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Abstrakt

Plasmacytoidni dendritické bunky (pDC) piedstavuji populaci imunitnich bunék
specializovanou na rozeznani virovych nukleovych kyselin pomoci endosomalnich Toll-
like receptort 7 (TLR7) a 9 (TLR9). Aktivace TLR7/9 u pDC vede k produkci interferoni
typu I (IFN-I). pDC dale piispivaji k antivirové odpoveédi prezentaci virovych antigenii

lymfocytim T, ¢imz tvoii spojeni mezi vrozenou a adaptivni slozkou imunitni odpovédi.

Jelikoz je nadmérma produkce IFN-I u pDC asociovdna s rozvojem autoimunitnich
onemocnéni, musi byt jejich aktivita pfisn¢ regulovana. Z toho divodu maji pDC na svém
povrchu mnoho regula¢nich receptorit (RR), které¢ inhibuji TLR7/9. Tématem této
diserta¢ni prace je objasnéni mechanismu funkce RR u pDC a studie interakci mezi pDC a
obalenymi viry schopnych vyuzit RR: viru hepatitidy B (HBV) a viru lidské
imunodeficience (HIV). NaSe vysledky prokazaly, ze signalni drdha MEK-ERK inhibuje
produkci IFN-I u pDC a ptedstavuje tak dlilezity element signalizace RR. Studie provedené
nasi vyzkumnou skupinou naznacuji, ze farmakologické cileni signalni drahy MEK1/2-
ERK u pDC muize ptedstavovat jednu ze strategii obnoveni funkéniho fenotypu pDC. Daéle
jsme analyzovali, zda aktivni retrovirové terapie (ART) u skupiny 21 pacientli s chronickou
infekci HIV ma vliv na mnoZstvi a fenotyp pDC. Zjistili jsme, Ze chronicka infekce HIV
indukuje u pDC stav tzv. vyCerpan¢ho fenotypu, ktery je asociovan se zvySenou expresi
povrchovych molekul TIM-3 a TRAIL. ART vedla u pacientti s chronickou infekci HIV
pouze k ¢aste€nému obnoveni frekvence a fenotypu pDC. NaSe vysledky déle naznacily,
ze mnozstvi povrchového TIM-3 u pDC lze vyuzit jako prediktivni znak poklesu virové
naloze HIV béhem ART. V ptipadé¢ HBV jsme zjistili, ze pDC aktivované pomoci riiznych
syntetickych agonisti TLR7/9 G¢inné inhibuji replikaci HBV v bunécnych hepatomovych
liniich 1 v primarnich lidskych hepatocytech. Nicméné, naSe vysledky dale prokézaly, ze
cileni riznych imunitnich bun€k, nejen pDC, pomoci syntetickych agonisti TLR, mtliZze

predstavovat efektivnéj$i mozZnost cilené terapie v piipadé€ chronické infekce HBV.

Tato disertacni prace piedkladd a diskutuje origindlni vysledky ziskané studiem
mechanismu funkce vlivu RR na signalizaci TLR7/9 u pDC a efekt pDC aktivovanych
pomoci syntetickych agonistd TLR7/9 na Zivotni cyklus HBV.

Kli¢ova slova: pDC, HBV, HIV, regula¢ni receptory, interferon



Abstract

Plasmacytoid dendritic cells (pDC) are a highly specialized subset of immune cells that
sense viral nucleic acids by endosomal toll-like receptors 7 and 9 (TLR7/9). Activation of
TLR7/9 leads to the production of type I interferons (IFN-I). Moreover, pDC contribute to
the antiviral response by presenting viral antigens to T lymphocytes and link innate and

adaptive immunity.

pDC need to be properly regulated in order to limit excessive production of IFN-I that is
associated with autoimmune diseases. Therefore, pDC possess a battery of regulatory
receptors (RR) that limit TLR7/9-mediated cytokine production. This thesis focuses on the
mechanism of RR-mediated inhibition of IFN-I production in pDC and explores
interactions between pDC and two enveloped viruses, that possess the ability to hijack RR
in pDC: hepatitis B virus (HBV) and human immunodeficiency virus (HIV). We showed,
that MEK-ERK signaling pathway plays an active role in RR-mediated inhibition of IFN-I
in pDC. Our results indicate that in line with other studies of our group, pharmacological
targeting of MEK1/2-ERK signaling could be a strategy to re-establish immunogenic
activity of pDC. Then, we investigated whether antiretroviral therapy (ART) in a cohort of
21 treatment-naive chronic HIV-infected patients has restored the number and phenotype
of pDC. We found that chronic HIV infection induces exhausted phenotype of pDC that is
associated with the elevated expression of TIM-3 and TRAIL. The pDC frequency and
phenotype was only partially restored after ART. Moreover, our results suggested that the
level of TIM-3 could be used as a predictive marker of HIV RNA decline during ART.
Finally, we demonstrated that pDC activated with various TLR7/9 synthetic ligands inhibit
HBYV replication in hepatoma cell lines and primary human hepatocytes. Our results
indicated that targeting of various TLRs in other immune cells and not specifically pDC,

could be a better strategy towards an HBV cure.

Collectively, this thesis presents and assesses novel results that uncover the interplay
between positive and negative signals in pDC triggered by TLR7/9 and RR, and the effect
of TLR7/9-activated pDC on the HBV lifecycle.

Key words: pDC, HBV, HIV, regulatory receptors, interferon



1. Uvod

Lidsky imunitni systém je vystaven nespocetnému mnozstvi patogentl, mezi které
patfi i mnoho riiznych virt. Zatimco nékteré viry nas infikuji pouze doc¢asné¢ a povétSinou
zpusobuji lehkd onemocnéni, jiné viry maji schopnost perzistovat v naSem téle celozivotné.
N¢ékteré viry jsou schopné svym puisobenim zpusobit i rakovinové bujeni, prestoze na prvni
pohled je prvotni infekce mirna a bez vaznéjsich patologickych zmén. Studium vztahu virt
a imunitniho systému jest¢ podtrhla celosvétova pandemie vyvoland novym typem
koronaviru SARS-CoV-2. Tato pandemie poukdzala na skute¢nost, ze viry predstavuji pro
globalizovanou spole¢nost neviditelného vetielce, proti kterému se jen velmi tézko bojuje.
Schopnost rychlé reakce ze strany védecké komunity na novy virus je proto klicova pro

zmirnéni dopadti na spolecnost.

Jednou z bunéénych populaci, o které bude tato disertacni prace pojednavat, jsou
plasmacytoidni dendritické bunky (pDC). Vzhledem ke svym vlastnostem, pDC
predstavuji dilezitou zbran imunitniho systému vyvinutou pro rychlé rozeznani a reakci
proti virové infekei. Aktivita pDC musi byt v rdmci imunitniho systému pifisné regulovéna,
nebot’ jejich neadekvatni odpovéd’ se podili na vzniku mnoha autoimunitnich onemocnéni.
Z toho davodu jsou pDC vybaveny Sirokou paletou membranovych receptort, které
reguluji jejich aktivitu. Objasnéni funkce receptorti schopnych regulovat aktivitu pDC a
také schopnost riznych virti vyuzivat tyto receptory za uc¢elem tniku pied pDC je jednim

z témat této disertacni prace.

