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Abstrakt

Vrozené poruchy imunity (IEI; inborn errors of immunity) jsou heterogenni skupinou onemocnéni
imunitniho systému zptisobujici naruSeni funkci ptirozené i adaptivni imunity. Kazdy rok jsou
celosvétove objevovany nové mutace genl kodujicich nejriznéjsi proteiny figurujici v imunitnim
systému. V soucasné dobé pocet téchto nalezl prekracuje 400. (Tangye et al., 2020) V této praci jsou

popsany 3 nove¢ identifikované autoinflamatorni poruchy u pacientd s IEI.

Toll-like receptory (TLR) 7 a 8 jsou endosomalni receptory ptirozené imunity, kde figuruji jako
molekuly rozpoznavajici patogeny i endogenni autoantigeny. Dysregulace receptord TLR7 a TLRS
u mysi vede k autoimunité a zanétu, u ¢lovéka je zatim imunopatologie TLR8 a TLR7 nejasna.
Identifikovali jsme X-vazanou mutaci c¢.1715G>T v genu TLRS, ktera vede k autoimunitni
hemolytické anémii a autoinflamatornim projeviim u dvojcat, chlapc, v disledku dysregulace TLR8
a TLR7 odpovédi zejména myeloidnich bunék (snizeni hladiny proteinu TLRS, jeho zkiiZzené

reaktivité na ligandy TLR7 a zesileni odpovéedi receptoru TLR7).

Hematopoeticka kinaza (HCK; hematopoetic cell kinase) patfi do rodiny Src kinaz a hraje roli

v migraci, adhezi a degranulaci myeloidnich bun¢k. Aktivita kindz v rdmci imunitni odpoveédi musi
byt striktn€ regulovana. U HCK tuto regulacni funkci plni inhibi¢ni tyrosin na C-konci, ktery

v ptipadé, ze je fosforylovan, vypina aktivitu kinazy HCK. Identifikovali jsme heterozygotni mutaci
c.1545C>A4 v genu HCK, ktera vede k absenci inhibi¢niho tyrosinu a HCK je pak konstitutivné
aktivni. Onemocnéni se projevuje vaskulitidou kiize a chronickym zanétem a fibrézou plic v disledku

zvysené adheze, migrace a zanétlivé kapacity myeloidnich bunck.

Podjednotka 1 receptoru pro interferon alfa (IFNAR1) je jednou z podjednotek tvorici dimer receptoru
pro interferony L. typu. Signalizace interferont I. typu hraje klicovou roli v antivirové imunitni
odpovédi a zaroven zabranuje nadmérmné zanétlivé reakci v priabehu virové infekce. Identifikovali jsme
homozygotni mutaci ¢.922C>T v genu IFNARI u 15 mési¢niho chlapce, u kterého se projevila silna
zanétliva reakce po oc¢kovani zivou oslabenou vakcinou MMR v disledku kompletni absence proteinu

IFNARI1 a nedostate¢né signalizaci interferond I. typu.

Podrobna charakterizace novych mutaci v genech TLRS, HCK a IFNARI roz§ifila spektrum jednotek
IEI se zanétlivym projevem. Tyto studie mohou napomoci identifikaci onemocnéni a 1é¢be

u podobnych ptipadi.
Klic¢ova slova

Vrozena porucha imunity, zanétlivé onemocnéni, funkéni testovani, Hematopoeticka kinaza, Toll-like

receptor 8, Receptor pro interferon alfa



Abstract

Inborn errors of immunity (IEI) are a heterogenic group of diseases of the immune system causing
dysregulations of both innate and adaptive immunity. New altered immune-related genes are
discovered every year, nowadays reaching over 400. (Tangye et al., 2020) Here three new

autoinflammatory disorders of IEI patients are described.

Toll-like receptors (TLR) 7 and 8 are endosomal receptors in the innate immune response against
external pathogens and endogenous autoantigens. A dysregulation in TLR7 and TLR8 in mice causes
autoimmunity and inflammation, however, in humans, the immunopathology of TLR8 and TLR7
remains unclear. We identified a novel X-linked ¢.7715G>T mutation in 7TLRS that leads to
autoimmune haemolytic anaemia and autoinflammation in male twins caused by dysregulation in
TLRS8 and TLR7 response especially in myeloid cells (low TLRS8 protein expression, cross-reactivity

of TLRS for TLR7 ligands and enhanced TLR7 response).

Hematopoietic cell kinase (HCK) belongs to the Src family of kinases and is involved in myeloid cell
migration, adhesion and degranulation. Kinase activity in the immune response must be strictly
regulated. In HCK, this regulation is based on C-terminal inhibitory tyrosine, which when
phosphorylated, HCK kinase activity is switched off. We identified a heterozygous mutation
¢.1545C>4 in HCK where inhibitory tyrosine is missing and HCK is constitutively active. The main
disease symptoms were cutaneous vasculitis and chronic pulmonary inflammation that progressed to

fibrosis due to increased adhesion, migration and inflammatory capacity of myeloid cells.

Interferon alpha receptor subunit 1 (IFNART1) is one of the two subunits of a dimer creating the
interferon type I receptor. Type I interferon signalling plays a crucial role in antiviral immune
response as well as preventing an excessive inflammatory response during viral infection. We
identified a novel homozygous mutation ¢.922C>T in [FNARI in a 15-month old boy who suffered
a severe inflammatory reaction after live attenuated MMR vaccine administration due to a complete

absence of IFNARI1 protein, therefore no interferon type I signalling in the patient.

Detailed characterization of novel mutations in 7LR8, HCK and IFNARI genes broadened the
spectrum of IEI with autoinflammation. These studies can help in disease identification and treatment

in similar cases.
Keywords

Inborn error of immunity, inflammatory disease, functional testing, Hematopoietic cell kinase, Toll-

like receptor 8, Interferon alpha receptor
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1. Vrozené poruchy imunity — uvod

Vrozené poruchy imunity (Inborn Errors of Immunity, [EI) jsou heterogenni skupina poruch
imunitniho systému postihujici mechanismy pfirozené i adaptivni imunity, tedy i komplement,
fagocytujici buniky, T-lymfocyty i B-lymfocyty. Pacienti s IEI mohou byt postiZeni riizné zavaznou
formou od pouhé vyssi nachylnosti k infekénim patogeniim a neprospivanim, az po zavazné
dysregulace imunitniho systému, které mohou vyustit v nutnost medikace a hospitalizace.

zhruba 1-2 na 100 000 nové narozenych, mohou byt smrtelné i ptes 1éCebné zasahy. Pro tyto pacienty
je zasadni novorozenecky screening (detekce exciznich krouzkli DNA vznikajici pti vyvoji lymfocyti)
(Dorsey & Puck, 2017) a rychla transplantace hematopoetickych kmenovych bunék. Nejcetngjsi
skupinou vrozenych poruch imunity jsou protilatkové imunodeficity s vice nez polovinou piipadu IEL
Autoinflamatorni onemocnéni jsou tizkou skupinou IEI s celkovou prevalenci 1 na 50000 narozenych
(Tangye et al., 2020). Diky rozvoji molekularné-genetickych metod jiz bylo identifikovano vice nez
400 raznych poruch imunity s identifikovanymi geny, jejichz modifikace [ve smyslu aktivace, tzv.
gain-of-function (GOF) nebo inhibice ¢i kompletni absence, tzv. loss-of-function (LOF)] zptsobila

vaznou imunitni dysregulaci (Obr. 1).
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Obr. 1 - Tendence objevovani novy genii zpusobujicich vrozené poruchy imunity v letech 1983-2019. Data
byla poskytnuta skupinou The International Union of Immunological Societies Expert Comittee of Inborn Errors

of Immunity (IUIS). (Upraveno z Tangye et al. 2020)

Pro praktické 1ékaie je dulezité dobie rozpoznat varovné ptiznaky IEI v détském veku pacienta

a zahajit v€asné laboratorni testovani a pfipadnou terapii. Prvnimi pfiznaky IEI mohou byt §patné
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prospivani, Casté a opakujici se infekce a zanéty (kvasinkové infekce, virdzy, meningitidy, pneumonie,
a dalsi). Dalsim alarmujicim faktorem je problém s lymfatickou tkani/organy, které mohou byt
zvétsené nebo naopak chybéjici. V neposledni fadé IEI pacienti Casto v nizkém veku nepfimétené
reaguji na ockovani Zivou oslabenou vakcinou, kdy neni neobvykl¢, Ze se ockovana choroba

u pacienta rozvine. Znamym piikladem je reakce na vakcinu BCG (Bacille Calmette Guerin), kdy se

u pacienta s t€zkym kombinovanym imunodeficitem (SCID) rozvinula plna forma tuberkulozy
(Marciano et al., 2014). VSechny tyto faktory jsou piehledné sepsany v Tabulce 1 jako 10 varovnych

ptiznakl vrozenych poruch imunity, které by méla vétSina détskych praktickych Iékaiti dobie znat.

1 | 4 a vice novych usnich infekci v rdmci jednoho roku

2 | 2 a vice zavaznych infekci dutin v rdmci jednoho roku

3 | 2 a vice mésicii na [écbé antibiotiky, s nizkym ucinkem

4 | 2 a vice pneumonii v ramci jednoho roku

5 | Neschopnost ditéte pfibirat na vaze ¢i normalné rast

6 | Opakujici se kozni ¢i organové abscesy

7 | Pretrvavajici infekce ustni dutiny ¢i fungalni infekce kize

8 | Nutnost intravenozni antibiotické 1é€by infekci

9 | 2 a vice pokrocilych infekci véetné septikémie

10 | Vyskyt vrozené poruchy imunity v roding

Tabulka 1: 10 varovnych znaki vrozené poruchy imunity [zdroj ESID (Clinical Working Party)]

1.1. Klasifikace IEI

Podle chybéjicich, nefunkénich nebo Spatné fungujicich slozek imunitniho systému klasifikujeme IEI

nasledovné (Bousfiha et al., 2020):

I. Imunodeficity postihujici bunéénou a humoralni imunitu

Funkce T-lymfocyti a ¢asto i B-lymfocytt je naruSena a mohou byt sniZeny jejich pocty.

a) Tezky kombinovany imunodeficit, SCID
Komplikace u pacientti se SCID se objevuji jiz Casn€ po narozeni, dité nepiibyva na vaze, objevuji se
infekce respiracniho traktu, prijmy, vyrazky a fungélni infekce. Bez 1écby se pacienti nedozivaji vice
neZ 1 roku Zivota (Yu et al., 2011). Lze rozlisit dvé hlavni varianty SCID, a) s T-lymfopenii (SCID T-
B+) a b) s kombinaci lymfopenie T a B (SCID T-B-), obé skupiny s naslednym rozdélenim podle
ptitomnosti NK bun¢k. Mezi nejznaméj$i SCID T- B+ NK- patii deficit tzv. common gamma chain,

tedy spole¢ného vy fetézce skupiny cytokinovych receptort [pro IL-2 (interleukin 2), IL-4 (interleukin
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4), IL-7 (interleukin 7) aj.], mezi SCID T- B+ NK+ pak LAT deficience, tedy nefunkénost
adaptorového proteinu LAT (z anglického linker for activation of T-cells), ktery se aktivuje pii
signalizaci pres T-bunécny receptor. (Bacchelli et al., 2016) Do skupiny SCID T- B- NK- pak fadime
napf. deficit ADA, tedy absenci adenosin deamindzy, dilezit¢ho enzymu purinového metabolismu
ucastniciho se deaminace deoxyadenosinu. V organismu dochazi k hromadéni metabolitl (napf.
deoxyadenosinu a dATP) toxickych zejména pro lymfocyty. Laboratorni nélezy Casto potvrzuji
lymfocytopenii s absenci T- i B-lymfocytii a NK bunék a nizké hladiny sérovych imunoglobulint,

a s tim spojenou Spatnou odpovéd’ T-lymfocytl a specifickych protilatek. Zavaznost prubéhu ADA
deficitu koreluje s mnozstvim nahromadénych metabolitil. (Aiuti et al., 2009; Edwards, 1985; Flinn &
Gennery, 2018)

b) Méné zavazné kombinované imunodeficity nez SCID
V této skupin€ se vyskytuji imunodeficity se snizenymi pocty T- ¢i B-lymfocytli, abnormalnimi
hladinami imunoglobulind a naru$enou protilatkovou odpovédi. Do skupiny s nizkym poctem CD4+
T-lymfocytt patii napt. MHC-II deficit nebo LCK deficit. MHC-II neboli hlavni histokompatibilni
komplex II je molekula exprimovana piedev§im antigen prezentujicimi buiikami (dendritické bunky,
makrofagy a B-lymfocyty), kde je jeho ulohou prezentovat peptidy exogenniho piivodu CD4+
T-lymfocytim. Neschopnost zahajit CD4+T-mediovanou bunécnou a protilatkovou odpoveéd
u MHC-II deficitu vede k opakovanym infekcim zejména gastrointestinalniho traktu, respiracniho
ustroji nebo vylucovaci soustavy. Snizené pocty CD4+ mohou byt vysvétleny narusenou klonalni
proliferaci na periferii ¢i dozravanim v thymu (MHC-II je kli¢ovou molekulou pro maturaci a funkci
CD4+ T-lymfocytl a jejich pozitivni selekei v thymu). Rezidualni exprese MHC-II vysvétluje
zachovani minimalnich poc¢ti CD4+ bunék. (Grusby, et al., 1991; Klein et al., 1993) LCK je tyrosin
kinaza z rodiny Src asociovana s T-buné¢nymi koreceptory CD4 a CDS8 a fosforylujici tyrosinova
rezidua na ITAM motivech CD3 a zeta fetézct T-buné¢ného receptoru (TCR). ITAM neboli
imunoreceptorovy na tyrosinu zaloZeny aktivaéni motiv je dvakrat se opakujici sekvence
4 aminokyselin a hraje nezastupitelnou roli v signalizaci imunoreceptort. (Llamas-Guillén et al.,
2017) Deficit nebo porucha LCK vede k poruse TCR-mediované aktivace T-lymfocytt. Pacienti trpi
respiraénimi infekcemi, zanéty a autoimunitnimi projevy. (Hauck et al., 2012) Dalsi skupinou jsou
onemocnéni s nizkym poctem CD8+ T-lymfocytl, zapti¢inéné napt. deficity MHC-I nebo ZAP-70.
MHC-I neboli hlavni histokompatibilni komplex I (nebo také HLLA-I, lidsky leukocytarni antigen I) je
druhym typem MHC, ktery prezentuje antigen, v tomto ptipadé¢ CD8+ T-lymfocytim; nachazi se na
vétsing bungk, prezentované antigeny jsou buice vlastni nebo virové peptidy. MHC-I deficit mize
byt zpisoben mutacemi v genech TAP1, TAP2, jejichz produkty TAP1 a TAP2 jsou podjednotky
transportéru TAP lokalizované v membrané endoplasmatického retikula. Heterodimer TAP1/TAP2 je
zodpovédny za transport peptidl pro jejich prezentaci na MHC-I. Snizené pocty CD8+ T-lymfocyti

nebo Uplnd CD8+ lymfopenie jsou zptisobeny narusenou pozitivni selekci v thymu z divodu chybéjici
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MHC-I antigenni prezentace. Naopak se objevuji vyssi hladiny yo+ T-lymfocytd. Pacienti trpi
vétSinou bakteridlnimi infekcemi, chronickym zanétem plic, granulomatéznimi lézemi kiize nebo
vaskulitidou. Tézké virové infekce nebyvaji popisovany, ziejme diky zapojeni i jinych antivirovych
mechanismii, jako je napt. humoralni imunitni odpovéd’, stale dostate¢na (i kdyZ snizena) hladina
CD8+ T-lymfocytti nebo diky yo+ T-lymfocytim a NK bunikam. (Hanna & Etzioni, 2014; Zimmer et
al., 2005) ZAP-70 (protein kinaza 70 asociovana s zeta fetézcem) hraje nepostradatelnou roli

v signalizaci T-bunééného receptoru. Deficit ZAP-70 je asociovany s defektni T-buné¢nou signalizaci
a proliferaci, pacienti trpi opakovanymi infekcemi dychacich cest, virovymi infekcemi [napt. EBV
(Epstein-Barr virus), CMV (Cytomegalovirus)] ¢i kandid6zou. (Llamas-Guillén et al., 2017) Do
skupiny méné zavaznych kombinovanych imunodeficitl patii i napt. deficit kostimula¢nich molekul,
jako je CD40 nebo CD40L. Molekula CD40 a piislusny ligand CD154 (CD40L) hraji
nepostradatelnou tlohu v imunologické synapsi B-lymfocytu (exprimuje CD40) a aktivovaného
T-lymfocytu (exprimuje CD40L), ktera je podstatna pro proliferaci a izotypovy presmyk B-lymfocytu.
Jejich deficitem vznika tzv. hyper-IgM syndrom, kdy B-lymfocyt produkuje pouze protilatky izotypu

IgM; u pacientt se objevuji opakované infekce dychacich cest ¢i sepse. (Tsai et al., 2015)

I1. Kombinované imunodeficity s asociovanymi nebo syndromovymi znaky
Tyto imunodeficity jsou vzdy charakteristické pfislusnym klinickym nebo imunologickym projevem.
Jednim ze zastupcii je Ataxia teleangiectasia neboli syndrom Louis-Barové. Vznika mutaci v genu
ATM, ktery koduje DNA-dependentni proteinkinazu, ktera signalizuje opravnym mechanismiim po
naru$eni DNA. Vyznacuje se poruchami v opravném systému dvojitych zlomt DNA napf. pti VDJ
rekombinaci pti vyvoji T- a B-lymfocytt, nizkymi po¢ty T-lymfocytt a snizenou hladinou
imunoglobulint izotypu IgG, IgE nebo IgA; a dale napt. neurologickymi problémy a zvySenou
nachylnosti k nadorovym onemocnénim (Hoche et al., 2014). Dal§im znamym imunodeficitem v této
skuping je Wiskottiv-Aldrichiiv syndrom (WAS). Pficina je v mutaci genu WAS na X-chromozomu,
kodovany protein napt. kontroluje organizaci aktinového cytoskeletu a tvorbu imunologické synapse.
Pacienti trpi nachylnosti k infekcim z dGvodu Spatné protilatkové odpovédi, trombocytopenii, ekzémy,
objevuji se i maligni nadory lymfatického systému. Transplantace kostni dené byva jedinou moznou
terapii (Salima et al., 2015). Syndrom diGeorge je zpsoben deleci na chromosomu 22¢/1.2 a
postihuje zhruba 1 z 3000 déti, které pak trpi anomaliemi srdce, imunodeficitem, poruchou ristu a
deformacemi obliceje. V deletované oblasti je vice nez 35 gentl, coz vysvétlyje Sirokou skalu
symptomu. Imunologicky nejzavaznéjsi je delece genu TBX1, tedy T-box transkripéniho faktoru 1.
Ten zajist'uje spravny vyvoj arterii a thymu. Z divodu hypoplastického nebo chybé&jiciho thymu se pak
u pacientt setkavame s T-buné¢nou lymfopenii a autoimunitnimi chorobami, které mohou byt
dasledkem snizenych poéti regula¢nich T-lymfocyti. (Kobrynski & Sullivan, 2007) Dalsi
imunodeficity patfici do této skupiny jsou napf. hyper-IgE syndromy vzniklé napt. na podkladé

STATS3 (signal transducer and activator of transcription 3) loss-of-function (LOF) mutaci nebo
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deficitu receptoru pro interleukin 6 (IL-6R). STAT3 LOF se mimo zvysené hladiny IgE projevuje
také lymfopenii, eosinofilii, infekcemi stafylokoky a kandid6zou. (Chandesris et al., 2012) STAT3 je
transkripcnim faktorem a zastava roli v signalizaci IL-6, receptord pro interferony I. a I1. typu,
receptort pro IL-12 a IL-23, tyrosin kinazovych receptorti a receptoru pro epidermalni ristovy faktor
(EGFR). Takeé zastava roli na sliznicich signalizaci pomoci IL-22, ktera vede k expresi
antimikrobialnich peptida (napf. lidsky beta defensin 2). (Vogel et al., 2015) U IL-6R deficitu jsou
ptiznaky obdobné jako u STAT3 LOF, jsou spojeny s nedostate¢nou signalizaci predevsim IL-6

a s tim spojenou nizkou aktivaci STAT3-zavislé signaliza¢ni drahy. (Spencer et al., 2019) U STAT3
LOF a stejné tak u IL6R deficitu je naruSena produkce IL-21, ktery je zodpovédny za maturaci
B-lymfocytt. Je popsano, ze u nezralych B-lymfocytu pievazuje produkce IgE. (Mogensen, 2013;
Wesemann et al., 2011)

III.  Protilatkové deficity
Projevy protilatkovych deficitl se za¢inaji objevovat az kolem 1. roku zivota, diivodem je pritomnost
IgG z matefského mléka v organismu (kojenych) déti. Hlavnimi ptiznaky protilatkovych deficitl jsou
chronické zanéty a opakované bakterialni infekce, laboratorn€ pak nalézame snizené pocty

B-lymfocytt.

a) Hypogamaglobulinémie
B-lymfocyty jsou u téchto onemocnéni zna¢né snizené nebo Uplné chybi, pocty prekurzort v kostni
dfeni jsou v norm¢. NejznaméjS$im protilatkovym deficitem je X-vazana Brutonova
agamaglobulinémie. Mutovanym genem je BTK, kodujici Brutonovu tyrosin kinazu. Ta zajist'uje
spravny vyvoj B-lymfocytl a zajiSt'uje signalizaci pies preB-buné¢ny receptor, ktery se tvoii po
piestavbé segmentl tézkého fetézce. Také hraje roli v aktivaci mastocytl pii signalizaci IgE receptoru.
BTK fosforyluje fosfolipazu C, kterd nasledné hydrolyzuje fosfatidylinositol (PIP2) na druhé posly
inositol trifosfat (IP3) a diacylglycerol (DAG). Ti spoustéji fadu B-lymfocytarnich signalizacnich drah
dalezitych k jejich vyvoji a aktivaci. V dnesni dob¢ se agamaglobulinémie Gspésné 1&¢1 intravenoznimi
imunoglobuliny. (Bruton, 1952; Winkelstein et al., 2006) Do skupiny hypogamaglobulinémii patii
i formy béZného variabilniho imunodeficitu (CVID) na podklade napt. CD19 ¢i CD21 deficitu.
CD19, CD21 spolu s CD81 a CD225 tvoii komplex B-bunécného receptoru. CD19 ma vybézek do
cytoplasmy s tyrosin-kinazovymi zbytky, zajist'uje tedy pienos signalu do buiiky. CD21 je také znam
jako komplementovy receptor 2 (CR2) a zajist'uje vazbu komplementu, hraje tedy roli v eliminaci
imunokomplexii a apoptotickych buné¢k. Pacienti trpi hypogamaglobulinémii a opakujicimi se

infekcemi; podavani intravendznich imunoglobulind je nutnosti od raného veéku. (Wentink et al., 2015)

b) Ostatni protilatkové deficity
V této skupiné se vyskytuji dalsi protilatkové deficity, patii sem poruchy s abnormalné nizkymi

hladinami sérovych imunoglobulinil izotypu IgG a IgA, kdy hladina IgM miiZe byt v normé nebo
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zvySend. Takzvany hyper-IgM syndrom muize mit hned nékolik pfic¢in, mezi nejznaméjsi v této
skuping patti AID deficience, kdy je poskozen gen 4/CDA pro tvorbu aktivaci indukované cytidin
deaminazy, ktera se v B-lymfocytech germinalnich center ucastni izotypového presmyku a somatické
hypermutace. (Revy et al., 2000) Dale se sem tadi izotypové nebo funkéni deficity, mezi které patii
napiiklad selektivni IgA deficit, ktery ale mize byt ¢asto asymptomaticky (Yel, 2010) nebo
selektivni IgM deficit, kdy pacienti trpi Castymi pneumokokovymi a bakterialnimi infekcemi. (Gupta
& Gupta, 2017)

IV.  Choroby s imunitni dysregulaci
Autoimunitni projevy byvaji ¢asto asociovany s vrozenymi poruchami imunity. Zvlastni skupinu
onemocnéni s imunitni dysregulaci tvoii hemofagocytujici lymfohistiocytdéza (HLH). Dale sem patii
znamé syndromy jako je autoimunitni lymfoproliferativni syndrom (ALPS) nebo aktiva¢ni mutace

Janus kinazy 1 [JAK1 gain-of-function (GOF)].

a) HLH
HLH neboli hemofagocytujici lymfohistiocytéza ma né€kolik podskupin v zavislosti na poSkozeném
genu, napi. genu pro perforin ¢i LYST (lysosomal-trafficking regulator), které jsou dulezité pro
exocytozu lytickych granul CD8+ T-lymfocyti a NK bunék. VSeobecné se HLH projevuje
hyperaktivaci cytotoxickych bunék (T, NK), hyperprodukci cytokind, typicky je nalez
hemofagocytujicich makrofagi v kostni deni. HLH mutize byt primarni ¢i sekundarni. Primarni formy
jsou zplsobeny mutacemi ve vySe uvedenych a dalSich genech. Bez rychlé 1é¢by, tedy transplantace
krvetvornych bunék, vedou rychle k multiorganovému selhani a smrti. Mezi sekundarni HLH patii
napfiiklad i visceralni leishmanidza, ktera ale neni vrozenou poruchou imunity. Toto onemocnéni
zpusobuje jednobunéény parazit rodu Leishmania; v makrofazich se mnozi, zptisobuje chronicky

zanét, makrofagy se aktivuji a hemofagocytuji. (Fatima et al., 2018; Sukova et al., 2010)

b) Syndromy s autoimunitou
Hlavnimi skupinami syndromt s autoimunitnimi projevy jsou napi. autoimunitni lymfoproliferativni
syndrom (ALPS) a rizna idiopaticka stievni onemocnéni (IBD; inflammatory bowel disease).
ALPS mize byt zpisoben mutaci jednim z nékolika genti kodujicich dulezité soucasti apoptotické
drahy jako jsou kaspaza 3, kaspaza 10 nebo FAS. FAS neboli TNFRSF6 je receptor patiici do TNFR
(tumor necrosis factor receptor) rodiny, jeho ligandem je FASL. Po vazbé FAS se spousti apoptoticka
draha FAS+ buiiky. (Fu et al., 2016) Pfi mutaci receptoru FAS dochazi k naruseni apoptdzy, objevuji
se priznaky jako splenomegalie, lymfadenopatie (zvétSené lymfatické uzliny) nebo lymfomy.
(Lambotte et al., 2013) Mezi IBD v ramci vrozenych poruch imunity patéi mimo jiné deficity
interleukinu 10 ¢i jeho receptoru. IL-10 je sekretovan monocyty, makrofagy, T- a B-lymfocyty,
dendritickymi bunikami, epitelidlnimi bunikami i mastocyty a ma tlohu protizanétlivou,

imunosupresivni, inhibuje funkci tumor nekrotizujiciho faktoru alfa (TNFa; tumor necrosis factor
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alpha) a zajistuje homeostazu ve stfevnim traktu. Signalizuje ptes IL-10R, aktivuje Janus kinazu 1
(JAK1) a Tyrosin kinazu 2 (TYK?2). Nasledné dochazi k fosforylaci STAT3 a expresi protizanétlivych
cytokinii. (Zhu et al., 2017) Pacienti trpici IBD mivaji zanétlivé projevy ve stfevnim traktu z dvodu
nedostatecné sekrece regulacniho IL-10, také se mlize projevit artritida, folikulitida (zanét vlasovych

vackl) nebo dermatitida. (Kotlarz et al., 2012)

V. Poruchy poctu a funkce fagocyti
Fagocytujici bunky imunitniho systému plni nezaménitelnou roli v boji s patogeny. Jejich snizené
pocty nebo sniZzena funkce ohrozuji zdravi a Zivot pacienta neschopnosti zachytit infekci a nastartovat
imunitni odpoveéd’; vysoké pocty nebo zvySena schopnost fagocytdzy naopak poskozuji tkan€ a organy
pacienta z divodu chronického zanétu. Dv¢ hlavni skupiny poruch fagocytdzy jsou neutropenie

a funk¢ni defekty fagocyta.

a) Neutropenie
Neutropenie je popisovana jako pokles absolutniho poctu neutrofilnich granulocyt a ma nékolik
stadii od mirné po tézkou. Pacienti ¢asto trpi bakterialnimi infekcemi tstni dutiny, gastrointestinalniho
traktu nebo kiize, kde neutrofily brani vniknuti bakterii ptes sliznici do organismu. Nejb&zné&jsi
patogeny, které ohrozuji pacienty s neutropenii, jsou Staphylococcus aureus a gram-negativni bakterie.
Pokles poctu neutrofilnich granulocytti mtize byt zptisoben poruchami gent dilezitych pro zrani
granulocytt, napi. ELANE — gen pro neutrofilni elastazu, ktera je soucasti cytoplasmatickych granuli
a jako serinova protedza likviduje patogeny (Papayannopoulos et al., 2010) nebo CEBPE — genu pro
CCAAT/enhancer vazebny protein , také znam jako CRP1, ktery puisobi jako pro-apoptoticky faktor
a zajiStuje maturaci granulocytl; jeho porucha zpisobuje defekt maturace - tzv. specificky deficit
granul (SGD; specific granule deficiency). Tato granula obsahuji myeloperoxidazu, laktoferin
a transkobalamin, tedy antimikrobialni peptidy, které svou enzymatickou aktivitou zajistuji
zneskodnéni patogentl. (Boxer & Dale, 2002; Maaloul et al., 2016; Notarangelo, et al., 2008; Serwas et
al., 2018)

b) Funkcni defekty fagocytu
Funk¢ni defekty jsou zpravidla zptisobené zménou nebo ztratou funkce fagocytii. Nejznaméjsimi
zastupci jsou mutace v genu CFTR (cystic fibrosis transmembrane conductance regulator) zptisobujici
cystickou fibrézu; a mutace v genech pro podjednotky NADPH (nikotinamid adenin dinukleotid
fosfat) oxidazy zplsobujici chronickou granulomatézni chorobu (CGD; chronic granulomatous
disease). Gen CFTR koduje protein pro chloridovy kanal patfici mezi ABC transportéry. Tento kanal
je v membrané epitelialnich bunék zodpovédny za ptenos chloridovych anionti do extracelularniho
prostoru pfes membranu bunék predevsim plic, stieva a slinivky. Pacienti maji naruSenou funkci
slinivky bfisni, dychaci obtiZe, snizenou saturaci kyslikem a v jejich potu je detektovana vyssi hladina

chloridu. Dnes jsou pacienti s cystickou fibrozou zpravidla schopni vést normalni zivot, avSak

17



onemocnéni je nevylécitelné. Je mozné zmirnit obtize inhala¢ni 1é¢bou, oxygenoterapii, a pokud to
vek a zdravotni stav pacienta dovoluje, mtiZze byt pfikro¢eno k transplantaci plic. (Sheppard & Welsh,
1999; Turkalj et al., 2019) U CGD dochazi k mutaci jedné z podjednotek NADPH oxidazy
fagocytujicich bunék. NADPH sestava z komplexu 5 podjednotek (2 membranovych

a 3 cytosolickych) a zajist'uje tvorbu reaktivnich kyslikovych radikal. NADPH zajisti vazbu
elektronti na molekulovy kyslik ve fagosomu, ve kterém je pohlceny patogen eliminovan. U pacientd
se CGD je NADPH dysfunkéni, objevuji se granulomy, tvofené predev§im nahromadénymi
makrofagy, které nejsou schopny patogen eliminovat, ten zlistava neznicen uvnitt fagosomu.

(Heyworth, et al., 2003; Pao et al., 2004)

VI.  Poruchy prirozené imunity

a) Nachylnost k bakterialnim a parazitarnim infekcim
Pokud je narusena spravna funkce nékteré ¢asti pfirozené imunity, mohou se objevovat opakujici se
bakterialni onemocnéni a s nimi spojené abscesy, sepse, dokonce i meningitida. Velice Casta byvaji
stafylokokova onemocnéni. Mezi nejznamé;jsi poruchy této skupiny patii deficit IRAK4 (kindza
asociovana s receptorem pro IL-1; IL-1 receptor associated kinase) nebo deficit MyD88. Tyto
molekuly hraji nepostradatelnou roli v signalizaci Toll-like receptort. IRAK4 je protein, ktery je
aktivovan po vazb¢ ligandu na receptor TLR a fosforylaci molekuly MyD88 (Obr. 2).

