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Abstrakt

Pritokova cytometrie, vyvinutd v 60. letech minulého stoleti, se stala nepostradatelnou metodou
v imunologickém vyzkumu i klinické diagnostice. Umoznuje detailni charakterizaci leukocytarnich
populaci a jejich funkénich vlastnosti. Diky technologickému pokroku se jeji vyuziti rozsifilo od studia
primarnich imunodeficienci az po monitorovani imunitniho stavu u pacientl v kritickych stavech.
Metoda vSak i nadale nardzi na limity spojené s interpretaci rozsahlych datovych souborl a nutnosti
jejich standardizace.

Autorka se dlouhodobé vénuje imunofenotypizaci T- a B-lymfocytl u pacientli s béZznym variabilnim
imunodeficitem (CVID) a selektivnim deficitem IgA. Tyto studie pfispély k lepSimu porozuméni
lymfocytarnim abnormalitam u téchto pacientl. V ramci mezindrodni studie EUROclass se autorka
podilela na hodnoceni pacientl z naSeho pracovisté podle jednotného protokolu a nasledné
spolupracovala na pripravé publikace, ktera se stala zakladem klasifikace CVID pacient(. Na tuto praci
navazal vyzkum zaméreny na detailni analyzu vyvojovych stadii B bunék pomoci polychromatické
pritokové cytometrie a na studium T-lymfocytarnich poruch.

Dalsi ¢ast prace byla zamérena na myeloidni bunky, zejména neutrofily a granulocytarni myeloidni
supresorové bunky (gMDSC), jejichz podil na dysregulaci imunitni odpovédi u CVID pacient( byl dosud
podcenovan. V poslednich letech se vyzkum orientuje také na neutrofilni subpopulace u pacientd po
zavazném traumatu, kde tyto bunky hraji klicovou Ulohu v rozvoji prozanétlivych procest a oslabeni
imunity.

Habilitacni prace je zpracovana jako soubor komentovanych publikaci, které dokumentuji autorcinu
védeckou ¢innost v oblasti imunofenotypizace a funkéni charakterizace leukocytl metodou pritokové
cytometrie.
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Abstract

Flow cytometry, developed in the 1960s, has become an indispensable method in both immunological
research and clinical diagnostics. It enables detailed characterization of leukocyte populations and
their functional properties. With technological advances, its applications have expanded from the
study of primary immunodeficiencies to the monitoring of immune status in critically ill patients.
Nevertheless, the method still faces limitations related to the interpretation of large data sets and the
need for their standardization.

The author’s research has long focused on the immunophenotyping of T- and B-lymphocytes
in patients with common variable immunodeficiency (CVID) and selective IgA deficiency. These studies
have contributed to a better understanding of lymphocytic abnormalities in these patients. Within the
international EUROclass study, the author participated in the evaluation of patients from her
institution according to a standardized protocol and subsequently contributed to the preparation of
a publication that laid the foundation for a widely used classification of CVID patients. This work was
followed by research aimed at a detailed analysis of B-cell developmental stages using polychromatic
flow cytometry, as well as the study of T-lymphocyte abnormalities.

Another part of the research focused on myeloid cells, particularly neutrophils and granulocytic
myeloid-derived suppressor cells (gMDSC), whose role in immune dysregulation in CVID patients had
been underestimated. In recent years, the research has further expanded to neutrophil subpopulations
in patients after severe trauma, where these cells play a crucial role in driving pro-inflammatory
processes and immune compromise.

This habilitation thesis is presented as a collection of commented publications documenting the
author’s scientific work in the field of immunophenotyping and functional characterization
of leukocytes using flow cytometry.
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1 Seznam zkratek

Ag

ALPS

BCR

Bin

Breg

B+

CARS

CCL-2 / MCP-1

CcD

CD10

CD11b

CD16 (FcyRll)
CD21'v
CD21nerm

CD25

CD28
CDb40
CD40L
CD45RA

CD45R0O

Antigen (antigen)

Autoimmune Lymphoproliferative Syndrome (autoimunitni lymfoproliferativni
syndrom)

B Cell Receptor (receptor B-lymfocytl pro antigen)

(v kontextu probability binning) diskrétni interval datového souboru, do kterého jsou
fazeny cytometrické hodnoty; jednotka pro rozdéleni dat v multidimenzionalnim
prostoru

regulatory B cells (regulacni B-lymfocyty, charakterizované schopnosti produkovat IL-
10)

skupina pacient( s absolutnim poctem B-lymfocytl 21 %
skupina pacient( s absolutnim poctem B-lymfocytl <1 %

Compensatory Anti-Inflammatory Response Syndrome (kompenzacni anti-
inflamatorni odpovéd)

C-C motif chemokine ligand 2 / Monocyte Chemoattractant Protein 1 (chemokin
pfitahujici monocyty)

Cluster of Differentiation (klasifikacni systém povrchovych molekul leukocytd, napf.
CD3, CD4, CD8, CD16, CD19, CD21, CD56)

Common Acute Lymphoblastic Leukemia Antigen / Neprilysin (marker zralosti
neutrofild, sniZuje se se starnutim nebo senescenci)

(Mac-1 integrin, aMB2) — adhezni molekula a receptor pro komplement, marker
aktivace neutrofilQ

Fc gamma receptor Il (marker maturace a aktivace neutrofil()
subpopulace B-lymfocytl s nizkou expresi CD21
subpopulace B-lymfocytd s normalni expresi CD21

Interleukin-2 Receptor alpha chain (IL-2Ra; receptorova podjednotka pro IL-2, marker
aktivace i regulacnich T bunék)

kostimulaéni receptor T-lymfocytd, jeho ztrata je znakem imunosenescence
kostimulaéni receptor na B-lymfocytech, klicovy pro jejich aktivaci a diferenciaci
CD40 Ligand (ligand pro CD40, exprimovany aktivovanymi T-lymfocyty)
izoforma tyrosinfosfatazy CD45, typicka pro naivni T-lymfocyty

izoforma tyrosinfosfatazy CD45, typicka pro pamétové T-lymfocyty



CD57 marker pozdni diferenciace a senescence T-lymfocytd

Cbh62L L-selectin (adhesni molekula, spojena s homingem naivnich T-lymfocytl do
lymfatickych uzlin)

CD66b marker degranulace neutrofilQ

CK Creatine Kinase (enzym, marker poskozeni sval(i a rabdomyolyzy)

cMmv Cytomegalovirus

CR2 Complement Receptor 2 (alternativni oznaceni pro CD21)

CR3 Complement Receptor 3 (v textu oznacen jako dalsi receptor spolu s CD21i)

CVID Common Variable Immunodeficiency (bézny variabilni imunodeficit)

CXCL-10/ IP-10 C-X-C motif chemokine ligand 10 / Interferon gamma-induced Protein 10
(chemokin indukovany IFN-y, chemoatraktant T bunék)

DNT Double Negative T cells (dvojité negativni T-lymfocyty, CD4~CD8")

Eotaxin (CCL11) chemokin z rodiny C-C, pfitahujici eosinofily

EUROclass mezinarodni klasifika¢ni studie pacientli s CVID, zaloZena na

imunofenotypizaci B- lymfocytd

Fmlf N-Formylmethionyl-leucyl-phenylalanine

FOI Follicular | B cells (folikularni B bunky typu 1)

Foll Follicular Il B cells (folikularni B buriky typu Il)

FOXP3 Forkhead box P3 (transkripéni faktor, hlavni marker Treg bunék)

G-CSF Granulocyte Colony-Stimulating Factor (cytokin stimulujici granulopoézu)
gMDSC granulocytic Myeloid-Derived Suppressor Cells (granulocytarni myeloidné

odvozené supresorové buriky)

HIV Human Immunodeficiency Virus (virus lidské imunodeficience)

HLA-DR Human Leukocyte Antigen — DR isotype (MHC Il molekula)

IFN-y Interferon gamma

IgA Immunoglobulin tfidy A

IgD Imunoglobulin tfidy D

IgG Imunoglobulin tfidy G

IgG2 podtfida Imunoglobulinu G2

IgG4 podtfida Imunoglobulinu G4

IgM Imunoglobulin tfidy M)

Iga / 1gB Immunoglobulin alpha / beta chains (signalni podjednotky asociované s BCR)



IL-1
IL-12 (p40)
IL-1R

IL-6

iLDN

ISS

IVig

LDN

LPS

MDSC
mLDN
MPO

MyD88

NAD*
NGAL
NK

PBMC

PD-1

PD-L1

PMA
RA
ROS
sCD14
sCD25
SCID
SHM
slgAD

SIRS

Interleukin 10

Interleukin 12 subunit p40 (podjednotka heterodimerického cytokinu IL-12)
Interleukin 1 Receptor

Interleukin 6

immature Low-Density Neutrophils (nezralé nizkodenzitni neutrofily)

Injury Severity Score (skére zavaznosti poranéni na zakladé anatomickych kritérii)
Intravenous Immunoglobulin (intravendzni imunoglobulin)

Low-Density Neutrophils (nizkodenzitni neutrofily, pfitomné ve frakci PBMC)
Lipopolysaccharide (endotoxin gramnegativnich bakterii, aktivator TLR4)
Myeloid-Derived Suppressor Cells (myeloidni supresorové buriky)

mature Low-Density Neutrophils (zralé nizkodenzitni neutrofily)
Myeloperoxidase (enzym neutrofilnich granuli)

Myeloid Differentiation Primary Response 88 (adaptorova molekula v signalizaci TLR
a IL-1R)

Nicotinamide Adenine Dinucleotide
Neutrophil Gelatinase-Associated Lipocalin
Natural Killer (pfirozeny zabije¢, NK buriky)

Peripheral Blood Mononuclear Cells (mononuklearni buriky periferni krve, obsahuji
lymfocyty a monocyty)

Programmed Death 1 (inhibi¢ni receptor T bunék)
Programmed Death-Ligand 1 (inhibi¢ni molekula, ligand receptoru PD-1)

Pearsonlyv korelac¢ni koeficient (statisticka mira linearni zavislosti mezi dvéma
proménnym)

Phorbol Myristate Acetate

Rheumatoid Arthritis (revmatoidni artritida)

Reactive Oxygen Species (reaktivni formy kysliku)

soluble CD14 (solubilni forma CD14)

soluble CD25 (solubilni IL-2 receptor a)

Severe Combined Immunodeficiency (tézky kombinovany imunodeficit)
Somatic Hypermutation (somaticka hypermutace)

Selective Immunoglobulin A Deficiency (selektivni deficit IgA)

Systemic Inflammatory Response Syndrome (syndrom systémové zanétlivé odpovédi)



SLE
smB
Tc
TCR
Tth
Th
Thl
Th17
TLR4
TLR7
TNF-a
TP1

TP2

Treg

TRISS

Trhi

Trnorm

Systemic Lupus Erythematosus (systémovy lupus erythematodes)
switched memory B cells (izotypové pfepnuté pamétové B-lymfocyty)

T cytotoxic (cytotoxické T-lymfocyty, CD3*CD8*)

T Cell Receptor (T-bunécny receptor)

T follicular helper cells (folikuldarni pomocné T-lymfocyty,)

T helper cells (pomocné T-lymfocyty, CD3*CD4*)

T helper 1 cells (podskupina pomocnych T-lymfocytl produkujicich IFN-y)
T helper 17 cells (podskupina pomocnych T-lymfocyt produkujicich IL-17)
Toll-Like Receptor 4 (receptor rozpoznavajici LPS)

Toll-Like Receptor 7 (receptor rozpoznavajici jednovlaknovou RNA)

Tumor Necrosis Factor alpha

Time Point 1 (¢asovy bod odbéru vzork(l pacientl s traumatem, pfi prijeti)

Time Point 2 (Casovy bod odbéru vzork(l pacientll s traumatem, 5.—7. den po
traumatu)

Regulatory T cells (regulacni T-lymfocyty)

Trauma and Injury Severity Score (kombinované skére pro predikci preziti po
traumatu)

transitional B cells high (subpopulace se zvySenym zastoupenim tranzientnich B-
lymfocytd, >9 %)

transitional B cells normal (subpopulace s normalnim zastoupenim tranzientnich B-
lymfocytd)
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2 Uvod

2.1 Vrozené poruchy imunity a pratokova cytometrie

Vrozené poruchy imunity predstavuji dédi¢né poruchy riznych slozek imunitniho systému, které se
obvykle klinicky manifestuji opakovanymi, ¢asto zavaznymi nebo Zivot ohrozujicimi infekcemi. U fady
pacientU se dale objevuji autoimunitni projevy nebo zvySena nachylnost k rozvoji malignit (Leonardi et
al., 2020). V poslednich dvou dekadach doslo k vyraznému rozsiteni klinického spektra vrozenych
poruch imunity i k identifikaci genetického zakladu vétSiny z nich. V zavislosti na konkrétnim
genetickém defektu mize byt urcita ¢ast imunitniho systému zcela chybéjici, snizend, nebo funkcéné
narusena. Priblizné 60-65 % pacientd ma postizeni lymfoidni linie zahrnujici B- a/nebo T-lymfocyty,
¢asto v kombinaci s dal$imi bunéénymi typy.t?

Vcasna a presnd diagnostika vrozenych poruch imunity je zdsadni pro nasmérovani pacientl do
specializovanych center, zahajeni cilené terapie a poskytovani genetického poradenstvi pacientim i
jejich rodindm. Diagnosticky proces byva narocny a vyZzaduje komplexni imunologické vysetfeni véetné
identifikace genetickych pfricin. V tomto ohledu se pritokova cytometrie stala klicovym nastrojem:
umoziiuje detailni imunofenotypizaci, analyzu povrchovych markert i funkénich vlastnosti leukocyt,
coz napomaha rozpoznani specifickych defektd leukocytl a pochopeni klinické heterogenity
onemocnéni. Flowcytometrické vysledky navic casto sméruji dalsi funkéni testovani a genetickou
analyzu, ¢imZ vyznamné pfispivaji k diagnostice, rozhodovani o terapii a sledovani jeji U¢innosti, véetné
funkcni validace nové identifikovanych genetickych defekt(.

Vyvoj pritokové cytometrie v poslednich desetiletich umoZnil posun od zakladniho diagnostického
screeningu k detailnéjsSimu hodnoceni imunitnich bunék. Plvodné se vychazelo z kvantifikace B-, T- a
NK bunék pomoci kombinace monoklonalnich protilatek znacenych dvéma fluorochromy. K rozliseni
hlavnich populaci se vyuzivaly zejména nasledujici kombinace: CD3 a CD19 pro stanoveni T- a B-
lymfocytd, CD3 a CD16/CD56 pro odliseni T-lymfocytld od NK bunék, CD3 a CD4 pro identifikaci
pomocnych Th lymfocytli, a CD3 spolu s CD8 pro uréeni cytotoxickych Tc lymfocytl. Stanoveni téchto
populaci bylo vyuzito ke klasifikaci tézkého kombinovaného imunodeficitu SCID, ¢i diagnostického
screeningu vrozené agamaglobulinémie, zaloZeny pouze na stanoveni koncentrace imunoglobulinl a
nasledném vysetieni poctu B lymfocyt(, pres klasifikaci bézné variabilni imunodeficience (CVID) podle
podilu transientnich, naivnich, izotypové pfesmyknutych a CD21"°% B-lymfocyti umoZnénou 5-ti
barvenou prltokovou cytometrii, az po deseti i vice barevné panely pouZivané pii podrobné typizaci
subpopulaci T- ¢i B-lymfocyti u kombinovanych imunodeficitl. V dnesni dobé cytometrické protokoly
umoznuji detailni stanoveni lymfocytarnich subpopulaci zaroven s funkénimi vlastnostmi téchto
bunék, jako je produkce cytokind, proliferace ¢i exprese aktivaénich markerda.

Tak jako mnoho jinych center, i nase pracovisté v pribéhu doby postupné vyvinulo a pouziva nékteré
vlastni vicebarevné pritokové cytometrické panely protilatek pro diagnostiku a klasifikaci vrozenych
poruch imunity. Existence mezindrodnich studii byly c¢asto smérovany na panely protilatek pro
identifikaci zavaznych defektd v B a T lymfocytech, NK-burikach a/nebo diagnosticky screening
specifické dédicné poruchy ¢i specifické podskupiny poruch. Prikladem muzZe byt klasifikace CVID na
zékladé poctu jednotlivych populaci B-lymfocyt(,>* nebo kvantifikace CD4-CD8- (dvojité negativnich -
DNT) TCRaB* T-lymfocytll pro screening autoimunitniho lymfoproliferativniho syndromu (ALPS).?
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Vyzkum na nasem pracovisti je dlouhodobé zaméfen na studium imunologickych mechanismi
spojenych s vrozenymi poruchami imunity, zejména humoralnimi imunodeficiencemi a to na pacienty
s béZnou variabilni imunodeficienci (CVID) a selektivnim deficitem IgA (slgAD). Spolu s vyvojem
pratokové cytometrie se nas odborny zajem postupné vyvijel od detailni fenotypizaci B-lymfocytarnich
subpopulaci, pres charakterizaci T-lymfocytarnich abnormalit, az k analyze funkcnich a regulacnich
aspektl vrozené imunity — konkrétné neutrofilnich granulocytll — v kontextu imunodysregulace
a zanétlivych stavu.

3 Deficit IgA a CVID

3.1 Deficit IgA

Z humoralnich vrozenych poruch imunity se nejcastéji vykytuje selektivni deficit IgA (SIgAD), jehoz
vyskyt se u bélo3ské populace se pohybuje mezi 1: 300 aZ 1 : 1200.° Geneticka pfi¢ina onemocnéni u
téchto pacientl dosud nebyla pfesné identifikovana. Klinicky se mliZe projevit ¢astéjsimi infekcemi,
alergiemi a autoimunitnimi chorobami. Zvyseny vyskyt autoimunitnich onemocnéni a infekci je
zaznamenan zejména u pacientl se SIgAD, u nichZ byly popsany zmény ve fenotypu B-lymfocytarnich
pamétovych subpopulaci.’

Vyvoj onemocnéni u pacientl s deficitem IgA je velmi heterogenni — néktefi pacienti jsou zcela bez
imunodeficit.® Casto se také objevuje kombinace deficitu IgA s deficitem podt¥id IgG, zejména IgG2
algGa’

3.2 Bézny variabilni imunodeficit - Common Variable Immunodefciency
(CVID)

CVID je charakterizovan nizkymi hladinami IgG a IgA, a/nebo IgM v séru. MizZe se vyvinout z dfive
diagnostikovaného deficitu IgA, jak uz bylo popsano vyse, ale ¢astéji vznika samostatné, bez predchozi
znamky imunodeficitu.!® Nejéastéji se manifestuje ve druhé a7 tieti dekddé Zivota, nicméné muzZe byt
diagnostikovan jiz v détstvi nebo az ve vyssim véku. Prevalence CVID se v bélosské populaci pohybuje
mezi 1 : 10 000 aZ 1 : 50 000.'' PFi¢iny onemocnéni zlstavaji stdle nejasné, s vyjimkou nékolika
geneticky definovanych pfipadi. S ohledem na heterogenitu pacientli s CVID se lisi i klinicky pribéh
alaboratorni ndlezy. U nékterych pacientll se vyskytuji lymfoproliferativni, granulomatdzni
a autoimunitni onemocnéni, co? naznaduje odlidné klinické podskupiny v ramci této diagndzy.'?
Laboratorné u pacientl nachazime kromé hypogamaglobulinémie, ¢asté zmény ve sloZeni a funkci
leukocytd, predevsim T- a B-lymfocytd.

4 B-lymfocyty

4.1 Vyvojova stadia B-lymfocytid v periferni krvi
Chybéni imunoglobulind je u pacientl s CVID dano chybou v diferenciaci B-lymfocytl a projevuje se

snizenym poctem dlouhodobé 7Zijicich plazmatickych bunék — konecného vyvojového stadia
B-lymfocyt( a dale snizenim poctu pamétovych B-lymfocytu.
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Vyvoj B bunék v kostni dfeni probiha v pfesné regulovanych krocich, fizenych expresi a funkci receptoru
B bunék (BCR). Pro uvolnéni B-lymfocytl do periferni krve je nezbytné Uspésné postupné preskupeni
té7kého a pozdéji lehkého Fetézce do podoby funkéniho BCR, schopného rozpoznat antigen.!® Z kostni
drené migruji B bunky ve stadiu tzv. prechodnych (transientnich) B-lymfocyt(, které jiz exprimuji
funkcéni BCR asociovany s heterodimerem lga—IgB. Transientni B-lymfocyty predstavuji mezistupen
mezi nezralymi a zralymi naivnimi B-lymfocyty a nachdzeji se jak v kostni dfeni, tak v periferni krvi. Po
opusténi kostni dfené, kdy transientni B-lymfocyty jako BCR exprimuji IgM, pokracuji v maturaci ve
sleziné a dalSich sekundarnich lymfatickych organech, kde zvysuji expresi IgD i CD21 a dozravaji do
naivnich B-lymfocytd.2* Transientni B buriky pFedstavuji nejhojnéj$i populaci u novorozenc(, avsak
jejich zastoupeni se s vékem sniZuje a v dospélosti tvofi pfiblizné 3 % z celkové populace B-lymfocyt.®®

Zralé cirkulujici B-lymfocyty zahrnuji naivni B buriky, které se dosud nesetkaly s antigenem, B-lymfocyty
marginalni zdény, izotypové prepnuté pamétové B-lymfocyty a plazmablasty. Naivni B-lymfocyty
predstavuji nejpocetné;jsi populaci B-lymfocytl v periferni krvi. Osidluji primarni lymfoidni folikuly
v lymfatickych uzlinach a sleziné. Pokud se zde setkaji se svym specifickym antigenem, ktery se navaze
na jejich BCR, zacind dalsi faze jejich vyvoje v zdrodeénych centrech. Antigenem aktivované naivni
B bunky proliferuji, vytvareji primarni folikul, pozdéji pak germinalni centra, kde je spusténa mutace
genl imunoglobulin( tzv. somatické hypermutace (SHM) a z nové vznikajicich mutovanych bunék jsou
selektovany takové, jez maji vysokou afinitu k danému antigenu, nebot pouze vysoce afinitni B buriky
se stavaji bud pamétovymi B-lymfocyty, nebo plazmatickymi burikami.®

B-lymfocyty margindlni zény predstavuji heterogenni populaci sloZzenou z vrozenych (pfirozenych)
pamétovych B bunék a IgM pamétovych B-lymfocyt(, které jiz byly aktivovany a prosly v germinalnich
centrech somatickou hypermutaci. Vrozené pamétové B buriky'”*® se vyvijeji bez U&asti germindlnich
center a T bunék. Podileji se na extrafolikularnich T-nezavislych odpovédich a produkuji pfirozené
protilatky. | tyto bunky vSsak mohou byt sekundarné remodelovany v germinalnich centrech a podilet
se na adaptivni imunitni odpovédi.’® IgM pamétové B-lymfocyty plsobi jako prvni obrannd linie proti
infekcim. Diky svému puvodu, funkci a lokalizaci ve sleziné jsou IgM pamétové B buriky povazovany za
lidsky ekvivalent mysich B-lymfocytd marginalni zény ¢&i B-1 bunék. Bylo prokadzano, ze pamétové
B bunky, at jiz IgM ¢i izotypové prepnuté, jsou uloZeny predevsim ve slezing, nasledkem cehoz je
populace IgM pamétovych B bunék vyrazné redukovéna u asplenickych pacient(.?

B bunécna odpovéd predstavuje klicovy prvek obrany proti Sirokému spektru patogent. Aktivace B-
lymfocytl antigenem (Ag) probiha ve dvou hlavnich formach: odpovédi zavislé na T bunkach, které
tvofi priblizné 80 % celkové B bunécné odpovédi, a odpovédi nezavislé na T burnkach, podilejici se na
celkové B bunééné odpovédi zhruba 20 %.2?2 V T-dependentnich reakcich jsou B-lymfocyty aktivovany
kombinaci rozpoznani specifického antigenu a interakce CD40 na jejich povrchu s CD40 ligandem
exprimovanym folikuldrnimi T-lymfocyty v lymfoidnich tkénich.?* N&slednd aktivace, modulovand
aktualnim cytokinovym prostfedim, otevira B burnkdm nékolik diferencia¢nich drah. Mohou se

Vees

do zarodecného centra, kde podstupuji klondlni expanzi, somatickou hypermutaci a izotypovy
presmyk. Vysledkem je vznik dlouze Zijici plazmatickych bunék, které pretrvavaji zejména v kostni
dreni. Dalsi moznosti je vznik izotypové prepnutych pamétovych B-lymfocyt( s dlouhou Zivotnosti,
pFitomnych v periferni krvi, lymfatickych organech i kostni dfeni.?* Tyto izotypové pFepnuté pamétové
B-lymfocyty jsou pfi opétovném setkani se svym specifickym Ag schopny rychlé aktivace a nasledné
diferenciace do stadia dlouhodobé Zijicich plazmatickych bunék. Tento proces znovu probiha za jiz vyse
popsané pomoci folikularnich T-lymfocytl, kdy po aktivaci pamétové B-lymfocyty v germinalnim
centru mohou znovu podstoupit SHM zajistujici dalsi zvyseni specificity nové vzniklych protilatek a
muZe také dochdzet kdal$imu izotypovému pFesmyku.?> Plazmablasty pFedstavuji prekurzory
plazmatickych bunék a tvofi pfiblizné 3—5 % CD19-pozitivnich B-lymfocytl v periferni krvi zdravych
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dospélych. Jsou to proliferujici buriky, které diky nepretrzité sekreci protilatek jiz zajistuji ochrannou
imunitu. Nasledné dozravaji v dlouhovéké ¢i kratce Zijici plazmatické buriky, jeZ predstavuji terminalné
diferencované efektorové buriky linie B-lymfocyt(.?

V soucasné diagnostické praxi se u pacientl s podezienim na imunodeficit v B-lymfocytarni linii rutinné
hodnoti zastoupeni tranzientnich, naivnich a pamétovych B-lymfocytd véetné bunék marginalni zény,
déle populace CD21"" B-lymfocyt(l a plazmablastd.

U jednotlivych pacientd s CVID se nalezy analyzujici B-lymfocytarni subpopulace lisi: u nékterych
pacient( nachazime chybéni plazmablast( véetné pamétovych forem B-lymfocyt(, zatimco jini pacienti
maji pocet pamétovych B-lymfocytd v nezménén a chybi jim nebo maji silné snizené pocty
plasmablastt.?®

U nékterych pacient(i s CVID byly nalezeny zvy$ené pocéty CD21"" B-lymfocyt(l.?” Znak CD21, zndmy
také jako CR3 receptor, funguje jako kostimulacni receptor BCR. Starsi literatura uvadi, Ze vazba
antigenu opsonizovaného C3d sloZzkou komplementu soucasné na BCR a CD21 vede k zesileni aktivace
B-lymfocytu.?® To se viak ukazalo platné pouze u mysi: Autofi Kovacz et al., studovali vliv shlukovani
BCR a CR2 na uvolnéni intraceluldrniho volného Ca?* a expresi ¢asného aktivaéniho markeru CD69,
uvolnovani cytokind, proliferaci a produkci protilatek lidskymi B lymfocyty a zjistili, Ze pfi spole¢ném
zapojeni CR3 a BCR na lidskych B-lymfocytech se zvy3uje odpovéd Ca?*, zatimco expreseCD69,
produkce cytokin(, proliferace a produkce protilatek jsou inhibovadny.? Pro populaci CD21"°" B-
lymfocytl je typickd nejen nizkd exprese CD21, ale také sniZend exprese CD38.3 CD38, receptor a enzym
pfitomny na povrchu B-lymfocytl i dalsich imunitnich bunék, se podili na bunécéné signalizaci, adhezi,
metabolismu NAD"* a regulaci intracelularnich hladin vapniku. Jeho exprese se méni béhem vyvoje B-
lymfocytu a roste pfi jeho aktivaci.>°

U zdravych dospélych je zastoupeni CD21"°" B bunék nizké, aviak expanze této populace byla
zaznamendna u fady autoimunitnich onemocnéni, véetné systémového lupusu erythematodes (SLE),
revmatoidni artritidy (RA) ¢i primarniho Sjogrenova syndromu. ZvySeny vyskyt byl popsan
i u chronickych infekci, jako je HIV, malarie ¢i infekce cytomegalovirem (CMV), kde byva spojen
s narlistem patogenné specifickych B bunék. Zatimco expanze autoantigenné specifickych CD21'°%
B bunék u autoimunitnich onemocnéni naznacuje jejich pfimy podil na patogenezi autoimunity, jejich
zvysené zastoupeni pfi infekénich chorobach odrazi zapojeni do fyziologickych imunitnich odpovédi
proti uréitym patogentim.3! Jakou roli hraji CD21"°" B-lymfocyty u pacient(i s CVID nebylo objasnéno.

5 Klasifikace pacientti s CVID

Vzhledem k vyrazné klinické a imunologické heterogenité pacientdl s CVID bylo nutné vytvofit
klasifikacni systémy, které by umoznily jejich stratifikaci do homogennéjsich podskupin. Jiz v 90. letech
byla publikovana klasifikace dle Bryantové,* kterd rozdélovala pacienty podle schopnosti tvorby
protilatek po stimulaci B bunék. Kvili nizké mezi-laboratorni reprodukovatelnosti vSak tato metoda
nenasla Sirsi uplatnéni.

5.1 B-lymfocytarni klasifikace CVID

5.1.1 Freiburska klasifikace

Vyraznéjsi prllom v klasifikaci pacient s CVID pfinesl pokrok v priitokové cytometrii, ktery umoznil
detailni analyzu vyvojovych stadii B-lymfocytd. V roce 2002 byla vytvorena tzv. Freiburska klasifikace,

14



ktera rozdéluje pacienty na zakladé procentudlniho zastoupeni izotypové presmyknutych pamétovych
B-lymfocyt( (tzv. switched memory B cells, smB: IgD*IgM*CD277) a CD21"" B bunék.3

Freiburska klasifikace definovala tfi hlavni skupiny:

Skupina I: nizké zastoupeni izotypové pfesmyknutych pamétovych smB bunék (<2 %), dale déleno na
la (CD21"*% >10 %) a Ib (CD21"°" <10 %),

Skupina Il: normalni zastoupeni smB bunék,
Skupina llI: celkové B-lymfocyty <1 %.

Pacienti ze skupiny la vykazovali vyssi vyskyt autoimunitnich komplikaci, splenomegalii a
granulomatdznich postizeni.

5.1.2 EUROclass

Na Freiburskou klasifikaci navazala rozsahla evropska studie EUROCclass,* které se nase pracovisté
aktivné ucastnilo a jsme v ni uvedeni mezi spoluautory.

V ramci této studie jsme u pacientd s CVID hodnotili zastoupeni izotypové prepnutych pamétovych B-
lymfocytd (IgD"1gMCD27*), naivnich B-lymfocytl (IgD*CD277), B bunék margindlni zény (IgD*CD27*),
transientnich B bunék (CD24**CD38"*) a CD21"" B-lymfocytd (CD21-CD38").

Na zakladé procentualniho zastoupeni vyse uvedenych subpopulaci B-lymfocytl byli pacienti s CVID v
klasifikaci EUROclass nejprve rozdéleni podle absolutniho poctu B-lymfocytl na skupinu B~ s po¢tem
B-lymfocytl <1 % a B* spocltem B-lymfocytd 21 %). Skupina B zahrnuje pacienty s ziejmé
s nedokoncéenym vyvojem B-lymfocytl v kostni dreni, které nemohou prejit do periferie, nebo takové,
u kterych byla zasoba zarodecnych bunék pro B-lymfocyty vycerpana. Skupina B* byla dale délena
podle zastoupeni izotypové pfepnutych pamétovych B bunék na smB™ (<2 %) a smB* (22 %). V ramci
skupiny smB~ byla rozli$§ena podskupina smB~Tr", u které pocet transientnich B bunék pfesahoval 9 %
a ktera zahrnuje pacienty se zavaznymi defekty ¢asné diferenciace B bunék, a podskupina smB-Tr"™ s
jejich normalnim zastoupenim.

V daldim kroku byli pacienti ze skupin smB* i smB~ rozdéleni podle podilu CD21"°" B-buné&k na
podskupiny s jejich vysokym (CD21'°*>10%) nebo normalnim zastoupenim CD21"°" B-bunék (CD21"°™).
Tim vznikly skupiny jako smB*CD21"", smB*CD21™™, smB~CD21"°" a smB~CD21"°™,

Do studie bylo zarazeno spolu s nasimi pacienty celkem 303 CVID pacientud z celé Evropy a vysledna
klasifikace korelovala s nékterymi klinickymi ukazately tj., napfiklad pacienti skupiny smB-Tr" ¢ast&ji
trpéli lymfadenopatii, zatimco zvy$eny pocet CD21"°% B-lymfocytd byl spojen s vy3sim vyskytem
splenomegalie a granulomatdznich lézi, viz clanek The EUROclass trial: defining subgroups in common
variable immunodeficiency.
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6 Puvodni prace autorky

6.1 Podrobna charakteristika B-lymfocytarnich populaci pacientti s CVID

V letech 2005-2010 doslo k vyraznému rozvoji pritokové cytometrie a pfichodu ptistroji schopnych
méfit az 10 parametrd soucasné. Tuto technologii jsme vyuZzili k podrobnéjsi charakterizaci B-lymfocyt(
u pacientl s CVID. Vytvorili jsme sedmibarevny panel zahrnujici CD19, IgD, IgM, CD21, CD24, CD27 a
CD38, ktery umoznoval v jediné zkumavce analyzovat vSechny hlavni B-lymfocytarni subpopulace:
naivni, pamétové (IgM*CD27*, IgM~CD27%), transientni (CD24**CD38"), plazmatické
(CD27+CD38*CD21") i CD21"°" buriky (CD21-CD38").

Analyzou subpopulaci B-lymfocytl jsme zjistili, Ze u pacientd s CVID byly CD21"° bufiky vice zastoupeny
mezi naivnimi IgM*CD27" B-lymfocyty, zatimco u zdravych osob pfevaZzovaly mezi CD27* pamétovymi
B burikami. Nase vysledky byly v roce 2015 potvrzeny studii autort K. Thorarinsdottir et al.,*® ktefi
ukdzali, Ze CD21"°" B-lymfocyty tvofi pfiblizné 5 % B bunék zpravidla se vyskytujicich v subpopulacich
pamétovych bunék u zdravych dospélych, ale nevyskytuji se v pupeénikové krvi.33 Dale jsme popsali,
e populace IgM*CD21"" B-lymfocytl ma zvysenou expresi CD19 a je tvofena dvéma subpopulacemi
s rozdilnou expresi znaku CD24: CD21"°%CD24* a CD21"°“CD24~. Obé populace byly detekovény i u
zdravych darcd, avSak v nizSim zastoupeni. Analyza jejich replikacni historie ukazala, Ze obé tyto
subpopulace odpovidaji spise pamétovym burikdm. CD21°"CD24" buriky, pfestoze jsou CD27", nesou
znaky opakovaného buné&&ného déleni v porovnani se zdravymi kontrolami. CD21'°“CD24~ B-buriky
jsou méné stimulovatelné nez CD21°"CD24* buriky, které reaguji na TLR7 stimulaci podobné jako
zdravé CD27* pamétové B-lymfocyty, coZ bylo pozdéji také potvrzeno studii Thorarinsdottir et al.3*

U naivnich B-lymfocytl jsme popsali dvé subpopulace: FOI buriky s nizsi expresi IgM a CD24 v porovnani
s FOIl B-lymfocyty s vyssi expresi IgM a CD24 v porovnani s FOI burikami analogicky ke studiim na
mysich,® u kterych FOI buriky dévaji vznik izotypové pfepnutym pamétovym butikdm a FOII buriky B-
lymfocytim marginalni zény. Nase vysledky ukazaly, Ze pacienti se se zvysenym vyskytem CD21"°" B-
lymfocytd méli vyssi zastoupeni FOIl bunék. Dale jsme zjistili, Ze FOIl B-lymfocyty mély u pacient( s
CVID vyssi replikacni aktivitu nez u zdravych kontrol. Podobné jako u mysi i ndmi zkoumané lidské FOI
B-lymfocyty reagovaly na stimulaci BCR, zatimco FOII B-burnky vykazovaly vyssi aktivaci po stimulaci
TLR7.

Zvysené zastoupeni FOIl bunék u pacientll CVID mizZe byt vysledkem snahy imunitniho systému o
nahradu chybéjicich pamétovych B-bunék. To je v souhlasu s vysledky studie Pillai et al., kde bylo
prokdazano, Ze bunky s vyssi expresi IgM maiji lepsi stimulaéni odpovéd' a vyssi schopnost diferenciace
do plasmatickych bunék.3®

Nase vysledky publikované v ¢lanku: Characterization of lymphocyte subsets in patients with common
variable immunodeficiency reveals subsets of naive human B cells marked by CD24 expression, byly
potvrzeny i dalsim vyzkumem, nebot novéjsi studie u mysi ukazaly pfednostni diferenciaci FOIl bunék
do CD21"°% B bunék charakteristickych pro autoimunitni stavy.3”*® To je zplisobeno tim, ze IgM-BCR
Castéji rozpozndvda autoantigeny nez IgD-BCR. CD21°% B buriky jsou u pacientl sautoimunitnimi
chorobami nékdy popisovany jako izotypové prepnuté preplasmablasty, které jsou po stimulaci
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schopny produkovat protildtky.>* U pacient s CVID v$ak z dGvodu poruchy diferenciace a produkce
imunoglobulin(i z(istava tato odpovéd nedokoncena.

Characterization of lymphocyte subsets in patients with common variable immunodeficiency reveals
subsets of naive human B cells marked by CD24 expression. Vlkova M, Fronkova E, Kanderova V, Janda
A, Ruzickova S, Litzman J, Sediva A, Kalina T. J Immunol. 2010 Dec 1;185(11):6431-8. Epub 2010 Nov 1.
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Characterization of Lymphocyte Subsets in Patients with
Common Variable Immunodeficiency Reveals Subsets of
Naive Human B Cells Marked by CD24 Expression

Marcela Vikova,* Eva Fronkova,™ Veronika Kanderova,™ Ale$ Janda,” Sarka Rl‘iiiﬁlmwi,“i
Jifi Litzman,* Anna Sedivd,” and Toma3 Kalina™*

Increased proportions of naive B cell subset and B cells defined as CD27™*CD21™*CD38™ are frequently found in patients with
common variable immunodeficiency (CVID) syndrome, Current methods of polychromatic flow cytometry and PCR-based de-
tection of k deletion excision circles allow for fine definitions and replication history mapping of infrequent B cell subsets. We have
analyzed B cells from 48 patients with CVID and 49 healthy controls to examine phenotype, frequency, and proliferation history of
naive B cell subsets. Consistent with previous studies, we have described two groups of patients with normal (CVID-2Inorm) or
increased (CVID-21lo) proportions of CD27"*CD21"*CD38™* B cells. Upon further analyses, we found two discrete subpopu-
lations of this subset based on the expression of CD24. The B cell subsets showed a markedly increased proliferation in CVID-21fo
patients as compared with healthy controls. suggesting developmental arrest rather than increased bone marrow output. Fur-
thermore, when we analyzed CD21™ naive B cells, we found two different subpopulations based on IgM and CD24 expression.
They correspond to follicular (FO) I and FO IT cells previously described in mice. FO 1 subset is significantly underrepresented in
CVID-211o patients. A comparison of the replication history of naive B cell subsets in CVID patients and healthy controls implies
refined naive B cell developmental scheme, in which human transitional B cells develop into FO II and FO L We propose that the
CD27"*CD21"*CD38™* B cells increased in some of the CVID patients originate from the two FO subsets after loss of CD21
expression. The Journal of Immunology, 2010, 185: 6431-6438.
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heterogeneous group of primary Ab immunedeficiency position — a diminution in memory B cells and increase in naive

C ommon variable immunodeficiency (CVID) is a clinically Previous studies have shown abnormalities in B cell subset com-

diseases with an estimated prevalence of 1 in 30,000 with follicular (FO) B cells (5). Naive FO B cells I[gM™CD27™* (17,
unclear etiology (1). It is charactenized by decreased serum levels I8) constitute a major B cell subset in the peripheral blood of
of 126G, lgA, and occasionally IzM and impaired Ab response to patients with CVID. In some CVID patients, increased numbers of
Ag stimulation and/or vaccination as well: it is usually accom- transitional B cells and CD21"* B cells were observed (11, 19, 20).
panied by recurrent bacterial infections. Splenomegaly. granuloma The CD21™# B cell subpopulation was originally described as
formation, autoimmune disorders. and increased risk of malig- CD19"#CD21™2 B cells and has since developed into the present
nancy are common complications (1, 2). characterization CD21™*CD38"4CD19™E"CDA7™ 10 distinguish

Although various abnormalities in number and function of this population from other CD21"* B cell populations: CD21™#
T cells (3-7), B cells (8-13), and dendritic cells ( 14-16) have been plasmablast. CD21™* transitional B cells. Expansion of the CD21™=
described. the immunopathological mechanism leading to dis- B cell subset has been found in patients suffering from systemic
turbed Ab production in CVID patients has not yet been defined. lupus erythematosus or HIV infection (21, 22). In patients with
systemic lupus erythematosus, the CD21™¥ subpopulation repre-
sents activated B cells. as these cells express activation markers
*Depariment of Clinical Immunology and Allergalogy, 5t Anne’s University Hos- CD&6 and CD95 (21, 23). In CVID patients, CD21"E B cells were
pital and Facalty of Medicine, Masaryk University, Bono;  Depanment of Pediatric s fiie § i £ ihes as oo oo
Hematology and Oncology 2nd Medical Faculty and "Department of Immunology, shown to have mcre.a_\e EXprmssioi o R 5‘:“"3'-1.011 MIATRTIS A3
Ind Medical School. Chasles University and University Hospital Motol: well as low expression of CD24. Although CD21™* B cells were
J'{:Ttihj.llu\s.l I__tuk‘.'mia Jl.lvi‘nligkl'h.:ll Prague; and “Laboratory .ni Pinyusal ics of Au- found among CD27™% naive B cells in CVID p:llit’l‘ll.‘;. recent results
toimmune Diseases, Institute of Bistechnology of Academy of Sciences of the Crech i g i o neg R . k e
Repablic. v.vi. Pragae, Crech Repablic showed that CD21™* B cells in CVID patients were preactivated,
Received for publication December 2. 2009, Accepred for publication Sepiember 15, Wiydcmal‘ Pamnll:" autoreactive B cells that home (o penpheral
2010. tissues (23).
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naive CD27™% B cell subset can be further divided into two groups,
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by T cells to generate class-switched memory and plasma cells
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SUBSETS OF NAIVE B CELLS IN CVID
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CVID-21ke patienis  CWID-21norm patients

were defined as [gMP™ and CD27™E, The CD21P*IgMPCD27* cells wete subdivided into transitional and naive subsets. The CD2 1™ [gMP=CD27™*
subset was increased in some CVID patients. The expression of IgM and CD24 defined two subsets of naive CD21™" (B) and CD21™* () B cells. Both
subsets were observed in o CVID patient and in a healthy control. Overlays of CD19 histograms show differences between CD21"5CD24™# (hlack) and
CD21™5CD24™" (gray) cells, whereas no difference was found between CD217CD24™F (black) and CD217PCD24™" (gray) cells. D, Bar graph pre-
senting the frequency of CD21™*CD24™CD21"5CD24™” cells in individual patients and controls.
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Table 1.
group of CVID patients and healthy controly

Charaeterization of frequencies of basic B Ivmphocyte subpopulationy and expression levels of CDI9 for each examined

Subpopulanons of Nawve B cells Healthy Comrols 1= 449) CVID-21o Patiemts n = 24) CVID-2norm Paniems (n = 24)
Percentage from CD19™ B cells

IeMPCD2T Ml =111 750 * 15.1* 711+ 13.9*

CD21 ™™ [gMPCD27"# 399 * 10.7 288 * 13.(F+*%x 598 = 124

CD21 " CDAR™ [gMPCD27™= IB=26 270 * 158%**= 7 23

Transitional B cells L5+ 11 56 * 68 T.5 = 75%
Expression level of CD19 (MFT)

cD21™™ 2778 5571 * 595 3832 * 1197 571.1 =572

CD2 1" CDIRECD24™ 5544 = 1199 6769 * 205 1+*= 6408 * [1B.6*

CD2 1™ CDIRECD24™ 8286 = 186.0* 975.5 == 303 JE+-eex 10116 = 906+

Percentage from CD197 B cells: Resalis are expressed as mean = SD. Statistically different from healthy conisols (*p < 00001; **p = {0002),
Sraistieally differsut from CVID-2 Tnorin patients {**p = 0 00003), Expeession level of CINY (MFT): Resulis ane expressed s mean = SD. Sranistically
different from CDXI™SCDIE™HCDI4™ B cell subpopulation from CD2 1™ 1eMPCD2T™F B cell subpopulation (%p = 000003; **p = 0.00052),

Statistically different from healthy controls (*%*p == 0.008).
MFI, mean fleorescence intensity.

lations, the IzD™ " 1M CD21""CD24™ and the 1gD™ [gM™e"
CD21™CD24™", designated FO [ and FO 11 B cells, respectively,
were recently described in mice (25). FO | B cells require Ag-
derived signals and make up the majority of cells in the recircu-
lating FO B cell pool. FO II B cells can develop in the absence of
Ag into marginal zone B cells (26). To date, no corresponding
B cell subpopulations have been described in humans.

