG4 v imunitni
odpovédi?

V 60. letech 20. stoleti byly popsany
Ctyfi podtridy 19G (IgG1-1gG4), které
byly pojmenovany mimo jiné podle je-
jich relativniho zastoupeni v lidském
séru (IgG1 - 61 %, IgG2 - 32 %, I1gG3 -
4 % a lgG4 - 3 %) [50]. Normalni rozmezi
koncentrace IgG v séru je 7,51-15,6 /I,
z toho 1gG4 tvofi 0,08—-1,4g/l. IgG1 se
tvofi v odpovédi na solubilni protei-
nové antigeny a membranové pro-
teiny, 1gG2 v odpovédi na bakteridIni
kapsularni polysacharidové antigeny
a IgG3 predstavuje hlavni prozanét-
livé protildtky. Naproti tomu biologické
funkce IgG4 jsou zatim popsany jen
velmi malo. Je zndmo, Ze se tvofi v di-
sledku dlouhodobé nebo silné anti-
genni stimulace, pficemz v takovém pfi-
padé se stavaji dominantné tvofenou
podtfidou IgG [3]. Koncentrace 1gG4 se
snizuje po lé¢bé monoklonalni proti-
latkou anti-CD20, kterd vede ke snizeni
poctu B lymfocytd, ale ne plazmatickych
bunék, zatimco koncentrace ostatnich
podtfid IgG nemusi byt zménéna [51].
To by mohlo znamenat, ze B lymfocyty
produkujici IgG4 jsou aspon cCastecné
senzitivni k anti-CD20 terapii, protoze
bunky [51].

IgG4 se svymi vlastnostmi vymykaji
predstavé o klasickém chovani protila-
tek. Molekula IgG4 je charakterizovana
unikdtnimi strukturdlnimi vlastnosti
pantové oblasti, CH2 a CH3 domény, coz
pravdépodobné stoji za jejich odlisnymi
strukturdlnimi vlastnostmi, vazebnou
charakteristikou a snizenymi efektoro-

vymi funkcemi v porovnani s ostatnimi
podttidami IgG [52]. IgG4 jsou povazo-
vany za imunologicky inertni, protoze
nedokazi indukovat zanétlivou odpo-
véd aktivaci bunék imunitniho systému
nebo komplementu. Diky struktural-
nim rozdilim v Fc oblasti molekuly imu-
noglobulinu se u nich totiz nemohou
uplathovat klasické Fc-dependentni
efektorové mechanizmy, kam patii ak-
tivace komplementu, interakce mezi
Fc fragmentem protilatky a Fc recep-
torem bunék imunitniho systému (ve-
douci k fagocytdze nebo bunécné cy-
totoxicité zavislé na protilatkach) ci
pfemosténi transmembranovych pro-
tein(l nasledované endocytézou a od-
stranénim antigen( z buné¢ného po-
vrchu. IgG4 tak puasobi prostfednictvim
Fc-independentnich mechanizmd, mezi
které fadime blokddu interakce mezi
dvéma proteiny. To m{iZe vést ke stimu-
laci receptor(, blokadé funkce receptort
nebo enzymu, blokadé transdukce sig-
ndlu v signaliza¢nich drahach ¢i znemoz-
néni mezibunécné adheze [3]. Protilatky
1gG4 vykazuji vyraznou flexibilitu v pan-
tové oblasti, kterd jim umoznuje nejen
tvorbu disulfidickych mustkd mezi téz-
kymi fetézci, ale také v rdmci jednoho je-
jich tézkého fetézce [53]. Specidlni vlast-
nosti IgG4 je také moznost tzv. vymény
Fab ramének, kdy se jedna polovina mo-
lekuly IgG4 (jeden lehky a téZky fetézec)
spolu kombinuji za vzniku bispecifické
monovalentni protilatky, ktera dokdze
pfemostit dva antigeny [54]. To zaroven
znemoznuje pfemosténi antigennich
determinant na povrchu antigent a je-
jich naslednou endocytézu, a stejné tak
tvorbu imunokomplexd. IgG4 tak brani
imunoprecipitaci, kterou zpUsobuje na-
vazani IgG1 na antigen. Dalsi unikatni
vlastnosti IgG4 je schopnost tzv. Fc-Fc
interakce. Protilatka 1gG4 je schopna
vazat se svym Fc fragmentem na Fc frag-
ment viech ctyf podtfid 1gG, ale ne na
jiné tfidy imunoglobulind. Tento pro-
ces pravdépodobné slouZi k odstrano-
vani ostatnich podtfid IgG s porusenou
strukturou [55].

Se zvysenou koncentraci IgG4 se ma-
zeme setkat také u celé fady onemoc-
néni, napf. u postizeni zlu¢ovych cest,
pankreatu, jater, plicniho postizeni, na-
dor, infekci, ale také rliznych autoimu-

nitnich onemocnéni (revmatoidni ar-
tritida, Sjogrendv syndrom nebo
vaskulitida) (tab. 3) [22]. Je viak mozné,
Ze zvysdeni koncentrace 1gG4 je v téchto
pfipadech spiSe vysledkem imunore-
gula¢ni snahy o navozeni homeostazy
nez primarnim patogenetickym princi-
pem [3]. Bylo totiz zjiSténo, Ze na imu-
nomodula¢ni funkci IgG4 se podili je-
jich vyssi afinita k vazbé antigenu, ale
také k jedinému inhibi¢nimu Fc recep-
toru (FcRIlb) v porovnani s ostatnimi
podtfidami IgG. Soucasna vazba tohoto
inhibi¢niho receptoru s ostatnimi ak-
tiva¢nimi Fc receptory vede k regulaci
imunitni odpovédi [55,56].

IgG4 a jeho klicova role v imunitni
toleranci u alergii a nadoru

Jednim ze zédkladnich principd funkce
imunitniho systému je udrZeni rovno-
vahy organizmu. Po fazi aktivace imunit-
niho systému nastava fyziologicky jeho
utlumeni, na kterém se podili humo-
ralni (napft. inhibi¢ni cytokiny IL-10 nebo
TGF-B), ale i bunécné slozky imunity
(napf. regula¢ni T a B lymfocyty, den-
dritické bunky, myeloidni supresorové
bunky, M2 makrofadgy nebo pfirozené
lymfoidni buriky typu 2) [57]. Chronicka
zédnétliva aktivita je patogenetickym
podkladem celé fady onemocnéni [58].
Mimo jiné zvy3uje riziko rozvoje nadoro-
vého bujeni [59] a provazi také onemoc-
nénirozvijejici se naimunopatologickém
podkladé ¢asné precitlivélosti medio-
vané protilatkami IgE [60]. Zatimco na-
vozena imunologicka tolerance v mikro-
prostfedi nador(i podporuje nddorovou
progresi a umoziuje Sifeni nadorovych
bunék do okolnich tkani a organa [61],
rozvoj imunologické tolerance se vyu-
Ziva v [é¢bé alergickych onemocnéni po-
moci alergenové imunoterapie [62].

V pocatecni fazi rozvoje nddorového
bujeni maji mechanizmy vrozené i adap-
tivni imunity svdj vyznam, protoze do-
kazi eliminovat aspon ¢ast nddorovych
bunék. V dalsich fazich nadorového bu-
jeniviak dochazi k nastaveni bunék imu-
nitniho systému do imunoregulaéniho
fenotypu [63], protoZze samotné nado-
rové bunky jsou vyznamnym zdrojem
IL-10, coZ usnadiiuje metastaticky pro-
ces [64]. Role B-bunécné odpovédi u na-
dorovych onemocnéni sice neni jesté
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zcela objasnéna, nicméné infiltrace na-
dord B lymfocyty v oblastech s nado-
rem asociovanych lymfoidnich struktur
je spojena s lepsi progndzou. Specifické
protinddorové protilatky IgG1 mohou
pomoci eliminovat nddorové bunky.
K tomu dochdzi prostfednictvim kla-
sické cesty aktivace komplementu ve-
douci k lyze bunky zprostfedkované
NK bunkami pomoci mechanizmu bu-
nécéné cytotoxicity zavislé na proti-
latkach nebo fagocytézy facilitované
protilatkami. Nicméné chronickd per-
zistence antigenu spole¢né s predomi-
nantné Th2 cytokinovym prostifedim
(IL-4, IL-10 a vaskularni endotelovy ris-
tovy faktor) tvofenym zejména rezident-
nimi T-regula¢nimi bunkami (Treg) a za-
roven nadorovymi burikami podporuje
izotypovy presmyk do IgG4. Takto vzni-
kajici protilatky 1gG4 jsou afinitné vyzra-
lejSi v porovnani s klonalné pfibuznymi
protilatkami IgG1 namifenymi proti
stejnym nadorovym antigentim. Proto
mohou nasledné specifické protilatky
IgG1 a IgG4 soupefit o vazbu nadoro-
vych antigend, pficemz IgG4 vitézi, coz
ma dalsi konsekvence. IgG4 totiz mohou
diky svym specialnim vlastnostem pro-
chazet vyménou Fab ramének s ostat-
nimi IgG4, coz vede ke vzniku funkéné
monovalentnich bispecifickych protila-
tek nebo protilatek se zvySenou avidi-
tou. Neschopnost IgG4 véazat komple-
ment nebo se vazat na Fcy-receptory
bunék imunitniho systému muize zpU-
sobit blokadu vyse uvedenych mecha-
nizm{ vedoucich za normdlnich okol-
nosti k zabiti cilové nddorové zménéné
bunky [52]. T-regula¢ni lymfocyty tedy
spolec¢né s protilatkami IgG4 mohou
negativné ovlivhovat imunitni odpo-
véd' v tom smyslu, Ze nadorovym bun-
kdm umozni Unik z imunitniho do-
hledu. V sou¢asné dobé neni jasné, zda
jsou s tumorem asociované protilatky
IgG4 namifeny proti nddorovym anti-
genlim, ale neddvné studie tykajici se
melanom( nebo glioblastomd tomu
odpovidaji [55]. Celou tuto teorii 0 ne-
gativnim vlivu IgG4 v protinadorové od-
povédi imunitniho systému podporuje
také skute¢nost, Ze zvysena koncentrace
IgG4 v tkdnich a séru je spojena s horsi
prognézou nékterych nddorovych one-
mocnéni, jako jsou napf. nadory Zlu-

¢ovych cest, pankreatu a zaludku,
kolorektalni karcinom nebo maligni me-
lanom [65-68]. IgG4 také ovliviuji funkci
makrofag(, které mimo jiné hraji dilezi-
tou roli v protinddorové imunité. Mak-
rofagy jsou nejhojnéji zastoupenymi
burikami v mikroprostfedi solidnich na-
dort [69]. Bylo prokazano, ze M2a mak-
rofagy se pod vlivem IgG4 pfeménuji do
M2b-like tolerogenniho fenotypu a ne-
gativné ovliviiuji fagocytézu cilovych
bunék zavislou na protilatkach [70]. P¥i-
tomnost prozanétlivych M1 makrofagt
v mikroprostiedi nadoru je asociovano
s deldim prezivanim pacientl, zatimco
nizky pomér M1/M2a je asociovan se
Spatnou prognoézou celé fady mysich
modeld maligniho bujeni, ale také u lid-
skych malignit [52,69]. S tim souvisi také
to, Ze pfitomnost IgG4 navozuje M2-mi-
kroprostfedi uvnitf nddoru, coz vede
k horsimu pribéhu nadorového one-
mocnéni, nicméné presny mechanizmus
neni jesté zcela objasnén [70].

Zavér

Podtfida imunoglobulinl 1gG4 z(stava
i v 21. stoleti pfinejmensim c¢aste¢né
opfedena tajemstvim. | kdyz znalosti
ohledné struktury a funkce téchto pro-
tilatek se postupné rozsituji, jejich jasna
role v patogenezi rliznych onemocnéni
a patologickych stavi zGstava nejasna.
Viceméné regula¢ni potencidl protila-
tek 1gG4 se pravdépodobné negativné
uplatfuje v rozvoji nddorovych onemoc-
néni, pficemz na druhou stranu se vyu-
ziva k navozeni tolerance u alergickych
onemocnéni. Pfikladem onemocnéni,
kterd maji nejasny patogeneticky vztah
k podtfidé imunoglobulinG 1gG4, je
IgG4-asociované onemocnéni. Predsta-
vuje imunitné podminéné onemocnéni
vyznacujici se pfitomnosti fibréznich lo-
zisek rlznych organt lidského téla. Ta
mohou na zobrazovacich metodach
uc¢inné imitovat nddorové postizeni,
proto je potieba v ramci diferencialni
diagnostiky nadorovych onemocnénina
tuto vzacnou diagndézu pomyslet.
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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 et 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
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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 TNFRSFI13C
(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) 349 (15-8) 0-174* 0-122%* 0-062**
Age at diagnosis (years) 329 (13:6) 359 (17-3) 384 (17-8) 0-460* 0-191*% 0-240**
Diagnostic delay (years) 61 (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-
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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 RTI 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 RTT 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
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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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Abstract

Common variable immunodeficiency disorders (CVIDs) represent a group of primary immunodeficiency diseases
characterized by hypogammaglobulinemia and dysfunctional immune response to invading pathogens. Previous studies
have indicated that CVID is associated with microbial translocation and systemic myeloid cell activation.