IL-1Rs TLRs TCR/BCR TNFR-S EDAR/RANK/
(vyjma TLR3) VEGFR3
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membrana
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Obr. 2 - Schéma signalizace Toll-like receptorti; po vazbé ligandu na TLR dochazi k vazbé molekuly MyDS88,
jeji fosforylaci a v kaskade jsou dale aktivovany molekuly IRAK1 a IRAK4 spolu s TRAF6. Tento komplex
spousti signaliza¢ni drahu mitogen-aktivované protein kindzy (MAPK), kde nasledné Stépeny aktivacni protein 1

(AP-1) ptechazi do jadra a aktivuje transkripci gent pro tvorbu cytokind. Také aktivuje drahu NF-xB (nuklearni
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faktor kappa B; nuclear factor kappa B) (p50/p56) a tento komplex spousti transkripci genti pro tvorbu

prozanétlivych cytokind. (Upraveno z Picard, et al., 2011)

b) Nachylnost k mykobakterialnim a virovym infekcim
Do této skupiny nalezi pfedev§im pacienti s Mendelovskou nachylnosti k mykobakterialnim
chorobam. Mendelovska dédi¢nost je charakterizovana jedinym genem zodpovédnym za onemocnéni,
ktery je zdédén dominantné (k manifestaci je potieba jedna alela) ¢i recesivné (k manifestaci jsou
potieba ob¢ alely genu). Vyznacuje se nachylnosti k mykobakteriim typu BCG (Bacille Calmette
Guerin), tedy oslabenou variantou Mycobacterium bovis, dale kmeny Sa/monella nebo
netuberkul6znimi bakteriemi. Takovy stav miize byt zplisoben deficitem interferon gama (IFNy)
receptoru (IFNGR1, IFNGR2 deficit), pacienti s timto deficitem jsou nachylni spi$e na virové
patogeny a bakterie kmene Salmonella nebo Listeria. (Bustamante, et al., 2014) Podobny fenotyp jako
IFNGR deficit muze zpusobovat i deficit STAT1 (STAT1 loss-of-function, STAT1 LOF). STAT1
hraje nezastupitelnou roli v signalizaci interferonti. V ptipad€ vazby IFNy na jeho receptor tvoii
nasledné STAT1 homodimer a piechazi do jadra buiiky. Pokud je ligandem IFNa nebo IFNf, STATI
tvofi heterodimer se STAT?2 a nasledné komplex s interferon-regula¢nim faktorem 9 (IRF9) a opét
prechazi do bunécného jadra, kde ptisobi jako transkripcni faktor k aktivaci gent ISRE (interferon
stimulation response element). (Khodarev, et al., 2012) Pokud STAT1 chybi nebo je nefunk¢ni, je
porusena tvorba vyse uvedenych signalizacnich komplexi a tedy interferonova imunitni odpoveéd’.
Pacienti se STAT1 LOF casto trpi mykobakterialnimi infekcemi, koznimi abscesy, kandidézou
a virovymi infekcemi jako je napf. herpes simplex virus 1 (HSV-1) z divodu nedostate¢né reakce na
interferony I. a II. typu a z nedostatku jejich produkce. Zamezeni vniknuti intracelularnich patogent

do bun¢k a zastaveni jejich dalsiho Sifeni je tim naruseno. (Dupuis et al., 2003; Kong et al., 2010)

VII. Autoinflamatorni onemocnéni
Autoinflamatorni onemocnéni jsou relativné noveé objevenou skupinou (pfevazné¢) vrozenych
onemocnéni, kde hlavnim symptomem je zanét. Protoze v této disertacni praci predkladam 3 nova
autoinflamatorni onemocnéni, schématicky popisuji, co je zanét. Dle nejcastéji pouzivané definice je
zangt sled reakct, které doprovazeji naruseni homeostazy organismu a maji vést k ochrané dané¢ho
mista (nebo celého organismu) proti infekei. Tyto reakce zpravidla vedou k lokalizaci zanétu
a naslednému hojeni. Zanét mtize byt mistni nebo celkovy. V piipad¢ mistniho zanétu registrujeme
4 zakladni projevy, tedy zvySenou teplotu (calor), bolest (dolor), otok (tumor) a zacervenani (rubor).
Dale se zanét déli na akutni, ktery po fazi utlumeni a hojeni konc¢i bez nasledkt, a chronicky, kde
dochazi k poskozovani tkan¢ z divodu piili§ dlouhé aktivity imunitnich bunék (produkce
poskozujicich enzymti, cytokind, formace granulomil) a byva patologicky. Zanét je sledem
imunologickych a fyziologickych procesii fizenych cytokiny. Na pocatku je rozpoznani molekul se
strukturou patogent ¢i jiného poSkozeni - jsou jimi znaky asociované s patogeny (PAMPs; pathogen-

associated molecular patterns) a znaky asociované s poskozenim (DAMPs; damage associated
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molecular patterns). Tyto signaly jsou zachyceny receptory prirozené imunity, mezi které patii Toll-
like receptory (TLR) nebo receptory s nukleotid-vazebnou doménou a repeticemi bohatymi na leucin
(NLRs; nucleotide-binding and oligomerization domain-like receptors). Naslednou signalizaci dochazi
k amplifikaci produkce DAMPs a prozanétlivych cytokind, mezi které patii IL-1B, IL-6 nebo TNFa.
Tyto molekuly zajisti migraci dal$ich imunitnich bunék (makrofagt, neutrofilnich granulocytt) do
mista infekce/poskozeni a v tento moment dochazi k polarizaci adaptivni imunitni odpovédi (Obr. 3).
Podle typu produkovanych cytokini se tyto polarizace d€li dle druhu pomocnych T-lymfocytd (Thl,
Th2, Th17 a dalsi), které dale reguluji migraci dal$ich bunck. V zavérecnych fazich akutniho zanétu je
dilezité, aby vcas nastoupily supresivni mechanismy [produkce IL-10, TGFp (transformujici ristovy
faktor beta; transforming growth factor beta), migrace regulacnich T-lymfocytt (Treg), exprese PD-1
(protein programované bunécéné smrti; programmed cell death protein 1) a FAS/FASL] a zanét byl

ukoncen. Pokud tomu tak neni, zdnét prechazi do chronického stavu a dochazi k poskozovani okolni

tkang.
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Obr. 3 - Schéma zanétu. V misté poSkozeni se objevuji fagocytujici buiiky, jako jsou makrofagy nebo
neutrofilni granulocyty (neutrofily), a pohlcuji patogenni Castice. Zaroven vytvaii cytokinové prostiedi, které
povolava dalsi buiiky pfirozené i adaptivni imunity. Na povrchu endotelu se objevuji adhezivni molekuly [napf.
ICAM-1 (intracelularni adhezivni molekula 1; intracellular adhesion molecule 1) nebo endotelialni mucin], které
pomahaji dal$im imunitnim bunikdm se zachytit a prostupovat endotelem do mista zdnétu. Fagocytované
antigeny (napf. bakterialni) jsou zpracovany a prezentovany na povrchu antigen prezentujicich bun¢k pomocnym
T-lymfocytiim, které zahajuji druhou fazi imunitni odpovédi, specifickou proti danému antigenu. V misté se
objevuji i B-lymfocyty, které maturuji a méni se na plasmablasty produkujici protilatky. (vytvotreno

v BioRender.com)

Jako prvni se pojem ,,autoinflamatorni“ objevil v roce 1999 v ¢asopise Cell, kde byl diskutovan objev
mutace v receptoru TNF (TNFR) zpuisobujici periodicky syndrom asociovany s receptorem pro tumor-

nekrotizujici faktor (TRAPS; tumor necrosis factor receptor-associated periodic syndrome).
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(McDermott et al., 1999) Vseobecné se autoinflamatorni onemocnéni vyznacuji opakovanymi, ¢asto
ni¢im nepodminénymi zanéty z diivodu dysregulace slozek ptfirozené imunity, mohou se objevovat

i autoreaktivni klony T-lymfocytd. (Ciccarelli et al., 2013)

a) Systéemovda zanétliva onemocnéni
Systémové projevy zpravidla zahrnuji vice organti nebo soustav, a to i v pfipadg, ze se symptomy
projevuji pievazné lokalizované. Jednou z hlavnich skupin systémovych zanétd jsou monogenni
autoinflamatorni onemocnéni, kam patii familiarni stredomorska horec¢ka (FMF; familial
mediterranean fever). Ta je nejznaméjsi a nejbéznéjsi dédi¢nou autoinflamatorni chorobou. Bylo jiz
objeveno pies 300 variant gent, které zpisobuji FMF; dédi¢nost je autozomalné recesivni. Zplsobuje
ji mutace v genu MEFV (mediterranian fever), ktery pusobi jako regulator pfirozené imunity a koduje
protein zodpovédny za tvorbu pyrinu. Pyrin je intracelularni receptor bakterialnich toxint, ktery
v odpovédi na infekci zajistuje sestaveni inflamasomu. Klinicky se FMF Casto projevuje opakovanymi
horeckami, zanéty plic, kloubti, mtize se objevit i vyrazka a bolesti hlavy. Ve vaznéjsich piipadech se
objevuje amyloidoza (ukladani proteinu amyloidu v organech, nejcastéji v ledvinach), kde mutovany
MEFV ovlivityje jeho produkci. (Rowczenio et al., 2017; Touitou, 2001) Dale sem patii jiz
zminovany TRAPS vyznacujici se dlouhotrvajicimi horeckami a zpiisobeny mutaci v podjednotce 55
receptoru pro TNF (TNFR1A). Porucha v TNFR, respektive v signalizaci TNF, je zasadni ve funkci
pfirozené imunity, kdy mutované receptory nevazou TNF, hromadi se v endoplasmatickém retikulu
a jsou strukturn& nefunkéni (dochazi ke $patnému sbaleni). Spatn& sbalené TNFR se pak hromadi
uvniti bunky, tvofi shluky a spousti alternativni prozanétlivou signalizaci. Mezi piiznaky TRAPS patii
vyrazky, otoky, bolesti kloubti, zanéty srde¢niho svalu, hrdla a sliznic. (Bulua et al., 2012; McDermott

et al., 1999)

Druhou vyznamnou skupinou systémovych zanétlivych onemocnéni jsou multifaktorialni
autoinflamatorni onemocnéni. Do této skupiny patii Crohnova choroba, chronické onemocnéni
gastrointestinalniho traktu nejcastéji postihujici tenké stfevo. Symptomy se objevuji i mimo stfevni
trakt, pacienti trpi ¢asto dermatitidami, riiznou mirou postizeni muskuloskeletarniho aparatu, nebo
jaternimi problémy. Z genetického hlediska nebylo dlouho jasné, co onemocnéni zpiisobuje. Bylo vSak
7zjisténo, ze mutace v proteinu NOD2 (nucleotide-binding oligomerization domain-containing protein
2), diive znam pod zkratkou CARD15 (caspase recruitment domain-containing protein 15), pozdéji
také pojmenovan IBD1 (inflammatory bowel disease protein 1) vede ¢asto k projeviim Crohnovy
choroby. Protein NOD2 je receptorem piirozené imunity (PRR; pattern recognition receptor),
rozpoznava bakterialni peptidoglykany (napf. muramyl dipeptid) a po jejich vazbé spousti
pro-apoptotickou signalizaci a NF-kB drahu u hematopoetickych bunék, ale i u dalich typt bun¢k,
jako napf. epitelialnich bun¢k tenkého stfeva nebo Panethovych bunék. Loss-of-function mutace

v proteinu NOD2 vede ke ztraté jeho funkce, bakterialni peptidoglykany nejsou rozpoznavany

a rozviji se Crohnova choroba. (Ha & Khalil, 2015; Rochereau et al., 2021)
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b) Sterilni zanet
Onemocnéni, ktera jsou zplisobena sterilné vznikajicim zanétem, se objevuji nejcastéji v kostech
a kloubech nebo kuzi. Sterilni zanét spousti poskozeni uvniti tkané, které nezptsobil zadny patogen ¢i
cizoroda castice. Mohou to byt vnitfni poranéni po urazu, infarkty myokardu, poranéni ledvin,
transplantace organu, ischemie, ale v§echny tyto diivody maji spolecné nedostatecné zasobeni krvi
urcitého organu ¢i tkané a naslednou hypoxii. Z molekularné biologického hlediska se i u sterilniho
zanétu na pocatku objevuji spoustéce imunitni odpovédi, tentokrat pochazejici z poskozenych
vlastnich bunék, které podléhaji nekroze. Do extracelularniho prostoru se dostavaji molekuly, jako je
HMGBI1 (high mobility group box 1 neboli amphoterin), ktery je soucasti procesu transkripce gentl,
nebo molekuly DNA a ATP, které nasledné funguji jako DAMPs. (Shen et al., 2013)

Prikladem onemocnéni, kde figuruje sterilni zanét, je cherubismus, neboli familiarni fibrozni
osteodysplazie horni i dolni Celisti. Mutace se nachazi v genu SH3BP2, ten koduje SH3 vazebny
protein 2, ktery figuruje pfedevsim v komunikaci mezi imunitnimi buiikami a také v aktivaci
B-lymfocytti a makrofagt. Prili§ aktivni protein SH3BP2 zptisobuje zanét v Celistnich kostech

a spousti se produkce osteoklastti. Osteoklasty spousti proces remodelace kosti a dojde k jejimu

naruseni. (Ueki et al., 2001)

c) Interferonopatie I. typu
Interferony 1. typu, tedy IFNa a IFNp, ptisobi pfedev§im jako obrana proti virovym infekcim.
Signalizace ISRE (schéma u projektu IFNARI1 - viz Obr. 19, strana 48) vede k transkripci IFN-
stimulovanych genti a k aktivaci drahy NF-«xB, ktera nasledné zajisti tvorbu prozanétlivych cytokini
(IL-1B, IL-6 nebo TNFa). Interferonopatie se vyznacuje systémovym zanétem, autoimunitou nebo
imunodeficitem. Pfi¢inou onemocnéni je naruseni rozpoznavani tzv. ,,self a ,,non-self”, kdy dochazi
jednak k naruseni citlivosti Toll-like receptorti a zdroven dochazi ke kumulaci endogennich

nukleovych kyselin v bunice, ¢imz je pfekro¢ena minimalni koncentrace pro aktivaci TLR.

Do této skupiny patii naptf. onemocnéni zvané STING (odvozeno od stejnojmenného proteinu
(STING, stimulator interferonovych gentl, jinym ozna¢enim transmembranovy protein 173).
Vyznacuje se nadmérnym systémovym zanétem, piedevsim kiize, plic a cévnich stén. Pacienti trpi
vyrazkami, koznimi 1ézemi, otoky, horeCkami, lymfocytarni infiltraci plic s naslednou fibrozou

a dal$imi zanétlivymi projevy. Laboratorné se STING vyznacuje zvySenou erytrocytarni sedimentaci,
zvySenou hladinou C-reaktivniho proteinu, vyskytuje se i kozni depozit [gM nebo vaskularni ukladani
C3 komplementarniho proteinu. Jako moZnost terapie jsou testovany inhibitory Janus kinaz (JAK),
napf. ruxolitinib, které jiz zaznamenaly Caste¢né Gspéchy v regulaci interferonopatie (Obr. 4). (Dobbs

etal., 2015; Liu et al., 2014)
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Obr. 4 — Signalni kaskdda ¢cGAS-STING. Cyklicka guanosin monofosfat-adenosin syntaza (cGAS; cyclic
guanosine monophosphate-adenosine monophosphate synthase) je aktivovana pfi vazbé na cytosolickou
dvojvlaknovou DNA a signalizuje smérem ke stimulatoru gent pro interferony (STING; stimulator of interferon
genes). Kaskada nasledné konci v jadie, kde jsou aktivovany cile jak drahy NF-kB, tak IRF3. Po aktivaci se tvofi
interferony I. typu, které nasledné aktivuji signalizaci JAK/STAT pfes interferonovy receptor
(IFNARI1/IFNAR?2). Zde pak ptisobi l1é¢ivo, inhibitor ruxolitinib, a zabrafuje tak pozitivni zpétné vazbé

v signalizaci a tvorbé dal$ich cytokint. (Upraveno z Wang et al., 2020)

VIII. Komplementové imunodeficience
Komplement je sadou vice nez 30 proteind a je dilezitou soucasti pfirozené imunity. Aktivace
komplementu vede ke kaskadovité enzymatické reakci, kdy se $tépi jednotlivé komplementové
proteiny. Na jejim konci se tvoii anafylatoxiny C3a a C5a, které ptisobi jako chemoatraktanty pro
fagocytujici bunky a aktivuji degranulaci mastocytl a bazofilnich granulocytt. Takto aktivované
bazofilni granulocyty a mastocyty produkuji vasoaktivni aminy, které zajisti vasodilataci a kontrakci
hladké svaloviny. Z komplementovych proteinii C5b-C9 se pak tvoii komplex zvany MAC, ktery se
inkorporuje do plasmatické membrany defektni buiiky ¢i patogenu a vytvoii lyticky por. (Sarma &
Ward, 2011) Jako ptiklad komplementového imunodeficitu mize byt deficit C1q, ktery je asociovan
s manifestaci SLE (systémovy lupus erythematosus). Clq je proteinovy komplex v komplementové

kaskadg, ktery je soucasti tzv. komplexu C1. V momenté, kdy Cl1q navaze Fc ¢ast komplexu protilatky
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a antigenu, je komplex C1 aktivovan a je spusténa klasicka dréha aktivace komplementu. Ukolem Clq
je takto eliminovat apoptotické buiiky a cirkulujici imunokomplexy, které pti C1q deficitu nejsou
efektivné odstraiiovany. Pfi jejich nahromadéni jsou aktivovany Th lymfocyty a spousti se tvorba

autoprotilatek a rozviji se autoimunitni onemocnéni napf. SLE. (van Schaarenburg et al., 2016)

IX. Selhani kostni direné

vrvr

vede k naruSeni tvorby jen ¢asti nebo kompletné vSech imunitnich bunék, podle miry zasazeni
lymfoidni nebo myeloidni vyvojové linie. U diagndzy je Casto tézké urcit, zda selhani kostni dien¢ je
pfi¢inou primarniho imunodeficitu nebo naopak jeho disledkem. Znamym syndromem v této skupiné
je MIRAGE, nazev onemocnéni vznikl z vy¢tu symptomd, které ho provazeji (z anglického
Myelodysplasia, Infection, Restriction of growth, Adrenal insufficiency, Genital phenotypes,
Enteropathy). Tento syndrom je zptisoben napt. mutaci v genu SAMDY (sterile alpha motif domain-
containing protein 9). Detailni funkce proteinu SAMD9 neni znama, vi se v§ak, ze SAMD?9 zajistuje
kontrolu bunécné proliferace a zastava roli ,,tumor supresoru. Mutace proteinu SAMD?9 zpuasobujici
onemocnéni MIRAGE vede k naruseni bunécného vyvoje a rlstu jiz v prenatalnim obdobi a zplsobuje
nedostatecny vyvoj tkanovych struktur, napt. krevnich bun¢k nebo nadledvinek. (Hershkovitz et al.,

2011; Jeftries et al., 2018)

X. PID fenokopie
Fenokopie je oznaceni pro poruchu, ktera napodobuje svym fenotypem a projevy nékteré geneticky
podminéné onemocnéni. Pfikladem muize byt chronicka mukokutanni kandidéza (CMC) asociovana
s autoimunitni dystrofii (APECED; autoimmune polyendocrinopathy candidasis-ectodermal
dystrophy). U pacientti s onemocnénim APECED s CMC nalézame autoprotilatky napt. proti IL-17A
nebo IL-17F, které narusuji Th17 polarizovanou odpovéd’ a tim pfispivaji k rozvoji CMC. APECED je
onemocnéni zpsobené mutaci v autoimunitnim regulatoru AIRE, transkripénim faktoru
exprimovaném v thymu, kde zajist'uje eliminaci autoreaktivnich klont T-lymfocytt. V ptipad¢ mutace
v AIRE jsou autoreaktivni T-lymfocyty zachovany a nasledné dochazi k tvorbé autoprotilatek

(anti-IL-17, anti-IL-22, anti-IFN 1. typu a dal$ich). (Ng et al., 2010)

1.2. Metody vySetiovani IEI

Vzhledem k vysoké heterogenité IEI onemocnéni je pii podezieni dillezité zvazit a vySetfit vSechny
aspekty, které mohou pomoci ke stanoveni diagndzy a piipadné 1€cby. Jiz po narozeni, pokud se
objevi podezteni na IEL je nutné provést zakladni laboratorni vysetfeni (krevni obraz, sérologii...)

a v ptipad€ abnormalnich hodnot ptikrocit k citlivéj$im a detailn&j$im metodam, pii kterych lze zjistit
zastoupeni jednotlivych subpopulaci imunitnich bun¢k, spravnost jejich tvorby a jejich funkce. K tomu

vvvvvv

funk¢ni testovani. Tak je mozné presnéji definovat, ve které ¢asti imunitniho systému se dysfunkce

24



nachazi. Dale je nasnadé piesné lokalizovat pozici pfipadné mutace (¢i vice mutaci), a to pomoci

sekvenovani DNA.

1. Sekvenovani DNA

V piipadé bézn¢ znamé poruchy imunity, kdy zname pfiblizny genotyp, je mozné pouzit levnéjsi

a rychlejsi metodu Sangerova sekvenovani. Pro diikladnéjsi evaluaci bézné€ se nevyskytujicich IEI

a kde neni zndma ani piiblizna pozice mutace, miize byt vyuzito sekvenovani nové generace (NGS),
nejcastéji sekvenovani celého exomu (WES; whole exome sequencing) nebo celého genomu (WGS;
whole genome sequencing). Tak Ize odhalit mutace, které jsou pleiotropni (v jednom genu)

1 heterogenni (zasazeno vice genl). (Locke, et al., 2014)

a) Sangerovo sekvenovani
Metodou PCR (polymerazova tetézova reakce; polymerase chain reaction) je provedena sekvenacni
reakce pomoci primert, smési ribonukleotidil a fluorescencné znacenych deoxyribonukleotidt. Pri
syntéze fetézcli DNA se nahodné piidavaji ribonukleotidy a deoxyribonukleotidy s fluorescencni
znackou. Pokud je znaCka zafazena, PCR reakce se zastavi. Vysledkem je smés rizn¢€ dlouhych
tetézci DNA s fluorescenénim oznacenim na konci, odliSujicim jednotlivé nukleotidy. Smés je pak
elektroforeticky rozdélena na zaklad¢ velikosti nasyntetizovanych retézctit DNA a podle
fluorescencniho signalu, ktery je laserem precteny, jsou vytvoieny chromatogramy. Schéma

chromatogramu je ukazano na Obr. 5. (Sanger, et al., 1977)

T I
1 10

Obr. 5 - Ilustracni schéma chromatogramu Sangerova sekvenovani. Na grafu se zpravidla objevi 4 barvy
histogrami, podle zastoupeni jednotlivych nukleotidl. Na ose x je pozice dané¢ho nukleotidu. (Vytvoreno

v BioRender.com)

b) NGS
Sekvenovani nové generace (NGS; next generation sequencing) je v soucasné dob¢ na vzestupu.
Pomoci NGS je velice pfesné urcena pozice mutace (ta pak nasledn€ byva u pacienti s IEI
a jejich rodinnych ptislusnikli potvrzovana Sangerovou metodou). Pii metodé NGS jsou miliony DNA
fragmentd sekvenovany paralelné. Zasadni veli¢inou pro NGS je ,,hloubka ¢teni, kdy by nejlepsi

volbou bylo celogenomové sekvenovani (WGS). U celoexomového sekvenovani (WES) mohou byt
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prehlédnuty intronové sekvence, ve kterych se mutace také mtize nachazet. Z hlediska poméru ceny
a kvality vysledku je vSak nejvice vyuzivano WES. Pro interpretaci vysledkl je nezbytna hluboka
znalost genetiky, dikladné vySetieni pacienta i rodiny, sestaveni rodokmenu, urc¢eni dédi¢nosti

a prevalence onemocnéni. Po nalezeni nové varianty genu je vSak vzdy nutné potvrdit, zda tato
varianta/mutace méni funkci genového produktu nebo zabranuje jeho vzniku, tedy prokazat kauzalitu

onemocnéni. (Meyts et al., 2016)

II. TREC/KREC

Excizni krouzky T-bunééného receptoru (TREC) nebo k-dele¢ni rekombinantni excizni krouzky
(KREC) jsou zbytkové cirkularni DNA, které vznikaji pii genové rekombinaci T-bunécného receptoru
pri vyvoji T-lymfocytu, respektive B-bunécného receptoru pii vyvoji B-lymfocytd. Diky tomuto
testovani z krve novorozenct je zhruba od roku 2008 mozné efektivné detekovat t€zky kombinovany
imunodeficit (SCID) jesté pred prvnimi klinickymi pfiznaky a tim zajistit v€asné nasazeni 1écby,
zatazeni pacienta do poradniku pro transplantaci kostni dfen¢ a kontraindikaci ockovani. Princip
testovani TREC spoc¢iva v detekcei vystépovanych krouzkdl, které vznikaji pii prestavbé T-bunécného
receptoru v thymu. Ty jsou produkovany zhruba 70 % T-lymfocytt, které exprimuji aff TCR. Je
vyuZzivana kvantitativni PCR, oznac¢ovana jako real-time PCR (rtPCR nebo qPCR). PCR je provadéna
ze suché krevni kapky, ktera je odebrana na novorozeneckou screeningovou karticku a je
kvantifikovan po¢et TREC, ktery poskytuje informaci o ptiblizném poc¢tu naivnich T-lymfocytu

v periferni krvi. (Chase et al., 2011; Dorsey & Puck, 2017)

III. Imunofenotypizace

Imunofenotypizace leukocytli vyuziva metodu multiparametrické pritokové cytometrie. Zjist'uji se
pocty a relativni zastoupeni lymfocytarnich subpopulaci jako jsou T- a B-lymfocyty, monocyty,
granulocyty, NK bunky, NKT buiiky, folikularni dendritické bunky, ale i dal$i, mnohem mensi

je imunofenotypizace zasadni metodou [Casto v kombinaci se slozitymi vyzkumnymi funkénimi testy
(viz kap. 1. 2. IV.)], kdy mohou byt objeveny chybé&jici majoritni populace, jako jsou T-lymfocyty

u SCID, B-lymfocyty u protilatkovych imunodeficitd nebo mensi subpopulace zpusobujici méné
znamé, ¢asto viak zavazné poruchy imunity. Casto mohou byt pii¢inou jen chybgjici nebo mélo
exprimované znaky bunék, nikoliv celé populace nebo naopak mize byt detekovana pfilis vysoka
exprese apoptotickych receptorl a znakt, ktera zapfi¢ini nadmérné umirani bun¢k. (Bleesing &
Fleisher, 2001) Pro spravnou evaluaci vSech subpopulaci a znakii u suspektnich poruch imunity byla
v laboratotich CLIP ve spolupraci s konsorciem EuroFlow vytvofena jasna strategie a série
standardizovanych testii. Konsorcium EuroFlow se stara nejen o plo$né zavedeni téchto
standardizovanych testil v klinickych laboratotich, ale i o jejich inovaci a prubézné hodnoceni

spravnosti. (Kalina et al., 2012; Kalina et al., 2020; Van Der Burg et al., 2019)
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IV.  Funk¢ni testovani

Vyhledéavani a optimalizace novych metod a testli pfinasi detailni vhled do funkci imunity a je zasadni
pro profilovani pacientii s neobvyklym nebo novym fenotypem. Velkou skupinou funkénich testi je
odpoved’ leukocyti na stimulaci (napf. ve smyslu zvyseni aktivacnich znaki nebo proliferace), dale
sem patii reakce na lécbu, testy apoptozy €i produkce cytokint a jinych efektorovych molekul. Jednou
z mocnych metod pro detekci pfitomnosti €i produkce antigenu nebo protilatky je metoda ELISA
(enzyme-liked immuno-sorbent assay), ktera je zalozena na specifické interakci antigenu a protilatky,
kdy je jeden z téchto reaktant navazan na enzym, ktery katalyzuje pfeménu substratu na finalné
detekovany barevny produkt. (Albert-Vega et al., 2018) Dalsi metodou funkéniho testovani s Sirokou
Skalou moznosti a variant je prutokova cytometrie. Touto metodou Ize provést analyzu obrovského
poctu bunék béhem kratké doby, zasadni jsou parametry rozptylu svétla a emise fluorescen¢niho
svétla. Dnesni prutokové cytometry maji rozsahlou vybavu laserd, které umozituji méteni vysokého
poctu parametrd (20 i vice). Je tak mozné velice detailné imunofenotypizovat leukocyty (vétSinou
periferni krve, kostni dien¢ aj.) konkrétniho pacienta v dan¢ fazi onemocnéni ¢i 1€cby. (McKinnon,
2019) Umoznuje i soucasnou detekei funkce bunék a odhaluje tak onemocnéni jako je napt. STATI
gain-of-function nebo deficit MyD88, kdy pomoci techniky zvané single-cell phospho-flow je mozné
zméfit miru fosforylace jednotlivych proteinti dané signaliza¢ni kaskady (vétSinou po ex vivo
stimulaci). Podobné je mozné identifikovat napt. SCID, a to jak z relativnich ¢i absolutnich pocti
subpopulaci imunitnich bunék, tak na zaklad¢ jejich funkce (napft. exprese y fetézce IL-2 receptoru,
fosforylace STAT proteind, i fosforylace molekuly ZAP70). (Kanegane et al., 2018) V predkladané
disertacni praci bylo funk¢ni testovani pomoci metod pritokové cytometrie jednim z opérnych boda

vSech projektt.
1.3. MozZnosti terapie

U vrozenych poruch imunity neexistuje 100% kauzalni 1écba, o jeji objev se vSak stale pokouseji védci
a l¢kaii z celého svéta. V soucasné dobé¢ jsou v 1é¢be IEI tii zakladni pfistupy: neustale se rozvijejici

a zdokonalujici genova terapie, transplantace kostni dfené a substitucni 1é¢ba.