We focused on a detailed analysis of naive CD27"* B cells using
polychromatic flow cytometry (FC} in healthy human denors and
in CVID patients. Consistent with previous studies. we describe
two groups of patients with normal (CVID-21norm) or increased
(CVID-21lo) proportions of CD27"5CD21™*CD38™ B cells.
The CVID-2lo group contains hoth the smB ™ 21"™ (decreased
number of CD27"IgD™*[gM™* switched memory B cells and
increased number of CD21™® B cells) and smB*21"™ (normal
number of switched memory B cells and increased number of
CD21™* B cells) patients, as defined by Wehr et al. (20). whereas
the CVID-2Inorm group comprises smB 21" (decreased num-
ber of switched memory B cells and normal number of CD21™
B cells) and smB*21"*™ (normal number of switched memory
B cells and CD21™* B cells) patients. To assess the developmental

=

Transitional B-cells

relationships between subsets identified by FC. we performed
a replication history analysis in these cells by means of k-deleting
recombination excision circles (KRECs) (27). We describe two
phenotypically distinct subpopulations of CD21™¥ B cells that are
expanded in CVID patients, but can be also identified in healthy
controls. Furthermore, we identified cells in human peripheral
blood that corespond to mouse FO 1 and FO II B cells. The fre-
quencies, replication history. and mutual proportions of these pop-
ulations differ between healthy controls and CVID patients. Based
on these findings, we propose a revised developmental scheme of
human naive B cell development.

Materials and Methods

Fatients and healty donors

We examined 48 CVID patients (23 females, 23 males; mean of age 43.4 +
15.3 y. range 12-74 v} and 49 healthy donors (26 females, 23 males: mean
of age 426 = 136 y. range 20-78 y). In all CVID patients, B cells con-
stituted = 1% lymphocytes in the peripheral blood. The presence of
polyinorplusins in the TNFR family member bonsmembrane activetor and
evclophilin ligand interacior gene (TNFRSFIZB) was analyzed in all
patients. The p.CHMR polymorphism was found in two patients. and the

€D21negCD24nsg B-cells CD21negCD24p0s B-cells

FIGURE 2. The frequencies (A) and replication
history (81 of naive B cell subpopulations for
each examined group of CVID patieats and healthy
donors. Transitional B cells, leM™ CD275CD24™"
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pIETN polymorphism was found in one patient; all three of the identified
polymorphic genes were heterozygous. In 15 patients, ICOS gene mutations
were amalvzed with negative resulis.

The patients were on regular i.v. or s.c. Ig substitution. For patients who
received L. Ig treatment, blood samples were always collected before the
treatment. Informed consent was approved by the Medical Ethics Commiliee
of St. Anne’s Faculty Hospital and was obtained before blood sampling

CVID patients were divided imo two groups based on the expres
patterns of CD21 and CD38 on the patients” B cells. Twenty-four patients
fell into the CVID-21e group. which was characterized by an increased
proportion of B cells with low expression of CD21 and CD38 (=10%).
The remaining 24 patients were placed in the CVID-2fmorm group, which
was characterized by a normal frequency (=10%) of CD21"CD38"™
B cells.

The raw FC data from these patients and the control cohort were used
in @ previously published techmical study describing probability binning
algorithms for the evaluation of multicolor FC data (28). FC data analysis was
performed using the Flowlo 7.5 or B8.7 software (Tree Star. Ashland, OR).

B cell staining and FC
PBMCs were isclated from 10 ml EDTA blood by density gradient cen-

trfugation using a Ficoll-Paque (GE Healthcare Bio-Sciences, Uppsala,
Sweden), and the isolated PBMCs were washed twice with PBS that was

A control

SUBSETS OF NAIVE B CELLS IN CVID

supplemented with 1% BSA. The PBMCs were incubated for 15 min in the
dark with ami-CD27 Pacific Blue, ami-CD38 Alexa-Fluor 700 (Exhio Praha
as., Prague. Czech Republic), anti-human IgM FITC or anti-human IgM
biotin (BD Pharmingen, San Jose, CA). followed by streptavidin-Qdot 603
(Invitrogen, Carlsbad, CA), anti-CD21 allophycocyanin (BD Pharmingen),
anti-CD24 PE, and anti-CD19 PCT (Immunotech. Marseille. France). Afier
a final wash with PBS, two million PBMCs from each sample were ac-
quired using a Cyvan ADP fow cytometer (Dako, Glostrup, Denmark), as
described in Kalina et al. (28).

B cell response to a TLRY agoenist or a BCR agonist

B lymphocyies were isolated from peripheral blood using the RosetteSep
Human B Cell Enrichment Cockail (StemCell Technologies, Rockford, IL)
and Ficoll-Paque PLUS (GE Healthcore Bio-Sciences) density gradient
centrifugation. Cells were stimulated with the TLRY agonist CpG oligo-
demwyvnucleotide 2006 at 25 pefml (Imgenex, San Diego. CA) with re-
combinant protein L at 10 pg/ml (Thermo Fisher Scientific, Rockford, IL) or
with a negative control in EPMI 1640 mediom that contained -gluamine
and 25 mM HEPES {Lonza, Basel, Switzerland) and supplemented with 106
heat-inactivated FBS (HyClone, South Logan, UT). 100 Wl penicillin,
100 pgfml streptomycin, 0.23 po/ml Fungizone (Lonza Walkersville). and
10 ng/ml human rlL-4 (R&D Systeins, Minneapolis, MN) &t a starting con-
centration of 5 % 10° cells/ml.

BCR agonist TLR9 agonist

FIGURE 3. Responses of FOB cells
to BCR and TLRY agonists reveal ac-
tvated FO T and FO 1T phenotypes.
Enriched B cells were stimulated in
vitro with a BCR agonist {protein L} or
a TLRY agonist (CpG o oligodeox-
youcleotide 20064, A, Activation of B
cells led either to a dominant FO 1T
phenotype (1aM high) or to a combined
FO 1RO 1 phenotype (IgM high and
Iow) after 24 ho 8, Proliferation was
more pronounced in TLRY agoumst-

stimulated B cells and was restricted o C "
cells with the FO TI phenotype after 3 d. |
€, Proportion of activated FO Lor FOTI bl

cells in samples from three healthy
donors in the presence of IL-4. No
stimulation (CTRL), BCR agonist stim-

M Activated |
FOI I

E Activated |
FOIl

ulation {BCR), or TLRY agomist stiniu-
lation {TLR).
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Proliferation was detected with anti-Ki-67 PE (BD Biosciences. San
Jose. CA) after permeabilization with BD FACS Lysing Solution and BD
FACS Permeabilizing Solution 2, according to the manufacturer’s protocol
(BD Biosciences)y, 3 d after in vitro stimulation.

The apoptosis after stimulation was assessed using anpexin ¥V Dye47
(Exbio Praha as.), and cell activation was detected by anti-CD6% PerCP-
Cy5.5 (clone FN30; BioLegend, San Diego, CA).

Investigation of B cell veplication history

B cell subsets were purified from the blood samples of 16 CVID patients {8
CVID-2lio, & CVID-2Inorm). To ensure that we had sufficient numbers
of cells belonging to subpopulations that were nol expanded in healthy
controls, we used cells that were sorted from 11 buffy coats (instead of
penpheral blood) as control subpopulations. The cells were sorted using
a FACSAna flow cytometer {BD Biosciences) using the same set of mAbs
that were descnbed above. DNA fromn the sorted cell populations was
extracted using the QlAamp DNA Blood Micro Kit (Qiagen. Hilden,
Germaty). We used the KREC detection method that was described pre-
viatsly (27) with in-house modifications. as follows. Unlike the method that
was described by van Zelm et al. (27), we used a § cycle threshold method
with a calibration sample consisting of sorted transitional B cells from
a healthy donor that was split into two quantitative PCR. reactions. The
nornlized & cycle threshold (KREC) values indicated the number of cell
divisions in a given subpopulation in relation to the calibration sample. If the
KREC amplification produced no signal within the sensitivity limit of the
quantitative PCR reaction (e.g.. the KRECs in a given sample were too
dilute), we used the lowest possible number of cell divisions that was cal-
culated using the number of intronRSS-KDE reamangements in the sample.

Statistical analysis

The numerical differences between the subgroups were evaluated using the
nonparametric Mann-Whitney 17 test and Wilcoxon test. In all statistical
amalyses. p < 005 was considered statistically significant. Student’s ¢ test
and Fisher's exact test were used when appropriate. Statistical sofiware
STATISTICA (StarSoft, Tulsa, OK) version 7 was used.

Results

Clinical characteristics of the CVID patient groups

The following parameters were assessed for both patient groups:
age, age of first symptoms, duration of the disease. presence of
bronchiectasis, obstructive lung disease. chronic diarrhea, spleno-
megaly. lymphadenopathy, granulomatous disease, levels of Igs at
the time of diagnosis, and presence of TNFRSF13B polymorphisms
(Supplemental Table Ij. The only significant differences that we
found were between the age of the patients (CVID-2110: mean =
525y, SD=11.5; CVID-2Inorm: mean = 35.5y, SD= 139, p <
0,001). the age of the first symptoms (CVID-21o: mean = 33.5 y,
SD=10.8: CVID-2Inerm: mean = 185y, SD=15.5, p < 0.01). and
the presence of bronchiectasis (CVID-210o: 12 patients [52%]:
CVID-21norm: 6 patients [26%], p << 0.05). No other differences
were found.

The CD27™9CO21™CD38™ B cell subset is composed of
mwer cell rpes thar are defined by CD24 expression

For cytometric analysis, all B cells were divided into naive and
memory B cell populations, based on the expression of CD27 (Fig.
1A). We confirmed the previously described increased frequency
of naive IgMPCD27™# B cells that was observed in subgroups of
CVID patients (Table 1). In CVID-2{le patients, the total B cell
population contained an increased percentage of CD21™*CD38™
B cells, which was expected. given that this patient group was
defined by this characteristic (Table I).

Unlike other groups (23), we found that the CD27™*CD21™#
CD38™* B cell subset is composed of two cell types that are defined
by CD24 expression: CD27"*CD21™*CD38™*IgM™"CD24™#
cells (referred to in this study as CD21™¥24™F cells) and CD27™#
CD21™E[CD38™#aMP™CD24™ cells (referred to in this study as
CD21™224™ cells) (Fig. 1C). Both of these cell types contributed
to the increased frequency of CD27*ECD21™2CD3R8™E B cells. but
their relative contributions varied among patients (Fig. 1D).

22

6435

Previous studies found elevated expression levels of CD19 in the
CD21™# naive B cell subser, compared with total B cells (11, 19,
20, 23). Owr findings show that this elevation was restricted to the
CD21™5CD24™F subset in both healthy controls and CVID pa-
tients, although the elevation was more prominent in CVID pa-
tients (Fig. 1C, Table I).

Although CVID-2{lo patients displayed relatively increased
frequencies of naive lgM™ CD27™E B cells, the increase was
caused primarily by higher numbers of CD21™4CD38™* B cells.
The frequency of naive B cells with the typical CD21™ phenotype
was actually decreased in CVID-2{lo patients compared with the
frequency of naive CD2IP™ B cells in healthy controls, whereas
naive CD21™" B cells were significantly increased in CVID-2Inomm
patients { Table I). The proportion of transitional B cells was higher
in both groups of CVID patients compared with healthy controls
(Fig. 24), as already reported (20).

Replication history of the naive B cell subset {excluding
rransitional B cells) showed a higher number of cell divisions
in CVID parients

The analysis of KRECs in transitional B cells showed that the
number of cell divisions in both of the CVID subgroups was similar
to that in healthy donors. However, in CVID-21le patients, the
CD21™ECD24™* subset was found to undergo a higher number of
divisions than in controls (Fig. 2B). The same pattern (although
not significant) was found for the CD21™*CD247™ B cell subset.

Subsets of naive B cells corvesponding to mouse FO L and FO
A1 were found in humans and were underrepresented in
CVID-2]lo patients

Two FO B cell populations, CD21™1gM'**1gD"*"CD24™ and
CD21 ™M™= gD CD24"E, that were designated FO I and FO
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FIGURE 4. The frequencies (4) and replication history (B) of B cell
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1L respectively, were recently described in mice. Cariappa et al.
(25) distingnished mouse FO II cells from FO I cells according
to the enhanced expression of IgM in FO I1 B cells. Both subpop-
ulations showed increased expression of CD24. When we analyzed
CD2IP*CD27™ECD38™ B cells, we found two subpopulations of
cells: [gM™"CD2 1™ CD27™ECD38™CD247™ and [gM™C D21 ™=
CD27™5CD38™CD24™, We observed both subpopulations in hu-
man healthy donors and in CVID patients. The FO IFO 11 differ-
ence was marked by enhanced CD24 expression on FO Il-like cells
in CVID patients, whereas in healthy individuals, the CD24 ex-
pression was only moderately increased on FO 11 cells (Fig. 18). In
mice, the distinction between FO subsets from marginal zone
B cells is possible because of the enhanced expression of CD21 on
marginal zone B cell subsets. Both subpopulations that we found in
human peripheral blood had identical CD21 expression levels. The
expression of CD21 was higher than it was in marginal zone-like
B cells (IgM™™CD27PCD38™*CD24"") (Supplemental Fig. 1).
Because we ohserved two subpopulations with uniform expression
of CD21, we assumed that the IgM™"CD27™2CD3&™CD24"™
subset corresponds to FO 11 B cells and that the [gM™CD27™#
CD38™MCD24™ subset corresponds to FO 1 B cells.

Different responses ta activation stimuli by FO | and FO
It cells in human B cells

The mouse model that was reported by Cariappa et al. (25, 26)
suggests that FO 1 B cells develop from FO 11 B cells after strong
BCR stimulation, and that FO II B cells can give rise w MZ-
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like cells. To support the phenotype distinction between FO I and
FO I1 B cells in human B cells using functional data, we stimu-
lated human B cells from healthy donors in vitro using a TLR9
agonist and a BCR agonist. We chose the Peprostreptococcus
mergnus protein L superantigen that binds to conserved k L chains
(29) as the BCR agonist because anti-IgM stimulation does not
allow for a surface IgM-hased definition of the responding B cells.
The FO [ and FO II definition was based solely on surface IgM in
this experiment because CD24 is rapidly downregulated after
activation by BCRs (30).

Both agonists triggered cell activation leading to CD69 upreg-
ulation and cell proliferation (Fig. 3A, 38), whereas apoptosis was
always below 9% and did not differ between stimulated or
control cells at 2 h, 24 h, 48 h, or 3 d afier stimulation {Supple-
mental Fig. 2). In line with the data for the mouse model, the BCR
agonist led to the activation of ~55% of the naive B cells (cor-
responding to the proportion of k L chain-positive B cells) that
had acquired a predominantly FO I phenotype (Fig. 34, 3C). In
contrast, the TLRY agonist activated all naive B cells and forced
~40% of cells to proliferate by day 3 after stimulation. Of note, all
proliferating B cells displayed the FO Il phenotype (Fig. 38).
which is in line with the lack of cell divisions that was docu-
mented in the FO | compartment ex vivo (Fig. 30).

The FO I comparment is disrupted in CVID patients

The naive CD2I™ B cell compariment is composed of FO I,
FO 11, and transitional B cells. The CVID-21lo patients had an
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FIGURE 5. Proposed scheme of peripheral naive B cell development in healthy controls and in CVID patients. In healthy donors. tansitional B cells are
assumed o mature into FO T and FO ILB cells. FO T B cells are primed by T cells w generate class-switched memaory cells and plasma cells producing high-
affinity Abs. FO T B cells can develop into marginal zone B cells. The developmental pathway of CD21% B cells is to date unclear. Frequency alterations in
CVID patients are represented by the size of the full circles, and the median number of homeostatic cell divisions is shown as a circular armow below each circle.
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increased percentage of CD21™¥ B cells by definition, and thus
had reciprocally decreased percentages of CD21™ B cells. We
also found an elevated frequency of transitional B cells, but the
frequency of FO Il cells was similar to that in healthy controls.
Fig. 44 shows that the FO I subset of cells formed a significantly
lower proportion of B cells in CVID-21lo patients than in healthy
donors. Thus. the decrease of FO 1 B cells accounts for the dim-
inution of CD21P* B cells in CVID-21o patients.

CVID-21norm patients presented with a higher frequency of
CD21™* B cells, and both of the FO subsets were relatively in-
creased (Fig. 44).

The number of cell divisions for FO 1 and FO 11 cells in healthy
controls was similar to those of transitional B cells (Fig. 48).
However. in CVID-2{norm patients. the FO I and FO 11 cells di-
vided more often than the FO B cells from healthy controls. FO 11
B cells also divided more often in CVID-21io patients.

Discussion

Based on the combined analyses of healthy donors and CVID
patients, we idemtified new subsets of human naive B cells that are
defined by IgM and CD24 expression. First, we found subsets
corresponding to mouse FO 1 and FO 11 cells (25, 31) in both
healthy donors and CVID patients. Second, when analyzing the
expanded CD27™5CD21™*CD38™* B cell subset in CVID-21lo
patients, we were able to distinguish between two distinet pop-
ulations, based on CD24 expression. A detailed analysis of pe-
ripheral blood using sensitive six-color FC also revealed that both
CD21™5CD24™ and CD21™5CD24™¥ subsets were present in
healthy donors, although they were present in low numbers. This
finding was in contrast to a previous study by Rakhmanov et al.
(23), which showed that the entire CD21™* population was also
CD24™E This was presumably caused by the fact that in that study,
CD21™# cells were gated as CD19™8" whereas we observed that
the expression of CD19 in CD21™*CD247 B cells was similar to
that of naive and memory B cells. that is, lower than in CD21™#
CD24™# B cells. CD24 represents the first pan-B cell molecule,
and this GPl-anchored protein belongs to the heat-stable protein
family. CD24 is downregulated after BCR activation. but its
complete physiological function in B cells is unknown (32). Fur-
ther studies will be needed to determine whether this molecule
plays an essential role in naive B cell homeostasis. Currently,
CD24 is used in FC as a marker of the different stages of naive
B cell development.

Low numbers of cell divisions in the FO I (IgM™"CD24*) and
FO I (IgM™CD24™) subpopulations from healthy control indi-
viduals indicate that these cells mature from transitional B cells in
the absence of proliferation. whereas the CD21™%CD24™ and
CD21™5CD24™# subpopulations showed a higher number of cell
divisions (Fig. 5). The median numbers of divisions in the latter
subsets correspond to the number of divisions in the population of
naive B cells, defined as CD19™*1gDF™CD27™* by van Zelm
et al. (27). In contrast to healthy donors. the CVID-2Mlo and
CVID-2Inerm patients displayed not only an altered distribution
of naive B cells, but also elevated numbers of cell divisions in this
compartment (Figs. 2, 5). We also found that the percentage of FO
1 B cells was strongly reduced in CVID-21lo patients. This may be
explained by deficient responses to BCR signaling.

A marked decrease or absence of switched memory B cells and
an increased frequency of naive B cells (e.g.. CD21™*CD38™* in
a subgroup of patients), together with an increased division rate,
suggests a developmental arrest in normal bone marrow migration.
Recent studies of a large cohort of patients showed that there was
an increase in autoimmune phenomena in the CVID-210e patient
group (20). This may be a consequence of an oligoclonal expan-
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sion in the naive B cell compartment occwring during prolonged
homeostatic proliferation or during proliferation in response to
non-BCR stimuli, such as the TLRY agonist that is exemplified in
Fig. 3.

In contrast to the proportions of the examined B cell subsets in
CViD-2]lo patients, the proportions in CVID-21nerm patients
were inflated in all naive CD21¥" B cell compartments. FO I and
FC 11 B cell subsets were found to undergo a higher number of
divisions than controls. This result may be due to prolonged ho-
menstatic proliferation, as described above.

Of note, both groups of CVID patients had an increased pro-
portion of transitional B cells compared with healthy donors (20).
However, these cells did not show significantly increased numbers
of cell divisions compared with control transitional B cells. Thus,
we speculate that increased bone marrow migration represents an
attempt to compensate for the reduced numbers of mature B cells
in the periphery of these patients.

Replication history data from healthy donors, wgether with the
findings from Cariappa et al. (25), point to a sequence of subset
development from transitional B cells 1o FO 11 (IthighCDM““]
cells. and later, to FO 1 [}gMi"'CD24i"'] cells in the absence of cell
division. The two later stage cell types can presumably give rise to
the CD21™5CD24™" and CD21™5CD24™# subsets, respectively,
as indicated by the fact that there are more cell divisions at these
stages (Fig. 28). Naive B cells in CVID patients fail to undergo
the germinal center (GC) reaction and fail to enter the switched
memory pool. These naive B cells were, however, shown to react
to stimulation with anti-lgM plus IL-2, as demonstrated by the
downregulation of CD24 (33), but the upregulation of the co-
stimulatory molecules CDT0 and CD86 was impaired. It is rea-
sonable to suggest that the physiological (and likely repeated)
stimulation of naive B cells by Ag and/or proinflammatory signals
in CVID patients may lead to proliferation, after which these cells
lose CD21 and become CD21™ECD24™ or CD21™:CD24™
cells (with added cell divisions) instead of undergoing the GC
reaction. CD21™¥ cells cannot participate in the GC reaction be-
cause CD21 expression is essential for GC formation, B cell FO
dendritic cell contact, and B cell survival during the GC reaction
(34).

In conclusion, we used IgM and CD24 surface expression patterns
to refine our knowledge of naive peripheral B cell development,
which is disrupted in CVID patients. We propose that cell pro-
liferation without developmental progression is responsible for
the accumulation of CD21™#CD38™* cells in a subset of CVID
patients.
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6.2 Profilovani dat polychromatické prtitokové cytometrie na B-lymfocytech
odhaluje skupiny pacientti s béZnou variabilni imunodeficienci

Vzhledem k rostoucimu poctu mérenych parametrd v pratokové cytometrii se ukazalo, Zze manualni
gatovani, tedy vymezeni bunécnych populaci na zakladé jejich fenotypu, je casové narocné a castecné
subjektivni. Tato omezeni vedla k vyvoji metod automatizovaného vyhodnoceni dat. Pro dosaZeni
objektivnich a reprodukovatelnych vysledk( je vsak nezbytné zajistit konzistenci méreni pomoci
vnitfnich standardd, jednotné pripravy vzork( a pouZivani stejnych protilatek.

V ramci nasi studie jsme vyuZili metodu ,,probability binning“ k analyze Sestibarevného cytometrického
panelu B-lymfocytarnich subpopulaci u pacient(i s CVID a zdravych kontrol. Tato metoda rozdélila nase
namérena data o B-lymfocytech do 1024 bin(, pticemz kaZzdy bin predstavoval specifickou oblast v
Sestirozmérném parametrovém prostoru. Takto vzniklé mapy bunécnych populaci jednotlivych vzork
byly nasledné porovnavany pomoci Pearsonova korelacniho koeficientu a klasifikovany do skupin
podle podobnosti.

Analyza vedla k rozdéleni naeho souboru do 12 klastrd. Sest klastrd bylo tvofeno prevazné zdravymi
kontrolami, zatimco tfi specifické klastry sdruzovaly pacienty s CVID podle EUROclass klasifikace: smB~
CD21"", smB~CD21™™ a smB*CD21"". Zbylé klastry byly smiSené. Tato metoda ndm umoznila
identifikovat parametry, které nejvice pfispivaly k odliSnosti mezi jednotlivymi klastry, a tim i specifické
subpopulace, v nichz byly pozorovany vyznamné rozdily.

Vysledky jsme nasledné ovéfili manualnim gatovanim, které potvrdilo spravnost automatizovaného
pfistupu. Tim jsme prokdzali pouZitelnost této metody pro efektivni a objektivni vyhodnocovani
rozsahlych a sloZitych cytometrickych dat, a zaroven validovali klasifikace pacientl podle systému
EUROclass.*

Multiparametrova pridtokova cytometrie vyznamné rozSifuje mozZnosti analyzy zastoupeni
leukocytarnich populaci, funkénich profilll i vzorch imunitni odpovédi. Lze ocekavat, Ze jeji vyuZiti se
stane kli¢ovym pfi definovani korelatl ochrany Gcinnosti vakcin i pfi monitorovani imunitniho systému,
véetné imunoterapie u onemocnéni, jako je napriklad HIV. Podobny vyznam nabyva pritokova
cytometrie také v diagnostice hematologickych malignit, kde se pro detailnéjsi charakterizaci
nadorovych bunék kombinuje stale vétsi pocet markerl. Do budoucna lze predpokladat, Ze
viceparametrové cytometrické testy se stanou standardem pti screeningu Sirokého spektra
imunologickych onemocnéni. S timto vyvojem vsak roste i potfeba rychlych a intuitivnich analytickych
metod, které prekracuji rdmec jednoduchého hodnoceni pozitivnich ¢i negativnich vysledk(. Moderni
aplikace pritokové cytometrie vyzaduji schopnost rychle extrapolovat informace, a proto by cilem
automatizovanych analytickych nastroji méla byt identifikace podobnosti i rozdild mezi vzorky.
Algoritmy sice nemohou plné nahradit odbornost zkuseného operatora, zejména pfi detekci
specifickych subpopulaci, avsak jejich vyuziti v kombinaci s odbornou interpretaci a standardizaci
pristrojli nepochybné povede k dalSimu prohloubeni znalosti v oblasti zakladniho i transla¢niho
vyzkumu.
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¢ Abstract

The aim of this study was to find an objective computational approach for pheno-
type analysis of common variable immunodeficiency (CVID) patients that describes
all differences in the six-color space and to form groups of patients using computa-
tional methods. CVID is a heterogeneous primary immunodeficiency disorder where
molecular defect is recognized in <10% of the cases and is unknown in the majority
of patients. The current CVID classification, EUROClass, is based on quantification
of selected B-cell subsets. Using six-color polychromatic flow cytometry, we analyzed
B-cell phenotypes in a cohort of 48 CVID patients and 49 healthy donors. We used
a “probability binning” algorithm to create 1,024 bins (each bin is a six-color gate)
that covered the cells’ distribution within the entire B-cell compartment. A matrix
file recording cellular content in all the bins was made. The hierarchical clustering of
the individual samples was analyzed using a Pearson correlation of the bins’ values.
The Cut tree algorithm found 12 clusters. In six clusters, healthy individuals predo-
minated; in one cluster, smB+CD21llow (CVID patients by EUROClass) cells pre-
vailed; in one cluster, smB—CD2lnorm cells prevailed; in one cluster,
smB+CD21low cells prevailed; the remaining cluster was mixed. The overall repro-
ducibility of probability binning clustering was confirmed by matching of replicates
to the original cohort using the similarity matrix of the Pearson correlation, 15 repli-
cates matched the same individual, three replicates matched a different individual
within the same cluster, and three replicates matched to a different cluster. We were
able to define B-cell subsets over- or under-represented in a particular cluster and
display them back in the flow cytometry software. We describe a new analytical
approach that enables a search in an objective computational environment for
patient cohorts that are defined by similar B-cell profiles and thus contribute to the
description of differences between CVID patient groups.
Advancement of Cytometry

© 2009 International Society for

Key terms
B-lymphocyte subsets; common variable immunodeficiency; flow cytometry; probabil-
ity binning; B-lymphocyte profiling

THE peripheral blood B-cell compartment is a dynamic complex of B-cell subsets
that undergo maturational steps, antigen exposure, memory cell formation, memory
maintenance, and effector functions (antibody secretion). Polychromatic flow cyto-
metry offers an extraordinary tool to investigate such a complex set of cell types. It
allows for the definition and proportional assessment of B-cell subsets and also sub-
divides into less well-characterized intermediates. However, the analysis of complex
data obtained from the six-color space is difficult. The standard analysis strategy uses
the creation of series of two-dimensional gates, which makes the resulting analysis
subjective, and “a priori” unknown small subsets are difficult to discover. Analysis of
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a Dendrogram of hierarchical clustering of the B-cell profiles

b Cut Tree clusters
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Figure 1. a) Dendrogram of the hierarchical clustering of all individuals in the study. For short, EUROClass groups are coded as follows: IA
(smB-CD21low), IB (smB-CD21norm), llA (smB+CD21low), and IIB (smB+CD21norm). Clusters created by Tree Cut algorithm are depicted
by rectangles. b) Bar chart summarizing the content of clusters: Healthy controls in blue, “smB-CD21low” in orange, “smB-CD21norm" in
dark red, “smB+CD21low" in light green, and “smB+CD21norm” in dark green.. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

largest variance, and divides the events in symmetrical halves
(bins) based on the median value of that parameter and is
repeatedly applied until the desired number of bins is created
(7). When 1,024 bins were created, we ran all individual sam-
ples through the same network of bins in six-parameter space
and obtained a table with each patient in one column and
each bin in a row containing a number of cells in each respec-
tive bin.

904

28

For each bin we take expected number of cells (E),

E = (total number of cells in sample)/1,024 (throughout
the samples in the experiment E ~ 20).

Taking the measured number of cells in the bin (M), we
assign to each bin a value (F),

F= M/E—- 1.

Thus, if the number of cells in the bin was equal to the
reference dataset of healthy controls, the value F was zero, if

Profiling of B-Cells in CVID

SUONIPUO puE swIAL 3 235 *[$Z07/30/ST] U0 ArRIqIT FWUQ A3[1A ‘ONqNdY 49920 AEIP0D Aq 1080T ' OIKS/ZO0T 0 1/10p w0 Aa[1av Areaquiaurfuoy/:sdy woxy papeofusod ‘T ‘6002 ‘086+TSS T

Koy

25ua01T S0 2AnEI) 2[qeatidde s Kq PIIIACE e SINIE YO 135N JO ST 10 ATeIqrT SUUO A9TIAY



ORIGINAL ARTICLE

the bin was “over-fed” with more cells, F > 0, and “under-
fed” bins were assigned values F < 0. We considered this data
set to represent a B-cell profile and we further analyzed it by
applying approaches used in expression profiling.

This approach enables six-color flow cytometry data to
be evaluated without any bias introduced by subjective choice
of a position and sequence of bi-dimensional gates made by
an expert. Moreover, it takes into account the complete cellu-
lar information contained in the six-color space.

B-Cell Profile Data Analysis and Hierarchical Clustering

The dataset was ordered as 97 columns (one column per
individual) and 1,024 rows (one row per bin). The dataset was
analyzed by tools developed for the DNA microarray analysis.
Hierarchical clustering was performed in the Bioconductor
package of the R-project (Available at: http://www.r-project.
org/). The Dynamic Tree Cut (dynamicTreeCut R-package)
(8) algorithm was used to define clusters. The clusters were
validated using the internal and the stability measures
designed in clValid R-package (9). The nonrandomness of
patient distribution among clusters was tested by Fisher’s
Exact Test with simulated P-values (107 replicates).

Evaluation and Visualization of Significantly Different
Cell Sub Between Cl S

Selected clusters were compared with each other to find
significantly different bins in a search for cellular subsets that
would serve as hallmark of the cluster. Multiple testing proce-
dure (MTP) (10) was used in the search for differently “fed”
bins, which is designed for testing a hypothesis with unknown

dependence structures among variables.

MTP was set to find significantly different bins at the
level of P < 0.01.

An output table with significant bins represented by arti-
ficial events (i.e., each significant bin was filled by 100 random
events generated from uniform distribution on the bin) was
analyzed in MeV-TM4 software (11) by principal component
analysis (PCA) (12) to reveal the spatial relationship of “over-
fed” and “under-fed” bins. Thus, for each cluster comparison,
we generated a PCA with a graphical representation and eigen-
vectors describing the values of each component. Eigenvectors
were used to construct a polyvariate plot (“PV plot” in
FlowJo) on the original CD19+ gated listmode data of
patients and healthy donors. Over- or under-fed spaces dis-
played by PCA were gated on the PV plot.

REsuLTS

Clusters of Patients

The B-cell profile of the whole cohort of CVID patients
and healthy controls was analyzed by hierarchical clustering
using a Pearson correlation. Clusters were defined by dynamic
branch cutting method implemented in R-package (8). We
allowed only groups of five or more patients to be considered
as a cluster. The hierarchical clustering algorithm on this data-
set was validated by clValid R-package (9). This approach uses
all information contained in all six parameters from 1,024
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Table 1. Replicates of blood drawn from 17 patients and four
healthy controls were obtained to test the reproducibility of the
B-cell profile (Pearson correlation)

ORIGINAL TIME TO
REPLICATE CODE SAMPLE CODE REPLICATE (DAYS)
Match to the replicate
1A _3n— 1A_3 167
JIA_8n— IA_8 126
IIA_13n— ITA_13 329
IIA_1ln— ITA_11 309
h_117n— h_ 117 147
IIB_45n— 1IB_45 336
1B_49n— 1B_49 336
IIA_71n— MA_71 336
IA_75n— 1A 75 139
IA_82n— IA_82 336
1IB_87n— 1IB_87 330
IA_89n— 1A_89 325,
IA_91n— T1A_91 153
TIA_105n— T1A_105 126
JIA_114n— IA_114 309
Match within cluster
IB_6n— IB_57 309
IIA_20n— IB_15 168
h_30n— h_117 99
Match to different cluster
IB_17n— IB_34 98
h_In— h_59 103
h_41n— h_43 156

The closest match for the replicate in the original cohort is
listed in the second column. Time (in days) from the original draw
to the replicate draw is shown.

bins to create a similarity matrix. The cluster dendrogram is
shown in Figure la, with the 12 clusters depicted in red.

The objective computational method was able to cluster
together healthy controls (in clusters 3, 5, 6, and 10-12).
Furthermore, the composition of clusters in relation to the
EUROClass CVID classification (5) has a nonrandom pattern
(Fisher’s Exact Test P < 10~°% Fig. 1b), where the most of the
switched memory B-cell lacking (smB—CD21norm) patients
are within clusters 7 and 2, smB+CD21low patients are in
clusters 8 and 9 and most of the smB—CD21low patients are
in cluster 4. Surprisingly, although patients with switched
memory B cells are scattered in many clusters, the
smB+CD21low and smB+CD21norm patients never locate to
a common cluster. SmB+CD2Inorm patients frequently
locate with healthy control subjects, which is in line with the
preservation of some B-cell function in this patient group.

Replicate Samples from Patients are Properly
Assigned as the Closest Match

To test the reliability of this method, we obtained samples
from 21 donors repeatedly 98-336 days apart. This approach
tests the whole procedure including sampling, antibody stain-
ing, acquisition by flow cytometry, and the data binning, and
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Xaxis = 1, Y axis = 3

Scree plot

Figure 2. Visual representation of significantly “fed”” bins between cluster 7 and controls. Representations of significant bins were sub-
jected to PCA; over-fed bins are in red, and under-fed bins are in green. Each significant bin is represented by 100 dots distributed uni-
formly in each bin. X-axis Principal Component 1, Y-axis Principal Component 2. Eigenvectors of component 1: IgM -0.605; CD24 -0.158;
CD19 0.005; CD27 0.33; CD21 0.017; CD38 -0.7. Eigenvectors of component 2: IgM 0.22; CD24 -0.38; CD19 0.03; CD27 -0.67; CD21 0.41; CD38
-0.41. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

similarity matrix generation. When we matched the B-cell
profile of replicates to the original cohort using the similarity
matrix of the Pearson correlation, 15 of replicates matched to
the same individual, three replicates matched to a different
individual within the same cluster, and three replicates
matched to a different cluster (Table 1).

Thus, we conclude that the procedure is highly accurate
and reproducible when comparing cellular profiles in complex
six-parameter flow cytometry data.

B-Cell Phenotype Stability

The replicate sample analysis also revealed unprecedented
stability of the B-cell profile among CVID patients. Although
the time between replicates was longer for the CVID patients
than for the healthy controls (mean 249 vs. 126 days), 14 of 17
of the CVID patients’ replicates (82%) matched to their origi-
nal samples, whereas only one of four healthy controls
matched exactly (25%) Table 1. This observation suggests a
tight regulation of the abnormal B-cell compartment in CVID
patients.

Principal Component Analysis Reveals Significantly
Different Cell Subsets

To reduce the data back to a level where significantly dif-
ferent B-cell subsets could be visualized by the common flow
cytometry software tools, we set out to find significant differ-
ences in the cell composition between the CVID clusters and
healthy controls. Thus, we tested clusters 2b, 4, 7, 8, and 9
against controls (controls were all healthy donors from groups
3, 5, 6, and 10). Using the MTP procedure, we selected differ-
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entially filled bins. Bins were annotated as “over-fed” or
“under-fed” as compared with controls. We received a list of
15-311 different bins for each group. Because it is impossible
to plot six parameters in two-dimensional plots, the coordi-
nates of the “over-fed” or “under-fed” bins’ means were sub-
jected to PCA to find the distinct portions of the six-parame-
ter space where the “over-” or “under-fed” bins reside. PCA
was able to display distinct spaces of “over-” or “under-fed”
bins (e.g., Cluster 7 vs. controls on Fig. 2). Moreover, PCA
computed the best resolving composition of components
values (eigenvectors), which could be used to create a “PV
plot” in FlowJo software. However, when we displayed differ-
entially filled bins for cluster 12 versus controls, the PCA did
not allow spatial separation of the “over-fed” and “under-fed”
bins (Supporting Information 2).

Differentially Represented Cell Subsets can be
Visualized and Verified in the Original Listmode Data
Using the same eigenvectors, a PV plot was created in the
FlowJo software using the original listmode data of donors in
cluster 7 and healthy controls (Fig. 3a). The PV plot enabled a
display of the major differences between the two clusters, simi-
lar to the PCA of the clusters’ differences, but also allowed for
further analysis of each individual CVID patient back in the
listmode file. When we gated on the prominent PCA (7) over-
fed region, we could track the significantly different over-rep-
resented cells as transitional B-cells, Figure 3b. The percentage
of the PV plot gated cells (cluster 7 med = 21.6%, SD =
8.6%; healthy med = 2.35%, SD = 2.6) and classically gated
transitional B-cells (cluster 7 med = 13.4%, SD = 7%j; healthy

Profiling of B-Cells in CVID
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Figure 3. a) Example PV plot of CD19+ cells from a healthy control (left) and from a CVID patient from cluster 7 (right). PCA gates were
created based on the PCA clusters from Fig 2. Note that in contrast to the PCA in Fig 2, where only significant bins are displayed, all
CD19+ cells from a FCS file are displayed in Fig 3. b) Backtracking of the PCA (7)-over gate to a series of 2-D plots revealed that this
PCA gate contains primarily transitional B-cells. Overlay of normal donor CD19+ gated B-cells (grey contour plot) with the PCA(7)-over
gate (depicted in red). c) Classical gating of Transitional B-cells in a healthy donor (left) and a CVID patient from cluster 7 (right). Plots are
gated on CD19+ lymphocytes. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 2. Location of different bins tracked to the six-dimensional space by PCA

PCA GATE IgM CD24 CD19 CD27 cp21 CD38 B-CELL SUBSET
PCA(2)-over + OR ++ + OR ++ + — OR+ + —OR +
PCA(2)-under — — OR + + —OR + — OR + — OR + OR ++
PCA(4)-over + + + + - -
PCA(7)-over ++ ++ + = + ++ Transitional
PCA(8)-under = — OR + + = — — OR +
PCA(8)-over + = + - - -
PCA(9)-over 4 + + + + —
PCA(9)-under —OR: + —iOR #+ + - + —OR +
Cluster number is shown in parenthesis. “over’” and “under” denotes over- and under-fed bins. Symbols “—" or “+" or ““++"" stand

for the level of expression on the subset (negative or dim or bright). Expression range

“_n

or “+" means the bin spanned across from

negative to positive cells. Only the PCA(7)-over gate was clearly overlapping with the known subset of transitional B-cells. Compare with

Figure 3b and Supporting Information 3.

med = 1.5%, SD = 2.3) was higher in cluster 7 patients than
in the healthy donors (P < 0.01 for both comparisons). Classi-
cal gating is shown in Figure 3c.

Cellular subsets that were hallmarks of the defined clus-
ters were tracked back. However, the majority of them did not
correspond with the B-cell subsets described so far (13-17),
(Table 2, Supporting Information 3).

DiscussioN

This is, to our knowledge, the first attempt to use unsu-
pervised computational methods to define clusters of indivi-
duals with similar immunophenotype cellular profiles and to
apply the methodology for the analysis of the B-cell compart-
ment of CVID patients. Furthermore, we were able to prove
the reproducibility of this approach by analysis of biological
replicates. The acquired number of B-cells in a sample
(20,000) related to the number of bins (1,024) created was suf-
ficient for the description of the overall B-cell profile, and also
for the definition of small hallmark subsets that comprised
only 1.5% of the healthy control B-cells (transitional B-cells).
While we have evaluated the usefulness of the matrix com-
posed of 64—4,096 bins, clustering according to the profile was
very similar between 256 and 4,096 bins (data not shown). We
decided to use 1,024 bins to ensure the recognition of small
subsets (the number of bins was such that one bin contained
0.1% of the B-cells). A crucial precondition of the described
approach is the long-term stability of the fluorescence meas-
urements. Typically, defocusing of the alignment of the lasers
was the major cause of our instrument stability failure, which
occurred about once a month. Careful instrument stability
monitoring ensured early detection of technical problems and
setting the target MFI on the brightest peak of Rainbow beads
was instrumental to restore the fluorescence measurements to
the standardized level. Whether or not such an approach can
be adopted for a multicenter study remains to be evaluated.
We can foresee that some adaptations of this process might be
necessary; for example, the use of a percentile scale for bin def-
inition would reflect distribution of a signal measured on an
individual instrument.
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The amount and quality of information gained by this
approach is critically dependent on the composition of the
measured markers and also on a careful fluorochrome choice
that ensures sufficient sensitivity for each marker. Selected
markers were tested to be able to recognize important known
B-cell subsets before sample acquisition in this study. Using
the six-color panel, we were able to define: transitional B-cells
as CD19+CD27—CD24++CD38++ (14), follicular B cells
as CD19+CD38+CD24+CD21+CD27—IgM+ (16), mar-
ginal zone-like B-cells as CD19+CD38—CD24++CD2lint
CD27+IgM++ (17), class switched memory B cells as
CD19+CD38+CD24++CD21+CD27+IgM—  (15), and
plasmablasts as CD19+CD38+ + +CD24—CD27++ (13).

A factor limiting the number of markers used in this
study was the availability of key B-cell markers conjugated to
less common fluorochromes (Pacific Orange, PE-TxRed,
PerCP, and APC-H7) that would be expressed strongly enough
for a meaningful analysis.

Unsupervised hierarchical clustering analysis enabled the
definition of clusters of individuals with similar B-cell profiles.
We chose the Pearson correlation as a distance metric to recognize
trends (correlations) in the individual profiles. On the contrary,
Euclidian distance evaluates the absolute value of the distance
without regard to the direction of change from normality. Both
methods yielded meaningful results, but Euclidian distance was
better in organizing the healthy controls together and separating
healthy controls from CVID patients. The Pearson correlation
enhanced formation of CVID patient clusters. The differences are
logical as we have chosen the value F = 0 for the “average” or
“normal” profile. Thus, healthy controls have low absolute dis-
tance from each other, but can be negatively correlated.

The described approach allows for a search of common
features of each cluster. Although the cohort of patients is too
small to reveal common blocks in B-cell maturation in such a
highly heterogeneous syndrome, we were able to prove the
principle and show the capacity for its future use. We have
shown that there is an incomplete overlap between the EURO-
Class trial classification and unsupervised clustering. When we
reduce the information again in search of a cluster’s hallmarks,
we can find well defined subsets (e.g., “over-fed” transitional
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B-cell subset in cluster 7) or less well described subsets (see Ta-
ble 2, Supporting Information 3). This opens a way for func-
tional characterization of the revealed subsets and the determi-
nation of their role in the CVID pathogenesis. A larger study
of B-cell profile, T-cell profile, and clinical course of CVID
patients is underway.

The major contribution of this study is that it exploits
advanced technology (polychromatic flow cytometry) and
combines it with new approaches in high-throughput data
analysis (well-known in the field of expression profile microar-
ray analysis) to analyze a syndrome that goes unresolved de-
spite several decades of research effort.

There have been some pilot studies of novel approaches
in data analysis going in a similar direction; notably, Pedreira
et al. (18) used computational approaches to define minimal
residual disease in B-cell chronic lymphoproliferative disor-
ders and Steinbrich-Zollner et al. (19) classified the pattern of
inflammatory diseases. However, while Pedreira et al. use the
whole profile for PCA analysis, they do not use polychromatic
data and they do not aim to form clusters of similar profiles.
Steinbrich-Zollner et al. perform clustering the results of anal-
ysis but necessitate manual expert gating of the listmode data.