The goal of this study was to determine whether patients with CVID display elevated systemic levels of markers of
granulocyte activation and whether the levels are further influenced by intravenous immunoglobulin (IVIg) infusions. The
plasma levels of granulocyte activation markers elastase and myeloperoxidase were determined using enzyme-linked
immunosorbent assay (ELISA) in 46 CVID patients and 44 healthy controls. All CVID patients were in a stable state
with no apparent acute infection. In addition, granulocyte activation markers’ plasma levels in 24 CVID patients were
determined prior to and | h following IVIg administration. Neutrophil elastase and myeloperoxidase plasma levels were
significantly higher in CVID patients than in healthy controls. Systemic elastase levels were further increased following
IVIg administration. In vitro stimulation of 13 CVID patients’ whole blood using IVIg in a therapeutically relevant dose for
2 h resulted in a significant increase in plasma elastase levels compared to unstimulated blood. The data presented here
indicate that CVID is associated with chronic granulocytic activation which is further exacerbated by administering IVlg.
Increased myeloperoxidase and elastase levels may contribute to associated comorbidities in CVID patients.
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Neutrophil elastase and myeloperoxidase are
stored in large quantities in the neutrophils’ azuro-
philic granules and are released into extracellular
space following neutrophil activation. The release
of elastase, a serine proteinase with broad substrate
specificity, results in damage to host tissue in a
wide range of inflammatory conditions.? Neutrophil
elastase plasma levels were shown to be increased
in patients with pneumonia,’* inflammatory bowel
disease,” and preeclampsia.® Systemic levels of
myeloperoxidase are elevated in patients with
acute coronary syndrome,” pelvic inflammatory
disease,? and rheumatic arthritis.’

CVID was shown to be associated with an altered
neutrophil phenotype characterized by decreased
expression of surface markers CD15, CDI11b, and
CD16.1% CVID patients display elevated systemic
cytokine levels associated with granulocyte-
macrophage lineage activation.!! Decreased reactive
oxygen species (ROS) production of granulocytes
pretreated with toll-like receptor (TLR) 1/2 and TLR
4 agonists after stimulating with N-formylmethionyl-
leucyl-phenylalanine (fMLP) was documented, sug-
gesting disturbed granulocytic function in CVID
patients.!® However, no significant difference in
granulocytic oxidative burst activity following stim-
ulation with opsonized Escherichia coli or phorbol-
myristate-acetate (PMA) was observed in CVID
patients compared to healthy donors.!?-14

The goal of this study was to determine whether
the levels of granulocyte activation markers released
from azurophilic granules are altered in patients
with CVID and whether they are affected by the
infusion of intravenous immunoglobulin (IVIg).

Materials and methods
Study participants

The study was approved by the Medical Ethics
Committee of St. Anne’s University Hospital.
Informed consent was obtained from all participants
prior to inclusion in the study. A total of 46 CVID
patients (25 females, 21 males; median age: 45,
range: 22—-82years) were recruited. All patients ful-
filled the International Consensus Document (ICON)
diagnostic criteria for CVID.! The control group
consisted of 44 healthy donors (23 females, 21 males;
median age: 41, range: 19-78years). The control
persons were recruited mainly from the hospital
employees and their relatives, not suffering from a
known immunodeficiency or autoimmune disease.

Splenomegaly was defined as a spleen
length > 11 cm in ultrasonography. Bronchiectasis
was determined by high-resolution computed
tomography (HRCT). The clinical phenotypes
were defined as described in Chapel et al.!> B-cell
phenotypes were determined according to Wehr
et al.' (EUROclass).

Plasma neutrophil elastase and
myeloperoxidase determination

The blood was collected in an acute infection—free
period. In 24 patients on IVIg treatment (aged 22—
82years), elastase and myeloperoxidase plasma
levels were determined prior to and 1h after the
completion of IVIg infusion.!4

Human elastase and myeloperoxidase plasma
levels were determined by enzyme-linked immuno-
sorbent assay (ELISA), according to the manufac-
turer’s protocol (Hycult Biotech, Plymouth Meeting,
PA, USA). The samples were collected into ethylen-
ediaminetetraacetic acid (EDTA)-containing tubes
(S-Monovette; Sarstedt, Niimbrecht, Germany) and
placed on ice. Within 20 min, the plasma was sepa-
rated by centrifugation for 15min at 1500g at 4°C.
Without disturbing the buffy coat, the plasma was
transferred into a polypropylene tube and centri-
fuged again for 15min at 1500¢g at 4°C. All plasma
samples were stored at —20°C.

In vitro stimulation of blood with IVIg

A total of 13 CVID patients’ whole blood was col-
lected into three heparinized tubes (S-Monovette)
at room temperature. Plasma from the first tube
was collected as described above. The second tube
was incubated in a water bath at 37°C with gentle
mixing every 30min; after 2h, plasma was col-
lected. In the third tube, 10% IVIg at a dose of
5.7mg/mL of heparinized blood (IVIg concentra-
tion adequate to the concentration in blood after
infusion of 400 mg IgG/kg) was added. The subse-
quent procedure was identical to the one in tube
number 2. Plasma elastase levels were determined
as described above.

Statistical analysis

The results were analyzed using the Mann—Whitney
rank-sum test, Wilcoxon signed-rank test, and
analysis of variance (ANOVA) test as appropriate
using Stata and GraphPad Prism 5 statistical
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packages. The results are presented as median
(5th—95th centile).

Results
Plasma elastase and myeloperoxidase levels

Basic clinical and laboratory characteristics of the
CVID patients are shown in Table 1. The absolute
number of neutrophils was higher in CVID patients
than that in the healthy controls (3.4 X 10%L (1.8—
6.8) vs 2.7 X 10°/L (1.8-4.4); P=0.02). The CVID
patients displayed significantly higher neutrophil
elastase (100.5ug/L; (55.8-184.0) vs 66.9ug/L
(42.2-99.6); P<0.001) and myeloperoxidase
(28.2pg/L (15.2-56.6) vs 14.1pg/L (8.4-19.7);
P <0.001; analyzed by Mann—Whitney test) plasma
levels than the healthy controls (Figure 1). The dif-
ference remained significant after the CVID patients
with C-reactive protein (CRP) higher than 10mg/L
(n=7) were excluded from the analysis (elastase:
89.2 ng/L (54.8-162.1); P=0.04; myeloperoxidase:
27.5png/L (12.1-55.9); P<0.001). No significant
differences were observed between patients treated
with IVIg (n=25) versus subcutaneous immuno-
globulin (SCIg; n=21) (P=0.2 for elastase and
P=0.1 for myeloperoxidase). Compared to healthy
controls, the levels of granulocytic markers were
significantly higherinboth IVIg (elastase: 110.4 pg/L
(55.8-162.1); myeloperoxidase: 26.5ug/L (12.1-
44.7)) and SClg (elastase: 83.1pg/L (56.5-191.9);
myeloperoxidase: 29.5 ug/L (17.1-62.5)) recipients
(all P<0.001; analyzed by Mann—Whitney test).

Significantly elevated neutrophil elastase and
myeloperoxidase plasma levels were observed in
patients with splenomegaly (n=21) than patients
without splenomegaly (n=24) (elastase: 114.9 ug/L
(54.8-162.1) vs 76.4ng/L (56.5-156.9); P=0.005;
myeloperoxidase: 35.2 ug/L (12.1-56.6) vs 26.5 ug/L
(15.8-55); P=0.02). No significant differences were
observed between patients with (n=19) and without
(n=26) bronchiectasis.

Using clinical phenotype classification,'>
patients classified as “no disease-related compli-
cations” (n=28) displayed a lower plasma mye-
loperoxidase concentration (26.9 pg/L(15.2-55.9))
than patients with other complications of CVID
(n=18) (40.1pg/L (12.1-71.7); P=0.007).
Patients with enteropathy (n=28) had higher mye-
loperoxidase levels (42.9 ug/L (12.1-71.7)) than
patients without this complication (n=38)
(27.3 png/L (15.2-55.9); P=0.006). No significant

differences were observed between patients with
(n=7) and without (n=39) lymphocytic infiltra-
tion, and with (n=9) and without (n=37) autoim-
mune disorders. No patient suffered from lymphoid
malignancy. No significant differences were
observed in plasma elastase levels.

The ANOVA test did not show any significant
difference in elastase (P=0.35) and myeloperoxi-
dase (P=0.06) plasma levels comparing patient
groups defined according to EUROclass.!6

Effect of administering IVIg on plasma
neutrophil elastase and myeloperoxidase levels

Administering IVIg resulted in a significant
increase in neutrophil elastase plasma levels 1h
after treatment (P=0.001; Wilcoxon signed-rank
test; Figure 2). A trend toward increased myeloper-
oxidase levels was observed; however, the effect
did not reach statistical significance (P=0.17). No
adverse reaction to infusion was observed in any of
the participants.

The in vitro effect of IVIg on elastase release

To evaluate the potential activation effect of IVIg
on CVID neutrophils, whole heparinized blood
was stimulated with IVIg. As shown in Figure 3,
2-h cultivation of patients’ blood at 37°C leads to
an increase in the elastase concentration in plasma
by 74.5% (37.2%-273.3%). Stimulating whole
blood from CVID patients with IVIg leads to an
increase in plasma elastase levels by 104.0%
(56.2%-301.3%). The difference between the
increase with and without IVIg was statistically
significant (P=0.017; Wilcoxon signed-rank test;
Figure 3).

Discussion

The presented data, together with previously pub-
lished observations, are indicative of an ongoing
chronic granulocytic activation in CVID patients.
The cause of activation of granulocytes in CVID
remains unclear. However, the data are consistent
with a potential role of translocation of microbial
products from the intestinal lumen into the sys-
temic circulation. Microbial translocation is
observed in various pathological conditions includ-
ing HIV-1 infection, inflammatory bowel disease,
and hepatitis B and C infections.!”-!® Bacterial and
fungal products’ translocation results in systemic
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Figure |. Plasma myeloperoxidase (MPO) and elastase levels in all CVID patients, patients on intravenous immunoglobulin (IVIg)
and subcutaneous immunoglobulin (SCIg) treatments and healthy control donors.

NS: non-significant.

Horizontal lines indicate median values; Mann—Whitney rank-sum test was used for statistical evaluation.
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Figure 2. Plasma myeloperoxidase (MPO) and elastase levels before and | h after intravenous immunoglobulin infusion in CVID

patients.
Wilcoxon signed-rank test was used for statistical evaluation.

immune activation.!” We and others have previ-
ously presented evidence of chronic microbial
translocation in CVID patients.!*-2!, Furthermore,
CVID patients display an altered cytokine signa-
ture profile consistent with an ongoing activation
of cells of monocytic and granulocytic linecages.!!

In our study, we observed increased serum
elastase and myeloperoxidase levels in patients
with splenomegaly compared to patients without
splenomegaly. Except for the observation showing
higher serum myeloperoxidase levels in patients
with splenomegaly and liver cirrhosis compared to
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Figure 3. Plasma elastse concentration levels of |3 CVID patients after in vitro stimulation with IVIg.

Elastase concentration was determined in three plasma samples from each patient: T0—the plasma was obtained after the collection of heparinized
blood from a patient; T|—heparinized blood was incubated in water bath at 37°C. After |-h incubation plasma was collected; |VIg—heparinized
blood was incubated in water bath at 37°C and stimulated with 10% intravenous immunoglobulin. After 2 h of incubation plasma was collected. All
samples of plasma were separated by two consecutive centrifugations, and human elastase plasma levels were determined by ELISA, according to the
manufacturer’s protocol. Wilcoxon signed-rank test was used for statistical evaluation.

patients without splenomegaly,”> to our knowl-
edge, no association of splenomegaly with mye-
loperoxidase and elastase levels has been previously
reported. However, splenomegaly in CVID is fre-
quently associated with other complications, for
example, cytopenias, hepatomegaly granuloma,
enteropathy, autoimmunity, or bronchiectasis.!>??
Although we did not observe elevated levels of
both granulocyte activation plasma markers in sub-
jects with bronchiectasis, autoimmunity, or lym-
phaticinfiltrationin ourcohort,themyeloperoxidase
levels were lower in patients in the “no disease-
related conditions” group!® than the group with
disease-related conditions and increased in patients
with enteropathy.

Elevated systemic elastase and myeloperoxidase
levels may significantly contribute to the patho-
genesis of CVID complications. Neutrophil
elastase is involved in destroying the extra-cellu-
lar matrix in chronic obstructive pulmonary dis-
case?* and plays a pathogenic role in forming
bronchiectasis.?’> Neutrophil-derived myeloper-
oxidase is involved in inducing oxidative stress

and producing proinflammatory cytokines includ-
ing interleukin (IL)-6, IL-8, and tumor necrosis fac-
tor (TNF)-a.>* Therapeutic approaches targeting
granulocytic enzymes or curbing their proinflamma-
tory properties may be beneficial to CVID patients.
Here, we report that the administration of IVIg
resulted in elevated systemic concentrations of
neutrophil elastase and a trend toward an increased
concentration of myeloperoxidase at 1 h following
the treatment. Limited data are available regarding
the effect of IVIg on polymorphonuclear neutro-
phil (PMN) degranulation upon IVIg stimulation
in vitro. Van Mirre et al.?¢ observed decreased
elastase release in isolated granulocytes stimulated
by aggregated IgG by adding monomeric IgG
(obtained from IVIg). This effect was not observed
when PMNs were activated by fMLP/cytochalasin
B; monomeric IgG alone did not stimulate PMN,
suggesting that monomeric IgG acts as a low-
affinity FcyR antagonist. On the other hand, in the
whole blood, under the in vitro conditions more
similar to our experiments, Teeling et al.?’ showed
that in vitro exposure of whole fresh blood from
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healthy donors to commercially available IVIg
preparations at therapeutically relevant levels
resulted in neutrophil degranulation and a release
of elastase and lactoferrin. This effect was mainly
mediated by the dimeric and polymeric fractions of
the IVIg derivate and was dependent on FcyRIIL.?7
Currently available commercial preparations of
IVIg contain less than 3% of polymeric 1gG.?®
Whether or not neutrophil activation by IVIg
depends on the presence of polymeric IgG war-
rants further investigation.