Genova terapie muze byt pfedevsim pro pacienty se SCID Zivot zachranujici 1é¢bou v piipadé
nenalezeni vhodného darce kostni diené; piedchazi i hrozbé odhojeni $tépu, reakci §tépu proti hostiteli
(GvHD:; graft versus host disease) a dalSim transplanta¢nim komplikacim. Jedna z prvnich genovych
terapii byla testovana u pacientti se SCID s deficitem adenosin deaminazy (ADA). Tito pacienti jsou
ve vétSing piipadd zavisli na substituéni terapii (viz dale), avSak genova terapie na principu cDNA
nesouci gen pro ADA zajistila u zhruba poloviny pacientl trvalou expresi ADA v ¢asti leukocytt
umoziujici ukonceni substitucni terapie. (Chan et al., 2005) Dal$i zdvaznou mutaci zpasobujici Zivot
ohrozujici SCID je deficit IL-2RG; i zde se vyvinula genova terapie na bazi gama-retrovirovych

vektorti nesoucich gen pro IL-2R a byl zaznamenan 1écebny tspéch az u 80 % testovanych pacientd.
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(De Ravin et al., 2016) Genova terapie jako terapeuticky pfistup vSak stale vykazuje nizkou efektivitu
a je zapottebi dalsi vyzkum, klinické studie a nalezeni novych zpisobt genové editace. (Ghosh &

Gaspar, 2017; Thrasher & Williams, 2017)

Transplantace kostni di‘ené (HSCT; hematopoictic stem cell transplantation) je velmi GispéSnou

a Casto aplikovanou terapii u IEI, ro¢né prekracuje pocet HSCT 50 000 na celém svété. Principem je
nahrazeni poSkozené ¢i nefunkéni kostni diené pacienta St€épem kostni diené od zdravého darce. Nutné
je podstoupeni chemoterapie ¢i ozafovani pied samotnym procesem pro eradikaci pacientovych bunék
kostni dfené pro Gspésné osidleni zdravymi darcovskymi buiikami. Hematopoetické kmenové bunky
se zpravidla ziskavaji operativné z kostni dfené darce. Infuze hematopoetickych bun¢k je nasledné
intravenozn¢ podana ptijemci. Z diivodu imunokompromitace pfijemce jsou ocekavany virove,
bakterialni nebo kvasinkové infekce, ptipadné komplikace zplisobené toxicitou piipravné
chemoterapie. Tyto komplikace mohou byt feSeny preventivné (kontrola darce, podavani antimykotik,
antibiotik ¢i vakcinace pfijemce) nebo po infekei (antivirotika, antibiotika, substitucni
imunoglobuliny). Dalsi hrozbou HSCT je GvHD, kdy bunky darce reaguji na tkan¢ hostitele. Reakci
délime na akutni a chronickou a je zpravidla feSena imunosupresivni lécbou. (Barriga et al., 2012;

Bazinet & Popradi, 2019)

Substituéni lé¢ba zahrnuje veskeré produkty nahrazujici chybéjici nebo nefunkéni protein

v organismu pacienta. Nejcast€jsi substituci jsou imunoglobuliny, které jsou podavany subkutanné
(pod kizi) nebo intravendzné (nitroZilng). Pacienti s IEI zahrnujici ¢aste¢nou nebo kompletni
nedostate¢nost imunoglobulind jsou na terapeutickém podavani imunoglobulinti ¢asto zavisli po cely
zbytek zivota. Mezi onemocnéni vyzadujici tuto 1é¢bu patii CVID, hyper-IgM syndrom, Brutonova
agamaglobulinémie a dalsi. (Ness, 2019) Dalsi moznosti je substituce chybéjiciho proteinu ¢i enzymu
pusobiciho v imunitnim vyvoji nebo signalizaci. Nejznamé;jsi je nahrada adenosin deaminazy (ADA)
u pacienti se SCID (deficit adenosin deamindzy viz 1. 1. I. a). Podavan je konjugat polyetylenglykolu
s ADA, ktery odstrafiuje nahromadény adenosin a deoxyadenosin v organismu a absolutni pocty
imunitnich bun¢k nariistaji. Nadmérné mnozstvi adenosinu jinak vede k hromadéni dATP, ktery
inhibuje syntézu DNA, buiky (tedy i T- a B-lymfocyty) jsou pak neschopné déleni. Dale je ADA

nezbytna v degradaci purint, které jsou toxické pro nezralé lymfocyty. (Chan et al., 2005)

28



2. Cile prace

Hlavnimi cili této diserta¢ni prace bylo funkéné charakterizovat nové nalezené mutace u jednotlivych
pacientl s vrozenymi poruchami imunity. Nasim cilem bylo identifikovat a popsat charakter kazdé
mutace, jeji dopady na fungovani mutaci postizenych bun¢k a pokud mozno navrhnout (v tzké

spolupraci s oSetfujicimi lékafi) vhodné 1éCebné postupy.

Prvnim predmétem vyzkumu byla X-vazana mutace ¢.1715G>T (p.G572V) v genu TLRS nalezena
u osmiletych jednovajeénych dvojcat muzského pohlavi. Toll-like receptor 8 (TLRS) je

intracelularnim receptorem antigenné nespecifické imunity.

Druhym projektem byl popis heterozygotni mutace c.1545C>A (p.Tyr515%) v genu HCK, ktera byla
nalezena u tfinactileté pacientky. Hematopoeticka kinaza (HCK) je klicovou molekulou v prozanétlivé

signalizaci a leukocytarni migraci.

Ttetim projektem byla charakterizace homozygotni mutace ¢.922C>T (p.GIn308*) v genu IFNARI,
ktera byla nalezena u ro¢niho pacienta. Receptor pro interferony I. typu je zasadni pro signalizaci

cytokint IFNa a IFN a zahdjeni protivirové obrany.
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3. Vysledky

3.1 Mutace c.1715G>T (p.G572V) v genu TLRS

TOLL-LIKE RECEPTORY

Toll-like receptory (TLR) jsou nezbytnou soucasti antigenné nespecifické imunity. Jsou to takzvané
,pattern recognition® receptory (PRR) rozpoznavajici urcité struktury patogennich (PAMPs; pathogen
associated molecular patterns) i endogennich ligandi (DAMPs; danger associated molecular patterns).
Lidské TLR se vyskytuji jak na plasmatické membrang, tak uvnitf bunky v membrané endosomti. Vné
bunky slouzi jako senzory extracelularnich patogend, patii mezi né TLR1 (rozpoznavajici struktury
gram-pozitivnich bakterii), TLR2 (vazici bakterialni lipoproteiny), TLR4 [vaZici lipopolysacharid
(LPS)], TLRS (vazici Flagellin) a TLR6 (vazici diacylované lipoproteiny). Endosomalni TLR pak
registruji virové ligandy, struktury intracelularnich bakterii ¢i endogenni Castice jako jsou slozky
extracelularni matrix (fibronektin, fibrinogen nebo hyaluronan) nebo molekula HMGBI1 (high-
mobility group box 1). (Yu et al., 2010) Mezi intracelularni TLR patfi TLR3 [vazici dvojvlaknovou
RNA (dsRNA)], TLR7 [vazici jednovlaknovou RNA (ssRNA) a mikro-RNA (miRNA)], TLR8 [vazici
ssRNA a endogenni (self-RNA)] a TLRY (vazici nemethylované CpG ostriivky DNA). Strukturné se
TLR skladaji z ligand-vazebné ektodomény s repeticemi bohatymi na leucin (LRR; leucine-rich
repeats), transmembranové domény a cytoplasmatické Toll/IL-1 receptorové domény (TIR), ktera
zajisti prenos signalu. V moment¢ vazby ligandu je nezbytna dimerizace receptoru. Dle typu receptoru
se tvoii heterodimer ¢i homodimer. (Reuven et al., 2014)

Signalizace pak smetuje na MAPK, NF-kB a interferonovou odpovéd’. Obecné je TLR signalizace
rozdélena podle vyuziti adaptorovych proteinti, a to bud MyD88 nebo TRIF. 1) Draha vedouci ptes
adaptor MyD88 zacina tvorbou komplexu MyD88 s kinazami rodiny IRAK. Tento komplex, zvany
Myddosome, muiZze aktivovat fosforylaci interferon regula¢niho faktoru (IRF; interferon regulatory
factor) a postupné dojde k aktivaci transkripénich faktorti zodpovédnych za produkei interferont.

pak spusténa jak fosforylace proteinti z rodiny MAPK (finalné aktivujici AP-1 transkrip¢ni faktory),
tak aktivace IKK komplexu NF-kB drahy. 2) Druha cesta vede pies adaptorovy protein TRIF. Zde
dochazi k interakci s proteiny TRAF, nasledné aktivaci kinazy RIP-1 a aktivaci TAK1 komplexu. Ten
pak opét spousti procesy drah MAPK a NF-xB. (Kawasaki & Kawai, 2014) TLR7 a TLRS8 tvofi
homodimery a jejich signalizace je izce spojena — u obou receptorti dochazi k aktivaci MyD88-

i TRIF-zavislé signalizace a dle typu ligandu a vlivem mikroprostfedi pak oba receptory mohou spustit
signalizaci MAPK, NF-xB i IRF (Obr. 6). (De Marcken et al., 2019) Oba receptory jsou senzory
ssRNA, vyskytuji se v8ak v odlisné mife v riznych bunénych subpopulacich. TLRS nalezneme
pfevazné v monocytech, makrofazich, myeloidnich dendritickych bunikach (mDC) a granulocytech,

TLR7 pak vice v plazmacytoidnich dendritickych bunkach (pDC), B-lymfocytech, ale stejn¢ jako
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TLRS i v monocytech a makrofazich. U TLR7 a TLRS se také 1isi preference signalnich drah

a polarizace imunitni odpovédi. TLRS aktivace pfednostné vede na NF-kB, k interferonové odpovedi
(L. typu) a polarizuje Th1 cytokinovou produkci. U TLR7 pak pievazuje aktivace MAPK drahy a Th17
cytokinova produkce. (De Marcken et al., 2019; Eng et al., 2018; Ye et al., 2017) Na mySim

a buné¢ném modelu ¢lovéka bylo prokazano, ze TLRS8 inhibuje TLR?7 a tato inhibice je zalozena na
piimé i neptimé fyzické interakci mezi témito receptory. I pfesto, Zze mysi TLRS nereaguje na ligandy

lidského TLRS, stale inhibuje funkci mys$iho i lidského TLR7. (Wang et al., 2006a)

TLR8 monomer TLR7 monomer

@ TLRS8 dimer TLR7 dimer

Obr. 6 — Schéma signalizace endosomalnich Toll-like receptori 7 a 8. TLR7 a TLRS jsou orientovany svymi
LRR doménami dovnitt endosomu. Zde zachytavaji virové a bakteridlni ssRNA, piipadné endogenni ligandy.
Pro uspés$nou aktivaci je nutna dimerizace. Nasledné ptes MyD88 a dalsi adaptorové proteiny probiha
signalizace smérem do buiiky a dle typu ligandu vede na rtizné signalizacni dréhy. V ptipadé¢ TLR7 je
upfednostiiovana MAPK dréha, vedouci k expresi AP-1 a polarizaci imunitni odpovédi na Th17. V ptipadé
TLRS pak signalizace vede zejména na interferonovou odpoveéd’ a polarizaci imunitni odpovédi smérem k Th1.
U obou téchto receptori pak miizeme sledovat i aktivaci NF-kB. (Vytvotfeno v BioRender.com, Thwaites, et al.,

2014)
VYSLEDKY A DISKUSE

V této studii jsme se zabyvali novou mutaci u dvou chlapci, jednovaje¢nych dvojcat. Mutace je
hemizygotni, nachazi se na pozici c.1715G>T (p.G572V) v genu TLRS, ktery je lokalizovan na

chromozomu X (Obr. 7 a 8) a byla zdédéna po matce.
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. Membrana
Pozice mutace

Z-smycka p. G572V endosomu
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LRR doména (Repetice bohaté na leucin)

Obr. 7 — Linearni schéma Toll-like receptoru 8 s pozici nalezené mutace. Toll-like receptor 8 se sklada
z ligand-vazebné ektodomény (LRR) se Z-smyc¢kou, ktera je pfi dimerizaci receptoru §tépena. Dale TLRS8
obsahuje transmembranovou doménu, prochazejici membranou endosomu a doménu TIR pfendsejici signal do

bunky. (Vytvoreno v Biorender.com)

Vazebné misto 1
vaze uridin

Vazebné misto 2

Gly572 v blizkosti

vazebného mista 1 vaze oligonukleotid

Obr. 8 — Proteinova struktura homodimeru TLRS s pozici nalezené mutace. Pro uispésnou signalizaci tvori
TLRS8 homodimer, ktery pfi vazbé ligandu do vazebnych mist 1 a 2 projde konformacni zménou. Model ukazuje
ligand vazebnou doménu, kde se v blizkosti vazebného mista 1 nachazi popisovana mutace ¢./715G>T se

zdménou aminokyseliny glycin za valin p.G572V.

U obou chlapci se Casné projevily lymfoproliferativni symptomy a zanéty miznich uzlin v oblasti krku
a byl nasazen metotrexat (analog kyseliny listové, cytostatikum). Laboratorné byly nalezeny
autoprotilatky proti ¢ervenym krvinkam, v dusledku kterych se u obou pacienti projevila zavazna
chronicka autoimunitni hemolyticka anemie (AIHA). Byl nasazen rituximab (anti-CD20) z dGvodu
vysoké hladiny autoprotilatek, z divodu eliminace B-lymfocytt 1é¢ivem anti-CD20 pak byly
podavany intravenozni imunoglobuliny. Dale se objevily i autoinflamatorni projevy (horecky
neznamého pavodu, artritida a vaskulitida CNS u dvojcete B), oba pacienti trpéli i Castymi
respiratornimi infekcemi, pii kterych se projevy AIHA zhorSovaly. Oba pacienti prosli protizanétlivou
1é¢bou, byl nasazen sirolimus [mTOR (cil rapamycinu u savcii; mammalian target of rapamycin)
inhibitor] a azathioprin (imunosupresivum). U dvojcCete B se stav postupné zhorSoval, opakovaly se
zanétlivé stavy (rozvoj artritidy) a proto bylo nasazeno anti-IL-1 terapeutikum Anakinra. Dvojce B ale
nasledn€ vyvinulo i vaskulitidu CNS a byla indikovana transplantace kostni dfené z diivodu zavaznosti
klinického stavu. Po transplantaci bylo zaznamenano pomalejs$i znovuosidleni kostni diené

darcovskymi bunikami, doslo k reaktivaci CMV, adenoviru a EBV a byla nutna antivirova terapie.
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Zhruba po 1 roce od transplantace komplikace ustoupily, dvoj¢e B je bez znamek reakce $t€pu proti
hostiteli a je na 1é€b¢ steroidnimi hormony a cyklosporinem A. U dvojCete A se vaskulitida CNS
neprojevila, pacient A trpél horeCkami a panikulitidou (zanéty podkozniho vaziva a tuku).

S prihlédnutim k védeckym vysledkiim (viz niZe) u n¢j byla nasazena 1é¢ba hydroxychloroquinem,
inhibitorem TLR7 signalizace a produkce zanétlivych cytokini. JiZz po mésici se stav pacienta A na
této 1é¢be zlepsil natolik, ze byly vyrazné snizeny davky kortikoid. U matky dvojc¢at byly
zaznamenany pouze mirnéjsi autoimunitni piiznaky - antifosfolipidovy syndrom a revmatoidni
artritida, jejichz projevy byly potlaceny steroidni 1écbou. (Galli, 2014) Piedpokladame, Ze mensi
zavaznost symptomil u matky mohla byt zptisobena ndhodnou aktivaci mutantni alely v jejich

bunkach.

Objevena mutace na pozici ¢.1715G>T (p.G572V), ktera v proteinu TLR8 vede k nahrazeni glycinu
za aminokyselinu valin na pozici 572, se nachazi v blizkosti prvniho vazebného mista receptoru (Tanji
et al., 2016; Tanji et al., 2013) (viz Obr. 6 a 7) a mohla by ovlivnit aktivitu ¢i specifitu receptoru.
Chemické ligandy, komer¢né dostupné k aktivaci TLRS, se z hlediska struktury receptoru vazi pouze
na vazebné misto 1, které se nachazi v blizkosti nalezené mutace a samy tim spousti aktivaci receptoru
TLRS. (Tanji et al., 2013) Oproti tomu ligand bliZsi pfirozenému zdroji, bakterialni ¢i virové ssRNA,
komeréné dostupny ssRNA40, vyZzaduje, stejné jako ptirozeny zdroj, k efektivni aktivaci receptoru
vazbu na dvé jeho vazebna mista, tedy vazebné misto 112 (Obr. 9). (Hu et al., 2018; Larange et al.,

2009; Tanji et al., 2015; Z. Zhang et al., 2018)

Pozice mutace

c.1715G>T Vezebné misto
—F azebné misto
\ v
Vazebng misto 2
S
Chemicky ligand
/ ssRNA
: prirozeny ligand
Nefyziologicka Fyziologicka
(laboratorni) aktivace aktivace

(NN NONONONONON0

Obr. 9 — Schéma vazebnych mist Toll-like receptoru 8 a interakce s ligandy. Chemické ligandy jako

napt. TL8-506 se vazou pouze do vazebného mista 1 a aktivuji signalizaci receptoru. Ligandy napodobujici
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prirozené se vyskytujici jednotetézcovou RNA, jako napt. ssRNA40, vyzaduji vazbu do vazebného mista 1 a 2

zaroven pro plnou aktivaci receptoru. (Vytvoreno v BioRender.com, Zhang et al., 2018)

Regulace aktivity TLR7 a TLRS

Dysregulace TLR7 a TLR8 receptorti popisuji mysi studie. Bylo napt. prokazano, ze TLRS deficit
vede k hyperaktivaci TLR7 v dendritickych buiikach v disledku zvySené exprese TLR7, i ptfesto, ze
mys$i TLR7 a TLR8 mohou vézat a reagovat na jiné ligandy, nez homology téchto receptorti u clovéka.
Tato skute¢nost ukazuje, ze TLRS ovliviiyje aktivitu a expresi TLR7. Dale bylo prokazano, ze deficit
TLRS vede k aktivaci autoreaktivnich B-lymfocytti v marginalni zoné sleziny z diivodu zvySené
exprese TLR7. Autoreaktivni klony pak nasledné vedou u mysi k rozvoji systémového autoimunitniho
onemocnéni systémovy lupus erythematosus (SLE). (Demaria et al., 2010; Desnues et al., 2014; Lau et
al., 2005) U ¢lovéka je vSak dysbalance TLR8 a TLR7 nedostatecné prozkoumana. Wang et al.
prokazuje na modelovych bunéénych liniich, Ze TLR7 a TLRS jsou aktivovany selektivné a TLRS
fyzicky inhibuje TLR7. Dale rizné ligandy selektivné aktivuji TLR7, TLRS ¢i oba receptory zejména
v zavislosti na koncentraci téchto ligandi. Zasadni je také nepfima interakce - vzajemné
antagonistické ptisobeni produktt signaliza¢nich kaskad receptord TLR7 a TLRS. Signalizace TLRS
pfes MAPK drahu inhibuje TLR7-mediovanou produkci IL-12 v dendritickych buiikach. Produkty
TLR7 signalizace v monocytech také inhibuji TLR8-mediovanou signalizaci interferont I. typu

a polarizuji spise Th17 odpovéd’. (Larange et al., 2009; Wang et al., 2006a)

Experimentalni design

ProtoZze se mutace p.G572V nachazi v blizkosti vazebného mista 1 na TLRS, predpokladali jsme, Ze
mize zmenit aktivitu receptoru (vazba ligandu mtize zptisobit zmény v signalizaci) a tim mutize byt
pozméneén i vzajemny vliv TLR7 a TLRS&. Je znamo, ze fyziologicka aktivace TLRS je
zprostfedkovana vazbou uridinu (U) do vazebného mista 1, u TLR7 je v tomto vazebném misté guanin
(G) (Obr. 10). Do vazebného mista 2 se vaze oligonukleotid u obou receptorti. Po indukované mutaci
vazebného mista 1 bylo pozorovano, Ze vazba a selektivita ligandi TLR7 a TLR8 byla zménéna.
Mutaci zménény TLR8 ziskaval vlastnosti TLR7 a preferoval vazbu G, ptipadné¢ TLR7-specifického
chemického ligandu [GS-9620 (Vesatolimod)] do vazebného mista 1. (Zhang et al., 2018) Bylo tedy
mozné oc¢ekavat i zménu specifity mutovaného TLR8 (p.G572V) s mutaci v blizkosti vazebného

mista 1.
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Obr. 10 — Vazba uridinu ve vazebném misté 1 u TLRS8. Schéma ukazuje dimer TLRS pfi fyziologické
aktivaci pomoci ssRNA, kdy je vyZzadovana vazba ligandu do obou vazebnych mist 1 a 2 (U a UG). Cervené je
v detailu vyznaCena aminokyselina glycin na pozici 572, ktera je u pacientll zaménéna za valin. (Upraveno

z Fejtkova et al., 2022)

Nejnovéjsi studie o TLRS a lidskych imunodeficitech popsala i jiné mutace v TLRS8 (p.P432L,
p.F494L a p.G572D), které vykazovaly tzv. gain-of-function (GOF), tedy zvySenou aktivaci NF-kB po
stimulaci ligandem TLRS, a to jak v bunécné linii transientné exprimujici pouze transfekovany TLRS
(Human HEK-Blue ™ Null), tak v buiikach konstitutivné exprimujicich TLR7 spole&né s transientné
vlozenym konstruktem TLR8 (Human HEK-Blue™ TLR7) a dokonce i v primarnich monocytech

a fibroblastech. (Aluri et al., 2021) Aktivitu nami popsané mutované varianty TLRS (p.G572V) jsme
testovali ve stejnych bunéénych liniich jako Aluri et al., 2021 - v Human HEK-Blue™ Nulll a v HEK-
Blue™ TLR7 (Invivogen) s transientné vlozenymi konstrukty TLR8-WT [pro zdravy (wild-type)
TLR8] a TLR8-G572V (pro mutovany TLRS) a sledovali aktivitu NF-kB. V piipadé linii HEK-Blue™
Nulll jsme u TLR8-WT varianty pozorovali reakci pouze po stimulaci ligandem pro TLRS8, TL8-506.
TLR8-G572Vpos buiiky ale vykazovaly GOF aktivitu nejen pii stimulaci TL8-506, ale i pfi stimulaci
ligandy Imiquimod a Vesatolimod (GS-9620), které jsou popisovany jako specifické pro TLR7
(Patinote et al., 2020). Stejna reakce byla patrna i po stimulaci ligandem Gardiquimod, ktery je
schopen aktivace obou receptorti, v nizsich koncentracich je TLR7 specificky, ve vysokych
koncentracich (>3 mg/ml) pak aktivuje i TLR8. (De Marcken et al., 2019; Riddler et al., 2021) Tato
data naznacuji zkiizenou reaktivitu mutovaného TLR8-G572V k TLR7 ligandiim, podobn¢ jako

v publikaci Zhang et al. 2018. Nasledné jsme v linii HEK-Blue™ TLR7+ exprimujici oba receptory
pozorovali inhibici TLR7 aktivace zdravym TLR8 (TLR8-WT). U bun€k s mutovanym TLR8-G572V

byla ale tato inhibice TLR7 signalizace signifikantné sniZena.

Dalsi testy prob&hly ex vivo na primarnich vzorcich periferni krve pacientll. Pfekvapivé byla
v bunikach pacientd (v monocytech a granulocytech) nalezena dvakrat niz$i hladina proteinu TLR8
v porovnani s monocyty a granulocyty zdravych kontrolnich osob. U matky pak byl objeven zajimavy

fenomén: byly nalezeny dvé oddélené populace monocyti a granulocytii, kazda s rozdilnou hladinou
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proteinu TLR8. Buiiky s vyss$i hladinou byly srovnatelné s kontrolni populaci zdravého darce, bunky
s niz$i hladinou odpovidaly bunkam obou pacientll. Pfedpokladame, Ze tento fakt se u matky projevuje

z diivodu nahodné inaktivace chromozomu X nesouci mutaci (Obr. 11).
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Obr. 11 — Oddélené populace monocyti podle hladiny proteinu TLR8 u matky. Monocyty s vySsi expresi
TLRS8 (TLR8+ high) byly srovnatelné s monocyty zdravych kontrolnich osob. Monocyty s nizsi expresi TLR8
pak vykazovaly podobnou miru exprese jako u obou pacientli. U obou pacientti nebyly TLR8+ high monocyty

nalezeny. Zcela vpravo je kvantifikace TLR8 exprese detekovand protilatkou TLR8-PE v monocytech.

Hladina mRNA 7LZR& u matky a pacientii nebyla signifikantné sniZzena v porovnani s mRNA TLRS
zdravych darct (detekovano v monocytech), pfedpokladali jsme tedy spiSe nestabilitu mutovaného
proteinu TLR8. Do bunééné linie HEK293 byly transientné transfekovany konstrukty TLR8-WT

a TLR8-G572V a byl proveden test stability vlozenych proteinti pomoci cykloheximidového testu.
Cykloheximid zablokuje posun ribozomu pfi proteosyntéze a tim ji zastavi. Je pak mozné v Case
pozorovat a méfit mnozstvi zbyvajiciho proteinu v butice. (Kao et al., 2015) Ukazalo se, Ze mutovany

protein TLR8-G572V je degradovan rychleji nez TLRS-WT.

Na zakladé nizké hladiny proteinu TLR8 v buiikach pacientii a vysledkti z HEK-Blue™ TLR7+ linie
predpokladame niZsi schopnost mutovaného TLRS inhibovat TLR7 (Wang et al., 2006a), ¢imZ se
mize piresunout rovnovaha mezi TLRS a TLR7 ve prospéch TLR7. Tato nerovnovaha pak mtize byt

jesté umocnéna zkiizenou reaktivitou mutovaného TLRS k ligandim TLR7.

V bunécnych modelech zplisobovala selektivni aktivace TLR7 zvySenou aktivaci NF-xB a produkci
prozanétlivych cytokind (IL-12, TNFa). (Wang et al., 2006) U mysi s inaktivovanym 7LRS se
vyvinula splenomegalie a autoimunitni projevy jako napt. SLE a byla zaznamenana spontanni aktivace
dendritickych buné€k a T-lymfocytl s inaktivovanym 7LRS. Signalizaci ptejimal receptor TLR7, jehoz
exprese i aktivita byla diky nefunkénimu TLR8 zvySena. Stejné tak byla pozorovana vyssi produkce
prozanétlivych cytokind, predevsim IL-6. (Desnues et al., 2014)
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I v monocytech obou pacientli se zvySovala aktivace NF-kB a produkce prozanétlivych cytokint
(IL-1B, IL-6, TNFa) v porovnani s monocyty zdravych kontrolnich osob po stimulaci ligandy TLR7
[GS-9620 (Vesatolimod), Imiquimod a Gardiquimod (<3 mg/ml)]. Primérni buiiky tedy reagovaly

analogicky k buné¢nym liniim Human HEK-Blue.

TLR8 a TLR7 nevazou pouze virovou ¢i bakterialni ssRNA, ale také autoantigeny (napft. sérovy
marker/ribonuklearni protein (Sm/RNP), ribonuklearni proteinovy komplex malych ssSRNA (Ro/SS-A)
a dal8i). Zajimavé je, Ze narusena tolerance autoantigenu a jejich rozpoznavani endogennimi Toll-like
receptory prispiva k patogennimu fenotypu SLE u ¢lovéka, ktery je spojen s projevy velmi podobnymi
symptomim obou nami popisovanych dvoj¢at (autoprotilatkami-mediovana AIHA, horecky,
vaskulitida CNS). (Bundhun et al., 2017; Lee et al., 2008) Narusena spoluprace TLR7 a TLRS také
mize ménit aktivitu antigen prezentujicich bun¢k (APC), ve kterych se oba TLR exprimuji. Tyto APC
mohou dale podpofit proliferaci T-lymfocytii, mezi kterymi se mohou vyskytovat i autoreaktivni
klony. (Tran et al., 2015) U obou pacientli jsme nalezli oligoklonalitu v T-lymfocytech. V piipadé
ptitomnosti autoreaktivnich T-lymfocytl by pak tyto mohly podporovat produkci autoprotilatek tim,
ze kontaktem aktivuji autoreaktivni B-lymfocyty. Tato skutecnost by vysvétlovala nalez vysokych
hladin autoprotilatek u obou pacientli [napt. revmatoidni faktor (RF)]. V této souvislosti Lau et al. na
MyD88-deficitnim mysim modelu ukazuje, Ze aktivita TLR7 zvySuje riziko aktivace autoreaktivnich
klonti B-lymfocytti v marginalni zon€ sleziny. Dysregulace TLR7 a TLRS8 popsana Demaria et al.

v dal8i mysi studii také zptisobuje vys§si produkei autoprotilatek z divodu zvysené signalizace pies
TLR7 a zpusobuje glomerulonefritidu. (Demaria et al., 2010) Nejnovéji popisuje podobny fenotyp
Vinuesa et al., 2021 u 5 pacientti se SLE zptisobeném TLR7 GOF mutaci, kde TLR7 GOF napf.
zpusobuje zvysenou aktivaci NF-kB v makrofazich, ale i nadmérné ptezivani B-lymfocytu
germinalnich center. (Vinuesa et al., 2021) Autoinflamatorni i autoimunitni projevy u obou pacientti
tedy mohly byt zptisobeny narusenym vztahem mezi TLR7 a mutovanym TLRS, kdy je TLR7 aktivita
nedostate¢né tlumena, ptipadné zménou afinity mutovaného TLRS k ligandim TLR7. (Demaria et al.,

2010; Itoh et al., 2011; Wang et al., 2006b; Zhang et al., 2018)
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Shrnuti

V predkladané studii popisujeme noveé nalezenou mutaci v 7LRS ¢.1715G>T vedouci k ¢astecnému

proteinovému deficitu TLRS a k dysregulaci TLR7 a TLRS signalizace. Byl prokazéan vliv ¢.1715G>T

mutace TLRS na hyperaktivitu NF-kB a produkci prozanétlivych cytokind (v primarnich monocytech

a v modelovych bunéénych liniich) a ukazalo se, Ze mutovany TLR8-G572V a) méné¢ inhibuje aktivitu

TLR7 v porovnani s wild-type TLR8 a b) dochazi ke zktizené reaktivit¢ mutovaného TLR8-G572V

k TLR7 ligandtim (Obr. 12). Vzhledem k fenotypu onemocnéni [autoimunitni (AIHA)

a autoinflamatorni komplikace (horecky nezndmého ptivodu, gastrointestinalni postizeni, artritida,

CNS vaskulitida aj.)] bylo navrZeno jeho zafazeni mezi vrozené poruchy imunity s autoinflamatornimi

projevy.

Experimentalni
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Obr. 12 — Graficky abstrakt. Mutace c./7/5G>T v TLRS vede k ¢asteCnému proteinovému deficitu TLRS

a dysregulaci TLR7 a TLRS signalizace. Dvojcata trpi lymfoproliferaci, autoimunitnimi a zanétlivymi projevy.