Although expression profiling (also known as DNA micro-
arrays) provide information about tens of thousands genes,
they suffer from problems arising from the mixed cell popula-
tions they analyze. Thus, small cell subsets, if not purified, will
not change the expression profile and will go unnoticed.
Strengths of the presented “cellomics” approach lay in the anal-
ysis of single cells and their surface protein expression, the ease
of use, and the rather wide availability of the 3-laser flow cyto-
metry instrumentation. The pitfalls are in the proper choice of
defining antigens. The presented proof of principle study sets
the stage for more focused, in depth studies of B-cell functional
subsets in CVID patients and is applicable to many other
research questions in hematopoietic cell development.
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7 Zmény v T-lymfocytarnich populacich pacientu
s CVID

Jak uZ bylo uvedeno vyse, primarnim znakem pacientl s CVID je snizena sekrece imunoglobulin(
T-lymfocytl, véetné redukce naivnich CD4 T-lymfocytd, snizené proliferacni a cytokinové odpovédi na
mitogeny, redukovany pocet T-regulaénich bunék u vybranych pacientd.?® Dalsi vyzkumy ukazaly, Ze
zmény v zastoupeni B bunék, popisované ve Freiburské i EUROclass klasifikaci souviseji s jiz dfive
popisovanymi zménami v zastoupeni T-lymfocytarnich populaci nalezenych u pacientli s CVID, coz také
doklada nase studie analyzujici zmény T-lymfocyt( u pacientl s CVID rozdélenych podle Freiburské
klasifikace (viz 4.4.1).

7.1 Vékova zavislost a vzajemné vztahy abnormalit T a B lymfocytti u
pacientl s béznou variabilni imunodeficienci

V této studii jsme pacienty rozdélili do skupin dle Freiburské klasifikace. Srovnani vysledkli mezi
jednotlivymi skupinami ukazalo, Ze aktivace CD4* T-lymfocytl byla vyrazna zejména ve skupiné la, coz
se projevilo zvy$enim exprese CD29, HLA-DR a také se ukazal posun téchto bunék do pamétovych a
efektorovych forem (zvyseni CD45R0, snizeni CD27, CD62L, CD45RA). Naproti tomu zmény pozorované
u CD8* T-lymfocytl (napf. zvySena exprese HLA-DR, CD57, CD38, CD27, CD28 a snizena exprese CD27,
CD28) byly nezavislé na klasifikacni skupiné.

Podrobnéjsi analyza B-lymfocytl dale odhalila, Ze s vékem klesd zastoupeni naivnich B-bunék
(IgM*CD277), zatimco stoupa pocet B-bunék marginalni zény (IgM*CD27*). Rovnéz u CD4* T-lymfocytl
jsme zaznamenali rychlejsi snizovani poétu naivnich CD27*CD45RA* a narlst CD45R0O* pamétovych T
bunék s vékem vysetfovanych pacient(l ve srovnani se zdravymi kontrolami. Exprese marker( CD27,
CD45RA, CD45R0 a HLA-DR na CD4* T-lymfocytech korelovala nejen s vékem, ale i s podilem CD21"°%
B-lymfocyt(. Podobné zmény T-lymfocytarnich populaci byly popsany u zdravych starSich osob ve véku
75-84 let.*%*1 U pacient( jsme rovné? nalezli zvy$ené zastoupeni CD28-CD8* T-lymfocytd, co? je rovné;
povazovdno za znak imunosenescence.’? Vysledky na$i prace ukdzaly, Ze zmény v zastoupeni
subpopulaci T- a B-lymfocytl nejsou u CVID pacientl neménné, ale dynamicky se vyvijeji s vékem.

Age dependency and mutual relations in T and B lymphocyte abnormalities in common variable
immunodeficiency patients. Vlkova M, Thon V, Sarfyova M, Blaha L, Svobodnik A, Lokaj J, Litzman J.
Clin Exp Immunol. 2006 Feb;143(2):373-9.
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Introduction

Summary

Common variable immunodeficiency (CVID) is primary hypogammaglobu-
linaemia with an unknown aetiopathogenesis. Although various abnormali-
ties of T and B cells have been described, their pathogenetic roles are unclear.
We determined T and B lymphocyte subsets known to be abnormal in CVID
in order to disclose possible relations between numerical abnormalities in
those cells. Markers associated with B cell development (CD21, CD27, IgM,
IgD) were determined on B lymphocytes (CD19%); T lymphocyte develop-
ment (CD45RA, CD45R0O, CD62L) and activation markers (CD25, CD27,
CD28, CD29, CD38, CD57, HLA-DR) were determined on CD4" and CD8* T
lymphocytes in 42 CVID patients and in 33 healthy controls. Abnormalities
in CD4*T lymphocyte activation markers (increase in CD29, HLA-DR,
CD45RO, decrease in CD27, CD62L, CD45RA) were observed particularly in
patients with a decreased number of memory (CD27*) and mature (CD21*) B
cells (group Ia according to the Freiburg group’s classification), while abnor-
malities observed in CD8* cells (increase in CD27 and CD28 and decrease in
HLA-DR, CD57 and CD38) did not depend upon grouping patients together
according to B lymphocyte developmental subpopulations. We observed cor-
relations between immature B cells (IgM* CD21") and expression of CD27,
CD62L, CD45RA, CD45RO and HLA-DR on CD4* T cells in CVID patients
but not in the control group. The expression of CD27 and CD45RA on CD4* T
lymphocytes, such as the percentage of IgD* CD27” and IgD* CD27" cells in B
lymphocytes, showed age dependency to be more significant than in the con-
trol group. Our study demonstrates that T and B lymphocyte abnormalities in
CVID are partially related to each other. Some of those abnormalities are not
definite, but may evolve with age of the patient.

Keywords: age factor, B lymphocyte subsets, common variable immunodefi-
ciency, differentiation antigens, T lymphocyte subsets

aetiopathogenetic mechanisms leading to the disease are
probably heterogeneous, causing variable clinical and labo-

Common variable immunodeficiency (CVID) is a primary
humoral immunodeficiency disease characterized by im-
paired antibody response; immunodeficiency manifests in
people older than 2 years of age. Decreased levels of IgG, IgA
and sometimes also IgM are observed in these patients [1].
They suffer from recurrent and complicated infections, spe-
cifically of the respiratory tract. Other frequent complica-
tions include autoimmune diseases (22% in one study) [2].
The incidence of malignancies is also increased with a stan-
dardized incidence ratio for all malignancies of 1-8 [3]. The

ratory patterns in affected individuals.

Previous studies have shown various abnormalities in
both T and B lymphocytes. Defective T cell activation [4-6]
and impaired cytokine production have been described
[7-9]. A plethora of T subpopulation abnormalities, includ-
ing reduced expression of CD45RA and CD62L or increased
expression of CD45RO, HLA-DR and CD57, have been
reported [10-13].

Determination of B lymphocyte subpopulations showed
that the number of circulating B cells was normal or reduced.
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Recent results have shown that CVID patients have a reduced
number of memory CD27" IgD IgM™ B cells [14,15]. A new
classification of CVID based on flow-cytometric analysis of B
cell subpopulations was proposed by the Freiburg group
[16], who divided CVID patients into four groups and sub-
groups: group I comprises patients with a decreased number
of switched memory B cells [below 0-4% of total peripheral
blood lymphocytes (PBLs)] and group II includes all
patients with a normal number of switched memory B cells
(> 0-4 of PBLs). Group I was subdivided into group Ia with
an increased number of immature B cells (>20% of CD19
number IgM* CD217) and group Ib with a normal number
of IgM* CD21” immature B cells. Group III had less than 1%
B cells of PBLs. This approach was accepted by other groups
[17].

The above-mentioned abnormalities of both T and B lym-
phocytes are not present in all CVID patients. Very little is
known about relations between T and B cell abnormalities in
CVID. Only Piqueras et al. have shown that T lymphocyte
markers associated with chronic stimulation of CD4" cells
(increase in HLA-DR, CD95 and decrease in CD45RA), such
as expansion of HLA-DR and CD57 on CD8" cells, were
less up-regulated in CVID patients with a normal number
of memory (IgD"CD27%) cells compared to those with a
decreased proportion of CD27" cells (both IgD™ and IgD")
[18]. It is not clear which of the T and B cell abnormalities
are possibly causative, which are secondary, and which are
only epiphenomena. A more detailed analysis of mutual
relations between numbers of T and B cells in various devel-
opmental stages, together with markers associated with
different stages of activation, might help in elucidating
mechanisms leading to T-B cells imbalance in CVID. For
this purpose we determined those T and B cell subpopula-
tions that were most frequently abnormal in CVID patients.

Patients and methods

Patients and controls

B and T cell subpopulations of 42 CVID patients (aged
1075 years, mean 43-7 £ 15 years; 28 females, 13 males) and
33 healthy controls (aged 21-59 years, mean 37-5% 10-7; 7
males, 26 females) were examined. Twenty-three patients ful-
filled the European Society for Inmunodeficiencies (ESID)
diagnostic criteria for CVID [1], including low isohaemag-
glutinin levels or decreased response to specific antigen stim-
ulation. In 19 patients, namely those whose treatment was
initiated before 1996 (the introduction of relevant tests in our
laboratory), the diagnosis was made by low immunoglobulin
levels, clinically significant immunodeficiency and exclusion
of other causes of hypogammaglobulinaemia. The patients
were on regular immunoglobulin substitution by intravenous
immunoglobulin (i.v. IG) in 38 patients, dose 250-520 mg/
kg/3—4 weeks; four patients were on intramuscular immu-
noglobulin at a dose of 1-2 g/1-2 weeks.
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After informed consent was obtained, blood samples were
collected before the iv. IG infusion was given. Healthy
donors were studied in parallel with the patients.

B cell analysis

Peripheral blood mononuclear cells (PBMC) were isolated
from 10 ml of heparinized blood by density gradient cen-
trifugation (Lymphoprep; Nycomed Pharma AS, Oslo,
Norway), washed twice with phosphate-buffered saline and
resuspended in RPMI-1640 (Sigma R0883) supplemented
with 10% fetal calf serum.

T cell analysis

Five millilitres of peripheral blood were taken into ethylene-
diamine tetraacetic acid (EDTA) tubes and stained using a
standard procedure by direct immunofluorescence. In brief,
50 ul of the blood was treated with 5-10 pl of the appropri-
ate antibodies for 30 min at laboratory temperature in the
dark. The stained blood was then processed by the Multi-Q-
Prep workstation (Beckman Coulter, Miami, FL, USA) for
automated lysis, stabilization and fixation of the sample.

Monoclonal antibodies and flow cytometry

Two commercial cocktails of monoclonal antibodies (mAb)
for basic lymphocyte population analysis were used: (1) anti-
CD45FITC, anti-CD4PE, anti-CD8ECD and anti-CD3PC5;
and (2) anti-CD45FITC, anti-CD56PE, anti-CD19ECD, and
anti-CD3PC5; (Cyto-Stat tetraChrome, Beckman Coulter).
Monoclonal antibody anti-CD16PE (Immunotech, Mar-
seille, France) was added to the second cocktail.

In addition, the following mAbs directed against leucocyte
antigens were used: fluorescein isothiocyanate (FITC)-
conjugated anti-CD25, CD27, CD28, CD29, CD57, CD62L,
phycoerythrin  (PE)-conjugated anti-CD38, CD45RA,
CD45RO, R-Phycoerythrin-Cyanine 5 (PC5)-conjugated
anti-CD3 (all from Dako A/S, Glostrup, Denmark); PC5-
conjugated anti-CD27, ECD (phycoerythrin-Texas Red X)-
conjugated anti-CD4, CD8, CD19 (all from Beckman
Coulter); FITC-conjugated anti-CD38, PE-conjugated anti-
IgD and anti-CD21, PC5-conjugated anti-IgM (all from
Pharmingen International, San Diego, CA, USA) and PE-
conjugated anti-HLA DR (Becton Dickinson, San Jose, CA,
USA).

Phenotyping was performed by four-colour cytometry
Epics MCL (Beckman Coulter).

Statistical analysis

The differences between the groups were evaluated by anal-
ysis of variance (anova) followed by Dunnet’s (comparison
between patients and control group) or Newman—Keul’s
(general comparison between groups of patients) contrasts.
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Age and T and B lymphocyte subpopulation in CVID

Table 1. Percentage of B lymphocyte subpopulations in various subgroups of common variable immunodeficiency (CVID) patients; for definition of

CVID subgroups see Introduction.

CVID with
B cells Ia Ib I Control
(mean * s.d.) (mean *s.d.) (mean *s.d.) (mean *s.d.) 11 (mean *s.d.)
No. of patients 38 11 15 10 6 33
%CD19 9-4£56 6:7+33 9-4+5:0 12:9+6-9 <1 9-5+3.7
%IgD* CD27 of CD19" 75-7 £18-0§ 81-0+10-8§ 87-1+7:2§ 56-4t16-1 n.a. 57-4+13-3
%IgD* CD27* of CD19* 13-0+ 131§ 10-5£9:5 6:5+ 41§ 25-5%17-7 n.a. 18:1+6-8
%IgD CD27" of CD19" 471728 1-6+1-6§ 1-8+2-0§ 9-0+2-8§ n.a. 187+ 69
%IgM* CD21" of CD19* 20-4+152§ 35-8+13-0§ 10-2+4-2 20-4% 150§ n.a. 64133
$Statistically significant difference from the control group (P < 0-05) shown in bold type; n.a. = not applicable.
Table 2. Clinical characteristics of common variable immunodeficiency patients.
Ia Ib 1T it
Number of patients 11 15 10 6
Male/female 4/7 2/13 6/4 2/4
Age 50-2+11-4 35-8+£135 48-31£18:0 447117-8
Age of diagnosis 30-4+129 22:0+137 33:0£186 31-0£12-0
Splenomegaly 10 9 4 5
Lymphadenopathy 4 8 4 |
Autoimmunity 2 1 ol 3
The~ ST A ESRIREEY oAy DOR-ReiE EC Mam.l— Age-dependent variation of lymphocyte subsets in CVID
Whitney test. P-values less than 0-05 were considered statis-
tically significant in all statistical analyses. Student’s #-test Because of the above-mentioned differences in the age of
and Fisher’s exact test were used when appropriate. patients in groups Ia and Ib, correlations between T lympho-
Correlations between variables were evaluated using Spear- cyte and B lymphocyte markers and the age in both patient
man’s correlation coefficient (R;) and the results were revised and control groups were performed. The percentage of naive
by Bonferroni’s correction for each group of lymphocytes: B cells (IgD* CD27") and IgM memory B cells (IgD* CD27")
CD4%, CD8" and CD19" [19]. The statistical package staT1s- was age-dependent in the CVID group, such as the percent-
TICA (StatSoft, Inc., Tulsa, OK, USA) version 7 was used. age of CD27%, CD45RA" and CD45RO" in CD4" cells. The
only significant age-dependent correlation in the control
R group was the percentage of CD45RO"in CD4" cells.
esults - S :
Figure 2 shows that although the regression line both in
Hlicrescense-aetivatad el somes [FACS - based pat%ents and controls always has the same direction, in CVID
classification of CVID patients according to B cells patients the slopes are greater.
We have classified our patients into four groups in accor-
dance with the Freiburg group’s classification [17]. Six 80 ey . . . ‘ . .
patients had B cells less than 1% of PBLs (group III). The 70F . ° _
remaining 36 patients were divided into the following 6of ° ° ° E
groups: 11 patients belonged to group Ia, 15 to group Ib and 050F S en o §48.3 E
10 to group II (Table1). The clinical characteristics of 2 1.0k g o N = 44.7;
patients belonging to these subpopulations are given in a0k © <358 8 E
Table 2. We observed a higher incidence of splenomegaly in sof E 3
groups Ia and III compared with group II (Ia versus II: 10E N . E
P =0-03, IIT versus II: P = 0-04, Fisher’s exact test). We found QB i s 66 pwid i ¢ 0a {6 0A 6 64 BT T 08 PAE B DR D 3
significant differences in the patients’ age in groups Ia and Ib la Ib CVID group I I
(P=0-008, Student’s t-test and P =0-009, Mann—Whitney
test) (Fig. 1). We did not find any significant differences in Fig. 1. Age distribution in common variable immunodeficiency
age between the remaining groups. subgroups.
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Fig. 2. Plots of significant correlations between

age and evaluated lymphocyte subpopulations in
common variable immunodeficiency patients.
Spearman’s rank correlation (R) was used. Using
Bonferroni’s correction only values of P < 0-002 were

% CD45RA of CD4*

considered to be significant. No significant correla-

tions were observed for all antigens expressed on
CD8" cells and for CD4" cells expressing markers
CD28, CD29, CD62L CD25 and HLA-DR. The
only positive correlation observed in the control
group was between the age and percentage of
CD45RO" CD4'/CD4". Using Bonferroni’s correc-

% CD45RO of CD4+

tion only values of P < 0-0001 were considered to be

significant for the control group.

T lymphocytes

T lymphocyte subpopulations in various CVID subgroups
are shown in Table 3. When analysing significant differences
in T lymphocyte subpopulations in CVID subgroups com-
pared to controls, we found that the abnormalities in CD8"
subpopulations scarcely depended on the CVID subgroups,
as abnormalities in the percentage of CD27%, CD28", CD38"
and CD57" cells in the CD8* subpopulation were observed in
almost all groups investigated.

Conversely, the CD4* subpopulation abnormalities dif-
fered according to CVID subgroups. Although the increase
in CD45RO" activated/memory CD4" T cells was docu-
mented in all CVID subgroups, abnormalities in other T
lymphocyte activation markers (increased in CD29, HLA-
DR, decreased in CD27, CD62L, CD45RA) were observed
specifically in group Ia and also the differences from the

control group were more significant in the Ia subgroup than
in the remaining groups.

Comparing the frequency of T cell abnormalities in
various CVID subgroups, no differences were observed in
subpopulations CD4", CD28 of CD4" or CD25 of CD4". Sta-
tistically significant differences were observed most fre-
quently comparing groups Ia and Ib; comparing other
groups, the differences were relatively rare (see Table 4).

Relations between T and B lymphocyte subpopulations
in CVID patients

No significant correlations were observed between T cell
activation markers and the percentage of memory
CD27"1gD" B cells. When analysing relations between
immature IgM* CD21™ B cell and T lymphocyte activation
markers, we showed a correlation between CD27*, CD62L",
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Age and T and B lymphocyte subpopulation in CVID

Table 3. T lymphocyte subpopulations and expression of activation markers in various subgroups of common variable immunodeficiency (CVID)

patients; see Introduction for definition of CVID subgroups.

CVID with
B cells la
(mean * s.d.) (mean *s.d.)
CD4" 37-2+9-6§ 40-3+11-0
%CD27* of CD4" 81-01+13-6§ 68111528
%CD28" of CD4"™ 93-4%5-9§ 92:7+59
%CD29" of CD4" 64:0+17-0§ 72:0£21-7§
%CD62L" of CD4* 64:0+ 195 45-8 11865
%CD45RA" of CD4™ 24:9+172§ 811695
%CD45RO" of CD4* 77-4£16:7§ 92:51 76§
%CD25" of CD4"™ 411245 39+2.7
%HLA DR* of CD4* 15:0+9:3§ 23:31£10:5§
CD8" 32:11£10-1§ 36-8+9:0§
%CD27" of CD8" 46:3+21-7§ 31-31+16-0§
%CD28" of CD8" 38:9420-5§ 24-4+11-8§
%CD29" of CD8" 78-:8 £23-2§ 90-8 £9-9
%CD62L" of CD8* 3771191 30-5+ 154
%CD45RA" of CD8" 534+ 146 47-5+14:5
%CD45RO" of CD8* 43-8+13-6 49-4+12:0
%HLA DR" of CD8" 21-31+15-8§ 266+ 7-9§
%CD38" of CD8" 29-81+166§ 341+ 146§
%CD57" of CD8" 32:8+14-3§ 41-2+82§

1b I 111 Controls
(mean *s.d.) (mean * s.d.) (mean *s.d.) (mean *s.d.)
36-81+10-0§ 342165$ 3641 89§ 472+77
880+ 72 84:5+£9:0 80-0+9-7§ 89-6 63
93-6+4-4 93-8+8:1 92:1+83 967 £ 4.7
58-4+ 154 63-6£10-0 580+ 17-7 499+ 11-0
737+ 146 69-5+12:6 72:2%175 74-2+109
37:3:+ 15:7 24-7 £ 10-8§ 21-1+£17-2§ 462+ 139
67:9116:7§ 751112:3§ 76:5118:5§ 55-7+14-3
441265 3-8+ 1-8§ 2:0%1-0 19+0-8
10-7+£ 59 12:4 163§ 11-1 £ 6-0§ 53+3:0
32:71+10-2§ 25-9+8-8§ 43-91+11-4§ 18351
52-6+22-1§ 53-4%19-8 29-2+167§ 689+ 18:0
43.9+21-7§ 47-6 £19-0§ 22-7+12-8§ 68-0 £ 19-4
65:9+267§ 85-0£19:6 85-5+21-7 95-5+4-3
41-1£23-1 40-8 £ 155 244+ 151 427+ 167
61-2+12-3 482+ 135 50-6 £ 20-5 59-0 £ 14-1
367+ 119 48-2%13:9 46-5+19-9 39-8+13-3
19-0+ 219 18-8+10-5§ 23-61+12-5§ 71169
30-6 193§ 23-7+13-7§ 31-8+13-1§ 11-:3+6-1
28:51+16-8S 29-8+12-7§ 49-1+£10-2§ 162+12-9

§Statistically significant difference from the control group (P < 0-05) shown in bold type.

CD45RA*, CD45RO" and HLA-DR" of the CD4" cells. Con-
cerning CD8" T cells, we detected correlations between
IgM* CD21" B cell and CD57", such as HLA-DR" subpopu-
lations (see Table 5).

Discussion

The goal of our study was to disclose relations between T and
B cell abnormalities in CVID patients. Some lymphocyte
abnormalities were observed in the majority of CVID
patients almost independently of B cell-based (Freiburg
group) classification: the CD8" cells were not only increased
in number, but were also activated as seen by increased
expression of CD38, CD57 and HLA-DR and decreased
expression in CD27 and CD28. CD8" cells expressing CD57
and CD38 without expression of CD27 and CD28 were
described as effector cells in viral infections [20-22].

Although, with the exception of chronic enteroviral menin-
goencephalitis, no well-defined viral infection was proved to
be increased in CVID [23], perhaps common respiratory
viruses [24] cause this stimulation.

A different situation was found in CD4"T cells. We
observed that these cells were activated predominantly in
patients with decreased activated memory (CD27") and
increased immature B cells (IgM*" CD21") (group Ia accord-
ing to the Freiburg group classification) [17]. The patients
from this subgroup also had the sharpest change in T lym-
phocyte subpopulations compared to controls: decreased in
CD27, CD62L, CD45RA and increased in CD29, HLA-DR,
CD45RO0 of CD4" cells. The change in these CD4" lympho-
cyte markers indicates a shift to activated and memory phe-
notypes. Our observation is in accordance with the study by
Piqueras et al., who showed that patients with normal num-
bers of memory (IgD"CD27%) cells up-regulate lymphocytes

Table 4. Statistical comparison of differences between common variable immunodeficiency subgroups as determined by two-sided binomial testing

expression of defined T lymphocyte activation markers. The numbers in the table represent P-values for the difference in proportion of patients with

abnormal values of particular T lymphocytes. Statistically significant difference between groups is shown in bold type.

Ta/Ib Ta/IT Ta/IIL Ib/1L Ib/111 /11
%CD27 of CD4* <0-001 0-027 0-061 0-14 0-142 0-902
%CD29 of CD4* 0-032 0-136 0-083 0-572 0-876 0-571
%CD62L of CD4* 0-013 0-056 0-083 0-643 0-815 0-884
9%CD45RA of CD4* 0-002 0-027 0-495 0-307 0-023 0171
%CD45RO of CD4* 0-002 0-010 0-024 0-572 0-534 0-902
% HLA-DR of CD4* 0-043 0-137 0-186 0-626 0-680 1-000
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Table 5. Correlations between the expression of maturation/activation markers on B and T lymphocytes. Spearman’s rank correlation (R) was used.

Using Bonferroni’s correction only the values P < 0:0028 and P < 0-004 for CD4" and CD8" subpopulations (subsequently) were considered as

significant (shown in bold type).

IgM 21y, of CD19

IgD 27" of CD19

R P R P
CD4 —0-063582 0-712574 0-091912 0-610953
%CD27 of CD4" —0-690907 0-000003 —0-213235 0-233467
%CD28 of CD4" —0-313791 0-062366 —0-065508 0-717207
%CD29 of CD4" 0-498359 0-001979 0-167447 0-351638
%CD62L of CD4" —0-735440 0-000000 —0-107955 0-549846
%CD45RA of CD4" —0-643027 0-000023 —0-187578 0-295874
%CD45RO of CD4" 0-628869 0-000040 0-191025 0-286926
%CD25 of CD4" —0-130768 0-447141 —0-180329 0-315266
% HLA-DR of CD4* 0-545981 0-000572 0-009358 0958778
CD8 0-220592 0-196068 —0-047794 0791687
%CD27 of CD8" —0-486744 0-002610 0-109291 0-544886
%CD28 of CD8" —0-404118 0-014509 —0-080214 0-657229
%CD29 of CD8" 0-336165 0-045009 0-008356 0963191
%CD62L of CD8* —0-292149 0-083813 —0-115976 0-520408
%CD45RA of CD8" —0-245560 0-148860 —0-266377 0-134019
%CD45RO of CD8" 0-216988 0-203660 0-202540 0-258305
% HLA-DR of CD8" 0-524067 0-001036 0-027409 0-879654
%CD38 of CD8" 0-185586 0-278514 —0-075535 0-676107
%CD57 of CD8" 0-589356 0-000156 —0-017380 0923524

less with activation markers associated with chronic stimu-
lation of CD4" cells (increased in HLA-DR, CD95 and
decreased in CD45RA) and CD8" cells (increased in HLA-
DR and CD57) compared to patients with a decreased pro-
portion of CD27" cells [18].

However, CD4" T lymphocyte abnormalities were also
seen in other subgroups of CVID patients. CD25 expression
on T lymphocytes was increased in groups Ib and II, while
there were no significant changes in CD62L and CD29 anti-
gen expression. CD25 is an early activation marker whose
expression begins 4 h after activation [25], while CD29 is
positive mainly on memory T cells long after previous acti-
vation [26]. CD62L (L-selectin) initiates entry of T cells into
the peripheral lymph nodes; it is shed from the cell surface
following lymphocyte activation [27]. Taken together, the
early activation pattern in particular is seen on CD4" lym-
phocytes in groups Ib and II.

We observed several correlations between CD4" cell acti-
vation markers and differentiating markers of B lympho-
cytes. They were limited to the IgM* CD21" subpopulation
of immature B cells, which correlated with the expression of
several T cell markers (decreased in CD27, CD62L, CD45RA
and increased in CD29, HLA-DR, CD45R0O). This shows
that the extent of activation of CD4" T cells in group Ia may
be related to the number of immature B cells. These results
can be explained by a more significant regulatory defect or
by secondary stimulation of the immune system by the anti-
gen load in immunodeficient patients.

Surprisingly, when comparing T lymphocyte abnor-
malities in various CVID subgroups we observed most

differences between subgroups Ia and Ib, both of which are
characterized by decreased numbers of memory (CD27%) B
cells; moreover, the subgroup Ia was more similar to sub-
groups II (normal B cell subpopulations) and I1I (decreased
number of B cells) than to Ib. We also showed that subgroup
Ib was more similar to normal donors than the other sub-
groups. Because the number of IgM* CD21~ (immature B
cells) is also increased in subgroup II, it seems that increased
T cell activation accompanies disturbed maturation of B cells
from immature to mature cells in CVID patients.

We showed that the decrease in memory-switched cells in
CVID patients may be age-dependent, because the number
of CD27IgM" naive B cells decreased with age, while
CD27" IgM* non-switched memory cells increased. This
phenomenon was not observed either in our control group
or in healthy people in another study [28]. Evaluating T lym-
phocyte subpopulations, only an age-dependent shift from
CD45RA into CD45RO in CD4" populations was observed
in both CVID patient and control groups, while the decrease
in CD27 in CD4" populations was seen in CVID patients but
not in controls. In another study a similar decrease in the
proportion of CD4" CD27"in CD4" cells was observed in
older people (75-84 years) compared to young people (19—
28 years) [29]. In our study the proportion of CD27* CD4*
cells in the control group was similar, but the proportion of
CD27" CD4" cells in middle-aged CVID patients was com-
parable to healthy older patients [29]. The increase in
CD45RO" and decrease in CD45RA™ CD4" cells was more
extensive in our CVID patients than in older people [28].
However, in other studies we found that the defect in
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functional activation of T cells [5,7] and the cytokine release
(e.g. interleukin-4) in CVID patients was different from the
outcome of the study of older people [29]. This shows that
the observed subpopulation changes in CVID may not only

be the results of ageing of the immune system.

Future studies of T and B cell subpopulations might help

to define more effectively subgroups of CVID patients and

disclose aetiopathogenetic mechanisms leading to a blockade

of antibody production in various CVID subgroups.
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Nase vysledky publikované v ¢lanku Age dependency and mutual relations in T and B lymphocyte
abnormalities in common variable immunodeficiency patients potvrdila fada dalSich nezavislych studii.
Fenotypy T-lymfocytl byly zkoumany v fadé kohort CVID, pficemz redukce naivnich CD4* T lymfocytd
byla nejkonzistentn&j$im vysledkem.*® Publikovana byla také T-lymfocytarni klasifikace CVID.* V ni
bylo navrzeno rozdéleni pacientli CVID podle poctu naivnich CD4* T-lymfocytl. RozliSeny byly tfi
skupiny: (1) pacienti s vyrazné snizenym poctem a vysokou aktivaci naivnich CD4+ T-lymfocytl, ¢asto
se sklonem k apoptdze, zménam v TCR repertodru, splenomegalii a zavaznymi komplikacemi; (2)
pacienti s podobnym, ale mirnéjsim profilem; (3) pacienti s normalnim poctem naivnich CD4* T-
lymfocytd, ale se zménami v populaci CD8" T-lymfocytll a mirnéjsim pribéhem. Nasledné studie
prokdzaly silnou korelaci mezi poétem naivnich CD4+ T-lymfocytl a klinickymi projevy.* Pacienti
CD4* T-lymfocytl, nasleduji pacienti s polyklondlni lymfoproliferaci.*® Studie zahrnujici 238 pacientd
prokazala, Ze podil naivnich CD4* T-lymfocytl pod 10 % je citlivym indikdtorem bunécné
imunodeficience a je spojen s vy$sim vyskytem komplikaci, véetné lymfoma a umrti.*”*® Dysfunkce T-
lymfocytd u pacientd s CVID a autoimunitnimi komplikacemi doklada, Ze patogeneze tohoto
onemocnéni presahuje poruchy B-bunécéné imunity. Tito pacienti maji nizsi celkovy pocet CD4* i CD8*
T-lymfocytl neZ jedinci s CVID bez autoimunitnich projevd,® pfi¢emi nizké poéty CD8* T bunék
predikuji vy$3i riziko autoimunitnich manifestaci.**>° Autoimunita je dale spojena s Gbytkem naivnich
a nardstem termindalné diferencovanych forem CD8* T-lymfocytl. Typickym rysem je rovnéz snizeny
polet regulaénich T-bunék (Treg) se snizenou expresi FOXP3 a oslabenou supresivni funkci.>™>3
U téchto pacientll byl také zaznamenan zvyseny pocet prozanétlivych Th1 a folikularnich T-helper (Tfh)
bunék, jejichZ vy33i zastoupeni v periferni krvi odpovida expanzi zdrodeénych center.>*% Vzhledem k
tomu, Ze CVID je vidy provazen nizkymi hladinami IgA, mlze byt zvySeny pocet Tfh reakci c¢astecné
dusledkem endotoxemie zplisobené mukézni deficienci IgA a naslednou mikrobidlni translokaci.>® U
pacientl s autoimunitni formou CVID byla navic popsdna expanze Th17 lymfocytd.>”*® Tyto nélezy
ukazuji, Ze pro CVID s autoimunitnimi komplikacemi je charakteristickd dysregulace T-lymfocytQ,
zejména Ubytek Treg a narust efektorovych a pamétovych prozanétlivych subpopulaci.
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7.2 Srovnani zmén T- a B-lymfocytarnich populaci u pacientt s CVID a se
selektivnim deficitem IgA (sIlgAD)

CVID a deficience IgA (IgAD) jsou povaZovany za r(izné fenotypové projevy podobného nebo
souvisejiciho genetického pozadi, o cemz svédci jak popsané pfipady prechodu pacientl z IgAD do
CVID, tak i vyskyt rodin, u nichZ se obé poruchy vyskytuji sou¢asné.®>® Z tohoto diivodu byl nds vyzkum
zaméren také na analyzu T- a B-lymfocytarnich populaci u pacientl se slgAD. Z nasSich vysledk(
vyplynulo, Ze u pacientl s IgA deficitem nebyly v B-bunécné populaci zjistény vyznamné zmény
v zastoupeni naivnich a pamétovych subsetd, pouze mirné zvy3eni poctu CD21"°% B-lymfocytd. U téchto
pacientd jsme pozorovali u T-lymfocytl vzestup absolutniho po¢tu CD8* T-lymfocytu a relativni pokles
CD4* T bunék. Podrobnéjsi analyza diferenciacnich stadii T-lymfocytl podle exprese CD45R0 a CD27
nam ukazala, Ze u pacientl se sIgAD dochazi ke sniZzeni podilu naivnich CD4* T bunék a narlstu pozdné
diferencovanych pamétovych bunék v populaci jak pomocnych, tak cytotoxickych T-lymfocytl. Tyto
zmény byly u CVID vyjadieny vyraznéji a statisticky vyznamné a u pacientl s CVID jsme navic
zaznamenali pokles ¢asné diferencovanych CD4* T bunék a sniZeni podilu naivnich CD8* T bunék.
| v jinych studiich byly potvrzeny nase vysledky: u pacientll s CVID byl opakované popsan zvyseny
absolutni poéet CD8* cytotoxickych T-lymfocytt a snizeny pocet CD4* pomocnych T bunék.*4

U CD4* T bunék jsme nalezli pokles exprese HLA-DR a narlst CD25* bunék, zatimco u CD8* T bunék

jsme zaznamenali snizenou expresi CD29. Snizena exprese CD29 m{iZze znamenat oslabenou schopnost
aktivace CD8* T bunék, nebot bylo publikovano, ze CD29* cytotoxické T-lymfocyty vykazuji vyssi
produkci IFN-y, granzymu a perforinu nez CD29~ buriky, coz svédci o jejich vyznamé efektorové funkci
s vyssi aktivitou regulacnich T bunék, coZ podporuje nami popsany zvyseny pocet CD4*CD25* bunék,
podobné jako publikovali Raziuddin et al.®® Vzhledem k tomu, Ze CD25 je exprimovan i na aktivovanych
T-lymfocytech, nebylo mozné bez dalSich markerl z nasich vysledkd jednoznacné odlisit regulacni
buniky. Absence zvysené exprese HLA-DR na CD4* T-lymfocytech vsak spiSe naznacuje, Ze nejde
o aktivované efektorové bunky.

Ubytek CD4* T-lymfocyt( u pacientl s CVID tedy souvisi pfedev$im se ztratou naivnich bunék, zatimco
nartst CD8* T bunék odrazi expanzi ¢asné a pozdné diferencovanych efektorovych populaci. Tento
posun T-lymfocytarnich subsetl smérem k pamétovym a efektorovym formam podporuje hypotézu
o predcasném starnuti imunitniho systému (immunosenescence) u pacientl s CVID. U pacientl se
selektivnim deficitem IgA jsou obdobné zmény pritomny také, avsak v méné vyjadrené podobé.

T and B lymphocyte subpopulations and activation/differentiation markers in patients with selective
IgA deficiency. Litzman J, Vlkovda M, Pikulova Z, Stikarovskd D, Lokaj J. Clin Exp Immunol. 2007
Feb;147(2):249-54.

Vlkova: zpracovani vzork( krve pacientd i kontrol, méreni a vyhodnoceni cytometrickych dat, psani
publikace.
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Introduction

Summary

Selective deficiency of immunoglobulin A (IgAD) and common variable
immunodeficiency (CVID) are genetically closely related diseases, both of
unknown pathogenesis. A plethora of abnormalities in lymphocyte subpopu-
lations and expression of activation markers were repeatedly documented in
CVID patients, while almost no data are available about lymphocyte sub-
populations in IgAD patients. We determined basic lymphocyte subpopula-
tions and those subpopulations that were reported to be abnormal in CVID
patients (CD25, human leucocyte antigen (HLA)-DR CD45RA, CD45RO,
CD27, CD28 and CD29 on both CD4" and CD8" cells, CD57 and CD38 on
CD8" cells, CD21, CD27, IgM, IgD on B lymphocytes) in 85 patients with
IgAD, 47 patients with CVID and in 65 healthy controls. Statistical analysis
was performed by the Mann—Whitney U-test; significant P-values were deter-
mined by means of Bonferoni’s correction. Our results showed an increase in
the relative number of CD8" cells and a decrease in the absolute number of
CD4* cells compared to healthy people, but similar abnormalities in CVID
patients were much more expressed. IgAD patients had significantly decreased
expression of HLA-DR and increased expression of CD25 on CD4* lympho-
cytes, also CD29 expression was decreased on CD8* cells, while other
activation/differentiation markers on T cells (including the expression of
CD45RA and CD45RO antigens) were not changed. There were no statisti-
cally significant abnormalities in B lymphocyte developmental stages in IgAD
patients compared to healthy controls. Our observation showed that the
majority of T and B lymphocyte subpopulation abnormalities described pre-
viously in CVID are not present in IgAD patients.

Keywords: common variable immunodeficiency, B lymphocyte subsets, dif-
ferentiation antigens, IgA deficiency, T lymphocyte subsets

occurrence of both diseases has been documented repeat-
edly [3,4]. Deficiency of transmembrane activator and

Selective deficiency of immunoglobulin A (IgAD) is the
most frequent, but usually asymptomatic, abnormality of
immunoglobulin production, with a frequency ranging from
1:278 to 1:3040 in Caucasians [1]. Despite its high fre-
quency, very little is known about the aetiopathogenic
mechanisms leading to this immunological abnormality.
IgAD is linked to a more severe immunoglobulin pro-
duction disease — common variable immunodeficiency
(CVID), which is characterized by decreased IgG and IgA
levels, while IgM levels are variable. Clinically significant
immunodeficiency evolves at any age after apparently
normal function of the immune system [2]. Familial

CALM interactor (TACI) was observed both in CVID
and IgAD patients [5,6]. All these results show that
IgAD and CVID may be different phenotypic manifesta-
tions of the same, or similar, genetic background. Repeat-
edly documented progression of IgAD into CVID [7]
shows that IgAD may be a developmental stage in evolving
CVID.

Although the pathogenesis of CVID has not yet been elu-
cidated, many abnormalities in the number or function of
immune cells were described in CVID patients. Great atten-
tion has been given to abnormalities in lymphocyte
subpopulations. Defective activation of T lymphocytes

© 2006 British Society for Immunology, Clinical and Experimental Immunology, 147: 249-254 249
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[8-10] and impaired cytokine production [11-13] were
observed in CVID patients. Various T subpopulation abnor-
malities including a decreased number of CD4" cells
[14-16], reduced expression of CD45RA [15] and CD62L
[17] or increased expression of CD45RO [15] on CD4" cells,
human leucocyte antigen (HLA)-DR [16] and CD57 on
CD8" [18] were reported. Also, decreased expression of
CD27, CD28, CD29 on both CD4"and CDS8" cells and
increased expression of CD38 and CD57 on CD8" cells were
observed [19]. When evaluating B lymphocyte subpopula-
tions, a decrease in the number of memory CD27" IgD™ IgM
B cells has been described repeatedly [20-24].

Despite the assumed relation of CVID and IgAD, there are
almost no data available about T and B lymphocyte sub-
populations in IgAD. Previous studies performed on limited
numbers of patients showed a possible decrease of the pro-
portion of CD4" cells and increase of proportion of CD8"
cells [25-27], while Klemola et al. [28] did not observe any
significant abnormalities in relative numbers of CD3*, CD4*
and CD8" cells. Because of the above-mentioned similar
genetic background of CVID and IgAD, assessing those
abnormalities in IgAD may help to elucidate whether lym-
phocyte abnormalities in CVID are primary, inherited or
whether they evolve secondarily during the development of
the diseases, or are even a consequence of immunodeficiency
in CVID.

In our study we have evaluated lymphocyte subpopula-
tions most frequently known to be abnormal in CVID
patients in a group of 85 patients with IgAD, 65 controls and
47 patients with CVID.

Patients and methods

Eighty-five patients with IgAD fulfilling diagnostic criteria of
IgAD [29] (48 females, 37 males) aged 18-72 years were
included in the study. These patients were referred most
frequently for immunological investigation because of
apparently increased frequency of mild respiratory tract
infections; none of them suffered from clinically significant
immunodeficiency or clinically apparent autoimmune
disease. Lymphocyte subpopulations were also determined
in 47 patients with CVID (30 females, 17 males) aged
10-75 years. A detailed analysis of relations of lymphocyte
subpopulations in the CVID subgroup has been published
previously [19]. As a control group, 65 healthy people with
normal serum IgA levels (35 females, 30 males) aged
22-66 years were used. Controls were recruited from hospi-
tal staff and medical students. All blood samples were
obtained in an acute infection-free period; in CVID patients
on IVIG treatment, blood samples were obtained prior to
immunoglobulin infusion.

The study was approved by the Ethics Committee of the
Faculty of Medicine of Masaryk University in Brno.
Informed consent was obtained from all investigated indi-
viduals before the samples were drawn.

Lymphocyte subpopulation determination

All blood samples were taken between 8 and 11 a.m. to
exclude diurnal variation of lymphocyte subsets. B lympho-
cyte subpopulations were analysed from density gradient
separated cells while T lymphocyte subpopulations were
determined from non-separated blood, as described previ-
ously [19]. Immunophenotyping of lymphocytes was per-
formed by four-colour cytometry Epics MCL (Beckman
Coulter Miami, FL, USA).

Major lymphocyte populations were determined by two
cocktails of monoclonal antibodies (MoAb): 1, anti-CD45
fluorescein isothiocyanate (FITC), anti-CD4 phycoerythrin
(PE), anti-CD8 phycoerythrin-Texas red X (ECD) and anti-
CD3PCS5; 2, anti-CD45FITC, anti-CD56PE, anti-CD19ECD,
anti-CD3 r-phycoerythrin-cyanine 5 (PC5); (Cyto-Stat tet-
raCHROME; Beckman Coulter, Miami, FL, USA) and anti-
CDI16PE (Immunotech, Marseille, France). In addition, the
following MoAbs were used: PE-conjugated anti-CD38,
CD45RA, CD45RO, FITC-conjugated anti-CD25, CD27,
CD28, CD29; CD57, CD62L; PC5—conjugated anti-CD3
(all from Dako A/S, Glostrup, Denmark); PC5-conjugated
anti-CD27, ECD-conjugated anti-CD4, CD8, CD19 (all
from Beckman Coulter); FITC-conjugated anti-CD38,
PE-conjugated anti-IgD and anti-CD21, PC5-conjugated
anti-IgM (all from Pharmingen International, San Diego,
CA, USA) and PE-conjugated anti-HLA-DR (Becton Dick-
inson, San Jose, CA, USA).

Statistical analysis

Normality of the obtained lymphocyte subpopulations was
assessed by the Kolmogorov—Smirnov test. Because the
majority of the obtained values showed a distribution differ-
ent from normal, a non-parametric Mann—-Whitney U-test
was used. Critical values for statistical significance were
determined by Bonferroni’s correction [30] for each group
of lymphocytes: absolute and relative numbers of major
lymphocyte subpopulations, CD4* activation/differentiation
markers, CD8" activation/differentiation markers, absolute
and relative numbers of B cell activation states. Statistical
package staTIsTICA (StatSoft, Inc.) version 7 was used.

Results

The absolute and relative numbers of CD3*, CD4" and CD8"
T lymphocytes in IgAD patients, healthy controls and CVID
patients are shown in Tables 1 and 2. As can be seen, the
absolute number of CD4" cells was decreased and the relative
number of CD8" cells was increased in IgAD patients com-
pared to healthy controls. Comparing CVID patients with
IgAD patients, the relative numbers of CD3*, CD8" cells were
increased in CVID patients while CD4" and natural killer
(NK) (CD16/56" CD3") cells were decreased compared to
IgAD patients. Evaluating absolute numbers, the number of

250 © 2006 British Society for Immunology, Clinical and Experimental Immunology, 147: 249-254
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Lymphocyte subpopulations in IgAD

Table 1. Relative numbers of basic lymphocyte subpopulations in IgAD, CVID and controls. Results are expressed as median = standard deviation
(s.d.). Lymphocytes are expressed as percentage of CD45" cells, lymphocyte subpopulations as percentage of lymphocytes.