Tato disertacni prace se dale zabyva schopnosti pDC inhibovat replikaci viru
hepatitidy typu B (HBV). I pies dostupnost o¢kovani piedstavuje HBV nadale celosvétovy
medicinsky problém, nebot’ neexistuje efektivni 1écba, ktera by vedla k vyléceni pacientl
s chronickou infekci HBV. Soucasnym tématem vyzkumu HBV je i moZnost vyuziti
imunoterapie u pacientit s HBV. Studium vztahu pDC a HBV je proto klicové, nebot’ pDC

diky svym vlastnostem ptedstavuji jeden z moznych cill terapie.
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2. Literarni prehled
2.1 Obecna charakteristika pDC

pDC predstavuji dilezitou populaci bunék vrozeného imunitniho systému
podilejicich se na obrané hostitele proti virové infekci. Historicky byly toto burky
pojmenovany jako interferon-produkujici buniky, nebot” po vystaveni viru sekretovaly
znacné mnozstvi interferonu typu I (IFN-I) (Fitzgerald-Bocarsly, 1993). Vyjma IFN-I jsou
ale pDC schopné produkovat také interferony typu III (IFN-III) (Yin et al., 2012), které
maji specifickou antivirovou funkeci na epiteliich (Syedbasha and Egli, 2017). Po vystaveni
pDC viru nedochézi pouze k sekreci IFN-I, ale také k morfologickym zménam, kdy se
hladce kulaty tvar bun€k rychle méni na buiiky s typickymi dendrity (obrazek 1) (Siegal et
al., 1999). Z tohoto divodu byly pDC zatazeny mezi dendritické bunky, které byly dale
rozdéleny na tzv. myeloidni (konvenéni) dendritické buitky mDC a pDC (O’Dobherty et al.,
1994). Toto rozdéleni je provadéno zejména na zdkladé povrchovych molekul
lokalizovanych na povrchu pDC a mDC. Rozvoj novych metod jako RNA sekvenovani
jednotlivych bun¢k ovsem odhalilo, Ze rozdéleni dendritickych bunék na dvé hlavni linie
je nedostate¢né a jednotlivé subpopulace lze najit i v ramci pDC (Alculumbre et al., 2018).
Jak jiz plyne z ndzvu pDC, tyto buiiky jsou schopné vyjma rozeznani virové infekce také
prezentovat na svém povrchu virové antigeny v komplexu s MHC glykoproteiny II. tfidy a
plnit tak roli profesionalnich bunék prezentujicich antigen. pDC tak tvoii dilezité pojitko
mezi vrozenou a adaptivni imunitou (Kadowaki et al., 2000). Krom¢ aktivace adaptivni
odpovédi byla popsana i role pDC v indukci tolerance (Matta et al., 2010). pDC exprimuji
ligand inducibilniho kostimuldtoru lymfocytd T (ICOS-L) a podileji se na indukci
regulacnich lymfocytd T (Faget et al., 2012). pDC tak mohou aktivovat 1 inhibovat
adaptivni imunitni odpoveéd’ v zavislosti na typu dan¢ho stimulu a plnit variabilni ulohu v
ramci regulace imunitniho systému. Velmi variabilni je také uloha pDC v ptipadé
nadorového mikroprostiedi. Zatimco v piipadé rakovin Zaludku a §titné zlazy je pfitomnost
pDC v nadorovém mikroprostiedi negativnim prognostickym faktorem vyplyvajici patrné
z imunotolerantni role pDC v téchto nadorech (Liu et al., 2019; Yu et al., 2013), u nadori
prsu a slinivky ptedstavuji pDC pozitivni ukazatel pfeziti pacientll (Kini Bailur et al., 2016;
Tjomsland et al., 2010). Zejména diky pozitivnimu plisobeni proti rakovinnému bujeni se
pDC staly pfedmétem cilené imunoterapie nadorti (Drobits et al., 2012). V neposledni fadé
jsou pDC asociovany s mnoha autoimunitnimi onemocnénimi, jako je systémovy lupus

erythematodes a dalsi (Li et al., 2017). pDC hraji riznorodou ulohu v rdmci imunitniho
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systému a jejich funkce musi byt pfisné¢ regulovana. Tato prace se vzhledem ke své
charakteristice bude vénovat zejména schopnosti pDC rozeznat virovou infekci a
mechanismy vrozené imunity pusobicimi proti virové infekce v infikovanych buiikéch.
Dale bude prace pojednavat o mechanismech viri cilicich regulacni drahy pDC za Gcelem

utlumeni antivirového ptisobeni pDC.

Obrazek 1: Maturace pDC. Srovnani nematurované pDC (vlevo) a maturované pDC
maturované pomoci syntetického agonisty Toll-like receptoru 9 (TLR9) CpG-A (vpravo).
Obrazek ptevzat a upraven podle (Bauer et al., 2001).

2.2 Zakladni povrchové markery pDC, moZnosti izolace z periferni krve
a dostupné bunécné linie

Frekvence pDC v periferni krvi se pohybuje od 0,2-0,8 % a jednd se tedy o
nepocetnou populaci. Mezi zdkladni povrchové znaky pDC patii CD123, CD4, CD45RA,
lidsky leukocytarni antigen DR (HLA-DR), krevni antigen dendritickych bunék 2 a 4
(BDCA-2, BDCA-4), a protein podobny transkriptu imunoglobulinti 7 (ILT-7), naopak
molekuly typické pro dalsi krevni bunééné populace jako CD1lc, CD16 a dalsi se na
povrchu pDC nevyskytuji (Liu, 2005). Pro izolaci z periferni krve se ve vétSin€ dostupné
literatury setkdvame s vyuzitim 2 postup, a to izolace pomoci magnetickych kuli¢ek nebo
pomoci FACS (Fluorescence activated cell sorting). Obé metody lze navic vziajemné
kombinovat (Wrzesinski et al., 2013). Pii metodé FACS dochazi k tfidéni pozitivnich
bun¢k pomoci specializovaného pritokového cytometru, pficemz lze vyuzit specifické
markery pDC (Bendriss-Vermare et al., 2005). Mnohem hojnéji vyuzivanou metodou je
ovSem izolace pomoci magnetickych kulicek, pti které se vyuziva negativni nebo pozitivni
selekce. V pfipad¢ negativni selekce jsou magnetické kuli€ky obaleny protilatkami proti

béZnym znakiim imunitnich bunék, které nejsou pfitomny na povrchu pDC. pDC tedy
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nejsou oznacené zadnou protilatkou a nevazi se na magnetické kuli¢ky. Pozitivni selekce
vyuziva naopak povrchové znaky pfitomné na povrchu pDC jako je BDCA-4 a dalsi
(Dzionek et al., 2001). Nejnovéjsi komeréni izolaéni kity pro pDC jsou zalozené na dvou-
krokov¢ izolaci zahrnujici negativni selekci nasledovanou pozitivni selekci, pficemz Cistota
izolovanych pDC se pohybuje kolem 75-95 % oproti jednokrokové negativni selekci, kdy
se Cistota pohybuje kolem 50-70 % (Gondois-Rey et al., 2009). Nevyhoda pozitivni selekce
muze spocivat v tom, Ze nckteré specifické znaky pDC patii do rodiny tzv. regulacnich
receptord a pozitivni selekce tedy mize vést k ¢astecné aktivaci té€chto receptortt u pDC
(Fanning et al., 2006). Pro studium regula¢nich signaliza¢nich drah pDC je proto vhodnéjsi
vyuzit negativni selekci, pfestoze Cistota izolovanych pDC je niz§i. Regula¢ni receptory
budou podrobnéji popsany v nasledujicich kapitolach. pDC je mozné kromé periferni krve
izolovat i ztkéni apupecnikové krve novorozenci s vyuzitim popsanych metodik

(Breitling et al., 2006; Vangeti et al., 2019).

Dalsi nevyhodou pDC je jejich kratkd zivotaschopnost in vitro, kterd se u
izolovanych pDC pohybuje kolem 60 % po 24 hodinach kultivace in vitro a dramaticky
klesd na zhruba 30 % po 48 hodinach kultivace. Pro zvyseni Zivotaschopnosti pDC je do
kultivaéniho média pifidavan rekombinantni interleukin 3 (IL-3), ktery zvySuje
zivotaschopnost na 90 % po 24 hodinach kultivace in vitro (Gibson et al., 2002). Pro praci
in vitro je mozné vyuzit 1 nékolik dostupnych bunéénych linii, kter¢ vykazuji
charakteristiky pDC. Jedna z prvnich bunéénych linii pDC byla ziskana z periferni
krve leukemického pacienta (Chaperot et al., 2001) a nasledné byla bunécnou kultivaci in
vitro vyselektovana bunécna linie s oznac¢enim GEN2.2 (Chaperot et al., 2006). Podobnym
zpisobem byla pfipravena také bunécna linie CAL-1 (Maeda et al., 2005). Porovnanim
s primarnimi pDC bylo nésledné zjisténo, Ze bunécné linie GEN2.2 a CAL-1 vykazuji
velmi podobnou genovou expresi a odpovéd’ na stimulaci TLR9 jako pDC. Oproti
primarnim pDC vykazuji buitky GEN2.2 1 CAL-1 zna¢ny proliferacni potencial in vitro a
nekteré specifické signalni drahy pritomné v primarnich pDC nejsou v GEN2.2 ani v CAL-
1 liniich aktivovany (Carmona-Saez et al., 2017). Vzdy je tedy nutné vysledky ziskané
zbunéénych linii GEN2.2 i CAL-1 ovéfit na primarnich pDC. Méné vyuZivanou
leukemickou bunécnou linii vykazujici charakteristiky pDC je bunééna linie PMDCO05
(Narita et al., 2009). V posledni dob¢ je také vyvijena metoda diferenciace primarnich pDC

z krevnich kmenovych bunék in vitro (Diaz-Rodriguez et al., 2017).
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2.3 pDC a receptory vrozené imunity