Mutace se vyskytuje v blizkosti vazebného mista 1 receptoru TLR8. Ve funkénim modelu ma mutovany TLRS

niz§i proteinovou hladinu a snizenou schopnost inhibice TLR7 oproti wild-type TLRS. TLR7 signalizace je
zvySena, zvysuje se produkce prozanétlivych cytokini. Inhibitor TLR7 hydroxychloroquine klinicky vedl

ke zlepSeni symptomt u takto lé¢ené¢ho dvojcete. (Vytvoreno v Biorender.com)
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3.2 Mutace c.1545C>A (p. Tyr515%) v genu HCK

SRC KINAZY

Rodina Src kinaz je skupina enzymi figurujici v bunécné signalizaci. Interaguji s mnoha proteiny
signalnich kaskad, u kterych modifikuji jejich tyrosinové zbytky pomoci fosforylace. Do rodiny Src
kinaz patii Src, Lck, Hek, Fyn, BIk, Fgr, Yes a Yrk. Typicka Src kinaza se sklada z N-koncového
segmentu, SH3 a SH2 (Src homology) domén, tyrosin-kinazové domény SH1 a C-terminalniho
segmentu. C-terminalni segment nese inhibi¢ni fosforyla¢ni misto (v kinaze Src na pozici Y527).
Fosforylace inhibi¢niho tyrosinu spousti sbaleni SH2 a SH3 domény do neaktivni konformace Src

kinazy (Obr. 13). (Boggon & Eck, 2004)

inaktivni Src kinaza aktivni Src kinaza

COOH akiiva§ni
inhibiéni tyrosin
tyrosin defosforylace
‘ inhibicniho s
S~ tyrosinu COOH LY ’a:(tlvag‘.nl
' — inhibiéni tYrosin

tyrosin

Obr. 13 —Kinaza z rodiny Src v aktivni a inaktivni formé. Kinaza se sklada ze 3 domén: SH1, SH2 a SH3.
Na C-konci, v blizkosti domény SH1, se nachazi inhibicni tyrosin, ktery je v neaktivnim stavu fosforylovan a je
navazan do aktivniho mista domény SH2. Pro aktivaci Src kinazy musi byt fosforylace na inhibi¢nim tyrosinu
odstranéna a aktivni misto domény SH2 je tim pfistupné pro vazbu na cilovy protein. (Vytvofeno

v BioRender.com; Boggon & Eck, 2004)

Src kinazy figuruji v mnoha signaliza¢nich procesech leukocytt. Tyto kinazy podporuji produkci
rustovych faktord v leukocytech, ale i v dalSich typech bun¢k (napt. endotelialni bunky, jaterni
buriky), bunéénou proliferaci ptes signalizaci receptorovych tyrosin-kinaz (RTK), buné¢nou adhezi
predev§im u monocytl a makrofagi, ¢i diapedézu a migraci neutrofilnich granulocytti do mista zanétu.
Proces migrace je zajistén interakci adhezivnich molekul, jako jsou selektiny (na endotelialnich
buiikach) nebo integriny (téméf na vSech typech buné€k), které jsou diky Src signalizaci exprimovany
ve vy$s§i mife. (Byeon et al., 2012) Neutrofilni granulocyty pomoci receptorti sprazenych s G-proteiny

(GPCR; G protein-coupled receptors) a signalizace pies Src rozpoznavaji chemicky gradient
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chemoatraktanti a migruji do centra zanétu, kde zahajuji fagocytdzu a degranulaci pro eliminaci

infekce (Obr. 14).
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Obr. 14 — Obecné schéma s ukazkovou signalizaci pies rodinu Src kindz. Src, jako jedna z nejcastéjsich
kinaz z této rodiny, figuruje hned v né€kolika signalizacnich drahach, mezi které patfi signalizace receptort
sprazenych s G-proteiny (GPCR), kde signalizace vede ptes fosfolipazu A2 ¢i ptes adenylat cyklazu a pres Src
kindzu déle na MAPK. V kli¢ovém signalizacnim uzlu Src se setkdvaji i drahy vedouci od integrinového
receptoru [zprostiedkované fokalni adhezivni kindzou (FAK)], Fc receptoru ¢i Toll-like receptoru [pies adaptor
MyDS88 a protein kindzu C (PKC)]. Zasadni roli hraje kindza Lck v signalizaci T-buné¢ného receptoru (TCR),
jejiz signalizaci spousti dulezité proliferacni a diferenciacni procesy v T-lymfocytu. (Vytvofeno

v Biorender.com; Byeon et al., 2012)

Src kinazy také reguluji apoptdzu, podle typu ligandu bunécnou smrt inhibuji ¢i podnécuji. (Korade-

Mirnics & Corey, 2000; Rozengurt, 2007)

Src kinaza hematopoetickych bun¢k (HCK; hematopoietic cell kinase) je exprimovana predev§im

v monocytech a granulocytech. Ma zasadni roli v bunééné proliferaci, adhezi a cytokinové produkci.
Je aktivovana vazbou LPS na TLR4, vazbou cytokint IL-2, IL-6, GM-CSF na jejich receptory, vazbou
Fc ¢asti opsonizujicich protilatek na Fc receptory ¢i vazbou B2 integrint k jejich ligandim (napf.
ICAM-1). Je znamo, Ze u ur€itych typa leukémii i pevnych nadoru je jeji aktivita zvy$ena a podporuje
degradaci extracelularni matrix pro rdst nadoru pomoci tvorby podosomi (vybézky rozpinajicich se
bungk, které piekondvaji buné¢nou bariéru). (Poh et al., 2015) Je také klicovym regulatorem

alternativni aktivace monocytd a makrofagu, kterou tyto buiiky prochazeji predevsim pii alergické
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reakci ¢i odpovédi na parazitarni infekei pod vlivem Th2 cytokinti jako je IL-4 nebo IL-13.
(Bhattacharjee et al., 2011) HCK dale také u monocytt a granulocytl zajistuje jejich migraci pres
endotel do tkani: bunééna adheze a migrace ptes cévni sténu je diky signalizaci HCK aktivovana a po
prichodu bunék do tkani a migraci po chemickém gradientu do mista zanétu pak HCK signalizace
vede k produkei reaktivnich kyslikovych radikalti (ROS; reactive oxygen species). (Ernst et al., 2002;
Mazzi et al., 2015; Medina et al., 2015)

VYSLEDKY A DISKUSE

V projektu o mutaci v genu pro HCK jsme se zabyvali zdvaznym onemocnénim u pacientky, u které
se prvni pfiznaky projevily kratce po narozeni. Jiz po porodu se objevily kozni 1éze na koncetinach,
obliceji a krku, které byly prvné zaléceny antibiotiky. B€hem prvnich mésicii Zivota se ale tyto kozni
obtize znovu objevily a pretrvavaly [biopsie kiize odhalila infiltraci neutrofilnich a eozinofilnich
granulocytli a makrofagli v endotelu cév (Obr. 15)] a pridaly se i opakované infekce hornich cest

dychacich.

Obr. 15— Kozni nalezy u pacientky. A) Postizeni kiize na dolnich koncetinach ve véku 8 let. B) Perivaskularni

infiltrace monocyti a makrofagi (Sipka), vysledky kozni biopsie (barveni hematoxylin-eosin).

U pacientky byly dale zaznamenany anemické stavy, hepatosplenomegalie a chronické krvaceni do

plic. V plicich byl pravideln¢ detekovan leukocytarni infiltrat, postupné se rozvijela plicni fibroza.

Po 13 letech nepfilis uspésné intenzivni 1é¢by kortikosteroidy odhalilo celoexomové sekvenovani
novou heterozygotni mutaci c./1545C>4 v genu HCK, lokalizovanou v proteinu na pozici p.Tyr515.
Tato pozice mutace nasvédcovala hyperaktivaci HCK z diivodu vzniku nového stop kodonu, kdy
predcasné ukonceni transkripce vede ke vzniku kratsi formy HCK s chybé&jicimi 12 aminokyselinami

na C-konci proteinu v€etné inhibi¢niho tyrosinu (Obr. 16). (Poh et al., 2015) Pomoci hmotnostni
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spektrometrie jsme skute¢né odhalili pfitomnost zkracené (mutované) i nezkracené (zdravé, wild-type)
formy HCK v leukocytech pacientky; v leukocytech zdravych kontrolnich osob se vyskytovala pouze
zdrava nezkracena forma HCK. Jediny dostupny model podobn¢ aktiva¢ni formy Hck a klinické
disledky z ni plynouci popsal Ernst et al., 2002 na mysich. Tento homozygotni my3i model Hek"* byl
vytvoren zdménou inhibi¢niho tyrosinu za fenylalanin na C-konci Hck kinazy. Mysi s takto upravenou
Hck trpély zavaznymi plicnimi projevy - nadmérnou leukocytarni infiltraci s naslednou fibrozou.
Projevila se i citlivost Hck"™" mysi viiéi stimulaci LPS projevujici se systémovym zanétem. Byla také
prokézana vyssi produkce prozanétlivych cytokinii z makrofagt a plicnich epitelii a u makrofagi také
zvysena schopnost fagocytozy. Tyto symptomy do velké miry korelovaly s klinickymi pfiznaky
pacientky s mutaci c¢. 1545C>A4 v HCK.

wild-type HCK Aktivacni
tyrosin 411 |phibicni
:  tyrosin 522
[ N-konec ISH3 ]—[ SH2 ]—[ SH1 ]——
Aktivaéni
mutantni HCK (p.Tyr515%) tyrosin 411
[ N-konec ]SH3 ]—[ SH2 ]—[ SH1' ]—F514
C-konec

Obr. 16 - Linearni schéma wild-type HCK a mutované formy HCK. U wild-type formy je vyznacena pozice
inhibi¢niho tyrosinu 522. U mutované formy je protein pied¢asné ukoncen na tyrosinu 514 a chybi C-terminalni

oblast 12 aminokyselin v¢etné inhibi¢niho tyrosinu 522. (Vytvofeno v BioRender.com)

Regulace aktivity HCK

Src kinaza HCK je aktivovana fosforylaci na aktiva¢nim tyrosinu 411 v kinazové doméné SH1

a inhibovana fosforylaci na inhibi¢nim tyrosinu 522 na C-konci proteinu. Inhibi¢ni Tyr522 po své
fosforylaci interaguje s doménou SH2 kinazy a inhibuje jeji aktivitu (Obr. 17). (Boggon & Eck, 2004;
Lerner et al., 2005; Parsons & Parsons, 2004; Poh et al., 2015; Porter et al., 2000)
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Upraveno z Poh et al., Oncotarget 2015

Obr. 17 - Schéma aktivace a inaktivace Src kinazy HCK. Inaktivni HCK je fosforylovana na tyrosinu 522,
ktery je soucasti C-konce. Diky fosforylaci blokuje aktivacni misto v doméné SH2. Pro aktivaci HCK je nutné
defosforylovat inhibi¢ni tyrosin 522 pro uvolnéni vazebného mista v doméné SH2 (pomoci fosfatazy), nasledné
je fosforylovan aktiva¢ni tyrosin 411 v doméné SH1 a HCK se stava aktivni. (Vytvofeno v Biorender.com; Poh

etal., 2015)

Experimentalni design

Funkci mutované formy HCK jsme testovali na bunéénych modelech: linii HEK293T, monocytarni
linii THP-01 a promyelocytarni linii HL-60 [linie HL-60 byla pro ucely experimentt diferencovana do
granulocytarniho typu pomoci dimethylsulfoxidu (DMSO) a/nebo kyseliny all-trans retinové
(ATRA)], ve kterych jsme dosahli transientni (lipofekci) nebo stabilni (lentivirovym vektorem)

exprese wild-type (nezkracené) nebo mutované (zkracené) formy HCK.

P1i transientni expresi mutované HCK (HCK-MUT) a wild-type HCK (HCK-WT) v bunééné linii
HEK?293T byla zaznamendna zvysena kinazova aktivita HCK-MUT, ktera hyperfosforylovala jeji
cilovy protein — paxillin. Paxilin je cytoskeletarni protein, ktery zprosttedkovava migraci makrofagt

pomoci zmén v cytoskeletarni stavbé. (Achuthan et al., 2006; Ernst et al., 2002; Turner, 1998)

Experimenty se stabilni expresi HCK dale ukazaly zvySenou bazalni fosforylaci celkového tyrosinu

a aktivacniho tyrosinu Src kinazy u bun¢k s HCK-MUT v porovnani s HCK-WT. Linie THP-01

s HCK-MUT také exprimovala zvySené mnozstvi kostimula¢nich molekul CD40 a CD86

a diferencia¢niho znaku monocytit CD14, a to jak bazalng, tak po stimulaci pies Toll-like receptor 4
[TLR4, pomoci lipopolysacharidu (LPS)] a pies Fc-gama receptor (FcyR, pomoci imunokomplexit),
které aktivuji HCK, podobné jako ve studiich Mazzi et al. 2015 a Poh et al., 2015, kde bylo na mysich

modelech ukazano, ze HCK reguluje LPS-indukovanou aktivaci monocytt a makrofagi. Linie HL-60,
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diferencovana do neutrofilnich granulocyta (Berges et al., 2005; Tasseff et al., 2017), dale vykazovala
zvySenou produkei reaktivnich kyslikovych radikald (ROS; reactive oxygen species) bazaln¢ a po
stimulaci pomoci TNFa a Escherichia coli, které aktivuji HCK (Poh et al., 2015), u bun¢k

s HCK-MUT v porovnani s HCK-WT.

HCK je dilezitou regulaéni molekulou buné¢né adheze a migrace, nezbytnou napi. k efektivni migraci
makrofagii do mista infekce. (Medina et al., 2015) Mezibunéény kontakt nezbytny pro migraci

z krevniho ob&hu do tkani je zprostiedkovan parem adhezivnich molekul. Mezi adhezivni molekuly se
fadi jak konstitutivné exprimované, tak indukované (exprimované az po signalu, ve vhodném prostiedi
apod.). Hlavni skupiny adhezivnich molekul jsou muciny, lektiny a integriny. Integriny se skladaji

ze 2 podjednotek, alfa a beta, které¢ nekovalentné asociuji. Integriny rozdélujeme na dvé skupiny podle
téchto podjednotek - na B1 a B2 integriny. Bl vazi slozky extracelularni matrix. B2 jsou leukocytarni
integriny se spole¢nou B2 podjednotku CD18. Tato podjednotka tvoii dimer s CD11a [integrin LFA-1
(antigen 1 asociovany s lymfocytarni funkei; lymphocyte function-associated antigen 1)], s CD11b
(komplementovy receptor CR3) nebo s CD11c (komplementovy receptor CR4). (Fagerholm et al.,
2019) Linie se stabilni expresi HCK-MUT vykazovaly vyssi expresi 2 integrint a to jak bazalné, tak
po stimulaci pies aktivatory HCK - TLR4 a FcyR. (Poh et al., 2015) Nasledn¢ jsme otestovali i vazbu
B2 integrintl k jejich ligandu ICAM-1, kterd byla také zvySena v bunikdch s HCK-MUT v porovnani

s HCK-WT. ICAM-1 je exprimovan endotelialnimi buiikami a diky této vazbé prechazeji leukocyty

z krve do tkané. (Smith et al., 1989; Volmering et al., 2016)

V mysich modelech ve studiich Ernst et al., Medina et al. a Mdcsai et al. byla prokazana role HCK

v produkci prozanétlivych cytokind a chemokinti [napt. IL-18, IL-1a, TNFa, IL-6, IL-12, MCP-1
(monocytarni chemoatraktant 1; monocyte chemoattractant protein-1)] a v migraci aktivovanych
leukocytt do plic po stimulaci LPS. (Ernst et al., 2002; Mazzi et al., 2015; Mdcsai et al., 1999) Proto
jsme dale testovali i transendotelialni migraci bunék THP-01 po aktivaci pomoci LPS do prostiedi

s IL-8 a MCP-1. Linie THP-01 s HCK-MUT vykazovaly vyssi migraci nez linie s HCK-WT. Pro
dikaz vlivu mutované HCK na produkci prozanétlivych cytokinti jsme dale linie THP-01 stimulovali
LPS a kultivovali na povrchu 2 typti endotelidlnich bunék [a) lidské endotelialni buiiky pupecnikové
cévy (HUVEC; human umbilical vein endothelial cells) a b) lidské endotelialni buiiky pulmonarni
arterie (HPAEC; human pulmonary artery endothelial cells)]. Linie THP-01 s HCK-MUT
produkovala po kontaktu s endotelem zvySena mnozstvi cytokini IL-1p, IL-6 a TNFa v porovnani

s linii s HCK-WT. Vyse uvedena in vitro data reflektovala nalezy v monocytech pacientky.

V monocytech pacientky byla potvrzena zvySena fosforylace aktivac¢niho tyrosinu 411
imunoprecipitované HCK a zvySena exprese B2 integrinti v porovnani s monocyty zdravych darci;

v plazmé pacientky byly nalezeny zvySené hladiny prozanétlivych cytokind v porovnani s plazmami
zdravych kontrolnich osob. Na zdkladé vsech ziskanych vysledki tedy pfedpokladame, Ze ptilis

aktivni mutovana HCK zvySuje chemotaxi/transendoteliani migraci a produkci cytokini z HCK+

44



leukocytti i u pacientky a tim zptisobuje zanétlivou infiltraci plic a kiize podobné jako ve vyse

uvedenych mysich modelech. (Ernst et al., 2002; Mazzi et al., 2015; Moon et al., 2010)

Zajimavé bylo zjisténi, ze hladina proteinu HCK byla v leukocytech pacientky niz$i nez v leukocytech
kontrolnich osob, ptestoze byla jeji HCK celkové hyperaktivni. Testovali jsme tedy mRNA (moznost
nonsense-mediated RNA decay vSak byla vylou¢ena, hladina mRNA wild-type i mutované formy
HCK byla srovnatelna) a rychlost degradace proteinu HCK v linii THP-01 po inhibici proteosyntézy
pomoci cykloheximidu. Timto experimentalnim zastavenim translace se nam podafilo prokazat, ze
protein HCK-MUT degraduje rychleji v porovnani s proteinem HCK-WT. Pfesto ani tato regulace

hladiny hyperaktivni formy HCK nezabranila klinické manifestaci onemocnéni. (Kao et al., 2015)

Pozorované diisledky hyperaktivni HCK [vyssi tyrosinova fosforylace, zvySena aktivace HCK
substratu paxillinu, hyperprodukce prozanétlivych cytokint (IL-1B, TNFa, IL-6) a ROS, zvys$ena
schopnost chemotaxe a transendotelialni migrace spolu s vyssi expresi B2 integrini a niz$i exprese
HCK proteinu] korelovaly s nalezy u experimentalniho mys$iho modelu Hck™F se zam&nou inhibiéniho
tyrosinu za fenylalanin na C-konci Hek kinazy ve studii Ernst et al. (Ernst et al., 2002) Zavazné
zanétlivé projevy se vsak u pacientky projevily, piestoze jeji mutace byla heterozygotni, na rozdil od
homozygotniho modelu Hek™". Dodateénymi experimenty v soudinnosti s prof. Ernstem se ale
ukazalo, 7e homozygotni Hck™" i heterozygotni Hek™™ mysi vykazuji podobné hodnoty zvysené
fosforylace aktivaéniho tyrosinu Hck v buiikach sleziny v porovnani se zdravymi myS$mi. Tato
skute¢nost naznacuje, Ze 1 mutace pouze jedné z alel mize zpusobit podobny fenotyp jako

u homozygotniho modelu.

Vzhledem k roli HCK jako dulezitého proteinu hematopoetickych bunék je nasnad¢ 1éCba
transplantaci kostni dien¢ (HSCT; hematopoietic stem cell trasplantation). Zavazny zdravotni stav
pacientky v dob¢ nalezu mutace v§ak neumoznoval podstoupeni HSCT. Bylo tedy ptistoupeno
monitorovana, podobné jako dlouholetd 1écba kortikoidy. Ruxolitinib ¢aste¢né potlacil
autoinflamatorni postizeni v plicich a kiizi. Vzhledem k jeho plisobeni mimo piimou signalizaci HCK
ale nedokazala inhibice JAK/STAT priib¢h onemocnéni zcela zastavit. Specificky inhibitor HCK
kinazy neni v soucasné dob¢ klinicky dostupny a lécba inhibitorem BCR-ABL kinazy a Src kinaz
dasatinibem nebyla dlouhodob¢ pouzita kvili jejimu popisovanému vedlejsimu uc¢inku — moznym

vypotkiim do plic. Pacientka v 17 letech onemocnéni podlehla.
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Shrnuti

V této studii popisujeme onemocnéni u pacientky s novou mutaci ¢.1545C>A4 v hematopoetické

kinaze HCK z rodiny Src. Kinaza HCK ma zasadni funkci v adhezi a migraci leukocytt do tkani

a v rozvoji zanétu. Mutace c.1545C>A4 ma charakter gain-of-function z diivodu konstitutivni aktivity

HCK v dusledku vzniku piedéasného stop kodonu a absence inhibi¢niho tyrosinu 411. In vitro jsme

prokazali vliv mutované formy HCK na zvyseni aktivace a migrace exprimujicich bun¢k (vyssi

expresi B2 integrintl, zvySeni transendotelidlni migrace) a na prozanétlivou aktivitu téchto bunck

(vyssi produkei prozanétlivych cytokinti IL-13, TNFa a IL-6, vyssi produkci ROS); tyto vlastnosti

mohou vysvétlovat klinické projevy — leukocytarni infiltraci a vaskulitidu plic a kiize (Obr. 18).

Onemocnéni bylo navrzeno na zafazeni do skupiny vrozenych poruch imunity s autoinflamatornimi

projevy.
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Abbreviations:

HCK — Hematopoietic cell kinase

IL - Interleukin

ROS - Reactive oxygen species

TLR-4 - Toll-like receptor 4
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Obr. 18 - Graficky abstrakt publikace Kanderova, Svobodova, Borna et al. (Kanderova et al., 2021)

(ponechan v originale v anglickém jazyce). Mutace c./545C>A ma charakter gain-of-function z diivodu

konstitutivni aktivity HCK v disledku vzniku pfedc¢asného stop kodonu a absence inhibi¢niho tyrosinu 411. /n

vitro byl prokazan vliv mutované HCK na zvyseni aktivace a migrace leukocytl a jejich prozanétlivé aktivity

[produkce cytokint (IL-1B, TNFa, IL-6) a ROS], které se mohou odrazet v klinickych projevech pacientky —

leukocytarni infiltraci a vaskulitidé plic a kiize. Lécba ruxolitinibem potlacila zanétlivé projevy pouze ¢astecné.
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3.3 Mutace ¢.922C>T (p.GIn308*) v genu IFNARI

INTERFERONY

Interferony (IFN) patfi do skupiny cytokinti, mediatord imunitni odpovédi. Rozdélujeme je do 3
zakladnich trid. Interferony III. typu jsou nejpozdéji objevenou skupinou interferonti. Stejné jako
ostatni skupiny hraji roli v antivirové obran¢, zastupcem je IFNA. IFN IIL. typu ptsobi predevsim

v prvni linii imunitni odpovédi, zejména v epiteliich a jejich receptorem je dimer slozeny ze dvou
podjednotek - receptorové podjednotky 1 (IFNLR1; interferon lambda receptor subunit 1) a beta
podjednotky receptoru pro IL-10 (IL-10RB; interleukin 10 receptor beta subunit). (Zhou et al., 2018)
Interferony II. typu reprezentuje IFNy a je produkovan predevsim NK buiikami (z anglického natural
killer) a buiikami ILC1 (z anglického innate lymphoid cells type 1) v pribéhu protivirové obrany.
IFNy spolecné s IL-12, IL-15 a IL-18 spousti produkci IFNy u NK bunék pies vazbu na receptor pro
interferon gama (IFNGR). Signalizace nasledn¢ vede k aktivaci JAK1 a JAK2 molekul a fosforylaci
STAT1. Alternativni signaliza¢ni draha pak vede na aktivaci STAT4 nebo Erk1/2. Hlavnim t¢elem
pusobeni IFNy je zastaveni virové replikace, zvySeni produkce oxidu dusnatého (NO) a polarizace Thl
imunitni odpovédi. IFNy také podporuje expresi MHC 11 a zrani dendritickych bunék. (Lee & Ashkar,
2018) Interferony I. typu, podobné¢ jako skupiny II a III, indukuji antivirovou obranu pomoci
signalizace vedouci k expresi molekul zabranujici virové replikaci. Hlavnimi zastupci jsou IFNa.

a IFNp, ale celkové obsahuje skupina interferont 1. typu 13 zastupctl. (Pestka, 1997) Pusobi
autokrinné, parakrinn¢ i endokrinng a jejich signalizace je spusténa po rozpoznani virové struktury
pomoci receptort antigenné nespecifické imunity (PRR; pattern recognition receptor). Receptorem
interferond I. typu je dimer slozeny z podjednotek IFNARI1 (interferon alfa receptorova podjednotka
1) a IFNAR?2 (interferon alfa receptorova podjednotka 2). Po vazbé IFN 1. typu dochézi k endocytoze
receptoru s ligandem a aktivaci asociovanych tyrosin kinaz TYK?2 a JAK1. Kaskada pokracuje
fosforylaci STAT1 a STAT2, které nasledné tvoii komplex s proteinem IRF9 neboli ISGF3 (IFN-
stimulated gene factor 3). Tento komplex pak prechazi do bunécného jadra, kde spousti transkripci
IFN-stimulovanych gentl, ISRE (interferon stimulated response elements) (Obr. 19). Alternativng, také
mize dochazet k fosforylaci a dimerizaci proteinti STAT3, STAT4 a STATS a signalni draha nasledné
vede k indukci mitogen-aktivované protein kinazy (MAPK) nebo fosfatidylinositol-3-kinazy (PI3K).
(Lee & Ashkar, 2018)
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Obr. 19 — Schéma signalizace receptoru pro IFN L. typu. Receptor se sklada ze 2 podjednotek, IFNARI

a IFNAR?2. Ty asociuji s tyrosin kindzami TYK2 a JAK1. Po vazbé¢ ligandu dochazi k endocytdze receptoru

a fosforylaci STAT2 a STAT], které tvoti dimer. Nasledn¢ je navazan i protein IRF9 a cely komplex pfechazi do
bunééného jadra, kde startuje transkripci pfislusnych genti ISRE. (Vytvofeno v BioRender.com; Bravo Garcia-

Morato et al., 2019; Schneider et al., 2014)

VYSLEDKY A DISKUSE

V tomto projektu popisujeme homozygotni mutaci ¢.922C>T v genu IFNARI nalezenou

u 15 mésicniho chlapce, u kterého byla zaznamenana zavazna reakce po vakcinaci vakcinou MMR
(vakcina proti spalnickam, pfiusnicim a zardénkam; measles, mumps, and rubella). Tato Ziva oslabena
vakcina vyvolala u chlapce zanét a zavazné autoinflamatorni projevy - hemofagocytujici
lymfohistiocytozu (HLH) a encefalopatii, kterym nakonec podlehl. HLH mutzZe byt diagnostikovana
jako primarni (familiarni HLH), ktera je dédi¢nym typem, nebo sekundarni - ziskana. Sekundarni
HLH se zpravidla vyvine v dasledku silné aktivace imunitniho systému, napf. v souvislosti se
zavaznou infekci. Nejéastéji je diagnostikovana u imunokompromitovanych jedinct s virovou infekci.
Diagnosticka kritéria pro potvrzeni HLH vyvinula spole¢nost Histiocyte Society poprvé v roce 1991,
v roce 2004 byla obohacena. Kritéria zahrnuji symptomy, které se musi u pacienta vyskytovat po
urc¢itou dobu a v definované mife, aby HLH mohla byt potvrzena - mezi ty patfi napf. dlouhotrvajici
horecka, splenomegalie, cytopenie a dalsi. Pacient ¢.922C>T spliioval 5 z 8 kritérii pro HLH. (Henter
et al., 2007)

Pomoci celoexomového sekvenovani DNA z buné¢k periferni krve pacienta byla objevena nova
homozygotni mutace ¢.922C>T v genu IFNARI, vedouci ke vzniku nového stop kodonu

v extracelularni doméné proteinu IFNAR1 na pozici p.GIn308*. Imunofenotypizace leukocyti
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prokazala sniZzené pocty B-lymfocytid a dendritickych bunék a naopak zvysSené pocty T-lymfocytt

a monocytu v periferni krvi.

HLH byla hlavnim klinickym projevem i u pacientt s jinymi mutacemi v molekulach zasahujicich do
interferonové signalizace, napf. u pacientt s deficitem IFNAR2, STAT2 nebo IRF9. Sekundarni HLH
se u téchto pacientl vyvinula v disledku nekontrolované aktivace imunitniho systému, ktera byla
spusténa infekci, u kazdého pacienta jiné¢ho ptvodu, spolecnym jmenovatelem byla vakcinace zivou
oslabenou vakcinou. (Alosaimi et al., 2019; Bravo Garcia-Morato et al., 2019; Hambleton et al., 2013;
Pairo-Castineira et al., 2021) Laboratorni testy ale mnozici se virus vakciny u naseho pacienta
neodhalily, podobny nélez byl ale jiz popsan i u pacienti s deficitem STAT1 (Burns et al., 2016)

a STAT?2 se zanétlivym imunofenotypem. (Shahni et al., 2015) Narozdil od nich a naSeho pacienta
bylo zaznamenano mnoZeni viru z vakciny spalnicek ¢i v jiném piipad¢ piiusnic u pacientd s jinou

mutaci STAT2. (Alosaimi et al., 2019)
Experimentalni design

Jak jiz bylo vysvétleno v uvodu projektu, signalizace IFNa vede pies signaliza¢ni molekuly JAKT,
STAT1 a STAT?2, které¢ vedou signal pro transkripci ISRE. V laboratoii CLIP — cytometrie jsme tedy
testovali aktivaci (fosforylaci) molekul STAT po stimulaci interferony v plné periferni krvi pacienta.
V leukocytech pacienta nebyla fosforylace detekovanych molekul pfitomna bazalné ani po stimulaci
pomoci IFNa2b, na rozdil od leukocyti zdravych darci. Na kontrolni stimulaci pomoci IFNy ale

bunky pacienta reagovaly, podobné jako buiiky zdravych kontrol (Obr. 20).

T-lymfocyty Monocyty
Zdravy darce Pacient Zdravy darce Pacient

% z Max

M Nestimulované [l 1FNa [l TFNy p-STATl

Obr. 20 — Tzv. single-cell phospho-flow analyza potvrzujici poruchu odpovédi na IFNa. Osa X ukazuje
intenzitu fluorescence fosforylovaného (p) STAT1 (pSTATI1 Tyr701). V T-lymfocytech a monocytech pacienta
je odpovéd na IFNa (modfe) na irovni nestimulovanych bunék (¢ern€), odpovéd’ na IFNy (¢ervené) je

zachovana. U bun¢k zdravé kontrolni osoby byla odpovéd’ na IFNo detekovana.

Po zjisténi poruchy signalizace IFNa v leukocytech pacienta bylo provedeno nékolik experimentt
odhalujicich poruchu antivirové odpovédi jiného dostupného typu pacientskych bunék (fibroblasti).

Pouzity byly virus encefalomyokarditidy (EMCV) a virus Zika (ZIKV). Fibroblasty pacienta, které

49



byly v prostiedi IFNa stimulovany témito viry, byly v porovnani s fibroblasty zdravych darci
nachylné na infekci. Buniky pro tyto testy byly inkubovany v médiu obsahujici EMCV nebo ZIKV

a jejich nachylnost na infekci byla stanovena pomoci metody ,,cell viability assay* vypoctem procenta
mrtvych bunék. Po pfidani IFNy do média se pak ale antivirova obrana u bunék pacienta obnovila.
Potvrzujicim faktem naruseni signalizace IFNa byla i detekce virového proteinu ZIKV ENV a naopak
absence proteinu stimulovaného interferonem I. typu - ISG15 (interferon-stimulated gene 15) pomoci

imunoblotu ve fibroblastech pacienta pifed podanim IFNy.

Ve fibroblastech pacienta nebyl nasledn¢ protilatkami detekovan zadny protein IFNARI - tato
skutecnost ukazovala na kompletni proteinovy deficit této receptorové podjednotky. Jako definitivni
dikaz kompletniho deficitu IFNAR1 byly fibroblasty pacienta pomoci lentivirové transdukce
obohaceny o wild-type (zdravy) IFNAR1; signalizace a odpoveéd na IFNa se timto krokem obnovila
(Obr. 21).
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Obr. 21 — Po transdukci wild-type IFNAR1 do fibroblasti pacienta (II:1 IFNARI) byla obnovena obrana
bunék proti viru encefalomyokarditidy (EMCYV) v porovnani s transdukei prazdného vektoru (II:1 VEC).
Osa X predstavuje procento mrtvych fibroblast obohacenych o gen IFNAR! ¢i transdukované prazdnym
vektorem po inkubaci v médiu obsahujici pfislusny virus. Detekce prob&hla metodou cell viability assay na

fluorescenénim mikroskopu.

Nedostate¢na odpoved na IFN L. typu ve spojeni s deficitem podjednotky receptoru IFNAR1
zpuisobena jinou nez nami nalezenou mutaci byla nalezena v homozygotni forme jiz u 2 déti
(Hernandez et al., 2019). Taktéz byla popsana ve spojitosti s deficitem druhé podjednotky receptoru,
IFNAR2. (Duncan et al., 2015) U vSech téchto pacientii byly zaznamenany nepiiméfené reakce na
zivé oslabené vakciny ve formé pomnozeni daného (vakcinovaného) viru a rozsdhlého zanétu, HLH

vSak nebyla diagnostikovana.