Other studies support potential activation of
granulocytes by IVIg. Higurashi et al.? showed
that IVIg administration increased the production
of ROS from TNF-a-primed PMN in a process
dependent on both the Fab and Fc domains of IgG
and interaction with FcyRIIl. Similarly, using
whole-blood conditions, Casulli et al.3? showed
that IVIg at low concentrations induced PMN acti-
vation indicated by decreased CD62L and increased
CDl11b surface expression, enhancement of oxida-
tive burst, and prolonged cell survival. In contrast,
at higher concentrations, [VIg inhibited lipopoly-
saccharide (LPS)-induced CDI11b degranulation
and priming of oxidative burst.3¢

Limited information is available regarding the
effect of IVIg administration on neutrophils in vivo.
A significantly reduced capacity for PMA-induced
ROS production by PMN obtained from CVID
patients after administering IVIg was observed.!4
No effect on CD11b, CD16, and sialic acid—binding
immunoglobulin-like lectin (Singlec) 9 expression
on PMNs or ROS production induced by opsonized
E. coli was documented in this study.!#

Compared to our report, Prezzo et al.!? recently
observed decreased serum elastase levels in
patients with CVID treated by IVIg compared to
healthy controls; the levels decreased 1 h after [VIg
infusion. The results are not consistent with our
study. The differences may be influenced by vari-
ous factors, including the general clinical health of
the investigated patients, the immunoglobulin
brand used (stabilizers present in different brands),
and others. A probable explanation may also be the
variances in the handling of patients’ plasma.
Compared to our study, Prezzo et al.!3 used hep-
arinized plasma. Significant differences in sam-
pling conditions when determining the plasma
elastase levels were previously demonstrated.’!
Our observation of increased plasma elastase lev-
els after IVIg treatment is supported by the fact

that previous studies showed an increase in proin-
flammatory cytokines after IVIg infusions, includ-
ing neutrophil-activating cytokines TNF-a, IL-6,
and IL-8.3233 The observation of an increase in
plasma elastase levels following IVIg infusion is
supported by other reports of in vitro elastase
release?’” and general granulocyte activation?®-3
after in vitro stimulation of whole blood by IVIg.

In summary, the data presented here indicate
chronic granulocyte activation in CVID patients,
independent of concurrent infection and other
forms of disease exacerbation. Administering [VIg
further enhances granulocytic degranulation in
CVID patients. Pharmacologically targeting gran-
ulocytic activation and degranulation may repre-
sent a novel approach to CVID treatment.
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Neutrophil and Granulocytic Myeloid-Derived Suppressor
Cell-Mediated T Cell Suppression Significantly Contributes
to Immune Dysregulation in Common Variable
Immunodeficiency Disorders

Marcela Vlkova,*”u Zita Chovancova,*’T Jana Nechvatalova,”"Jr Ashley Nicole Connelly,i’§
Marcus Darrell Davis,”® Peter Slanina,*" Lucie Travnickova,* Marek Litzman,’

Tereza Grymova,"* Premysl Soucek,"” Tomas Freiberger,*"* Jiri Litzman,*" and
Zdenek Hel*®

Common variable immunodeficiency disorders (CVID) represent a group of primary immunodeficiency diseases characterized by
hypogammaglobulinemia and impaired specific Ab response, resulting in recurrent infections due to dysfunctional immune re-
sponse. The specific mechanisms mediating immune deficiency in CVID remain to be determined. Previous studies indicated that
immune dysregulation in CVID patients is associated with chronic microbial translocation, systemic immune activation, and altered
homeostasis of lymphocytic and myeloid lineages. A detailed phenotypic, functional characterization of plasma markers and im-
mune cell populations was performed in 46 CVID patients and 44 healthy donors. CVID patients displayed significantly elevated
plasma levels of a marker of neutrophil activation neutrophil gelatinase-associated lipocalin. Neutrophils from CVID patients
exhibited elevated surface levels of CD11b and PD-L1 and decreased levels of CD62L, CD16, and CD80, consistent with a
phenotype of activated neutrophils with suppressive properties. Neutrophils from CVID patients actively suppressed T cell
activation and release of IFN-y via the production of reactive oxygen species. Furthermore, CVID was associated with an
increased frequency of low-density neutrophils (LDNs)/granulocytic myeloid-derived suppressor cells. LDN/granulocytic
myeloid-derived suppressor cell frequency in CVID patients correlated with reduced T cell responsiveness. Exogenous stimulation
of whole blood with bacterial LPS emulated some but not all of the phenotypic changes observed on neutrophils from CVID
patients and induced neutrophil population with LDN phenotype. The presented data demonstrate that neutrophils in the blood of
CVID patients acquire an activated phenotype and exert potent T cell suppressive activity. Specific targeting of myeloid cell-
derived suppressor activity represents a novel potential therapeutic strategy for CVID. The Journal of Immunology, 2019, 202:

93-104.

a heterogeneous group of defects representing the most

frequent form of primary symptomatic hypogamma-
globulinemia (1). CVID patients suffer from clinically significant
immunodeficiency that manifests by frequent and severe respira-
tory tract infections, diarrhea, and autoimmune disorders. Recur-
rent bacterial infections in CVID patients are predominantly
caused by Streptococcus pneumoniae, Haemophilus influenzae,
and Staphylococcus aureus (2, 3). In ~2-10% of patients with
CVID, specific mutations in more than 20 genes were described,

C ommon variable immunodeficiency disorders (CVID) are

including genes coding for LPS-responsive beige-like anchor
protein (LRBA), CTLA-4, CD19, CD20, CD21, CD81, ICOS,
BAFF-R, transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI), and others (2, 3). Previous
studies have demonstrated a number of lymphocytic abnormalities
in CVID patients, including chronic T cell activation, reduced
T cell functionality, and decreased absolute numbers of CD4*
T cells and NK cells in the systemic circulation (4-10). The
specific mechanisms underlying systemic immune dysregulation
in CVID remain unclear. Studies by others and us demonstrated
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that immune dysregulation in CVID is associated with chronic
microbial translocation, systemic activation of myeloid cells, and
altered phenotype of myeloid cell-derived cytokines, including
increased production of G-CSF and other factors involved
in granulopoiesis and regulation of neutrophil recruitment and
activation (10-13).

Neutrophils represent the most abundant nucleated leukocyte
population (50-70% of all WBCs) that is specifically geared for
sensitive detection of bacterial products (14-16). Any significant
functional alteration of this population is likely to exert a profound
effect on the host. Systemic bacterial or viral infection induces a
hematopoietic response referred to as emergency granulopoiesis,
with up to 1 X 10" granulocytes generated each day (17, 18).
Recent elegant studies have demonstrated that emergency gran-
ulopoiesis is driven by G-CSF produced by endothelial cells in
response to LPS signaling via TLR4/MyD88 pathway (18-20).
G-CSF-induced neutrophils were shown to arise from alternative
differentiation pathway from common myeloid progenitors and
granulocyte/macrophage progenitors, produce reactive oxygen
species (ROS), and display potent immunosuppressive properties
(19-21).

A new appreciation of the significance of neutrophils for the host
has emerged in light of recent findings on their heterogeneity and
plasticity (16, 22), their ability to survive long term, and their
ability to shape adaptive arm immune responses (14-16, 23, 24).
Neutrophils regulate immune hyper and hypoactivation via a re-
lease of inflammatory and toxic mediators and by curbing ex-
cessive immune responses (16, 25). The altered functionality of
neutrophils can lead to severe inflammatory complications and
sepsis (26). Neutrophils colocalize and actively communicate with
T cells in draining lymph nodes and other organized lymphoid
tissues in which they are involved in negative regulation of T cell
function via production of ROS and arginase-1 (15, 27-32). We
have recently described a presence of immunosuppressive neu-
trophils in the blood of HIV-1-infected patients that are likely
induced by microbial translocation and suppress T cell function
via the production of ROS and programmed death PD-1/PD-L1/
interaction (33). Recent studies have identified an immunosup-
pressive population of CD16*CD62L'" neutrophils that is in-
duced in human volunteers following injection of a low dose of
bacterial LPS and inhibits T cell function by local release of hy-
drogen peroxide (31) and via PD-L1/PD1 axis.

In sepsis, trauma, and various chronic inflammatory conditions, a
population of low-density neutrophils (LDNs) with immunosup-
pressive properties has been detected (23, 30, 33, 34). In auto-
immune diseases, LDNs have been associated with enhanced
NETosis and extensive endothelial damage (35). A similar
population of granulocytic myeloid-derived suppressor cells
(G-MDSCs) has been reported by multiple studies, primarily in
patients with cancer (30, 34, 36, 37). Both LDNs and G-MDSCs
exert low-density phenotype and cosegregate in the PBMC frac-
tion on a density gradient. It is unclear at present whether LDN
and G-MDSC populations are identical or differ in their pheno-
type, origin, and functional properties (30). Furthermore, it re-
mains to be established whether LDNs/G-MDSCs originate by
granulopoiesis from dedicated suppressive progenitors in the
bone marrow or, alternatively, they represent a functional subset of
neutrophils that is acquired the immunosuppressive phenotype
in response to specific signals in the periphery (30). Both LDNs
and G-MDSCs display a remarkable ability to suppress T cell—
mediated immune responses by multiple mechanisms, including
production of ROS, the release of arginase-1 resulting in a de-
pletion of arginine and downregulation of TCR { chain, produc-
tion of regulatory cytokines, and induction of regulatory T cells

NEUTROPHILS SUPPRESS T CELLS OF CVID PATIENTS

(30, 32, 34). LDNs/G-MDSCs are believed to serve as a negative
feedback mechanism preventing extensive damage to the host in
sepsis and inflammation (32).

The goal of the current study was to determine the phenotype of
granulocytes in CVID patients with an emphasis on possible
regulatory effect on T cell function. We present evidence that
neutrophils in CVID patients acquire a specific activated phenotype
and exert potent T cell suppressive activity, a previously unrec-
ognized mechanism of immune suppression in CVID patients.

Materials and Methods

Patients and healthy donors

All participants in the study were white and from South Moravian region of
Czech Republic. The study was approved by the Medical Ethics Com-
mittee of St Anne’s University Hospital, Brno, Czech Republic. Informed
consent was obtained from all volunteers prior to the inclusion in the study.
A total of 46 CVID patients (25 females, 21 males; median age 45, range
22-82 y) and 44 healthy donors (23 females, 21 males; median age 41,
range 19-78 y) were recruited. All patients fulfilled the International
Consensus Document diagnostic criteria for CVID (38). Clinical charac-
teristics of the study population are described in Table I. CVID patients
were treated with regular i.v. (IVIG) (n = 25) or s.c. (SCIG) (n = 21)
substitution. None of the patients suffered from opportunistic infections
typical for late-onset combined immunodeficiency (39). One patient re-
cently had splenectomy for splenomegaly and hypersplenism. One patient
underwent partial gastrectomy for gastric cancer; no other malignancies
were detected in any of the participants. Three patients were on long-term
steroid treatment (owing to granulomatous disease, lung fibrosis, and de-
myelinating disease). One patient was treated with combined immuno-
suppressives (steroids and leflunomide) owing to lung fibrosis, arthritis,
neurologic involvement, and diarrhea.

Cell isolation

Blood samples for isolation of PBMCs and T cells of patients on IVIG
treatment were collected before the IVIG infusion. PBMCs and neutrophils
were isolated from the blood harvested in EDTA-containing vacutainers by
density gradient centrifugation (400 X g, 30 min) using Ficoll-Paque
(Pharmacia, Uppsala, Sweden) and washed twice with PBS supple-
mented with 5% BSA (Sigma-Aldrich, St. Louis, MO). Following centri-
fugation, the upper mononuclear cell layer was removed, and the lower
granulocyte layer was collected and resuspended. Erythrocytes were lysed
using isotonic NH,CI erythrocyte lysis buffer (170 mM NH,CI, 10 mM
KHCO;, 20 mM EDTA, pH 7.3) at room temperature. Cells were cultured
in RPMI 1640 (Sigma-Aldrich) supplemented with 10% heat-inactivated
FBS (HyClone, South Logan, UT), 100 U/ml penicillin, 100 mg/ml
streptomycin, and 2 mM L-glutamine (HyClone), further referred to as
complete RPMI medium. T cells were isolated from peripheral blood using
RoboSep Human CD3 Positive Selection Whole Blood kit (STEMCELL
Technologies, Rockford, IL). Separation was performed on the instrument
RoboSep-S (STEMCELL Technologies) according to the manufacturer’s
instructions.

ELISA for the detection of neutrophil activation markers
and cytokines

To prevent neutrophil degranulation and release of enzymes, EDTA blood
was collected on ice. Within 20 min after the blood draw, the plasma was
separated by centrifugation (1500 X g, 4°C, 15 min). Plasma was removed
and transferred to fresh polypropylene tube without disturbing white cells
in the buffy coat. Harvested plasma was centrifuged second time under the
same conditions to separate any remaining WBCs. Samples were cry-
opreserved at —80°C. ELISA assays for the determination of neutrophil
gelatinase—associated lipocalin (NGAL; Hycult Biotech, Plymouth Meet-
ing) and IFN-vy (BioLegend, San Diego, CA) were performed according to
the manufacturers’ protocols.