Vrozeny imunitni systém je schopen rozpoznat virovou infekci pomoci
tzv.,,pattern-recognition receptord” (PRR), které jsou schopné rozpoznat molekularni
vzory asociované s patogeny (PAMP). Na zaklad¢ homologie domén se PRR d¢li na 5
rodin: Toll-like receptory (TLR), RIG-I-like receptory (RLR), NOD-like receptory (NLR),
lektinové receptory typu C (CLR) a AIM2-like receptory (ALR). Aktivace bunék pomoci
PRR vede jak ke zméné transkripce vedouci naptiklad k produkci cytokini a dalSich
imunomodulacnich proteini, tak i k netranskripéni odpovédi bunky, jako je naptiklad
fagocytdza (Brubaker et al., 2015). Vyjma PAMP jsou PRR schopné rozeznat i hostitelské
molekuly asociované s poskozenim tkané¢ (DAMP) (Gong et al., 2020). Replikace virt
v infikovanych tkdnich mize vést k uvoliovani DAMP, naptiklad pii nekrotické smrti
infikované buniky (Dapat et al., 2017; Tsai et al., 2014). Vyslednd imunitni odpovéd’ je tak
vzdy slozena z vystupt signadli PAMP a DAMP, ¢imZ je zajiSténa adekvétni odpoved

imunitniho systému.

pDC vyuZivaji pro rozeznani virl zejména receptory ze skupiny TLR. Receptorova
rodina TLR zahrnuje u cloveka 10 receptort (Kawasaki and Kawai, 2014). Sekvenéné
homologni proteiny TLR byly objeveny u Drosophila melanogaster, kde se kromé
antifungalni imunity podileji také na dorzo-ventralnim vyvoji embrya (Lemaitre et al.,
1996). Jednotlivé TLR rozeznavaji unikatni struktury jako jsou bakterialni a kvasinkové
slozky bunéfnych stén, rtizné formy ribonukleovych (RNA) a deoxyribonukleovych
kyselin (DNA) a mnoho dalSich (tabulka ¢.1). pDC exprimuji oproti jinym bunéénym
typiim znacné mnozstvi endosomdlniho TLR7 a TLR9 (Hornung et al., 2002). TLR7
rozeznava jednotetézcovou RNA (Diebold et al., 2004) a TLR9 rozeznavé dvojtetézcovou
DNA bohatou na nemethylované CpG sekvence (Hemmi et al., 2000). pDC jsou tak plné
vybaveny receptory pro rozeznani nukleovych kyselin RNA i DNA vir. Kromé toho pDC
slabé exprimuji jest¢ TLR1, TLR10 a TLR6, jejichZ funkce neni v ptipadé¢ pDC plné
objasnéna (Hornung et al., 2002). U pacientl trpicich systémovou sklerodermii bylo
zjisténo, ze pDC exprimuji také TLR8 (Kioon et al., 2018). Vyjma endosomalnich TLR7/9
jsou pDC schopné rozeznat také dvojietézcovou RNA pomoci cytoplasmatického RIG-I
(retinovou kyselinou indukovany gen I) receptoru (Bruni et al., 2015). Vyznam TLR7 a
TLRY v rozeznani virovych nukleovych kyselin byl mnohokrat potvrzen na mySim modelu,

ve kterém mysi deficientni v TLR7/9 vykazovaly vyss§i virové titry zejména v piipadé
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infekcei herpetickymi viry (Bussey et al., 2019; Zucchini et al., 2008). pDC tak piedstavu;ji

dulezitou populaci bun¢k vrozené imunity specializujici se na rozeznani virovych infekei.

Tabulka ¢.1 — Obecny popis lidskych TLR a jejich ligandi. Pievzato a upraveno podle
Frazio et al., 2013.

Receptor Ligand Signalizacni Lokalizace Exprese
adaptorovy Receptoru receptoru
protein
TLR1 triacilované MyD88 bunecny povrch  monocyty, makrofagy,
lipopeptidy lymfocyty B, myeloidni
dendritické burky
TLR2 Glykolipidy, MyD88 bunécény povrch  monocyty, myeloidni
HSP70, Zymosan dendritické bunky,
Zirné bunky
TLR3 dvojretézcova TRIF endosomy myeloidni dendritické
RNA bunky, lymfocyty B
TLR4 LPS, HSP, MyD88/TRIF bunécény povrch  monocyty, makrofagy,
fibrinogen, myeloidni dendritické
fragmenty bunky, Zirné buriky
heparan sulfatu
a hyaluronové
kyseliny
TLR5 flagelin MyD88 bunécény povrch  monocyty, makrofagy,
myeloidni dendritické
bunky,
TLR6 mnohonasobné  MyD88 bunécény povrch  monocyty, makrofagy,
diacylované Zirné bunky, lymfocyty
lipopetidy B
TLR7 jednoretézcova MyD88 endosomy plasmacytoidni
RNA dendritické buriky,
monocyty, makrofagy,
lymfocyty B
TLR8 jednoretézcova MyD88 endosomy monocyty, makrofagy,
RNA Zirné bunky
TLR9 DNA obsahujici MyD88 endosomy plazmacytodini
nemethylované dendritické buriky,
dinukleotidy lymfocyty B, monocyty
CpG
TLR10 diacylované MyD88 bunécny povrch  monocyty, makrofagy,
lipopetidy lymfocyty B

(predikce), HIV-
gp4l

MyD88=myeloidni diferenciacni faktor 88, HSP70=protein teplotniho Soku 70, TRIF=adaptorovy
protein obsahujici doménu TIR a indukujici produkci interferonu beta, LPS=lipopolysacharid, HIV-

gp41= obalovy protein gp41 viru lidské imunodeficience
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2.3.1 Signalizace TLR7/9 u pDC

TLR7 i TLR9 maji podobnou strukturu. Jednd se o transmembranové receptory,
jejichz N-koncova doména (ektodoména) obsahuje opakujici se motivy bohaté na leucin,
zajistujici vazbu ligandu, a cytoplasmatickou C-koncovou Toll/IL-1 receptor homologni
doménu (TIR) vézajici signalizacni proteiny (Botos et al., 2011) (obrazek 2). Po vazbé
ligandu dochazi k homodimerizaci TLR7/9 a zahajeni signalni kaskady (Ohto et al., 2018;
Zhang et al., 2018). Ke studiu funkce TLR7/9 se vyuziva syntetickych ligandt téchto
receptorti. Mezi nejvyznamnéjsi aktivatory TLRO patii tzv. CpG-A oligodeoxynukleotidy
(ODN) obsahujici nemethylované CpG sekvence (Krug et al., 2001). V ptipad¢ TLR7 jsou
vyuzivany zejména imidazolchinolinové slouc¢eniny (Hemmi et al., 2002). Dalsi zastupci
syntetickych aktivatord TLR7/9 budou podrobn¢ probrany v nésledujicich kapitolach. Za
klidového stavu je v pDC zna¢na ¢ast TLR7/9 lokalizovana v endoplazmatickém retikulu
(ER). Po ptidéni ligandu TLR9 k pDC dochézi k redistribuci TLR9 do endolysozomadlnich
kompartmentti, kde dochazi k vazb¢ ligandu na TLR9 (Latz et al., 2004). K retenci v ER a
nasledné translokaci do endolysozomalniho systému dochazi i v ptipadé¢ TLR7 (Fukui et
al., 2009). Na maturaci a redistribuci TLR7/9 do endolysozomalnich kompartmentli se
ucastni celd fada proteinli jako chaperony gp96 (Yang et al., 2007) a protein asociovany
s TLR4 (PRAT4A) (Takahashi et al., 2007). Dilezity transportni chaperon ptedstavuje
UNC93BI1 (unc-93 homolog B1), ktery se kromé transportu TLR7/9 z ER (Kim et al., 2008;
Lee et al., 2013) podili 1 na stabilizaci TLR7/9 (Pelka et al., 2018). Transport TLR7/9
probiha pies sekretorickou drdhu zahrnujici Golgiho aparat. Pro u€¢innou vazbu ligandu
v endolysozomalnim systému musi dojit k naSt€peni ekto-domény TLR7/9. Tento
mechanismus patrné zabrafiuje rozezndni vlastni DNA uvolnéné napiiklad z mrtvych
bun¢k (Park et al., 2008). Signalizace podilejici se na redistribuci TLR7/9 z ER do
endolysozomalnich kompartmentli ani receptory fidici endocytdézu syntetickych ligandi

TLR7/9 nejsou ovSem doposud pln€ zndmy.
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Obrazek 2: Zakladni schéma TLR. N-koncovd doména (ektodoména) bohatd na
leucinové repetice se podili na rozeznani a vazb¢ ligandu. Cytoplasmatickd doména
obsahuje Toll/IL-1 receptor homologni (TIR) doménu podilejici se na signalizaci. Pfevzato

a upraveno podle Chen et al., 2019.