Vzhledem k dlouhodobé probihajici pandemii Covid-19 hraji tyto studie duleZitou spojnici vlivu IFN
L. typu na imunitni odpovéd’ proti virovym infekcim, napt. typu SARS-CoV-2. I[FNa a IFN zpomaluji
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zanét nejen blokaci virové replikace, ale také regulaci a polarizaci cytokinové produkce; dochazi

k produkci prozanétlivych cytokind, jako jsou IFNP, IL-6, TNFa nebo IL12, k aktivaci cytotoxickych
mechanismii T-lymfocytd a programované bunécné smrti napadenych bunék. (Duncan et al., 2020;
Hernandez et al., 2019; Liu et al., 2011; Reboldi et al., 2014) Ve spojitosti s vyvojem epidemie SARS-
Cov-2 se ukazalo, Ze ¢ast pacientt, jejichz pribéh onemocnéni Covid-19 byl zivot ohrozujici, trpéla
jednou z variant deficitu IFNAR1, IFNAR2, pfipadné€ IRF. Jednalo se o vzacné genové varianty, které
vedly k loss-of-function mutaci zmifiovanych proteind. Je proto mozné, ze vice pacientd s tézkym
pribéhem pneumonie doprovazejici Covid-19 m¢lo neobjevenou mutaci v jednom z genii souvisejici

s odpovédi IFN L typu. (Zhang et al., 2020)
Shrnuti

Studie IFNAR1 popisuje novou mutaci ¢.922C>T v genu pro alfa podjednotku receptoru pro IFN L.

typu u 15 mési¢niho chlapce. Tato tzv. ,,nonsense mutace vedla ke vzniku nového stop kodonu

v extracelularni doméné proteinu IFNARI1 a k absenci receptorové podjednotky IFNARI - tedy

1 k absenci receptorové signalizace IFNAR1 v organismu pacienta. Interferony I. typu hraji zasadni

roli v prevenci nadmérné zanétlivé reakce a v pripadé absence signalizace IFNa a IFNP miize nastat

zavaznd zanétliva reakce pfi virové infekei nebo i po ockovani zivou oslabenou virovou vakcinou.
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4. 7.avér

Vrozené poruchy imunity (IEI; inborn errors of immunity) jsou v souc¢asné dob¢ ¢asto diskutovanym
imunologickym tématem v medicing. Diky rozvoji NGS je mozné nalézt mutace v genomu, které jsou
pficinou rozli¢nych onemocnéni spojenych s imunitnim systémem. Objevené mutace pak oteviraji
nové moznosti v cilené nebo podptirné 1écbé pro fadu pacientii s IEL. U mnoha novych mutaci je vSak
jejich funkeni vliv stale neznamy a i presto, ze klinické praxe ma k dispozici mnoho diagnostickych
metod pro testovani, jako je analyza TREC/KREC (Fronkova et al., 2014) ¢i rozSifena
imunofenotypizace leukocytl (Kalina et al., 2020), charakter mutace musi byt definovan dikladnéji
pomoci vyzkumnych metod, které nemohou byt rutinné vyuzivany napfic laboratofemi. Toto
personalizované kompletni funk¢ni testovani bylo vyuZito pro charakterizaci mutaci v ramci projektt
této disertacni prace, tedy pro definovani mutaci v genech TLRS (c.1715G>T), HCK (c.1545C>4)

a IFNARI (c.922C>T). Vyuzité funkeni testy byly vytvofeny a optimalizovany piimo pro ucely
popisovanych projektti a mohou byt piinosem pro diagnostiku dalSich klinickych pripada

v laboratofich CLIP i mimo n¢. Identifikovali a popsali jsme charakter kazdé mutace, jeji funk¢ni
dopady na chovani mutaci postizenych bunék a ve spolupraci s oSetfujicimi 1ékafi u vybranych
pacientti navrhli 1é¢ebny postup pomoci cilenych inhibitort a 1é¢bu v Case monitorovali. V prvnim
projektu popisujeme novou hemizygotni mutaci c¢.1715G>T (p.G572V) v genu TLRS u rodiny se
zavaznymi automunitnimi a autoinflamatornimi komplikacemi. Mutace ¢.1715G>T zpusobuje
¢aste¢ny deficit proteinu TLRS, zkfiZenou reaktivitu mutovaného TLR8 k ligandim TLR7 a jeho
neschopnost tspésné blokovat aktivaci TLR7, coz vede k dysregulaci TLR7/TLRS receptorové
odpoveédi ve prospéch TLR7. Navrzena 1é¢ba antagonistou TLR7, hydroxychloroquinem, vedla u takto
1é¢eného pacienta k vyraznému zlepsSeni zdravotniho stavu. Ve druhém projektu popisujeme novou
heterozygotni mutaci c.1545C>A (p.Tyr515*) v genu HCK u pacientky se zdvaznym
autoinflamatornim postizenim plic a kize. Mutace ¢.1545C>4 zptsobuje nadmérnou migracni

a zanétlivou aktivitu myeloidnich imunitnich bunék, ktera vede k chronickému zanétu s projevy
vaskulitidy kiize a plic a k rozvoji plicni fibrozy. Lécba ruxolitinibem, inhibitorem signalizace
JAK/STAT, castecné potlacila zanétlivé symptomy, vzhledem k nespecificnosti této 1écby ke kauzalni
mutaci a k pozdni identifikaci pfi¢iny onemocnéni vSak neméla vyrazny dlouhodoby efekt. Obé
onemocnéni navrhujeme zatradit na seznam novych autoinflamatornich jednotek IEI. Ve tfetim
projektu popisujeme novou homozygotni mutaci ¢.922C>T (p.GIn308*) v genu IFNAR1. Mutace
¢.922C>T zpusobuje kompletni proteinovy deficit fetézce alfa receptoru pro interferony I. typu

u chlapce, u kterého se projevil fatalni systémovy zanét spliujici diagnosticka kritéria pro
hemofagocytujici lymfohistiocytozu, pravdépodobné zapti¢inény vakcinaci zivou oslabenou vakcinou

MMR.
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5. Souhrn

V této disertacni praci je popsana funk¢éni charakterizace tii nové nalezenych genovych

mutaci zpusobujicich vrozené poruchy imunity se zanétlivymy projevy. Identifikovali jsme a popsali
charakter kazdé mutace a jejich dopady na fungovani mutaci postizenych buné¢k; ve dvou piipadech
byla navrzena ve spolupraci s osetiujicimi 1ékafi cilena 1é¢ba. V prvnim projektu popisujeme novou
mutaci v Toll-like receptoru 8 (TLRS ¢.1715G>T) u dvojc€at s imunitné¢ podminénou anémii

a zanétlivymi symptomy. Zjistili jsme vliv ¢.1715G>T mutace v TLRS na Castecny proteinovy deficit
TLRS8 a naruseni signalizace TLR8 a TLR7. Mutaci zménény TLRS hiife potlacoval aktivitu TLR7
ve srovnani se zdravym TLRS8 a zkiiZzen¢ reagoval na ligandy TLR7, coz vedlo ke zvySené signalizaci
NF-kB a produkci prozanétlivych cytokinti z myeloidnich imunitnich bunék. Ve druhém projektu
popisujeme novou mutaci v Hematopoetické kinaze (HCK c.1545C>A) u pacientky se zanétlivou
leukocytarni infiltraci klize a plic. Zjistili jsme vliv mutace ¢.1545C>A na zvysenou aktivitu HCK

a dale zvySenou adhezivitu, migraci a prozanétlivou kapacitu mutaci zménénych myeloidnich
imunitnich bunék. Navrhujeme zatazeni obou onemocnéni mezi vrozené poruchy imunity se
zanétlivymi (autoinflamatornimi) projevy. Ve tfetim projektu popisujeme novou mutaci v receptoru
pro interferon alfa (IFNARI ¢.922C>T) u pacienta se systémovym zanétem vyvolanym o¢kovanim
zivou oslabenou virovou vakcinou MMR. Mutace zavadi novy stop kodén do proteinu IFNAR1 a vede
k absenci receptorové podjednotky IFNARI, tedy i k absenci receptorové signalizace pro interferony
L. typu (IFNa a IFNB). V piipad¢ absence signalizace téchto interferond hrozi ptilisna zanétliva
reakce pii virové infekci nebo pfi o¢kovani zivou oslabenou virovou vakcinou.

Vyuzité funkéni testy byly vyoptimalizovany specialné pro ucely téchto projektd a mohou byt
pfinosem pro diagnostiku dal$ich podobnych ptipadi.
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6. Summary

In this dissertation thesis, we describe the functional characterization of three novel genetic mutations
causing inborn errors of immunity with autoinflammation. We identified and described the character
of each mutation and its consequences in the affected cells; in 2 cases we suggested a targeted
treatment in cooperation with medical practitioners. In the first project, we described a novel mutation
in Toll-like receptor 8 (TLRS ¢.1715G>T) in male twins with immune-mediated anaemia and
inflammation. We determined the effect of ¢./71/5G>T mutation TLR8 as a partial TLR8 protein
deficiency and impairment in TLR7 and TLR8 signalling. Mutant TLR8 inhibited TLR7 activity less
than the healthy TLRS and it cross-reacted with TLR7 ligands, which led to increased NF-«xB activity
and production of proinflammatory cytokines from myeloid cells. In the second project, we described
a novel mutation in Hematopoietic cell kinase (HCK c.1545C>A) in a patient with inflammatory
leukocytic lung and skin infiltration. We determined the effect of ¢./545C>A mutation as HCK
hyperactivity and increased adhesion, migration and pro-inflammatory capacity of myeloid cells
expressing mutant HCK. We suggested the inclusion of both diseases into classification of inborn
errors of immunity with autoinflammation. In the third project, we described a novel mutation in
Interferon alpha receptor (IFNAR1 ¢.922C>T) in a patient with systemic inflammation caused by

a live attenuated MMR vaccine. The mutation introduced a new stop codon in the IFNAR1 protein and
leads to the absence of the IFNARI receptor subunit, therefore the total absence of the interferon type
I. JFNa and IFNB) receptor signalling. Missing IFN type L. signalling increases a risk of an abnormal
inflammatory reaction to a viral infection or to vaccination with a live attenuated vaccine.

All used functional tests were optimized specially for the purposes of these projects and can be

beneficial in diagnostics of the similar cases.
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Abstract

Our study presents a novel germline ¢.1715G>T (p.G572V) mutation in the gene
encoding Toll-like receptor 8 (TLR8) causing an autoimmune and autoinflammatory
disorder in a family with monozygotic male twins, who suffer from severe autoim-
mune hemolytic anemia worsening with infections, and autoinflammation presenting
as fevers, enteritis, arthritis, and CNS vasculitis. The pathogenicity of the mutation
was confirmed by in vitro assays on transfected cell lines and primary cells. The p.
G572V mutation causes impaired stability of the TLR8 protein, cross-reactivity to
TLR7 ligands and reduced ability of TLR8 to attenuate TLR7 signaling. This imbalance
toward TLR7-dependent signaling leads to increased pro-inflammatory responses,
such as nuclear factor-xB (NF-xB) activation and production of pro-inflammatory
cytokines IL-1f, IL-6, and TNFa. This unique TLR8 mutation with partial TLR8 protein
loss and hyperinflammatory phenotype mediated by TLR7 ligands represents a novel
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1 | INTRODUCTION

The innate immune system serves as the first line of defense against
infection. It employs pattern recognition receptors (PRRs) that recog-
nize evolutionarily conserved molecular structures of microorganisms.
Toll-like receptors (TLRs), a family of PRRs, are a group of single-
spanning membrane proteins found on the surface or in endosomes
of immune cells. Defects in TLR signaling pathways described in
IRAK4 or MyD88 deficiencies are associated with bacterial suscepti-
bility and impaired inflammatory responses to infection.! Conversely,
gain-of-function in TLR8 leads to hyperresponsiveness to TLR8
ligands, hyperproduction of inflammatory cytokines, neutropenia and
bone marrow failure.? The phylogenetically related endosomal TLR8
and TLR7 both detect viral and bacterial single-stranded (ss)RNA.%*
TLR8 is predominantly expressed in monocytes/macrophages, mye-
loid dendritic cells (nDCs), and granulocytes, whereas TLR7 in plas-
(pDCs),
macrophages.>® The stimulation of TLRs generally activates NF-xB,
(IFN)

response factors, which subsequently trigger the transcription of

macytoid dendritic  cells B-cells, and monocytes/

mitogen-activated protein-kinases (MAPK), and interferon
inflammatory cytokines, chemokines and costimulatory molecules.®
The signaling pathways downstream of TLR8 and TLR7 vary in differ-
ent cell types. In monocytes, TLR8 activation promotes a strong NF-
xB activation, type | IFN response and the production of Th1 polariz-
ing cytokines, whereas TLR7 preferentially activates MAPK signaling
and the production of Th17 polarizing cytokines. Interestingly, TLR7
inhibits TLR8-mediated type | IFN response.” Consistently, during the
maturation of DCs, TLR8 and TLR7 negatively regulate each other.?
A direct or indirect intraendosomal physical interaction of TLR8 and
TLR7 is suggested to play a role in balancing these inflammatory out-
comes.” Interestingly, because of their high homology, mutations
near the ligand-binding site 1 of TLR8 can increase selectivity to
TLR7-specific ligands.'?

In addition to external pathogens, TLRs respond to endoge-
nous ligands, such as the self-RNA within anti-ribonucleoprotein
autoantibodies that drive systeric lupus erythematosus (SLE)'! or
rheumatoid arthritis’? in mice. Interestingly, overexpression of
human TLR8'® or murine TLR7*1% is sufficient to drive autoim-
mune inflammation in mice; and murine TLR8 deficiency also
leads to autoimmunity and autoinflammation by increasing TLR7-
dependent responses.’®l” Here, we present the first report of
human partial TLR8 protein deficiency combined with TLR8/TLR7
dysregulation underlying severe autoimmune and inflammatory
phenotypes.
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inborn error of immunity with childhood-onset and a good response to TLR7

2 | METHODS

21 | Whole exome sequencing

Sequencing libraries were prepared from DNA isolated from peripheral
blood mononuclear cells (PBMCs) of one of the patients using the Sur-
eSelect Human All Exon Vé6-+UTRs kit (Agilent Technologies, Santa
Clara, CA) and sequenced on the NextSeq 500 Instrument (llumina, San
Diego, CA) according to the manufacturer's instructions. Resulting reads
were aligned to the hg19 human reference genome with BWA.'® Vari-
ant calling was performed with VarScan2'? and samtools,?® and variant
annotation and filtering was done in Ingenuity®™ Variant Analysis
(QIAGEN, Hilden, Germany) with a custom panel of potential candidate
genes. No other potentially pathogenic mutations were identified from
the Whale Exome Sequencing data in neither TLR8, TLR7 nor any other
known primary immunodeficiency (PID)-related genes.?* No pathogenic
variants in the TLR8 gene have been reported in the ClinVar database at
the time of this study. Other patients with TLR8 gene mutations were
identified via the GeneMatcher database,?® and a collaboration that led
to the publication of the gain-of-function cases by Aluri et al? was
established. The gnomAD database reports eight individuals who are
hemizygous for a putative loss-of-function variant without confirmation
of these variant calls or information on their phenotypes.

2.2 | Sanger sequencing

DNA was isolated from PBMCs of both siblings and their parents and
used for PCR amplification of the p.G572 surrounding area of the TLR8
gene using the forward 5'-GCAATGCTCAAGTGTTAAGTGGA and the
reverse 5'-TACCAGGGACTTGCTTTCCAG primers. The expression of
both alleles in mother's cells was confirmed using the cDNA obtained
from sorted monocytes as described below with the forward 5'-GCTC
TTACTGAATTGTCCGACTTG and the reverse 5'-GCAACTCGAGACGA
GGAAACT primers. The amplicons were sequenced using BigDye
Terminator 3.1 Cycle Sequencing Kit (Thermo Fischer Scientific, Wal-
tham, CA) on 3730 DNA Analyzer (Thermo Fischer Scientific) according
to manufacturer's instructions.

23 | Cellsorting

Monocytes were isolated on an FACS Aria Il sorter (BD Biosciences
[BD], San Jose, CA) based on Forward Scatter (FSC), Side Scatter
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(SSC), CD45-Pacific Blue, and CD14-APC (Exbio, Vestec, Czech Republic)
from the peripheral blood of both patients, their mother and healthy con-
trols. T-cell subpopulations were sorted according to FSC, SSC and
TCRup+CD4+CD127+CD25-(non-Treg) (or CD8+) CCR7+CD45RO—
(naive T-cells) TCRap-+CD4+CD127+CD25-(non-Treg) (or CD8+)
CCR7+CD45RO+ (central memory T-cells) TCRap+CD4+CD127+-
CD25-(non-Treg) {or CD8+) CCR7-CD45RO+ (effector memory T-cells),
TCRap-+CD4+CD127+CD25-(non-Treg) (or CD8+) CCR7-CD45RO—
(terminally differentiated T-cells), TCRuaf+CD4-+CD127dim/-CD25+
(Treg), TCRapf+CDB8+CD45RO-CCR7+CD127+CD95+ (stem
memory T-cells), and TCRafj+CD4+CD127+CD25-{non-Treg)CD45RO
+CXCR5+ (follicular helper T-cells) using TCRop-APC, CCR7-PE-Cy7,
and CD8-APC-Alexa Fluor 750 (Beckman Coulter [BC], Miami, FL),
CD4-Alexa Fluor 700 and CD45RO-FITC (Exbio), CD127-PE-CF594,
CD25-PE, and CXCR5-Brilliant Violet (BV) 421 (BD), and PD-1-BVé05,
CD%5-BV510, and HLA-DR-PerCP-Cy5.5 (Biolegend, San Diego, CA).

cell

24 | T-cell receptor p repertoire sequencing

DNA was isolated from the above listed T-cell subpopulations with
the QlAamp DNA Micro Kit (Qiagen) and used for the preparation
of sequencing libraries according to the EuroClonality-NGS working
group protocol for the complete TRB-VJ gene rearrangements.?®
Final libraries were sequenced on the MiSeq instrument (lllumina)
according to the manufacturer's instructions, and the data were
the ARResT/Interrogate Only

clonotypes with productive TRB-VJ rearrangements were selected

analyzed using application.?*
and filtered based on their frequency in all reads obtained from

each sample.

2.5 | TLR8 and TLR7 mRNA quantification

Total RNA was isolated from specific cell populations sorted from
PBMCs using the FACS Aria Il (BD) using the RNeasy Mini Kit
(Qiagen) and transcribed to cDNA by an iScript kit (Bio-Rad, Hercules,
CA). Gene expression levels of TLR7 and TLR8 were determined using
TagMan Gene Expression Assays for TLR7 (Hs00152971_m1), TLR8

(Hs00152972_m1), and the GAPDH (Hs99999905_m1) gene that was
used for normalization; the qPCR reactions were performed on the
Applied Biosystems 7500 Fast Real-Time PCR System (all Thermo
Fisher Scientific). The gene expression was normalized to GAPDH con-
trol gene expression in three healthy donors using the delta-delta Ct
method.

26 | Celllines

HEK293 and HEK293T cell lines were purchased from American Type
Culture Collection (Manassas, VA) and cultured in Dulbecco's Modi-
fied Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics/antimycotics (all from Thermo Fisher
Scientific).

27 | Plasmids

Plasmids encoding the mutant TRL8 (TLR8%*72Y or TLR8"****) were
prepared from the TLR8™T construct (pUNO1-hTLRO8b, NM_138636,
InvivoGen, San Diego, CA) by site-directed mutagenesis (QuikChange™ Il
XL Site-Directed Mutagenesis kit, Agilent Technologies, Santa Clara, CA)
using the primer pairs 5'-TAAATTCTAGATGATGTGTTACGACTG
CTATTCTGAAATAGTGTGAA-3 and 5'-TTCACACTATTTCAGAATA
GCAGTCGTAACACATCATCTAGAATTTA-3' (for TLR8S*"?Y) or 5/'-CAC
TAGCATTATCAAAGGCTAGTCTATTGTTTGTCAAATCC-3' and 5'-GG
ATTTGACAAACAATAGACTAGCCTTTGATAATGCTAGTGCTCTTA-
3 (for TLR8P>*3A), Successful mutagenesis was confirmed by Sanger

sequencing. TLR8P**** served as a negative control.

28 | Cycloheximide chase assay

HEK293 and HEK293T cells were seeded in 6-well plates and trans-
fected 24 h later with 4 pg of TLR8WT or TLR8%72Y plasmid using
Lipofectamine 3000 (Thermo Fisher Scientific) according to the manu-
facturer's protocol. After 48 h, proteosynthesis was inhibited using

50 pg/mL cycloheximide (Sigma Aldrich, Merck). TLR8 protein level

FIGURE 1 TLR8c.1715G>T mutation and partial TLR8 protein deficiency. A pedigree of the family and Sanger sequencing of the DNA (A).
Large frontoparietal hemorrhagic lesions (red arrows) with smaller postischemic lesions in the brain stem and corpus callosum (smaller arrows) (B).
TLR8 dimer from side view (PDB 3W3G16, G572 in red, top), structure of the liganded TLR8 dimer (middle) and detail of the interaction between
G572 (in red) and the ssRNA40 degradation products (bottom)—uridine in ligand binding site 1 and UG dinucleotide in ligand binding site 2, PDB
4R08317 (C).2° Linear diagram of TLR8 containing an N-terminal domain (LRRNT), a leucine-rich repeat (LRR) ligand recognition domain
connected with the Z-loop between LRR 14 and 15, a C-terminal domain (LRRCT), a transmembrane domain anchoring TLR8 to the endosomal
membrane and a Toll/interleukin-1 receptor (TIR) domain for signal transduction. Published mutations in LRR14, LRR15 and LRR18 are depicted
in blue,2 and the novel G572V mutation in LRR18 is in red (D). NF-xB transcriptional activity of TLR8YT- and TLRSC'572V-cuniaining HEK cells
upon TL8-506/CLO75 stimulation (E). Basal TLR8 protein levels (F). Sanger sequencing of the monocyte cDNA (G). The relative expression of
TLR8 mRNA (H). Enhanced degradation of mutant TLR8S72Y protein compared to TLR8™ (I). Data acquired in two (H) and three (E, F, 1)
independent experiments, the results are expressed as the mean + SEM. Histograms show representative data, MFI in numbers, *p < .05,

**p <.005, ****p < .0001 (unpaired t-test). Protein structures visualized using PyMOL 2.3.0

68



Clinical manifestation
Age of onset

Primary manifestation

Chronic AIHA

Coombs testing
Thrombocytopenia
Platelet antibody
Neutropenia

Episodes of pancytopenia
Lymphadenopathy
Hepatosplenomegaly

Gl disease

Lung disease
Mouth sores
Tracheal/larynx sxs

Hypogammaglobulinemia

Infections

Skin and joints

CNS

Therapy (duration)

Corticosteroids

Other immunosuppression
IVIG

Rituximab

1.5 years

Noninfectious cervical lymphadenopathy

with xathogranuloma, acute AIHA
(6 years)

FEITKOVA e1 AL mwl LEY 5
TABLE 1 Genetics and clinical characteristics
Patient Patient A Patient B
Sex Male Male
Current age (years) 11 11
Genetic variant
Chromosome X X
Position (hg19) 12938874 12938874
Gene symbol TLR8 TLR8
Transcript change c.1715G>T c1715G>T
Transcript NM_138636 NM_138636
Protein Change p.G572V p.G572V
Inheritance Inherited from mother Inherited from mother
CADD 25
PolyPhen2 0.999
| =TS 0
PhyloP 6.07
gnomAD AF Not present

7 months

Transient red cell aplasia acute AIHA
(2.5 years)

Yes (positive for anti-red blood cell antibodies, C3d fragments and cold agglutinins)

Positive (high)

Transient during a flare of AIHA
No

No

Yes

Recurrent noninfectious enteritis

No
Mild episodes
URTIs

Often lower IgG (correlating with
CRP—infections)

HHV$, varicella and recurrent shingles,
URTIs, Salmonella enteritis, Clostridium
enterocolitis

Erythema nodosum

No symptoms or MRI findings

Since 6 years continuous PRD 0.2-
2.5 mg/kg/day + methylprednisolone

Azathioprine (3-5 years)

HD-IVIG 2x (7 years) + post rituximab substitution

5 x 375 mg/m? (8 years)

69

No
No
No
No
Yes
Yes

IBD-like disease, biliary obstruction during
hemolysis

No
Mild episodes
URTIs

Often lower IgG (correlating with CRP,
SAA—infections)

URTIs, Salmonella enteritis, shingles

Erythema nodosum, polyarthritis

Multifocal ischemia characterized as SV-
cPACNS with hemorrhagic
transformation of ischemic stroke
(11 years)

Since 6 years continuous PRD 0.3-
2.5 mg/kg/day + methylprednisolone

(Continues)
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TABLE 1 (Continued)

Patient Patient A
mTOR inhibition
NSAIDs

anti-IL-1

Methotrexate
Hydroxychloroquine

Supportive therapy
antihistamines

HSCT
T-cell clonality (highly abundant clones)
Effector memory CD4-+

Effector memory CD8+ CASRDGKEVELFF (6.25%)

200 mg daily (from 12 years)
PPI, vit. D, anti-hypertensive therapy,

Patient B

Sirolimus—target levels of 10 pg/L (from 8 years)

Ibuprofen 1-2x daily (from 10 years)
Anakinra 100 mg daily (from 9 years)
15 mg s.c. weekly (from 10 years)

PPI, TMP/SMX, zolendronate, vit. D,
calcium, anti-hypertensive therapy

MUD-HSCT (11 years)

CSVDTGTVYNEQFF (32.71%)

CASSGLNTEAFF (31.85%);
CSARDRDTEAFF (6.07%)

Note: Characterization of the newly identified variant with selected annotation by VEP and an overview of the clinical course of the disease in both twins,

including the therapies, with their respective start and duration. Expanded T-cell clones exceeding 5% of all sequenced reads in the selected T-cell
subpopulations displayed with their AA CDR3 sequence and their relative abundance.

was detected upon 6, 12, 18, and 24 h inhibition w/wo cycleheximide

using flow cytometry.

29 | Activity of the TLR8%>72Y variant

Human HEK-Blue Nulll cells (InvivoGen) were cultured in DMEM
supplemented with 10% FBS, normocin (50 pg/mL), and zeocin
(100 pg/mL) (all from InvivoGen). NF-kB transcriptional activity was
tested by the QUANTI-BLUE assay (InvivoGen). The HEK-Blue Nulll
cell line was transfected with either TLR8"Y" or TLR8%*7?V (or
TLR8P5434) plasmids by transient transfection (Lipofectamine; Life
Technologies, Thermo Fisher Scientific). Forty-eight hours post-trans-
fection, the cells were seeded in a 96-well plate at a density of 30 000
cells/well and stimulated with 500 ng/mL or 1 pg/mL CL307, 100 ng/
mL or 1 pg/mL CLO75; 10, 25, 50, 100, or 500 ng/mL TL8-506; 5, 10,
or 25 pg/mL imiquimod, 0.1 or 0.5 pg/mL gardiquimod (all from
InvivoGen), and 100, 200, or 500 nM GS-9620 (Vesatolimod, Med-
ChemExpress, Suite Q, Monmouth Junction, NJ) for 24 h. Then, 50 pL
of the supernatant from each well was transferred to a 96-well plate
with 150 pL of QUANTI-Blue solution (InvivoGen). The plate was incu-
bated at 37°C for 1 h, and the secreted embryonic alkaline phospha-
tase (SEAP) levels were determined by reading the plate with a
spectrophotometer at 650 nm. Untransfected HEK-Blue Nulll cells
served as a negative control for TLR8 activation, as these cells are
nonresponsive to TLR8 ligands. Fold-change was calculated by nor-
malizing individual data to the unstimulated O.D. of the untransfected
well. Similarly, Human HEK-Blue TLR7 cells (InvivoGen) were cultured
in DMEM supplemented with 10% FBS, normocin (50 pg/mL),
blasticidin (10 pg/mL), and zeocin (100 ug/mL) (all from InvivoGen).
NF-kB transcriptional activity was tested using the QUANTI-BLUE
assay (InvivoGen). The HEK-Blue TLR7 cell line was transfected by
either TLR8™T or TLR8*”?V plasmids, seeded in a 96-well plate 48 h

70

post-transfection and stimulated with the same ligands and doses as
HEK-Blue Nulll. The plate was incubated at 37°C for 1 h, and SEAP
levels were determined by reading the plate with a spectrophotometer at
650 nm.

210 | Western blotting

Cells were lysed for 30 min on ice in lysis buffer (1% lauryl maltoside
(Calbiochem, Merck), 20 mM Tris (pH 7.5), 100 mM NaCl, 5 mM
iodoacetamide, 50 mM NaF, 1 mM NazVOy, and 2 mM EDTA (all from
Sigma-Aldrich, Merck) containing 100x diluted Protease Inhibitor
Cocktail Set Il (Calbiochem, Merck). The protein concentration was
adjusted to a final concentration of 1 mg/mL using a bicinchoninic acid
assay kit according to the manufacturer's instructions (Thermo Fisher
Scientific). Proteins were separated on SDS-PAGE gels and transferred
to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were
blocked at 8°C overnight in phosphate buffered saline (PBS) containing
7.5% low fat bovine milk and 0.05% Tween 20. Primary antibodies
against TLR8 (clone D3Z6J, Cell Signaling Technologies) and f-actin
(clone AC-74, Sigma-Aldrich, Merck) were used with peroxidase-
conjugated secondary antibodies (Jackson Immunoresearch, West
Grove, PA) and SuperSignal West Pico/Femto Chemiluminescent Sub-
strates (Thermo Fisher Scientific). Signals were detected using a MINI
HD®é scanner (UVITEC, Cambridge, UK) and analyzed with Image) soft-
ware. TLR8 expression levels were normalized to those of f-actin.

211 | Immunophenotyping

Immunophenotyping of lymphocyte subpopulations was performed
using the following antibody-fluorochrome conjugates: CD4-BV510,
IlgM-BV510, CD45RA-BV510, CD27-BV421, CD62L-Bv421, CD8-FITC,
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TABLE 2 Immunological findings

Cell population Patient A Patient B Age-matched reference values

Leukocytes (cells/pL) 14 500 20400 4500-14 500

Lymphocytes (cells/pL) 3720 6793 1300-7500

Neutrophils (cells/pL) 9490 11 444 1900-9700

Monocytes (cells/uL) 980 1958 0-1300

Eosinophils (cells/pL) 10 102 0-1000

Erythrocytes (cells/pL) 2 660 000 3 600 000 4000 000-5 200 000

CD3+ T-cells (% lymphocytes; cells/pL) 84; 3125 86; 5842 60-76; 1200-2600

CD3+ CD4+ T-cells (% lymphocytes; cells/pL) 37;1376 32;2174 31-47; 650-1500

CD3+ CD8+ T-cells (% lymphocytes; cells/plL) 41; 1525 46; 3125 18-35; 370-1100

NK cells (% lymphocytes; cells/pL) 0.8; 29 1.2;82 4-17; 100-480
(CD3-CD16+56+)

Regulatory T-cells (% CD3+ T-cells) 2.29 235 2.29-649
(CD4+CD25+CD127dim to —)

Naive CD4+ (% CD4-+ T-cells) 67 66 46-99
(CD3+CD4-+CD45RA+CD27+)

Central memory CD4+ (% CD4+ T-cells) 31 31 0.35-100
(CD3+CD4+CD45RA-CD27+)

Effector memory CD4 + (% CD4+ T-cells) 1.8 1.6 0.27-18
(CD3+CD4+CD45RA-CD27—)

Terminally diff. CD4 (% CD4+ T-cells) 0.2 0.1 0.0031-1.8
CD3+CD4+CD45RA+CD27—

Th1 (% CD3+4+ T-cells) (CXCR3+CCR6-) 107 164 13.4-255

Th2 (% CD3+4+ T-cells) 0.23 037 0.19-1.33
(CXCR3-CCR6-CCR44-CRTH2+)

Th17 (% CD3+4+ T-cells) (CXCR3-CCR6+) 5.82 5.83 3.53-12

Naive CD8+ (% CD8+ T-cells) 80 83 16-100
(CD3+CD8+CD45RA+CD27+)

Central memory CD8+ (% CD8+ T-cells) 4.1 37 1-6
(CD3+CD8+CD45RA-CD27+)

Effector memory CD8+ (% CD8+ T-cells) 34 2 5-100
(CD3+CD8+CD45RA-CD27—-)

Terminally diff. CD8+ (% CD8+ T-cells) 10 9.5 15-41
(CD3+CD8+CD45RA+CD27-)

% HLA-DR/CD3+CD4+ T-cells 3.4 3 N/A

% HLA-DR/CD3+CD8+ T-cells 8 6 N/A

Double negative CD4-CD8-T-cells (% TCRa cells) 3.9 4.3 <35

CD19+ B-cells (% lymphocytes; cells/pL) 9.6; 357 8.1; 550 13-27; 270-860

Naive (% B-cells) (CD19+CD27-1gD+) 75 61 47.3-77

Transitionals (% B-cells) (CD19+CD27-CD24+ 19 64 4.6-8.3
+CD38++)

Switched memory (% B-cells) (CD19+CD27+IgD—) 8.8 15 10.9-30.4

Marginal zone-like (% B-cells) (CD19+CD27+IgD+) 11 19 5.2-204

Plasmablasts (% B-cells) (CD19+CD27++CD38++) 0.1 11 0.6-5.3

CD21low (% B-cells) (CD19+CD21lowCD38low) 3.6 3.6 2.3-10

pDC (% leukocytes) 0.019 0.012 0.028-0.61

pDC (% DC) 8.18 6.63 959-588

mDC (% leukocytes) 0.16 011 0.057-0.34

mDC (% DC) 69 61.6 8.26-60

(Continues)
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TABLE 2 (Continued)
Cell population Patient A Patient B Age-matched reference values
Immunoglobulins
18G (/1) 7.68 8.27 7.05-119
IgA(g/1) 2.6 2.84 0.79-1.37
1gM (g/1) 53 3.75 047-1.73
Autoantibodies
ANA (IgG, IgM, IgA) Mildly positive in IgG Negative
ENA Negative Negative
ANCA Negative Negative
ds-DNA Negative Negative
RF (IgG) (IU/mL) 31.1 33.6 0-22
RF (IgA) (IU/mL) 6.8 4 0-22
RF (IgM) (IV/mL) >100 >100 0-22
Anti-tropomyosin Positive in titer 1:320 Positive in titer 1:160
Anti-endomysium (1gG, IgA) Negative Negative
ASCA 1gG (U/mL) 15.13 17.93 0-10
ASCA IgA (U/mL) 5021 591 0-10
CIC (arb.units) 187 118 10-46
CRP (mg/L) 15.6 1.8 0-8

Note: Peripheral blood analyses from the time of first admission to the hemato-oncologic department (8 years of age). Bold numbers—values below the

reference limit; Italics numbers—values above the reference limit.