Cell culture

PBMCs and T cells were stimulated with 1 wg/ml purified plate-bound anti-
CD3 mAb (CD3 mAb; clone Hit-3a; BioLegend) and with added 0.3 p.g/ml
anti-CD28 mAb (clone CD28.2; eBioscience) for 18 h in complete
RPMI medium in 96-well flat-bottom plates with a starting concentration
of 2 X 10° cells per well, (1 X 10° per ml) of PBMCs or 10° cells per well
(1 X 10° ml) of T cells. For detection of cytokines by intracellular staining,
Brefeldin A (10 pg/ml; Sigma-Aldrich) was added for the last 4 h. Cell
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proliferation was determined by the incorporation of thymidine analog
BrdU (PerkinElmer, Waltham, MA) into newly synthesized DNA and
detection with anti-BrdU Ab. For proliferation, PBMCs and T cells were
stimulated with 1 wg/ml purified plate-bound anti-CD3 mAb and added to
0.3 pwg/ml anti-CD28 mAb for 48 h in complete RPMI medium at a starting
concentration of 2 X 10° cells per well (1 X 10° per ml) for PBMCs and
1 X 10° cells per well for T cells (1 X 10° per ml) in 96 flat-bottom cells.
BrdU was added for the last 12 h. Proliferating cells were processed using
the DELFIA Cell proliferation kit (PerkinElmer) following the manufac-
turer’s protocol. Briefly, cells are incubated with the nonradioactive py-
rimidine analog BrdU to allow its incorporation into newly synthesized
DNA. Subsequently, europium-labeled anti-BrdU Abs are used to detect
the level of BrdU incorporation via time-resolved fluorescence, a mea-
surement of the Eu-fluorescence in a time-resolved fluorometer EnSight
(PerkinElmer). For the neutrophil/T cell suppression assays, purified
T cells or PBMCs were stimulated with plate-bound anti-CD3 (1 pwg/ml)
and soluble anti-CD28 (0.3 wg/ml) Abs for 18 h for production of cyto-
kines and 48 h for proliferation test. Neutrophils were cocultured with
CD3* T cells or PBMCs at 1:3 T cell/neutrophil ratio (105 cells; 3 X 10°
neutrophils per well). To address the mechanism of neutrophil-mediated
suppression of T cells, catalase (CAT; 1000 U/ml) and superoxide dis-
mutase (SOD; 200U/ml; Sigma-Aldrich) were added to media to neutralize
ROS, N°-hydroxy-L-arginine monoacetate (L-NHA; 2.5 pg/ml) was added
to inhibit arginase-1, and N”-monomethyl-L-arginine acetate salt
(L-NMMA; 2.5 pg/ml; Sigma-Aldrich) was added to inhibit the function
of inducible NO synthase (iNOS). Anti—PD-L1 (clone 29E.2A3) (5 wg/ml)
and anti-PD-1 (clone EH12.2H7) (5 pg/ml, BioLegend) Abs were added
to inhibit PD-L1/PD-1 signaling pathway.

Intracellular cytokine staining

Cells were washed, fixed, permeabilized using Intracellular Fixation and
Permeabilization Buffer Set (eBioscience, San Diego, CA), and stained with
IFN-y-BV421 (clone 4S.B3) (BioLegend). Dead cell exclusion was per-
formed using aqua-fluorescent reactive dye LIVE/DEAD Fixable Stain Kit
(Invitrogen, CA). T cell staining was performed using CD4-PE-Cy7 (clone
SFCI12T4D11), CD8-allophycocyanin A750 (clone B9.11) (Beckman
Coulter, Miami, FL), CD3-allophycocyanin (clone SK7) (BD Biosciences,
San Jose, CA), and CD25-PerCP-Cy5.5 (clone BC96) (BioLegend). Gat-
ing strategy for the analysis of the expression of CD25 and intracellular
production of INF-y is depicted in Supplemental Fig. 1.

Flow cytometry characterization of neutrophils and LDNs

For the determination of activation markers on the surface of neutrophils, mAbs
were used in the following combinations: 1) CD15-FITC (clone HI98), CD80-
PE (clone 2D10), CD14-PerCP-CyS5.5 (clone MSE2), CD274-allophycocyanin
(PD-L1) (clone 29E.2A3), CD62L-BV421 (clone DREG-56) (BioLegend) and
CD16-allophycocyanin A750 (clone 3G8), CD45-Krome Orange (clone J33)
(Beckman Coulter); 2) CD15-FITC, CD87-PE (clone VIMS), CD14-PerCP-
Cy5.5, CD11a-PE-Cy7 (clone HIl111), HLA-DR-BV421 (clone 1.243),
CD11b-BV 510 (clone ICRF44), (BioLegend), and CD45-allophycocyanin-
H700 (clone 2D1) (BD Biosciences); 3) CD15-FITC, CCR3-PE (clone 5ES8),
CD14-PerCP-Cy5.5, CD64 PC7 (clone 10.1) CXCR4-allophycocyanin
(clone 12GS5), CD62L-BV421, CD11b-BV 510, CDl6-allophycocyanin
A750; 4) CD15-FITC, CCR3-PE, CD14-PerCP-Cy5.5, CD64 PE-Cy7, CD54-
allophycocyanin (clone HASS8), CD62L-BV421, CD11b-BV 510, CD16-
allophycocyanin  A750; 5) CDIS-FITC, CCR3-PE, CDI4-PerCP-Cys5.5,
CD10-allophycocyanin (clone HI10a), CD62L-BV421, CD11b-BV 510, and
CD16-allophycocyanin A750. Briefly, fresh blood samples were incubated
for 30 min at 4°C in the dark with mAbs. The erythrocytes were lysed by
Multi-Q-Prep Lysing Workstation (Beckman Coulter). Samples were
acquired using a Navios flow cytometer (10 colors, three lasers; Beckman
Coulter), and cytometry data (LMD files) were analyzed using Kaluza
software (Beckman Coulter). The data are presented as the median fluo-
rescence intensity for each cell subset. Gating strategy for the analysis of
neutrophils is depicted in Supplemental Fig. 2A.

For the characterization of LDNS, freshly isolated PBMCs were incubated for
30 min in the dark with the following mAbs: CD15-FITC, CCR3-PE, CD14-
PerCP- Cy5.5, CD33-Pe-Cy7(clone D3HL60.251), CD10-allophycocyanin
or CXCR4-allophycocyanin or CD54-allophycocyanin, CD62L-BV510
(BioLegend), CD16 allophycocyanin A750, and CD45-Krome Orange
(Beckman Coulter). Gating strategy for the analysis of LDNs is depicted in
Supplemental Fig. 2B.

Ex vivo stimulation of blood with bacterial products

Whole blood freshly obtained from healthy donors was either not stimulated
or stimulated with fMLF (10 wM; Sigma-Aldrich) or LPS (1 pg/ml,
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Escherichia coli 0111:B4; Sigma-Aldrich) at 37°C for the indicated time
and immediately stained with CD14-allophycocyanin/Fire750 (clone 63D3),
CD274-PE-Cy7 (PD-L1; 29E.2A3), CD11b-PerCP-Cy5.5 (ICRF44;
BioLegend), CD62L-BV711 (DREG-56), CD193-BV510 (CCR3; SES;
BD Biosciences), CD15-eFluor450 (H198), and CD16-allophycocyanin
(eBioCB16; eBioscience) for 30 min at 4°C. Samples were washed with cold
wash Dulbecco’s PBS buffer with EDTA (1 mM EDTA in DPBS) and
centrifuged at 200 X g for 5 min to remove unbound Abs. Samples were
lysed with 1 ml of 1-step Fix/lyse buffer (Invitrogen/Thermo Fisher Scien-
tific) in the dark at room temperature for 15 min, washed, and resuspended in
equal parts of 2% FBS in DPBS and intracellular Fixation buffer (Thermo
Fisher Scientific) prior to the analysis on the Attune NXT flow cytometer
(Thermo Fisher Scientific). Cytometry data were analyzed by FlowJo
(FlowJo, Ashland, OR). For the analysis of induction of LDNs in whole
blood ex vivo, whole blood from healthy donors was either not stimulated or
stimulated with LPS (1 wg/ml) or fMLF (10 uM) at 37°C for the indicated
time; PBMCs were purified by gradient centrifugation, and LDNs were
characterized as described above.

Statistics

Intergroup differences were analyzed using the nonparametric Mann—
Whitney U test or Wilcoxon signed-rank test as appropriate. Correlations
were assessed using the Spearman rank correlation test. Fisher exact test
was used for the analysis of categorical data. The p values <0.05 (two-
tailed) were considered statistically significant. Data were analyzed using
GraphPad Prism 5 (GraphPad Software, CA).

Results
CVID patients display elevated levels of NGAL in plasma

Granulocytes have been previously shown to contribute to several
autoimmune and inflammatory complications in CVID patients,
including granuloma formation and chronic lung, intestinal, and
other organ inflammation (38). We have previously reported that
CVID patients display increased levels of myeloid cell-derived
cytokines and chemokines in plasma, including factors involved in
granulopoiesis and neutrophil activation (10). To further address the
potential role of granulocytes in CVID pathogenesis, we analyzed
immune cell populations and plasma markers of granulocytic acti-
vation in 46 CVID patients and 44 healthy donors (clinical pa-
rameters of the study population are described in Table I). CVID
patients displayed increased absolute number of neutrophils com-
pared with controls (3.45 X 10° per 1 versus 2.71 X 10° per I; p =
0.014; Mann—Whitney U test) (Fig. 1) whereas the absolute number
of lymphocytes was decreased (1.43 X 10° per 1 versus 1.97 X 10°
per 1; p < 0.0001), consistent with a previous study (5). Interest-
ingly, the plasma concentration of NGAL, a marker of neutrophil
activation and degranulation, was significantly increased in CVID
patients compared with healthy controls (p < 0.0001; Mann—
Whitney U test) (Fig. 2). Because the elevated plasma level of
NGAL could be caused by the increase in the absolute number of
circulating neutrophils, normalization to absolute neutrophil count
was performed. Following normalization, the statistical significance
of intergroup differences was preserved (p < 0.0001) (Fig. 2). The
intergroup differences remained significant after exclusion of CVID
patients with C-reactive protein (CRP) >10 mg/l (n = 7; p <
0.0001), indicating that the increase in neutrophil activation and
degranulation marker could not be attributed solely to the level of
systemic immune activation. No correlations between the concen-
tration of NGAL and other laboratory and clinical parameters were
observed. No statistically significant difference in plasma levels of
arginase-1 between CVID patients and healthy donors was observed
(Supplemental Fig. 3).

Neutrophils from CVID patients exhibit an activated phenotype

To further address the potential role of granulocytes in CVID
pathogenesis, we evaluated the levels of neutrophil surface markers
of activation and potential suppressor activity in fresh blood of
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Table I. Clinical characteristics of the study population

NEUTROPHILS SUPPRESS T CELLS OF CVID PATIENTS

IVIG (n = 27) SCIG (n = 19) Total (n = 46)
FM 14/13 11/8 25/21
Age, mean (range) 43.5 (23-77) 46.9 (21-83) 45.5 (21-83)
Length of Ig treatment, mean (range) 11.52 (0.17-25) 9.89 (1-21) 10.85 (0.17-25)
Bronchiectasis, n (%) 14/25“ (56) 3/19 (16) 17/44% (39)
Autoimmune diseases, n (%) 4/27 (15) 7119 (37) 11/46 (24)
Granuloma, n (%) 4/25% (16) 3/19 (16) 7/44 (16)
Chronic diarrhea, n (%) 4/27 (15) 5/19 (26) 9/46 (20)

“Data concerning bronchiectasis and granulomas were not available in two patients.

F, female; M, male.

CVID patients and healthy donors. Whole blood neutrophils were
gated as side light scatter (SSC)"€" CD45* CD15* population, and
the surface levels of CD11a, CD11b, CD16, CD62L, CD80, CD87,
PD-L1, and HLA-DR were examined. A significant increase of
median fluorescence intensity of CD11b (p < 0.01) and PD-L1
(p < 0.002), and decreases of CD16 (p < 0.01), CD62L (p < =
0.0005), and CD80 (p = 0.0002, Mann—Whitney U tests) were
observed on neutrophils from CVID patients compared with neu-
trophils from healthy donors (Fig. 3). CD11a, CD87, HLA-DR,
CD10, CXCR4, and CD54 levels were not significantly different
between the experimental groups. Surface levels of CD10 and
CXCR4 are depicted in Supplemental Fig. 4. Phenotypic analysis of
T cells of CVID patients revealed an increased expression of PD-1
on both CD4" and CD8" T cells compared with controls, consistent
with previous reports (9, 10). However, no significant correlations
were found between the levels of PD-L1 on neutrophils and PD-1
on T cells in CVID patients (p = 0.2 and p = 0.4 for PD-1 on CD4"
and CD8" T cells, respectively; Spearman correlation test).