Redistribuce TLR7/TLRY do endolysozomadlniho systému je spojena s formovanim
tzv. signaliza¢nich endosomtl, kdy jednotlivé signaliza¢ni komplexy a vysledna exprese
cytokinl zavisi na lokalizaci TLR7/9 v endosomalnim systému a dochazi mezi nimi patrné
k dynamickému pfechodu (Combes et al., 2017). Po vazbé TLR7/9 ligandu na ektodoménu
dochazi k dimerizaci TLR7/9 a vazbé myeloidniho diferencia¢niho faktoru 88 (MyD88) na
TIR doménu TLR7/9. MyD88 dale vaze faktor asociovany s receptorem pro tumor
nekrotizujici faktor alfa (TNF-a) 3 a 6 (TRAF3/6) a kin4zy asociované s receptorem pro
interleukin-1 1 a 4 (IRAK1/4) nutné pro zah4jeni signalizace (Kawasaki and Kawai, 2014).
Jestlize dojde k rozeznani ligandu pomoci TLR7/9 v asném endosomu a zaroven je
schopen ligand indukovat retenci TLR7/9 v €asném endosomu, dochazi k asociaci s
interferon regula¢nim faktorem 7 (IRF7) a vytvari se IRF7 signaliza¢ni endosom (Combes
et al., 2017; Hirsch et al., 2017). IRF7 je v pDC na rozdil od jinych bunécnych typa
konstitutivné exprimovan (Kerkmann et al., 2003). IRF7 je nasledn¢ fosforylovan kindzami
IKK-a/B (inhibitor of nuclear factor kappa-B kinase subunit alpha/beta) (Pauls et al., 2012)
a TBK1 (TANK-binding kinase 1) (tenOever et al., 2004), translokuje se do jadra, kde se
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podili na indukci transkripce IFN-I/IIT (Gough et al., 2012). Pokud ligand TLR7/9 neni
schopen indukovat retenci TLR7/9 v ¢asnych endosomech, nastava rychly ptechod do
lysozomi, kde se do komplexu TLR9/MyD88 vaze IRF5 namisto IRF7. Dale dochézi
k aktivaci IKK- pomoci kindzy TAK-1 (tumor growth factor f activated kinase) a aktivaci
nuklearniho faktoru kB (NF-kB), podle kterého nese tento endosom oznaceni. V piipadé
NF-kB endosomu dochazi k produkei prozanétlivych cytokinti jako je TNF-a. Pomér a
dynamika formovani IRF7 versus NF-kB endosomil pak ur¢i mnozstvi produkce IFN-I/IIT
vici prozanétlivym cytokinim (Combes et al., 2017; Hirsch et al., 2017) (obrazek 3). Bylo
popsano nékolik malo molekul nezbytnych pro formovani IRF7 endosomu jako PACSIN1
(protein kinase C and casein kinase in neurons 1) regulujici aktinovy cytoskelet (Esashi et
al., 2012), jiné molekuly naopak podporuji tvorbu NF-kB endosomu, jako je BAD-LAMP
(brain and DC-associated LAMP-like molecule) (Combes et al., 2017). Pfesny popis funkce

a pfechod mezi signaliza¢nimi endosomy u pDC ovSem vyZaduje dal$i studium.
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Obrazek 3. Schéma signaliza¢nich endosomii. Vazba CpG-A na TLRY v ¢asném
endosomu vede k formovani IRF7 signalizatniho endosomu, ve kterém dochazi
k fosforylaci transkripéniho faktoru IRF7 pomoci TBK1 a IKK-a. Fosforylovany IRF7 se
podili na transkripci IFN-I. Vazba CpG-A na TLR9 v lysozomu vede k fosforylaci
transkripéniho faktoru NF-xB a k produkci prozanétlivych cytokini jako je TNF-a.
Prevzato a wupraveno podle Combes et al., 2017. TfR=transferinovy receptor,

OPN=optineurin, [FN=interferony typu I a III, TNF=tumor nekrotizujici faktor alfa.

Krom¢ hlavniho signalizacniho komplexu MyDS88-IRF5/IRF7 se na TLR7/9
signalizaci v pDC a vysledné produkci cytokint podileji i dal$i signalni dradhy. Vyznamnou
ulohu hraje v pDC drdha PI3K-PKB/Akt-mTOR, ktera se podili na indukci fosforylace
IRF7 1 NF-xB a tim 1 produkci IFN-I/III a prozanétlivych cytokint (Cao et al., 2008; van
de Laar et al., 2012). Dalsi dtlezitou drahou regulujici zejména produkci IFN-I/III je kinaza
p38 spadajici do rodiny mitogenem aktivovanych proteinovych kindz (MAPK) (Osawa et
al., 2006). Naopak Brutonova tyrosinkindza (Btk) se podili na pozitivni regulaci TLRY, ale
nema vliv na funkci TLR7 (Wang et al., 2014). Pro expresi IFN-I/IFN-III je zfejm¢ nutna
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i remodelace chromatinu, nebot’ exprese IFN-I/III je u pDC siln¢ blokovana trichostatinem
(Salvi et al., 2010). Dalsi jaderné proteiny jako protein obsahujici tripartitni motiv 8
(TRIMS) stabilizuji IRF7 v jadie (Maarifi et al., 2019). V neposledni fad¢ je produkce IFN-
I zesilena také kontaktem pDC s NK bunikami pfes bunééné kontakty zahrnujici LFA-1
(lymphocyte function-associated antigen 1) (Hagberg et al., 2011).

2.3.2 pDC a moznosti rozeznani virové infekce

pDC maji schopnost rozeznat jak volné virové ¢astice, tak i virem infikované bunky.
Nejjednodussi rozeznani virovych €astic je popsdno v piipadé velkych obalenych DNA
vird, jako jsou herpetické viry: herpes simplex virus 1 (HSV-1), herpes simplex virus 2
(HSV-2) nebo virus Epsteina-Barrové (EBV), kdy samotné virové castice jsou do pDC
internalizovany a dochazi k aktivaci TLR9 a produkci IFN-I/III bez nutnosti replikace
téchto virtt v pDC (Fiola et al., 2010; Lund et al., 2003; Siegal et al., 1999). Obdobnym
mechanismem dochézi i k aktivaci TLR7 v pfipadé rozeznani RNA virii jako je virus
chiipky (Thomas et al., 2014). Role povrchovych receptort podilejicich se na internalizaci
virovych ¢astic do signalizacnich endosomi v pDC neni pfili§ objasnéna. U viru hepatitidy
typu A (HAV) bylo rozeznani virové RNA pomoci TLR7 inhibovdno ptidavkem
rekombinantniho annexinu V, coZ poukazuje na zapojeni receptorii rozeznavajici
fosfatidylserin (Feng et al., 2015). V pfipad¢é rozeznani viru HIV pDC byla popsana
specificka interakce obalového proteinu gp120 a CD4 molekuly na povrchu pDC (Beignon
et al., 2005). Na schopnost rozeznani virt u pDC ma vliv také opsonizace virovych Castic

protilatkami (Lannes et al., 2012; Veenhuis et al., 2017) a autofagie (Manuse et al., 2010).