IgD-FITC, CD5-PE, CD28-PerCP-Cy5.5, IgM-PerCP-Cy5.5, IgD-PerCP-
Cy5.5, and HLA-DR-PerCP-Cy5.5 (Biolegend), CD38-FITC, CD16-PE,
CD56-PE, CD4-PerCP-Cy5.5, TCRy8-PE-Cy7, CD3-APC, CD21-APC,
and CD45-APC-H7 (BD), CD19-PE-Cy7, CD24-APC Alexa750, and
CDB8-APC-Alexa750 (BC), CD45RO-FITC and CD31-PE (Exbio), and
CCR7-PE (Miltenyi Biotech, Bergisch Gladbach, Germany). Th1, Th2 and
Th17 cells were determined using CD3-Alexa Fluor 700 (Exbio),
CD8-V500 and CD45RA-APC-H7 (BD), CD4-BV650, CCR7-APC,
CXCR3-PE, CCR6-BV605, CRTH2-FITC, and CCR4-BV421 (BioLegend),
and Tregs using CD3-APC-H7, CD25-PE, and CD127-PE-CF594 (BD),
CD4-Alexa Fluor 700 and CD19-APC (Exbio), and CD14-PE-Cy7 (BC).
The immunophenotype of the DCs was detected using CD45-Pacific
Blue (Dako, Glostrup, Denmark), CD3-FITC, CD16-FITC, CD19-FITC,
CD20-FITC, CD56-FITC, CD14-PE-Dy594, and CD11c-APC (Exbio),
HLA-DR-PE-Cy7 (BD), CD123-PE (Thermo Fisher Scientific), and sub-
populations of monocytes with CDé6¢-FITC, CD13-PE, and CD33-PE-
Cy7 (BC), HLA-DR-PerCP-Cy5.5 and CD11b-BV786 (Biolegend),
CD45-APC-H7, IREM-2 (CD300e)-APC, CD15-V500 (BD), and CD16-
Alexa Fluor 700 and CD14-Pacific Blue (Exbio). Data were collected
with Canto Il, Lyric, Aria Il, or Aria Ill flow cytometers and analyzed
with FlowJo software (BD).

212 | Intracellular staining

Whole blood samples or HEK293/T cells were fixed in 4% formalde-
hyde at room temperature for 10 min, permeabilized in 0.1% Triton X-
100 in a water bath (37°C) for 15 min and frozen to —20°C in 10%
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glycerol in FBS (all from Thermo Fisher Scientific). After thawing, the
samples were washed in PBS. TLR8 expression was detected using
TLR8-PE (clone $16018A, Biolegend) and TLR7 expression was
detected using TLR7-PE antibody (clone 533 707, R&D Systems, Min-
neapolis, MN) in lymphocytes, monocytes, or granulocytes (identified
by FSC, 5SC, CD14-APC-H7 (BD), and CD4-BV421 (Biolegend)) or in
HEK293/T cells. PBMC from patients and HCs were isolated using
a Ficoll-Paque gradient (GE Healthcare, Chicago, IL), resuspended in
RPMI 1640 (Lonza, Basel, Switzerland) complemented with 10%
FBS and antibiotics (Thermo Fisher Scientific) and stimulated using
gardiquimod (0.5 pg/mL), imiquimod (10 pg/mL), TL8-506 (25 ng/
mL), or ssRNA40/LyoVec™ (5 pg/mL, all from InvivoGen). After
5, 15, or 30 min in a water bath (37°C), the cells were fixed in 4%
formaldehyde and permeabilized in 0.1% Triton X-100, and intracel-
lular signaling was detected using anti-phospho-NF-kB p65
(Ser536)-Alexa Fluor 647 or PE (93H1, Cell Signaling Technology,
Danvers, MA, USA) in CD45{CD14{monocytes (CD45-APC-H7
from BD and CD14-PB or PE from Exbio). The data were collected
with an LSR Il or Celesta flow cytometer and analyzed with FlowJo
software (BD).

213 | Extracellular cytokine production

The Human Inflammatory Cytokine Kit (BD) was used for the detec-
tion of IL-1p, IL-8, IL-6, IL-10, and IL-12p70 in supernatants and
patients' and healthy controls' plasma samples according to the

manufacturer's instructions. The samples were acquired using a
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Celesta flow cytometer and analyzed with FlowJo software (BD).
The Human Total IL-18/IL-1F4 Quantikine ELISA Kit (cat. DL180,
R&D Systems), Human IFNy Quantikine ELISA Kit (cat. DIF50, R&D
Systems), and IFN Alpha ELISA Kit (cat. 41110-1, PBL Assay Sci-
ence, Piscataway, NJ) were used for the detection of IL-18, IFNy
and IFN« respectively. The absorbance was measured at 450 nm
and analyzed with a VERSAmax Tunable Microplate Reader with
the appropriate SoftMaxPro software (Molecular Devices, Sunny-
vale, CA).

2.14 | Intracellular cytokine production

Whole blood was withdrawn into ammonium heparin collection tubes
and diluted 1:1 with RPMI 1640 (Lonza) complemented with 10% FBS
and antibiotics (Thermo Fisher Scientific). To test for cytokine expres-
sion in TLR8-positive and TLR8-low monocytes, 100 uL samples were
stimulated using gardiquimod (0.025-0.5 pg/mL), imiquimod (0.025-
10 pg/mlL), GS-9620 (50-1000 nM), ssRNA40/LyoVec™ (0.025-
20 pg/mL), or TL8-506 (1-1000 ng/mL) for 6-8 h in 37°C along with
brefeldin A (50 pg/mL, Sigma Aldrich, Merck). The surface markers
were stained with HLA-DR-BV570 (Biolegend) and CD16-FITC (BC),
the samples were fixed in 4% formaldehyde, permeabilized in
0.1% Triton X-100 and intracellular markers were detected using
CD14-Pacific Blue or CD11c-Pacific Blue, and Lineage (CD3,19,20,56,
CCR3)-FITC (Exbio), CD14-BV711, HLA-DR-BV605, TLR8-PE, IL-
6-PE-Cy7, and IL-1p-Alexa Fluor 647 (Biolegend), and TNFu-Alexa
Fluor 700, CD123-PE-Cy5.5, and CD45-APC-H7 (BD). Data were
collected with an LSR Il flow cytometer and Aurora spectral
cytometer (Cytek Biosciences, Fremont, CA) and analyzed with
FlowJo software (BD).

215 | Statistical analysis
Unpaired t-test for single comparison was used; p-value less than .05

was considered significant.

3 | RESULTS

We report a family with two male monozygotic twins who inherited a
novel missense mutation ¢.1715G>T in the TLR8 gene located on the X
chromosome from their mother (Figure 1A); both siblings developed

severe chronic AIHA with lymphoproliferative and progressive auto-
inflammatory disease. Their disease manifested as corticodependent
AIHA at the age of 6 and 2.5 years (in twin A and B, respectively), refrac-
tory to second (Intravenous Immunoglobulins, IVIG) and third (azathio-
prine) line of therapeutics. The bouts of AIHA were induced by frequent
respiratory and gastrointestinal infections (e.g., salmonellosis) and, even-
tually, also by fevers of unknown origin with elevated laboratory markers
of inflammation. Both twins were referred to hemato-oncologic depart-
ment at the age of 8 years, presenting with marked hepatosplenomegaly
and cervical lymphadenopathy. The AIHA activity was characterized by
high titers of anti-erythrocyte antibodies (IgG in twin A; IgM and IgG
in twin B), C3d complement fragments and cold agglutinins (genetic
characterization, extended clinical features and results of T-cell reper-
toire sequencing are summarized in Table 1, blood analyses in
Table 2). In attempts to control the AIHA, rituximab (4 x 375 mg/mz),
followed by sirolimus were used in both patients, which enabled par-
tial steroid detraction. Twin B, however, continued to suffer attacks
of fever and developed autoinflammatory organ symptoms (poly-
arthritis, IBD-like enteropathy, and erythema nodosum). Anti-IL-1
(Anakinra), and eventually, methotrexate were added to his therapy.
Despite the combined anti-inflammatory treatment, multifocal CNS
vasculitis suddenly manifested with acute hemiparesis and aphasia
due to the CNS hemorrhage at the age of 11 years (Figure 1B). This
life-threatening event prompted the indication of hematopoietic stem
cell transplantation (HSCT) from a matched unrelated donor after a
myeloablative conditioning regimen. The post-transplant course was
complicated by slow immunological reconstitution, reactivation of
cytomegalovirus, adenovirus and EBV requiring prolonged antiviral
therapy and thrombocytopenia corrected by eltrombopag. One year
after HSCT, complete donor chimerism was achieved and no signs of
graft-versus-host disease were present on tapering doses of steroids
and cyclosporine A. Twin A continued to experience attacks of fever
with panniculitis despite combined corticosteroid and sirolimus treat-
ment. Therefore, hydroxychloroquine was added to the therapeutic
regimen, resulting in marked clinical improvement after 1 month,
enabling gradual cessation of corticosteroid therapy. Interestingly, the
patients’ mother has a history of polyarthritis and steroid-sensitive
antiphospholipid syndrome.

TLR8 forms a homodimer that undergoes a conformation change
upon
¢.1715G>T mutation leads to a substitution of glycine with valine at
position 572 (p.G572V) in leucine-rich repeat (LRR) 18 in proximity to
the first ligand-binding site?>"27 (Figure 1C,D) and could, therefore,
affect the TLR8 activity.

ligand binding activating its downstream signaling. The

FIGURE 2 The response of patients' cells to diverse TLR8 ligands. Phosphorylation (p-) of NF-kB p65 (Ser536) in monocytes (A) and
production of pro-inflammatory cytokines from PBMCs upon stimulation with chemical TLR8 ligand TL8-506 (25 ng/mL) (B). Production of
proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) cells upon stimulation with chemical TLR8 ligand TL8-506 (C).
Phosphorylation of NF-xB p65 (Ser536) in monocytes (D) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR8
ligand ssRNA40/Lyovec (5 pg/mL) (E). Production of proinflammatory cytokines from mother's TLR8-low and TLR8-nom (healthy) cells upon
stimulation with TLR8 ligand ssRNA40/Lyovec (F). Data acquired in two (A, B, C, F) and three (D, E) independent experiments, mean + SEM.
Histograms and dot plots show representative data, the gates indicate positivity for respective cytokine according to unstimulated state, MFl in

numbers. *p < .05, **p < .005 (unpaired t-test)
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Once the wild-type TLR8 (TLR8"T) and mutant TLR8 (TLR8S72Y)
were transiently expressed in HEK-Blue TLR7/8-Null cells and stimu-
lated with base analogs TL8-506 and CLO75, TLR8*"*" showed
increased NF-kB transcriptional activity compared to TLR8WT
(Figure 1E). However, TLR8 protein levels were half that of the
healthy controls in the patients' cells (Figure 1F). An unexpected
ohservation was made in the mother, whose cells could be separated
into two populations based on TLR8 protein levels; a higher one
(as controls) and a lower one (as the patients), due to random inactiva-
tion of the X chromosome bearing the ¢.1715G>T mutation
(Figure 1F,G). We speculated that mRNA level or protein stability
could be affected by the mutation. The TLR8 mRNA levels were not
significantly different in sorted monocytes of both twins compared
to healthy controls (Figure 1H). However, upon transient transfection
of TLR8™T and TLR8*? into HEK293/T cells and stopping the
proteosynthesis with cycloheximide, the mutant TLR8S*72 protein was
degraded more rapidly compared to TLR8"T (Figure 11). Intriguingly, var-
ious TLR8 ligands elicited different responses. Chemical compounds,
such as TL8-506 or CLO75, bind only at site 1, enabling strong non-
physiological TLR8 activation.?” Stimulation with TL8-506 increased
phospho- (p-)NFxB and proinflammatory cytokine production in the
patients' peripheral blood mononuclear cells (PBMCs, Figure 2AB) and,
consistently, in the mother's TLR8-low monocytes compared to her
TLR8-norm monocytes (Figure 2C). However, ssRNA40 (which better
mimics viral/bacterial RNA and requires two binding sites to physiologi-
cally activate TLR8%®) did not trigger this hyperactivation (Figure 2D-F).
Moreover, both the patients' and the mother's TLR8-low cells
responded more to TLR7 ligands. We observed increased production of
the proinflammatory cytokines IL-1B, IL-6, and TNFa by the mother's
TLR8-low monocytes (Figure 3A) (similarly by her TLR8-low mDCs,
Figure 3B) as well as enhanced p-NF-xB in the patients’ monocytes
(Figure 3C) and cytokine production in the patients' PBMCs
(Figure 3D). Of note, TLR7 gene, and basal TLR7 mRNA/protein levels
were not affected. This suggests that mutant TLR8®"?Y could impair
the interaction with TLR7%?® and skew the TLR8%>*ZY/TLR7 balance
towards TLR7,” manifesting as a TLR7-dependent autoinflammatory
phenotype. As expected, transient co-expression of TLR8%%72Y
TLR8™T with TLR7 in HEK-Blue TLR8-TLR7+ cells led to attenuation
of TLR7 signaling in TLR8" -transfected cells,”” but not in TLR8%>"2V-

or

transfected cells (Figure 3E). Moreover, TLR8%>"?" cross-reacted to
diverse TLR7 ligands in comparison to TLR8“T in HEK-Blue TLRS-
TLR7- cells (Figure 3F).

The dysregulation of TLR7 and TLR8 is well described in murine
models where TLR8 deficiency causes TLR7-driven autoantibody pro-
duction and glomerulonephritism; structural studies also showed that
TLR8 mutations near ligand hinding site 1 skewed the affinity to TLR7
ligands®; however, little is known about these phenomena in humans. In
this study, the patients presented with a partial TLR8 protein deficiency,
with mutant TLR8%*72Y that did not impair TLR7 signaling and cross-
responded to diverse TLR7 ligands. This imbalance between mutant
TLR8%*7® and TLR7 introduced a bias towards TLR7-dependent pro-
inflammatory signaling. The successful use of hydroxychloroquine in
twin A indirectly supports our findings.

Since TLR8 and TLR7 act in a balance to recognize ssRNA of
external pathogens as well as endogenous ssRNA within immune
complexes,*™? their imbalance may lead to pathological responses to
microbes and drive autoinflammation. Indeed, both twins suffered
from frequent enteritis and fevers and their AIHA worsened with
infections. We found increased levels of multiple pro-inflammatory
cytokines, type | interferons (Figure 3G), and increased counts of pro-
inflammatory nonclassical monocytes®® in their peripheral blood
(Figure 3H).

4 | DISCUSSION

The disparity in the disease severity between twin A and B is intrigu-
ing. It may be explained by different spectrum of pathogens encoun-
tered by the siblings, which may have revealed diverse autoantigens
driving the severity of autoinflammatory phenomena. Interestingly,
the disturbed recognition of autoantigens (self-nucleic acids) by
endosomal TLRs contributes to the pathogenesis of SLE,** which may
present with corresponding clinical features to those of our patients
(AIHA, fevers, arthritis, and CNS vasculitis).*® Both twins also had high
plasma levels of autoantibodies, and increased double-negative
TCRup+CD4-CD8-T-cells (Table 2), which are associated with auto-
immunity. The development of autoimmunity can be intrinsic and/or
extrinsic. Regulatory T-cells could be affected directly by TLR8 muta-

tion®? or indirectly by an inflammatory environment.*?

Moreover, dys-
regulated TLRs can affect the activity of antigen-presenting cells
similar to a murine model of SLE with TLR8 deficiency and thus drive
T-cell proliferation.® Hypothetically, the activated T-cells might also
include autoreactive clones, which would subsequently activate

autoreactive B-cells. Interestingly, both patients presented with

FIGURE 3

Imbalance in activation induced by TLR7 agonists in patients' cells and cellular models, and inflammatory phenotypes in patients’

peripheral blood. Production of proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) monocytes (A) and mDCs (B) upon
stimulation with TLR7 ligands Imiquimod (10 pg/mL) and GS-9620 (Vesatolimod, 500 nM), or TLR7/8 ligand Gardiguimod (0.5 pg/mL).
Phosphorylation of NF-xB p65 (Ser536) in monocytes (C) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR7
ligand Imiquimod (10 pg/mL) (D). Impaired inhibitory effect of mutant TLR8*72 on TLR7 signaling compared to TLR8"". Black asterisks indicate
significance between TLR8™T and mutant TLR8%°72Y; blue asterisks indicate significance between untransfected cells and TLR8" -transfected
cells; comparison between untransfected cells and TLR8%572¥-transfected cells is in red (E). TLR8%*72 gain-of-function upon TLR8 stimulation
(TL8-506) and upon TLR7 stimulation {GS-9620, Imiquimod) (F). Cytokine levels in patients' and controls' peripheral blood plasmas (G). Enriched
nonclassical monocytes (CD45+4-CDé6c-CD13+HLA-DR+IREM-2+CD14dimCD16+) in patients' monocytes pool (H). Data acquired in three

(A, C, D, E, F, G) and two (B, H) independent experiments, mean + SEM. Histograms, dot plots and WB show representative data. *p < .05,

**p <.005, ***p < .0005, ****p < .0001 (unpaired t-test)
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oligoclonality and expanded clonotypes within their effector T-cells
subsets (Table 1). In summary, we show the first human partial TLR8
protein deficiency, which manifests as complex autoimmune and
autoinflammatory phenotypes. The mutation causes TLR8 cross-
reactivity to TLR7 ligands and leads to dysregulation of TLR8 and
TLR7 responses. Finally, we propose the inclusion of partial TLR8 pro-
tein deficiency with TLR8/TLRY dysregulation in the classification of
Inborn Errors of Immunity.
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2 KANDEROVA ET AL

Background: Inborn errors of immunity are genetic disorders
characterized by various degrees of immune dysregulation that
can manifest as immune deficiency, autoimmunity, or
autoinflammation. The routine use of next-generation sequencing
in the clinic has facilitated the identification of an ever-increasing
number of inborn errors of immunity, revealing the roles of
immunologically important genes in human pathologies. However,
despite this progress, treatment is still extremely challenging.
Objective: We sought to report a new monogenic
autoinflammatory disorder caused by a de nove activating
mutation, p.Tyr515*, in hematopoietic cell kinase (HCK). The
disease is characterized by cutaneous vasculitis and chronic
pulmonary inflammation that progresses to fibrosi
Methods: Whole-exome seq ing, Sanger
spectrometry, and western blotting were performed to identify
and characterize the pathogenic HCK mutation. Dysregulation
of mutant HCK was confirmed ex vivo in primary cells and

in vifro in transduced cell lines.

Results: Mutant HCK lacking the C-terminal inhibitory
tyrosine Tyr522 exhibited increased kinase activity and
enhanced myeloid cell priming, migration and effector
functions, such as production of the inflammatory cytokines IL-
1B, IL-6, TL-8, and TNF-«, and production of reactive oxygen
species. These aberrant functions were reflected by
inflammatory leukocyte infiltration of the lungs and skin.
Moreover, an overview of the clinical course of the disease,
including therapies, provides evidence for the therapeutic
efficacy of the Janus kinase 1/2 inhibitor ruxolitinib in
inflammatory lung disease.

Conclusions: We propose HCK-driven pulmonary and
cutaneous vasculitis as a novel autoinflammatory disorder of
inborn errors of immunmity. (J Allergy Clin Immunol

2021;mm m,)

ing, mass

Key words: SRC-family kinase, hematopoietic cell kinase, inborn
error of immunity, pulmonary hemorrhage, cutaneous vasculitis,
autoinflammation, inflammatory cytokines, reactive oxygen species,
ruxolitinib

INTRODUCTION

To minimize the negative side effects of inflammation, immune
cell signal transduction requires precise regulation. Many crucial
leukocyte signaling molecules contain molecular switches that
control their activity and prevent inappropriate proinflammatory
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Abbreviations used

CD: Cluster of differentiation
HCK: Hematopoietic cell kinase
MUT: Mutant

p: Phosphorylated

SFK: SRC-family kinase

Tyr: Tyrosine

WT: Wild-type

signaling from causing tissue damage. In SRC-family kinase
(SFK) members, this switch relies on the C-terminal tyrosine, the
phosphorylation of which promotes acquisition of an auto-
inhibited conformation with downregulation of kinase activity. 1.2
The essential role of the C-terminal tyrosine has been demon-
strated in a murine model in which the inhibitory tyrosine of
the SFK hematopoietic cell kinase (HCK) was substituted with
phenylalanine (Hck"™). These mice exhibited enhanced HCK ac-
tivity, myeloid cell priming, migration, and cytokine production
and spontancously developed lung pathology characterized by
mononuclear and eosinophilic cell infiltration, resulting in pul-
monary inflammation and fibrosis.” Here, we describe the first pa-
tient with a de novo mutation in HCK leading to loss of the
inhibitory tyrosine (Tyr)522 and causing myeloid cell activation;
the patient developed pulmonary inflammation and, in contrast to
murine models, also developed cutaneous vasculitis. Qur findings
enable the translation of the knowledge obtained from the murine
model to human biology, underline the central role of HCK in
proinflammatory processes associated with human lung pathol-
ogy, and shed new light on previous findings demonstrating an as-
sociation of HCK polymorphisms and expression with chronic
obstructive pulmonary disease.”” Moreover, we provide a ratio-
nale for the treatment of pulmonary inflammation with HCK in-
hibitors, which are being developed for cancer therapy.®’
Because these drugs are not approved for clinical use, we sought
alternative therapeutic approaches. Among them, treatment with
the Janus kinase 1/2 inhibitor ruxolitinib was the most beneficial
and partially stabilized the patient’s lung functions.

For detailed methods, please see the Methods section in this ar-
ticle’s Online Repository at www.jacionline.org.

RESULTS AND DISCUSSION
We report a 17-year-old female patient from a healthy family.
Her disease manifested 5 hours after birth, with petechial skin
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FIG 1. Clinical manifestation and the effect of targeted therapy. A and B, Skin involvement on the face and
limbs. C, Skin biopsy showing dermis with perivascular infiltration (arrow) composed mainly of neutrophils
and macrophages and their spread to the interstitium; hematoxylin-eosin, 200 (left). Macrophages in the in-
flammatory infiltrate in dermis (arrows) are positive for total phosphotyrosine (brown). The epithelium shows
weak positivity for total phosphotyrosine; immunchistochemical detection, antibody clone P-Tyr-01, 400x
(right). D, Chest X-ray showing evolving interstitial disease. E, CT scan of the lungs revealing ground-glass
opacities and incipient consolidative changes. Time course of medications (F) before and (G) after identification
of the HCK ¢.1545C>A mutation. H, Lung CT scan showing ground-glass opacities and diffuse interlobular
septal thickening.l, Skininvolvement on the limbs during the second ruxoclitinib administration. BKV, BK virus;
CT,computed tomography; FVC (blue), forced vital capacity (% for the given heightcategory; normal values, 84-
110); Hb {gray), hemaglobin; /P, interstitial pneumonia; MX, Mycobacterium xenopi.
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FIG 2. Identification of the HCK ¢.1545C>A mutation. A, Sanger sequencing confirmation of the heterozy-
gous HCK c.1545C>A mutation. B, (top) Scheme showing the wild-type and mutant p61HCK proteins (adapt-
ed fram Poh et al?) and (bottom) the structure of HCK in the autoinhibited conformation (Protein Data Bank
1AD5") generated using PyMol. C, Mass spectra of p61HCK isolated from leukocytes from the patient (black)
and a healthy control (red). A truncated peptide lacking 12 amino acids, including the inhibitory tyrosine

82



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER mm

lesions on the limbs, cheeks, and neck, which disappeared after
antibiotic treatment. During her infancy, skin lesions recurred
during upper respiratory tract infections and gradually developed
into persistent purpura (Fig 1, A and B). Skin biopsies revealed
vasculitis with perivascular infiltrates composed mainly of neu-
trophils and macrophages, and positivity of macrophages for tyro-
sine phosphorylation (Fig |, C). From 6 months, the patient
experienced recurrent episodes of severe anemia. Hepatospleno-
megaly was first reported at age 21 months. At age 2 years, alve-
olar bleeding was confirmed via bronchoscopy, whereas chest
X-ray and computed tomography scans revealed bilateral lung
parenchymal infiltration (Fig 1, D) and incipient consolidative
changes in both lungs (Fig I, E). Lung biopsy (not shown)
confirmed the occurrence of acute alveolar hemorrhage syndrome
with numerous hemosiderin-laden macrophages, which was asso-
ciated with minor capillaritis, interstitial infiltration of neutro-
phils, and fibrinous exudate within airspaces. Each therapeutic
intervention (Fig 1, ) was followed by only temporary improve-
ment. Moreover, adverse effects of immunosuppression appeared,
including cytomegalovirus pneumonia, obesity, and hyperten-
sion. Persistent alveolar bleeding with recurrent exacerbations
led to severe progression of the patient’s restrictive ventilation
disorder; nocturnal ventilation support with oxygen became
essential. At age 13 years, after exclusion of the interferon signa-
ture, whole-exome and Sanger sequencing revealed an unde-
scribed heterozygous mutation, ¢./545C>A (p.Tyr515%), in the
HCK gene (Fig 2, A),* which was predicted to result in hyperac-
tivation of HCK. No inhibitor specific for HCK is currently clin-
ically available. As an alternative, we resorted to ruxolitinib,
which was effective in treatment of another inflammatory lung
disease.'” Ruxolitinib reduced activation of signal transducer
and activator of transcription 5 in the patient’s cells independently
of HCK, which we used to monitor treatment efficacy (Fig 2, F
and G). Administration of ruxolitinib (Fig 1, G) led to improve-
ment of pulmonary functions and amelioration of skin symptoms.
However, after 3 months of therapy, pulmonary function deterio-
rated. Infection with polyomavirus subtype BK (BK virus) and
with Mycobacterium xenopi was detected in bronchoalveolar
lavage fluid. Ruxolitinib was discontinued. Further deterioration
manifested as interstitial pneumonia. After 1.5 years, when the
moderate restrictive ventilation disorder persisted (lung
computed tomography revealed chronic posthemorrhagic intersti-
tial changes and the onset of fibrosis; Fig 1, H) and the cutaneous
vasculitis was aggravated, ruxolitinib was reintroduced, leading
to repeated stabilization of pulmonary function and mild
improvement of skin lesions (Fig 1, I). Interestingly, the long-
lasting hepatosplenomegaly was resolved. Nevertheless, infec-
tion with M xenopi reappeared after 27 months of therapy, leading
to pulmonary deterioration with all-day oxygen dependence (Fig
1. G), and the patient eventually died from respiratory failure.
The HCK mutation c./545C>A leads to a premature stop codon
(p.Tyr515%) that is predicted to produce a truncated protein lack-
ing 12 amino acids at the C-terminus” (Fig 2, B). Mass
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spectrometry detected both the wild-type (HCK™T) and mutant
HCK (HCKMUT) proteins in the patient’s peripheral blood leuko-
cytes (Fig 2, C). Intriguingly, similar to that in HckFF mice, total
HCK expression was lower in patient cells than in healthy con-
trols due to enhanced degradation of the HCKMYT protein (Fig
2, D and E). HCK function is controlled by phosphorylation of
2 important tyrosines. The activating tyrosine (Tyr411) is located
within the kinase domain, and its autophosphorylation enhances
kinase activity. The inhibitory tyrosine (Tyr522) is located in
the C-terminal tail; upon phosphorylation, it interacts with the
SH2 domain of the same molecule, and this intramolecular inter-
action inhibits kinase acljvityz’x'] 12 (Fig 2, B). In contrast to
HCKY", HCKMYT (which lacks the C-terminal tail including
Tyr522) transiently expressed in HEK293T cells exhibited
increased kinase activity, as detected as hyperphosphorylation
in whole-cell lysates (Fig 3, A) and hyperphosphorylation of the
cotransfected Myc-tagged HCK substrate paxillin similar to find-
ings in Hck™ mice’ (Fig 3, B). Consistent with increased
HCEMYT activity, the patient’s cells showed increased phosphor-
ylation of activating Tyr411 (Fig 3, C). The consequence of
HCKMVT expression on intracellular signaling was further inves-
tigated in monocytic THP-1 (Fig 3, D) and granulocytic HL-60
(Fig 4, A) cells lentivirally transduced with either HCK™ or
HCKMUT, Basal total tyrosine phosphorylation and basal phos-
phorylation of SFK-activating tyrosine (Tyr416) were signifi-
cantly increased in HCKM compared with HCK™T cells (Fig
3, D; Fig 4, A). Moreover, in THP-1 cells, HCKM"T further
enhanced the expression of the myeloid activation markers cluster
of differentiation (CD)40, CD86, and CD14, a marker of mono-
cyte/macrophage differentiation, both at basal levels and upon
stimulation with HCK activators (the infectious agent LPS
[Toll-like receptor 4 ligand] or aggregated 1gG [FeyR ligand])*
(Fig 3, E-G). CD40 was also overexpressed on the patient’s
monocytes (Fig 3, H). In HL-60-derived neutrophils, HCKMYT
drove both spontancous and TNF-a— or live Escherichia coli—
induced hyperproduction of reactive oxygen species (Fig 4, B),
reminiscent of excessive TNF-a—induced superoxide production
in Hek™ mice.” In human cell lines and in murine models, HCK
has been shown to regulate integrin expression and integrin-
dependent processes, such as adhesion, migration, and degranula-
tion,""" as well as LPS-induced inflammatory cytokine and
chemokine secretion and myeloid cell migration into the
lungs.“'x ‘We hypothesized that hyperactive HCKMY" induced
chemotaxis and inflammatory cytokine production, which may
have ultimately resulted in the lung infiltration and inflammation
observed in the patient. Indeed, HCKMYT cells showed increased
expression of the B2 integrin family molecules CD11a, CDI11b,
CD11c, and CD18 both at basal levels (Fig 5, A) and on Toll-
like receptor 4 or FeyR stimulation (Fig 5, B and C). They also
exhibited increased adhesion to the ligand intercellular adhesion
molecule-1 (Fig 5, D), which is naturally expressed on the endo-
thelium."” Interestingly, the B2 integrin CD11b/CD18 was over-
expressed in the patient’s cells compared with healthy controls,
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(right), was detected only in the patient. D, HCK expression in PBMCs. E, Enhanced degradation of HC

KMUT

protein compared with HCK™T protein in cycloheximide (CHX)-treated THP-1 cells. F, Phosphorylation of
STATS (Tyr694) in leukocytes and its inhibition by ruxolitinib ex vivo. The mean fluorescence intensity
(MFI) values are presented as numbers. G, Ex vivo effects of ruxolitinib and the SRC inhibitor dasatinib
on activating tyrosine phosphorylation of HCK in the patient’'s PBMCs. The HCK signal intensities were
normalized to those of beta-actin, and the data were acquired in 3 independent experiments (Fig 2, E).
BC, Buccal swab; Ctrl, control; n.s., not significant; STATS5, signal transducer and activator of transcription.