Controls IgAD CvID P, 1gAD P, 1gAD

(n=065) (n=85) (n=47) controls CVID
Lymphocytes (%) 310+ 78 29:0:*: 75 240 =107 0-084 0-007*
CD3* (%) 740 £ 75 73071 790 £ 91 0-799 <0-001*
CD4" (%) 459 = 85 427 + 82 378 £ 95 0-015 <0-001*
CD8* (%) 21-8 £ 74 259 =58 36-0 = 11-4 <0-001* <0-001*
CD19* (%) 11-09 *=°3-1 12-0 = 4.0 10-0 = 7-3 0-094 0-099
CD16/56" CD3™ (%) 150+ 7-8 13-0 = 6-4 80*71 0-422 0-004*

*Indicates statistically significant difference using critical value after Bonferroni’s correction: 0-008. CVID: common variable immunodeficiency;
IgAD: selective deficiency of immunoglobulin A.

CD4 cells and NK cells was also decreased significantly in CD29" cells decreased in IgAD compared to CVID patients

CVID patients compared to IgAD patients. (see Table 3).

Assessing the expression of activation/differentiation When assessing activation/differentiation markers on
markers on CD4" cells, a decreased expression of HLA-DR CD8" cells, only a decrease in CD29" expression was observed
on CD4" cells and an increased expression of CD25 on CD4* comparing IgAD and healthy people or CVID patients, while
cells was observed in IgAD patients compared to controls; almost in all parameters significant differences were observed
this increase was also significant when comparing IgAD between CVID and IgAD patients (decrease in CD45RO,
patients with CVID patients. No other significant differences CD57, CD38, HLA-DR and increase in CD25, CD27 and
were observed when comparing IgAD and controls. When CD28 when comparing IgAD to CVID patients) (see Table 4).
comparing IgAD patients with CVID patients, an increase in There were no significant abnormalities in the absolute
the expression of CD45RA and a decrease in the expression and relative numbers of B lymphocyte differentiation stages
of CD45RO and HLA-DR was observed in IgAD patients. when comparing IgAD and controls, while in CVID patients
Also, the number of CD28" cells was increased and that of typical abnormalities described previously by others [20-24]

Table 2. Absolute numbers of basic lymphocyte subpopulations in IgAD, CVID and controls. Results are expressed as median * standard deviation
(s.d.).

Controls IgAD cvID P, IgAD P, 1gAD

(n=65) (n=285) (n=47) controls CVID
Leucocytes (10°/1) 61* 15 61*+16 6323 0-962 0-483
Lymphocytes (10°/1) 1-89 + 0-12 1.77 *0:12 1-61 * 0-25 0-170 0-186
CD3* (10°/1) 1-32 £ 0-49 1-25 = 0-43 122 £0-77 0-231 0-483
CD4* (10°/1) 0-89 = 0-36 075 £ 0:28 0-54 = 0-32 0-006* <0-001*
CD8" (10°/1) 0-39 *+ 0-32 0-43 = 0-20 0-58 *+ 0-50 0-143 0-023
CD19* (10°/1) 0-21 = 0-09 020 = 0-11 0-15 = 0-18 0-905 0-023
CD16/56* CD3~ (10°/1) 0-24 = 9-20 022 + 0-13 0-14 = 0-11 0-117 0-003*

*Indicates statistically significant difference using critical value after Bonferroni’s correction: 0-007. CVID: common variable immunodeficiency;
IgAD: selective deficiency of immunoglobulin A.

Table 3. Activation/differentiation markers on CD4" cells on IgAD, CVID and controls. Results are expressed as median * standard deviation (s.d.).

Controls IgAD cvID P, 1gAD P, 1gAD

(n=65) (n=85) (n=47) controls CVID
CD4" CD45RAY/CD4" (%) 449 * 162 450 = 144 24-3 =163 0775 <0-001*
CD4* CD45RO*/CD4* (%) 497 * 15-1 541 £ 15-1 754 = 189 0-597 <0-001*
CD4* HLA-DRY/CD4* (%) 69 = 64 39*36 10-2 = 8:2 <0-001* < 0-001*
CD4* CD25*/CD4* (%) 3:5 =31 97 £ 40 65 %79 <0-001* <0-001*
CD62L" CD4"/CD4" (%) 753 £ 118 746 = 112 719 * 184 0-887 0-131
CD4* CD27%/CD4* (%) 89-0 = 85 863 £ 79 859 = 12-8 0-039 0-314
CD4" CD28%/CD4" (%) 983 = 46 98:3 =+ 3:6 956 £ 5:9 0-868 <0-001*
CD4* CD29*/CD4* (%) 50-4 + 12:5 472 * 13-4 653 = 16:6 0-197 <0-001*

*Indicates statistically significant difference using critical value after Bonferroni’s correction: 0-006. CVID: common variable immunodeficiency;
IgAD: selective deficiency of immunoglobulin A.
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Table 4. Activation/differentiation markers on CD8" cells of IgAD, CVID and control. Results are expressed as median = standard deviation (s.d.).

Controls IgAD CVID P, IgAD P, IgAD

(n=65) (n=85) (n=47) controls CVID
CD8" CD45RA*/CD8" (%) 624 + 13:5 585 * 14-8 54-8 + 16-2 0-197 0-131
CD8" CD45RO*/CD8" (%) 345 £ 136 289 * 13-1 41-2 = 142 0-010 <0-001*
CD8* CD57/CD8" (%) 17-3 = 150 185 * 12.9 347 £ 147 0:965 <0-001*
CD8* CD38/CD8" (%) 133+ 83 10-0 = 7.1 238 *17-0 0-014 0-001*
CD8" CD25*/CD8* (%) 11 %= 32 17 £ 56 06 = 54 0-346 <0-001*
CD8" HLA-DR*/CD8* (%) 62 £ 62 24 * 46 14-5 = 15-8 0-280 0-005*
CD62L* CD8'/CD8* (%) 40-3 * 17-5 392 + 155 345+ 191 0-603 0-151
CD8" CD27*/CD8" (%) 69-2 £ 192 580 = 156 425 *+22:4 0-022 0-001*
CD8* CD28"/CD8" (%) 657 = 20-4 58-8 £ 179 356 = 20-4 0-030 0-002*
CD8" CD29%/CD8" (%) 934+ 74 791 + 128 924 *+ 217 <0-001* <0-001*

*Indicates statistically significant difference using critical value after Bonferroni’s correction: 0-005. CVID: common variable immunodeficiency;

IgAD: selective deficiency of immunoglobulin A.

were observed when compared to IgAD patients (Table 5).
When assessing B lymphocyte numbers according to the
Freiburg [22] classification of CVID, no major abnormalities
were observed. Only one IgAD patients and one control
person fell into group Ib.

Discussion

The goal of our study was to determine whether lymphocyte
subpopulation abnormalities observed in CVID patients
were also present in a genetically related disorder — IgAD.
The results showed that the longest known abnormalities in
CVID — the decrease in CD4" cells and the increase in the
relative number of CD8" cells — can also be documented in
IgAD patients although, in our results, these abnormalities
were demonstrated only in absolute numbers of CD4" cells
and in relative numbers of CD8" cells. The decrease in CD4"
cells was ascribed to the decrease in CD45RA" cells [15], but
we could not detect this abnormality in our IgAD patients;
the percentage of CD45RA and also CD45RO was normal
both in CD4" and CD8" cells.

A surprising observation was that of a decrease in the
expression of HLA-DR on CD4" cells of IgAD patients com-
pared to both CVID patients and healthy controls, and an
increase in the CD25 expression on CD4" cells, again com-
pared to both CVID and IgAD patients. Razziudin et al. [25]
also described increased expression of Tac (CD25) antigen
on peripheral blood lymphocytes in two of three IgAD
patients; these individuals had an increased proportion
of OKDR (HLA-DR) and OKIal (HLA-DR)-positive
peripheral lymphocytes. HLA-DR and CD25 are both acti-
vation markers of T lymphocytes; CD25 is an earlier activa-
tion marker compared to HLA-DR [31]. We cannot explain
the cause of possible activation of CD4" cells in our IgAD
patients because they were investigated in an infection-free
period and none of them had clinically apparent autoim-
mune disease at the time of investigation. Surprisingly, no
other activation abnormalities were observed in IgAD
patients compared to controls. As well as on the activated
lymphocytes, CD25 is also expressed on T regulated (T.c)
cells; we cannot exclude the possibility that this subpopula-
tion abnormality influences the above-mentioned difference

Table 5. Absolute and relative numbers of differentiation stages of B cells. CVID patients with B lymphocytes < 1% were excluded. Naive B lymphocytes
were defined as: CD19* CD27 IgM* IgD* cells, IgM memory as: CD19* CD27* IgM* IgD* cells, switched memory as: CD19* CD27* IgM™ IgD" cells,

immature as CD19" IgM*™ CD21".

Controls CVID P, IgAD P, IgAD

(n=65) (n=85) (n=40) controls CVID
Naive (10°/1) 0-099 = 0-053 0-111 = 0-072 0-142 %= 0-139 0-308 0-271
IgM memory (10°/1) 0-046 = 0-025 0-043 = 0-031 0-015 %= 0-043 0-902 <0-001*
Switched memory (10%/1) 0-034 *+ 0-038 0-028 * 0-024 0-004 * 0-012 0-108 <0-001*
IgM* CD21~ (10°/1) 0-009 = 0-011 0-012 = 0-015 0-029 = 0-064 0-034 <0-001*
Naive/B cells (%) 52:8:%:12:5 56-8 £ 145 833 + 15:8 0135 <0-001*
Naive/PBL (%) 18+ 1.1 16 £ 11 02 *06 0-203 <0-001*
IgM memory/B cells (%) 22:6 = 7-4 20-5 = 10-4 80 * 123 0-520 <0-001*
Switched memory/B cells (%) 196 = 75 149 + 7.5 1-8 = 3-8 0-039 <0-001*
IgM*™ CD217/B cells (%) 48+ 4.3 67 42 14-8 *+ 14-8 0-025 <0-001*

*Indicates statistically significant difference using critical value after Bonferroni’s correction: 0-006. CVID: common variable immunodeficiency;

IgAD: selective deficiency of immunoglobulin A.
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between IgAD and controls and also CVID patients. Unfor-
tunately, there are no data available about the number of T,
cells in IgAD patients. Similar changes as in CD4" cells were
observed in CD8" lymphocytes, although they were less
intensive, not reaching statistical significance when compar-
ing IgAD and controls.

Unlike in CVID, we could not document any statistically
significant abnormalities in the differentiation stages of B
cells, only a tendency to a decreased number of switched
memory cells and a mild increase in IgM* CD21" immature
cells was present, but these abnormalities were much less
extensive than those observed in CVID patients. In IgAD
patients, a reduced but still significant number of IgA* B cells
can be documented [28]. On a molecular level, an Io. germ-
line transcript expression was reduced and o circle tran-
scripts were not detected in three IgAD patients [32].
Another study showed normal Iot germline transcription in
four IgAD patients, but in two of them the Su-Sat switch
recombination was impaired while in the remaining two
decreased secreted and membrane Co. mRNA was markedly
decreased in IgA switched B cells [33]. All these results show
a probable heterogeneity in the B cell defect of IgAD
patients, but according to our results, unlike the situation in
CVID, such abnormalities do not affect maturation of the
majority of B cells, as reflected by lymphocyte activation
marker determination in blood.

In conclusion, our study showed that, with the exception
of abnormalities in the numbers of CD4*and CD8" cells,
no major abnormalities of lymphocyte subpopulations or
expression of activation/differentiation markers were
observed in IgAD patients. These results may show that lym-
phocyte subpopulation abnormalities seen in CVID are
probably not a consequence of an inborn genetic defect but
that they evolve as a part, or as a consequence, of immuno-
deficiency in CVID.
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Abstract

Introduction: Previous studies showed that several lymphocyte abnormalities seen in the most
[frequent symptomatic immunoglobulin deficiency, common variable immunodeficiency (CVID), were
also observed in a genetically related asymptomatic disorder — selective IgA deficiency (IgAD). In this
study we searched for abnormalities in the differentiation stages of T cells as well as for similarities of
these abnormalities in CVID and IgAD patients.

Material and methods: Using flow cytometry in 80 patients with IgAD, 48 patients with CVID,
and 80 control persons we determined T-lymphocyte subsets: both CD4 and CD8 were divided into the
naive CD45RO-CD27*, early differentiated CD45RO*CD27", late differentiated CD45RO*CD27 and
Sully differentiated effector CD45RO-CD27- memory T cells, as well as Treg cells, defined as CD4*C-
D25highCD127low T cells.

Results: An increase of CD4* and CD8* late differentiated memory cells was observed comparing
CVID patients to controls, as well as comparing IgAD patients to controls. In CVID patients an increase
of CD4* early differentiated memory cells, a decrease of CDS8* intermediate memory cells, and CD4*
and CDS8" naive cells were found as well. The abnormalities in IgAD patients might be explained by
higher CMV seropositivity observed in our IgAD. We confirmed the repeatedly published decrease of
Treg cells in CVID patients, while Treg cells in IgAD patients were increased compared to controls.

Conclusions: Our results show T-cell activation not only in CVID, but also in IgAD patients. The
increase in IgAD patients may be influenced by a more frequent CMV infection in our group of IgAD

patients.

Key words: IgA deficiency, common variable immunodeficiency, T-lymphocyte subpopulations,

CMV.

Introduction

The pathogenesis of selective IgA deficiency (IgAD,
serum IgA < 0.07 g/1, and normal other immunoglobulin
isotype levels), the most frequent immunoglobulin deficien-
cy in Caucasians, is unknown [1]. Patients with IgAD are
asymptomatic in most cases, or they may suffer from recur-
rent infections of the respiratory tract; also the frequency of
autoimmune diseases is increased in IgAD [2]. Compared
to this, in the most frequent symptomatic hypogammaglob-
ulinaemia: common variable immunodeficiency (CVID),
besides IgA, also IgG and frequently IgM serum levels are
decreased [3]. The clinical manifestation of CVID is diverse,

(Centr Eur J Immunol 2017; 42 (3): 244-251)

the patients suffer from recurrent and complicated infections
mainly of the respiratory tract, but also from autoimmune
diseases, splenomegaly, gastrointestinal diseases, or system-
ic granulomatous disease [4-6]. CVID seems to be a group
of different diseases with similar clinical and laboratory
manifestation, and we cannot exclude a similar situation in
IgAD. However, the occurrence of both diseases in affected
families and the repeatedly described progression of IgAD
to CVID suggest a similar genetic background of IgAD and
CVID, at least in some cases [7, 8].

Various abnormalities in the number or function of T
and B cells were described in patients with CVID [9-15].
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Assessing T cells, a decrease in CD4* and an increase in
CD8* T cells were repeatedly described, also an increase in
memory CD4*CD45RO* [9, 11, 12], activated CD4*CD25*
[11, 12], CDS8*HLA-DR* [9, 11-13], CD8*CD38* [11,
12], terminally differentiated CD8*CDS57+ [9, 12, 13], or
a decrease in, naive CD4*CD45RA*CD27- [11, 12], and
non-effector CD4*CD27+ [11], CD8*CD27* [11, 12], or
regulatory (ng) T cells [14, 16] were reported. Although
with a markedly less significant expression, some of these
abnormalities in T [11, 12] and B [10-12] cells were de-
scribed in IgAD as well, showing that the immunopatho-
genesis of both diseases may be similar. The elevated
numbers of activated CD4* and CD8* lymphocytes, but
also higher serum neopterin [17] or soluble CD25 (sCD25)
levels [18], point to the activation of the immune system in
patients with CVID and possibly IgAD.

The development and maturation of T cells in periph-
ery is a complex process, and various schemes are used
to describe the differentiation stages of T lymphocytes in
peripheral blood [19-21]. In our study, we intended to de-
termine the T-cell differentiation stages spectrum in CVID
and [gAD patients. For the differentiation stages of T cells
we used the scheme described by Maenetje [22] based on
the determination of CD45RO and CD27. Because our pre-
vious studies showed that many abnormalities in B-cell
subsets seen in CVID were also observed in IgAD patients
[10-12], we have also searched for similarities and dissim-
ilarities in T-cell differentiation stages in CVID and IgAD.

Material and methods

Peripheral blood was obtained from 80 patients with
IgAD (27 males and 53 females; aged 18-70, median 33
years), 48 patients with CVID (19 males and 29 females;
aged 19-75, median 45 years), and 80 healthy controls (27
males and 53 females; aged 18-74, median 32 years).

The control group was mainly represented by relatives
of hospital employees and students of medicine. The pa-
tients fulfilled the European Society for Inmunodeficiencies
(ESID) and the Pan-American Group for Immunodeficien-
cy’s (PAGID) diagnostic criteria for CVID and IgAD [23].

More detailed characteristics of these groups were de-
scribed previously [10].

T-cell analysis

Five millilitres of peripheral blood taken in ethylenedi-
aminetetraacetic acid (EDTA) was stained with monoclo-
nal antibodies and analysed using flow cytometry methods.
Forty-five microlitres of the blood was treated with 5-10 pl
of the appropriate antibodies for 30 minutes at laboratory
temperature in the dark. The blood was then processed for
automated lysis, stabilisation, and fixation of the sample by
a TQ-PREP workstation (Beckman Coulter, Miami, USA).

Central European Journal of Immunology 2017; 42(3)
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Flow cytometry analysis

Immunophenotyping was performed by flow cytomet-
ric analysis (five-colour flow cytometer FC-500; Beckman
Coulter with CXP software).

For the staining of T-lymphocyte differentiation stag-
es the following antibodies were used: R-Phycoeryth-
rin-Cyanine 7 (PC7)-conjugated anti-CD4, anti-CDS,
Phycoerythrin-Texas red X (ECD)-conjugated anti-CD8,
anti-CD45RO; PC5-conjugated anti-CD27, and anti-CD25
(all from Beckman Coulter). For the staining of T[egs we used
anti-CD4 PC7, anti-CD127 PE, and anti-CD25 PC5 (Beck-
man Coulter).

T lymphocytes, both CD4 and CD8, were divided
into naive CD45RO°CD27*, early differentiated (ED)
CD45RO*CD27+, late differentiated (LD) CD45RO*CD27,
and fully differentiated effector (FD) CD45ROCD27" mem-
ory T cells. In CD8* cells a unique CD45RO CD27%™ inter-
mediate population was determined as well [22] (Fig. 1).
ng cells were defined as CD4*CD25"'CD 127" [24] in
accordance with recent studies that demonstrated that the
description of T, as a CD4*CD25"'CD127"" phenotype
correlates well with FoxP3 expression [25, 26].

Autoantibodies

Enzyme-linked immunosorbent assay (ELISA) was
used for the determination of antibodies: anti-thyroid per-
oxidase (AESKULISA a-TPO, Aesku.Diagnostics, Wen-
delsheim, Germany), anti-thyroglobulin (AESKULISA
a-TG, Aesku.Diagnostics), anti-tissue transglutaminase
antibodies (AESKULISA tTg-G, AESKULISA tTg-A, Ae-
sku.Diagnostics), and the rheumatoid factor (AESKULI-
SA Rf-AGM, Aesku.Diagnostics). Anti-nuclear antibodies
were tested by indirect immunofluorescence (IIF) using
HEp-2 cells (HEp-2 kit, Euroimmun, Liibeck, Germany);
anti-gastric parietal cells, anti-reticulin, and anti-smooth
muscle antibodies were determined using the rat liver/
kidney/stomach IIF kit (Autoantibodies RL/RK/RS kit,
Orgentec, Mainz, Germany).

Detection of CMV-specific antibodies

IgG anti-CMV antibodies were determined by ELISA
using the EIA CMV IgG kit (Test-Line, Brno, Czech Re-
public). The cut-off of positivity was used upon the man-
ufacturer’s instruction.

Statistical analysis

Statistical significance was determined using a non-
parametric Mann-Whitney test for comparisons of two
independent samples. A standard level of statistical signif-
icance p = 0.05 was used. The results are expressed as me-
dian (fifth to 95" percentile). All analyses were performed
using Statistica 9.1 software (StatSoft Inc., Tulsa, USA)

245



Jana Nechvatalova et al.

[Lymphocytes] SS/CD4 PC7

[CD4+] CD45RO ECD/CD27PC5

10°
3 > 8 TNs258% ED: 39.78%
9 > Y 152.58% -30.78%
10' ~
[Ungated] SS/FS 2 g
1000 4 % @)
e
800 e g 10%
& FD: 0.96% LD: 6.78%
m6007 200 400 600 800 1000 0 200 400 600 800 1000
& Ss CD45RO ECD
400
[Lymphocytes] SS/CD8 PC7 [CD8+] CD45RO ECD/CD27PC5
200 10
100 . . ; . 104 1o
200 400 600 800 1000 S
Ss 5 = é [NJ1786%] | ED]1228%
3 ;
10'3 - S10'5, e
& 8 e |
@) @) - A
INT:]3.80%
10°4 104
: D AR
0 200 400 600 800 1000 10° 10 10010
ss CD45RO ECD

Fig. 1. Gating strategy for T-cell subsets. Gating is shown for a representative healthy donor. N naive cells (CD45RO~
CD27%), ED early differentiated (CD45RO*CD27%), LD late differentiated (CD45RO*CD27"), FD fully differentiated
effector (CD45RO-CD27"), INT intermediate (CD45RO-CD274*) memory T cells

and GraphPad Prism 5.04 software (GraphPad software
Inc., La Jolla, USA).

The study was approved by the Ethics Committee of
St. Anne’s Faculty Hospital in Brno. Informed consent was
obtained from all investigated individuals before the sam-
ples were drawn.

Results

Late T-lymphocyte differentiation stages are
increased in IgAD and CVID patients

Comparing CVID patients to control persons, an in-
crease of CD4* and CD8* late differentiated memory cells
(p <0.001 and p < 0.001, respectively), CD4* early differ-
entiated memory cells (p < 0.001), and a decrease of CD8*
intermediate memory cells (p = 0.001) and also of CD4*
and CD8* naive cells (p < 0.001 and p < 0.001, respective-
ly) was found. In patients with IgAD a significant increase
of both CD4* and CD8" late differentiated memory cells
(p =0.006 and p < 0.001, respectively) and a decrease in
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CD4* naive cells (p = 0.026) were documented as com-
pared to healthy control persons (Fig. 2).

Frequency of CMV-specific antibodies is
increased in IgAD patients

Since previous studies showed increased numbers of
terminally differentiated memory T cells in patients with
CMV infection [27, 28], we determined CMV IgG an-
tibodies in the sera of control persons and patients with
IgAD. Using IgG as a marker of CMV positivity, 40 IgAD
patients (aged 18-70, median 37.5 years) and 27 control
persons (aged 19-74, median 39 years) were seropositive
while 38 IgAD patients (aged 18-54, median 26.5 years)
and 52 controls (aged 18-71, median 28 years) were sero-
negative, the difference between IgAD patients and con-
trols being significant (p = 0.030, chi-square test).

We observed an increase in late differentiated CD8*
cells in seropositive I[gAD patients compared to seropos-
itive control persons (p = 0.005), while there were no
significant differences when comparing other subsets in
seropositive IgAD patients to seropositive controls. When

Central European Journal of Immunology 2017; 42(3)

53



Terminally differentiated memory T cells are increased in patients with common variable immunodeficiency and selective IgA deficiency

A Naive cells
100- P <0.001
P =0.026
so{ °

% naive cells of CD4 + cells

% early differentiated cells of CD4 + cells

B Early differentiated memory cells

100 P <0.001
NS
—
.
30+ o®
) 3e°
Oy ®

o

(L)
40 L ad
S .
% *.. ¢
I oo °®
o
0. T T T
& ) N4
ooo“ & S
D Fully differentiated memory cells E Naive cells
18- NS 100 P <0.001
= NS NS
g 15
371 o ” 2 80
g 3
S 12 + © ®
2 - o b4
2 a 604 o °
8 e® o 8 mo 'o’.
2 94 5] ®
2 = o@ oﬁo s
E °o B 40 % Bove o
g .
= = o #— .
g , oo s H . 8 5] @ S On) &
ER D o
& %002 . «
0. 0l °°° :.;'0 X
F P &
e 9 S
G Intermediate memory cells H Late differentiated memory cells
1001 P <0.001 70+ P<0.001
2 ? 60- P <0.001
Bl +
+ %
% g8s50{ o *
S 3 - ° L
e % 404 ° ®e
3 = . o®
o
g = 30 och i
g =1 .
=] 3 . LS
g 5 e _ﬁy_‘
£ g S 3
2 =) oo o',
s
5 S S ]
& K < &

C  Late differentiated memory cells

801 P <0.001
2 P =0.006
g e .
¥
2 601
O
=
9 .
3
= 404
5] .
§ go ®e
8 ) e
O L)
& 00 40’ O]
Z 204 © o e,
= 0% :‘ *
=
1S3

0 .

N Y O
o i &

80+ NS

| ——
= NS
S P
x .
oo
8 60+ o e
B o
= °%o o
S eXea) .‘. )
T 404 [P )
E
=1
< 204
-l Y
b4 e e
S ®
0 v T T
&
& L L
CP&\ A7
I Fully differentiated memory cells
807 NS
| SE—
NS .
[
604 ©

% fully differentiated cells of CD8 + cells
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we compared all CD4* and CD8* subsets in seronegative
IgAD patients to the seronegative control group, we found
only a very slight decrease of CD8 fully differentiated
memory cells (p = 0.042) in IgAD patients; no significant
changes in other subsets were shown. When we compared
CMV-seropositive to CMV-seronegative IgAD patients,
we found a decrease of both CD4* and CD8* nadve cells
(in both cases p < 0.001), a decrease in CD8* early differ-
entiated memory cells (p = 0.030), an increase in CD4*
and CD8" late differentiated (in both cases P<0.001) and
fully differentiated (p = 0.038; p < 0.001, respectively)
memory cells. Similar findings were obtained when com-
paring seropositive to seronegative controls: a decrease of
both CD4* and CD8* naive cells (p = 0.041; p = 0.013,
respectively), and an increase in CD4* and CD8* late dif-
ferentiated (p < 0.001; p < 0.001, respectively) and fully
differentiated (p = 0.002; p = 0.045, respectively) memory
cells in seropositive controls (Table 1).

Age dependence of T-cell differentiation stages
Correlating age and T-cell differentiation stages in con-
trol persons, we observed a decrease of CD4*and CD8*
naive cells with age (r = -0.326, p = 0.003, r = -0.445,
p < 0.001, respectively), while CD4* early differentiated
(r=0.271, p = 0.015) and CD8" late differentiated (r =

0.335, p = 0.002) memory cells increased. These changes
were more pronounced in IgAD patients with a decrease
of both CD4* and CD8* nadve (r = -0.598, p < 0.001;
r=-0.632, p < 0.001, respectively) and an increase of
late differentiated memory cells (r = 0.4653, p < 0.001;
r=0.405, p <0.001, respectively) CD4+ and CD8* cells,
CD4* early differentiated (r = 0.537, p < 0.001) and CD8*
fully differentiated (r = 0.472, p < 0.001) memory cells. In
CVID patients a significant age-dependent correlation was
observed in CD4* nadve and late differentiated cells (r =
—0.468, p < 0.001; r = 0.401, p = 0.005, respectively) and
CD8* nadve cells (r =-0.461, p =0.001).

Trcg cells are decreased in CVID but not IgAD
patients

The frequency of T[eg cells is shown in Fig. 3. We
documented a decrease of T _ cells in patients with CVID
compared to controls (p < 0.001). Interestingly, we ob-
served an increase of T cells in IgAD patients compared
to control persons (p =k0.039). We did not observe any
g Cells when we
compared 28 IgAD patients with the presence of autoanti-
bodies to 52 patients without the presence of autoantibod-

ies (p = 0.912) or to 31 healthy donors with autoantibodies

significant changes in the frequency of T

Table 1. Frequency of T-cell subsets in CMV* and CMV- IgAD patients and healthy donors

Controls Controls IgAD CMV+ IgAD CMV- CMV+ CMV-  IgAD C
CMV+ CMV- age (median)  age (median) IgAD IgAD CMV+ CMV+
age (median) age (median) =375 =26.5 vs. C vs. C VS. VS.
=39 =28 CMV- CMV-
i =27 n=>52 n=40 n=38 P P P P
CD4+CD45RO-CD27+ 385 512 32.7 48.5 0.086 0590  <0.001 0.041
(naive) (17.4-61.6) (21.1-66.4) (10.2-53.5) (15.7-63.7)
CD4+CD45RO+CD27+ 454 40.3 474 42.8 0.133 0.452 0.132 0.967
(ED) (31.1-60.5) (29.1-68.2) (31.0-65.8) (31.0-66.0)
CD4+CD45RO+CD27-  11.0 (4.8-32.5) 7.0 (2.8-14.0) 15.3(7.1-29.2) 7.0 (3.0-18.2) 0.143 0.407  <0.001 <0.001
(LD)
CD4+CD45RO-CD27- 1.2(0.4-8.0) 0.7 (0.2-4.1) 1.3 (0.4-9.8) 1.0 (0.2-2.7) 0.740 0.155 0.038 0.002
(D)
CD8+CD45RO-CD27+ 26.5 37.1 17.4 40.1 0.065 0551 <0.001 0.013
(naive) (5.6-50.8) (15.0-57.0) (3.1-47.7) (8.5-63.6)
CD8+CD45RO- 6.8 (2.3-13.5) 5.6(2.4-16.0) 52(2.0-153) 6.6(2.1-16.0) 0.292 0.354 0.163 0.563
CD27dim (INT)
CD8+CD45RO+CD27+ 25.5 26.8 26.7 324 0.919 0.325 0.030 0.469
(ED) (13.1-47.6) (15.7-51.0) (12.3-43.1) (18.8-50.5)
CD8+CD45RO+CD27-  10.7 (4.8-43.3)  52(1.5-11.6) 17.2(6.9-38.2) 6.8 (2.0-14.9) 0.005 0.156  <0.001 <0.001
(LD)
CD8+CD45RO-CD27— 26.5 17.0 27.1 12.8 0.650 0.042 <0.001 0.045
(FD) (7.3-43.7) (6.2-43.8) (10.9-45.0) (4.7-32.6)

CMV-seropositive (CMV*), CMV-seronegative (CMV-). N naive cells (CD45RO-CD27*), ED early differentiated (CD45RO*CD27*), LD late differentiated
(CD45RO*CD27-), FD fully differentiated effector (CD45RO-CD27-), INT intermediate (CD45RO-CD27") memory T cells. Healthy donors (C). The results are
expressed as median (5" to 95" percentiles). The p value was obtained by the Mann-Whitney U test
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(p = 0.509) or the whole control group (with and without
presence of autoantibodies) (p = 0.152).

Discussion

Due to the previously described activation of the
T-lymphocytes immune system in patients with CVID we
determined the degree of T-cell activation by the presence
The same T-cell differentiation stages were also deter-
mined in IgAD patients.

In IgAD patients we found a higher frequency of late
differentiated memory cells, in both CD4* and CD8* cells.
In patients with CVID the changes were more extensively
expressed. Comparing CVID patients to controls, besides
the increase of both CD4* and CD8* late differentiated
cells, an increase of early differentiated CD4* cells and
a decrease of both CD4*and CD8* naive cells were ob-
served. Loss of both CD4* and CD8* naive cells (defined
as CD45RA*CCR7* or CD45RA*CD62L") had also been
described by Bateman ef al. [29] and Giovannetti et al.
[30], who proposed that the level of CD4* naive T cells
might be considered as a parameter essential for classify-
ing CVID due to its strong correlation with the severity of
the disease and association with the “Freiburg” classifica-
tion [31] based on B-cell differentiation markers.

This study showed in both IgAD and CVID patients
an increase of terminally differentiated CD8* cells, which
are also supposed as a marker of virus infection-associ-
ated activation and memory maturation [22, 32, 33]. The
link between CD8* memory differentiation and immune
activation was previously described [34]. This points to
similarities between CVID and IgAD as observed in B-cell
subpopulations [10]. This result is in contrast to the study
by Bateman et al. [29], who did not find significant differ-
ences in any differentiated subset of T cells in the selective
IgA-deficient group.

Several studies published an increase of terminally
differentiated T cells in patients with HIV, leukaemia, or
CVID, who suffered from CMV infection [22, 28, 33]. As
our study showed an increase in the late differentiated mem-
ory cells in IgAD patients, we aimed to answer the ques-
tion of whether the presence of CMV infection in IgAD
patients was responsible for the above-mentioned observa-
tion. Therefore, we compared both CMV-seronegative and
CMV-seropositive IgAD patients to CMV-seronegative and
CMV-seropositive control persons, and found only an in-
crease of CD8* late differentiated memory cells in CMV-se-
ropositive IgAD patients. With the exception of a slight de-
crease of fully differentiated memory cells in IgAD patients,
all other comparisons of the differentiated subsets between
seropositive or seronegative groups were not significant.
We suggest that the differences between the IgAD and the
control groups can be, at least partially, associated with the
increased CMV seropositivity in IgAD patients.
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Fig. 3. Frequency of Treg cells in control persons and
patients with IgAD and CVID. Horizontal lines indicate
group medians; intergroup differences were analysed using
Mann-Whitney test

The observation of the increase of CMV positivity in
our IgAD patients was unexpected and, to our knowledge,
no similar study was published. Although the groups of
IgAD patients and control persons examined in our study
were very similar as regards their age and sex, we cannot
exclude a bias due to different socioeconomic status of the
patients and control persons [35, 36] because our healthy
donors were obtained mainly from the hospital staff, stu-
dents of medicine, and relatives of the staff of our depart-
ment, while the IgAD patients can be considered as a gen-
eral, highly unselected, population. This finding deserves
further confirmation.

ng cells play a critical role in suppressing the response
of the immune system to self-antigens [37]. Previous stud-
ies showed decreased numbers of ngs in CVID [14, 16],
mainly in patients with autoimmune diseases [38]. We con-
firmed the decrease of ng cells in patients with CVID de-
scribed previously. In contrast to CVID, surprisingly, there
were increased numbers of T, in IgAD patients compared
to control persons. Our observation is in agreement with
the similar tendency recently published for IgAD patients
by Bateman er al. [29] but is contrary to Soheili er al. [39],
who described a decrease of ng cells in 26 paediatric pa-
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tients of Iranian origin. Based on the previously observed
expansion of T _cells in patients with chronic infections
[40, 41], we suggest that the increase of ngs may be asso-
ciated with chronic immune activation in IgAD patients.
You ef al. in a previous study [42] described a decrease in
the frequency of ng cells in CVID patients with autoim-
munity compared both to patients without autoimmunity
and healthy donors. Using this approach, we did not ob-

serve anv similar findinos in Io AD natientg
Serve any siumuar inaings in 1gAL pauents.

Our observation shows that terminally differentiated
memory T cells are increased not only in CVID but also
in IgAD patients. The increase in IgAD patients may be
related to a different frequency of CMV infection in these
persons. The observation of a higher frequency of CMV
infection in IgAD patients deserves further study.

This work was supported by Ministry of Health of the
Czech Republic, grants nr. 15-28541Aand 15-28732A.
The authors declare no conflict of interest.
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8 Funkcni zmény T- a B-lymfocytarnich populaci u
pacientti s CVID

U pacient( s CVID byly zaznamenany nejen zmény v poctech T a B bunék, ale také vyznamna dysfunkce
téchto bunék. Zvysené hladiny aktivacnich markerl na CD4* T-lymfocytech se projevuji ve zvysené
produkci IFN-y.%%62 U nékterych pacientd bylo navic zjisténo zvy3eni hladin TNF-a, pfiéem? oba tyto
cytokiny jsou typické pro Th1l odpovéd.®® V roce 2010 studie vyzkumné skupiny profesorky Mauri et
al.% prokdzala, Ze subpopulace CD19*CD24**CD38** obsahuje nejvy$si podil B-lymfocytl, které po
stimulaci pres komplex CD40-CD40L produkuji IL-10. Tyto bufky zaroven potlacuji produkci Thl-
prozanétlivych cytokinG TNF-a a IFN-y efektorovymi CD4* T-lymfocyty a byly oznadeny jako regulaéni
B-lymfocyty (Breg). Vzhledem k popsanym odchylkam v diferenciaci a funkci B-lymfocytd a zvySené Thl
odpovédi u pacientli s CVID proto vyvstala otazka, zda se tato porucha neprojevuje také na Grovni Breg
bunék. Tomu se vénovala nase studie, publikovana v roce 2015 pod nazvem: Regulatory B cells in CVID
patients fail to suppress multifunctional IFN-y*TNF-a* CD4" T cells differentiation.

Nase vysledky ukazaly, 7e subpopulace B-reg (CD24" CD38"), charakterizovand produkci IL-10, je
u pacientll s CVID vyznamné sniZena ve schopnosti produkovat IL-10, a to bez souvislosti s klinickymi
projevy Ci zafazenim do EUROclass klasifikace.* Metoda stanoveni funkce Bregulaénich lymfocytd je
zaloZena na stimulaci izolovanych PBMC anti-CD3 bunék s naslednou aktivaci PMA/ionomycinem. P¥i
ni dochazi k aktivaci T- a nasledné i B- lymfocytl. B-lymfocyty pacientl s CVID vytvarely standardni
pocet aktivovanych B bunék CD24" CD38", ale jejich schopnost tvofit IL-10 byla ve srovnani s kontrolni
skupinou sniZzena. To vedlo k omezené schopnosti potlacit produkci IFN-y a TNF-a ze strany CD4* T-
lymfocytl pacientd s CVID. Souvislost mezi nizkou IL-10 produkci a vyssi produkci prozanétlivych
cytokind byla u pacient( potvrzena negativni korelaci mezi procentem CD24" CD38" B-lymfocytd a IFN-
V' TNF-a*CD4* T-burikami. To naznacuje poruchu uz ve fazi vyvoje B-regulacnich lymfocytl, coz mize
prispivat k jejich snizené schopnosti diferenciace do plazmatickych bunék a tim také do tvorby
imunoglobulinG, ale také jako regulacni bunky tlumit diferenciaci prozanétlivych efektorovych CD4* T
lymfocytd.

Regulatory B cells in CVID patients fail to suppress multifunctional IFN-gamma*TNF-alpha(*)CD4(*) T

cells differentiation. Vlkova M, Ticha O, Nechvatalova J, Kalina T, Litzman J, Mauri C, Blair PA. Clin
Immunol. 2015 Oct;160(2):292-300.doi: 10.1016/j.clim.2015.06.013.
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finding in CVID patients.

Common variable immunodeficiency (CVID) refers to primary hypogammaglobulinemia with unknown patho-
genesis. Although there is evidence for intrinsic B cell defects in some CVID patient groups, various abnormalities
in cytokine production by T cells in CVID patients are frequently observed. Here, we demonstrate a relationship in
the production of pro-inflammatory Th1 cytokines and regulatory B cells producing IL-10 between CVID patients
and healthy controls. We describe CD19*CD24"CD38™IL-10* regulatory B cells generated after T cell stimulation
of human peripheral blood lymphocytes ex vivo are able to suppress IFN-y " TNF-a.* producing CD4 ™" T cells. This
process is impaired in CVID patients, who present with both low numbers of CD19™"CD24™CD38"IL-10" B cells
and increased numbers of [FN-y " TNF-ac "CD4 " T cells. Disruption of the regulatory B cell response to T cell stim-
ulation explains the excessive T cell activation regarded as an immunoregulatory abnormality that is a frequent

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Common variable immunodeficiency (CVID) encompasses a clinical-
ly heterogeneous group of primary antibody immunodeficiency
diseases [1]. It is characterized by decreased serum levels of IgG, IgA
and/or IgM and impaired antibody responses to antigen stimulation
and/or vaccination [2]. Clinically it is accompanied by recurrent or
chronic bacterial infections, inflammatory and autoimmune disorders
and increased risk of malignancy [1].

Although various abnormalities in the number and function of lym-
phocytes and dendritic cells [3,4] have been described, the immuno-
pathological mechanism leading to disturbed antibody production in
CVID patients has not yet been elucidated fully. Several studies have
shown alterations and defects in T cells: reduced proportion of naive
CD4" CD45RA™ T cells, increased number of CD4"CD45RO™ memory
T cells and increased number of CD4™ HLA-DR™ activated T cells, de-
fects in TCR repertoire, and changes in regulatory T cells [5-10]. The
change in CD4" T lymphocyte markers indicates a shift to activated
and memory phenotypes. The increase in activation of CD4* T cells is
also reflected by the increase in production of interferon (IFN)-y by
CD4™ T cells in CVID patients upon CD3 or PMA/PMH stimulation after
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24 h and upon phorbol myristate acetate (PMA)/lonomycine stimula-
tion after 12 h [11,12]. Increased levels of (tumor necrosing factor)
TNF-a and also IFN-vy after stimulation of T-cells were reported in sev-
eral studies in CVID patients [13]. [FN-y and TNF-« are both considered
crucial Th1 cytokines (10). By contrast, B cells in CVID patients have in-
creased number of naive follicular B cells but low numbers of memory B
cells and plasmablasts [14]. A subset of CVID patients presents with
markedly increased transitional B cells [15]. A significant portion of
the Blymphocytes in CVID patients are anergic cells [16]. The alterations
found in the B-cell compartment are unexpectedly stably detected over
4-11 months in CVID patients [15].

Apart from antibody production and antigen presentation, B lym-
phocytes also secrete cytokines. Similarly to T regulatory cells, a distinct
subpopulation of B lymphocytes, now called regulatory B cells (B reg),
can produce anti-inflammatory cytokines such as interleukin (IL)-10
and transforming growth factor (TGF)-3 and can express inhibitory
molecules that suppress T cells and autoreactive B cells in a cell-to-cell
contact-dependent manner [17]. The first observations of B cell regula-
tory function in experimental autoimmune encephalomyelitis in mice
were carried out in 1996 by Janeway and colleagues [18]. The term “reg-
ulatory B cells” was first “popularized” by Mizoguchi and Bhan, or Ono
and Hamaoka in 2000 for a mouse B cell subset that secretes IL-10 and
suppresses progression of inflammation [19,20]. In recent years, regula-
tory B cells have been intensively studied in various models of inflam-
mation, cancer, transplantation and in human autoimmune diseases
[21-24]. Various populations of B cells producing IL-10 have been
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detected among transitional 2-marginal zone precursor cells (T2-
MZP), follicular B cells (FO), marginal zone B cells (MZ) and plasma
cells [24]. In 2010, Mauri and colleagues demonstrated that the CD19*
CD24"CD38M subset of human B cells comprises the highest fraction
of IL-10-producing B cells upon CD40 stimulation in human peripheral
blood from healthy individuals [17]. CD19*CD24"CD38" B cells have
a phenotype that was previously assigned to immature transitional B
cells [25]. These B cells were shown to suppress the production of pro-
inflammatory cytokines (TNF-o and IFN-y in CD4* T cells) [17].
Although an increase in Th1 cytokine production in CVID patients
was described (10), regulatory B cells in CVID patients have not yet
been studied. Here we focused on a detailed analysis of the interaction
between regulatory B cells and CD4™ T cells in peripheral blood in

CVID patients and compared it to healthy donors

2. Material and methods
2.1. Patients and controls

PBMCs from 26 CVID patients were examined. All patients were
Caucasians of Czech origin and fulfilled the PAGID (Pan-American Group
for Immunodeficiency)/ESID (European Society for Immunodeficiencies)
diagnostic criteria for CVID [2]. Basic characteristics of the patients are
given on Table 1. In one patient the p.C104R mutation of the TNFRSF13B
gene (coding for TACI) was observed; no mutations in the genes ICOS
(performed in 14 patients) or TNFRSF13C (performed in 2 patients)
were recorded.

The patients were on regular intravenous (IVIG, given once in 3-4
weeks) or subcutaneous (given 1-2 times per week) immunologlobulin
replacement treatment (see Table 1).
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In case of patients on IVIG, blood samples were collected before the
IVIG infusion was given. Healthy donors were studied in parallel with
the patients.

All samples were collected during apparent acute infection-free
period defined as worsening cough, rhinitis, or presence of new
symptoms suspicious of respiratory, gastrointestinal or urinary
tract infections or significant increase in CRP above the levels typical-
ly observed in the given patient. One patient was treated by methyl-
prednisolone 4 mg/day, and leflunomide 20 mg/day because of
arthritis and demyelinating disease. No patient was under cytostatic
treatment at the time of the study.

2.2. Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from
EDTA blood by density gradient (Lymphoprep; Nycomed Pharma AS,
Oslo, Norway) and washed twice with phosphate-buffered saline. Iso-
lated PBMCs were re-suspended in fetal calf serum with 5% dimethyl
sulfoxide at the concentration of 1 x 107/ml before cryopreservation
in liquid nitrogen.

2.3. Cell culture

2.3.1. Stimulation with plate-bound CD3 mAb

Thawed PBMCs were stimulated with 0.5 pg/ml purified plate-
bound CD3 monoclonal antibody — mAb (Hit-3a) (BioLegend, San
Diego, USA) for 72 h. This stimulation led to activation and expres-
sion of CD154 on CD4™" T-cells. The interaction between CD40 on B
cells and CD154 on CD4™ T cells resulted in the production of IL-10
in B regulatory cells [17]. For costimulation and detection of

Table 1
Clinical and laboratory characteristics of evaluated CVID patients.
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5 | m | 47| smBratow [0.039 53 303 19.4 362 385 iv 139 <0.01  <0.05 Yes No No No
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11 | F [ 50 [ smB/2tnorm [0202 3.8 21.7 42 204 424 sc 173 <0.08  0.08 Yes No No No
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*Defined as spleen length <11 cm on sonography.
**In remission in the time of the study.
SLE: systemic lupus erythematosus, DM-I: Diabetes mellitus type 1.
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cytokines, 50 ng/ml of phorbol myristate acetate (PMA) (Sigma,
Missouri, USA), 0.25 pg/ml of lonomycine (Calcium lonophore)
(Sigma) and 10 pg/ml of Brefeldin A (Sigma), were added for the
last 4 h.