Neutrophils from CVID patients suppress T cell activation and
production of IFN-y

CD11b*CD16"CD62LY™ neutrophils were previously described as
a unique circulating population mediating the suppression of T cell
activation and cytokine production (31, 32). We have, therefore,
assessed the ability of neutrophils from CVID patients to suppress
the T cell activation upon CD3/CD28 stimulation ex vivo. Surface
CD25 expression was higher on CD8" T cells of CVID patients
compared with controls (p < 0.02) but was significantly reduced on
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FIGURE 1. CVID patients display increased absolute neutrophil blood
count. Total leukocyte counts were determined in whole blood. The neu-
trophils were gated as CD45*CD15% CD16*SSCMe" cells. The absolute
number of circulating neutrophils was determined based on the flow
cytometry analysis of population frequency and absolute leukocyte count.
Horizontal bars represent medians; data were analyzed using the Mann—
Whitney U test (CVID: n= 46; HD: n = 44). HD, healthy donors.

T cells following coincubation with autologous neutrophils
(p = 0.003; Wilcoxon test) (Fig. 4A). In contrast, neutrophils sup-
pressed CD4* T cell activation in healthy controls (p = 0.01) but not
CVID patients (p = 0.1) (Fig. 4B). Intracellular production of
IFN-y* by CD8"* T cells following CD3/CD28 stimulation in the
absence of neutrophils was higher in CVID patients (p < 0.0001
(Fig. 4C) and correlated with the frequency of effector memory
CCR7 CD45RO" CD8" T cells in CVID patients (r = 0.4; p =
0.003), but not in healthy donors (r = 0.3; p = 0.09; Spearman test).
Importantly, the production of IFN-y* by CD8" T cells of CVID
patients upon CD3/CD28 stimulation was suppressed following
coincubation with autologous neutrophils (p = 0.005); however, no
effect was observed in healthy donors (p = 0.6; Wilcoxon test).
Intracellular production of IFN-y by CD4" T cells following CD3/
CD28 stimulation in the absence of neutrophils was higher in CVID
patients (p = 0.004) (Fig. 4D) and correlated with the frequency of
effector memory CCR7~CD45RO* CD4" T cells in CVID patients
(r = 0.3; p = 0.03), but not in healthy donors (r = 0.2; p = 0.27;
Spearman test). No significant difference was found in the pro-
duction of IFN-y* in CD4" T cells after coculture with neutrophils
of CVID patients or healthy controls. IFN-y protein accumulation
in the medium upon CD3/CD28 stimulation was lower in cocultures
of T cells with neutrophils from CVID patients (p = 0.02) as well as
healthy controls (p = 0.04; Wilcoxon test) (Fig. 4E). The production
of IFN-v in the medium upon CD3/CD28 stimulation was higher in
the culture of T cells in CVID patients p < 0.005; Mann—Whitney
U test). Suppressive activity of CVID neutrophils was not signifi-
cantly associated with clinical symptoms, including bronchiecta-
sis, splenomegaly, chronic diarrhea, granuloma, or autoimmunity
(tested using Fischer exact test), duration of Ig treatment, or the
time from the first manifestation of ID symptoms (tested using
Mann—Whitney U test).

Neutrophil-mediated immune suppression of IFN-vy production
by activated T cells in CVID patients is dependent on ROS

To address the mechanisms of neutrophil-mediated suppression of
T cell function, T cells were cocultured with neutrophils in media
supplemented with CAT and SOD to neutralize ROS, iNOS inhibitor
L-NMMA, arginase inhibitor L-NHA, or anti-PD-L1 and anti-PD-1
Abs to inhibit the PD-L1/PD1 pathway. The production of IFN-y* by
CD3*CD8" T cells following stimulation with CD3/CD28 in coculture
with neutrophils from CVID patients was restored in the presence of
CAT and SOD (Fig. 5A). Inhibition of PD-L1/PD-1 signaling resulted
in partial restoration of neutrophil-mediated suppression of the pro-
duction of IFN-y" by CD3*CD8" T cells in CVID patients (Fig. 5A).
In healthy donors, the production of IFN-y* by stimulated CD3"CD8*
T cells cocultured with neutrophils was restored only in the presence of
ROS inhibitors (p < 0.0001; Wilcoxon test). No significant alteration
of the production of IFN-y* by CD4* T cells stimulated in the pres-
ence of inhibitors was observed in CVID patients or healthy controls.
Full restoration of neutrophil-mediated suppression of extracellular
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production of IFN-y by stimulated T cells was observed in the pres-
ence of ROS inhibitors in CVID patients (Fig. 5B) as well as in healthy
donors (p < 0.0001; tested by Wilcoxon test). A partial restoration was
observed in the presence of the inhibitor of arginase-1 or blockade of
the PD-L1/PD-1 pathway in CVID patients (Fig. 5B) as well as in
healthy donors (p = 0.0002 for both L-NHA and PD-L1/PD-L1 in-
hibition; tested by Wilcoxon test).

Neutrophils from CVID patients suppress the proliferation of
autologous T cells

To evaluate the suppressive effect of CVID neutrophils on autol-
ogous T cells, T cells were stimulated with CD3/CD28 in the
presence or absence of neutrophils and proliferation was analyzed
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after 48 h. The proliferation of T cells was significantly reduced
following coincubation with autologous neutrophils from CVID
patients (p = 0.03; Wilcoxon test) (Fig. 6A). No significant effect
was detected following coculture of T cells of healthy donors with
autologous neutrophils (Fig. 6A). To address the mechanism un-
derlying neutrophil-mediated suppression of T cell proliferation in
CVID patients, the experiments were performed in the presence of
inhibitors of ROS, iNOS, arginase-1, and PD-L1/PD1 pathway. No
statistically significant effect of inhibitors of any of the regulatory
pathways was observed (Fig. 6B). Therefore, the mechanism of
neutrophil-mediated inhibition of T cell proliferation in CVID
patients remains unclear. Importantly, a negative correlation was
observed between the expression of CD62L on fresh blood
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FIGURE 3. Neutrophils from CVID patients exhibit an activated phenotype. Neutrophils were gated as CD45*CD15*CD16" SSC"&" cells. (A and B)
Increased expression of CD11b (A) and PD-L1 (B) on neutrophils in fresh blood of CVID patients. (C) Decreased levels of CD16 and CD62L on neutrophils
in fresh blood of CVID patients; representative examples. (D—F) Decreased expression of CD16 (D), CD62L (E), and CD8O0 (F) on neutrophils in fresh blood
of CVID patients; cumulative data. Horizontal bars represent medians; data were analyzed using the Mann—Whitney U test (CVID: n = 46; HD: n = 44).

HD, healthy donors.
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CDS8™T cells were determined by flow cytometry. IFN-
vy was determined by intracellular staining. (A and B)
Percentages of CD25* T cells of total CD3*CD8"*
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v* T cells of total CD3"CD8" or CD3*CD4* T cells.

% IFNy*/CD3*CcD8”*
L8]
o

-
o
1

% IFNy*/CD3*CD4"
3

wn
1

(E) Coincubation of T cells with autologous neutro- 010 0-

. . . o CD3/CD28 Ab  + + + - CD3/CD28 Ab  + + + +
phils results in red}lced accumulatlon‘ of IEN«/ in Neutrophils A & . Neutrophils - - ! B
culture supernatants in response to the stimulation with HD cvID HD cvID
CD3/CD28. Horizontal bars represent medians, which
were analyzed using Wilcoxon or Mann—-Whitney U E
test as appropriate (CVID: n = 46; HD: n = 44). HD, 1000- —_p=005
healthy donors. p<0.04

p<0.02
p<0.02 o
E o
= a
2 500 ° %o
= 0500 0ge :n
E | & 55 P
%0 ogh T oo
%6, % ﬁ o
S BE
CD3/CD28 Ab  + + + +
Neutrophils - + - +
HD CVID

neutrophils and their capacity to suppress autologous T cell pro-
liferation ex vivo (r = —0.5; p = 0.002; Spearman test) (Fig. 6C),
consistent with the reported suppressive activity of CD62L%™
neutrophils (31, 32). In contrast, no significant correlation was
observed in healthy donors (Fig. 6C).

CVID patients display an increased frequency of
LDNs/G-MDSCs

LDNs and G-MDSCs have been previously described as specific
populations of suppressive granulocytes in cancer, trauma, and
other inflammatory conditions (33, 34). Although it remains to
be determined whether LDNs and G-MDSCs represent an
identical cell population, they have been shown to share many
key properties, most notably the low-density phenotype result-
ing in their retention in the PBMC layer on density gradients.
We have addressed whether the frequency LDNs/G-MDSCs,
characterized as SSCM£"CD33*CD14 CDI15* cells in fresh
PBMCs, is increased in the blood of CVID patients. As shown in
Fig. 7A and 7B, CVID patients exhibited a significantly in-
creased frequency of LDNs in PBMCs compared with healthy
donors (p = 0.02). A positive correlation was observed between
CD11b expression on neutrophils from fresh blood and the
frequency of LDNs in CVID patients (r = 0.4; p = 0.007) and

healthy donors (r = 0.3; p = 0.04; Spearman test). Next, we
examined whether the presence of LDNSs is associated with
reduced production of IFN-y by CD3/CD28-activated T cells
ex vivo. A negative correlation was observed between the
frequency of LDNs in PBMCs and intracellular production of
IFN-y by CD8"* T cells in PBMCs of CVID patients (r = —0.4;
p = 0.007) but not healthy donors (r = —0.05; p = 0.8; Spearman
test). CD10, CXCR4, and CD54 levels were not significantly
different on LDNs between the experimental groups. No statisti-
cally significant correlation between the frequency of LDNs
and administration of IVIG or any other laboratory and clinical
parameters was observed.

Ex vivo stimulation of blood with bacterial products reduces
neutrophil surface levels of CD62L, increases CDI11b, and
induces LDNs

Others and we have previously described evidence of microbial
translocation in CVID patients (10-12). Circulating products of
microbial translocation may be responsible for the activated
neutrophil phenotype and altered profile of myeloid cell-derived
cytokines and chemokines in CVID patients (10, 11). To address
this possibility, fresh blood of healthy donors was stimulated with
bacterial products fMLF and LPS. As shown in Fig. 8, stimulation
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FIGURE 5. Mechanisms of neutrophil-mediated suppression of IFN-y
production by activated T cells in CVID patients. Purified CD3* T cells
were isolated from CVID patients and stimulated with anti-CD3 (1 wg/ml)
and anti-CD28 (0.3 pg/ml) Abs in the presence of autologous neutrophils
(10° T cells; 3 X 10° neutrophils per well) in the presence or absence
SOD (200 U/ml) and CAT (1000 U/ml), L-NMMA (2.5 pg/ml), L-NHA
(2.5 pg/ml), or anti-PD-1 (5§ wg/ml) and anti-PD-L1 (5 pg/ml) Abs. After
18 h of coculture, the relative frequency of IFN-y* of CD3*CD8" cells
compared with T cells stimulated in the absence of neutrophils is depicted
(A). (B) IFN-y concentration was determined in culture supernatants from
cell cultures described in (A). Relative production of IFN-y compared with
T cells stimulated in the absence of neutrophils is depicted. Analyzed using
Wilcoxon test (CVID: n = 19).

with LPS and fMLF lead to a rapid increase of surface levels of a
degranulation marker CD11b and a decrease in the levels of
CD62L. In contrast, the levels of CD16 were not significantly
affected by either stimulation. The surface level of suppressor
molecule PD-L1 was increased; however, the change did not reach
statistical significance. Importantly, stimulation of whole blood
from healthy donors (n = 4) with bacterial products fMLF or LPS
increased the frequency of LDNs in the PBMC layer following
density gradient centrifugation by 27-fold (p = 0.02) and 18-fold
(p = 0.02), respectively (Fig. 9).

Discussion

In this study, we show that neutrophils from CVID patients exhibit
significantly altered phenotype characterized by reduced surface
levels of CD16, CD62L, and CD80 and elevated levels of CD11b
and PD-L1. In addition, the presented data indicate that CVID
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FIGURE 6. CVID neutrophils suppress the proliferation of autologous
T cells. (A) Purified CD3" T cells from healthy donors and CVID patients
were stimulated with anti-CD3 (1 pg/ml) and anti-CD28 (0.3 pg/ml) Abs
in the absence or presence of autologous neutrophils at 1:3 T cell/neu-
trophil ratio (1 X 10° T cells; 3 X 10° neutrophils per well). After 48 h of
coculture, cell proliferation was determined by the incorporation of BrdU
into newly synthesized DNA Analyzed using the Mann—Whitney U test
(CVID: n = 46; HD: n = 44). (B) Mechanism of neutrophil-mediated
suppression of T cell proliferation. Purified CD3* T cells were isolated
from CVID patients and stimulated with anti-CD3 (1 pg/ml) and anti-
CD28 (0.3 wg/ml) Abs in the presence of autologous neutrophils and in the
presence or absence SOD (200 U/ml) and CAT (1000 U/ml), L-NMMA
(2.5 pg/ml), L-NHA (2.5 pg/ml), or anti—-PD-1 (5 pg/ml) and anti-PD-L1
(5 pg/ml) Abs. After 48 h of coculture, cell proliferation was determined
by the incorporation of BrdU. Relative proliferation compared with T cells
stimulated in the absence of neutrophils is depicted. Analyzed using
Wilcoxon test (CVID: n =19). (C) Correlation between the level of CD62L
on fresh blood neutrophils and the relative decrease of T cell proliferation
following coincubation with autologous neutrophils from healthy donors
and CVID patients. Analyzed using Spearman rank correlation test; » and
p values are indicated; lines represent linear regression analysis (CVID:
n = 46; HD: n = 44). HD, healthy donors.

neutrophils actively suppress the activation and IFN-vy pro-
duction by CD8"* T cells via the production of ROS and par-
tially via PD-L1/PD-1 regulatory pathway. This observation
may be of high potential importance as it provides a qualita-
tively new view on the mechanisms of immune suppression in
CVID and potentially other immunodeficiencies and inflam-
matory conditions.