Vystaveni pDC virovym ¢asticim obalenych 1 neobalenych virli nevede vzdy
k aktivaci pDC. V piipadé viru hepatitidy typu C (HCV) vede vystaveni pDC virovym
casticim naopak k inhibici TLR7/9 (Florentin et al., 2012). pDC jsou ovSem schopné
rozeznat hepatocyty infikované HCV, nebot’ dochdzi k ptenosu RNA HCV z infikovanych
bun¢k do pDC pomoci exosomu. Pro aktivaci pDC je nicméné zapotiebi vysoka
koncentrace exosomu nesoucich RNA HCV. Pro piekonani aktivacniho prahu TLR7/9
pomoci exosoml nesoucich RNA HCV je nutny tésny kontakt bunka-buiika, kdy dochéazi
k polarizované sekreci exosomi z infikovanych bunék do pDC (Dreux et al., 2012).
Assilova et al. nedavno popsala molekuldrni mechanismus formovani kontaktu mezi pDC

a infikovanymi bunkami. pDC maji schopnost vytvafet s bunkami tranzientni kontakty
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(<100 minut) skrze interakce mezi mezibunéénymi adhezivnimi molekulami (ICAM-1) a
ar B2 integriny a hraji tak roli aktivnich strazct proti virem infikovanym bunkam. V ptipade,
ze dojde pfi tranzientnim bunéném kontaktu k rozeznani virové RNA pomoci TLR7,
dochdzi k reorganizaci bunéného kontaktu a vytvofeni tzv. interferogenni synapse mezi
infikovanou buiikou a pDC. Interferogenni synapse se vyznacuje reorganizaci buné¢ného
aktinu v misté bunécného kontaktu a vytvofenim dlouhotrvajiciho bunééného kontaktu
(>350 minut) (obrazek 4). Tvorba interferogenni synapse je v piipadé pDC velmi
konzervovana, nebot’ autofi prokazali tvorbu synapsi nejen v ptipadé¢ HCV, ale i virt
Dengue a Zika (Assil et al., 2019). Zdali dochézi k tvorb¢ interferogenni synapse i v piipadé
TLRY, neni plné objasnéno. U viru Dengue bylo navic prokézano, Ze nematurované ¢astice
nesouci virovou RNA, ve kterych nedoslo k nastépeni prekurzorového membranového
proteinu, jsou rozeznany v endosomalnim systému TLR7. Maturované ¢astice jsou naopak
schopné pted rozeznanim v endosomalnim systému pDC uniknout, nebot” dochazi k fuzi
virové Castice s endosomem a transportu virového genomu do cytoplasmy (Décembre et
al., 2014). Virus zluté zimnice mé schopnost se vpDC replikovat a dochazi k
pfimému rozeznani virovych replikac¢nich intermediati pomoci cytoplasmatického RIG-I
receptoru. Nicméné nepiimé rozeznani bunck infikovanych virem Zzluté zimnice pomoci
TLR7 vede u pDC k mnohem silnéjsi produkci IFN-I/II1, coZ poukazuje na dominantni roli
TLR7/9 u pDC v ptipad¢ rozeznavani virovych nukleovych kyselin (Bruni et al., 2015).
Rozeznani bunécnym kontaktem se dale uplatiiuje u viru lidské imunodeficience (HIV),
kdy je opét ucinnéjsi, nez v ptipad¢ vystaveni pDC virovym casticim HIV (Lepelley et al.,
2011). Mnoho studii prokazalo schopnost pDC rozpoznat obalené RNA i DNA viry. Oproti
tomu mechanismy rozeznani neobalenych virti nejsou v literatufe tolik popsany. Vyjimku
tvofi rozeznani HAV, ktery je obecné povazovan za neobaleny virus. HAV se §ifi v hostiteli
1tzv. obalenou formou (Feng et al., 2013) a prav¢ tato obalena forma je silnym aktivatorem
produkce IFN-I u pDC, oproti isolovanym neobalenym kapsiddm, které tvorbu IFN-I
v pDC nestimuluji. Zajimavosti je v ptipadé HAV 1 fakt, ze exosomy nesouci RNA HAV
neaktivuji pDC (Feng et al., 2015).
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Obrazek 4: Interferogenni synapse. Po aktivaci TLR7 pomoci virovych PAMP v ¢asnych
endosomech dochazi k aktivaci IRF7. IRF7 indukuje produkci IFN-I. Signalizace TLR7
dale indukuje reorganizaci buné¢ného aktinu, ¢imZ dochazi k vytvotfeni dlouhotrvajiciho
bunééného kontaktu mezi infikovanou bunikou a pDC, ktery je zavisly na interakci [ICAM-
I a integrinu aLLB2. Pfevzato a upraveno podle Assil et al., 2019. EEAl=antigen ¢asného

endosomu 1

2.3.3 Aktivace pDC pomoci syntetickych ligandi TLR7/9

Rozvoj syntetickych aktivatort pDC zapocal se zjisténim, ze kratké ODN
obsahujici nemethylované CpG sekvence jsou schopné vyvolat silnou produkci IFN-I po
stimulaci krevnich perifernich mononuklearnich bun¢k (PBMC) (Krug et al., 2001).
Vzhledem k diilezitosti IFN-I bylo jasné, ze syntetiCti agonisté schopné aktivovat pDC
mohou ptedstavovat nastroj pro 1écbu riiznych onemocnéni vcetné virovych infekei. Od té
doby doslo a dochazi k vyvoji a testovani mnoha riznych ligandi TLR. V soucasné dobé
je intenzivné testovan vliv tzv. dudlnich agonisti TLR, kdy fuzi dvou rozdilnych ligandt
TLR vznikd molekula schopna soucasn¢ aktivovat vétsi mnozstvi TLR (Macedo et al.,
2018). Vyjma vyvoje novych ligandii TLR je déle testovano mnoho metod souvisejicich s

jejich biodistribuci in vivo a specifickym cilenim do vybranych tkani (Madan-Lala et al.,
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2017; Schau et al., 2019). Vzhledem k charakteru této prace bude vybér popsanych TLR

ligandii omezeny zejména s ohledem na jejich schopnost aktivovat pDC.

Jak jiz bylo zminéno, TLR7 rozeznava jednotetézcovou RNA (Diebold et al., 2004).
Kratké jednotetézcové oligoribonukleotidy (ORN) bohaté na polyU nebo GU sekvence
jsou bézné aktivatory TLR7 in vitro (Lan et al., 2009). V piipad¢ stimulace TLR7 se
nicméné Castéji vyuzivaji syntetické analogy bazi a imidazolchinolinové slouceniny.
Vzhledem k sekven¢ni a funkéni homologii mezi lidskym TLR7 a TLRS, disponuje zna¢na
¢ast syntetickych ligandt TLR7 schopnosti aktivovat za urcitych podminek i TLRS a
fungovat tak jako duélni agonisté (Patinote et al., 2020). Jeden z prvnich imidazolchinolint
vykazujici antivirové pisobeni proti viru HSV-2 byl resiquimod (R848) (Bernstein et al.,
2001). Na mysim modelu bylo zjisténo, Ze antitumorogenni a antivirovy potencial R848 je
asociovan s aktivaci TLR7 (Hemmi et al., 2002). Studie na lidskych bunkach dale
prokazala, ze R848 je krom& TLR7 schopen aktivovat i TLR8 v zavislosti na koncentraci
(Jurk et al., 2002). R848 lze tedy za urcitych podminek povazovat za dudlniho agonistu,
nebot nezévisle aktivuje dva rizné TLR. V dnesni dobé je jiz vyvinuto mnoho specifickych
TLR7 i TLR8 ligandil. Jednim z nich je naptiklad adeninovy analog s oznacenim CL264
vykazujici selektivitu pouze k TLR7 (Hirota et al., 2002). DalSim aktiviatorem TLR7 je
maléd syntetickd molekula s ozna¢enim GS-9620 (vesatolimod) vyvinutd firmou Gilead
Sciences (Fosdick et al., 2014). Nespornou vyhodou GS-9620 je mozZnost oralniho
podavani pacientlim a vysoka tolerance 1écby bez zavaznych vedlejSich efekt (Agarwal et
al., 2018). Pomérn€ novym agonistou TLR7 je molekula s ozna¢enim CL413 (Adilipolin).
CL413 wvznikl kovalentnim spojenim 8-hydroxyadeninu a diacylované¢ho lipopeptidu
Pam2CSK4. Analog baze predstavuje v ptipadé CL413 syntetického agonistu TLR7 a
diacylovany peptid agonistu TLR2. CL413 piedstavuje typického dudlniho agonistu TLR
(Macedo et al., 2018). Z dualniho charakteru syntetickych ligandi vyplyva i jejich
schopnost aktivovat mnohem S§irSi spektrum imunitnich bunék. Zatimco specificky
synteticky ligand TLR7 jako je GS-960 a CL264 aktivuji zejména pDC, od R848 a CL413

1ze ocekavat mnohem Sirsi spektrum aktivace imunitnich bunék.