2.3.2. Blockade of IL-10 production

For inhibitory testing, thawed PBMCs were stimulated in the pres-
ence of 0.5 mg/ml plate-bound CD3 mAb and in the presence of anti-
IL-10 mAD and anti-IL-10 receptor mAb (BioLegend, San Diego, USA)
were used in the same concentration of 10 pug/m., PMA + lonomycine
were added for the last 4 h of culture.

24. Assessment of B cell and T cell subsets

For determination of T cells, monoclonal antibodies were used in the
following combinations: CD4 PerCP — Cy5.5, (BD Biosciences, San Jose',
CA, USA), CD154 PE, CD3 PC-7, CD8 APC Alexa Fluor 750, CD45-Krome
Orange (Beckman Coulter, Marseille, France). For B-cell staining, mono-
clonal antibody combinations of CD19-PE-Cy7, CD24-APC A750
(Beckman Coulter), CD38-FITC (BD Biosciences) were applied. The
PBMCs were incubated for 30 min in the dark. Samples were acquired
using a Navios flow cytometer (10 colors, 3 Laser) (Beckman Coulter,
Inc., Miami, FL, USA) and cytometry data (LMD files) were analyzed
with Kaluza software (Beckman Coulter). For detection of live and
dead cells, aqua fluorescent reactive dye (LIVE/DEAD Fixable dead Cell
stain Kit, Invitrogen, California, USA) was used.

2.5. Cytokine detection

Cells were washed, fixed, permeabilized by Intracellular Fixation and
Permeabilization Buffer Set (eBioscience, San Diego, California, USA)
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and stained with IFN-y BV421 and TNF-ae APC (BioLegend, San Diego,
USA) and IL-10-PE mAbs (BD Biosciences) for the detection of intracel-
lular cytokines.

2.6. Calculation of percent inhibition (PI) of IEN-y*TNF-a* in CD4™ T cells

To calculate inhibitory effects we used a formula that ex-
presses the percentage growth of IFN-y*TNF-a™ in CD4+
T cells after inhibition against IFN-y"TNF-a™ in CD4+ T cells
after stimulation:

PI = 100 — (100 = frequency of IFN-y* TNF-a* in CD4™ T cells after
stimulation / frequency of IFN-y* TNF-a™ in CD4™ T cells after
inhibition).

2.7. Statistical analysis

Data were analyzed using Mann-Whitney rank sum, Spearman
rank order correlation tests and Wilcoxon signed-rank tests. The
statistical software GrafPad Prism 5 was used (GraphPad Software
Inc. California, USA). A standard level of statistical significance,
a = 0.05, was used.

2.8. Ethics

The study was approved by the Ethics committee of St Anne's Uni-
versity Hospital in Brno under protocol No. 11G/2009.

Patients' and control persons' blood was collected after informed
consent was signed.

Unstimulated PBMCs

N (Live] ) B cells]
7B CELLS : 6,54% 10 <Cozahico3int: 12,3%
Co24hico3eni: 7,9%

CD24intCD38in: 75,5%

Stimulated PBMCs

) [B CELLS]
1 Ychzanicozint: 8,9%
CO24hiCD38hi: 19,15

D24

Fig. 1. A: Gating strategy for B cell subsets. Gating of B cells is shown for a representative healthy donor. Lymphocytes were gated on forward and side light scatter, live cells and then on
CD19 positivity, after which the remaining cells were divided into CD19+CD24"CD38" B cells (transitional B-cell phenotype), CD19*CD24™CD38™ (follicular B cell phenotype) and
CD19*CD24"CD38~ (memory B cell phenotype). Representative dot plots show increased frequency of CD19CD24"CD38" B cells after anti-CD3mADb stimulation. B: Proportion of
newly formed activated CD19CD24"CD38" B cells in CVID patients and healthy donors. The difference between CVID patients and control subjects was assessed using Mann-Whitney
rank sum test. Wilcoxon signed-rank tests were used for comparison of the frequency of CD19+CD24"CD38" B cells before and after stimulation both for healthy donors and CVID

patients.
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Fig. 2.1L-10 K producing B-cells were present in the CD19 +CD24"CD38" compartment. A: Representative dot plots show that the majority of IL-10 + producing B-cells were in the CD19*
CD24"cD38" compartment. B: Proportion of IL-10 cells among CD19CD24"CD38™, CD19+CD24™CD38™ and CD19*CD24™CD38~ B cell phenotypes in CVID patients and healthy do-
nors. Wilcoxon signed-rank test was used for comparison of the frequency of IL-10 cells in defined B cell subpopulations for both healthy donors and CVID patients.

3. Results

3.1. IL-10" B regulatory cells are less responsive to T cell stimulation in
CVID patients

Regulatory B cells are largely defined as IL-10 producing B cells [17]
with a phenotype resembling transitional CD19"CD24"CD38" B cells;
therefore, the percentage of CD19*CD24"CD38" B cells (transitional
B-cell phenotype), CD19+CD24"CD38™ (follicular B cell pheno-
type) and CD197CD24"CD38'™ (memory B cell phenotype) [25]
(Fig. TA) was measured in PBMCs with stimulation (in the presence
of 0.5 mg/ml plate-bound CD3 mAb, PMA + lonomycine were
added for the last 4 h of culture) or without stimulation (PBMCs
were cultured in medium only). After 72 h of stimulation, we ob-
served a significant rise in the frequency of CD197CD24"CD38"' B
cells in both the CVID patients and the healthy donors (Fig. 1B). We
did not find a difference between the CVID patients and healthy con-
trols in the frequency of activated CD19+CD24"CD38" B cells after
stimulation. In both the healthy donors and the CVID patients, the
initial number of CD19CD24"CD38" B cells (transitional B cell phe-
notype) failed to correlate with newly formed activated CD19*
CD24MCD38" B cell numbers, nor did the initial number of transi-
tional phenotype B cells correlate with the frequency of IL-10 in
CD19+CD24"CD38" B cells (Supl. Fig. 1).
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To determine IL-10™ B cells, we measured the production of IL-10 in
B cells after stimulation in CVID patients and healthy donors. In both
healthy subjects and CVID patients, we confirmed that the majority of
IL-10" producing B cells were in the CD19™*CD24"CD38" compartment
(Fig. 2). Even though the frequency of activated CD19*CD24"CD38" B
cells was not different in CVID patients compared with healthy donors,
we repeatedly found a significantly lower frequency of IL-10" cells
among total B cells in CVID patients (Fig. 3). Next, we looked for IL-10
producing cells in the three major B cell compartments (activated
CD197CD24"CD38M like - transitional B cells, follicular and memory),
and we found a significantly lower frequency of IL-10" cells in CVID pa-
tients (as compared to healthy controls) only in the activated CD19*
CD24MCD38" like - transitional B cell compartment (Fig. 3).

Production of IL-10 by PBMCs other than B cells was negligible
(Supl. Fig. 2).

3.2. Expression of CD154™ is higher in CD4™ T cells in CVID patients after
T cell stimulation

CD40-CD154 interaction is crucial in T cell/B cell interactions. It is
essential for B cell maturation and for the formation of regulatory B
cells [17,26]. We evaluated the expression of CD154" on CD4™" T cells
in CVID patients and healthy controls after stimulation as described in
Method Section 2.3.1. We expected that low expression of CD154" in
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Fig. 3. The production frequency of IL-10™ cells from B cells after anti-CD3mAb stimulation. A: Representative dot plots show decreased production of IL-10 in B cells and decreased pro-
duction of IL-10 in CD}Q'*CD24"'CD38"‘ B cells in CVID patients compared to healthy donors. B: Proportion of IL-10™ cells among B cells. C: Proportion of IL-10* cells among CD19*CD24-
hicp3ghi, cD19+CD24™MCD38™ and CD19*CD24"CD38 ™ B cells. The differences between CVID patients and control subjects were assessed using the Mann-Whitney rank sum test.

CD4™* T cells in CVID patients might explain the observed low fre-
quency of CD19+CD24"CD38MIL-10" B cells in some CVID patients.
However, we found the opposite: CD4™ T cells in CVID patients
responded with increased expression of CD154 after T cell stimula-
tion (Fig. 4). Thus, our data indicated that diminution of CD19™
CD24"CD38"IL-10" B cells was not caused by deficient expression
of CD154" in CD4* T cells.

3.3. Production of Th1 cytokines in CVID patients increases after T cell
stimulation

Regulatory B cells are known to inhibit production of these particular
cytokines in CD4™" T cells [17]. In the next step, we tested the intrinsic
regulatory function of CD19+CD24"CD38MIL-10" B cells by measuring
production of the pro-inflammatory cytokines IFN-y™ and TNF-a " in
CD4™ T cells after stimulation as described in Section 2.3.1. Detailed
analysis of the cytokine-producing CD4™ T cell subsets showed that
there are three subpopulations defined by TNF-ce and IFN-y (co) expres-
sion: CD4™ T cells that produce only TNF-a (IFN-y~ TNF-ac™); CD4™ T
cells that produce only IFN-y (IFN-y* TNF-~) and CD4 + T cells that
produce both IFN-y and TNF-« (IFN-y"TNF-a*). We found elevated
frequencies of IFN-y~ TNF-a* cells and even more IFN-y*TNF-a™
cells among CD4™" T cells in CVID patients compared with healthy
donors after T cell stimulation (Fig. 5A). There was no correlation be-
tween the absolute number of B-cells in patients' peripheral blood and
the proportion of IFN-y + TNF-aw 4+ in CD4 + T cells (r = —0.051,
p = 0.802).

34.1L-107 regulatory B cells counterbalance CD4™ T cell pro-inflammatory
cytokines in CVID patients

CVID is a heterogeneous group of mostly undefined molecular de-
fects with common presentation (lack of memory antibody response).
We observed variable numbers of both IL-10" regulatory B cells and
(D4 effector cytokine producing T cells among individual patients.
Thus, we asked whether there is a relationship between the number
of CD19+CD24MCD38MIL-10* B cells and the increased frequency of
both IFN-y~ TNF-a™ and IEN-y*TNF-a™ CD4 " effector T cells across
the CVID patients' dataset.

We observed an inverse correlation between the frequency of IFN-
YTTNF-a* cells in CD4™ T cells and the frequency of IL-10" cells in
CD19%CD24"CD38M B cells (r = —0.6314; p = 0.0012) (Fig. 5B) in
CVID patients but not in healthy subjects, suggesting an important reg-
ulatory role of the IL-10" B reg cells in CVID patients.

Next, we verified whether the increased number of IFN-y " TNF-o™
CD4+ T cells was related to IL-10 production by B reg cells. We cultured
patients' PBMCs in the presence of 0.5 mg/ml plate-bound CD3 mAb,
anti-IL-10 and IL-10 receptor inhibitory antibodies for 72 h, PMA +
lonomycine were added for the last 4 h of culture. We detected an in-
creased frequency of IFN-y*TNF-a* producing CD4™" T cells after IL-
10 blockade in CVID patients as well as in healthy donors (Fig. 6).

To confirm that CD197CD24"CD38"IL-10" B reg cells were linked
to IL-10" mediated inhibition of IFN-y"TNF-a™ CD4™ T cells, we eval-
uated the percentage of inhibition (PI) as described in the Methods
Section 2.6. We found a correlation between the frequency of IFN-
yTTNF-a™ in CD4™ T cells after IL-10 blockade and the frequency of
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Fig. 4. The expression frequency CD154" on CD4 ™" T cells. A: Representative histograms show increased production of CD154 cells from CD4 " T cells in CVID patients compared to
healthy donors. B: Proportion of CD154™ cells among CD4™ T cells. The differences between CVID patients and control subjects were assessed using the Mann-Whitney rank sum test.

CD19*CD24"CD38"IL-10" B reg cells (r = 0.7727; p = 0.0074) in CVID
patients but not in healthy donors (Fig. 6). This correlation showed that
those CVID patients who have high or normal numbers of B regulatory
cells can partially regulate the production of TNF-oa " IFN-y* cells in
CD4™" T cells. In contrast, blockade of IL-10 has only a small effect on
the frequency of IFN-y*TNF-a™ cells in CD4™ T cells in the group of
patients who had a lower frequency of CD19*CD24"CD38M[L-10* B
reg cells.

3.5. B regulatory cells are independent of EUROClass classification

We did not show any difference in the proportion of CD19*CD24-
hicp3ght B-reg cells (p = 0.092, Kruskal-Wallis test), CD154" in
CD4™"T cells (p = 0.386) or IFN-y"TNF-a* CD4" T cells (p = 0.110)
comparing patients from the subgroups smB+/CD21low, smB-/
CD21low, smB-/CD21norm (no patient fell into the smB+-/21norm sub-
group) according to EUROClass classification.

4. Discussion

Recently published reports show that human regulatory B cells play
an important role in the regulation of Th1 cell cytokine production [24,
27-31]. Our aim was to measure the number and function of regulatory
B cells producing IL-10 generated after stimulation of peripheral blood B
cells from patients with CVID and from healthy donors. We found an in-
crease in the frequency of CD19*CD24"CD38" peripheral blood B cells
in response to T cell stimulation in mixed PBMC cultures, probably via
CD40-CDA40L, and that this activated B cell subpopulation produces
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the highest number of IL-10™ cells of all cell populations studied. Sur-
prisingly, the frequency of activated CD19+CD24MCD38" B cells and
also of CD19™CD24"CD38MIL-10" B cells after activation was indepen-
dent of the original frequency of transitional or naive B cells before the
stimulation. This finding can mean that regulatory B cells in patients
with CVID as well as healthy donors do not formed from the transitional
B lymphocytes only, but can be formed after activation via CD40 from
other B cells subpopulations. These results are in concordance with
the observation of Blair et al. [17] who described similar total numbers
of IL-10" B cells in the CD24"CD38" and CD24™CD38™ B cell subsets.

Because CD197CD24"CD38M[L-10" B cells develop after T cell
stimulation, we investigated CD154 (CD40L) expression by T cells
after stimulation in patients with CVID [5]. Contrary to our expectation,
we found an increased frequency of CD4"CD154 " T cells in patients
with CVID, so the lack of CD40L cannot be the reason for the decrease
in CD197CD24"CD38MIL-107 B cells. However, we cannot rule out
that in these patients there is a CD40 signaling pathway disorder in B
cells, which is also manifested in the inability to generate immunoglob-
ulins [32,33].

The increased numbers of CD1547CD4™ T cells detected herein con-
flict with the findings by Ravanbakhsh M et al. [34] who described nor-
mal expression of CD154 after a six-hour stimulation with PMA and IM,
and with those of Pons et al. [35] who also measured expression of
CD154 comparable with that of a healthy population after a 48-hour
stimulation with anti-CD3. A possible reason for these conflicting find-
ings may be the different stimulation conditions used in our tests
(cells were cultured for 72 h with 0.5 mg/ml plate-bound CD3 mAb.
PMA + lonomycine were added for the last 4 h of culture).
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In 2010, Blair et al. [17] described that peripheral blood contains a
subpopulation of CD19+CD24"CD38" B cells that produce increased
levels of IL-10 after separation and subsequent stimulation with CD40
and that inhibits differentiation of pro-inflammatory cytokines. There-
fore, we investigated whether the CD19*CD24MCD38ML-10" B cells
generated after T cell stimulation have the same regulatory potential
as regulatory B cells generated from an isolated subpopulation of “tran-
sitional CD19CD24™CD38M B cells”. For this reason we also studied the
production of IFN-y* and TNF-oc™ in CD4 + T cells, which is efficiently
inhibited by regulatory B cells generated from transitional cells [17,28,
36]. A detailed analysis using eight-color flow cytometry showed that
patients with CVID generate an increased frequency of [FN-y* TNF-a™
CD4™" T cells after stimulation, i.e., cells with the ability to produce
both cytokines at the same time. Although IFN-y*CD4™" T cells or
TNF-a"CD4™" T cells belong to the category of less differentiated
CD4™ T cells, IFN-y"TNF-a*CD4* T cells are referred to as multifunc-
tional CD4™" T cells [37] and belong to the category of highly immuno-
competent memory or effector memory T cells [38,39]. In patients
with CVID, these CD4 + T cells were never described because the last in-
tracellular measurement of these cytokines in patients with CVID was
published in 1996, where cells were stimulated with PMA and
lonomycin using a three-color flow cytometry that did not allow for
their simultaneous measurement [12]. Nevertheless, even in this mea-
surement North et al. found increased proportions of IFN-y™ CD4*

and TNF-a*CD4™ T cells. The increased occurrence of these multifunc-
tion CD4™ T cells may be due to the increased ratio of CD4" memory T
cells that is found in patients with CVID [6].

We also observed that patients with the highest frequency of IFN-
yFTINF-a™ CD4™ T cells also had low numbers of CD19*CD24"
CD38MIL-107 B cells. These findings were later confirmed by the nega-
tive correlation between the frequency of IFN-y"TNF-ac™ cells in CD4™
Tcells and CD19+CD24"CD38M(L-10" B cells in patients with CVID. This
result is in concordance with the finding of Blair et al. [17] who con-
firmed that the inhibitory effect of CD197CD24"CD38" B cells is cell
dose dependent. On the other hand, five CVID patients with CD19™
CD24MCD38ML-10" regulatory B cells above the >10% (which we can
suppose as the “normal range” of our control persons) show low pro-
portion of IEN-y*TNF-at CD4™ T cells (below 15%). However in CVID
patients with CD19*CD24"CD38"IL-10" regulatory B cells below 10%
both patients with low or high number of activated IFN-y*TNF-a*
CD4* T cells can be observed. This shows that the number of CD19*
CD24"CD38™IL-10 B reg cells is not the only factor influencing activa-
tion of IFN-y*TNF-at CD4™ T cells in our experimental system (See
Fig. 5B).

We verified that IL-10 inhibition together with inhibition of the re-
ceptor for IL-10 led to an increase in IFN-y*TNF-a* cells in CD4" T
cells in both the healthy control group and patients with CVID, thus
confirming the regulatory role of IL-10 in multifunctional CD4™" T cell
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development. Indeed, we observed the highest effect of IL-10 blockade
occured in patients who had the highest numbers of CD197CD24-
MCcp38MIL-10™ B cells. In contrast, there was no further increase in the
frequency of IFN-y*TNF-a* in CD4™" T cells in patients with low num-
bers of CD19+CD24"CD38"IL-10" B cells and high proportions of IFN-
YTTNF-a in CD4™ T cells.

These findings were also confirmed by the negative correlation be-
tween the ratio of IFN-y"TNF-a* in CD4" T cell inhibition and the fre-
quency of IL10™ cells from CD19*CD24"CD38" B cells in a cohort of
patients with CVID. Although we have indeed observed IL-10 regulated
IFN-y"TNF-a* in CD4™ T cells in the control group, the frequency of
IFN-y"TNF-a* in CD4* T cells was generally higher in CVID patients.

Because no other cells producing IL-10 were found in our experi-
ments, we can conclude that the suppression of multifunctional T cells
is mediated by regulatory B cells through IL-10 secretion.

Regulatory B cells are dynamically generated in response to T cell
stimulation, however the number of IL-10 producing B regulatory cells
is compromised in CVID patients. Our study shows for the first time a
defect in a regulatory circuit (involving B cell response) that explains
the immunoregulatory abnormalities observed in CVID patients. Failure
of regulatory B cell responses would explain the T cell defects leading to
abnormal (chronic) T cell activation, pointing to B cells as the culprit in
both the immunodeficiency and dysregulation characteristics of CVID.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clim.2015.06.013.
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9 Neutrofilni dysregulace u CVID: od supresivnich
funkci po biomarkery aktivace

9.1 Suprese T-lymfocytl zprostiedkovana neutrofily a granulocytarnimi
myeloidnimi supresorovymi burikami u pacienta s CVID

Zatimco B- a T-lymfocytarni poruchy predstavuji klicovy rys bézné variabilni imunodeficience (CVID),
imunodysregulace u téchto pacientl ¢asto presahuje rdmec adaptivni imunity. Vyrazné autoimunitni
projevy, lymfoproliferace ¢i granulomatdzni zdnéty svédci o hlubokém naruseni rovnovahy mezi
efektorovymi a regulaénimi mechanismy, do nichZ se zapojuji i slozky vrozené imunity.5°

Pacienti s CVID vykazuji znamky chronické imunitni aktivace, ktera neni vyhradné spojena s pritomnosti
infekce nebo endotoxemie.®®®” Studie zaméfené na sérovy cytokinovy profil prokazaly vyrazné zmény
v cirkulujicich pro- i protizanétlivych mediatorech, véetné zvysenych hladin IL-6, TNF-a a dalSich
cytokin( spojenych s aktivaci monocytt a T- lymfocyt(.58 Zaroveri byly u téchto pacientl opakované
zjistény zvysené koncentrace solubilnich aktivaénich markerd, jako jsou sCD14 a sCD25, které odrazeji
aktivaci vrozené (sCD14), i adaptivni imunity (sCD25) téchto pacient(.®® Tyto nalezy poukazuji na
pritomnost systémového zanétlivého prostredi, které pretrvava i mimo obdobi akutnich infekci. CVID
je rovnéz spojen se zvysenymi sérovymi hladinami G-CSF, CXCL-10/1P-10, antagonisty IL-1R, TNF-a, IL-
10, IL-12 (p40), CCL-2/MCP-1 a eotaxinu,®® co? ukazuje na probihajici aktivaci bunék monocytérni
a granulocytarni linie. Rovnéz koncentrace G-CSF, klicového reguldtoru granulopoézy a centralniho
medidtoru nouzové granulopoézy,” byla u pacient(l s CVID zvy3ena ve srovnani se zdravymi darci.®®
Vzhledem k tomu, Ze neutrofily predstavuji klicovou slozku vrozené imunity a vyznamné se podileji na
regulaci zanétlivych reakci, nabizi se otdzka, zda pravé jejich aktivace, fenotypové zmény ¢&i funkéni
poruchy nehraji Ulohu v pozorované imunitni dysregulaci u CVID. Vyzkum na nasem pracovisti se proto
zaméfil na ulohu neutrofilnich granulocytll v patogenezi CVID, pficemZ ukazal, Ze neutrofily téchto
pacientl nejsou pouze aktivované, ale vykazuji znaky imunosupresivnich bunék, poruchy efektorovych
funkci a mohou tak pfrispivat k rozvoji imunitni dysregulace.

Ve studii ,,Neutrophil and Granulocytic Myeloid-Derived Suppressor Cell-Mediated T Cell Suppression
in CVID“ jsme pozorovali 30% narlst absolutniho poctu neutrofild u pacientd s CVID ve srovnani
s kontrolnimi osobami, coZ miZe byt v disledku nouzové granulopoézy.”* Jednd se o proces rychlé
tvorby neutrofil( prostfednictvim zvySené proliferace myeloidnich progenitorovych bunék v kostni
dreni v dlsledku reakce chronické mikrobidlni translokace, Cili proces prenosu celych bakterii a
mikrobidlnich produkt( ze stfevniho lumenu do systémového ob&hu.”? K detekci patogend imunitnim
systémem dochazi prostrednictvim signalizace TLR burikami v postiZzenych tkanich, avsak tyto patogeny
mohou byt rovnéz detekovdny hematopoetickymi kmenovymi a progenitorovymi burikami, coz by
mohlo pfispivat k celkové granulopoetické odpovédi.’ Neddvné studie ukdzaly, 7e nouzova
granulopoéza je fizena pravé G-CSF produkovanym endotelovymi burikami v reakci na LPS signalizaci
prostfednictvim drahy TLR4/MyD88.797>7> Neutrofily indukované G-CSF prochdzeji alternativni
diferenciacni cestou z béZnych myeloidnich progenitord, produkuji ROS a vykazuji silné
imunosupresivni vlastnosti.’®  Vnasi praci jsme popsali upacientl s CVID zvySeny wvyskyt
granulocytarnich myeloidné odvozenych supresorovych bunék (gMDSC). Tyto buriky byly fenotypicky
charakterizovéany jako CD15*CD16™¢CD62L"°"CD11b"e"PD-L1"e" granulocyty, které vykazovaly vysokou
produkci reaktivnich forem kysliku (ROS) a v in vitro podminkdch byly schopny potlacit aktivaci a
produkci IFN-y CD8" T burikami prostfednictvim produkce ROS a ¢dstecné také prostfednictvim
regulaéni drahy PD-L1/PD-1. Tento nalez podpoftil hypotézu, Ze poruchy u CVID zahrnuji nejen
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nedostatec¢nou produkci imunoglobulini B-lymfocyty spolu se zvySenou aktivaci T-lymfocytd, ale i
patologickou aktivaci a supresivni funkce vrozenych imunitnich bunék. O zvySené degranulaci
neutrofild svédci i nalezené zvySena koncentrace NGAL v séru pacient( s CVID.

Low density neutrophils

V ramci studie zamérené na vySe popsané supresorové vlastnosti neutrofil(l, jsme také popsali zvyseny
pocet tzv. nizkodenzitnich neutrofil( (LDNs). Jedna se o neutrofily, které jsou pfitomny ve frakci PBMC
po izolaci na Ficolu, tedy ve frakci mononuklearnich bunék. Tyto neutrofily s nizkou densitou, pivodné
popsané zejména u autoimunitnich a nddorovych onemocnéni””’8 se v kontextu CVID poprvé objevuji
jako buriky se supresivnim potencidlem, nebot jejich pocet koreloval se snizenou produkci IFN-y
produkovaného CD8" T-lymfocyty. To nds vedlo k jejich hlubsi analyze v navazujicim vyzkumu.

Studie ,,Phenotype and oxidative burst of low-density neutrophil subpopulations are altered in
common variable immunodeficiency patients”, zamérenda na detailni charakterizaci LDN u zdravych
darcu ukazala, Ze populace LDN u zdravych darc(i i CVID pacientl zahrnuje subpopulaci zralych (mature
LDN - mLDN) i nezralych (immature LDN - iLDN) neutrofild, které se lisi svymi funkénimi vlastnostmi.
Pocet zralych neutrofilG v LDN mUZe byt zvySen in vitro, a to stimulaci plné heparinizované krve pomoci
IVlg, fMLF nebo LPS. NaSe vysledky ukazaly, Ze ve srovnani s mLDN maji iLDN vyrazné sniZenou
schopnost oxidacniho vzplanuti u obou vysetfovanych skupin. Navic, u pacientl s CVID maji nejen iLDN,
ale také mLDN po stimulaci PMA omezenou kapacitu oxidacniho vzplanuti. Tato snizenad schopnost
oxidac¢niho vzplanuti predstavuje zasadni defekt antimikrobialni funkce LDN u pacientd s CVID.
U pacientl s CVID maji LDN zvySenou expresi supresorové molekuly PD-L1 a jejich mLDN dale nejsou
schopny po stimulaci IVlg, fMLF nebo LPS zvySovat expresi CD10. CD10 je receptor, objevujici se na
povrchu zralych neutrofilQ, pfi stimulaci se jeho exprese zvySuje a se starnutim neutrofilni populace
exprese CD10 klesd.”®®° SniZzenda schopnost zvySovat expresi CD10 u mLDN muiZe byt v disledku jejich
nezralosti nebo také predcasné senescence mLDN pacientli s CVID .

Zvysena pritomnost LDN u pacientll s CVID m(Ze odrazet epizody akutniho zanétu a pfi dlouhodobém
sledovani u jednotlivych pacient( slouZit jako indikdtor chronického zanétu.®

Biomarkery aktivace neutrofilt: elastaza a MPO

Doplnénim vyse uvedenych fenotypovych a funkénich nalez(i neutrofili u pacient(i s CVID je studie
»,Common variable immunodeficiency patients display elevated plasma levels of granulocyte activation
markers elastase and myeloperoxidase®, v niz byly na naSem pracovisti zjiStény zvySené plazmatické
hladiny neutrofilni elastdzy a myeloperoxidazy (MPO) u pacientd s CVID ve srovnani
s kontrolni populaci. Zvysené hodnoty byly detekovany i mimo infekéni epizody pacientl s CVID
a korelovaly s vyskytem autoimunity a lymfoproliferace. Tento nalez doklada, Ze neutrofily u CVID
pacientU jsou trvale aktivovany i v nepritomnosti akutni infekce a Ze hladiny elastazy a MPO Ize vnimat
jako potenciélni biomarkery chronické subklinické aktivace,?2#3
prostiedi typické pro imunodysregula¢ni formy CVID.

reflektujici systémové zanétlivé

Vyzkum na nasem pracovisti prokazal, Ze neutrofily u pacientd s CVID ziskavaji regulacni roli, ktera
presahuje jejich klasickou efektorovou funkci, vykazuji supresivni Gcinky na adaptivni imunitni odpovéd’
prostfednictvim ROS a interakce mezi PD-1 a PD-L1, soucasné vsak jejich klicova antimikrobialni
vlastnost, oxidacni vzplanuti m(ze byt sniZzena. Navic trvald aktivace neutrofild pfispiva k chronickému

v es

adaptivni, ale i vrozenou slozku imunitniho systému.
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Studium neutrofilnich granulocytldl v kontextu CVID zaroven otevielo cestu k analyze obdobnych
mechanizmi i u dalsSich stavl spojenych s imunitni dysregulaci — predevsim u pacientl po tézkém
traumatu, kterym se vénuje nasledujici kapitola.
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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,*' Zita Chovancova,®’ Jana Nechvatalova,®’ Ashley Nicole Coru'mll}'.,Mi
Marcus Darrell Da\'is,;’ﬁ Peter Slanina,*'T Lucie Travnickova,* Marek Litzman,q

Tereza 'Grymm'a."‘ﬂ Premysl Snucek,"’# Tomas Freiberger,*'"'# Jiri Litzman,"‘:r 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 lymphoecytic 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 CD30, 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 neotrophils (LDNspgranulocytic myeloid-derived suppressor cells. LDN/granulocytic
myeloid-derived suppressor cell frequency in CVID patients correlated with reduced T cell responsiveness. Exogenous stimulation
of whole hlood 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.

ommon variable immunodeficiency disorders (CVID) are including genes coding for LPS-responsive beige-like anchor

a heterogeneous group of defects representing the most protein (LRBA), CTLA-4, CDI19, CD20, CD2i. CD81, ICOS,

frequent form of primary symptomatic hypogamma- BAFF-R. transmembrane activator and calcium modulator and
globulinemia (1). CVID patients suffer from clinically significant cyclophilin ligand interactor (TACI). and others (2. 3). Previous
immunodeficiency that manifests by frequent and severe respira- studies have demonstrated a number of lvmphocytic abnormalities
tory tract infections, diarrhea, and autoimmune disorders. Recur- in CVID patients, including chronic T cell activation, reduced
rent bacterial infections in CVID patients are predominantly T cell functionality, and decreased absolute numbers of CD4"
caused by Steprococcus preumoniae. Haemophilus influenzae, T cells and NK cells in the systemic circulation (4-10). The
and Sraphviococeus aurens (2. 3). In ~2-10% of patients with specific mechanisms underlying systemic immune dysregulation
CVID, specific mutations in more than 20 genes were described, in CVID remain unclear. Studies by others and us demonstrated
“Deparmment of Clinical Immunclogy and  Allergology. Faculty of Medicine, Addresy correspondence snd reprint requests o De. Mareela Vikovs, Depanment of

Masaryk Lni ty. 623 00 Bmo, Caech Republic: "St Anne’s University Hospiral, Climical Immunclogy and Allergology, Faculty of Medicine. St Anne’s University
656 91 Broo, Czech Republic: *Depanment of Pathology, University of Alabarma ai Hospital and Facubty of Medicine, Masarvk University. Pekarska 53, 656 91 Bmo,
Birmingham. Birmingham, AL 33249 'Depanment of Microbiobogy, University of Czech Republic. E-mail address: marcela. vlkova @ fmusace

Alabama at Birmingham_ Birmingham, AL 3520 'Dcpm[mcull of Economics, Fac-
ulty of Business and Economics. Mendel University in Brno, 613 00 Bron. Crech
Republic; ICenitral European Instituie of Technology, Masaryk University, 601 77 Abbreviations used in this article: CAT, catalase; CVID. common variable immuno-
Broo. Czech Republic; and *Centre for Cardiovascular Surgery and Transplantation, deficiency disorder; G-MDSC. granulocytic myelosd-derived suppresear cell; iNOS,

The online version of this anicle conmaing sopplemental material,

656 %1 Bmo. Crech Republic inducible NO synthase; LDN, low-density newtrophil; L-NHA, & -hydroxy-r-
AT Line A pa_ o -4 ) ¢ acetale sa (3.

ORCIDs: (000-0003-2122-7784 (M.V.); 0000-DD03-0634-005X (1., 0000-00g3. “ikiuine monoacetate: L-NMMA. ™ monomethyb-t-arginine acetale salt. NGAL,

T257-487X (AN.C:  ODOD-0003-0076-3668 (P Slaninay  OKK-DOD2-1332- peutrophil gelatinase-associated lipocalin: ROS, reactive exygen species, sCD14,

3103 (L) 0000-D001-9495-8158 (ML, DODO-0002-9985-2531 (P Seuccky: selchle, CIN 4 SOI: spdrzidle dimmninee; S9C. e light watier

THHH-OIN | -6332-T033 (TF. - P . LT 54
Copryright © 2018 by The Amerscan Association of Immunslogias, Ine. (022-1767 1883750

Recerved for publication January 23, 2018, Accepied for publication October 26,

2018,

This work was sappored by Grane 15-28732A from the Crech Minisiry of Health

www jimmunol orafcgifdod 104040 immunol FRO0102

72

G20 1snBny 67 U0 Jasn Bl Zemun eanylesel A 08/C66/CE// E0ZR I YEOUNLIL ML dno Juapede sdiy WOl papes|uMag]



94

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 % 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/MyDSS pathway (18-20).
G-CSF-induced neutrophils were shown to arse 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 CDI6*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-LI/PD] 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 enbanced
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-
tvpe, 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

73

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 1o 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

Farients and healthy donors

All participants in the study were white and from South Moravian region of
Crzech Republic. The study was approved by the Medical Ethics Com-
mittee of 5t Anne’s University Hospital, Bmo, Czech Republic. Informed
consent was obtained from all voliunteers prior o the inclusion in the study.
A total of 46 CVID patients (25 females. 21 males: median age 45, range
2282 y) and 44 healthy donors (23 females, 21 males: median age 41,
range 19-T8 y) were recruited. All patients fulfilled the International
Consensus Document diagnostic criteria for CVID (38). Clinical charsc-
teristics of the study population are described in Table 1 CVID patients
were treated with regular iv. (IVIG) (n = 25) or sc. (SCIG) (n = 21)
substitition. None of the patients suffered from opportunistic infections
typical for late-onset combined immunodeficiency (39). One patient re-
cently had splenectomy for spl Ty and hypersplenism. One patient
underwent partial gastreciomy for gasiric cancer; no other malignoncies
were detected in any of the participants. Three patients were on long-term
steroid treaiment {owing to granufomatous disease, lung fibrosis. and de-
myelinating disease). One patient was treated with combined immuno-
suppressives (steroids and leflunomide) owing o lung fibrosis, arthritis,
neurologic involvement, and diamhens

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 viscttainers by
density gradient centrifugation (400 X g 30 min) using Ficoll-Pague
(Pharmacia, Uppsala, Sweden) and washed twice with PBS supple-
mented with 3% BSA (Sigma-Aldrich, 5t Louis, MO). Following ceniri-
fugation, the upper mononuclear cell layer was removed, and the lower
sranulocyte layer was collected and resuspended. Erythrocyies were lysed
using isotonic NHyCl ervthrocyte Bysis buffer (170 mM NH,CL 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 mgiml
strepromycin, and 2 mM -glutamine (HyClone). further referred o 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-5 (STEMCELL Technologies) according to the manufacturer’s
instructions.

ELISA for the detection of neutrophil activation markers
and cviokines

To prevent neutrophil degranulation and release of enzvmes, 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 ransferred to fresh polvpropylene tube without disturbing white cells
in the buffy coat. Harvested plasma was centrifuged second time under the
same conditions (0 separate any remaining WBCs. Samples were cry-
opreserved at —80°C. ELISA assays for the determination of neutrophil
gelatinase—associated lipocalin (NGAL: Hycult Biotech, Plvmouth Meet-
ing) dnd TFN-y (BioLegend. San Diego, CA) were performed according to
the manufacturers’ protocols.

Cell culture

PBMCs and T cells were stimulated with | pe/ml] purified plate-hound anti-
CD3 mAh (CD3 mAb; clone Hit-3a; BioLegend) and with added 0.3 pg/ml
anti-CD28 mAb (clone CD282; eBioscience) for 18 h in complete
RPMI medium in S6-well flat-bottom plates with a starting concentration
of 23 10° cells per well, (1 % 107 per ml) of PEMCs or 107 cells per well
(1 % 10° ml) of T cells. For detection of cytokines by intracellular staining,
Brefeldin A (10 pgfml; 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 ani-BrdU Ab. For proliferation, PBMCs and T cells were
stimulated with | pg/m] purified plate-bound anti-CD3 mAb and added w
0.3 pe/mil anti-CD28 mAb for 48 b in complete RPMI medium at a starting
concentration of 2 % 107 cells per well (1 % 10° per mi) for PEMCs and
I % 107 cells per well for T cells (1 % 107 per ml) in 96 fat-bottom cells.
BrdU was added for the last 12 h Proliferating cells were processed using
the DELFIA Cell proliferation kit (PerkinElmer) following the manufac-
wirer’s protocol. Briefly. cells are incubated with the aonradioactive py-
anmidine analog BrdU to allow its incorporation into newly svithesized
DMNA. Subsequently, enropiuni-labeled anti-BrdU Abs are wsed o detect
the level of BrdU incorporation via fime-resolved fluorescence, a mea-
surement of the Eu-Auorescence i a time-resolved fluorometer EnSight
(PerkinElmer). For the newtrophilT cell suppression assays, purified
T cells or PBMCs were stimulated with plate-bound anti-CD3 (1 pgfml)
and soluble anti-CD28 (0.3 pefml) 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 cellfneutrophil ratio (107 cells; 3 x 107
neutrophils per well). To address the mechanism of neutrophil-mediated
suppression of T cells, catalase (CAT; 1000 Uhmnl) and superoxide dis-
miutase (SO0 20005 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 A“-monomethyl-L-arginine acetate salt
(L-NMMA: 2.5 po/ml; Sigma-Aldrich) was added 1o inhibit the function
of inducible NO synthase (iNOS). Anti-PD-LI (clone 29E.2A3) (5 pg/ml)
and anti-PD-1 (clone EH12.2HT) (5 pg/ml, BioLegend) Abs were added
o inhibit PD-LI/PD-1 signaling pathway.

Imtracellular cyviokine staining

Cells were washed, fixed, permeabilized using Intracellular Fixation and
Permeabilization Buffer Set (eBioscience, San Diego, CA), and stained with
IFN-y-BWV421 (clone 45.B3) (BioLegend). Dead cell exclusion was per-
formed vsing aqua-Auorescent reactive dyve LIVEDEAD Fixable Stain Kit
(Invitrogen, CA). T cell staining was performed using CDM-PE-Cy7 (clone
SFCII2ZT4D11). CDS-allophyeocyanin 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 CD23 and intracellular
productien of INF-y is depicted in Supplemental Fig. 1.

Flow cxtemetry characterization af neutrophils and LIDNs

For the determination of activation markers on the surface of neutrophils, mAbs
were used in the following combinations: 1) CDI3-FITC (clone HI9S), CDSE0-
PE (clone 2D10), CD14-PerCP-Cy5 5 (clone MSE2), CD274-allophycocyanin
(PD-L1) (clone 29E2A3), CDA2L-BVA21 (clone DREG-56) (Biolegend) and
CDI6-allophycocyann A750 (clone 3GB), CD45-Krome Orange (close J33)
(Beckman Coulter): 2) CDIS-FITC. COET-PE (clone VIMS), CD14-PerCP-
Cy53, CDIla-PE-CyT (clone HII1I), HLA-DR-BV42l (clone 1243),
CDIB-BY 510 (clone ICRF4), (BioLegend), and CD4S-allophycocyanin-
H700 (clone 2D1) (BD Biosciences), 3) CDIS-FITC, CCR3-PE (clone SEX),
CDI4-PerCP-Cy3.5, CD64 PCT (clone 10.1) CXCR4-allophycocyanin
(clome  12G5), CDA2L-BV42L. CDIIBBY 510, CDI6-allophycocyanin
AT 4) (DIS-ATC, OCR3-PE, CDI4-PerCP-Cy55, CD64 PE-Cy7. (D54
allophycocyanin (clone HASS), CDG2L-BV421, CDIIL-BV 510, CDI6-
allophycocyanin - AT 5) CDIS-FITC, COCR3-PE, CDI4-PerCP-Cy55,
CD10-allophycocyanin (clone HIlOa), CD62L-BV421, CDIIB-BV 510, and
CDl6-allophycocyanin AT50. Briefly, fresh blood samples were incubated
for 30 min at 4°C in the dark with mAbs. The erythrocyies were Iysed by
Multi-Q-Prep  Lysing Workstation (Beckman Coulter). Samples were
acquired using a Navios Bow 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 analvsis of
neutrophils is depicied in Supplemental Fig. 2A.

For the characterizanion of LDNs, freshly isolated PEMCs were incubated for
30 min in the dark with the following maAhs: CDIS-FITC, CCR3-PE. CDI4-
PerCP— Cy5.5, CD33-Pe-CyTicone D3HL60251), CDI-allophycocyanin
or CXCR4-allophycocyvanin or CD34-allophycocyvanin, CDO2ZL-BVSI0
(BioLegend). CD16 allophycocyanin AT30, and CD45-Krome Orange
(Beckman Coulter). Gating strategy for the analysis of LDNs is depicted in
Supplemental Fig. 2B.

Ex vive stimulation of blood with bacterial products

Whole blood freshly obtained from healthy donors was either not stimulated
or stimulated with fMLF (10 pM; Sigma-Aldrch) or LPS (1 pe/ml,
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Excherichin coli 0111:B4; Sigma-Aldrich) at 3T'C for the indicated time
and immediately stzined with CD14-allophyeocyamn/Fire750 (clone 63D3),
CD274-PE-Cy7 (PD-L1; 29E.2A3), CD1Ib-PerCP-Cy3.5 (ICRF44:
BioLegend), CD62L-BV711 (DREG-36), CDI93-BVSI0 (CCR3;, SES:
BD Biosciences), CDE5-eFluprd50 (HI98), and CD16-allophycocyanin
(eBioCB 16; eBicscience) for 30 min at 4°C. Samples were washed with cold
wash Dulbecco’s PBS buffer with EDTA (I mM EDTA in DPBS) and
centrifuged at 200 = g for 5 mun to remove unbound Abs. Samples were
Iysed with 1 ml of I-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 mntracellular Fixation buffer {Thermo
Fisher Scientific) prioe to the analysis on the Attune NXT flow cytometer
(Thermo Fisher Scaentific). Cytometry data were analyzed by Flowlo
(Flowfe, Ashland, OR). For the analysis of induction of LDNs in whole
blood ex vivo, whole blood from healihy donors was either not stimalated or
stimulated with LPS (1 pgfml) or IMLF (10 M) af 37°C for the indicated
time; PBMCs were purified by gradient centrifugation, and LDNs were
charactenized as described above.