##P < 005 {unpaired t test).
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FIG 3. Activity of HCKMYT with p.Tyr515*. Tyrosine phosphorylation of whole-cell lysates (A) and phosphor-
ylation of the cotransfected c-Myc-tagged substrate of HCK, paxillin {B), in HEK293FT cells transiently ex-
pressing HCKMYT and HCK™T. Expression and phosphorylation of HCK in the patient’s PBMCs (C). HCK
expression (top) and tyrosine phosphorylation/SFK-activating tyrosine 416 phosphorylation (bottom) in
whole-cell lysates of THP-1 cells stably expressing HCKMYT and HCKT or nontransduced (empty) cells
(D). CD40, CD86, and CD14 expression at basal levels (E) and upon TLR4 or FcyR stimulation (F and G) in
THP-1 cells stably expressing HCKMUT and HCK™T. CD40 and CD86 on the patient’s monocytes (H). Western
blots (WBs) and histograms showing representative data. The WB signal intensities were normalized to
those of HCK and GAPDH (Fig 3, A); HCK, GAPDH, and c-Myc (Fig 3, B, HCK (Fig 3, €); and beta-actin (Fig
3, D). Ctrl, Control; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; MFI, median fluorescence inten-
sity; Stim, stimulated; unstim, unstimulated; TLR, Toll-like receptor. The data were acquired in 3 to 4 inde-
pendent experiments and are expressed as the mean = SEM. *P < .05, **P < .005 (unpaired ¢ test).
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FIG 4. A, Inflammatory phenotype of p.Tyr515* HCK-expressing granulocytic cells. HCK expression (top),
and tyrosine phosphorylation and SFK-activating tyrosine 416 phosphorylation (bottom) in whole-cell ly-
sates of HL-60 cells stably expressing HCKMYT and HCK™™ or nontransduced (empty) cells. B, Production

of reactive oxygen species (ROS) from neutrophil-differentiated HL-60 cells stably expressing HC

KMUT

and HCK™" or nontransduced (empty) cells. Western blot results (signal intensities normalized to those
of beta-actin), line charts, and histograms showing representative data. The data were acquired in 2 inde-
pendent experiments and are expressed as the mean £ SEM. MF/, Median intensity fluorescence; n.s.,
not significant; PMA, phorbol 12-myristate 13-acetate; Unstim, unstimulated. **P <.005, ***P < .0005 (un-

paired t test).

which is similar to that noted for the case with chronic obstructive
pulmonary disease and HCK overexpression"' (Fig 5, E). Further-
more, we observed enhanced chemotaxis and transendothelial
migration of LPS-activated HCKMYT cells toward IL-8 and
monocyte chemoalttractant protein-1, which was consistent with
the enhanced LPS-induced migration of neutrophils in Hek™"
mice” (Fig 5, F and G). Finally, LPS-activated HCK™YT cells pro-
duced more inflammatory cytokines IL-1(, IL-6, and TNF-« than
HCK™ cells (Fig 5, H); interestingly, production of IL-6, TNF-a,
and the chemotactic factor IL-8 was enhanced by coculture on the
endothelial layer (Fig 5, 'and J). Increased IL-6 and IL-8 levels
were also detected in the patient’s peripheral blood plasma
(Fig 5, K).

Collectively, the myeloid cell infiltration of the lungs and skin
and the in vitro—demonstrated gain-of-function HCK mutation

suggest that HCKM"T-driven activation of myeloid cells and
their excessive migratory and inflammatory capacity induces
chronic inflammation of the skin, lungs, liver, and spleen and
causes progression of the main clinical symptoms: cutaneous
vasculitis, pulmonary inflammation, and hepatosplenomegaly
with subsequent anemia. The severe inflammatory phenotype
manifests in a heterozygous state in the patient, which differs
from the homozygous state of Hck'™ mice.” Nevertheless, sple-
nocytes from homozygous Hek™" and heterozygous Hek™
mice’ show similar increases in activating Hck tyrosine phos-
phorylation (Fig 5, L), suggesting that even a single mutant
allele can cause similar dysregulation at the level of the total
Hck pool as observed for homozygosity. However, the pheno-
type of Hek™Y mice has not been completely investigated to
date.
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FIG 5. Promigratory and proinflammatory phenotype of p.Tyrb156* HCK-expressing monocytic cells.
Expression of the B2 integrins CD11a, CD11b, CD11c, and CD18 in THP-1 cells stably expressing HCK™T
and HCK™T at basal levels (A) and upan stimulation via TLR4 (B) or FcyR (C). Increased affinity of these cells
for ICAM-I (D). Beta 2 integrin CD11b/CD18 expressed on monocytes from the patient (n = 6) and healthy
controls (n = 5, E). Chemotaxis and transendothelial migration in LPS-activated THP-1 HCKMYT and THP-
1 HCKWT cells {F and G). Intracellular detection of cytokines in LPS-activated THP-1 HCKMYT and THP-1
HCK™T cells (H). Production of cytokines and chemokines by LPS-activated THP-1 HCKMYT and THP-1 HCKW™
cells cultured on human pulmonary artery endothelial cells (I) or human umbilical vein endothelial cells (J)
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Given that HCK is primarily a hematopoietic molecule,’ he-
matopoietic stem cell transplantation represents a plausible treat-
ment for the disease. Unfortunately, because of the late definitive
diagnosis, the patient’s clinical condition precluded her from un-
dergoing hematopoietic stem cell transplantation. Ruxolitinib
partially suppressed the proinflammatory features of the disease,
improved the pulmonary function, ameliorated hepatosplenome-
galy, and slightly ameliorated the cutancous vasculitis. Our data
provide evidence for effective off-label treatment of lung inflam-
mation with ruxolitinib. This finding may be helpful for the treat-
ment of other lung pathologies as suggested for a case of juvenile
idiopathic arthritis associated with lung pathulogy20 or for short-
term treatment of coronavirus disease 2019.”! Nevertheless, from
a long-term perspective, it is essential to balance the control of
autoinflammation and the development of infection.” ™

In summary, our study demonstrates a critical role for HCK in
inflammation control in humans, identifies early-onset pulmonary
and cutaneous vasculitis due to hyperactivation of HCK as a novel
autoinflammatory disorder,” encourages the continuation of ef-
forts to develop drugs targeting HCK,”’ and suggests their poten-
tial application in the treatment of lung pathologies.

‘We dedicate this study to the patient. The study was cacried out in
accordance with the recommendations of the 2nd Faculty of Medicine Ethics
Committee Guidelines and the Declaration of Helsinki. We are especially
grateful to the patient and her family for providing consent for all activities
associated with research of the disease and publication of the results. We also
thank Vojtech Zak Leischner for providing icons, which we adapted for our

grin-ligand binding, chemotaxis, and reactive oxygen spe-

cies and cytokine production in human myeloid cells. The corre-
sponding disease is characterized by inflammatory skin and
lung infiltration.
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METHODS
DNA and RNA isolation, whole-exome, amplicon,
and Sanger sequencing

DNA was extracted from whole blood using an AutoGen Flex STAR
(AutoGen, Holliston, Mass) according to the manufacturer’s instructions.
DNA libraries for next-generation sequencing were prepared with a Sure-
Select Focused Exome Enrichment Kit (Agilent, Santa Clara, Calif) for the
proband and her parents, and sequencing was performed in a HiSeq 2500
System (Illumina, San Diego, Calif). Next-generation sequencing reads were
aligned to the human reference genome (GRCh37) with Burrows-Wheeler
Aligner”' and processed via an in-house—developed pipeline according to the
Genome Analysis Tool Kit'™ best practice guidelines, Variants were annotated
and filtered with Illumina VariantStudio software 3.0 (Illumina), and trio anal-
ysis was performed to evaluate the parental origin of particular variants. Poten-
tial causal variants were evaluated on the basis of patient’s phenotype,
previously published observations, the population frequency of the variants
(ExAC). and the impact of the variants as predicted in silico. HCK
¢.1545C>A variant was not previously reported in the gnomAD or ENSEMBL
databases and was predicted to be damaging. No other rare pathogenic or
likely pathogenic variants were identified in genes connected with inborn er-
rors of imml.m‘ny.r1 Sanger sequencing was performed in an AB3130x] Ge-
netic Analyzer (Thermo Fisher Scientific, Waltham, Mass) to confirm
segregation of the identified variant in the DNA of the proband and her parents
as well as in DNA isolated from the proband’s buccal swab to exclude mosa-
icism in cells of hematopoietic origin. RNA was isolated from PBMCs using
TRIzol (Thermo Fisher Scientific), and cDNA was transcribed using iScript
Supermix (Bio-Rad, Hercules, Calif). A specific forward primer (5'-
GATCCCTTACCCAGGGATGTC) spanning the exon 13-14 junction and
reverse primer (5'-TCATGGCTGCTGTTGGTACTG) with barcoded
adapters based on the TruSight Amplicon Panels sequence (Illumina) were
used for PCR library preparation from the ¢cDNA and amplicon sequencing
to confirm the expression of both the wild-type and mutant alleles/mRNAs
in the proband’s PBMCs (not shown).

HCK immunoprecipitation and SDS-PAGE

Lysates were prepared from the patient’s peripheral blood cells (treated w/
wo | pM dasatinib; Selleckchem, Houston, Tex; 30 minutes, 37°C) and
healthy donors’ peripheral blood cells as previously described.” The protein
concentration was adjusted to a final concentration of 1 mg/mL using a BCA
kit according to the manufacturer’s instructions (Thermo Fisher). The anti-
HCK antibody (E1I7F, Cell Signaling Technologies, Danvers, Mass) was
added to the cell lysates at a final concentration of 1 pg/mL, and the lysates
were incubated with rotation for 2 hours at 4°C. Next, G protein—coupled Se-
pharose beads (GE Healthcare, Uppsala, Sweden) were added, and the sam-
ples were incubated on a carousel overnight at 4°C. The samples were
washed 3 times in PBS supplemented with 0.05% Tween 20, the supernatants
were discarded, and the pellets were heated in reducing Laemmli sample
buffer (Sigma-Aldrich, Merck, Darmstadt, Germany) for 5 minutes at 98°C.
The samples were centrifuged, and the supernatants were separated on
BOLT 4-12% Bis-Tris Plus gels (Thermo Fisher). Gels were prefixed in a so-
lution containing 50% methanol, 10% acetic acid (both from Sigma-Aldrich,
Merck), and 40% distilled water for 30 minutes at room temperature and
stained in the above solution supplemented with 0.25% Coomassie Blue R-
250 (Thermo Fisher) for 4 hours at room temperature until a uniform blue co-
lor was attained. Destaining was performed in 5% methanol, 7.5% acetic acid,
and 87.5% distilled water for 24 hours until a transparent background was
attained.

Mass spectrometry analysis

Protein bands were excised from the gel, cut into small pieces, and
decolorized several times in a sonic bath at 60°C with 0.1 mol/L
4-ethylmorpholine acetate (pH 8.1) in 50% acetonitrile (ACN). After com-
plete destaining, proteins were reduced with 50 mM tris(2-carboxyethyl)phos-
phine in 0.1 mol/L 4-ethylmorpholine acetate (pH 8.1) for 5 minutes at 80°C
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and alkylated with 50 mM iodoacetamide in 0.1 mol/L 4-ethylmorpholine ac-
etate (pH 8.1) for 30 minutes in the dark at room temperature. Then, the gel
was washed with water and ACN and was partially dried using a SpeedVac
concentrator (Savant, Holbrook, NY). Finally, the gel was reconstituted
with cleavage buffer containing 0.01% 2-mercaptoethanol, 0.05 mol/L 4-
ethylmorpholine acetate (pH 8.1), 10% ACN, and sequencing grade trypsin
(Promega, 10 ng/pL). Digestion was carried out overnight at 37°C, and the re-
sulting peptides were extracted with 30% ACN/0.1% trifluoroacetic acid and
analyzed by mass spectrometry. Mass spectra were acquired in positive ion
mode in a MALDI-FTMS solariX (Bruker Daltonics, Bremen, Germany)
equipped with a 15 T superconducting magnet and SmartBeam laser. The
acquisition mass range was m/z 250-4000, and 2 million data points were
collected. The instrument was externally calibrated using the PepMix II pep-
tide standard (Bruker Daltonics, Bremen, Germany), which results in a typical
mass accuracy of less than 2 ppm. A saturated solution of a-cyano-4-hydroxy-
cinnamic acid in 50% ACN/0.2% trifluoroacetic acid was used as the MALDI
matrix. A 1 pL aliquot of the matrix solution was mixed on the target with 1
wL of the sample. and the droplet was allowed to dry at ambient temperature.
After analysis, mass spectra were apodized using sine apodization with one
zero fill. Mass spectra were interpreted using the DataAnalysis version 4.4
and BioTools 3.2 software packages (Bruker Daltonics, Billerica, Mass). Pro-
teins were identified by peptide mass fingerprinting using the search algorithm
MASCOT (Matrix Science). The mass error tolerance was set to 2 ppm, and
carbamidomethylation of cysteine and oxidation of methionine were selected
as the fixed and variable modifications, respectively. Mass data were searched
against the human SwissProt database.

Cell lines

THP-1 and HL-60 cells were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ) and cultured in Roswell Park
Memorial Institute 1640 medium (RPMI 1640; Lonza, Basel, Switzerland)
and Iscove’s modified Dulbecco’s medium (Lonza), respectively, at 37°C in
5% CO,. HEK293FT cells (obtained from Invitrogen, Thermo Fisher) were
cultured in Dulbecco’s modified Eagle's medium (Thermo Fisher) at 37°C
in 3% CO,. All media were supplemented with 10% FBS and antibiotics
(Thermo Fisher). Human umbilical vein endothelial cells were obtained
from the American Type Culture Collection, and human pulmonary artery
endothelial cells were obtained from Sigma-Aldrich, Merck. Both types of
endothelial cells were cultured in endothelial cell growth medium (Cell appli-
cations, Sigma-Aldrich, Merck).

DNA construct generation, transfection, and
transduction

Generation of the pHIV-huHCKwt-IRES-EGFP and
pHIV-huHCKmut-IRES-EGFP  constructs. The coding
sequence of human HCK was amplified by PCR from ¢cDNA prepared by
reverse transcription (RevertAid, Fermentas, Thermo Fisher) of RNA from
peripheral blood cells. PCR products obtained with the forward primer 5'-
ATAGTTAACGGAGCACATCAGAGGCTTAGAGG and the reverse primer
5"-ATAAGATCTTCATGGCTGCTGTTGGTACTGGC were digested with the
restriction enzymes Hpal and BglIl and were then ligated into the Hpal- and
BamHI-digested pHIV-EGFP lentiviral vector (Addgene plasmid no. 21373).

Generation of the MSCV-Paxillin-Myc_Tag, MSCV-
huHCKwt-IRES-Thy1.1, and MSCV-huHCKmut-IRES-
Thy1.1 constructs. The coding sequences of utCKwt and huHCK-
mut were amplified by PCR from ¢DNA prepared by reverse transcription
(RevertAid, Fermentas, Thermo Fisher) of RNA from the patient’s or healthy
donor’s peripheral blood cells using the HCK forward primer 5°-ATACTC-
GAGGCCACCATGGGGTGCATGAAGTCCAAGTTCC for both WT and
mutant HCK and the reverse primer 5’-ATAGAATTCTCATGGCTGCT
GTTGGTACTGGC for WT HCK or 5’ -ATAGAATTC TTAGAAGTCATC-
CAGCACACTCTGG for mutant HCK. The paxillin-Myc sequence was
amplified by PCR using a 2-step procedure. In the first step, the forward primer
5"-AAGCTGATCTCAGAGGAGGACCTGGACGACCTCGACGCCCTGC
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and the reverse primer 5°-TATGAATTCCTAGCAGAAGAGCTTGAG-
GAAGCAG were used. The product was purified and subjected to further
amplification with the forward primer 5-ATACTCGAGGCCACCATG-
GAGCAGAAGCTGATCTCAGAGGAG and the same reverse primer used
in the first step. All PCR products were digested with the restriction enzymes
Xhol and EcoRI and subsequently ligated into the MSCV-IRES-Thyl.1
retroviral vector'” (Clontech, Mountain View, Calif).

Retrovirus preparation and infection. HEK293FT cells
were plated in 8 mL of Dulbecco’s modified Eagle’s medium supplemented
with 2% FBS in a 10-cm dish and transfected with 2 mL of reduced-serum
Opti-MEM medium (Invitrogen, Thermo Fisher) containing 60 pg of linear
polyethylenimine (MW 25.000, Polysciences, Asia Pacific), 6 wg of pHIV-
EGFP (containing WT or mutant HCK), 6 g of pLP1. 6 g of pLP2, and 6
pg of pLP/VSVG plasmid (Invitrogen, Thermo Fisher). Virus-containing su-
pernatant was collected, concentrated with Amicon Ultra centrifugal filters
with a molecular weight cutoff of 100 kDa (Merck). and frozen or used imme-
diately for infection of cells. THP-1 or HL-60 cells were centrifuged with
concentrated virus supplemented with polybrene (4 wg/mL; Sigma-Aldrich,
Merck) at 1250g for 90 minutes at 30°C and were then incubated for another
8 hours at 37°C in a humidified incubator with 5% COs. Infected cells were
sorted on the basis of EGFP reporter fluorescence in a FACS Influx (BD Bio-
sciences, San Jose, Calif).

Kinase activity assay. For ccll-based kinase activity assays, we
adapted a previously described procedure.”® HEK293FT cells were
transfected with MSCV-huHCKwt-IRES-Thy1.1, MSCV-huHCKmut-IRES-
Thy .1, or empty vector, alone or in combination with the MSCV-Paxillin-
Myc construct, using Lipofectamine 2000 (Life Technologies, Thermo Fisher)
according to the manufacturer’s instructions. After 48 hours, the cells were
washed, resuspended in PBS, lysed in SDS-PAGE sample buffer, and sub-
jected to sonication and heating (97°C for 2 minutes). The samples were
analyzed by immunoblotting with antiphosphotyrosine (clone 4G10, Upstate
Biotechnology, Thermo Fisher) and control antibodies (anti-HCK [clone
EII7F, Cell Signaling Technologies] and anti-GAPDH [polyclonal, Sigma-
Aldrich, Merck]). For immunoprecipitation assays, HEK293FT cells
cotransfected with MSCV-huHCKwt-IRES-Thy1.1 or MSCV-huHCKmut-
IRES-Thyl.1 and MSCV-Paxillin-Myc were washed with PBS and lysed for
30 minutes on ice in lysis buffer (1% lauryl maltoside [Calbiochem, Merck],
20 mM Tris [pH 7.5], 100 mM NaCl, 5 mM iodoacetamide, 50 mM NaF, | mM
NazVOy, and 2 mM EDTA [all from Sigma-Aldrich, Merck] containing 100
diluted Protease Inhibitor Cocktail Set I11 [Calbiochem, Merck]). Postnuclear
supernatants were subjected to immunoprecipitation with an anti-Myc anti-
body (clone 9B11, Cell Signaling Technologies) and Protein A/G Plus agarose
beads (Santa Cruz Biotechnology, Dallas, Tex) and were then immunoblotted
with antiphosphotyrosine and control (anti-HCK and anti-GAPDH) anti-
bodies. Immunoreactions were detected by luminol-enhanced chemilumines-
cence and visualized in an Azure C300 imaging system. Band densities were
quantified with Aida Image Analyzer v.5 software (Elysia, Angleur, Belgium).
Expression levels were normalized to those of HCK and GAPDH.

Western blotting. Cells were lysed as previously described,”™ and
the protein concentration was adjusted to a final concentration of 1 mg/mL us-
ing a BCA kit according to the manufacturer’s instructions (Thermo Fisher).
Proteins were separated on SDS-PAGE gels and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, Calif). Membranes were blocked at 8°C over-
night in PBS containing 7.5% low-fat bovine milk and 0.05% Tween 20. Pri-
mary antibodies against phosphotyrosine (clone P-Tyr-01, Exbio, Vestec,
Czech Republic), beta-actin (clone AC-74, Sigma-Aldrich, Merck),
phospho-SRC (Tyr416, polyclonal), and HCK (clone E1I7F, both from Cell
Signaling Technologies) were used with peroxidase-conjugated secondary an-
tibodies (Jackson Immunoresearch, West Grove, Pa) and SuperSignal West
Pico/Femto Chemiluminescent Substrates (Thermo Fisher). Signals were de-
tected in a MINI HD6 scanner (UVITEC, Cambridge, UK) or a C-DiGit Blot
Scanner (LI-COR Biosciences, Lincoln, Neb) and analyzed with ImagelJ soft-
ware. Expression levels were normalized to those of HCK and beta-actin. Pro-
tein lysates from spleens of C37BL6 WT, Hek™™, and Hek™F mice™ were
prepared as previously described and resolved on 10% SDS-polyacrylamide
gc]s.“ Following dry transfer, PYDF membranes were blocked for 1 hour
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in Intercept Blocking Bulffer (LI-COR Biosciences) and incubated overnight
in phosphorylated HCK antibody (polyclonal #61055, Abcam, Cambridge,
UK) or total HCK antibody (polyclonal #N-30, Santa Cruz) at 4°C. The
next day, blots were incubated with fluorescent-conjugated secondary anti-
bodies (Vector Laboratories, Burlingame, Calif) for 1 hour. Signals were de-
tected using the Odyssey Infrared Imaging System (LI-COR Biosciences).
Beta-actin was used as a loading control.

Cycloheximide chase assay. A proteosynthesis was inhibited
using 50 pg/mL cycloheximide (Sigma-Aldrich, Merck) in lentivirally trans-
duced THP-1 cells containing the wild-type HCK or the mutant HCK as
described above. HCK and beta-actin protein levels were detected on 4-, 8-,
and 24-hour inhibition w/wo cycloheximide using western blotting.

Immunophenotyping. Antibodies against the following mole-
cules were used to detect the expression of integrins in the tested cell lines:
CD11b-PE (clone ICRF44) and CD11¢-PE (clone S-HCL-3, both from BD
Biosciences): CDI1la-APC (clone MEM-25), CDIlb-activation epitope
(clone CBRM1/5) and CDI8-APC (clone MEM-48, all from Exbio); Fc
receplors—CD16-PE (clone LNK16, Exbio), CD64-PE-Cy7 (clone 22,
Beckman Coulter, Miami, Fla), and CD32-APC (clone FLI8.26, BD Bio-
sciences); and other activation and differentiation markers—CD40-PE (clone
HI40a), CDE6-APC (clone BU63), and CD14-Pacific Blue (clone MEM-15,
all from Exbio). Samples were evaluated in LSR II and Celesta flow
cytometers and analyzed using FlowJo software (BD Biosciences).

Single-cell phospho-flow cytometry. Detection of intracel-
lular phosphorylated markers was performed as previously described."” Sam-
ples of whole peripheral blood (100 pL; treated w/wo 1 uM ruxolitinib
|Selleckchem]; 30 minutes, 37°C) were fixed with 4% formaldehyde (Thermo
Fisher) for 10 minutes at 25°C. Erythrocytes were lysed in 0.1% Triton X-100
(diluted in Ca**-and Mgzv-l‘mt PBS, Lonza) for 15 minutes at 37°C, and leu-
kocytes were permeabilized with 80% ice-cold methanol on ice for 30 mi-
nutes. Cell subsets were discriminated using anti-CD45-APC-H7 (clone
2D1, BD Biosciences), anti-CD14-Brilliant Violet 605 (clone 63D3, Bio-
legend), anti-CD3-PerCP-Cy5.5 (clone UCHTI1, Exbio), and anti-—CD19-
PE-Cy7 (clone J3-119, Beckman Coulter) antibodies, and intracellular signals
were detected using anti-phospho-STATS5(Tyr694)-PE or anti—phospho-
STAT5(Tyr694)-PerCP-Cy5.5 (clone 47/Stat5(pY694)), anti-Erk1/2(pT202/
pY204)-Brilliant Violet 421 (clone 20A), anti-phospho-STATI(Tyr701)-
Alexa Fluor 647 (clone 4a), and anti-phospho-STAT3(Tyr705)-Alexa Fluor
488 (clone 4/P-STAT3) antibodies (all from BD Biosciences). Samples were
evaluated in an LSR Il cytometer and analyzed with FlowJo software (BD Bio-
sciences). For the second monitoring of ruxolitinib efficiency, whole blood
was stimulated with recombinant human IFN-a 1 protein (IFN-c, Active,
0.5 pg/mL, Abcam, Cambridge, UK) for 15 minutes at 37°C.

Ligand-complex--based adhesion assay. THP-1 cells
were prestimulated with 1 pg/mL LPS (Sigma-Aldrich, Merck) for 6 hours,
the stimulant was removed by washing, and the cells were cultured for an addi-
tional 48 hours. Binding of CD11b/CD18 (o its ligand intercellular adhesion
molecule-1 (ICAM-1) and binding of CD49d/CD29 to its ligand vascular
cell adhesion molecule 1 (VCAM-1) was assessed using a ligand-complex—
based adhesion assay as previously described."'? Cells were seeded in 96-
well plates at a concentration of 3 X 10° cells/mL. ICAM-1/Fc or VCAM-
1/Fe (6.25 p of 100 pg/mL ICAM-1/Fc or VCAM-1/Fc) was incubated
with 2 pL. of R-PE—conjugated AffiniPure F(ab), fragment goat antihuman
IgG for 30 minutes at 4°C. ICAM-1/Fe-F(ab)2-R-PE or VCAM-1/Fc-F(ab)
2-R-PE complexes (8.25 pL) were added to 41.65 pL of cell suspension
(125 % 10° cells). After 30 minutes at 4°C, 50 pL of the suspension was trans-
ferred into flow cytometry tubes with 500 pL of warm (37°C) 4% formalde-
hyde. After 5 minutes, fixation was terminated by the addition of ice-cold
PBS (3 mL). Samples were washed, evaluated in an LSR II flow cytometer,
and analyzed using FlowJo software (BD Biosciences).

Chemotaxis and transendothelial migration assays.
THP-1 cells were prestimulated with 1 pg/mL LPS (Sigma-Aldrich, Merck)
for 6 hours, the stimulant was removed by washing, and the cells were cultured
for an additional 48 hours. Two hundred microliters of LPS-primed THP-1
cells in serum-free RPMI 1640 (concentration 1 X 100 cells/mL) were seeded
in the upper chamber of a transwell insert (24-well, 3 wm pore size; Corning,
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NY). Monocyte chemoattractant protein-1 (20 ng/mL) in combination with
IL-8 (10 ng/mL) (both from Sigma-Aldrich, Merck) diluted in 600 pL of
serum-free RPMI 1640 was added to the lower chamber. For the transendothe-
lial migration assay, transwell inserts were preincubated overnight with
10,000 human umbilical vein endothelial cells per well. The THP-1 cells
were then allowed to migrate for 4.5 hours. The number of GFP™" cells that
migrated across the membrane into the lower chamber was counted using
an LSR II flow cytometer.

Intracellular cytokine production assay. THP-1 cells were
prestimulated with 1 pg/mL LPS (Sigma-Aldrich, Merck) for 6 hours, the
stimulant was removed by washing, and the cells were cultured for an addi-
tional 48 hours. Five hours before culture was terminated, brefeldin
A (Sigma-Aldrich, Merck: 10 pg/mL) was added to the cells. Finally. the cells
were fixed and permeabilized with FACS lysing solution/FACS Perm 2 (BD
Biosciences) according to the manufacturer’s instructions. Anti-IL-1p-Alexa
Fluor 647, anti—IL-6-PE-Cy7. and anti-TNF-a-Alexa Fluor 700 antibodies
(all from Biolegend. San Diego, Calif) were used to stain intracellular cyto-
kines. The samples were evaluated in an LSR IT flow cytometer and analyzed
using FlowJo software (BD Biosciences).

Extracellular cytokine production assay. THP-1 cells were
prestimulated with 1 pg/mL LPS (Sigma-Aldrich Merck) for 6 hours, the
stimulant was removed by washing, and the cells were cultured for an addi-
tional 48 hours. Subsequently, 2 X 10° cells were added to each well contain-
ing a monolayer of confluent human umbilical vein endothelial cells or human
pulmonary artery endothelial cells in a 24-well tissue culture plate and incu-
bated for 24 or 72 hours. The supernatants were harvested, and the levels of
cytokines (TNF-« or IL-1pB, IL-8, IL-6, IL-10, IL-12p70, and TNF-a) were
measured via ELISA (TNF-a, Thermo Fisher) or a Cytometric Bead Array
(Human Inflammatory Cytokine Kit, BD Biosciences) assay according to
the manufacturers’ instructions. For ELISAs, the absorbance was measured
at 450 nm using a VERSAmax Tunable Microplate Reader with appropriate
SoftMaxPro software (Molecular Devices, San Jose, Calif). The Cytometric
Bead Array beads were evaluated in an LSR 1T flow cytometer and analyzed
using FlowJo software (BD Biosciences).

Reactive oxygen species detection. HL-60 cells were
differentiated by incubation with 1 pM all-trans retinoic acid and 1%
dimethyl sulfoxide (both from Sigma-Aldrich Merck) for 5 to 7 days. Reac-
tive oxygen species production was measured by an enhanced chemilumi-
nescence assay as previously described """ Cells (0.5 or 1 X 10° cells per
well) were seeded in a black 96-well plate (SPL Life Sciences, Korea) in
Iscove’s modified Dulbecco’s medium supplemented with 0.2% FBS and al-
lowed to rest for 30 minutes at 37°C i 5% COa,. Next, luminol (final con-
centration, 100 pM) and the stimulant (100 ng/mL TNF-a [Peprotech,
Rocky Hill, NJ, Escherichia coli at an ODggq of ~0.15, or 100 ng/mL phor-
bol 12-myristate 13-acetate [Sigma-Aldrich Merck]) were added. Reactive
oxygen species—induced luminescence was immediately quantified at 37°C
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in a Perkin-Elmer Envison plate reader. Each well was scanned in
2-minute intervals for 2.5 hours.

Targeted therapy. Ruxolitinib therapy was initiated when the
patient was aged 13 years and 3 months via a protocol derived from the
treatment schedule used for chronic myeloid leukemia (hitps://www.
accessdata.fda.gov/drugsatfda_docs/label/2011/2021921bl.pdf). The dose
was gradually increased to 40 mg per day. After confirmation of BKV infec-
tion, the dose was reduced to 20 mg per day. For the second administration,
the dose was reduced to 15 mg to 10 mg per day.

Statistical analysis. Dataarc presented as the mean + SEM values.
An unpaired Student 1 test and/or the Mann-Whitney U test were used, and a P
value of less than .05 was considered significant.
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‘We present a case of complete deficiency of the interferon alpha/
beta receptor alpha chain (IFNAR1) in a child with fatal systemic
hyperinflammation, apparently provoked by live-attenuated viral
vaccination. Such pathologic hyperinflammation, fulfilling criteria
for hemophagocytic lymphohistiocytosis, is an emerging pheno-
type accompanying inborn errors of type I interferon immunity.

Keywords. IFNARI; type I interferon; HLH; inborn error
of immunity.

Type I interferons (including IFN-p and 13 IFN-a subtypes)
signal via a single ubiquitously expressed receptor composed
of low- and high-affinity subunits, IFNAR1 and IFNAR2. Type
[ IFNs appear critical to mammalian antiviral immunity, based
on extensive studies of Ifnarl-deficient mice, but their precise
role in humans was hitherto uncertain [1]. Our discovery of
complete human IFNAR2 deficiency in a child with fatal viral
disease secondary to live-attenuated measles mumps and rubella
(MMR) vaccination implied an essential antiviral function [2].
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It was nevertheless striking that the proband displayed no overt
viral susceptibility prior to MMR exposure. This phenotype of
disease provoked by challenge with systemic live-attenuated
viral vaccination was seen in 2 patients with IFNAR1 deficiency,
both similarly healthy until vaccination [3]. However, the recent
identification of IFNAR]T variants in 2 patients with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) highlights
the additional importance of type T TFNs in immunity to natu-
rally acquired viruses [4].