Zlatym standardem pro aktivaci TLRY pomoci syntetickych ligandl ptfedstavuji
kratké ODN obsahujici nemethylované dinukleotidové CpG sekvence. Podle struktury a
imunostimula¢niho efektu se ODN dale déli do n¢kolika tfid. Mezi nejicinnéjsi induktory
produkce IFN-I/III patii ODN tfidy A (CpG-A). CpG-A charakterizuje piitomnost

centralniho CpG motivu, 5° koncového palindromu a pfitomnost poly(G) motivu na 3’
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konci (Krug et al., 2001). Davodem vysoké kapacity CpG-A na indukci IFN-I/III je patrné
schopnost vytvaret struktury vyssiho fadu (Klein et al., 2010), které zajist'uji retenci CpG-
A v Casnych endosomech (Combes et al., 2017) (kapitola 2.3.1). Struktury vyssiho tadu
vznikaji v ptipadé¢ CpG-A diky interakcim poly(G) 3” koncovych motivii (Klein et al.,
2010). P11 aktivaci PBMC pomoci CpG-A dochézi k aktivaci pouze pDC a predominatni
odpovédi je produkce IFN-I/III. CpG-A vykazuji tedy vysokou aktivacni selektivitu vici
pDC (Hanagata, 2012). ODN ttidy B (CpG-B) neobsahuje palindromy a poly(G) sekvence
a vyvolava v pDC produkci zejména prozanétlivych cytokinli (Kerkmann et al., 2003).
V piipad¢ aktivace PBMC pomoci CpG-B dochézi k navic k predominantni aktivaci B
lymfocyt (Hanagata, 2012; Hartmann et al., 2000), které stejn¢ jako pDC exprimuji TLR9
(Jiang et al., 2007). Nov¢jsimi typy ODN jsou tfidy C a P, které kombinuji vlastnosti CpG-
A a CpG-B a maji schopnost aktivovat pDC i lymfocyty B (Hanagata, 2012).

2.3.4 Vliv aktivovanych pDC na virem infikované bunky

pDC produkuji 100 — 1000 krat vice IFN-I neZ ostatni bunécné typy a predstavuji
tak vyznamné producenty IFN-I v lidském téle (Liu, 2005). IFN-I jsou hlavni slozkou
vrozené imunity podilejici se na inhibici virového Sifeni v ¢asnych fazich virové infekce.
Vyjma IFN-I produkuji pDC také mnoho dalSich cytokinli a chemokint, které se spolecné
s IFN-I podileji na antivirové odpovédi v mist€ infekce a na migraci imunitnich bunék do
mista infekce. pDC prezentaci virovych antigeni na MHC glykoproteinech II. tfidy
spolecné s expresi kostimula¢nich molekul CD80 a CD86 mohou nasledné aktivovat
cytotoxické lymfocyty T (Kadowaki et al., 2000). Vzhledem k charakteru této prace, bude

tato kapitola pojednévat zejména o mechanismech piisobeni IFN-I/III na virovou replikaci.

Interferony se déli podle struktury a receptort do tii typi: Interferony typu I (IFN-
I), Interferony typu II (IFN-II) a Interferony typu III (IFN-III). IFN-I zahrnujici 13 subtypt
IFN-0, IFN-f a n€kolik dalSich genovych produktti (IFN-g, IFN-t, IFN-x), jejichz funkce
neni piili§ definovana. Jedinym zastupcem IFN-II je interferon gamma (IFN-y). IFN-III
zahrnuji 4 subtypy tzv. interferonu lambda (IFN-L) (McNab et al., 2015). pDC produkuji
IFN-I a IFN-III (Yin et al., 2012). Produkci IFN-y ovSem mohou pDC vyvolat nepfimo
plusobenim IFN-a na NK buniky (Marshall et al., 2006). Interferony I/III indukuji v misté
virové infekce tzv. antivirovy stav, a to jak v infikovanych, tak 1 v neinfikovanych bunikach

a tim zabranuji Sifeni virové infekce. Antivirovy stav je navozen vazbou IFN-I/III na
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heterodimerni receptor lokalizovany na bunécném povrchu. Zatimco receptory pro IFN-I
(IFNAR) jsou Siroce exprimovany, exprese IFN-III receptord (IFNLR) je omezena
predevsim na epitelidlni buniky (McNab et al., 2015). Prestoze IFN-I/III vyuzivaji rozdilné
receptory, vazba na receptor vyvola v obou piipadech aktivaci JAK/STAT signalni drahy,
ktera spousti expresi interferonem stimulovanych gent (ISG) (obrazek 5). Mezi ISG patii
mnoho proteint podilejicich se na restrikci virové infekce (Ivashkiv and Donlin, 2014).
Funkce nékolika vybranych ISG bude podrobnéji popsana v nasledujicich kapitolach.
Vyznam duélni indukce ISG pomoci IFN-I/III je pfedmétem mnoha studii. Jeden z modelt
predpoklada, Zze IFN-III hraji dilezitou roli v pfipad¢ lokalizace virové infekce na
epiteliich, kdy IFN-III vykazuji antivirovou aktivitu a zdroven se podileji na utlumeni silné
prozanétlivé odpovédi a podporuji tak homeostazi tkané. V souladu s timto modelem je
IFNLR heterodimer tvofeny specifickym fetézcem IFNLRI1 a fetézcem specifickym pro
IL-10 (IL-10RpB) (Obrazek 5). Pfi systémovém rozsifeni virové infekce mimo epitelialni
tkané nastupuje naopak IFN-I, ktery ma mnohem siln¢jsi antivirovy a prozéanétlivy t€¢inek
a mé tedy za ukol zabranit systémovému S§ifeni viru i za cenu vysSiho poskozeni tkané
(Andreakos et al., 2019). Krom¢ IFN-I/III byl antivirovy efekt popsan i pro dalsi cytokiny
produkované pDC jako je TNF-a a IL-6 (Kuo et al., 2009; Palumbo et al., 2015; Seo and
Webster, 2002).
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Obrazek 5: Signalizace IFNI/IIL. IFN-I se vaZou na IFNAR1/2 a dochazi k fosforylaci
signalniho a aktivatorového proteinu 1 a 2 (STAT1/2) pomoci janusovo kindzy 1 (JAK1) a
tyrosinové kinazy 2 (TYK2). IFN-III se vazou na IL10RP a IFNARI a podobné jako
v pfipad¢ IFN-I dochézi k fosforylaci STATI1/2. Fosforylovany STATI/STAT2 se
spole¢né s interferon regulaénim faktorem 9 (IRF9) vazou na interferon stimulovany
element (ISRE) a spousti expresi interferonem stimulovanych genti (ISG). Pfevzato a

upraveno podle (Wang et al., 2017).