Sratisifes

Intergroup differences were analyzed using the nonparametric Mann—
Whitney {J 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 <005 (two-
tailed) were considered statistically significant. Data were analyzed using
GraphPad Prism 5 (GraphPad Sofiware, 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 1). CVID
patients displaved increased absolute number of neutrophils com-
pared with controls (3.45 > 10 per | versus 2.71 x 10" per I; p =
(L.014: Mann-Whitney U/ test) (Fig. 1) whereas the absolute number
of lymphocytes was decreased (1.43 = 10° per 1 versus 1.97 = 10’
per I; p = 0.0001), consistent with a previous study (5). Interest-
ingly, the plasma concentration of NGAL. a marker of meutrophil
activation and degranulation, was significantly increased in CVID
patients compared with healthy controls (p < (.0001; Mann-
Whimey 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 (CRF) =10 mgll (n = T; 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- | 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 1. Clinical characteristics of the study population

IVIG in = 2T) SCIG (n = 19 Total in = 46)
F/M 1413 1178 25121
Age, mean (range) 435 (23-TN) 46.9 (21-83) 45.5 (21-83)
Length of Ig treatment, mean (range) 1152 (0.17-25) 9.89 (1-21) 10.85 ((1.17-25)
Bronchiectasis, m (%) 14/25" (56) 319 (16) 17447 (39)
Auvtoimmune diseases, n (%) 427 {15) 9 (37 L1746 (24)
Granuloma, n (%) 4257 (16) 3719 (16) Ti4® (16
Chronic diarrhea, n (%) 427 (13) 5719 (26) 9746 (20)

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

F. female; M, make.

CVID patients and healthy donors. Whole blood neutrophils were
gated as side light scatter (SSC)™ " CD45™ CD15" population, and
the surface levels of CD1la, CD11b, CD16, CD62L, CDE0, CDET,
PD-LI. and HLA-DR were examined. A significant increase of
median fluorescence intensity of CDI1Ib (p < 0.01) and FD-LI
(p < 0.002), and decreases of CD16 (p < 0.01), CD&2L (p < =
0.0005), and CD8O (p = 0.0002, Mann-Whitney [/ tests) were
observed on neutrophils from CVID patients compared with neu-
trophils from healthy donors (Fig. 3). CDIla. CD87, HLA-DR,
CDM0, CXCR4, and CD54 levels were not significantly different
between the experimental groups. Surface levels of CDI) 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

CD1Ib"CDI6'CD62L™ 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 CD&™ T cells of CVID patients
compared with controls (p < (L02) but was significantly reduced on
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= p=0.014
s ooo®
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=
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FIGURE 1. CVID patients display increased absolute neutrophil blood

count, Total leukocyie counts were determined in whole blood. The neu-
trophils were gated as CD45'CDIS" CDI6'SSC™" cells. The absolute
number of circulating nevrophils 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 £/ test (CVID: n= 46; HD: n = 44). HD, healthy donors.
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T cells following coincubation with autologous neuwtrophils
(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 CDR™ T cells following CD3/CD2% stimulation in the
absence of neutrophils was higher in CVID patients (p < (L0001
(Fig. 4C) and comelated with the frequency of effector memory
CCR7 CD45RO* CDB* 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 CD&* 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 = (L6, Wilcoxon test).
Intracellular production of IFN-y by CD4" T cells following CD3/
CD2% stimulation in the absence of neutrophils was higher in CVID
patients {p = (LK) (Fig. 4D} and correlated with the frequency of
effector memory CCR7T CD45RO™ CD4™ T cells in CVID patients
(r = 0.3; p = 0.03), but not in healthy donors (r = 0.2: p = 027
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 = (1.02) as well as
healthy controls (p = 0.04: Wilcoxon test) (Fig. 4E). The production
of IFN-y in the medium upon CD3/CD2E stimulation was higher in
the culture of T cells in CVID patients p < (L005; Mann-Whitmey
U/ test). Suppressive activity of CVID neutrophils was not signifi-
cantly associated with clinical symptoms, including bronchiecta-
sis, splenomegaly, chronic diarthea, granuloma, or autoimmunity
{tested wsing Fischer exact test), duration of lg treatment, or the
time from the first manifestation of ID symptoms (tested using
Mann-Whitney ' test).

Neutrophil-mediated immune suppression of IFN-y production
by activared T eells 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 1o inhibit the PD-L1/PD1 pathway. The production of [FN-y* by
CD3"CD&* T cells following stimulation with CD3/CD28 in coculture
with neutrophils from CVID patients was restored in the presence of
CAT and S0D (Fig. 5A). Inhibition of PD-L1/PD-1 signaling resulted
in partial restoration of nemtrophil-mediated suppression of the pro-
duction of IPN-y™ by CD3'CD8" T cells in CVID patients (Fig. SA).
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- after 48 h. The proliferation of T cells was significantly reduced
ence of ROS inhibitors in CVID patients (Fig. 5B) as well as in healthy following coincubation with autologous neutrophils from CVID
donors (p < 00001 tested by Wilcoxon test). A partial restoration was patients (p = 0.03; Wilcoxon test) (Fig. 6A). No significant effect
observed in the presence of the inhibitor of arginase-1 or biockade of was detected following coculture of T cells of healthy donors with
the PD-L1/PD-1 pathway in CVID patients (Fig. 5B) as well as in autologous neutrophils (Fig. 6A). To address the mechanism un-
healthy donors (p = 0.0002 for both L-NHA and PD-LI/PD-LI in- derlying newtrophil-mediated suppression of T cell proliferation in
hibition: tested by Wilcoxon test). CVID patients, the experiments were performed in the presence of
inhibitors of ROS, iINOS, arginase-1, and PD-L1/PD pathway. No
statistically significant effect of inhibitors of any of the regulatory
pathways was observed (Fig. 6B). Therefore. the mechanism of
To evaluate the suppressive effect of CVID newtrophils on autol- neutrophil-mediated inhibition of T cell proliferation in CVID
ogous T cells, T cells were stimulated with CD3/CD28 in the patients remains unclear. Importantly. a negative comelation was
presence or absence of neutrophils and proliferation was analyzed observed between the expression of CD62L on fresh blood

Neurvophils from CVID patients suppress the proliferation of
antologous T cells
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FIGURE 3. Neutrophils from CVID patients exhibit an activated phenotype. Neutrophils were gated as CD45'CDI5'CDI6’ SSC™EM cells. (A and B)
Increased expression of CD11b (A) and PD-L1 {B) on neutrophils in fresh blood of CVID patients. (€) 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 CDS0 (F)y on neutrophils in fresh blood
of CVID patients; cumulative data. Horirontal bars represent medians: data were analyzed using the Mann-Whitney I test (CVID: o= 46; HD: o= 44
HD, healthy donors.

76

5207 jenbny 7 Lo Jasn BlZEMUN BADYAESEN AD 08/C56.4/E 6/ E0Z@IANHE/OUNWLI LoD dno JUEpeI By )iy WO PepBsuMa]



98

g

%CD25'CD3I"CDE"
]

NEUTROPHILS SUPPRESS T CELLS OF CVID PATIENTS
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(1 pg/mly and ant-CD28 (0.3 pg/ml) Abs in the ab- 40
sence or presence of autologous neutrophils at 13
T cell/neutrophil ratio (1 * 107 T cells; 3 % 1w

neutraphils per well). After 18 h of coculture, the g;n
frequencies of CD25" and IFN-y* CD4' and n
CD8'T cells were determined by fow eytometry. IFN- E 20
 was determined by intracellular staining. (A and B) ‘i'
Percentages of CD25" T eells of total CD3'CDR" ﬁm

or CD3'CD4" T cells. (€ and D) Percentages of IFN-
' T cells of wotal CD3'CDE* or CD3'CD4* T cells. ;
{E) Coincubation of T cells with autologous neutro- o

20

% IFNy*/CD3 CDa*
¥, -
= o

phils results in reduced accumulation of TFN-y in :Ema;b ¥ = t ' chudies i + : : :
culture supernatants in response 1o the stimulation with HO cViD HD cviD
CD3CD2E. Horzontal bars represent medians, which
were analyzed using Wilcoxon or Mann-Whitiey [
test as appropriate (CVID: n = 46; HD: n = 44). HD, 1000+ —_—p=005
healthy donors. o=0.04
p=002
— p=0.02 °
E
B o
2 snad ° % i
= Bg00
F
£ g 4 5 B
g, Socd
i E oy
e B8

CDHCD2E AL+
Meutrephils -

neutrophils and their capacity to suppress autologous T cell pro-
liferation ex vivo (r = —(L5; 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 patiems display an increased freguency 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 laver on density gradients.
We have addressed whether the frequency LDNs/G-MDSCs,
characterized as SSC™$"CD33'CD14 CDI5* cells in fresh
PBMCs. is increased in the blood of CVID patients. As shown in
Fig. TA and 7B, CVID patients exhibited a significantly in-
creased frequency of LDNs in PBMCs compared with healthy
donors (p = (L02). A positive correlation was observed between
CDI11b expression on neutrophils from fresh blood and the
frequency of LDNs in CVID patiemts (r = (0.4; p = 0.007) and
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healthy donors (r = 0.3; p = 0.04; Spearman test). Next, we
examined whether the presence of LDNs 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 = (L8; Spearman
test). CDI0, 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 viva stinilation of bloed with bacterial products reduces
neurrophil surface levels of CDA2L, increases CDI 1D, 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 patents (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 [FN-y
production by activated T cells in CVID patients. Purified CD3" T cells
were isolated from CVID patients and stimulated with anti-CD3 (1 pg/ml)
and anti-CD28 (0.3 pa/ml) Abs in the presence of autologous neutrophils
(10° T cells; 3 % 107 neutrophils per well) in the presence or absence
S0D (200 Ufml) and CAT (1000 Uiml}), L-NMMA (2.5 pg/ml), L-NHA
(2.5 pg/ol), or anti-PD-1 (3 pg/ml) and anti—PD-L1 (5 pg/ml) Abs. After
18 h of coculture, the relative frequency of IFN-y" of CD3'CDR" 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 neatrophils 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 CD1Ib 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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T cells. (A) Purified CD3* T cells from healthy donors and CVID patients
were stimilated with anti-CD3 (1 pa/ml)y and anti-CD28 (0.3 ps/ml) Abs
in the absence or presence of autologous neutrophils at 1:3 T cellfneu-
trophil ratio (1 % 10° T cells; 3 % 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 [7 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 stmulated with ami-CD3 (1 pg/ml) and anti-
CD28 (0.3 pgfml) Abs in the presence of autologous neutrophils and i the
presence or absence SOD (200 Unl) and CAT (1000 Ufml), L-NMMA
(2.5 pgfml), L-NHA (2.5 pg/ml), or anti-PD-1 (5 pg/ml) and anti-PD-L1
(3 pgfml) Abs. After 48 b of coculture, cell proliferation was determined
by the incorporation of BrdU. Relative proliferation compared with T cells
stimitlated in the absence of neutrophils s depicted. Analyzed using
Wilconon test (CVID: = 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: r and
o values are indicated: lines represent linear regression analysis (CVID:
=46 HD: n = 44). HD, healthy donoss.

neutrophils actively suppress the activation and [FN-y 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
(44, 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, CDI4, 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/P-10,
IL-1R antagonist, TNF-o, IL-10, IL-12 (pd40)), CCL-2/MCP-1,
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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/MyD&S8 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-
tents (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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FIGURES. Stimulation of whole blood with bacterial products results in a rapid reduction of the neutrophil surface levels of CDGIL and increased levels
of CD11h. Whole blood from healthy donors was stimulated with bacterial LPS (1 pa/mil) and TVILF (10 pM) for the indicated time. The levels of surface
markers were analyzed on SSC™™ CCR3™ CDI4~ CDIS" 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 CD1Ib on neutrophils. (€ 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 (D). Data obtained from four independent healthy donors and analyzed using

Mann-Whitney L test.

We show that CVID neutrophils exhibit low surface level of
CD16 (Fig. 3). The level of CD16 (Fcy receptor [TIh; 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
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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 CD6&2L
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 IMLF (10 uM) (A} or LPS (1 pgfml) (B) for 60 min.
PBMCs were purified by gradient centrifugation. and the frequency of
SSC™H CCR3™ D14~ CDI15* 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-"Ha-glucose recently demonstrated that CD16™™ 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 redoced
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 CDBO (r = (09;
p = 0.0008; Spearman correlation test), consistent with the low
maturation status of CD16'™ cells. Based on these ohservations,
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
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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, coa2L"™
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. CD62LY" 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 CDS54 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"™ subset of
neutrophils or LDNs in CVID patients. It is feasible that the
CD62L"™ phenotype described here results from a combination
of the above-described mechanisms. Recently, a subset of neu-
trophils in spleen (Ngy) with CD62L"™ CD11b™ phenotype and
a tendency to produce NETs has been described (58). Ny dis-
play higher expression of CD27, CD40L, CD&6, 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 lg 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
CDR™ 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 CD1E 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 he related to differences in cell processing and staining
conditions that may result in different levels of surface CDI 1b 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 CD&" 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 TCRL 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-y 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 FD-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 comelation 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
an potential mechanisms of immune suppression in CVID and open
new avenues for therapeutic targeting of CVID and other in-
flammatory disorders.

Disclosures
The authors have no financial conflicts of mterest.

References
1. Chapel. H., and C. Cunningham-Rundbes. 2009, Update in understanding com-

mon variable immunodeficiency disorders (CVIDs) and the management of

patients with these conditions. Be J. Haemgiol 145 709-727.

Bogsert, D. 1., M. Dullaers, B. N. Lambrecht, K. Y. Vermaelen, E. De Baere, and

F. Hacrynck. 2006, Genes associated with common variable immunodeficiency:

one dizgnosis o rule them all? J. Med, Gener 53 575590,

. Yazflani, R, M. G. Hukemi, R_ Sheckat, V. Homayouni. and R. Farahani. 2014
Gienetic defects and the role of helper T-cells in the pathogenesis of common
vanahle immunodeficiency. Adv. Btomed. Res. 3: 2.

. Guazzi. V., F Ajut, I Mezzaroma, F Mazzetta, G, Andolfi, A, Momellare,
M. Pierdominici, K. Fanting, M. Marzioli, snd A Ajuni. 2002, Aszesament of
thymic output in common varigble immusodeficiency pasents by evalisation of
T cell receptor excision circles. Clin. Exp. Joununol 129 346-353.

- Vikovd, M. W, Thon, M. Sérfyevd. L. Bldha, A Svobodndk., 1. Lokaj, and
1. Liteman. 2008, Age dependency and munzal refations in Tand B lvmphocyte
abnormalities in common variable immunodefciency  patients. Clin, Ege
Imimuned. 143: 373-379.

. Litzman, 1. M. Vikevd, Z. Pikulovs, Do Stikarovskd, and 1. Lokaj. 2007, T and
B lymgphocyie subpopulations and activationdifferentiation markers in patients
with selective [gA deficiency. Clin. Exp. foonunol 147 249-254,

- Aspalter, B M, W. AL Sewell, K. Dolman, J. Farrant, and A T3, Websier. 2000
Deficiency in circulating nataral killer (NK) cell subsets in common variable
immunodeficiency and X-linked losbuli . Ol Exp.
131 S06-514.

. Mechwatalova, J.. Z Pikslova. D. Stikasovska S, Pesak, M. Vikova, and
J. Litzman. 2012, B-lymphocyie subpopulstions in patients with selective lgA
defickeney. S Clin. dntmnnod. 320 44148,

=]

=

=

i

-

-

ol

3

82

&

3.

103

. Steehly, 1., V. Kanderovd. M. Vikovi, . Hefmanovi, Lo Skimovi, O. Pebik,

E. Taraldsrud, D_ Jilek, P Krilic Kovi. B. Fevang. et al. 2007, Common variable
immunodefciency patients with a phenotypie profile of immusosensscence
present with thrombocyiopenis. [Published eritum appears in 2017 Sei, Rep. 70
A2569.] Sci; Rep. T: 30710

. Hel. Z.. B P Hoijbregs, 1. Xu, J. Nechvatalova, M. Vikova, and J. Lizeman

2014, Alsered serum cviokine signature in common vogiable immunode ficiency.
4 Clin. pwennl. 34: 971-978.

. Lizman. 1. J. Nechvatalova, 1. Xw, O, Ticha, M. Vikova and Z. Hel. 2012

Chronic immune activation i variable i i ey (CVID is
associated with elevated serum bevels of soluble CDI4 and CD25 but not
endr ia. Cli. Expr. I {. 170: 321-332.

. Barbosa, B. R_ 5. P Silva. 5. L. Silva. R. Tendeio. A. C Melo, E. Pedro,

M. P. Barbosa, M. C. Santos. R. M. Victorine, and A. E. Sousa. 2012, Monocyie
activation is a feamse of variable i deti v irespective of
plasma lipopolysaccharide levels. Clin, Exp. fmunmiol. 16%: 263-272.

. Jorgensen, 5. F, M. Troseid, M. Kummen, 1. A Anmarkoud, A E Michelsen,

L. T. Ospes, K Holm, M. L. Heivik, A Rashidi, C. P. Dahl, e al. 20M 6. Alered
out microbions profile in common varable immonodeficiency associues with
levels of lipopolysaccharide and markers of systemic immune activation. M-
cosal lomnunel 9 1435-1465.

. Amulic, B., C. Cazalet, G. L. Hayes, K. D. Metzler, and A. Zychlinsky, 2012,

Meunrophil function: from mechanisms o disease. Ami. Rev: Sopmamol, 30 459180,

- Mantovani, A M. AL Cassatella. C. Cosianting, and 5. JTaillon. 201 1. Mewtrophils

in the activation and regulation of innae and adapiive immunity. Mor Rew
Imimirionl, 11: 519-531.

. Mayadas, T. N, X Cullere, and C. A Lowell. 2004, The muhifaceted functions

of newtrophils. Anme Rev Porbol. 9: 181-21R,

. Dancey, 1. T, K. A Deubelbeiss, L. A Hasker, and C. A, Finch. 1976, Neu-

wophil Kinetics in man. £ Olin. fovest. 38: TO5-TI5.

- Manz, M. G.. and 5. Boeucher. 2004, Emergency granulopoiesis. Nar. Rew

Lirsmieiriend, 142 302-314.

. Boetcher, 5., . C, Gerosa, R, Radpous, ). Baver, E. Ampenberger. M. Heikemwalder,

M. Kopf, and M. G. Muanz. 2004, Endothelial cells trunslate pathogen signals o
GHOSF-driven emergency gramudoposesis. Blood 124: 13931403,

. Boetiches, 8., P Ziegher, M. AL Schinid, H. Takizawa, N. van Rooijen. M. Kopf,

M. Heikenwaldes, and M. G. Manz. 2012, Cuting edge: LPS-induced emergeney
myelopoiesis depends on TLR4-expressing nonhematopoietic cells. £ fmmanol.
188: 58245828,

. Cashon, A I_ D. Reymand, C. Park, E. Khue, I Do Gan, K. Schepers,

E. Passegud, and 2. Werb. 2013, Invasive breast cancer reprograms early mye-
loid differentiation in the bone marrow 10 generate iIMMUBOSUPPIEssive DeUlno-
phils, Proc. Natl. Acad. Sel. USA 112: ES66-E3S75.

22 Mauseef, W. M., and N. Borregaard 2004, Neotrophils ar work. Ner Dmnuned,

15: 602611,

. Scapini. P, 0. Marini, C. Tecchio, and M. A Cassatella. 2016. Haman neu-

trophils in the saga of cellular heterogencity: insights and open guestions.
Dmmunol. Rev. 273 4860,

. Nicolis-Avila, 1. A 1. M. Adrover, and A, Hidalgo. 2017, Neutrophils in ho-

meostasis, immoniy. and cancer. frmientiy 46: 15-28.

. Tecchio, C., A, Mi&helcs(i, and M. A, Cageatella, 2004, Newtrophil-derived cy-

wkines: faces beyvond expression. Fronn Inmanel. 5 508,

. Howhkiss, R 5. C. M. Coopersmith, J. E. MeDunn, and T. A. Ferguson. 2009,

The sepsis seesaw: tlting twoward imnunosuppression. Nar Med, 15 496497,

. Chtamova, T, M. Schaeffer, S-1. Han, G. G, van Dooren, M. Mollmann

P. Herzmark, S. W. Chan, H. Satija, K. Camfield, H. Asson, et al. 2008, Dynamics
of neutrophil migration in lymph nodes during infection. Tremenye 29: 487496,

. Beauvillaia, C., P Cunin, A, Duoni, M. Scomet, 5. Jaillon, M. L. Loiry,

. Magiswelli, K. Mastermak, A Chevailler, Y. Delneste, and P Jeanmin. 2011,
CCRT is involved in the migration of neutrophils o lymph nodes. Blood 117
11961204,

L Miilker, 1, M. Munder, F. Kropf, and G. M. Hiinsch. 2009 Polymorphonuaclear

neutrophils and T lymphocytes: strange bedfellows or brothers in arms? Trerds
Immuned. 30 522-530,

Fillay, )., T. Tak, V. M, Kamp. and L. Koenderman, 2013, Immune suppeession
by neawrophils and granulecyiic myeloid-derived suppressor cells: similasities
and differences. Cell. Mol Life Sei. T0: 3813-3827,

. Pillay, J. V. M, Kamp, E. van Hoffen, T. Viseer, T. Tak, J. W. Lammers,

L. H. Ulfman, L. P Leenen, P. Pickkers, and L. Koenderman. 2012, A subset of
neutrophals in human sysiemic inflammation inhibits T cell responses through
Mac-1. . Clin, Invess. 122: 327-335.

. Leliefeld. P H.. L. Kocnderman. amd J. Pillay. 2005, How peutsophils shage

adaptive immune responses. Front Snmuiel, 6 471,

. Bowers. N_ L E. §& Helion, K. P Huijbeeges, P A Goeplert, S. L Heath, and

Z. Hel. 2014 Immune suppression by newtrophils im HIV-1 infection: robe of PD-
LI/PD-1 pathway. PL0S Parhog, 10z el003993

. Cabrilovich, D. L. and 8. Nagaraj. 2000 Myeloid-denived suppressor cells as

regulators of the immune system. Not. Kev. Jowmnol. 9 162-174.

. Carmona-Rivera, C., and M. ). Kaplan, 2013, Low-density granubocytes: a dis-

tinct class of newtrophils in systemic I hol. 350

A55-163,

ity. Seamin

. Rodriguez, . C.. M. §. Ernsioff, ©. Hermandez, M. Adkins, 1. Zabaleta, R. Sierra,

and A, C. Ochoa. 2009, Asginase I-producing myeloid-denved suppresser cells
in renal cell carcinoma are a subpopulstion of activated granulocyies. Cancer
Res 6% 1553-1560,

. Erustanov, E.. M. Nesherger. 1L Daorkin, G. Q. Perin, C. Algood. P Diahm,

C. Rosser, ). Vieweg, 5. M. Gilbert, and 8. Kusmarteev, 2002, Circulsting and

5207 jenbny 7 Lo Jasn BlZEMUN BADYAESEN AD 08/C56.4/E 6/ E0Z@IANHE/OUNWLI LoD dno JUEpeI By )iy WO PepBsuMa]



104

38,

=

39,

4l

43.

47,

AE.

49,

5

53

. Cross. A S8 M. Opal. H. 8. Warren, 1. E. Palardy,

tumor-infiftrating myeloid cell subsets in patients with bladder cancer. fur. [
Cancer 1300 1101119,

Bonilla, F. A., L Badan, H Chapel. B. T. Costa-Carvalho, C. Cunningham-
Rundies, M. T. de la Morens, F J. Espinoss-Rosales, L. Hammarsorim.
5. Nonoyama, L Quinti. ot al. 2006, Inernational consensos documen (ICON);
commaon varable immuesodeficiency disosders. £ Alfergy Clin fremunol. Pract,
4 3859,

Malphertes, M., L Gérarnd, M. Cormagnat, G. Mowillot, N. Vince, D. Bouthoul,
A. Berezne, R. Nove-Josserand, V. Lemodng, L. Tetw, ef al; DEF] Study Group
2009, Late-onsel combined immune deficiency: o sabser of common vasiable
immunodeficiency with severe T cell defect. Clin. Infect. Dix, 49 13291338

- Sandler, N. G and D C. Dosek. 2012, Microbial wanslocation in HIY infection:

causes, consequences and tresiment opportunities. Nar. Rev. Microbiol 10: 655
s

Hel, 2. )R MoGhee, and 1. Mestecky. 2006, HIV infection: fiest baule decides
the war. Trends Ineminal. 27; 2T4-281.

2, Perreau, M., 8 Vigano, F. Bellanger, C, Pellaton, G. Buss, I}, Comie, T. Roger,

C. Lacabaratz, P. A Bart, ¥ Levy. and G. Pamtaleo. 2004, Exhovstion of
bacteria-specific CIM T cells and microbial trunslocation in common vasiable
mmimunodeficiency disorders. J. Exe Med. 211 20332045,

Bazil, V., and J. L. Strominger 1991, Shedding as a mechanism of down-
modulation of CDN4 on stimulbuted human monocytes. J Inmonol. 1472 1567-
1574,

. Kichens, R. L, and P A Thompson. 2005, Modulstory effecs of sCD14 and

LEP on LPS-host cell inseractions. J. Endotoxin Rex. 11: 225-320,

. Glaser, N. A Pasejo. and
A. K. Bhanacharjee. 2000 . Active immuonization with a detoxified Escherichie
coli 15 lipopolysaccharide group B meningococcal oster membrane proein
complex vaccine protects animals. from experimental sepsis. £ ffecr. Dis. 183
10791086,

. Zhang, D.. G. Chen, D. Manwani, A. Monha, C. Xu, I 1. Faith, R. D. Burk.

Y. Kunisaki, 1. E. Jang. C. Scheiermann, et ol. 200 5. Neuwrophil ageing is reg-
ulated by the microblome. Maree 525: 528-532.

PFillay, 1., L den Braber, K. Vrisckoop, L M. Kwas, R 1 de Boer
I A Borghans, K. Tesselaar. and L. Koenderman. 2000, In vivo labeling with
2H20 reveals a human neutrophil lifespan of 5.4 days. Blood | 16: 625-627.
Elghetany, M. T. 2002, Surface amigen changes during normal noearophilic
development: a critical review. Bloewd Cells Mol Ihs. 28 260-274.
Kabutomorn, 0. Y. Iwatani, T. Kol, R Fushimi, and N. Amino. 1993, Decrease
in the dengity of 1oG-Fe neceptor I (CD6) on ‘Moxic” seotrophils. Acts Hae-
muarol, §9: 163164,

. Hubl, W., 5. Andert, G. Thum, 5. Onmner. and P. M. Bayer. 1997, Value of

newtrophil COLG expression for detection of left shift and acute-phase response.
Am F Clin. Parhol. 107: 187-196.

Kerst, 1. M. M, de Haas, C E wvan der Schoot, 1. C. Slaper-Corenbach.
M. Kleijer. A. E. von dem Bormne, and R. H. van Oers. 1993, Recombinant
granulocyie colony-stimulating fsctr adminisirtion w bealbihy volumeers: in-
duction of immunophenotypically and functionally aliered nevtrophils via an
effect on myeloid progenitor cells, Blowd 820 3265-3272.

2, Schmielay, 1. and ©. J. Finne 2001, Activated granulocyies and granulocyte-

derived hydrogen peroxide ase the underlying meclanism of suppression of 1-cefl
funcrion in advanced cancer patiems. Cancer Rex. 611 47564760,

Choi, J., B. Sub. Y. 0. Ahn, T. M. Kim. J. ©. Lee. 5. H. Leg, and D. 8. Heo.
22 CONS+CDIGlow buman granoloeyies from terminal cancer patients:
granulocytic myeleid-derived suppressor cells that have suppressive Tunction.
Tunwwr Biol. 33. 121-129.

Tak, T, P Wijien, M. Heeres, P Pickkers, A, Scholeen, A. J. R: Heck,
N Vrisekoop. L. P Leenen, 1. A M Borghans. K. Tesselaar, and
L. Koenderman. 2017, Human CDGLY newsophils identified us a sepasate

83

57.

(]

=
o

63,

o

65.

67.

B8

. Geng. 8.

NEUTROPHILS SUPPRESS T CELLS OF CVID PATIENTS

subset by protecme profiling and in vive pulse-chase labeling. Blood 129: 3476
3485,

Glasser, L., and R. L Fiederlein. 1987, Functional differentiation of normal
humn seutrophils. Bled G9: 937044,

Ohsaka, A and K. Saionji. 1998, In vivo administration of granulocyie colony-
stimulating facior increases the surface expression of sialyl-Lewis(x) on seu-
trophils in healihy volumteers. Acta Haematol 100; 187-190.

de Kleijn, 5. J. D. Langereis, 1. Leengjens, M. Kox, M. G. Neeea,
L. Koenderman, G. Ferwenda, P Pickkers, and P. W, Hermans. 2013, IFN-
-stimulated pewtrophils suppress lymphocyie proliferation thicagh expression
of PD-LI. PLaS (ne 8: 272249,

. Chorny, A, 8. Casas-Recasens. 1. Sintes, M. Shan, N. Polemaruui. R. Garcia-

Escudero, A, C. Walland, ). R Yeiser, L, Cassis, J. Canillo, et al. 2016, The
soluble pattern recognition receptor PTX3 links homoral innste and adaptive
immune responses by helping margingl zone B cells. [Published ematum appears
in 2017 J. Exp. Med. 214; 1539.] L Exp. Med. 213: 2167-2185.

. Pugn, 1., M. Cols, C. M. Barra, B, He. L. Cassis. M. Gentile, L. Comerma,

A Chorny, M. Shan, W. Xu, et al. 2011 B cell-helper newtrophil
diversification and production of § fobulin in the
spleen. Naf, Drruncl, 130 170 LR,

Giatjen. M., F. Brand, M. Grau. K. Gerlach. R. Kenritz, J. Westermann,
L Anagpostopoulos, P Lenz, G. Lenz, U. E. Hopken, and A, Rehm. 2006,
Splenic masginal zome granalocyles acquire an accentusted neutrophil B-cell
helper phenotype in chironic lymphocytic leakemia, Camcer Res, T8 53535265,
Parsa, R H. Lund. A M. Georgowdaki, X, M. Zhang. A Onlich Guerreiro-
Cacais. [, Grommisch, A Wamnecke. A. L. Croxford, M. Jagodic. B. Becher,
et al. 2006, BAFF-secreting neutrophils drive plasma cell responses during
emergency granulopoiesis. J. Evp. Med 213: 133715353,

stimulate the
I zone of the

2. Deniset. I, F, B G. Surewanrd, W, Y. Lee, and P. Kubes, 2007, Splenic Ly6G""

mature and LybG™ immature neutrophils contibute to eradication of §, preu-
munie, S Egp. Med. 214: 13331350,

Geng. 5., H. Matsushima, T. Okamoto, Y. Yoo, B T_'u. :md A Takashima. 2003
Reciprocal regulation of devel of I dritic cell hybrids in
mice by [L-4 and interfeson-gamma. PLoS e 8: 282029,

H. Matsushima, T. Okamoto, Y. Yao, R Lu, K. Page
R. M. Blumenthal, M. L. Ward, T. Miyazaki, and A. Takashima. 2013. Emer-
gendce, origin, and function efmmmpm]dendnun. cell hylrids in experimentally
induced inflammatory lesions i mice. Blood 121: 1690-1700.

Singhal. 8. P 5. Bhojnagarwala, 8. O'Brien, E. K. Moon, A L Garfall,
A S Rao. )G, Quarsmoni, T. L. Stephen, L. Litky, C. Deshpande, et al, 2006,
Origin and role of 3 subser of wmor-associsted oestrophils with antigen-
presenting cell featwres in carly-stage human lung cancer, Cancer Cell 30
120-135.

. Fites, §. 5., M. Gui, J. F. Kernien, P. Negore, Z. Dagher. D. B. Sykes, 1. E. New,

M. K. Mansour, and B, §. Klein. 2018, An unappreciated role for nearrophil-DC
hvbrids in immunity o invasive fungal infections. PLoS Pathop. 14: el00T073
Pellener, M., A, Michelewi, and M. A Cassatella. 2000, Modulation of human
pewtrophil survival and antigen expeession by activated CDd+ and CDE+ T cells.
4. Leukoc. Biod, 88: 11631170,

Casulli, 5., H. Coignard-Bichler, K. Amaxzough. M. Shoai-Tebrani, 1. Bayry.
N. Mahlaowi. C. Elbim, and 5. V. Koveri. 2014, Defective functions of
polymorphonuclear newtrophils in patients with common vanable immunodefi-
ciency. dmmneol. Kes, G0 69-T6.

. Kramer, P A L. Prichard, B. Chacko, 8. Ravi, E. T. Ovenen, 5. L. Heath, and

W Drarley-Usmar. 2013, Inhibition of the lvmphocyte metabolic switch by the
oxbdative burst of bunan nevtrophils. Clie. Scl (Lond. ) 129; 489-504.

. Hotchkiss, R 8 G. Monnerer, and D Payen. 2013, Sepsis-induced immuno-

suppression: from cellulyr dysfunctions w immunotherapy. Nor Rev. fmmned,
13: 862474,

G207 1SNy GZ U Jasn ejzi|nun eroyAese A 08 /556 L6/ Z0ZRIWEOUNIL ALY dnoaiweped e sdiy Woy papeciumen)



Phenotype and oxidative burst of low-density neutrophil subpopulations are altered in common
variable immunodeficiency patients. Slanina P, Stichova J, Bosakova V, Zambo IS, Kohoutkova MH,
Laznickova P, Chovancova Z, Litzman J, Plucarova T, Fric J, Vlkova M. Cytometry B Clin Cytom. 2024
Mar;106(2):99-112. doi: 10.1002/cyto.b.22150. Epub 2023 Nov 23.

84



Received: 16 May 2023

Revised: 10 October 2023

"} Check for updates

Accepted: 7 November 2023

DOI: 10.1002/cyto.b 22150

ORIGINAL ARTICLE

CLINICAL CYTOMETRY R1%41 850

Phenotype and oxidative burst of low-density neutrophil
subpopulations are altered in common variable
immunodeficiency patients

Peter Slaninal? |
Iva Staniczkova Zambo® |
Zita Chovancoval? |
Marcela Vikova 2

*Department of Clinical Immunology and
Allergology, Faculty of Medicine, Masaryk
University, Brno, Czech Republic

?Institute of Clinical Immunology and
Allergology, St. Anne’s University Hospital,
Brno, Czech Republic

*Center for Translational Medicine,
International Clinical Research Center, 5t
Anne’s University Hospital Brno, Brnao,
Czech Republic

“*Department of Biology, Faculty of Medicine,
Masaryk University, Brmo, Czech Republic

1% Department of Pathology, St. Anne's
University Hospital and Faculty of Medicine,
Masaryk University, Brno, Czech Republic

“Institute of Hematology and Blood
Transfusion, Prague, Czech Republic

Cormrespondence

Marcela Vikova, Department of Clinical
Immunology and Allergology. Faculty of
Medicine, Masaryk University, Pekarska
53 656 91 Brno, Czech Republic.

Email: mvikova@med.muni.cz

Funding information

Lékarska fakulta, Masarykova univerzita,
Grant/Award Numbers: MUNI/A/1098/2022,
MUNI/A/1244/2021; Ministerstvo Skolstvi,
Mladeze a Telowychovy, Grant/Award Numbers:
CZ.02.1.01/0.0/0.0/16_019/0000868,
L¥22NPO5107; Ministerstvo Zdravotnictvi
Ceské Republiky, Grant/Award Number:
NU21-06-00408; European Social Fund and
European Regional Development
Fund—ENOCH

Julie Stichova*?
Marcela Hortova Kohoutkova® |
Jiri Litzman? |

| Veronika Bosakova®# |
Petra Laznickova® |

Terezie Plucarova® | Jan Fric®® |

Abstract

Common variable immunodeficiency disorder (CVID) is the most common form of
primary antibody immunodeficiency. Due to low antibody levels, CVID patients
receive intravenous or subcutaneous immunoglobulin replacement therapy as treat-
ment. CVID is associated with the chronic activation of granulocytes, including an
increased percentage of low-density neutrophils (LDNs). In this study, we examined
changes in the percentage of LDNs and the expression of their surface markers in
25 patients with CVID and 27 healthy donors (HD) after in vitro stimulation of whole
blood using IVlg. An oxidative burst assay was used to assess the functionality of
LDNs. CVID patients had increased both relative and absolute LDN counts with a
higher proportion of mLDNs compared to iLDNs, distinguished based on the expres-
sion of CD10 and CD16. Immature LDNs in the CVID and HD groups had signifi-
cantly reduced oxidative burst capacity compared to mature LDNs. Interestingly we
observed reduced oxidative burst capacity, reduced expression of CD10 after stimu-
lation of WB, and higher expression of PD-L1 in mature LDNs in CVID patients com-
pared to HD cells. Our data indicate that that the functional characteristics of LDNs
are closely linked to their developmental stage. The observed reduction in oxidative
burst capacity in mLDNs in CVID patients could contribute to an increased suscepti-
bility to recurrent bacterial infections among CVID patients.

KEYWORDS
commeon variable immunedeficiency, intravenous immunoglobulins, low-density neutrophils,
oxidative burst, suppression
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1 | INTRODUCTION

Meutrophils represent the largest subpopulation of leukocytes in
blood circulation (Bouma et al., 2010), and being key players in innate
immunity, they are also the most predominant leukocytes at the site
of inflammation (Liew & Kubes, 2019). Recent evidence suggests that
neutrophils play an active role in the coordination of innate and
adaptive immunity (Rosales, 2020). When triggered by pathogens,
they activate multiple antimicrobial functions, such as phagocytosis
(Uribe-Querol & Rosales, 2020), degranulation (Eichelberger &
Goldman, 2020), and the formation of extracellular traps (NETs)
(Mulay & Anders, 2020). Density gradient centrifugation of peripheral
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markers, and changes in the number of dendritic cells (Sharifi
et al,, 2017) and monocytes (Barbosa et al., 2012), as well as defects
in their function. Our previous studies showed that chronic neutrophil
activation was associated with immune dysregulation in patients with
CVID (Litzman et al., 201%; Vikova et al., 2019). Furthermore, we pre-
viously observed a systemic activation of myeloid cells and an
increased production of cytokines involved in granulopoiesis and the
regulation of neutrophil recruitment and activation (Hel et al., 2014).
Intravenous immunoglobulin (IVIg) treatment is the standard ther-
apy for antibody immunodeficiencies. IgG used in IVlg therapy binds
to various immunoglobulin receptors on immune cells, which may lead

to either the stimulation or inhibition of the immune system

blood collected from patients with acute or chronic infl ory dis-
eases has revealed a heterogeneous group of neutrophils trapped in
the peripheral blood mononuclear cell (PBMC) layer, the so-called
low-density neutrophils (LDNs) (Seapini et al., 2016). Increased counts
of LDNs were found in the periphery of patients with cancer (Brandau
et al, 2011), infections including human immunodeficiency virus
(Bowers et al., 2014) and sepsis (Darcy et al., 2014), as well as autoim-
mune diseases (Carmona-Rivera & Kaplan, 2013; Darcy et al., 2014;
Ui Mhaonaigh et al., 2019; Wright et al., 2017). Phenotypically, LDNs
in the PBMC layer are distinguished by the presence of common neu-
trophil lineage markers CD15 and CDé66b. A detailed subclassification
of LDNs was first published by Marini et al. (2017), who used flow
cytometry to detect the expression of markers CD10 and CD16 on
the cell surface. Based on their observations, LDNs are subdivided
into CD16 CD10™ immature (iLDNs) and CD16 CD10°
(mLDNs).

As part of phagocytosis, the process of oxidative burst is acti-

mature

vated, in which molecular oxygen is reduced due to the influence of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This
process leads to the subsequent formation of the superoxide radical
and reactive oxygen species (ROS), including hydrogen peroxide
(H202), hydroxyl radical (OH.), and hypochlorous acid (HCIO). ROS are
main components of neutrophil killings in response to microbial inva-
sion, serving as messengers in normal cell transduction and the cell
cycle. Inside phagocytes, the formed hydrogen peroxide and hypo-
chlorite ions strongly oxidize dihydrorhodamine 123 (DHR123) to
fluorescent rhodamine 123, which is detectable by flow cytometry
(Chen & Junger, 2012). While the presence of mature and immature
LDMNs has also been reported by other studies (Brandau et al,, 2011;
Matthews et al,, 2021; Tay et al., 2020), none have performed a char-
acterization of these cells during oxidative burst.

Common variable immunodeficiency (CVID) is the most frequent
form of primary hypogammaglobulinemia characterized by decreased
serum levels of immunoglobulin (Ig)G and (Ig}A in the presence of
wvarying levels of (Ig)M (Chapel & Cunningham-Rundles, 2009). CVID
represents a heterogeneous group of defects that clinically manifest
themselves as frequent and complicated respiratory tract infections,
diarrhea, and autoimmune disorders (Bonilla et al., 2016). Defects in
the number and function of B, T, or NK cells have been previously
reported (Chandra et al. 2016). Recent studies have also shown
increased activation of innate immunity, altered expression of surface
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(l ke & Kuijpers, 2015). Recent evidence has shown that IVig
alleviates the state of chronic immune activation (Dominguez-Soto
et al, 2018; Kessel et al, 2011; Kozicky et al, 2018; Trépanier
et al., 2014). Through increased expression of CD&4, flow cytometry
measurements by Tsinti et al. (2020) further confirmed the persistent
activation of polymorphonuclear leukocytes (PMNs) and demon-
strated that immunoglebulin treatment increases the activation capac-
ity of neutrophils after exposure to lipopolysaccharide (LPS).

Recent research has revealed that LDNs manifest in numerous
diseases, exhibiting a significant paositive correlation with the severity
of these conditions (Bowers et al., 2014; Rocha et al, 2015). In addi-
tion to increased activation of neutrophils and elastase serum levels,
we have previously reported increased proportion of LDNs in the
peripheral blood of patients with CVID after IVIg administration
(Litzman et al,, 2019; Vikova et al., 2019). Although neutrophils have
been extensively studied in patients with CVID, there seems to be lim-
ited emphasis on investigating the occurrence of LDNs. Taken
together, this latest evidence raises new questions regarding mare in-
depth analyses of LDNs, which would examine their heterogeneity,
oxidative burst capacity and characterize the effects of IVlg on the
fraction of LDNs. New knowledge about LDNs could contribute to a
better understanding of immune dysregulation in patients with CVID.

2 | MATERIALS AND METHODS

21 | Patients and healthy donors

The study was reviewed and approved by the Medical Ethics Commit-
tee of St. Anne's University Hospital (Brno, Czech Republic), ethics
approval number: 6G/2015. Written informed consent was obtained
from all participants prior to inclusion in the study. A total of 25 CVID
patients (15 females, 10 males; median age: 51, range: 23-86 years)
were recruited. All patients fulfilled the International Consensus Doc-
ument (ICON) diagnostic criteria for CVID (Bonilla et al, 2016). The
control group consisted of 27 HD (16 females, 11 males; median age:
48, range: 24-73 years). CVID patients were treated with regular IVig
substitution, and peripheral blood samples were collected into
S-Monovette heparin-containing vacutainers (Sarstedt, Niimbrecht,
Germany) before the infusion. No participants suffered from acute
health problems.
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22 | Cellisolation

PBMCs were isolated from heparinized peripheral blood with density
gradient centrifugation using Ficoll-Pague (Pharmacia, Uppsala,
Sweden). WB was layered on Ficoll and centrifuged for 25 min at
400 g without brake. The fraction of PEMCs was collected from the
plasma-lymphocyte separation medium interface. Aside from mono-
cytes and lymphocytes, PBMCs also contained LDNs. PBMC suspen-
sion was transferred to phosphate-buffered saline (PBS) and washed
twice. Mext, the cells were re-suspended in RPMI 1640 (Sigma,
St. Louis, MO) supplemented with 10% heat-inactivated fetal bovine
serum (FBS: HyClone, South Logan, UT, USA) and a combination of
penicillin, streptomycin, and L-glutamine (Sigma, 5t Louis, MO),
referred to as complete RPMI medium. The number of cells was guan-
tified using the Vicell XR cell counter (Beckman Coulter, Brea,
CA, USA).

23 | Stimulation of the WB for LDN induction

Samples were stored at 22°C, and all procedures began at the latest
1 hour after blood collection. Samples were divided into 4 aliquots
(1 non-stimulated aliquot and 3 stimulated aliquots), using 2 pg/mL
formyl methionyl-leucyl-phenylalanine (fMLF; Sigma, St. Louis, MO),
2 ug/mL LPS (E. coli 0111:B4; Sigma) (Vlkova et al, 201%), and IVig
(Privigen, CSL Behring GmbH, Marburg, Germany) at a dose of
5.7 mg/mL of heparinized blood, calculated based on a therapeutically
relevant dose for infusion (i.e., 400 mg 1gG/kg). Samples treated with
fMLF and LPS were incubated at 37°C for 60 minutes, while samples
treated with IVig were incubated for 120 min. Non-stimulated and
stimulated WB was further processed for PBMC isolation according
to the cell isolation protocol described above. LDNs were analyzed
using flow cytometry.

24 | Flow cytometry characterization of LDNs

LDNs were characterized by identifying combination of markers
expressed on their surface. A mixture of fluorescent-labeled human
monoclonal antibodies (Exbio Praha, Vestee, Czech Republic) was

FIGURE 1 Experimental
conditions used for quantifying
oxidative burst. WB was non-
stimulated or stimulated in vitro
with IVig. Part of the WB was
further used for PBMC isolation.
LDNs were stimulated with E. coli
or PMA for the detection of
oxidative burst.

Peripheral blood in /
heparine \

LINICAL CYTOMET WILEY-

used: CD15 FITC (Fluorescein lsothiocyanate, clone MEM-158),
CD193 PE (Phycoerythrin, clone 5E8), CD14 PerCP Cy5.5 (Peridinin-
chloraphyll Cyanin 5.5, clone MEM-15), CD10 PC7 (R-Phycoerythrin
Cyanin 7, clone MEM-78), CD274 APC (Allophycocyanin, clone
29E.2A3), CD11b AF 700 (Alexa Fluor 700, clone ICRF44), CD45 PB
(Pacific Blue, clone 2D1), and CD16 PO (Pacific Orange, clone 3G8).
Samples were incubated with monoclonal antibodies in the dark at
4°C for 20 min, followed by washing with PBS. Analysis was per-
formed using the flow cytometer Mavios (10 colors, 3 lasers, Beckman
Coulter, Inc. Miami, FL, USA), and the results were analyzed using
Kaluza software (Beckman Coulter, Brea, CA, USA).