The mechanisms causing altered neutrophil phenotype in CVID
are unclear. It is tempting to speculate that changes in neutrophil
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population are driven by chronic microbial translocation, a process
of transfer of whole bacteria and microbial products from the
intestinal lumen into the systemic circulation. Low level of mi-
crobial translocation occurs in healthy individuals; however, its
extent dramatically increases in various pathological conditions
including inflammatory bowel disease, celiac disease, visceral
leishmaniasis, dengue virus infection, HIV infection, hepatic cir-
rhosis caused by alcohol abuse, or hepatitis B and C infections
(40, 41). Translocation of bacterial and fungal products results in
activation of both innate and acquired immune response mecha-
nisms (10). Others and we have previously presented evidence of
chronic microbial translocation in CVID patients (10-13, 42).
Complex interactions between LPS, CD14, and TLR 4 results in
the secretion of soluble CD14 (sCD14) from myeloid cells. Serum
levels of sCD14 represent a marker of bacterial translocation and
endotoxemia (43-45). We have previously demonstrated that
CVID patients display elevated concentration of plasma sCD14
and other factors consistent with microbial translocation (10). One
study showed that, in addition to elevated sCD14, CVID patients
display chronic monocytic activation (12). Other investigators
showed increased LPS levels together with increased sCD25 in
CVID patients (13). We demonstrated that CVID patients display
an altered profile of cytokine production, namely reduced serum
levels of cytokines produced by CD4" Thl cells (IFN-y, IL-2),
Th2 (IL-9, IL-13), and Th17 (IL-17). In contrast, CVID is asso-
ciated with elevated serum levels of G-CSF, CXCL-10/IP-10,
IL-1R antagonist, TNF-a, IL-10, IL-12 (p40), CCL-2/MCP-1,

% IFNy* of CD3*CD8"

and eotaxin (10). This cytokine signature is consistent with an
ongoing activation of cells of monocytic and granulocytic line-
ages. The concentration of G-CSF, a key granulopoietic regulator
and a central mediator of emergency granulopoiesis (18), was
increased by over 2-fold in CVID patients compared with healthy
donors (p = 0.0001) (10).

Emergency granulopoiesis is a process of rapid generation of
neutrophils via increased myeloid progenitor cell proliferation
in the bone marrow in response to systemically disseminated
bacterial products or invading pathogens. Pathogen sensing
occurs mainly in nonhematopoietic cells through TLR sig-
naling. However, sensing by hematopoietic stem and progenitor
cells have also been suggested and might contribute to the
overall granulopoietic response (17, 18). Recent studies
showed that emergency granulopoiesis is driven by G-CSF
produced by endothelial cells in response to LPS signaling
via the TLR4/MyD88 pathway (18-20, 46). G-CSF-induced
neutrophils undergo an alternative differentiation pathway
from common myeloid progenitor and granulocyte/macrophage
progenitors, produce ROS, and display potent immunosup-
pressive properties (19-21). In this study, we observed a 30%
increase in the absolute numbers of neutrophils in CVID pa-
tients (p = 0.014; Fig. 1), consistent with enhanced gran-
ulopoiesis. However, the rate of granulopoiesis cannot be
easily determined from absolute cell counts due to the con-
tribution of complex processes of cell recruitment, trafficking,
survival, and removal (47).
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FIGURE 8. Stimulation of whole blood with bacterial products results in
of CD11b. Whole blood from healthy donors was stimulated with bacterial

a rapid reduction of the neutrophil surface levels of CD62L and increased levels
LPS (1 pg/ml) and fMLF (10 uM) for the indicated time. The levels of surface

markers were analyzed on SSCME" CCR3™ CD14~ CD15" cells. (A and B) Stimulation of blood with LPS results in a rapid decrease of levels of CD62L
and an increase of surface levels of CD11b on neutrophils. (C and D) Cumulative data depicting the changes in surface marker expression on neutro-

phils following the stimulation of whole blood with LPS (C) or fMLF (
Mann—Whitney U test.

We show that CVID neutrophils exhibit low surface level of
CD16 (Fig. 3). The level of CD16 (Fcy receptor IlIb; CD16b is the
form of CD16 expressed on human neutrophils) increases with
neutrophil maturation and serves as a marker of neutrophil dif-
ferentiation from myelocytes to metamyelocytes, banded neutro-
phils, and mature segmented neutrophils (48). Low level of
neutrophil CD16 is observed in severe bacterial sepsis, infections,
and inflammatory states and marks a population of “toxic” or
“left-shift” neutrophils with elevated myeloperoxidase activity and

D). Data obtained from four independent healthy donors and analyzed using

compromised phagocytic and bactericidal activity (49, 50). The
level of CD16 is low on neutrophils induced in healthy volunteers
following administration of G-CSF (51). The phenotype of neu-
trophils in CVID patients described in this article is consistent
with the phenotype of human G-MDSCs found in the peripheral
blood of patients with advanced renal cell carcinoma and pan-
creatic cancer characterized by low levels of CD16 and CD62L
and high levels of CD11b (36, 52). CD16'°" neutrophils expand in
the blood of terminal cancer patients and strongly suppress T cell
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FIGURE 9. Stimulation of whole blood with fMLF or LPS results in an
induction of LDNs. Fresh whole blood was either not stimulated or
stimulated with fMLF (10 uM) (A) or LPS (1 pg/ml) (B) for 60 min.
PBMCs were purified by gradient centrifugation, and the frequency of
SSCheh CCR3™ CD14~ CD15" LDNs was determined by flow cytometry.
Representative data from one of four healthy donors.

proliferation (53). Elegant studies using pulse-chase labeling with
6,6-"H,-glucose recently demonstrated that CD16'Y neutrophils
represent an immature neutrophil population that is released from
the bone marrow several days earlier than mature segmented
neutrophils (54). Early mobilization is believed to be a compen-
satory mechanism allowing the release of substantial numbers of
neutrophils, although with lower maturation status and reduced
capacity for pathogen clearance (54, 55). The levels of CD16 on
CVID neutrophils described in our study closely correlate with the
low levels of another myeloid maturation marker CD80 (r = 0.9;
p = 0.0008; Spearman correlation test), consistent with the low
maturation status of CD16'" cells. Based on these observations,
we propose that microbial translocation in CVID patients drives
accelerated granulopoiesis and recruitment of alternatively dif-
ferentiated CD16'" neutrophils with potent T cell suppressive
activity (19-21, 32).

We demonstrate that CVID is associated with lower neutro-
phil levels of CD62L (Fig. 2) and that CD62L expression in-
versely correlates with the level of suppression of T cell
proliferation ex vivo (Fig. 4). CD62L (L-selectin) mediates
the initial tethering and rolling of neutrophils on the endothe-
lial surface. Reduction of CD62L levels can be explained by
several distinct mechanisms. CD62L on neutrophils is reduced
following administration of G-CSF in vivo, and it is shed from
the cell surface upon activation with various stimuli, including
various bacterial products (56). In this context, we demonstrate
that incubation of whole blood with bacterial products fMLF
and LPS results in a rapid downmodulation of CD62L on
neutrophil surface (Fig. 6). It is, therefore, feasible that CD62L
reduction in vivo is induced by contact with translocated mi-
crobial products. However, an alternative mechanism of the

NEUTROPHILS SUPPRESS T CELLS OF CVID PATIENTS

observed downmodulation of neutrophil CD62L in CVID pa-
tients can be postulated. An immune suppressive population of
CD62L'" neutrophils has been identified following injection
of a low dose of LPS in human volunteers (31). This population
inhibits T cell function via PD-L1/PD-1 interaction and local
release of hydrogen peroxide into the immunological synapse
between the neutrophil and T cell (31, 57). Using pulse-chase
analysis, authors (54) demonstrated that CD62L'°" neutrophils
with hypersegmented phenotype represent a separate cell
population distinct from the banded neutrophils and mature
segmented neutrophils. Based on proteome analysis, CD62L'Y
neutrophils are closer to the banded neutrophils than to mature
segmented neutrophil population (54). The authors suggest that
CD62L'°" neutrophils represent a distinct subset that enters the
bloodstream in response to inflammation. CD62L'°" neutro-
phils are not likely to be the reverse-transmigrated neutrophils
returning from the tissue back into the bloodstream due to the
lack of expression of CD54 or reduced expression of CXCR1 and
CXCR2 as determined by flow cytometry (31) and proteomics
(54). Low expression of CD62L was also observed in the aged
neutrophils subset in mice (46). This subset displayed upregu-
lated CXCR4 receptor. In this study, we have not observed ele-
vated expression of CXCR4 on the CD62L'Y subset of
neutrophils or LDNs in CVID patients. It is feasible that the
CD62L'Y phenotype described here results from a combination
of the above-described mechanisms. Recently, a subset of neu-
trophils in spleen (Npy) with CD62L'® CD11b" phenotype and
a tendency to produce NETs has been described (58). Npy dis-
play higher expression of CD27, CD40L, CD86, CD95, and
HLA-DR and activate Ig production by marginal zone B cells via
BAFF, APRIL, and IL-21 (57-62). In addition, several recent
reports have indicated the induction of neutrophil-dendritic cell
hybrids expressing CD80 and HLA-DR and presenting Ags to
CD4* T cells in a variety of models and diseases (63—66). In this
study, we have not observed elevated expression of CD80 and
HLA-DR on neutrophils from CVID patients. Whether the
alteration of neutrophil phenotype directly contributes to the
dysregulation of Ig production in CVID patients remains unclear.
Future studies should focus on more detailed characterization of
a CD62L'" population of neutrophils in CVID patients to dis-
cern between the alternative mechanisms of downmodulation of
CD62L.

CD11b is a marker of degranulation that can be rapidly upreg-
ulated on stimulated cells by stimulation with bacterial products,
including LPS and fMLF (Fig. 6). In addition, anti-CD3-activated
CD8"* T cells modulate neutrophil levels of CD11b by IFN-y pro-
duction (67). CD11b (complement receptor 3[CR3], MAC-1) is an
integrin that forms complexes with CD18 and is stored in secretory,
gelatinase, and specific granules (49). Our observation of increased
CD11b on CVID neutrophils (Fig. 2) is inconsistent with a previous
study (68). The reason for the difference between studies is unclear
but can be related to differences in cell processing and staining
conditions that may result in different levels of surface CD11b and
other markers of degranulation.

We show that CVID patients exhibit an increased frequency of
LDNs (Fig. 5). Multiple studies have reported the elevated
frequency of LDNs with potent T cell suppressive activity in
various inflammatory conditions (30, 34, 36, 37). Although we
have not directly addressed the immunosuppressive activity of
LDNs in the current study, we report a negative correlation
between the frequency of LDNs in PBMCs and intracellular
production of IFN-y by CD8"* T cells of CVID patients ex vivo
(r=—0.4; p =0.007). The mechanism of induction of LDNs is
currently unclear. As shown in Fig. 9, stimulation of whole
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blood with bacterial products fMLF and LPS results in rapid
induction of LDNs in the PBMC layer following gradient
centrifugation. Thus, it is feasible that LDNs arise from the
contact of neutrophils with translocated circulating bacterial
products in vivo (11, 12). However, it is unclear whether LDNs
induced by ex vivo stimulation are phenotypically identical to
those observed in the fresh blood of CVID patients. Overall, the
accumulated evidence suggests that low-density phenotype
is a cellular property rather than a marker of a specific cell
population.

A major mechanism of neutrophil suppression of T cells is the
production of ROS (30, 32). Production of ROS and release of ar-
ginase can result in downregulation of TCRZ on T cells, thereby
arresting the cells in the GO-G1 phase (32). Our observation that the
suppression of T cell activation and production of IFN-vy is ROS-
dependent is consistent with previous studies (33, 69). Rapid pro-
duction of ROS by neutrophils can result in immediate suppression
of T cell activation and IFN production. Another potential mecha-
nism of T cell suppression is the upregulation of PD-L1 (Fig. 2)
associated with IFN-dependent PD-1-mediated T cell apoptosis
(32, 68, 70). The increase of expression of PD-1 on T cells in CVID
patients was previously described (9, 10). Although it is feasible
that PD-L1/PD-1 interaction contributes to T cell suppression in
CVID, we did not observe a correlation between expression of PD-1
on T cells, and enhanced expression of PD-L1 on neutrophils and
T cell proliferation was not affected by blocking the PD-L1/PD-1
interaction.