Po aktivaci TLR7/9 pomoci syntetickych ligandi nebo po expozici virem chiipky a
HIV exprimuji pDC na svém povrchu TRAIL (TNF-related apoptosis-inducing ligand)
(Chaperot et al., 2006; Hardy et al., 2007). TRAIL je transmembranovy protein II. typu
patfici do TNF rodiny receptorti. Dojde-li k vazbé TRAIL na receptory TRAIL-R1 (DR4)
nebo TRAIL-R2 (DRSY), dochazi k trimerizaci receptorti a spusténi signéalni kaskady

vedouci k apoptotické smrti buniky zahrnujici aktivaci kaspaz 8 a 10 (Ashkenazi and Dixit,
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1998; Pan et al., 1997). VétsSina tkani ale neni citliva k apoptéze indukované TRAIL
(Ashkenazi and Dixit, 1998; Gura, 1997). Senzitivita k apoptoéze indukované TRAIL
nicméné vyznamné roste u virem infikovanych bunék nebo u transformovanych bunék
(Wang and El-Deiry, 2003). Mnoho studii prokazalo pfimé cytotoxické ptusobeni pDC
exprimujicich TRAIL proti virem infikovanym i transformovanym bunkam (Babu et al.,
2009; van Dijk et al., 2013). Exprese TRAIL zavisi nejen na TLR7/9 signalizaci, ale také
na pozitivni smyc¢ce zahrnujici aktivaci IFNAR, a je tedy opét zavisla na produkci IFN-I

(Chaperot et al., 2006; Hardy et al., 2007).

pDC maji schopnost aktivovat buiiky vrozeného imunitniho systému a tim podpofit
antivirové pusobeni. Aktivované pDC sekreci IFN-o aktivuji napiiklad NK bunky.
Aktivace NK bunék je navic silné zesilena pfimym kontaktem s pDC (Conry et al., 2009).
Zdali je v ptipad€ bunééného kontaktu vytvotfena podobna bunécna synapse jako v ptipadé

rozeznavani infikovanych bunék (interferogenni synapse, kapitola 2.3.1) neni ovSem jasné.

2.4 Negativni regulace TLR7/9 u pDC

IFN-I/IIT hraji dtlezitou tlohu béhem ¢asné faze virové infekce, nicméné¢ nasledné
musi dojit kregulaci jejich produkce. Nadmérma produkce IFN-I/III vede
k imunopatologiim, které se souhrnné oznacuji jako interferonopatie (Rodero and Crow,
2016). Z toho divodu je nutné regulovat aktivitu pDC a vybalancovat ¢asoveé i mistné
produkci IFN-I/III béhem virové infekce. Po stimulaci TLR7/9 v pDC dochazi ke spusténi
signalnich drah schopnych negativné regulovat signalizaci TLR7/9, ¢imz je zaji$téna
optimalni produkce IFN-I/III (Karrich et al., 2013; Marshall et al., 2007). Na regulaci
signalizace TLR se podili mnoho mechanismi zahrnujici degradaci kliCovych
signalizaCnich komplexi pomoci K48-vazané ubikvitinace nebo naopak deubikvitinace
K63-vazanych polyubikvitinovych fetézcil, které jsou nutné pro sestaveni signalizacnich
komplexii. Na negativni regulaci TLR se také podili alternativni sestfih, mechanismy

transkripcni regulace, mikro RNA (miRNA) a mnoho dal$ich (Kondo et al., 2012).

Jednim z dobie popsanych regulator v ptipadé pDC je miRNA-146a. miRNA-
146a je siln€ exprimovana po aktivaci TLR7/9. ZvySend exprese miRNA-146a nasledné
snizuje produkci IFN-I, prozanétlivych cytokinl i1 kostimula¢nich molekul a indukuje
apoptozu pDC (Karrich et al., 2013). Studie na monocytech prokazala schopnost miRNA-
146a cilit IRAK-1 a TRAF6 (Taganov et al., 2006). Mezi negativni regulatory TLR7/9 patii
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1 zastupci ISG. Zastupci E3 ubikvitin ligdz z rodiny TRIM jmenovité¢ TRIM20, 22, 36 a 28
inhibuji produkci IFN-I v pDC (Maarifi et al., 2019). Po aktivaci pDC dochazi také ke
snizeni exprese BAD-LAMP proteinu, ktery se podili na dynamickém ptechodu mezi
signaliza¢nimi endosomy (Combes et al., 2017). Také aktivace TLR7 vede k inhibici TLR9
signalizace a dostupné data poukazuji na skute¢nost, ze TLR7 signalizace dominuje nad
TLR9 (Marshall et al., 2007). Na myS$im modelu bylo zjiSténo, ze i samotna pfitomnost
IFN-I/III v séru vede k poklesu pDC (Swiecki et al., 2011). Mnozstvi pDC a s tim spojena
produkce IFN-I/III mize byt regulovana i cytotoxickymi lymfocyty T, které indukuji
apoptozu pDC (Mossu et al., 2016).

Skutecnost, ze aktivace TLR7/9 v pDC vede k aktivaci zpétné negativni smycky
inhibujici TLR7/9 byla neddvno podpofena také objevem molekuly TIM-3 (T-cell
immunoglobulin and mucin-domain containing-3) na povrchu aktivovanych pDC
(Schwartz et al., 2017). TIM-3 byl popsén jiz dfive jako molekula lokalizované na povrchu
lymfocytt T u kterych plni roli inhibi¢niho receptoru, kdy po vazbé ligandu tlumi aktivitu
lymfocytt T a je asociovan s jejich tzv. vyCerpanim (Wolf et al., 2020). Také ptitomnost
TIM-3 na povrchu pDC u pacientii s HIV je asociovéna s nizsi produkei IFN-o. [FN-a navic
zvySuje expresi TIM-3 v pDC, cozZ opét poukazuje na zapojeni TIM-3 v negativni regulaci
TLR7/9. Analyzou mechanismu funkce TIM-3 u pDC bylo zjisténo, Ze TIM-3 kolokalizuje
s IRF7 a p85 podjednotkou fosfatidylinositol-3-kindzy (PI3K) v lysozomech a patrné
interferuje s translokaci IRF7 do jadra. Pfesny mechanismus inhibi¢ni funkce TIM-3 v pDC
neni ovSem plné€ vysvétlen. Aktivace signalizace TIM-3 pomoci cilenych protilatek nevedla
ke zvySeni inhibicniho efektu na produkci IFN-I v pDC, coZ poukazuje na inhibicni roli
TIM-3 nezavislou na vazb¢ ligandu (Schwartz et al., 2017). Nelze ovSem plné vyloucit, Ze
vazbu ligandu a nésledna aktivace signalizace TIM3 ovliviiuje funkci pDC. pDC jsou
krom¢& TIM-3 negativné regulovany velkym mnoZstvim receptori lokalizovanych na

povrchu pDC.

2.4.1 Regulaéni receptory inhibujici TLR7/9 v pDC

Regulaéni receptory (RR) ptedstavuji riiznorodou skupinu plazmatickych receptor
se schopnosti velmi u¢inné inhibovat produkci IFN-I/III a slouzi tedy jako pojistka proti
prilisné aktivaci pDC. Prvnim popsanym regula¢nim receptorem u pDC byl BDCA-2.
BDCA-2 piedstavuje transmembranovy protein vykazujici zhruba 50% sekvencni
homologii s mySim Dectinem-2 a zhruba 40% sekvenéni homologii s lidskym