25 | Cell sorting and light microscopy

PBMCs were prepared according to the cell isolation protocol
described above. Staining of LDN subsets in the fraction of PBMCs
was performed with the mixture of antibodies used for the characteri-
zation of LDNs by flow eytometry, as described above. LDN subpopu-
lations were sorted with the MOFLO Astrios cell sorter (Beckman
Coulter, Brea, CA, USA). Sorted subpopulations were stained accord-
ing to the standard Mayer's hematoxylin and eosin staining protocol.
Stained cells were observed using a standard light microscope with

400x magnification.

2.6 | Oxidative burst of LDNs

The oxidative burst of LDNs was quantified as the mean fluorescence
intensity of rhodamine 123 assessed by flow cytometry. Firstly, part
of the heparinized WB was pre-stimulated with [Vig for 2 h at 37°C.
PEMCs were isolated from the non-stimulated WB and WE pre-
stimulated with IVlg according to the cell isolation protocol deseribed
earlier. Next, 1 aliquot from each condition served as a non-stimulated
control for the oxidative burst, and 1 aliquot was stimulated with
opsonized E. coli (Department of Biology, Faculty of Medicine, MU,
Brno, Czech Republic). One aliquot of PBMCs from the non-
stimulated WB was stimulated with 2 pg/mL Phorbol 12-myristate
13-acetate (PMA; Sigma, St. Louis, MO). Experimental conditions used
for quantifying the oxidative burst are shown in Figure 1. Tubes were

Oxidative burst
(100pl of sample)

LDNs: non-stim.

25 mwe 2mi for ) .

non-stim. PBMC isolation * LDNs: stim. E.coli
LDMs: stim. PMA

25ml WB 2 ml for LDNs: non-stim.

in vitro stim. with 1Vig
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incubated for 15 min at 37°C. After 15 min of incubation, dihydroxyr-
hodamine 123 (Sigma-Aldrich, Saint Louis, MO, USA) was added to
the samples, which were then incubated for 15 minutes. Subse-
quently, the samples were washed with PBS and further incubated in
the dark at 4°C for 30 min with the mixture of monoclonal antibodies:
CD15 PC7 (R-Phycoerythrin Cyanin 7, clone WéD3, Sony), CD10
APC  (Allophycocyanin, clone HI10a, CD16 APC-Cy7
(Allophycocyanin-Cyanin 7, clone 3G8, Exbio), CD11b PB (Pacific
Blue, clone ICRF44, Exbio), and CD45 PO (Pacific Orange, clone HI30,
Exbio). Samples with PBMCs were washed with PBS. Analysis was
performed on the flow cytometer Navios (10 colors, 3 lasers, Beck-

Sony),

man Coulter, Inc. Miami. FL, USA), and the results were analyzed using
Kaluza software (Beckman Coulter, Brea, CA, USA).

2.7 | Assessment of changes in LDNs

Peripheral blood of CVID patients was collected into heparin tubes
before intravenous administration of IVIig. Part of the WB was pro-
cessed immediately according to the PBMC isolation procedure. The
rest of the WB was stimulated in vitro at 37°C for 2 h with IVIg prepa-
ration in a therapeutically relevant dose for infusion (i.e., 400 mg
18G/kg), followed by PBMC isolation. Tweo hours after in vivo Vg
administration, peripheral blood collection from CVID patients was
again performed, and the WB was processed according to the PBMC
cell isolation procedure. PBMC samples were further processed for
the flow cytometry characterization as described earlier.

28 | Statistics

Differences between CVID patients and HD were explored using the
non-parametric Mann-Whitney U test or Wilcoxon signed-rank test,
as appropriate. Correlations were determined using Spearman's rank-
order correlation. The p-value of <0.05 was considered statistically
significant. All statistical analyses were performed in GraphPad Prism
(Version 5; GraphPad Software Inc., CA, USA).

3 | RESULTS

3.1 | Characterization of LDN subtypes

A specific surface marker capable of differentiating LDNs from periph-
eral PMNs has not yet been identified, and it remains necessary to
use density centrifugation and characterize LDNs as a fraction of
PBMCs based on the expression of surface markers characteristic
of PMNs. In our experiments, we used combination of flow cytometry
measurements and light microscopy for exact determination of LDNs.
First, granulocytes were gated from PBMCs as CD45°CD149™CD15 "
cells. Using the marker CD193, we removed eosinophils from selected
granulocytes. thus we obtained a population of LDNs. Size (FSC) and
granularity (SSC) of gated LDNs correspond with the PMNs. Next, we
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used a combination of surface markers CD10 and CD16 to distinguish
CD45"CD15"CD16 CD10™ immature (ILDNs) and CD457CD15"CD
16"CD10" mature (mLDNs) LDNs (Figure 2a) (Marini et al., 2017).
The accuracy of the gating strategy was confirmed by visualizing
iLDNs and mLDNs in a light microscope, where iLDNs and mLDNs
were obtained using the fluorescence-activated cell sorting method.
mLDNs typically had segmented nuclei with abundant pale pink cyto-
plasm (Figure 2b), whereas iLDNs had round, less segmented nuclei
with a higher nucleus/cytoplasm ratio (Figure 2c).

3.2 | Phenotype of LDNs in healthy donors

To better characterize mLDNs and ILDNs, we used flow cytometry to
analyze the expression of surface markers on LDNs obtained from
HD. In addition to the low expression of CD10 and CD16, iLDNs alsa
displayed low expression of adhesion molecules CD62L (data not
shown) and integrin CD11b, as well as reduced expression of CD45
and CDé&6b (data not shown). Thus, iLDNs showed a2 phenotype
deseribed as CD459MCD16 CD10 CD11b™CD62L CD66LY™ com-
pared to mLDNs that showed an overall phenotype described as
CD45"CD16"CD10"CD11b" CD&2L "CDé6b ™ (Figure 3a.b).

3.3 | PBMCs contain an increased proportion of
mLDNs in CVID patients

To further examine the potential role of LDNs in CVID pathogenesis,
we evaluated the percentage of LDNs in PBMCs isolated from fresh
blood. CVID patients compared to HD displayed higher percentage
(Figure 4a) and absolute numbers (Figure 4b) of LDNs in the PEMC
and higher relative proportion (Figure 4c) of LDNs within the total
neutrophils, which was consistent with our previous study (Vikova
et al., 2019) The frequencies of LONs in various diseases are summa-
rized in Table 1. In both CVID and HD groups, isolated PBMCs from
the non-stimulated WB contained a significantly higher percentage of
mLDNs relative to iLDNs (Figure 4d). Moreover, an increased propor-
tion of all LDNs in CVID patients suggests that they had a significantly
higher percentage of mLDNs compared te HD, whereas there was no
significant difference in the percentage of iLDNs between the two

groups (Figure 4d).

34 | LDN production is increased after in vitro
stimulation with 1VIg

A possible explanation behind the increased percentage of LDNs in
CVID patients is the treatment with IVIg, as we have previously
reported that CVID patients display increased levels of granulocyte
activation markers (Litzman et al., 2015). To better understand the
properties and sources of LDNs in CVID patients and HD, we exam-
ined changes in the percentage of LDNs after WB stimulation with
IVIg. A significant increase in the percentage of LDNs was observed in
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FIGURE 2 Definition of LDNs and LDN subtypes: immature and mature LDNs. (a) Plots showing the gating and sorting strategy of PBMC
suspension purified by gradient centrifugation. First gate was set on FSC-A and FSC-H to eliminate doublets, then physical parameters, that on
CD45™ to eliminate debris and LDNs were defined as CD45 CD14 CD15"CD193 " cells and further subdivided into CD15 CD10 CD16~
iLDNs and CD15 CD10 CD16 mLDNs based on the surface expression of CD10 and CD16. Representative data from one CVID patient were
analyzed in Kaluza. The maturity of sorted LDN subpopulations was controlled using light microscopy. (b) mLDNs had a typical morphology of
mature segmented neutrophils with pale pink cytoplasm and condensed chromatin separated by thin filaments into 2-5 nuclear lobes, whereas
{c) ILDNS had less abundant cytoplasm ({higher nucleus/cytoplasm ratio) and unsegmented nuclei with less condensed chromatin. Representative
Mayer's hematoxylin and eosin staining images of mLDNs and iLDNs {out of two independent experiments) were acquired with a 400x objective.
Scale bar represents 20 um. [Color figure can be viewed at wileyonlinelibrary.com]

CVID patients as well as in HD after WB stimulation with IVig peripheral blood of 7 CVID patients collected prior to IVIg administra-
(Figure 5a). In both groups, an increase in LDNs after WB stimulation tion, 2 h after IVlg administration, and 2 hours after in vitro incubatien

with IVlg was not dependent on the initial proportion of LDNs in the of peripheral blood with 1VIg. In vitro stimulation of the WB with IVig

WE without stimulation (data not shown). WB stimulation with [Vig caused an increase in the proportion of mLDNs in the fraction of
did not cause significant changes in the percentage of iLDNs PBMCs (Figure 5e). However, these results were not confirmed in the
(Figure 5b) in both groups, whereas there was significant increase in samples after IVlg application in vivo. In 4 CVID patients, the percent-
the percentage of mLDNs (Figure 5¢). CVID patients, in comparison to age of LDONs increased, but 3 patients responded with a reduced num-

HD, showed a significantly elevated proportion of mLDNs after WB ber of LDNs (Figure 5f).
stimulation with IVIg (Figure 5c).

3.6 | WB stimulation induces changes in the
3.5 | Invivo stimulation of LDNs after IVig expression of LDN surface markers of HD
administration

Our next goal was to detect changes in the expression of surface
Next. we aimed to determine the possible formation of LDNs in the markers on ILDNs and mLDNs of HD after WB stimulation. WB was
blood of CVID patients after intravenous administration of IVlg and stimulated as described earlier. and surface expression of CD10,

compare the results to those of in vitro experiments. The formation of CD11b, CD15, CD16, CD45 and PD-L1 was measured on the surface
LDNs was measured in the PBMC samples obtained from the of obtained LDNs.
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FIGURE 4 CVID patients show an increased frequency of predominantly mature LDNs. (a) The proportion and (b) abselute numbers of LDNs
in the PBMC fraction and (c) the proportion of LDNs in the total neutrophils purified from non-stimulated WB samples by density gradient
centrifugation was determined using the flow cytometry measurement. (d) The percentage of iLDNs and mLDNs was recalculated according to
the total number of LDNs in the sample. Combined data of 27 HD and 25 CVID patients from 24 independent experiments, each performed with
2-4 samples, are shown. Horizontal bars represent the median. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-
Whitney U test (gray line), as appropriate (ns = non-significant, *p = 0.05; **p = 0.01: and ***p = 0.001). [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Overview of LDN frequency in various diseases.

Immunodeficiency CVID

Sepsis Sepsis with shock
Sepsis no shock
Sepsis
Cancer Head and neck squamos cell carcinoma

Hodgkin and non-Hodgkin lymphoma

Autoimmunity Rheumathoid arthritis
ANCA vasculitis
Infectious diseases 5FTS

LDNs

Median (%) Range (%) Author

0.55 0.05-4.06

19.2 4.4-295 Darcy et al. (2014)
27 1541 Darcy et al. (2014)
373 n.s. Sun et al. (2022)

55 2-34 Brandau et al. (2011)
22 0.02-70.92 Marini et al. (2017)
>1 1-24.2 Wright et al. (2017)
17.4 11.2-40.7 Ui Mhaonaigh et al. {2019)
46.8 ns. Liet al. (2018)

Note: LDN frequency for certain diseases is displayed as the median, and the range shows the minimum and maximum LDN percentage values.

Abbreviations: CVID, common variable immunodeficiency; n.s. - not specified; SFTS, evere fever with thrombocytopenia syndrome.

Significant increase was detected in the expression of CD16 and
PD-L1 on iLDNs of HD after WB stimulation with fMLF and LPS. All
used stimulants caused increase in the relative numbers of PD-L17
iLDNs (Supplementary Figure 2c). Moreaver, CD11b and CD45 were
also significantly increased after WB stimulation with IVig. Con-
wersely, significant decrease was detected in the expression of CD15
on iLDNs of HD after WB stimulation with fMLF and LPS (Figure 6a).
No changes were detected in the expression of CD10 on iLDNs of
HD after all used stimulants {data not shown).

WB stimulation with fMLF and LPS caused significant increase in
the expression of CD11b and CD10 on mLDNs of HD and for CD45
also after WB stimulation with IVIg. Conversely, there was significant
decrease in the expression of CD15 on mLDNs of HD after WB stim-
ulation with fMLF and LPS. (Figure 6b) Mo changes were detected in
the expression of PD-L1 on mLDNs of HD after all used stimulants
(data not shown), however, there was increase in the relative numbers
of PD-L1+ mLDNs after stimulation of WB with fMLF and LPS
(Supplementary Figure 2d).

91

3.7 | Differences in the expression of LDN surface
markers between CVID patients and HD

To provide more comprehensive characterization of LDNs of CVID
patients, we compared expression of their surface markers with the
LDNs of HD in the PBMC from non-stimulated WB and from WB
stimulated with IVlg, fMLF, and LPS.

iLDNs from non-stimulated WB of CVID patients showed higher
expression of CD15, CD10, and CD11b compared to iLDNs of HD
(Supplementary Figure 1). No between-group differences were
detected in the expression of CD16, CD45 and PD-L1 on iLDNs from
non-stimulated WB (data not shown). ILDNs of CVID patients and HD
had a comparable expression of the measured markers after WB stim-
ulation with IVlg, fMLF, and LPS (data not shown). No significant dif-
ference was detected in the relative numbers of PD-L1" iLDNs
between CVID patients and HD (Supplementary Figure 2c).

mLDNs from non-stimulated WB of CVID patients had higher
expression of CD11b and PD-L1 compared to mLDNs of HD
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FIGURE 5 WB stimulation with IVlg caused increase of mLDNs. The proportion of (a) LDNs, (b) ILDNs, and {c) mLDNs in the PBMC purified
from WB samples of HD and CVID patients stimulated with IVlg. Combined data of 27 HD and 25 CVID patients from 24 independent
experiments, each performed with 2-4 samples, are shown. Horizontal bars represent the median. The proportion of LDNs in the PBMC fraction
was compared in CVID patient samples (n = 7, combined data from 7 independent experiments) before and (&) 2 hours after in vivo IVig
administration or (d) after 2 h of in vitro IVIg stimulation of the WB collected prior to Vg administration (in vitre IVig). (d) In vitro stimulation of
the WE with IVIg induced the formation of LDNs, whereas (g) in vivo administration of Vig did not validate the results of the in vitro
experiments. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-Whitney U test (gray line), as appropriate (ns = non-
significant, *p = 0.05; **p = 0.01; ***p = 0.001; and ****p = 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Changes in the surface expression of markers of LDN subpopulations after WB stimulation. The WB of 27 HD was either non-
stimulated or stimulated with 5.7 mg/mL IVlg for 2 h, 2 ug/mL fMLF, and 2 pg/mL LPS for 1 h. Statistically significant changes in the expression
levels of surface markers after stimulation on (a) iLDNs and (b) mLDNs are depicted in the graphs. Each point represents median of MFI values
from 27 HD. Combined data from 24 independent experiments, each performed with 2-4 samples. The WB of 27 HD and 25 CVID patients were
non-stimulated or stimulated as mentioned above. Statistically significant differences in the expression of (c) CD11b (d) PD-L1 and (e) CD10 in
mLDNs of CVID patients compared with HD after stimulation of WB are shown. Combined data from 24 independent experiments, each
performed with 2-4 samples are shown as mean + standard deviation. Data were analyzed using the Wilcoxon signed-rank test or Mann-
Whitney U test, as appropriate (ns = non-significant, "p = 0.05; **p = 0.01;: "**p = 0.001; and ***"p = 0.0001). [Color figure can be viewed at
wileyonlinelibrary.com]
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(Figure éc.d). Moreover, CVID patients had higher proportion of PD- using stimulation with opsonized E. coli or PMA. A significant increase
L1+ mLDNs in the PBMC from non-stimulated WB compared to HD in oxidative burst was observed in mLDNs after both stimulations
(Supplementary Figure 2d). Ne between-group differences were (Figure 7a,b). Our results showed that oxidative burst was markedly
detected in the surface expression of others measured markers on reduced in iLDMNs than mLDMNs regardless of the used stimulants

mLDNs from non-stimulated WB. mLDNs of CVID patients compared (Figure 7a). iLDNs had a very limited oxidative burst capacity after
to HD showed higher expression of CD11b after WB stimulation with being stimulated with opsonized E. coli or PMA (Figure 7a.c).

IVlg (Figure éc) and higher expression of PD-L1 and higher relative

numbers of PD-L1+ cells after all used stimulants (Figure 6d, Supple-

mentary Figure 2d). Unlike in HD, IVIg, fMLF, and LPS did not increase 3.9 | mLDNs show a reduced oxidative burst

CD10 expression in mLDNs of CVID patients (Figure ée). capacity in CVID patients

To assess functional properties of LDNs in CVID patients and HD, we
3.8 | iLDNs have limited oxidative burst capacity evaluated measurements of the oxidative burst using flow cytometry.
When comparing the oxidative burst of iLDNs, we observed similar

Oxidative burst is one of the fundamental functions of neutrophils in results in CVID patients as in HD: iLDNs were not capable of the oxi-
antimicrobial host defense and inflammation. Therefore, we assessed dative burst after in vitre stimulation with opsonized E. coli or PMA,
whether iLDNs and mLDNs had comparable oxidative burst capacity. relative to mLDNs (Figure 7d). Our measurements showed that

To detect the oxidative burst in HD, a DHR assay was performed mLDNs of CVID patients had a reduced oxidative burst capacity than
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FIGURE 7 Oxidative burst of LDN subpopulations after E. coli or PMA stimulation and the effect of 1Vlg pre-stimulation. PBMC from (a) HD
(n = 14) and (d) CVID patients (n = 17) were stimulated with opsonized E. coli or PMA to determine oxidative burst of LDNs using the flow
cytometry measurement of DHR123 fluorescence. Comparison of the oxidative burst of LDNs between CVID patients (n = 17) and HD (n = 14)
after stimulation is shown in graph (e). The increase in MFI DHR123 (Y-axis) expresses the ratio between MFI DHR123 of the non-stimulated
sample and MFI DHR123 of the sample stimulated with opsonized E. coli or PMA. Horizontal bars represent the median. Combined data from
16 independent experiments, each performed with 2-4 samples, are shown. Representative dot plots from one HD comparing DHR123
expression on (b) mLDNs and (c) ILDNs from non-stimulated PBMC or after stimulation with E. coli or PMA. (f) Comparison of the oxidative burst
of LDNs between CVID patients (n = 10} and HD (n = 10) from é independent experiments, each performed with 2-4 samples, after combined
2-h pre-stimulation with IVig and subsequent stimulation with E. coli. The increase in MFI DHR123 (Y-axis) expresses the ratio between the
increase in MFI DHR123 after combined IVIg and E.coli stimulation and in MFI DHR123 after E.coli stimulation. Horizontal bars represent the
median. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-Whitney U test (gray line), as appropriate {ns = non-
significant, "p = 0.05; **p < 0.01; **"p = 0.001; and ***"p < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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mLDMs of HD after stimulation with opsonized E.coli (Figure 7€) and
no difference was detected between the two groups after PMA stim-

ulation (Figure 7e).

3.10 | Oxidative burst of LDNs after in vitro WB
stimulation with IVig

Our results demonstrated that IVig stimulates neutrophils and may
induce the formation of additional LDNs. Next, we wanted to explore
whether in vitro stimulation with IVlg would positively affect the oxi-
dative burst of iLDNs and mLDNs in patients with CVID. To deter-
mine the effects of IVlg on the oxidative burst of LDNs, the WB was
first stimulated for 2 hours with the addition of IVlg. Afterward, LDNs
were stimulated by opsonized E. coli to determine their axidative burst
capacity, later referred to as combined IVIg and E. coli stimulation. Our
results showed that iILDNs of CVID patients and HD were not influ-
enced by combined IVIg and E. coli stimulation and were not capable
of oxidative burst (data not shown).

In HD, combined IVIg and E. coli stimulation caused a significant
increase in the oxidative burst of mLDNs compared to stimulation
with E. coll without IVlg pre-stimulation (Figure 7f). At the same time,
the oxidative burst of mLDNs in CVID patients did not significantly
change after combined IVlg and E. coli stimulation (Figure 7). mLDNs
of CVID patients did not have as high of an oxidative burst as
mLDNs of HD after combined IVIg and E. coli stimulation. (Figure 71).

4 | DISCUSSION/CONCLUSION

In this study, we showed that LDNs represent a small but highly spe-
cialized population of neutrophils that includes immature and mature
cells. They differ in their functional properties: compared to
mature neutrophils, immature neutrophils have a significantly reduced
oxidative burst capacity. The number of mature neutrophils in LDNs
can be increased in vitro by stimulation with IVig, fMLF, or LPS.

LDNs are generally characterized as PMNs based on the expres-
sion of various surface antigens, including CD337/CDé4b™/CD157/
CD14. N
and immature based on the surface expression of CD10, CD11b, or
CD16. CD16 CD11b ™ iLDNs and CD16 CD11b" mLDNs have been

previously described in patients with urological cancer or head and

tions subdivide LDNs into mature

days, several publi

neck cancer (HNC) (Brandau et al., 2011), as well as Hodgkin and non-
Hodgkin lymphoma (Marini et al., 2016). In patients with sepsis, LDNs
have been reported to be formed during various stages of neutrophil
maturation (Sun et al., 2022).

Qur flow cytometry results showed that 60% of LDNs in the
PBMC samples of HD were, on average, composed of mLDNs with a
high expression of myeloid markers CD10, CD11b, CD15, CD16,
CD45, CD62L, and CDé6b. In comparison, 40% of LDNs were pheno-
typically immature based on the low expression of the measured mye-
loid markers. In contrast, recent publications describe LDNs in HD as
mature cells with the equivalent expression of surface markers and
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standard morphology of mature neutrophils
et al, 2021; Gareth R. Hardisty et al, 2021). We speculate that the

variability in the results may be explained by differences in the prote-

(Blanco-Camarillo

cols used to isolate LDNs or gating strategies for the flow cytometry
measurements. Moreover, the frequency of LDNs in the PBMC sam-
ples of HD was around 0.2%, and immature neutrophils comprised
only 0.08% of the total LDNs. Probably, iLDNs have not been ana-
Ilyzed in previous studies due to their very low quantity.

Previously published results, as well as our data, indicate that
LDN composition is variable and dependent on the disease type, as
shown in Table 1. The current study confirmed our previous findings:
compared to HD, CVID patients produce more LDNs, mLDNs in par-
ticular, however it remains unknown why patients with CVID display
an increase in the number of LDNs.

Wlg replacement, together with the subcutaneous immunoglobu-
lin replacement route, is the first-line treatment for CVID patients.
Our current study showed that in vitro stimulation of the WB with
IVlg caused a significant increase in the proportion of mLDNs in the
PBMC fraction of both CVID patients and HD. The increment of
LDMNs was significantly higher in CVID patients compared to HD. The
mechanism leading to the formation of LDN after in vitro stimulation
remains unknown. It could be potentially attributed to the presence of
a dimeric farm of IgG in therapeutic IVIG preparates. Consistently, 1gG
aggregates are absent in the majarity of IVIG preparates, however up
to 1%-10% of 1gG in dimeric form can be found in most VIGs
depending on the manufacturer and a batch (Dolman et al., 2001).
According to the study of Coxon et al. (2001), immune complexes,
which are accessible for neutrophils, lead to their activation and
migration into tissues. Multivalent cross-linking of CD1é6b elicits
downstream signals including the release of Ca®' from intracellular
stores (Walker et al, 1991). Additional effector functions observed
after CD16b cross-linking include degranulation and activation of
respiratory burst (Fernandes et al. 2005). Degranulation and
increased expression of integrins on the neutrophil surface could
cause interaction with monocytes, lymphocytes or platelets, which
may account the increased number of LDNs in PBMC fraction. Vikova
et al. {2019) described, that patients with CVID had activated neutro-
phils compared to HD, therefore, it could be possible that IVIG could
activate neutrophils of CVID patients more significantly, which could
eventually lead to increased LDNs frequency in PBMCs.

To examine the possibility of IVIg treatment inducing the forma-
tion of LDNs, we compared the effect of in vitro stimulation of the
WE and in vivo stimulation after IVlg administration on the percent-
age of LDNs in 7 CVID patients. In vitro stimulation caused a substan-
tial increase in the percentage of LDNs, while after in vivo stimulation,
there was a decrease in the percentage of LDNs in some patients but
an increase in others. While in vivo LDNs could have been produced
from a pool of neutrophils in the bone marrow, and many factors
could have influenced their production and maturity, these mecha-
nisms are typically very limited in vitro. Based on the obtained results,
we were unable to identify common mechanisms or pathways that
could explain the differences in LDNs between in vitro and in vivo
stimulation. It is possible that in vivo activation of neutrophils by IVig
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or microbial translocation may be different across individual patients
and more data need to be collected.

CD10 is expressed on the surface of mature neutrophils. This
antigen also has enzymatic activity, and its main function is to regulate
the activation of neutrophils by degrading of inflammatory peptides
and influencing the morphology and migration of neutrophils (Shipp
et al., 1991). Kaneko et al. (Kaneko et al., 2003) further described a
homogenous increase in CD10 expression after in vitro stimulation of
neutrophils with LPS. Our data confirmed that stimulation of mLDNs
induces elevated CD10 expression in HDs, with a tendency to even
higher expression after [Vig, fMLF, and LPS administration, respec-
tively. mLDNs of CVID patients did not display increased CD10
expression after administering IVlg or stronger stimulants, such as
fMLF or LPS. Decreased capacity of neutrophils to express CD10 has
been reported in patients with septic shock. indicating that secretory
vesicles containing CD10 were fully mobilized in vive and that neutro-
phils were unable to further upregulate CD10 after in vitro stimulation
(Martens et al., 1999). Recently, “aged neutrophils” have been found
in patients with psoriasis, with reduced expression of CD10, CD11b,
and CD16. That subpopulation of neutrophils also had a reduced oxi-
dative burst capacity compared to mature neutrophils (Redriguez-
Rosales et al., 2021). However, decreased CD10 expression has not
been described in patients with chronic diseases yet, which is relevant
to CVID patients. On the other hand, our study did not reveal a
decrease in CD11b or CD1é expression on the mLDNs in CVID
patients as published in the case of patients with psoriasis.

It remains uncertain based on our observations whether the
diminished CD10 expression on mLDNs of CVID patients is a result of
the mild immaturity of these neutrophils or if it is indicative of neutro-
phils showing signs of aging. Both of these populations showed
changes in the expression of other markers such as CD11b, CD16 and
a reduced capacity for oxidative burst. Therefore additional research
is required to elucidate the function and mechanistic consequences of
decreased CD10 expression after stimulation in mature neutrophils
from patients with CVID.

PD-L1 is a molecule with an immunomodulatory function that is
expressed in various cells, including myeloid cells. PD-L1 interaction
with the programmed cell death protein 1 (PD-1) receptor triggers
inhibitory signals that regulate T cell responses (Keir et al, 2008).
mLDNs of CVID patients obtained from the non-stimulated WB
expressed higher PD-L1 than HD, which could be related to the sup-
pression of specific immune reactions and, as a consequence, chronic
inflammation. It could be a characteristic feature of mLDNs in CVID
patients, with other features including CD10 expression.

Oxidative burst plays an essential role in the response of neutro-
phils to a variety of pathogens. Using fMLF cell stimulation, Hardisty
et al. (2021) reported that healthy LDNs had a production of ROS
comparable to that of normal neutrophils. Moreover, Blanco-Camarillo
et al. (2021) described that LDNs, compared to normal neutrophils,
had enhanced ROS production after stimulation with PMA. Our tests
of the oxidative burst performed on distinguished iLDNs and mLDNs
showed that iLDNs were incapable of the oxidative burst after being
stimulated with epsonized E. coli or PMA. Stimulation of neutrophils
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via Fec receptors FeyRlla (CD32) and FeyRIllb {CD16) is necessary for
the oxidative burst that is mediated by the 1gG immune complex (van
der Heijden et al., 2014). Oxidative burst is also induced by the activa-
tion of p2 integrins (Nguyen et al., 2017). The phenotype of immature
neutrophils with low expression of CD11b, CD16, or CD32 reflects
incomplete maturation of granules, especially specific vesicles that
have a membrane on which these receptors are expressed and from
which
(Borregaard & Cowland, 1997) and indicates a possible reduction in
their oxidative burst capacity.

they reach the plasma membrane upon activation

The varying results may be attributed to a different gating strat-
egy than that described in Blanco-Camarille et al. (Blanco-Camarillo
et al, 2021), where the authors did not consider CD16"* neutrophils
(i.e., ILDMs) in the analyses, or to the LDN isolation protocol itself pre-
sented in Hardisty et al. (Gareth R. Hardisty et al,, 2021), where iLDNs
may not have been captured.

Compared to mLDNs of HD, we observed a reduced capacity of
mLDNs for the oxidative burst in CVID patients after stimulating
LDNs with opsonized E. coli. In addition, combined pre-stimulation of
the WB with |Vig and subsequent stimulation of LDNs with opsonized
E. coli did not increase the oxidative burst of LDNs in CVID patients.
On the other hand, no difference was detected in the oxidative burst
of mLDNs between the two groups after PMA stimulation. 1Vig has
been shown to modulate the functions of various cells in both innate
and adaptive immunity {Dolcino et al., 2014; Siedlar et al., 2011). Acti-
vation and increased oxidative burst were observed in peripheral
blood neutrophils in vitra after low doses of IVIG (Casulli et al., 2011).
In this study, the authors also observed increased CD11b expression
and greater ROS production in neutrophils after IVIG (cIVIG = 5 mg/
mL) + LPS stimulation. These data are consistent with our observed
increased oxidative burst in HD after IVIG pre-activation and subse-
quent E.coli stimulation. However, we did not observe an increase in
CD11b expression after IVIG stimulation in either HD or CVID
patients on mLDN. Nevertheless, CD11b expression was increased on
mLDN in eomparison with neutrophils in whole blood in both investi-
gated groups (data not shown). On the other hand, we also observed
reduced oxidative burst capacity in mLDNs from CVID patients after
E.coli stimulation, similar to Casulli et al., where peripheral blood neu-
trophils from CVID patients showed decreased degranulation, phago-
cytosis, and reactive oxygen species production (Casulli et al., 2014).
These observations indicate that neutrophils from CVID patients
including mLDN might show dysregulation in their functional
properties.

In conclusion, CVID patients have defects in cells of specific and
non-specific immunity, including neutrophils, in particular LDNs
(Barbosa et al., 2012; Sharifi et al, 2017; Vlkova et al., 2019). We
showed that LDNs are composed of immature and mature LDNs,
which differ between CVID patients and HD. ILDNs in HD as well as
in CVID patients are not capable of an oxidative burst. mLDONs in
CVID patients have limited oxidative burst capacity, and expression of
the PD-L1 suppressor molecule is enhanced in LDNs of CVID
patients. Our study provides valuable and novel data by defining the
phenotype and characterizing the oxidative burst capacity of LDNs in
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both CVID patients and HD. We propose that LDNs represent the
most activated state of neutrophils in peripheral blood. The increased
presence of LDNs in CVID patients may serve as an indicator of
chronic inflammation or potentially reflect episodes of acute
inflammation.

The observed reduction in oxidative burst capacity in mLDNs is
likely linked to the decreased production of ROS by neutrophils in
CVID patients, as demonstrated in the study by Casulli et al. (2014).
This reduction may contribute to an increased susceptibility to recur-
rent bacterial infections among CVID patients. However, we do not
believe that the functionality of LDNs, specifically their oxidative
burst capability, directly contributes to the pathogenesis of CVID.
Instead, it likely indicates a potential dysregulation of the immune
response in these patients. Nonetheless, further research is necessary
to elucidate the relationship between activated neutrophils and
mLDNs in CVID patients and to understand the implications of their

limited functional capacity.
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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
1VIg administration. In vitro stimulation of 13 CVID patients’ whole blood using IVIg in a therapeutically relevant dose for
2h 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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Introduction

Common variable immunodeficiency disorders 'Department of Clinical Immunology and Allergology, St. Anne’s

(CVIDs) comprise the most frequent symptomatic
primary hypogammaglobulinemia characterized by
decreased immunoglobulin G (IgG) levels accom-
panied by decreased immunoglobulin A (IgA) and/
or immunoglobulin M (IgM) serum levels and dis-
turbed response to antigenic stimuli.! Clinically
significant immunodeficiency in CVID patients is
manifested by severe respiratory tract infections,
diarrhea, and autoimmune disorders.!
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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, CD11b, and
CD16."* 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.!>-1#

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: 22-82 years) 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 em 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—{ree
period. In 24 patients on IVIg treatment (aged 22—
82 years), elastase and myeloperoxidase plasma
levels were determined prior to and 1 h after the
completion of [VIg infusion.'*

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 1500¢g 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 vitre stimulation of blood with 1VIg

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% [VIg 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 (100.5pg/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 14.1ug/L (8.4-19.7):
P<20.001; 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:
89.2ug/L (54.8-162.1); P=0.04; myeloperoxidase:
27.5pg/L (12.1-55.9); P<<0.001). No significant
differences were observed between patients treated
with IVIg (n=25) versus subcutaneous immuno-
globulin (SClg; n=21) (P=0.2 for elastase and
P=0.1 for myeloperoxidase). Compared to healthy
controls, the levels of granulocytic markers were
significantly higherin both IVIg (elastase: 110.4 pg/L
(55.8-162.1); myeloperoxidase: 26.5pg/L (12.1-
44.7)) and SClg (elastase: 83.1 pg/L (56.5-191.9);
myeloperoxidase: 29.5ug/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: 114.9ng/L
(54.8-162.1) vs 76.4pg/L (56.5-156.9); P=0.005;
myeloperoxidase: 35.2 ng/L (12.1-56.6) vs 26.5 ng/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 (12.1-7L.7); P=0.007).
Patients with enteropathy (n=8) had higher mye-
loperoxidase levels (42.9ug/L (12.1-71.7)) than
patients without this complication (n=3R8)
(27.3 ug/L (15.2-55.9); P=0.006). No significant
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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 suftered 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.!®

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 [VIg
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 [VIg leads to an
increase in plasma elastase levels by 104.0%
(56.29%—-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 (SClg) 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 (MPQ) 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.'® !, Furthermore,
CVID patients display an altered cytokine signa-
ture profile consistent with an ongoing activation
of cells of monocytic and granulocytic lineages.!'!

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 13 CVID patients after in vitro stimulation with 1Vig.

Elastase concentration was determined in three plasma samples from each patient TO—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; IVlg—heparinized
blood was incubated in water bath at 37°C and stimulated with |0% intravenous immunoglobulin. After 2h 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 protocel. Wilcoxon signed-rank test was used for statistical evaluation,

a7

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.!*-2
Although we did not observe elevated levels of
both granulocyte activation plasma markers in sub-
jects with bronchiectasis, autoimmunity, or lym-
phaticinfiltration inourcohort, the myeloperoxidase
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-
ease’ and plays a pathogenic role in forming
bronchiectasis.”*> Neutrophil-derived myeloper-
oxidase is involved in inducing oxidative stress
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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 | h following
the treatment. Limited data are available regarding
the effect of IVIg on polymorphonuclear neutro-
phil (PMN) degranulation upon I'VIg stimulation
in vitro. Van Mirre et al.>® observed decreased
elastase release in isolated granulocytes stimulated
by aggregated IgG by adding monomeric IgG
(obtained from [VIg). 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 FeyRIL*>"
Currently available commercial preparations of
[VIg contain less than 3% of polymeric IgG.*®
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 Fe domains of [gG
and interaction with FcyRIIL. Similarly, using
whole-blood conditions, Casulli et al.*® showed
that IVIg at low concentrations induced PMN acti-
vation indicated by decreased CD62L and increased
CD11b 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.*®

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 [VIg was observed.'
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."® 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-8.7**% The observation of an increase in
plasma elastase levels following [VIg infusion is
supported by other reports of in vitro elastase
release’” and general granulocyte activation®-*°
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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10 Pfechod k vyzkumu granulocyttl u
imunokompromitovanych pacientt

Po vice nez dekadé vyzkumu zaméreného prevainé na T- a B-lymfocytarni subpopulace u pacientl
s primarnimi imunodeficiencemi se odborné zaméreni nasSeho pracovisté rozsifilo na studium
funkénich viastnosti granulocytl, zejména neutrofill, u pacientll s imunokompromitovanym statusem
— predevsim po téZzkém traumatu, u pacientl v intenzivni péci nebo s podezienim na sepsi.

Viceparametrova priatokova cytometrie ndm umoznila detailné sledovat analyzovat fenotyp a funkci
jednotlivych subpopulaci neutrofilll. To zahrnovalo hodnoceni jejich funkéni kapacity (fagocytéza,
oxidacni vzplanuti, mitochondridlni potencial) a korelaci téchto parametri s klinickym stavem pacient(
(SIRS, CARS, septicky Sok, TRISS a ISS skére). Cilem téchto studii bylo zjistit, jak tézky Uraz remodeluje
vzajemné poméry v zastoupeni neutrofilnich subpopulaci a zda lze tyto zmény vyuzit pro ¢asnou
predikci komplikaci nebo k individualizaci terapie pacienty.

Vyuzili jsme kombinaci nasledujicich marker(: CD16 (FcyRIll) jako marker maturace a aktivace, CD62L
(L-selectin) jako adhezni molekulu, jejiz exprese klesa pfi aktivaci, a CD66b a CD11b jako markery
degranulace a adheze. Na zakladé exprese CD16 a CD62L Ize definovat hlavni subpopulace neutrofili:
(1) zralé neutrofily (CD16*CD62L" (2) banded neutrofily (neutrofilni tyée) (CD16* CD62L°%), a CD16"¥
CD62L* hypersegmentované supresorové neutrofily® a ,exhausted” neutrofily (CD16'°“CD62L"°").8

U pacientl po traumatu jsme pozorovali dynamické zmény v zastoupeni téchto subpopulaci. V ¢asné
fazi po Urazu (do 24 hodin) dominovaly nezralé formy (neutrofilni tyce), zatimco ve fazi systémové
zanétlivé odpovédi (TP2, 5.-7.den) wvyrazné pribyvalo zralych, hypersegmentovanych
a CD16"°"“CD62L"°" neutrofilt. Tento posun byl doprovazen zménami v aktivaénim profilu bunék, a to,
poklesem oxidacéni kapacity. Tyto fenotypové a funkcni zmény jsme dale analyzovali z hlediska jejich
souvislosti s klinickymi parametry — zejména s vyvojem SIRS, hladinami laktatu a skére zavaznosti
poranéni (TRISS, ISS).

U pacientd s komplikovanym prlibéhem, zejména s rozvojem SIRS, jsme zaznamenali sniZzenou
fagocytarni aktivitu ,exhausted” neutrofil(, snizenou schopnost generovat ROS po stimulaci
Staphylococcus aureus a snizenou schopnost po aktivaci produkovat mitochondridlni superoxid.
Funkéni poruchy exhausted neutrofild a jejich zvySeny pocet, ktery se typicky vyskytoval v pozdéjsi fazi
zanétlivé odpovédi, se pravdépodobné shoduje s poklesem celkové zanétlivé aktivity a prechodem do
faze kompenzacni antiinflamatorni odpovédi u traumatizovaného pacienta.

Ukazujeme, Ze pacienti s neinfekénim SIRS vykazuji zvysené hladiny laktatu v séru ve srovnani
s pacienty bez SIRS. Kromé toho jsme pozorovali, Ze hladiny laktatu v séru pfi ptijeti negativné koreluji
s procentem neutrofilnich tyci. ZvySeny laktat, marker metabolického stresu a tkanové hypoperfuze,
odrazi zavainost bunécného poskozeni a hypoxie a je Siroce uznavan jako prediktor zavaZnosti
traumatu a ¢asného klinického zhor3eni.2®®” Podobné zvy3ené hladiny kreatinikinasy (CK), indikatoru
poskozeni svalQ, koreluji s procentem neutrofilnich tyci, zejména u pacient s traumatickym SIRS.
Hladiny CK jsou také spojeny s komplikacemi, jako je akutni poskozeni ledvin, zejména v pripadech
rabdomyolyzy, co? je stav spojeny se zvy$enou Umrtnosti.28 Pozorované korelace mezi neutrofilnimi
ty¢emi a hladinami laktatu nebo CK naznacuji, Ze metabolicky stres a svalové poranéni vedou ke
zvysené poptavce po nezralych neutrofilech, doprovazené snizenim poctu zralych neutrofil. Tento jev
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odrazi nouzovou granulopoézu, ke které dochdazi v reakci na trauma®® Zajimavé je, Ze nase zjisténi
podporuji hypotézu, Ze hladiny laktatu hraji klicovou roli v fizeni mobilizace neutrofill z kostni dfené.*®
Spolecna interpretace zastoupeni neutrofilnich populaci s vysledky koncentraci laktatu a ktreatinkindsy
v séru poukazuji na roli metabolického a tkariového stresu pfi formovani reakce neutrofilli na trauma.

Podil ,exhausted” neutrofild naopak pozitivhé koreloval s hladinami laktatu, kreatinkindsy a skoére
zavaznosti poranéni (TRISS, ISS). NasSe data podporuji hypotézu, Ze neutrofilni dysfunkce predstavuje
klicovy prvek sekundarni imunosuprese u pacientl s polytraumatem.

Nase vysledky dale ukazuji vyznamné korelace mezi procentem neutrofilnich tyci a skérem zavaznosti
zranéni (ISS), nebo se skdrem zavaznosti traumatu a zranéni (TRISS). Zatimco ISS odrazi anatomickou
zavaznost zranéni, TRISS kombinuje zavaznost poranéni s fyziologickymi parametry a demografickymi
faktory k predikci vysledk( preZiti. Pozoruhodné je, Ze skére TRISS také korelovalo s procentudlnim
zastoupenim neutrofilnich tyci v ¢ase TP2, tedy priblizné Ctyfi dny po pfijeti, coZ naznacuje souvislost
mezi dynamikou zmén v zastoupeni neutrofilnich populaci a zadvaznosti traumatu.

Jak zanét postupuje, regulacni mechanismy jsou zdsadni pro obnoveni homeostazy po odstranéni
poskozenych tkani. Hypersegmentované CD16"&"CD62L"" neutrofily mohou pfispivat k tomuto
procesu regulaci prozanétlivé aktivity T-lymfocytl prostfednictvim receptorli Mac-1, jak popsali Pillay
et al.# V nasi studii jsme pozorovali zvy$eni hypersegmentovanych neutrofilG u pacientd bez SIRS na
TP1 a u pacient( se SIRS na TP2. Negativni korelace mezi hypersegmentovanymi neutrofily a hladinami
laktatu spolu s jejich nizsim vyskytem u pacientt se SIRS na TP1 naznacuje zhorSenou regulaci imunitni
odpovédi u téchto jedincd. U TP2, zejména u pacientll se SIRS, jsme zaznamenali nar(st
hypersegmentovanych neutrofilll doprovazeny poklesem neutrofilnich tyéi. Tento posun mize
znamenat nastup Uspésného navratu k homeostaze. K potvrzeni této hypotézy a Uplnému objasnéni
role hypersegmentovanych neutrofildl v imunitni regulaci po traumatu a neinfekénim SIRS jsou vSak
zapotrebi dalsi studie.

Ziskané vysledky ukazuji, Ze fenotypova a funkcni charakterizace neutrofilnich subpopulaci pomoci
vicebarevné pritokové cytometrie miZe poskytnout cenné informace o aktudlnim imunologickém
stavu pacienta, progndze vyvoje zanétlivych a infekénich komplikaci a eventualni potrebé cilené
podpurné nebo imunomodulacni terapie.

Vlkova M, Stichovad J, Sura K, DvoFakova K, Kunéicky V, Papatheodorou I, Blazkova G, Tomasikova Z,
Bendi¢kova K, Dohnalkova L, Mytnikova A, Zak J, Kovaftik J, Krticka M, Tomas T, Sramek V, Helan M,
Kocurkova A, Fri¢ J, Hortova-Kohoutkovd M. Pro-inflammatory role of neutrophils populations in
trauma patients: monitoring neutrophil populations. Front Immunol. 2025 Jul 8;16:1565606. doi:
10.3389/fimmu.2025.1565606. PMID: 40698073; PMCID: PMC12280902.
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Background: Trauma is a leading global cause of mortality, and systemic
inflammatory response syndrome (SIRS) remains a significant complication,
contributing to adverse outcomes. Neutrophils, as first responders to tissue injury,
undergo substantial phenotypic and functional changes following trauma. This study
investigates neutrophil subpopulations defined by CD16 and CD62L expression in
trauma patients, focusing on their correlation with clinical biomarkers, trauma
severity, and functional properties.