In conclusion, the study presented in this article suggests that
neutrophils in CVID patients acquire an altered phenotype and
exert potent T cell suppressive activity. The presented results have
several limitations, including limited sample size of a cross-
sectional study design. Although the data need to be confirmed
in future detailed studies employing larger populations, the ob-
servations presented in this article provide a qualitatively new view
on potential mechanisms of immune suppression in CVID and open
new avenues for therapeutic targeting of CVID and other in-
flammatory disorders.
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Common variable immunodeficiency (CVID), the most frequent primary antibody disorder, is charac-
terized by hypogammaglobulinaemia and impaired antibody production. Poor vaccination response is
essential for the diagnosis of CVID. Their under laying defects remain to be elucidated. Routine deter-
mination of antibody production in serum from CVID patients after vaccination and investigation of
B cell function in vivo is complicated due to substitution therapy. Therefore we investigated antibody
production on the B-cell level by ELISPOT and characterized changes in B-cell subpopulations in CVID
patients, including plasmablasts, in peripheral blood by flow cytometry after vaccination for specifica-
tion of the diagnosis. Thirty-seven CVID patients and eighty healthy volunteers were immunized with
tetanus toxoid and pneumococcal polysaccharide vaccines. Specific antibody levels and B cell subpop-
ulations were measured before vaccination and on day 7 after vaccination by ELISPOT assay and flow
cytometry respectively. Of the thirty-seven well defined CVID patients studied, thirty lacked detectable
spot forming cells producing specific IgG, IgA or IgM antibodies against employed vaccines and seven had
only weak responses compared to controls. In the control group, an increase in circulating plasmablasts
on day 7 post immunization corresponded with the appearance of antibody forming cells. In contrast,
CVID patients failed to increase plasmablasts significantly in peripheral blood after antigen challenge. Our
findings indicate that CVID patients have a block in terminal B-cell differentiation and that flow based
assessment of plasmablasts in peripheral blood after vaccination serves as a surrogate diagnostic marker
for assessing in vivo antibody responses in patients suspected to have CVID.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction therapy, the mortality rate of CVID patients is higher than that of

the general population [2,3].

Common variable immunodeficiency (CVID) is the most fre-
quent primary immunodeficiency with prevalence approximately
1:25000 in Caucasians. It is characterized by low serum levels
of IgG, IgA, normal or low levels of IgM and impaired anti-
body response after vaccination [1]. The clinical presentation of
CVID includes recurrent respiratory tract infections by encapsu-
lated bacteria, autoimmunity, granuloma formations, enteropathy
and increased risk of malignancies. Although standard treatment
include long-term immunoglobulin replacement and antimicrobial

Abbreviations: CVID, common variable immunodeficiency; ELISPOT, enzyme-
linked immunosorbent spot assay; SFC, spot forming cells; TET, tetanus toxoid; PPS,
pneumococcal polysaccharides; IVIG, intravenous immunoglobulin therapy; SCIG,
subcutaneous immunoglobulin therapy; MZ-like B cells, marginal zone-like B cells;
smB, switched memory B cells.
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Despite intensive research the immunopathogenesis of CVID
has not yet been elucidated. It has been suggested that CVID is
caused by defects in T cells, B cells, insufficient T-B cell interac-
tions or impaired signaling required for B or T-cell maturation and
function [4-18]. Molecular genetic defects involving mutations in
CD19 [19], ICOS [20,21], CD81 [22], Msh5 [23] and TACI [24-26]
were found in less than 10% of CVID patients [3,27]. CVID, there-
fore, is a heterogeneous group of patients expected to have multiple
etiologies, all sharing similar immunologic and clinical character-
istics. In spite of the coexistence of described T-cell defects, the
classification schemes presently in use are based on functional or
phenotypic characteristics of B cells (assessment of immunoglobu-
lin synthesis in vitro and phenotypic subsets of peripheral blood B
cells): Bryant British classification [14], Freiburg classification [6],
Paris classification [5] and the recent EUROclass classification [28].

Poor vaccination responses to protein and polysaccharide anti-
gens are essential for definition-based diagnosis of CVID [1].
Although a lot is known about B cell subsets of CVID patients, the
way their B-cell subpopulations change in response to vaccination
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compared to normal individuals is largely unknown. Specifically,
there are limited data as to antibody responses to protein or
polysaccharide antigens and the quantity and quality of antibodies
produced from different groups of CVID patients [29-32].

Quantitative assessment of specific antibody in serum is rou-
tinely performed by ELISA assay. However CVID patients are often
started on immunoglobulin substitution therapy before antibody
production is adequately evaluated. In such a situation, it is difficult
to segregate transferred from antigen-induced specific antibody.
Therefore we have designed an in vitro functional measurement
of antibody production on the B-cell level using the ELISPOT tech-
nique, which is independent of substitution therapy. In addition,
we monitored changes in B-cell subpopulations, including plas-
mablasts, in peripheral blood by flow cytometry after in vivo
antigenic challenge.

2. Methods
2.1. Patients and control group

For this study we enrolled 37 patients with established CVID (14
males, 23 females, age range 20-74 years) who were followed at
the Department of Clinical Immunology and Allergy of St. Anne’s
University Hospital in Brno. Twenty-six patients were treated
with regular infusions of intravenous immunoglobulin (IVIG), six
patients received regular subcutaneous immunoglobulin (SCIG)
injections and one patient intramuscular immunoglobulin ther-
apy (IMIG). Four patients were newly diagnosed and not yet on
immunoglobulin replacement therapy at the time of the study.

All CVID patients were vaccinated simultaneously with tetanus
toxoid (TET) vaccine (ALTEANA, Sevapharma, Prague, Czech Repub-
lic) and unconjugated pneumococcal polysaccharide (PPS) antigens
(PNEUMO 23, Sanofi Pasteur, Lyon, France), except patient no. 34,
who received PPS one year after TET. All patients on IVIG were vac-
cinated one week prior to administration of replacement therapy.

In the control group fifty (16 males, 34 females, age range 22-72
years) were vaccinated with TET; ten (4 males, 6 females, age range
15-46 years) were given PPS alone; twenty (8 males, 12 females,
age range 14-50 years) received both TET and PPS.

The ELISPOT assay was performed before vaccination, on day 7
after vaccination and in range of 3-11 weeks after vaccination to
compare with ELISA. B cells were measured by flow cytometry.

The study was approved by the Ethics Committee of Masaryk
University, Brno and signed informed consent was obtained from
each participant.

2.2. Enzyme-linked immunosorbent spot assay (ELISPOT)

The ELISPOT assay provides both qualitative (type of immune
protein) and quantitative (number of responding cells) information
[33]. We have modified the ELISPOT technique for the detection of
specific antibody responses to TET and PPS.

96 wells microtiter plates (MultiScreen™-HA, Millipore Corpo-
ration, Billerica, USA) were coated with tetanus toxoid (10 Lf/ml,
Prague) and PPS (0.5 pg/ml, PNEUMO 23, Sanofi Pasteur) anti-
gens in carbonate buffer (pH=9.6) overnight at 4°C. Plates were
washed 3 times with PBS containing 0.05% Tween 20 and sub-
sequently incubated for 30 min at 37°C with 100 .l per well of
blocking buffer (1% solution of bovine serum albumin in PBS;
Sigma-Aldrich, Stenheim, Germany). Plates were then stored at4°C
until use. Peripheral blood mononuclear cells (PBMCs), obtained
from peripheral blood by gradient centrifugation (Lymphoprep,
Axis-Shields PoC AS, Oslo, Norway) were added to the coated
microtiter plates in RPMI 1640 medium (Sigma-Aldrich) con-
taining 10% heat-inactivated FCS (LabMediaServis, Jaromer, Czech

Republic) at 4 different dilutions (1.25 x 10°; 2.5 x 10°; 5 x 10°
and 1 x 108 cells in 100 pl/well for CVID patients and 0.625 x 10°;
1.25 x 10°; 2.5 x 10°; 5 x 10° cells in 100 pl/well for controls) and
cultured overnight at 37°C in 5% CO,. After cells were washed off
the plates 100 p.l/well rabbit anti-human IgG, IgA or [gM conjugated
to horseradish peroxidase (Dako Cytomation, Glostrup, Denmark;
diluted 1:500 in PBS/Tween) were added to each well and incu-
bated for 1 h in the dark at room temperature. Plates were washed
3 times with PBS containing 0.05% Tween 20 followed by the addi-
tion of 100 pl/well of 3-amino-9-ethylcarbazole substrate solution
(AEC, Sigma-Aldrich) and incubated for 15 min at room tempera-
ture in the dark. Plates were rinsed with water and dried overnight
at room temperature.

The red-coloured spots were counted with the AID ELISPOT
reader (AID, Autoimmun Diagnostika GmbH, Strassberg, Germany).
This provided accurate recognition and calculation of the spots and
allowed objective differentiation between background and “real”
spots. The results were expressed as a number of SFC per million B
cells.

2.3. Flow cytometry

All blood samples (9ml of peripheral blood in heparin and
2.7ml in EDTA) were collected between 7 and 12 a.m. to exclude
diurnal variation of lymphocyte subsets [34,35]. Lymphocytes and
B-cell subpopulations were analyzed directly from peripheral blood
(EDTA) or from isolated PBMC (heparin) as described previously [9].
The main B cell subpopulations identified in PBMCs were CD21!°W B
cells characterized as CD21°WCD38!°% naive B cells (IgD*CD27-),
marginal zone-like B cells (IgD*CD27*), switched memory B cells
(IgD~CD27*) and plasmablasts (IgD~CD27**CD38**). Cells were
identified using monoclonal antibodies (mAbs): FITC-conjugated
anti-CD38, PE-conjugated anti-IgD, PE-conjugated anti-CD21, PC5-
conjugated anti-IgM (all from Pharmingen International, San Diego,
CA, USA) and PC5-conjugated anti-CD27 (Beckman Coulter Miami,
FL, USA). The B-cell subpopulations were analyzed by gating
on CD19* cells (PC7-conjugated anti-CD19, Beckman Coulter,
Marseille, France). Immunophenotyping of B lymphocytes was per-
formed by five-colour cytometry Cytomix FC500 (Beckman Coulter
Miami, FL, USA). The relative numbers of CD19" B cells are showed
as mean =+ SD.

2.4. Enzyme-linked immunosorbent assay (ELISA)

Commercially available kits were used for measuring specific
IgG antibody levels against tetanus toxoid (VaccZyme™ Human
Anti Tetanus Toxoid IgG EIA Kit, The Binding Site Group Ltd, Birm-
ingham, United Kingdom) and IgG antibodies titers against IgA
(Human Anti-IgA isotype IgG ELISA, Biovendor, Brno, Czech Repub-
lic) in serum.

2.5. Immunoglobulin quantification

Trough serum levels of immunoglobulins IgG, IgA and IgM were
measured in CVID patients prior to the IVIG infusion by neph-
elometry using the BN2 Nephelometer (Dade Behring, Marburg,
Germany) according to the manufacturer’s instructions.

2.6. Statistical analysis

Data were analyzed using the STATISTICA software [StatSoft,
Inc. (2007), STATISTICA (data analysis software system), version
8.0.; www.statsoft.com]. Mann-Whitney’s U-test and Wilcoxon'’s
matched pairs test were used for analyses of dependencies between
particular parameters in studied groups; p<0.05 was regarded as
statistically significant.


http://www.statsoft.com/
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Fig.1. Dynamics of specific IgG anti-TET antibodies in healthy controls (ELISA versus
ELISPOT). Picture shows discrepancy between specific antibody producing cells by
ELISPOT (upper part) in peripheral blood (maximal number on day 7) and specific
serum antibodies by ELISA assay (lower part; maximal titer at 4-11 weeks after
vaccination).

3. Results

3.1. Kinetics and optimal timing for detection of specific spot
forming cells isolated from peripheral blood after vaccination

The kinetics of anti-TET (T-dependent) specific antibody pro-
duction by peripheral blood plasmablasts was tested by ELISPOT
assay in healthy volunteers from day 5 to day 9 after antigenic chal-
lenge. The same strategy was used in the assessment of anti-PPS
(T-independent) specific antibody production in healthy controls
from day 1 to day 8 after antigen challenge. Day 7 was found to be
optimal for the detection of specific antibody producing B-cells in
peripheral blood for both antigens and all tested immunoglobulin
isotypes (IgG, IgA, and IgM). Our findings are in agreement with
previous studies [36-38].

The different kinetics between the appearance of anti-tetanus
antibody in serum, as measured by ELISA assay, and the detection
of anti-tetanus antibody producing B cells as identified by ELISPOT
assay, are shown in Fig. 1.

3.2. Specific antibody responses against protein (T-dependent)
and polysaccharide (T-independent) antigens in healthy
individuals

Our group of healthy controls was vaccinated with protein anti-
gen (tetanus toxoid, TET), unconjugated PPS antigens (PNEUMO

Table 1
The number of spot forming cells against protein (n = 70) and polysaccharide (n=30)
antigens in a group of healthy controls.

SFC/10° B cells[z1]

Median[z2] Minimum Maximum
IgG anti-TET 10371 964 86747
IgA anti-TET 532 24 9707
IgM anti-TET 0 0 0
IgG anti-PPS 3843 812 76880
IgA anti-PPS 33935 3200 186384
IgM anti-PPS 9540 2165 52994

SFC/10 B cells (spot forming cells per million CD19* B cells); IgG, IgA, IgM anti-
TET (IgG, IgA, IgM antibodies specific spot forming cells against tetanus toxoid);
IgG, IgA, IgM anti-PPS (IgG, IgA, IgM antibodies specific spot forming cells against
pneumococcal polysaccharides).

23) either separately or in combination. We found no significant
difference in the number of SFC (IgG, IgA, IgM) against vaccinated
antigens whether they were administered separately or simulta-
neously (Mann-Whitney’s U-test, p with range between 0.56 and
0.98). The number of specific SFC against both types of vaccines in
the cohort of healthy controls is shown in Table 1.