In this study, we investigated a previously well 15-month-old
boy who developed severe illness following MMR vaccination,
comprising progressive and ultimately fatal hyperinflammation
meeting  diagnostic  criteria  for ~ hemophagocytic
lymphohistiocytosis (HLH; see case summary, Figure 1A,
Supplementary Table El). Analysis of serum (Supplementary
Table E2) and cerebrospinal fluid (Supplementary Table E3) did
not yield evidence of vaccine-strain viral replication, nor was an
alternative infectious etiology identified, other than low-level
Epstein-Barr virus (EBV) reactivation. Detailed immune
phenotyping showed monocytosis and T-cell lymphocytosis,
with low numbers of B cells and ¢DCI1 (Supplementary Figure
El, Supplementary Table E4). Despite aggressive antiviral,
immunomodulatory therapy, and intravenous immunoglobu-
lins (IVIG), he developed encephalopathy with abnormal neu-
roimaging and succumbed suddenly approximately 6 months
after presentation (Supplementary Figure E2—-E4). Rapid diag-
nostic whole exome sequencing revealed a novel homozygous
nonsense variant (¢.922C>T) in IFNARI, introducing a prema-
ture stop codon in the third extracellular domain of IFNAR1
protein (p.GIn308Ter, Figure 1B). This variant was absent from
the GnomAD database and predicted to be deleterious by in
silico tools (Supplementary Table E5). No protein product
was detected when probing primary dermal fibroblast lysates
with N-terminal (Figure 1C) or C-terminal IFNARI antibody
(Supplementary Figure E5), indicative of complete IFNARI de-
ficiency. Scrutiny of a comprehensive panel of genes linked to
inborn errors of immunity within the patient’s exome data re-
vealed no additional candidate disease-causing variants.

Upon ligand binding, the ternary complex of IFNARI-IFN-
IFNAR?2 initiates an intracellular signaling cascade in which
reciprocal transphosphorylation of the receptor-associated
kinases JAK1 and TYK2 is followed by phosphorylation of the
signal transducers and activators of transcription STAT1 and
STAT?2. The majority of the transcriptional response to IFN-aff
is attributable to the heterotrimer formed of phosphorylated
STAT1 and STAT?2 together with IRF9. This complex, known as
interferon stimulated gene factor 3 (ISGF3), translocates to the
nucleus where it interacts with interferon-sensitive response
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elements (ISREs) to activate the transcription of a large
number of interferon-stimulated genes (ISGs). A fraction of
the phospho-STAT1 instead homodimerizes to form the IFN-y
activation factor (GAF), agonizing a distinct but overlapping
set of genes bearing IFN-y activation sites (GAS), more typi-
cally associated with type IT IFN (IFN-y) signaling. The pre-
dicted effect of IFNARI deficiency is to prevent signaling and

downstream functional responses to IFN-af} but leave intact
responses to [FN-y.

Consistent with this prediction, phosphorylation of JAK1
and its downstream targets STAT1 and STAT2 was undetect-
able in IFNAR1-deficient patient fibroblasts exposed to IFN-
a2b for 30 minutes, as revealed by immunoblotting of whole
cell lysates, whereas phosphorylation of JAK1 and STAT1 upon
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exposure to IFN-y was preserved (Figure 1D). The same pat-
tern was observed by analysis of STAT1 phosphorylation in pa-
tient lymphocytes and monocytes by phospho-flow cytometry
(Supplementary Figure E6). Accordingly, immunoblotting
revealed failure to induce ISG protein products in IFNARI-
deficient patient fibroblasts exposed overnight to IFN-a2b
despite intact responses to IFN-y (Figure 1E). To address the
functional impact, we challenged cells with the picornavirus
encephalomyocarditis virus (EMCV). In this experiment, fibro-
blasts were pretreated with IFN-a2b or IFN-y overnight prior to
infection, at a dose that was previously determined to prevent
cytopathic effect (CPE) in control cells, and then examined at
24 hours postinfection. IFNARI-deficient cells were susceptible
to CPE despite IFN-a2b exposure, but were rescued by IFN-y
treatment, confirming a specific defect of IFN-af-mediated an-
tiviral immunity (Figure 1F).

To extend and confirm these findings, we infected cells with
the flavivirus Zika virus (ZIKV) at different multiplicities of
infection, examining expression of viral envelope protein and
ISGs by immunoblot at 48 hours postinfection (Figure 1G).
In patient cells, we saw excessive viral protein expression
(Supplementary Figure E7), accompanied by the failure to in-
duce expression of 1SG15, RSAD2, and MX1, reflecting a de-
fect of IFNAR-mediated antiviral resistance and correlated with
susceptibility to viral cytotoxicity (Figure 1H). Treatment of
patient cells with exogenous IFN-y but not IFN-a2b prevented
ZIKV infection (Figure 11) and CPE (Figure 1]).

To prove definitively that the loss of [FNARI was respon-
sible, we complemented patient fibroblast cells with full-length
human IFNAR1 delivered by lentiviral transduction. Lentiviral
transduction of IFNARI in patient fibroblasts, but not empty
vector, restored induction of ISGs (Figure 1K) and formation
of an antiviral state in response to IFN-a2b (Figure 1L), thereby
confirming the genotype-phenotype association.

‘We report a new case of complete IFINAR1 deficiency, com-
plementing a recent report of homozygous IFNAR1 deficiency
in 2 unrelated children [3]. In all 3 of these cases and similar
to IFNAR2-deficient patients [2], viral susceptibility became
apparent only following inoculation with live-attenuated viral
vaccines. At first sight, this contrasts with the broader suscep-
tibility of STAT2- or IRF9-deficient patients [5-7] to viruses
naturally encountered at mucosal surfaces, which might be ex-
plicable in terms of functional redundancy between type I and
type III IFNs at the mucosa [1]. However, the recent discovery
of 2 further cases of IFNARI deficiency among persons with
severe coronavirus disease 2019 (COVID-19) implies that, for
SARS-CoV-2 at least, type I IFNs can play a defining role in
the host response to natural pathogens [4]. This conclusion is
further supported by the detection of neutralizing antibodies
against type I but not type III IFNs in 10% of severe COVID-
19 cases [4], as well as a genome-wide association signal with
IFNAR?2 in an independent cohort [8].

Our case expands the phenotypic spectrum of IFNARI
deficiency to include HLH-like hyperinflammation, previ-
ously noted in IFNAR2 deficiency and increasingly recog-
nized in other defects of IFN-ap immunity such as STAT2
or IRF9 defects [7, 9]. Defining the pathomechanism of
hyperinflammation in this context, particularly its relationship
to dysregulated inflammatory signaling and/or viral replica-
tion, is an important area for future work. Despite the temporal
association with vaccination, our case was notable for the ab-
sence of detectable vaccine-strain dissemination. A similar pic-
ture has been observed in some STAT1- and STAT2-deficient
patients with hyperinflammation [12, 11]. Although we could
not exclude a contribution of low-level EBV reactivation, sterile
autoinflammation has emerged as a distinct clinical pheno-
type in defects of [FN-ap signaling [7]. This suggests a more
complex mechanism involving the loss of IFN-ap regulation
[1]. On the face of it this is paradoxical, because uncontrolled
IFN-ap signaling is itself associated with HLH-like sterile in-
flammation [12]. Yet IFN-af also negatively regulates various
cytokine pathways, including interleukin (IL)-1p [13] and IL-17
[14]. Immunomodulatory properties of IFN-B are exploited in
therapy for immune-mediated diseases such as multiple scle-
rosis. The partial clinical response to corticosteroids and IL-1p
blockade in our case lends some support to the hypothesis that
loss of IFN-ap signaling contributes to disordered immune net-
work activity. In the context of viral disease, it appears that a
correctly calibrated IFN-af response is necessary to prevent
immunopathology. This is the “goldilocks” principle of immune
homeostasis, where both inadequate and excessive activity con-
tributes to disease.

Hyperinflammation is central to the pathogenesis of severe
COVID-19, as demonstrated by the clinical effectiveness of
corticosteroids. Our novel case of IFNAR1 deficiency reveals
a potential role for [FN-af8 in preventing hyperinflammation,
not simply through direct control of viral replication [2, 3] but
possibly also via its immunoregulatory action toward other
cytokines. The loss of both aspects of IFN-ap function might
contribute to the susceptibility of patients with IFNARI defects
to severe COVID-19 [4, 9]. Understanding the cellular and mo-
lecular links between defective IFN-af signaling and patho-
genic inflammation will be critical in guiding therapy for severe
viral disease.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.

Note

Potential conflicts of interest. T. G. received funding from the Deutsche
Forschungsgemeinschaft (GO2955/1-1) as well as the Bubble Foundation.
C. E H. is funded by a Medical Research Council (MRC) studentship (MR/
N013840/1). V. K,, E. E, and M. F. are funded by the Ministry of Health

93

BRIEF REPORT « CID 2020:XX (XX XXXX) « 3

120z AInr 17 uo ysenb Aq L 8EZL09/06L LEBID/PIVEBOL 01/10p/BIoIE-80UBAPE/PIO/WOD dNo ojWepede/;:sdpy wolj pepeojumoq



of the Czech Republic (NV19-05-00332). S. H. and C. J. A. D. are funded
by the Wellcome Trust (207556/7/17/7 and 211153/ Z/18/Z, respectively).
All other authors have no potential conflicts. All authors have submitted
the ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts
that the editors consider relevant to the content of the manuscript have
been disclosed

References

. Duncan CJA, Randall RE, Hambleton S. Genetic lesions of type I interferon
signalling in human antiviral immunity. Trends Genet 2020; xx:1-13,

Duncan CJA, Mohamad SMB, Young DF, et al. Human IFNAR2 deficiency: les-
sons for antiviral immunity. Sci Transl Med 2015; 7:307ral154.

Hernandez N, Bucciol G, Moens L, et al. Inherited IFNAR1 deficiency in other-
wise healthy patients with adverse reaction to measles and yellow fever live vac-
cines. | Exp Med 2019; 216:2057-70.

Zhang Q. Bastard B Liu Z. Inborn errors of type I IFN immunity with life-
threatening COVID-19. Science 2020; 21:1-9,

. Hambleton S, Goodbourn 8, Young DF, et al. STAT2 deficiency and susceptibility
to viral illness in humans. Proc Natl Acad Sci U 8 A 2013; 110:3053-8.
Hernandez N, Melki I, Jing H, et al. Life-threatening influenza pneumonitis in a
child with inherited IRF9 deficiency. ] Exp Med 2018; 215:2567-85.

N

Lo

-~

w

L

=

»

©

e

I

o

=

Bravo Garcia-Morato M, Calvo Apalategi A, Bravo-Gallego LY, et al. Impaired
control of multiple viral infections in a family with complete [RI9 deficiency. |
Allergy Clin Immunol 2019; 144:309-312.¢10.

. Pairo-Castineira E, Clohisey S, Klaric L, et al. Genetic mechanisms of critical ill-

ness in COVID-19. medRxiv 2020; doi: 10.1101/2020.09.24.20200048.

. Alosaimi MF, Maciag MC, Platt CD, Geha RS, Chou ], Bartnikas LM. A novel

variant in STAT2 presenting with hemophagocytic lymphohistiocytosis. T Allergy
Clin Immunol 2019; 144:611-613.¢3.

Burns C, Cheung A, Stark Z, ¢t al. A novel presentation of homozygous loss-of-
function STAT-1 mutation in an infant with hyperinflammation: a case report
and review of the literature. ] Allergy Clin Immunol Pract 2016; 4:777-9.

. Shahni R, Cale CM, Anderson G, ctal. Signal transducer and activator of transcription

2 deficiency is a novel disorder of mitochondrial fission. Brain 2015; 138:2834-46.

. Duncan CJA, Thompson BJ, Chen R, et al. Severe type | interferonopathy and

unrestrained interferon signaling due to a homozygous germline mulation in
STAT2. Sci Immunol 2019; 4. doi: 10.1126/sciimmunol.aav7501.

. Reboldi A, Dang EV, McDonald JG, Liang G, Russell DW, Cyster JG.

Inflammation. 25-Hydroxycholesterol supp interleuki

mation downstream of type I interferon. Science 2014; 345:679-84.

-1-driven inflam-

. Liu L, Okada S, Kong XF, ¢t al. Gain-of-function human STAT1 mutations im-

pair IL-17 immunity and underlie chronic mucocutaneous candidiasis. ] Exp Med
2011; 208:1635-48.

4 « CID 2020:XX (XX XXXX) « BRIEF REPORT

94

120z AInr 17 uo 3senb Aq L 8EZL09/06L LEBID/PIVEBOL 01/10P/BIollE-80UBAPE/PIO/WOD dno oWwepede/;:sdpy wolj pepeojumog



Gothe 1

Supplementary Methods

Ethics statement and consent
This study was performed in accordance with the principles of the Helsinki declaration. Parental consent
was obtained for genetic testing. Ethical approval for studies on patient fibroblasts was granted by the

NRES Committee North East - Newcastle & North Tyneside 1 (Ref: 16/NE/0002).

‘Whole exome sequencing

Whole cxome sequencing of DNA extracted from wholc blood of the proband and downstrcam variant
analysis was performed as previously described (1). Sanger sequencing to confirm the variant was
undertaken according to standard methods (primer sequences available on request). Parental DNA was

not available for segregation studies.

In silico prediction tools

PhastCons is a method to determine the grade of conservation of a given nucleotide, given as a score
from 0-1 (2). MutationTaster uscs values which are precomputed and offered by UCSC (3). The
Combined Annotation Dependent Depletion (CADD) score is a tool for integrating conservation and

deleteriousness predictions (4).

Cells, cytokines, immunoblotting

Dermal fibroblasts from patient II:1 and three healthy controls were obtained by standard methods and
cultured in Dulbecco’s Modified Eagle’s Medium supplemented by 10% fetal calf serum and 1%
penicillin/streptomycin (DMEM-10). Human recombinant IFNa2b (Intron-A, Schering-Plough, USA)
and TFNy (Immunikin, Boehringer Ingelheim, Germany) were used at 1000 TU/mL. Immunoblotting

was carried out as previously described (5).

Antibody Host Dilution Source Code

IFNARI1 (N-terminal) Rabbit | 1:200 Abcam abl124764
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IENARI (C-terminal) Rabbit | 1:200 Abcam ab45172
RSAD2 Rabbit | 1:1000 CST 13996
ISG15 Rabbit | 1:1000 CST 2743
STAT2 Mouse | 1:2000 SCB sc-1668
pSTAT2 Rabbit | 1:2000 CST 8841
STATI Rabbit | 1:1000 CST 9172
PSTATI Rabbit | 1:1000 CST 7649
JAK1 Rabbit | 1:500 CST 3344
pJAKI Rabbit | 1:500 CST 74129
MxA Rabbit | 1:1000 SCB sc-50509
Zika Envelope Mouse | 1:5000 BioFront Tech | BF-1176-56
o-tubulin Mouse | 1:10,000 CST 3873
GAPDH Rabbit | 1:10,000 CST 5174
Anti-rabbit HRP- conjugated Goat Various CST 7074
Anti-mouse HRP-conjugated Horse | Various CST 7076

CST = Cell Signalling Technologics; SCB = Santa-Cruz Biotcchnology.

Trucount analysis

2

Peripheral blood absolute cell counts were obtained using TruCount™ tubes (BD Biosciences) with

200ul whole blood, stained with a surface antibody cocktail for 30 mins at room temperature before

dilution in 900ul red cell lysis buffer. Analysis was performed with an LSRFortessa X-20 (BD

Biosciences) running BD FACSDIVA™ 8.0.1 software and data processed with FlowJo 10.6.2 (Tree

Star, Inc.) and Graphpad Prism 8.4.1.
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Antigen Fluorochrome Clone Manufacturer
BTLA PECF594 J168-540 BD
CD123 BUV395 7G3 BD
CDl14 BV650 MSE2 Biolegend
CDI16 BV510 3G8 BD/Biolegend
CD163 BV711 GHI/61 Biolegend
CDI19 PERCPCy5.5 SJ25C1 BD
CDlc PE-Cy7 Ll6l Biolegend

CD2 BV421 RPA-2.10 Biolegend
CD3 FITC/AF700 SK7(Leud) BD/Biolegend

CD303 BV605 201A Biolegend
CD304 BV605 12C2/U21-1283 Biolegend/BD
CD34 APCCy7 581 Biolegend

CD4 PE SK3 (Leu3a) BD
CD45 AF700 HI30 Biolegend
CD5 BUV730 UCHT2 BD
CD56 APC NCAMI16.2 BD
CD8 APC-Cy7 SK1 BD
CD88 PERCPCy5.5 S5/1 Biolegend
Clec9A APC 8F9 Biolegend
HLA-DR BV785 L243 Biolegend

BD = BD Biosciences

Phosflow
Peripheral blood mononuclear cells (PBMC) from patient and healthy transport control were stimulated
with IFNa (0.5 pg/ml, Abcam, Cambridge, UK) or IFNy (0.5 pg/ml, R&D Systems, Minneapolis, MN)

for 15 or 30 min at 37°C and intracellular signaling was arrested using 4% formaldehyde for 10 min at

97



Gothe 4

room temperature. Erythrocyles were lysed using 0.1% Triton X-100 for 15 min at 37°C and the
leukocytes were permeabilized using 80% ice-cold methanol. B- and T-lymphocytes and monocytes
were discriminated according to CD45-APC-H7 (BD Biosciences, San Jose, CA), CD19-PE-Cy7
(Beckman Coulter, Miami, FL), CD3-PerCP-Cy5.5 (Exbio, Vestec, Czech Republic) and CD14-
Brilliant Violet 605 (Biolegend, San Diego, CA), and phosphorylated STATI1 (Tyr701) (BD
Biosciences). Data were acquired with LSRII flow cytometer and analyzed with FlowJo software (BD

Biosciences).

Virus infections

Primary human dermal fibroblasts were infected with encephalomyocarditis virus (kindly provided by
D. Young and R. Randall, St Andrew’s University, UK) at 10° pfu/mL for 24 hours or with Zika virus
strain H/FP/2013 (kindly provided by W. James, University of Oxford, UK) at multiplicity of infection
(MOI) = 1.0 (for IFN treatment experiments) or MOI = 1.0 to 0.01. At 2 hours post infection, the
inoculum was removed and replaced with fresh medium (DMEM-10), with or without IFN treatment
as indicated, for 48 hours prior to imaging analysis or lysis with RIPA buffer (150 mM sodium chloride,
50 mM Tris pH 8, 1% triton X-100, 0.5% sodium dodecyl sulphate) supplemented with phosphatase
inhibitor (Roche), 1mM sodium orthovanadate, 10mM sodium fluoride, 10% dithiothreitol (Sigma-

Aldrich) and 25% NuPAGE LDS sample buffer (ThermoFisher).

Cell viability assay

After dermal fibroblast monolayers were treated as stated, the medium was removed and replaced with
live cell imaging solution (ThermoFisher) containing 2 drops per mL of propidium iodide and Hoechst.
Plates were then incubated for 15 minutes at 37°C and 5% CO- before being imaged using an EVOS
FL fluorescence microscope (ThermoFisher). Image analysis was performed using a bespoke pipeline
developed in CellProfiler (Broad institute) to calculate the percentage of dead cells in cach condition
(Hanrath et al, manuscript in preparation). All experiments were performed in technical duplicate and
the average value of n=4 images per well was used for analysis. All experiments were performed at

least three times.
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Lentiviral cloning, viral production and complementation

The destination vector IFNAR1 _pCSdest was a kind gift of R. Reeves (Johns Hopkins University,
Baltimore, USA). The [I'NAR! insert was cloned into the Gateway® pDONR207 entry vector
(ThermoFisher) using BP clonase (ThermoFisher) and its sequence was confirmed by Sanger-
sequencing. It was further inserted into the pLenti-EF1a-GATEWAY-RSV-Puromycin-GFP (AMS
Biotechnology, UK) vector using LR clonase (ThermoFisher). Lentiviruses were produced by co-
transfection of psPAX2, pCMV-VSV-G and lentiviral transfer plasmid in HEK293FT cells
(ThermoFisher) using polyethylenimine (Sigma-Aldrich, Gillingham, UK). Virus-containing
supcrnatants werc harvested at 48 h post-transfection, filtered (0.45 pm sterile filter) and concentrated
100-fold with Lenti-X™ Concentrator (TaKaRa, Shiga, Japan) according to manufacturer’s
instructions. Cells were spinoculated in 6-well plates (1.5 h, 2000 rpm), with target or null control viral
particles in a total volume of 0.5 ml. DMEM-10 containing hexadimethrine bromide (Polybrene, 6
mg/mL, Sigma-Aldrich). Cells were rested in virus-containing medium for 4 hrs then incubated in fresh
DMEM-10 until 48 h, when they were subjected to selection with 0.75 mg/mL puromycin (Gibco).

Antibiotic-containing medium was refreshed every 72 h.

Statistical analysis

All experiments were repeated a minimum of n=3 times with multiple control lines. The mean of
technical replicates for cach experiment was uscd for data analysis. Data were analysed using Prism
version 8.0 (GraphPad Software, San Diego, USA) by two-way ANOV A with Tukey’s post-test

correction for multiple comparisons. Adjusted alpha < 0.05 was considered statistically significant.
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Case Summary

The patient, a 15-month-old boy of consanguincous parcntage, presented with fever up to 40°C and
transient exanthem five days after the first dose of measles, mumps, rubella (MMR) vaccination. He
had been born at term, had no past history other than mild laryngeal stenosis and had received prior
routine childhood vaccinations without incident (not including prior live-viral vaccines). Family history
revealed two unexplained deaths of infants in his grandparent’s generation. Examination revealed
tonsillitis and clindamycin was initiated. A pharyngeal swab taken at this first presentation was positive
for Epstein-Barr virus (EBV) by PCR and metizoprinol/isoprinosine (100 mg/kg/day) was added. Over
the following ten days the boy suffered from recurrent fever and deterioration of his clinical condition
resulted in hospital referral. On admission, generalised lymphadenopathy, hepatosplenomegaly,
oedema and a salmon pink exanthem on the trunk were noted. Radiologic evaluation revealed
polyserositis with cardiac and pleural effusion as well as ascites. Initial laboratory results showed
increased C-reactive protein (94 mg/L) and interleukin-6 (77.9 ng/L) levels as well as
thrombocytopenia. Additional laboratory abnormalities, including low fibrinogen, elevated
triglycerides as well as high ferritin and elevated soluble CD25, supported the diagnosis of
haecmophagocytic lymphohistiocytosis (HLH) (Table E1). Bonc marrow aspirate revealed macrophage
activation but no haemophagocytosis. Investigation for bacterial and viral infection in CSF (Table E3)
and blood (Table E4), including PCR testing for CMV, HSV-1/2 and VZV, borrelia, measles, mumps
and rubella, was ncgative. Scrology showed IgM against Parvo B19, of uncertain significance, and IgG
was reactive against EBV (IgM not detected), consistent with previous exposure to EBV. PCR testing
revealed low-level EBV positivity in blood (283 IU/mL) but was otherwise negative. Additional IgG
against HSV, VZV and CMV without corresponding IgM positivity was noted, whereas baseline
scrology was negative for HIV, HBV, HCV, Toxocara and Toxoplasma. He was trcated with antivirals
(aciclovir 250 mg/m?) and for presumed HLH with corticosteroids, cyclosporin A and anakinra (10
mg/kg/day) with additional IVIG (0.4 mg/kg/day). Substantial clinical improvement was scen within
two days, with resolution of fever and substantial improvement in laboratory results (Figure E4).

Genetic testing for variants in primary HLH genes was negative.
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However, fever recurred a few days later although he was not at this point unwell. Lymphopenia and
monocytosis were noted alongside kidney injury, accompanying high secrum-levels of cyclosporin A,
which was discontinued (day 15). Screening for infectious agents in blood was again indicative of low-
level EBV reactivation (PCR 1773 TU/mL). Despite treatment escalation with famaciclovir (12.5
mg/kg/day) in addition to acyclovir (500 mg/m?) and 1VIG (0.4 mg/kg/day), the patient developed a
progressive systemic inflammatory response syndrome with respiratory failure. Mechanical ventilation
was necessary for five days before a stepwise improvement of the boy’s condition was achieved over
several weeks, during which time prednisolone and anakinra were weaned down. At this point, genetic
testing by whole cxome scquencing was undertaken, identifying a nonsense mutation in ZFNARI. The
boy was discharged on antibacterial, antiviral and antifungal prophylaxis, regular IVIG administrations
were commenced and prednisolone and anakinra were subsequently stopped (day 53).

Two weeks later the patient was readmitted with fever, generalized seizures, hyponatraemia and
treatment-refractory hypertension (day 67). Screening for viral disease in blood (day 77) and
cerebrospinal fluid {(day 81) was again negative for viruses including measles, mumps and rubella
although EBV viremia had still been detected a week earlier (PCR 3480 IU/mL at day 70). Cranial MR1
revealed symmetric, bilaterally distributed high T2 signal within the paricto-occipital whitc matter
(Figure E2A-D). Additionally, a diffusion restriction in the left hippocampus (Figure E2E) and a
generalized cerebral atrophy were noted. On the same day, elevated CSF protein (950 mg/L) was
detected. On follow-up scanning six weeks later (day 122), when the patient was still ventilation-
dependent and unconscious, the posterior white matter signal changes had resolved (Figure E3).
However, the cerebral atrophy worsened between the scans, with further generalized loss of volume
specifically in the left medial temporal lobe. Whereas the posterior white matter changes and their
resolution over time alone raise the possibility of posterior reversible encephalopathy syndrome
(PRES), the involvement of the left hippocampus advocates for an inflammatory or infective actiology.
The dose of TVIG was increased (2 g/kg/day). However, limited neurological improvement was
observed and he was transferred at the request of his parents to the local hospital, where he sadly died

of sudden cardiorespiratory failure at the age of 21 months.
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The aetiology of HLH in this case was unclear. There was clearly a temporal association with MMR
administration, however the absence of detection of MMR viruses in CSF or scrum argucd against
MMR dissemination as the cause. EBV reactivation may have been a factor in driving HLH, however
this remained at relatively low levels. Tt is also possible that an additional unidentified infection may
have contributed. However, in retrospect, the correlation between clinical disease activity and
inflammatory markers (including CRP and IL6), and the initial response to corticosteroid and anakinra,

suggested an inflammatory component.

2004 Criteria Patient II:1

Clinical criteria

Fever Yes

Splenomegaly Yes

Laboratory criteria

Cytopenia Yes

Fibrinogen < 1.5g/L Yes (0.9 g/L)
Triglycerides > 265 mg/dL Yes (331.8 mg/dL)
Ferritin > 500 ng/mL Yes (1840 ng/mL)
sCD25 > 2400 U/mL Yes (5840 U/mL)

Histopathological critcria

Haemophagocytosis No

Table E1. HLH diagnostic criteria according to HLH-2004 guidelines. A score of = 5/8 supports

HLH.
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Day -8 Day 6 Day 19 | Day 28 Day 46 Day 70 Day 77
EBV IgM - PCR + PCR + PCR + PCR + PCR + IgM -
IeG + 283 1773 4347 551 3480 IgG +
PCR - TU/mL TU/mL TU/mL TU/mL IU/mL PCR -
HSV 1gM - IgM -
IgG + IgG +
PCR- PCR -
VZV 1gM - IgM -
IgG + IgG +
PCR - PCR -
CMV IgM - IgM -
IgG + IgG +
PCR - PCR -
Parvo B19 | IgM + 1gM +
TgG - IgG -
Measles IgM - IgM +
IgG - IgG +
PCR - PCR -
Mumps IgM - IgM +
1gG - 1gG -
PCR - PCR -
Rubella 1gM - IgM -
1gG - IgG -
PCR - PCR -

Table E2. Virologic asscssment in blood. Day -8 refers to tests performed in an outpatient sctting

prior to hospital admission.
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Normal range | Day 6 Day 81 Day 131
Cell count Lessthan 15 | 3 (lymphocytes) 10 (mostly lymphocytcs) | 6 (lymphocytes)
Glucose [mmol/L] 2.47-4.12 3.59 4.25 4.05
Lactate [mmol/L] 1.1-2.8 1.12 1.16 1.12
Protein [mg/L| 150-450 180 950 567
Multiplex PCR | Negative Negative Negalive Negative
[HSV, VZV, EBV,
CMV, mcaslcs,
rubella and mumps|
Antibodies Negative Negative Negative Negative
| Borrelia]

Table E3, Analysis of cerebrospinal fluid. Multiplex PCR and serology tested for HSV, VZV, EBV,

CMV, borrelia, measles, rubella and mumps.

Parameter Value Normal range
Total lymphocytes 1030 1600-6700
CD3+ CD4+ 5080 1000-4600
CD3+ CD8+ 1670 400-2100
CD3-CD19%+ 2690 600-2700
CD3- CD56+ 240 200-1200
IeG (g/L) 4.03 2.75-10
TgM (g/L) 3.39 0.85-1.18
IgA (g/L) 043 0.1-0.77
IgE (IU/mL) 23.2 <60
Tetanus (mg/L) 0.21 mg/L >0.15
Diphteria (mg/L) 0.11 mg/L >0.1
Haemophilus (IU/mL) 1.14 TU/mL >1.0
Pnecumoccocus (IU/mL) 997 TU/mL >20

Table E4. Diagnostic investigation results.
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PhastCons MutTaster CADD

0.57 (0-1) Disease-causing 35 (Max. 36)

Table ES. In silico predictions of deleteriousness of ¢.922C>T [I'NAR{ variant.
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Figure E1. Absolute cell counts from whole blood of the proband during acute illness (second
admission) and a healthy control (data from a single experiment). (A). Flow cytometric analysis of
Trucount™ cell quantification and phenotyping from whole blood identified CD4™ and CD8* CD3" T

cells (Gate 1 and light or dark green gates, respectively), HLA-DR*CD4-CD19" B cells (Gate 2 and
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orange gate), HLA-DR'CD4°CD123'CD45"™ basophils (Gate 3 and burgundy gate), CD56"" and
CD16™ NK cells (Gate 3 and turquoisc and teal gates, respectively), HLA-DR*CD4* CD14*
monocytes (black gate), CD16" monocyltes (brown), CD123'CD303/4' pDC, CLEC9A"' ¢DC1
(purple) and CD1c™ ¢DC2 (red). Gated populations quantified as percent of parent gate.

(B). Summary histograms show the absolute monocyte, dendritic cell and lymphocyte subset counts
from the proband (red dots) and a healthy travel control (gray dots). Bars represent mean + 95% CI of

n=18 healthy controls.

Figure E2. First magnetic resonance imaging performed on day 81. (A) sagittal T2, (B) axial T2, (C)

sagittal FLAIR, (D) axial FLAIR, (E) axial DWI, demonstrating symmetric, bilateral white matter
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changes in the parieto-occipital region, diffusion restriction in the left hippocampus and generalized

cercbral atrophy. FLAIR Fluid-attenuated inversion recovery, DWI Diffusion-weighted imaging.

Figure E3. Follow-up magnetic resonance imaging performed on day 122. (A) sagittal T2, (B) axial

T2, (C) sagittal FLAIR, (D) axial FLAIR, showing improvement in the white matter changes but
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worsened generalized cerebral atrophy. FLAIR Fluid-attenuated inversion recovery, DWI Diffusion-

weighted imaging.
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Figure E4. Coursc of the inflammatory markers CRP (black) and TL-6 (bluc) over time alongside

immunomodulatory treatment. Arrows indicate dates of lumbar punctures. CsA Ciclosporin A, IVIG

intravenous immunoglobulins.
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Figure ES. IFNARI1 Immunoblot using C-terminal antibody.
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Figure E6. Phosflow analysis confirming lack of IFNAR response, as shown by pSTAT1

fluorescence intensity, in patient lymphocytes and monocytes in response to [FNs (data from a single

experiment).
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Figure E7. Densitometry analysis of immunoblots showing (A) ZIKV ENV and (B) ISG15. Mean £

SD ** P<0.01, ***P<0.01, ¥****P<0.001, Two-way ANVOA with Tukey’s post-test.
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