Methods: We included 50 non-infectious trauma patients, categorized into SIRS and
Non-SIRS groups, and 43 elective surgery patients as controls. Neutrophil subsets
were analyzed at two time points (TP1 and TP2) using flow cytometry. Functional
assays evaluated phagocytosis, oxidative burst, mitochondrial function, and
degranulation. Correlations between neutrophil subpopulations and clinical
markers, including lactate, creatine kinase, Injury Severity Score, and Trauma and
Injury Severity Score, were examined.

Results: Patients with SIRS exhibited higher proportions of banded neutrophils and
CD16'9¥CDE2L°" neutrophils at TPL, alongside reduced levels of mature neutrophils.
Elevated lactate and creatine kinase levels positively correlated with banded
neutrophils and CD16°"CD&2Lo" neutrophils, while negatively correlating with
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mature neutrophils CD16M9"CDE2LM" and hypersegmented neutrophils
CD16™"CD62L". Hypersegmented neutrophils were more prevalent in Non-SIRS
patients at TP1 and in SIRS patients at TP2. Banded neutrophils showed a positive
correlation with Injury Severity Score and an inverse correlation with Trauma and
Injury Severity Score (TRISS), whereas hypersegmented neutrophils were negatively
associated with ISS and positively correlated with TRISS. These correlations likely
reflect the pro-inflammatory role of banded neutrophils and the inflammation-
resolving function of hypersegmented neutrophils. CD16'°“CD62L'° neutrophils
displayed impaired phagocytosis, oxidative burst, and degranulation capacity,
indicating functional deficiencies.

Conclusion: This study highlights the dynamic changes in neutrophil subpopulations
in trauma and their association with systemic inflammation and clinical severity.
Increased banded neutrophils correlate with SIRS and metabolic stress, whereas
hypersegmented neutrophils may contribute to resolving inflammation.
CD16"™*CDE2L"™™ neutrophils exhibit functional impairments, warranting further
investigation. Monitoring neutrophil subpopulations could aid in identifying trauma

patients at risk for non-infectious SIRS and guide therapeutic interventions.

KEYWORDS

trauma, neutrophils, SIRS, lactate, creatine kinase, TRISS, 1SS

Introduction

Trauma ranks among the ten leading causes of death worldwide
and remains a significant public health challenge. While
advancements in medical care have reduced trauma-related
mortality (1, 2) caused by blood loss and coagulopathy, secondary
complications such as systemic inflammatory response syndrome
(SIRS) continue to pose considerable risks to patient outcomes (3).
SIRS, characterized by a dysregulated cascade of pro-inflammatory
cytokines and chemokines, is often accompanied by marked
alterations in neutrophil phenotype and function (4-6).

Neutrophils, which constitute 50-70% of circulating white blood
cells, are essential first responders to tissue injury. Their primary
functions include the elimination of necrotic tissue and pathogens
through mechanisms such as phagocytosis, degranulation, and the
production of reactive oxygen species (ROS). Beyond their direct
antimicrobial role, neutrophils actively participate in modulating
immune responses by interacting with other immune cells and
shaping the resolution or progression of inflammation (7).

Abbreviations: BN, banded neutrophils; CK, creatine kinase; DHR,
Dihydrorhodamine 123; GCS, Glasgow Coma Scale; HSN, hypersegmented
neutrophils; ICU, Intensive Care Unit; TL-8, Interleukin 8; IS5, Injury Severity
Score; Mac-1, Macrophage-1 antigen; MFI, mean fluorescence intensity; MN,
mature neutrop]\jls; MTG, MitoTracker MTR Green; MTR, MitoTracker™ Red
CMXRos; MTS, MitoSOX Red; PBS, phosphate-buffered saline; ROS, reactive
oxygen species; SA, Staphylococcus aureus; SIRS, systemic inflammatory

response syndrome; TP, time point; TRISS, Trauma and Injury Severity Score.

Frontiers in Immunology

Following trauma, emergency granulopoiesis results in the
rapid release of heterogeneous neutrophils subsets from the
bone marrow into circulation. These subsets include mature
segmented neutrophils (CD16™"CDE2L™™), immature banded
neutrophils (CD16™"CD62L""), and hypersegmented neutrophils
(CD16"8"CDa2LY) (8, 9). Additionally, a population of
CD16“"CD62L ™ neutrophils has been identified as neutrophil
progenitors in infants with bacterial and viral infections (10). While
these cells are believed to represent immature neutrophil forms, their
functional roles in trauma-related immune responses remain to
be elucidated.

Neutrophil dysfunction in trauma has significant clinical
implications. Dysregulated neutrophil activation and recruitment
can exacerbate tissue damage, prolong inflammation, and
contribute to the development of severe complications such as
sepsis and multiorgan failure (11-13). Specific subpopulations,
such as hypersegmented neutrophils have been associated with
immunoregulatory roles, including the ability to regulate pro-
inflammatory T-lymphocyte activity through Mac-1 receptors (3).
Furthermore, the early mobilization of banded neutrophils has been
proposed as a potential biomarker for trauma severity and immune
response dynamics (9).

Understanding the heterogeneity of neutrophil subsets and their
functional properties is crucial for advancing our knowledge of
trauma-related immune dysregulation. In trauma patents, the
expression of neutrophil activation markers such as CD10, CD11b,
the degranulation marker CD66b, and chemotaxis markers CDI181
and CD182 is frequently discussed (3, 7). While recent years have seen
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the classification of neutrophils into subsets based on CD16 and
CD62L expression, the baseline expression of these markers in these
subsets, as well as how their levels change upon activation, has not yet
been clearly defined. In this study, we present for the first time the
correlations between neutrophil subsets, clinical biomarkers such as
lactate and creatine kinase, and trauma severity scores, including the
Trauma and Injury Severity Score (TRISS) and Injury Severity Score
(ISS). Subsequently, we focused on the functional properties of
CD16"“CD62L" neutrophils in trauma patients, analyzing their
phagocytic capacity, oxidative burst activity, changes in activation
markers (CD10, CD11b), the degranulation marker CDeé6b, and
chemotaxis markers CD181 and CD182. Additionally, we examined
the mitochondrial content, membrane potential, and mitochondrial
ROS production on defined neutrophil populations. Through this
integrative approach, we aim to elucidate the role of neutrophils in
trauma-related inflammation and their potential impact on
clinical outcomes.

Methods
Study participants

All participants in this study were patients suffering from
combined injury or blunt polytrauma admitted to either high
threshold Emergency of the Department of Anesthesiology and
Intensive Care of St. Anne’s University Hospital in Brno (n=38) or
the Clinic of Accident Surgery of the University Hospital Brno
(n=12), Czech Republic. Fifty trauma patients (22 females, 28 males;
median age 43, range 19-78 years) were enrolled. At the time of
admission to the Intensive Care Unit (ICU), none of the patients
showed signs of infection. Based on the clinical and laboratory
evaluation during the first 24 hours of hospitalization, patients were
categorized into two groups: the SIRS group (Systemic
Inflammatory Response Syndrome; n=16) and the Non-SIRS
group (n=34). Patients in the SIRS group exhibited at least two of
the following circumstances: tachycardia, hypotension, need for
oxygen therapy, lactate elevation, or oliguria. Detailed clinical
characteristics of the study population are presented in Table 1.

Blood samples were collected from all patients at two specific
time points. The first sample (TP1) was obtained shortly after ICU
admission, with a mean interval of 20.8 hours (SD + 9.6 hours). The
second sample (TP2) was collected on average 4 days later (SD + 1
day). All blood samples were processed within 1 hour of collection.
The control group consisted of 43 patients scheduled for hip or knee
joint replacement surgery (27 females, 16 males; median age 71,
range 43-91 years).

Flow cytometry characterization of
neutrophils

Neutrophils were characterized using a combination of
fluorescently labeled human monoclonal antibodies: CD15 FITC
(clone MEM-158), CD193 PE (clone 5E8), CD45 PE-DY647 (clone
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MEM-28), CD14 PerCP Cy5.5 (clone MEM-15), CD62L PC7 (clone
LT-TD180), CD10 APC (clone MEM-78), CD11b PB (clone
ICRF44), and CD16 PO (clone 3G8) (all antibodies from Exbio
Praha, Vestec, Czech Republic). Additional antibodies included
CD181 APC (clone 8F1/CXCR1), CD182 APC (clone 5E8/
CXCR2), and CD66b Alexa Fluor 700 (clone 10F5; Sony
Biotechnology, San Jose, CA, USA). Fresh whole blood samples
were incubated with monoclonal antibodies for 30 minutes at 4°C in
the dark. Erythrocytes were lysed using formic acid, followed by the
addition of a stop solution. The samples were washed with
phosphate-buffered saline (PBS) before analysis. Data acquisition
was performed on a Navios flow cytometer (10 colors, 3 lasers;
Beckman Coulter, Miami, FL, USA), and data were analyzed using
the Kaluza software (Beckman Coulter, Brea, CA, USA).

Oxidative burst of neutrophils

To assess the oxidative burst of neutrophils, mean fluorescence
intensity (MFI) of rhodamine 123 was measured using flow
cytometry. Two tubes of whole blood were prepared per patient:
one unstimulated and one stimulated with opsonized 1 x 107
Staphylococcus aureus (Wood strain without protein A)
BioParticles ™ (lnvitrogenm, Life Technologies Corporation,
Oregon, USA). Each tube contained 100 pl of bloed and 10 pl of
diluted Dihydrorhodamine 123 (final concentration 375 ng/ml;
Sigma-Aldrich, St. Louis, MO, USA). Samples were incubated for
30 minutes at 37°C, washed with PBS, and incubated for another 30
minutes at 4°C with monoclonal antibodies: CD14 PerCP Cy5.5,
CDe6b Alexa Fluor 700, CD11b PB, CD10 PC7 (clone MEM-78),
CD62L APC (clone LT-TF180), CD16 APC-Cy7 (clone 3G8) and
CD45 PO (clone HI30),(all antibodies from Exbio Praha).
Erythrocytes were lysed by formic acid as mentioned above and
samples were measured using a Navios flow cytometer.

Phagocytosis assay

Phagocytic activity of neutrophils was assessed using FITC-
labeled Escherichia coli strain K12. (IngoFlowEx kit; Exbio Praha).
Whole blood samples were divided into two tubes: one
unstimulated and one stimulated with 10 pl of FITC-labeled E.
coli. Following a 30 minute incubation at 37°C, samples were
washed with PBS, labeled with monoclonal antibodies, (CD14
PerCP Cy5.5, CD66b Alexa Fluor 700, CD11b PB, CD10 PC7,
CD62L APC, CD16 APC-Cy7 and CD45 PO) lysed, and analyzed
using a Navios flow cytometer.

Evaluation of mitochondrial functionality

Mitochondrial functionality was assessed using specific
fluorescent probes: MitoTracker " Green EM (MTG) for

mitochondrial content and MitoTracker " Red CMXRas (MTR)
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for mitochondrial membrane potential (all probe, Invitrogenn[)
(14). Blood samples (100 pl) were incubated with these probes along
with monoclonal antibodies (CD193 PE, CD62L PC7, CD64 APC,
CD11b PB, CD16 PO, CD66b Alexa Fluor 700). Mitochondrial ROS
production was evaluated using MitoSOX Red (MTS) in pre-lysed
blood samples incubated at either 4°C (unstimulated) or 37°C
(stimulated with Staphylococcus aureus). Following an incubation,
samples were washed with PBS, labeled with monoclonal antibodies
and lysed. Data were acquired on a Navios flow cytometer and
analyzed with the Kaluza software.

TABLE 1 Clinical and laboratory characteristics of patients.

Demographics and

Non-SIRS

10.3389/fimmu.2025.1565606

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
(GraphPad Software Inc., California, USA). Data normality was
assessed using the Shapiro-Wilk test. Non-parametric tests,
including the Mann-Whitney U test, Wilcoxon signed-rank test,
and Kruskal-Wallis test with Dunn’s correction for multiple
comparisons, were employed as appropriate. Correlations were
analyzed using Spearman’s rank correlation test. Results were
considered statistically significant at p < 0.05.

Nature of traurmna (N)

Number of patients 38
Male/Female (N) 22/12
Age (years) 52,3
BMI 26
Motor-vehicle accident 32
Fall from a height . 6
Other blunt injury . 0
Mortality due to MODS 1
bt Median
Leukocytes (*1049/1) 40- 10,0 11,05
Immature granulocytes (%) 00- 06 0,3
C-reactive protein CRP (mg/l) 00-350 1,15
Lactate (mmol/l) . 05-22 14
Thrombocytes (*10*9/1) 150 - 400 234
Hemoglobin (g/1) 120 - 175 128,0
Creatine kinase (ukat/l) 00-32 4,04
Myoglobin (ug/l) 250- 72,0 2311
Alcohol (%) o 0
Injury Severity Score (IS8

0-75) 19,5
Glasgow Coma Scale (GCS

3-15) 15
TRISS Score - % of survival 96,75

Demographic overview of the group of 50 trauma patients, including the cause of trauma and the evaluation of measur

Standard Standard p (Non-
deviation deviation SIRS/SIRS)
12
122
17.8 196 157 ns
41 27,2 45 ns
3
5
1
1
; : Non-
Min - Max Median SIpR(S.v'SIRS)
7,02 - 266 15,1 11,21 - 31,14 0.0336
02-15 05 04-08 ns
0,6 -390 1.5 06137 ns
0642 2,1 L4-59 0.0162
90 - 674 256,5 150 - 355 ns
84 - 164 1345 98 - 169 ns
1.6-21,4 7,1 39-433 0.0008
31,6 - 2864 713,0 2795 - 1466 0.0491
0-25 0,0 0-18 ns
4-57 36,0 17 - 66 0.0037
14-15 15,0 3-15 0.0443
5345 - 99,61 86,7 2,11 - 98,43 0.0003
lab upon hospital admi The percentage of

immature neutrophils represents the percentage of immature neutrophils measured using a hematology analyzer. The table also includes an assessment of scoring systems for both the SIRS and
Non-SIRS patient groups. Statistically significant results are highlighted in bold, with a significance level of p < 0.05. Data were tested for normal distribution; for normally distributed data, a
Student’s t-test was applied, while non-normally distributed data were analyzed using the Mann-Whitney U test.
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Results

A total of 50 non-infectious trauma patients were included in
the study. Based on their clinical and laboratory presentation, 16
patients were categorized as trauma wit SIRS (TRA with SIRS),
while the remaining 34 were designated as TRA without SIRS (Non-
SIRS). None of the patients displayed signs of infection upon
admission. The clinical characteristics of the study population are
summarized in Table 1. Initial laboratory assessments revealed that
SIRS patients exhibited significantly higher leukocyte counts, as well
as elevated serum lactate and creatine kinase (CK) levels, compared
to Non-SIRS patients. Interestingly, despite the lower ISS observed
in the SIRS group, these patients demonstrated lower Glasgow
Coma Scale (GCS) scores and Trauma and Injury Severity Scores
(TRISS) compared to Non-SIRS patients (Table 1).

Blood samples were collected from trauma patients at two
distinct time points (TP1 and TP2) to assess dynamic changes in
neutrophil subpopulations and other parameters, allowing for the
monitoring of immediate and evolving immune response following
trauma. The control group consisted of 43 individuals undergoing
elective hip or knee joint replacement surgery, who were used as a

reference for baseline neutrophil characteristics.

Neutrophil subpopulations in trauma
patients

To identify and characterize neutrophil subpopulations, we
utilized the markers CD16 and CD62L. Neutrophils were gated
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based on their granularity while excluding eosinophils (gating
strategy shown in Figure 1), Subpopulations included
CD16"CD62L"" (banded neutrophils, BN), CD16"#*CDe2L"#"
(mature neutrophils, MNJ}, CD1s"s"CDe2L'" (hypersegmented
neutrophils HSN) and CD16"™"CDe2L"™" neutrophils (Pillay J et al,
2012). Analysis of data collected at TP1 revealed a significant
reduction in mature neutrophils (MN) in both trauma groups, with
a more pronounced decrease in SIRS patients. Conversely, an
significantly increase in BN was observed, particularly in SIRS
patients (Figures 2A, B). The decline in MN among SIRS patients
was primarily attributed to a rise in CD16°CDs21.° neutrophils,
while in Non-SIRS patients, the reduction also involved HSN
neutrophils (Figures 2C, D).

Although trauma patients exhibited elevated absolute neutrophil
counts compared to controls, no significant differences were observed
between SIRS and Non-SIRS patients in total leukocyte or neutrophil
counts (Supplementary Figures 1A-C). The analysis of neutrophil
subpopulations at TP2 revealed a normalization of BN and an increase
in mature neutrophils MN in SIRS patients, while Non-SIRS patients
showed an increase in both HSN and CD16"*CD62L* neutrophils
(Figures 3A~D). In the overall study cohort, a significant correlation
was found between patient age and the percentage of mature
neutrophils, (R = -0.2858, p = 0.0443). This association was also
confirmed in non-SIRS patients, (R = -0.3614, p = 0.0358), but did not
reach statistical significance in the SIRS subgroup (R = -0.496, p =
0.0526, Spearman test). No significant correlations with age or
associations with sex were identified for the remaining
neutrophil populations.
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Plots illustrating the gating strategy for neutrophil subpopulations. The initial gate was set on FSC-A and FSC-H to exclude doublets, followed by gating

on CD45™" to eliminate debris, and FSC-H and SSC to exclude degranulated cells. Neutrophils were identified as CD45"2"CD14"*CB15™"CD193"

cells and further classified into subpopulations based on surface expression of CD62L and CD16- CD16™4"CD&2)
CD16"*CD62."?" banded neutrophils (BN). CD16"2"CD62L'™* hypersegmented neutrophils, and CD16"“CD62L'"

mature neutrophils {MN])
neutrophils. Representative data

from one healthy donor (HD), one Non-SIRS patient, and one SIRS patient were analyzed using the Kaluza software
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The percentages of neutrophil subpopulations for Non<5IRS patients, SIRS patients, and healthy contr
(BN, (B) mature neutrophils (MN), (C) CD16™9"CD62L'** hypersegmented neutrophils, and (D) CD1

s. The parcentage of (A) banded neutrophils
CD62L'™*" neutrophils. Data were non

normally distributed (Shapiro-Wilk test), and statistical analysis was conducted using the Kruskal-Wallis test with Dunn's correction for multiple
comparisons (all vs. alll; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.Sample sizes: N = 39 healthy controls, 33 Non-SIRS patients, and 16 SIRS

patients.

Correlation of neutrophil subpopulations
with creatine kinase and lactate levels

In SIRS patients, elevated levels of CK and lactate were observed
at the time of hospital admission (Table 1). Therefore, we
investigated whether these markers were associated with the
proportional representation of specific neutrophil subpopulations.
Serum CK levels, a marker of muscle injury, were negatively
correlated with the percentages of MN and HSN at TP1. In
contrast, a positive correlation was observed between CK levels
and the percentage of BN at TP1, as well as CD16¥CDg2L""
neutrophils at TP2 (Table 2),

Next, we analyzed the association between serum lactate
concentrations, indicative of metabolic stress, anaerobic metabolism
and tissue hypoxia and the distribution of neutrophil subpopulations.
Higher lactate concentrations correlated positively with the
percentages of immature neutrophils and CD16°"CD62L subsets
at both TP1 and TP2. In contrast, MN and CD16"#"CD621*" subsets
were negatively correlated with lactate levels at TP1 (Table 2).

Neutrophil subpopulations and clinical
severity scores

Patients with SIRS exhibited a higher ISS and lower TRISS
scores compared to Non-SIRS patients, reflecting increased trauma
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severity and reduced survival probability (Table 1). To further
address the potential role of neutrophil subpopulations in SIRS,
we analyzed their associations between Injury Severity Score and
Trauma and Injury Severity Score. The percentage of BN at TP1 was
inversely correlated with the TRISS score and positively associated
with ISS (Table 3). CD16"*CD62L"™ neutrophils at TP1 showed a
weaker inverse correlation with the TRISS score and no significant
association with ISS. At TP2, BN maintained a weaker inverse
correlation with TRISS and a positive association with ISS (Table 3).

Functional analysis of neutrophil subsets

Phenotypic analysis of neutrophil subpopulations, defined based
on CD16 and CD62L expression, demonstrated that BN exhibit
reduced expression of CD10, CD11b, and CDI16, along with
increased expression of CD181. CD16'CD62L'" neutrophils
exhibited low expression of neutrophil activation markers CD10,
CD11b, CD181, CD182 suggesting potential functional impairments
(Figure 4; Supplementary Figure 2), Therefore, we assessed their
phagocytic capacity using FITC-labeled E. coli particles and
oxidative burst activity. The total phagocytic capacity of neutrophils
revealed no significant differences between trauma patients and
controls. (Figure 5A). However, CD16""CDe2L™ neutrophils
displayed reduced phagocytic activity in comparison to MN
(Figures 5B, C). ROS production by neutrophils upon stimulation
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FIGURE 3

Frequency of neutrophil subpopulations at two time points (TP1 and TP2). (A, B) The frequency of mature neutrophils (MN) increases, and the
frequency of banded neutrophils (BN) decreases in SIRS patients at TP2. (C) The frequency of hypersegmented neutrophils (HSN) increases in Non-
SIRS patients at TP1 and TP2. (D) The frequency of CD16'°“CDB21'“* neutrophils increases in Non-SIRS patients at TP2 and remains elevated in SIRS
patients. Data were non-normally distributed (Shapiro-Wilk test), and statistical analysis was conducted using the Kruskal-Wallis test with Dunn's
correction for multiple comparisons {all vs. all); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 Sample sizes: TP1: N = 38 healthy controls, 33
Non-SIRS patients, 16 SIRS patients; TP2: N = 31 Non-SIRS patients, 13 SIRS patients.

TABLE 2 Correlation of neutrophil subpopulations with creatine kinase and lactate levels.

Creatine kinase (ukat/l) Lactate (mmol/l) Lactate (mmol/l)
Correlation

coefficient ICU admission ICU admission
and probability

p
% MN/TPL 0,332 0.0416 0,269 ns -0,792 0.0019
% BN/TP1 . 0,473 . 0.0027 . 0,427 . 0.0028 0,823 . 0.0009
HODIGHCDIow TP | 0,378 0.0195 0,265 ns -0,638 0.0215
CDISlowCDS2LIow/ TPl | 0,066 s 0,377 . 0.009 0,131 . ns
% MN/TP2 0122 ns 0177 ns 7 -0,360 ns
% BN/TP2 . 0,146 . ns . 0,005 . ns - 0,657 . 0.0318
%ODIGHCDGIow /TR | 0,276 . ns . 0,010 . ns 0,242 . ns
CDI16lowCD62LIow/TP2 0,359 0.0401 0,337 0.0292 0,055 ns

The table presents Spearman correlation coefficients for non-parametric correlations between creatine kinase concentrations and specific neutrophil populations at TP1 and TP2, as well as
between lactate concentrations and neutrophil populations at TP1 and TP2. Statistically significant results are highlighted in bold. Sample sizes: Creatine kinase: N = 37 TRA patients; Lactate:
N=47 TRA patients. r (Spearman correlation coefficients); ns (not significant).
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TABLE 3 Neutrophil subpopulations and clinical severity scorest.

Correlation TRISS score Injury severity score

coefficient
and probability

¢ lactate (mmol/f) -0,252 ns 0,279 s
¢ kreatin kinase (pkat/I) 0,1975 ns 0,401 0.0126
% MN/TPL . 0,455 0.0009 -0,284 0.0457
% BN/TP1 -0,541 <0.0001 0,541 <0.0001
% CD16+CD62L low/TP1 . 0,092 ns . -0,459 0.0008
% CD16low CD62L low/TP1 -0,357 0.0109 0,262 ns
% MN/TP2 . 0,005 ns . 0,044 ns
% BN/TP2 -0,323 0.0306 0,005 ns
% CD16+CD62L low/TP2 0,183 ns 0,114 ns
% CDl16low CD62L low/TP2 . 0,124 ns 0221 ns

The table presents Spearman correlation coefficients for non-parametric correlations between Trauma and injury severity score (TRISS) and specific neutrophil populations at TP1 and TP2, as
well as between Injury severity score (ISS) and specific neutrophil populations at TP1 and TP2. Statistically significant results are highlighted in bold. Sample sizes: Both TRISS and 188: N = 50
TRA patients. r (Spearman correlation coefficients); ns (not significant).
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FIGURE 4

CD marker expression for individual neutrophil subpopulations. Cell surface expression of neutrophil markers on different neutrophil subpopulations at TP1,
including (A) CD16, (B) CD&2L. (C) CDE6b, (D) CD11b, (E) CD10, (A CDI8L and (G) CD182 CD16™"CDE2L™ neutrophils exhibit low expression of all
analyzed markers. Decreased expression of CD10 and CD11b on banded neutrophils (BN). Data were non-normally distributed (Shapiro-Wilk test}, and
statistical analysis was conducted using the Krushal-Wallis test with Dunn's correction for multiple comparisons {all vs. all); *p < 0.05, **p = 0.01 ***p < 0.001
****p < 0.0001 Sample size CD16, CD62L CD66b and CD11b: TP1: N = 33 Non-SIRS patients, 16 SIRS patients; CD10: TPL: N = 32 Non-SIRS patients, 9 SIRS
patients; CD181: TPL N = 38 Mon-SIRS patients, 11 SIRS patients, CD182: TPL: N = 31 Non-SIRS patients, 12 SIRS patients.
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FIGURE 5

Neutrophil Functional Test: Ingestion capacity in neutrophil subpopulation:
in Non-SIRS and SIRS patients at TPL (A) CD16'“CD62L'“* neutrophils ex
neutrophils {MN). The functional properties of both populations remained

mean flucrescence intensity of FITC-labeled E. coli. Data were non-normally distributed (Shapiro-Wilk test), and sta
iltiple comparisons (all vs. all); ****p < 0.0001. Sample sizes: Ingestion of £ coli (MFI E coli

using the Kruskal-Wallis test with Dunn's correction for mi
FITC): TPL, TP2: N = 35 healthy controls, 12 Non-SIRS patients, 6 SIRS pati

with Staphylococcus aureus (SA) was diminished in SIRS patients
compared to Non-SIRS patients and controls (Figure 6A). Similarly,
CD16“"CD621% neutrophils exhibited a significantly lower capacity
for ROS production compared to MN a pattern observed consistently
at both TP1 and TP2 (Figures 6B, C).

Functional analysis of degranulation and
activation markers in neutrophil
subpopulations

Given that CD16""CD62L"" neutrophils demonstrated a
significantly reduced capacity for both oxidative burst and
phagocytosis, we subsequently evaluated whether this subpopulation
also exhibits alterations in activation and degranulation. Functional
assays were performed to evaluate the degranulation capacity of mature
neutrophils and CD16“CD621™ neutrophils by measuring changes
in CD66b expression following stimulation with SA. Upon stimulation,
MN exhibited a significant increase in CD66b expression, while
CD16“~CD62L" neutrophils did not exhibit an increase in CD66b
expression (Figure 7A). Activation levels were further assessed by
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s of FITC-labeled E coli. Normal ingestion capacity of FITC-labeled £ coli
hibit reduced ingestion capacity of £ coli (B, C) compared to mature
unchanged over time (TP1 and TP2)} (D). The data are presented as the

al analysis was conducted

ents.

analyzing CD11b expression, which typically upregulates on the
neutrophil surface following stimulation. MN from trauma patients
displayed a CD11b expression increase comparable to that observed in
healthy controls, whereas CD16“*CD621 " neutrophils failed to show
any significant upregulation (Figure 7B).

The expression of CDI10, another activation marker, was also
examined. Similar to the trend observed with CD66b, MN exhibited
an increase in CD10 expression upon stimulation with SA, whereas
CD16“*CD62L"" neutrophils remained unresponsive. Notably, MN
from trauma patients demonstrated a lower upregulation of CD10
compared to MN from healthy controls (Figure 7C). Lastly, CD16
expression was analyzed, revealing consistent levels across both
neutrophil populations, with no significant differences compared to
MN from healthy controls, following stimulation with SA. (Figure 7D).

Mitochondrial functionality in neutrophil
subpopulations

Given the low CDI16 expression and the reduced functional
capacity for phagocytosis and ROS production observed in
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Neutrophil functional test: measurement of oxidative burst in neutrophil subpopulations following Staphylococcus aureus stimulation. Reduced
oxidative burst capacity in neutrophils from SIRS patients was observed. (A) The analysis compared the mean fluorescence intensity of rhodamine
(MFI DHR] in total neutrophils following Staphylococcus aureus {SA) stimulation. CO16™CD62L"" neutrophils demonstrate a reduced oxidative
burst response to SA stimulation (B—D) compared to mature neutrophils {MN). The data are presented as the mean fluorescence intensity of

rhodamine (MFl DHR) following Staphylococcus aureus stimulation. The fun:
(TP1 and TP2) (B, C}. Data were non-normally distributed [Shapiro-Wilk test)

ctional properties of both populations remained unchanged over time
and statistical analysis was conducted using the Kruskal-Wallis test with

Dunn's correction for multiple comparisons (all vs. all); *p < 0.05, ****p < 0.0001. oxidative burst (MFI DHR): TP1: N = 29 heaithy contrels, 24 Non
SIRS patients, B SIRS patients; TP2: N = 29 healthy controls, 20 Non-SIRS patients, & SIRS patients

CD16"“CDe2L"" neutrophils, we investigated whether this
population retained mitochondrial functionality using mitochondrial
functional assays. Mitochondrial content was assessed using the
Mitotracker Green probe, mitochondrial membrane potential with
the Mitotracker Red probe, and mitochondrial superoxide production
with the MitoSOX probe (14).

Compared to MN, CD16°%CDe21" neutrophils exhibited a
comparable mitochondrial content and preserved mitochondrial
membrane potential, both clearly distinct from dead cells
(Figures 8D, E). However, upon stimulation with SA,
CD16""CD62LY neutrophils demonstrated a significantly reduced
capacity for mitochondrial superoxide production (Figures 8A-C).

Discussion

In this study, we demonstrate that neutrophils from trauma

patients exhibit significantly altered counts and proportions of
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neutrophil subpopulations, with an increased representation of
banded neutrophils, a trend that is further accentuated in patients
who developed SIRS. The mechanisms driving this shift in neutrophil
subsets remain unclear, but it is plausible that severe tissue injury and
systemic inflammation contribute to the observed changes.

Trauma triggers the activation and recruitment of neutrophils
from the bone marrow, leading to their accumulation both at the
site of inflammation and in peripheral blood (6). This phenomenon
is reflected in elevated neutrophil counts observed in trauma
patients, which align with our clinical observations (15). Notably,
the increase involves not only mature neutrophils but
predominantly banded neutrophils (Figure 2). The early presence
of banded, segmented, and hypersegmented neutrophils—
characterized by CD16/CD62L expression and associated with
nuclear segmentation—has been linked to late-onset infectious
complications and progression to multi-organ failure during
hospitalization in major trauma patients (8, 9). Our study

confirmed a significant increase in the percentage and absolute
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FIGURE 7

Alterations in CD marker expression among specific neutrophil subpopulations following Staphylococcus aureus stimulation. CD16™CDe2L™™

neutrophils demonstrate significant functional impairments, as evidenced by

exhibit a diminished change in CD66b (A), CD11b (B), and CD10 (C) expression compared to mature neutrophils (MN) following Staphylococct

their reduced degranulation and activation capacity. These neutrophils

aureus {SA) stimulation, as ebserved in both patients and healthy controls. In contrast, CD16 expression is comparable between CD16°CD62L""
neutrophils and mature neutrophils after SA stimulation (D). Data were non-normally distributed {Shapiro-Wilk test), and statistical analysis was
conducted using the Kruskal-Wallis test with Dunn’s correction for muitiple comparisons (all vs. all]; *p < 0.05, ****p < 0.0001 Sample sizes: TPL: N
= 29 healthy controls, 24 Non-SIRS patients, and 8 SIRS patients. S = stimulated; UNS = unstimulated

counts of BN in trauma patients, with the increase being more
pronounced in those with non-infectious SIRS (Figure 2,
Supplementary Figure 1). While standard hematology analyzers
often fail to detect these immature neutrophils, they can be
identified using microscopy or flow cytometry, where they exhibit
a CD16“"CD62L e phenotype as described by Hellebrekers et al.
(9). Nevertheless, consistent with previous studies, our findings
using hematology analyzers did not show a significant rise in
immature neutrophils in SIRS patients compared to those without
SIRS. The immaturity of CD16'*CD62L"#" neutrophils we
confirmed not only by their reduced expression of CD16 but also
by lower expression of CD10 and CD11b (Figure 4), as is typically
described for immature neutrophils (16).

We show that patients with non-infectious SIRS exhibit increased
serum lactate levels compared to Non-SIRS patients (Table 1).
Furthermore, our data highlight that serum lactate levels at
admission have the strong association with the proportion of
banded neutrophils (Table 2). Elevated lactate, a marker of
metabolic stress and tissue hypoperfusion, reflects the severity of
cellular injury and hypoxia and has been widely recognized as a
predictor of trauma severity and early clinical deterioration (17, 18).
Similarly, elevated CK levels, an indicator of muscle damage, correlate
with the percentage of banded neutrophils, particularly in patients
with traumatic SIRS (Table 2). CK levels are also associated with
complications such as acute kidney injury, particularly in cases of
rhabdomyolysis, a condition linked to increased mortality (19). The
observed correlations between banded neutrophils and lactate or CK
levels suggest that metabolic stress and muscle injury drive an
increased demand for immature neutrophils, accompanied by a
corresponding reduction in mature neutrophils. This phenomenon
reflects the emergency granulopoiesis that occurs in response to
trauma, as previously described (6). Interestingly, our findings
support the hypothesis that lactate levels play a pivotal role in
driving neutrophil mobilization from the bone marrow. This
mechanism has been previously described, with lactate shown to
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influence emergency granulopoiesis and neutrophil release (20).
These results point to the role of metabolic and tissue stress in
shaping the neutrophil response to trauma.

Importantly, our data further reveal significant correlations
between banded neutrophil levels, Injury Severity Scores, and
Trauma and Injury Severity Scores (Table 3). While ISS reflects
the anatomical severity of injuries, TRISS combines injury severity
with physiological parameters and demographic factors to predict
survival outcomes. Notably, TRISS scores also correlated with
banded neutrophil proportions at TP2, approximately four days
after admission, indicating a sustained association between
neutrophil dynamics and trauma severity.

As inflammation progresses, regulatory mechanisms are crucial
to restore homeostasis after the clearance of damaged tissues.
Hypersegmented CDI6""CD62L"™ neutrophils may contribute
to this process by regulating pro-inflammatory T-lymphocyte
activity through Mac-1 receptors, as described by Pillay et al. (8).
In our study, we observed an increase in hypersegmented
neutrophils in Non-SIRS patients at TP1 and in SIRS patients at
TP2 (Figure 2; Supplementary Figure 1). The negative correlation
between hypersegmented neutrophils and lactate levels, (Table 2),
along with their lower abundance in SIRS patients at TP1, suggests
an impaired immune response regulation in these individuals. By
TP2, particularly in SIRS patients, we noted a rise in
hypersegmented neutrophils accompanied by a decline in banded
neutrophils (BN). This shift may indicate the onset of a successful
return to homeostasis. However, further studies are needed to
confirm this hypothesis and fully elucidate the role of
hypersegmented neutrophils in immune regulation following
trauma and non-infection SIRS.

The role of CD16”*CD62L™ neutrophils remains unclear. These
cells display impaired functional properties, including reduced
phagocytosis and oxidative burst (Figures 5, 6), likely reflecting
reduced expression of the markers CD10, CDI1b, CD181, and
CD182 (Figure 4). Reduced expression of CD181 and CD182, key IL-
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Mitochondrial characteristics of neutrophil subpopulations CD16"*CDe21 % neutrophils exhibit reduced production of mitochondrial superoxide (MTS)
compared to mature neutrophils (MN] (A). (B) Histogram showing mitochondrial superoxide production after Staphylococcus aureus (SA) stimulation in MN
neutrophils. (C) Histogram showing mitochondrial superoxide production after SA stimulation in CD16™*CD62L ™ neutrophils. (D) All examined neutrophil
subpopulations in Non-SIRS and SIRS patients exhibit comparable mitochondrial content (MFI MTG) and mitochondrial membrane potential (MFI MTP) (E).
which differ from those of dead cells. Data were non-normally distributed (Shapiro-Wilk test), and statistical analysis was conducted using the Kruskal-Wallis
test with Dunn's correction for multiple compansens (all vs. all); *p < 0.05, **p < 0.01 ***p < 0.001 ****p < 0.0001 Sample sizes: N = 7 Non-SIRS patients.
5 SIRS patients. § = stimulated; UNS = unstimulated.

8 receptors, indicates reduced chemotactic capacity (21). In line with  cohort of trauma patients. However, unlike the pediatric group, we did
this, Cortjens et al. (10) reported that CDlﬁ"MCD62L""" neutrophils not observe elevated CD66b expression in trauma patients, which may
were restricted to peripheral blood but not found in bronchoalveolar  be attributed to differences in age and the nature of the underlying
lavage fluid, suggesting impaired migration. This population was  conditions in the two studied populations.
further characterized by low expression of CD11b, which plays a In addition to their surface expression patterns, the functional
crucial role in neutrophil migration and phagocytosis and T-cell  roles of CD16 and CD62L provide further insight into the
regulation (8). Importantly, despite the loss of CD16, a characteristic  significance of the CD16“"CDe2L'™ neutrophil subset in trauma.
commonly associated with apoptotic neutrophils (22), our  CD62L (L-selectin) is a key adhesion molecule that facilitates
mitochondrial assays confirmed that these cells were viable and non-  neutrophil attachment and rolling along the endothelium during
apoptotic. Apoptosis is typically initiated by outer mitochondrial  the early stages of migration into inflamed tissues. Beyond adhesion,
membrane permeabilization, which is closely linked to a loss of CD62L also participates in outside-in and inside-out signaling
mitochondrial membrane potential (23). CD16'°¥CDg2L"" pathways that regulate neutrophil activation, arrest, and
population demonstrated a mitochondrial membrane potential  transmigration (24, 25). Upon ligation, it triggers intracellular
comparable to that of mature neutrophils (Figure 8). signaling cascades essential for neutrophil function, including
CD16™CDe21™ neutrophils have previously been identified in  calcium influx, tyrosine phosphorylation, MAPK (ERK, JNK)
infants with severe viral or bacterial infections, where they have been  activation, and production of reactive oxygen species that
shown to include myelocytes and metamyelocytes (10). This population  collectively promote gene expression, cytoskeletal reorganization,
was characterized by decreased expression of CD11b and CD54 and  and microbial killing (26). These responses also enhance the
increased expression of CD63 and CD66b. In infected infants, the  activity of integrins, particularly B1, and support Rac-mediated
number of neutrophil progenitors gradually increased between the third ~ actin rearrangements that are critical for firm adhesion and
and sixth day of infection, a trend similar to what we observed in our  transmigration (26). The downregulation of CD62L in the
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CD16“*CD62L" subset suggests disruption of the aforementioned
key signaling and adhesion processes, implying a reduced capacity for
endothelial interaction and tissue infiltration. Similarly, decreased
CD16 expression may contribute to impaired phagocytosis and
oxidative burst (27), consistent with the functional deficits observed
in this population.

In our cohort, a significant increase in the percentage of
CD16°"CD62L"™ neutrophils was observed around four days post-
trauma, possibly indicating a subsequent phase of the inflammatory
response in trauma patients. Despite their impaired effector functions,
the expansion of this subset may reflect a regulatory mechanism within
trauma-induced systemic inflammatory response syndrome (SIRS).
Their accumulation in the circulation, combined with limited oxidative
activity, reduced phagocytosis, and poor tissue migratory capacity, may
serve to dilute the pool of highly reactive neutrophils, thereby
moderating the overall oxidative and proteolytic burden
characteristic of SIRS (28).

Our study demonstrates that all four neutrophil populations,
defined by the expression of CD16 and CD62L, exhibit stable and
characteristic surface marker expression of CD10, CDI11b, and
CD66b (Supplementary Figure 2). This expression remains
unchanged over time and is comparable between patients with
SIRS and those without SIRS. The stability of these surface markers
suggests that the fundamental biological activity of these neutrophil
populations is not influenced by the presence or absence of an acute
inflammatory condition such as SIRS. Furthermore, the relative
proportions of banded neutrophils, mature neutrophils,
hypersegmented neutrophils and CD16°*CD62L" neutrophils
in trauma and SIRS may indicate their role as consistent
indicators of a patient’s current pro-inflammatory state.

However, this study has certain limitations. Due to the loss of
CD62L expression upon neutrophil activation, we were unable to
assess the functional capacity of banded and hypersegmented
neutrophils following stimulation with Staphylococcus aureus or
E. coli (Figures 5, 6). Future studies should focus on identifying
alternative activation markers that remain stable under short-term
stimulation conditions, thereby facilitating functional analysis of
neutrophil subpopulations. Additionally, we lack morphological
confirmation of the CD16“*CDe21** population; however, its
phenotypic similarity and temporal occurrence align with

previous descriptions of progenitor neutrophils.

Conclusion

In conclusion, analysis of neutrophil subpopulations defined by
CD16 and CD62L expression provides a comprehensive understanding
of neutrophil activation and function in trauma patients. Increased
proportion of banded neutrophils correlates with systemic
inflammation and SIRS, whereas hypersegmented neutrophils may
contribute to the resolution of inflammation, Monitoring of these
subpopulations could help identify trauma patients at risk for
developing non-infectious SIRS. Furthermore, we have shown that
CD16"CDe21 neutrophils exhibit reduced functional properties,
including impaired phagocytosis and oxidative burst. Neutrophil
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activation and recruitment during trauma can exacerbate tissue
damage and prolong inflammation. However, the presence of
CD16""CDe2L"" neutrophils, characterized by their reduced
capacity for ROS and associated NOS production, may serve as an
anti-inflammatory factor. This hypothesis, however, requires further
investigation in future studies.
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11 Zavér

V této habilitacni praci jsou nejprve shrnuty zakladni poznatky o béZném variabilnim imunodeficitu
a selektivnim deficitu IgA s dlirazem na vyvoj a diferenciaci B-lymfocytld. Nasleduje prehled
dostupnych klasifikacnich systém CVID pacientd, z nichZ nékteré vychazeji z vysledkl pritokové
cytometrie a fenotypizace B bunék. Poté jsou predstaveny vlastni publikace autorky, které se
zaméruji zejména na imunofenotypizaci T- a B-lymfocytl u pacientd s primarnimi protilatkovymi
deficity. Tyto prace prispély k pochopeni vékovych zmén a vzdjemnych vztahl mezi jednotlivymi
lymfocytarnimi odchylkami. V radmci mezinarodni studie EUROclass se autorka podilela na
hodnoceni pacient(l naseho pracovisté podle jednotného protokolu a nasledné se spoluautorsky
zapojila do publikace, kterd se stala zdkladem jedné z klasifikaci CVID pacientli. Na tuto ¢ast
navazaly studie hodnotici vyvojova stadia a funkéni parametry B bunék pomoci pokrocilé
polychromatické cytometrie.

Dalsi vysledky se tykaly T-lymfocytd, predevsim zmén v zastoupeni naivnich a pamétovych
subpopulaci a zvySeného vyskytu terminalné diferencovanych bunék u CVID a IgA deficience.
DuleZitym prinosem bylo také zapojeni myeloidnich bunék, konkrétné neutrofil( a granulocytarni
supresorové bunky odvozené od myeloid(l (granulocytic Myeloid-Derived Suppressor Cells,
gMDSC), jejichZ schopnost regulovat imunitni odpovéd se ukdzala jako vyznamna pro porozuméni
imunopatogenezi CVID.

V poslednim obdobi se vyzkum rozsifil o analyzu neutrofilnich subpopulaci u pacientd s tézkym
traumatem, ktera ukazala jejich zdsadni vliv na rozvoj zanétu a oslabeni imunity. Dalsi védecké
smérovani autorky proto bude zaméreno pravé na tuto oblast.

Z dnesniho pohledu jiz multiparametrova pratokova cytometrie prekrocila roli zakladniho
fenotypizacniho nastroje a stala se nedilnou soucasti diagnostiky a monitorace vrozenych poruch
imunity. DokaZze vyhodnotit specifické bunécné populace a subpopulace, proteiny na bunécném
povrchu, intraceluldrni a intranuklearni proteiny a urcité funkéni imunitni charakteristiky, pficemz
kazda z nich maze byt pro diagnostiku a hodnoceni vrozenych poruch imunity uZite¢na.

Zavérem lze shrnout, Ze multiparametrova prdtokovd cytometrie prinasi zasadni pfinos pro
diagnostickou a vyzkumnou praxi v nejen oblasti vrozenych poruch imunity. Jeji schopnost
rozliSovat komplexni bunééné fenotypy, doplnéna o automatizované nastroje a standardizacni
schémata, prispiva k robustnéjsi, rychlejsi a presnéjsi identifikaci imunitnich poruch a jejich
klinickych implikaci. Jeji dalsi integrace s molekularnimi metodami a strojovym ucenim otevird
cestu k personalizované mediciné a dalsi evoluci imunodiagnostiky.
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