3.3. Specific antibody response in subgroups of CVID patients

CVID patients (n=37) were classified according to the Freiburg
[6] and EUROclass classification [28] (Table 2), allowing a com-
parative analysis of antibody production and clinical phenotype.
The majority of our well-defined CVID patients did not mount a
specific humoral immune response against the two vaccines mea-
sured by ELISPOT assay but several patients produced low numbers
of vaccine-specific SFC (Table 2). As for the EUROclass classifica-
tion scheme, 3 patients of group smB+211°"™ (n =7 patient no. 18,
19, 20), 1 patient of group smB+21!°% (n=6, patient no. 13) and 1
patient of group smB—21°% (n=12, no. 1) had detectable IgG anti-
body responses against tetanus toxoid. In group smB+211°% there
was 1 patient (no. 14) who secreted IgM and another patient (no.
12) who formed IgA and IgM antibodies against PPS. The latter
patient is the only one among the CVID group who formed specific
antibodies of 2 different immunoglobulin isotypes. Regarding the
group smB-21"°'" (p=12), no specific antibody production was
detected. In the Freiburg classification all patients with detectable
antibody responses (no. 12, 13, 14, 18, 19 and 20) were from group
Il the exception (no. 1) being a group la patient (Table 2).

The decreased production of SFC in CVID patients was inde-
pendent of replacement immunoglobulin treatment: four CVID
patients without substitution therapy showed the same defect in
the production of SFC and specific antibodies after vaccination as
CVID patients on replacement therapy (Table 2).

3.4. Changes of B-cell subpopulations in peripheral blood one
week after vaccination

The mean percentage of CD19* B cells was 11 £4% in healthy
controls and 134+7.6% in CVID patients before vaccination. One
week after vaccination the percentages were unchanged (12 + 5%
in healthy controls and 13 £6.7% in CVID patients).

We then examined the changes of absolute and relative num-
bers of plasmablasts and other B lymphocyte subpopulations in the
peripheral blood one week after antigen challenge (Fig. 2a and b). In
healthy controls no statistically significant changes in absolute and
relative numbers of switched memory B cells were found between
the two measurement time points, before and one week after vacci-
nation. However, a highly significant increase in absolute as well as
relative numbers of plasmablasts gated as IgD—CD27** (PB CD27**)
cells and IgM~CD38** (PB CD38*") cells (p<0.001 in both cases)



Table 2
Results of the ELISPOT assay in group of CVID patients.

Number  Freiburg EUROclass Sex Age Replacement 1gG IgA IgM IgG anti-IgA  IgG anti-TET  IgA anti-TET  IgM anti-TET  IgG anti-PPS  IgA anti-PPS  IgM anti-PPS
classification  classification[z1] therapy
g/1[z2] Titer SFC/10° B cells[z3]
1 la smB—21'ow F 40 IMIG 278  <0.01 <0.04 neg 344 0 0 0 0 0
2 la smB-21'ow F 74 IVIG 539  <0.01 <0.05 neg 0 0 0 0 0 0
3 la smB—21'ow M 47 SCIG 3.92 0.06 0.19  neg 0 0 0 0 0 0
4 la smB—21'ow M 50 IVIG 337  <0.01 <0.05 neg 0 0 0 0 0 0
5 la[z4] smB-21'ow M 36 IVIG 7.35  <0.01 0.05 neg 0 0 0 0 0 0
6 Ib smB—21norm F 66 IVIG 582  <0.01 0.10 nd. 0 0 0 0 0 0
7 Ib smB-—21norm F 34 no 2.01 <0.01 <0.05 neg 0 0 0 0 0 0
8 Ib smB—21nerm M 30 IVIG 577  <0.01 <0.05 neg 0 0 0 0 0 0
9 Ib smB-—21norm F 20 no 0.66  <0.01 0.13  1:50 0 0 0 0 0 0
10 Ib smB—21nerm F 44 IVIG 316  <0.01 0.10  neg 0 0 0 0 0 0
11 Ib smB—21n°rM[z5] M 55 IVIG 509 <0.01 032  neg 0 0 0 0 0 0
12 11 smB+21'ow F 71 IVIG 6.29 0.08 029  neg 0 0 0 0 2562 659
13 11 smB+21'°w M 19 IVIG 449  <0.01 0.07  neg 407 0 0 0 0 0
14 il smB+21ow M 24 no 499  <0.01 020  neg 0 0 0 0 0 104
15 11 smB+21'ow F 54 IVIG 6.95  <0.01 0.15  1:100 0 0 0 0 0 0
16 11 smB+21'°w F 41 SCIG 6.14  <0.01 0.05  neg 0 0 0 0 0 0
17 1l smB+21'°"[z6] M 57 SCIG 5.66 0.02  <0.05 neg 0 0 0 0 0 0
18 11 smB+21norm F 19 SCIG 6.75 0.05 0.75  neg 185 0 0 0 0 0
19 11 smB+21norm M 44 IVIG 5.91 022 <0.05 neg 713 0 0 0 0 0
20 11 smB+21norm M 44 IVIG 637  <0.01 0.10  neg 231 0 0 0 0 0
21 Il smB+21norm M 31 IVIG 3.80 0.02 0.07 nd. 0 0 0 0 0 0
22 11 smB+21norm F 68 IVIG 635  <0.01 <0.05 neg 0 0 0 0 0 0
23 11 smB+21norm M 59 IVIG 6.86 0.04 0.06  neg 0 0 0 0 0 0
24 Il smB+21n°rm[z7] F 41 IVIG 526  <0.01 0.08  neg 0 0 0 0 0 0
25 11 smB-21'ow F 42 IVIG 8.15  <0.01 0.50  neg 0 0 0 0 0 0
26 11 smB-21'ow F 58 IVIG 598  <0.01 <0.05 neg 0 0 0 0 0 0
27 1l smB—21'ow F 57 IVIG 8.15  <0.01 <0.05 neg 0 0 0 0 0 0
28 Il smB—21'ow M 34 IVIG 6.21 <0.01 0.05 neg 0 0 0 0 0 0
29 11 smB-21'ow F 43 IVIG 6.27  <0.01 <0.05 neg 0 0 0 0 0 0
30 11 smB—21'ow F 50 SCIG 448  <0.01 <0.05 neg 0 0 0 0 0 0
31 Il smB—21'o"[z8] F 28 IVIG 562  <0.01 <0.05 neg 0 0 0 0 0 0
32 11 smB—21norm F 44 IVIG 6.75  <0.01 0.05 neg 0 0 0 0 0 0
33 11 smB—21norm F 61 IVIG 7.54 0.09 <0.05 neg 0 0 0 0 0 0
34 Il smB-—21nerm F 27 no 235  <0.01 0.45  neg 0 0 0 0 0 0
35 11 smB-21norm F 40 IVIG 7.10  <0.01 0.09  neg 0 0 0 0 0 0
36 11 smB-—21norm F 40 SCIG 8.51 <0.01 <0.05 neg 0 0 0 0 0 0
37 1l smB-—21norm M 19 IVIG 7.00  <0.01 <0.05 neg 0 0 0 0 0 0

F: female; M: male; n.d.: not done; SFC/106 B cells (spot forming cells per million CD19* B cells); IgG, IgA, IgM anti-TET (IgG, IgA, IgM specific spot forming cells against tetanus toxoid); IgG, IgA, IgM anti-PPS (IgG, IgA, IgM specific
spot forming cells against pneumococcal polysaccharides); IgG anti-IgA (IgG antibodies against IgA).
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occurred (Figs. 2a and 3), while the absolute and relative numbers
of CD21!°% B cells (p <0.02), naive B cells (p <0.001) and MZ-like B
cells (p <0.001) decreased (Fig. 2a). In contrast, among the cohort of
CVID patients no statistically significant changes of examined cel-
lular subpopulations, including plasmablasts (Figs. 2b and 3) were
observed except for a slight increase in smB cells to a level still well
below the levels of healthy controls (Fig. 2a and b). This increase
was statistically significant in Wilcoxon’s matched pairs test.
Plasmablasts were not increased in CVID patients even when
followed up to six weeks post immunization (data not shown).
The fact that the number of plasmablasts corresponds with the
number of SFC strongly suggest that the examination of peripheral
blood plasmablasts on day 7 after vaccination can be used as a sur-
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rogate marker for specific antibody responses in normal controls
and as a diagnostic procedure to identified CVID and other patients
with defect in terminal B-cell differentiation.

4. Discussion

In our study, we focused on (1) specific in vitro antibody produc-
tion by individual B cells following vaccinations by T-dependent
(protein) and T-independent (polysaccharide) antigens and (2)
changes of B-cell subpopulation after vaccination in peripheral
blood of CVID patients and healthy donors.

Prior to this study, specific antibody production in substituted
CVID patients following vaccination had only been evaluated in
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Fig. 2. Changes of relative and absolute numbers of B-cell subpopulations in healthy controls (HC; n=19; a) and CVID patients (CVID; n=29; b) before (0) and one week (7)
after antigen challenge. 21'°% (CD21'°% B cells), N (naive B cells), MZ (marginal zone-like B cells), PB27** and PB38** (plasmablasts), and SM (class-switched memory B cells).
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Fig. 2. (Continued ).

serum. Goldacker et al. [29] measured specific antibodies in serum
by ELISA assay. The contribution of parallel immunoglobulin sub-
stitution on antibody titers was difficult to correct and required a
relatively complicated vaccination formula. Based on these calcu-
lations the authors reported a decrease in serum antibody levels
against T-dependent and T-independent antigens in CVID patients
between IVIG infusions. Using a meningococcal polysaccharide vac-
cine, Rezaei et al. described decreased vaccination response against
meningococcal polysaccharide measured in serum of CVID patients
while on IVIG [30,31]. The other group investigated the specific
IgG production ability in CVID patients under immunoglobulin sub-
stitution therapy after vaccination against tick-borne encephalitis
virus [32]. Immunization with a protein neoantigen, e.g. bacterio-
phage, and investigation of immune response with neutralization
assay brought similar results [39,40].

Nevertheless, there is very little quantitative data correlat-
ing individual vaccination responses to proposed classifications of
CVID[29,39,41]. Our group of CVID patients was arranged according
to the Freiburg [6] and EUROclass classification [28]. The majority
of our well defined CVID patients (30/37) failed to mount a specific
humoral immune response when analyzed by SFCs collected from
peripheral blood before and after immunization. The seven CVID
patients who responded had much smaller quantities of specific SFC
compared to healthy donors. All but one patient with measurable
antibody responses belong to group II of the Freiburg classification
or EUROclass group smB* which represent those CVID patients with
nearly normal numbers of class-switched memory B cells. Patients
in these groups are characterized by milder complications of the
disease compared to other groups [28,42]. Our data show that some
of the CVID patients mount antibodies against protein or polysac-
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Fig. 3. Development of plasmablasts after vaccination. Plasmablasts (full arrows) were gated from CD19* B cells (gate in column 1) as [gD-CD27** (column 2) and IgM~-CD38**
(column 3). The cells were investigated before (day 0) and on day 7 after vaccination. HC: healthy control; CVID: CVID patient; PB27** and PB38**: plasmablasts.
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charides antigens and therefore both types of vaccines should be
used. Our findings are consistent with other studies [29].

During the last few years a number of studies described differ-
ences between B-cell subpopulations of CVID patients and those
of healthy volunteers [4-8,43-49] but kinetics of these changes
after encounter with an antigen in vivo [50] has not previously been
explored. We investigated the dynamic changes of CD21!°% B cells,
naive B cells, marginal zone-like B cells, plasmablasts and switched
memory B cells of CVID patients compared to healthy donors. Pre-
vious studies showed that memory B cells and plasmablasts have
different kinetics in peripheral blood [36]. Plasmablasts reach their
peak on day 7 after encounter with the antigen in peripheral blood
while switched memory B cells showed a marked increase in num-
ber on day 14 after antigen challenge [50]. The absolute number
of naive B lymphocytes is determined by the generation of new
naive B cells from the bone marrow pool (a slow process) and by
acute loss of naive B lymphocytes via further maturation after anti-
gen encounter [51]. Statistically significant up-regulation of naive
B cells and its continued accumulation after antigen challenge in
CVID patients indicates disturbed conversion of undifferentiated B
cells to more mature B-cell stages in germinal centers. Differentia-
tion is crucially dependent on T-lymphocyte help, suggesting that
the basic defects in the majority of CVID patients are not in B cells
but in helper T-lymphocytes [10,12].

Also the reduced numbers of switched memory B cells which
correlate with clinical complications [52,53] and failure to increase
the number of plasmablasts after antigen challenge may be
explained by insufficient signals from helper T cells of CVID
patients. In previous studies we and others have shown that B
cells of CVID patients are able to produce antibodies if they are
exposed in vitro to helper T-lymphocyte from healthy donors or
to appropriate cytokines [10,54-56]. Taubenheim et al. studied B-
cell differentiation in lymph nodes from three CVID patients with
splenomegaly and found distinct blocks in terminal plasma cell
development but normal expression of a key regulator of terminal
plasma cell differentiation, Blimp-1 [7].

Additional support for the concept of some immunological com-
petency of B cells from CVID patients is related to the fact that
the number of marginal zone-like B cells is comparable to that of
healthy populations. Detailed analysis of this compartment of “nat-
ural memory” B cells fulfills the interconnection between natural
and specific immune response in CVID patients [57].

Among others, the defect in the antibody production and SFC
reduction observed in a cohort of CVID patients are not secondary
to Ig substitution since the same defects were also seen in four CVID
patients before starting Ig replacement therapy. IVIG treated CVID
patients were vaccinated exactly one week before administration
of immunoglobulin substitution. In this manner the theoretically
possible influence of immunoglobulin replacement therapy on the
generation of SFC was reduced [58].

Our observation that the majority of CVID patients lack anti-
gen specific spot forming B cells and fail to increase circulating
plasmablasts following in vivo antigen challenge provides a rapid
screening test to demonstrate defective antibody responses in CVID
patients, even when on replacement immunoglobulin therapy.
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