imunoreceptorem dendritickych bunék (DCIR) a patii do rodiny CLR. Analyzou PBMC
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bylo zjisténo, ze BDCA-2 je specificky exprimovan v pDC a slouzi k internalizaci antigenii
do endosomalnich kompartment procesujicich antigeny (Dzionek et al., 2001). Nekolik
dalsich studii nasledné¢ potvrdilo inhibi¢ni vliv  BDCA-2 na produkci IFN-I/III
zprostiedkovanou TLR7/9 u pDC (Cao et al., 2007; Jdhn et al., 2010; Rock et al., 2007).
Kromé produkce cytokini ovliviiuje signalizace BDCA-2 také expresi kostimulacnich
molekul CD80 a CD86 vpDC (Jahn et al., 2010). BDCA-2 vykazuje afinitu vuci
specifickym trisacharidim zakoncenych galaktozou, které se vyskytuji na IgG, IgA a IgM
protilatkach. Neni ovSem jasné, zda vazba specifickych trisacharidi na BDCA-2 vede ke
spusténi signalni drahy nebo dochazi pouze ke kompetici o vazbu na BDCA-2 (Jégouzo et
al., 2015; Kim et al., 2018). Pfesny vyznam vazby protilatek na BDCA-2 proto vyZaduje
dalsi studie. Dalsim receptorem selektivné exprimovanym v pDC je ILT7 patfici do
leukocytarni imunoglobulin-like receptorové rodiny (LIR). ILT7 inhibuje podobné jako
BDCA-2 produkei IFN-I/III a prozanétlivych cytokini zprostiedkovanou aktivaci TLR7/9
u pDC. Nicméné oproti BDCA-2 neovliviiuje ILT7 expresi kostimula¢nich molekul CD80
a CD86 (Cao et al., 2006). ILT7 receptor specificky vaze stromalni antigen kostni dfené 2
(BST-2) pattici mezi ISG. Interakce ILT7-BST2 opét ukazuje na negativni ulohu IFN-I/I1T
v aktivaci TLR7/9 u pDC (Cao et al., 2009). Schopnost inhibice TLR7/9 v pDC byla
prokazana i v ptipad¢ receptoru NKp44 (natural killer cell P44-related protein) pattici do
imunoglobulinové superrodiny. NKp44 je exprimovéan u tonsilarnich pDC a u pDC
kultivovanych in vitro v ptitomnosti IL-3. Naopak krevni pDC nevykazovaly po izolaci
expresi povrchového NKp44. NKp44 asociuje s adaptorovym proteinem DAP12 (DNAX
adaptor protein 12) (Fuchs et al., 2005). Endogennimi ligandy NKp44 jsou napiiklad
PCNA (proliferating cell nuclear antigen) (Rosental et al., 2011), specificka sestfihova
forma proteinu MLL-5 (mixed lineage leukemia 5) (Baychelier et al., 2013) a dalsi. Nové&;si
studie odhalila pfitomnost NKp44 také u pDC lokalizovanych v nadorovém
mikroprostiedi. Poslednim popsanym RR u lidskych pDC byl receptor leukocytli podobny
imunoglobulinim 1 (LAIR-1) (Bonaccorsi et al., 2010). Atypickym zastupcem RR rodiny
je DCIR, nebot’ pfimo obsahuje inhibi¢ni motiv imunoreceptori zaloZeny na tyrosinu
(ITIM) a neasociuje tak s adaptorovym proteinem jako ostatni popsané regulacni receptory.
Po aktivaci DCIR u pDC dochazi k inhibici TLR7/9 drahy (Meyer-Wentrup et al., 2008).
Signalizace DCIR vykazuje podobnost se signalizaci BDCA-2 a lze tedy predpokladat
podobny mechanismus U€¢inku na TLR7/9 drahu u pDC (Florentin et al., 2012).
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Signalizace BDCA-2 patii mezi nejvice studovanou a popsanou mezi RR. pDC
specificky exprimuji 2 adaptorové proteiny nesouci aktivacni motiv imunoreceptoru
zalozeny na tyrosinu (ITAM) a to FceRlIy (Fc fragment of IgE receptor Ig) a DAP12 (Cao
etal., 2007). ITAM ptedstavuje velmi konzervovany signalni motiv se sekvenci Y XXXL/I-
Xe6-3-Y XXL/I (X ptedstavuje jakoukoliv AK). ITAM se uplatiiuje v celé fadé¢ signalizacnich
drah, jako jsou signalizace receptor lymfocyti T (TCR), receptora lymfocytii B (BCR) a
mnoho dalSich. Fosforylace tyrosinovych zbytki v ITAM vede k vazbé mnoha kinaz a
zahajeni signaliza¢ni kaskady (Underhill and Goodridge, 2007). BDCA-2 v pDC vytvari
komplex s adaptorovym proteinem FceRIy (Cao etal., 2007; Rock et al., 2007). Po aktivaci
BDCA-2 pomoci specifickych protilatek dochazi k fosforylaci kinazy Syk na Y525 a také
kinazy Src na Y416. Dale je fosforylovan adaptorovy protein Slp65 (BLNK, B-cell linker))
a dochazi k fosforylaci Vavl a fosfolipazy Cy2 (PLCy2). Aktivovany jsou i extracelularnim
signdlem regulované kinazy 1 a 2 (ERK1/2) spadajici do rodiny MAPK. Po aktivaci
BDCA-2 dochézi také k intracelularnimu uvolnéni vapnikovych iontd (Ca*") (Cao et al.,
2007; Dzionek et al., 2001). Inhibice kinaz Syk a Src vede k zablokovani jak vapnikové
signalizace, tak 1 k fosforylaci Vavl a PLCy2. Syk a Src jsou tedy hlavni kindzy stojici na
pocatku BDCA-2 signalni kaskady (Aouar et al., 2016). Adaptorovy protein Slp65 by se
mohl podilet na aktivaci PI3K, nicméné role Slp65 v signalizaci BDCA-2 neni plné
objasnéna. Vzhledem k podobnostem signalni drahy BDCA-2 a dalSich RR se signalni
drahou BCR byva signalizace RR oznafovéna jako signalizace podobna BCR (BCR-like)
(obrazek 6) (Cao et al., 2007). Studie Rockeho et al. naznacila, Ze soucasti signalizace
BDCA-2 je i kindza Lyn a Btk. Déle bylo zjisténo, Ze po aktivaci BDCA-2 dochazi k rychlé
internalizaci BDCA-2 do pozdniho endosomu zavislou na klatrinu. Studie potvrdila, Ze
BDCA-2 vykazuje podobnosti se signalizaci BCR, nicméné na rozdil od signalizace BCR
nedochézi k aktivaci kanonické drahy NF-kB, ale naopak k inhibici fosforylace inhibitoru
NF-«B (IkBa) (Rock et al., 2007). Kindza Syk se neti¢astni pouze signalizace BDCA-2, ale
pozitivné reguluje také TLR7/9 (Aouar et al., 2016). Co se tyCe dalSich receptorti z rodiny
RR, ILT7 podobné jako BDCA-2 asociuje s adaptorovym proteinem FceRlIy a Ize o¢ekévat,
ze 1 signalizace bude shodnd s BDCA-2 (Cao et al., 2006). U dalSich zastupci RR neni
signalizace v pDC v literatufe popsana, nicméné lze ptfedpokladat podobny mechanismus

jako u signalizace BDCA-2.
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::LWRI Obrazek 6. RR signalizace u pDC.
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cle ITAM na adaptorovém proteinu

syk AT s :
= A > FceR1Iy a nasledné vazbé kinazy Syk.
BLNK Syk fosforyluje adaptorovy protein
BLNK a dochazi k aktivaci
fosfolipazy Cy (PLCy). Aktivace
protein kindzy C (PKC) vede k
o [ P, aktivaci ~ ERK1/2  (MAPK).
@ Cat* Transientni zvySeni Ca’" vede k

aktivaci nuklearniho faktoru
@ @ aktivovanych lymfocyti T (NFAT) a
k aktivaci kalmodulin  kindzy

AP1 CREB NFAT
DD PP CH LU (CAMK), ktera dale aktivuje
transkripéni faktor CREB (cAMP

response element-binding protein).
Finalni efektem aktivace RR je

Zwyieni produkce
Lectin-like receptor (CLEC4A (DCIR))

Snizeni produkce snizeni produkce IFN-I/IFN-III, ISG,
« IFN-I (IFN-o, IFN-B, IFN-w) e
IEN-IIL (AL, A2, A3, Ad) TRAIL a chemokint u. pDC.
Interferonem stimulované geny Ptevzato a upraveno podle Hirsch et
*  Chemokiny (CCL3/4/5, CXCL10/11) al., 2017. BTK=Brutonova tyrosin
" TRAL kinaza.

2.4.2 Viry vyuzivajici funkci regulac¢nich receptori k inhibici produkce
IFN-I/III v pDC

Mnoho virdt vyvinulo strategie uniku pfed imunitnim systémem hostitele. Také v
ptipadé rozeznani virové infekce pDC bylo popsano n¢kolik mechanismt uniku virt.
Modelovy ptiklad v ptipad€ pDC byl popsan zejména pro HCV. Jak jiz bylo zminéno, pDC
rozeznéavaji exosomy obsahujici RNA HCV, pficemZ k dosaZeni optimalniho pfenosu
aktivacniho signdlu je nutné vytvofeni interferogenni synapse mezi pDC a builkou
infikovanou HCV (Assil et al., 2019). Florentin et al. vSak prokazali, Ze pokud jsou ve
spole¢né kultufe (kokultuie) pDC spolecné s hepatocyty, které produkuji exosomy nesouci
RNA HCV, ponechany i HCV virové ¢astice, nedochézi k produkci IFN-I/III. Néslednou
analyzou bylo zjisténo, ze HCV virové Castice vaZzou BDCA-2 a DCIR a aktivuji tak u pDC
inhibi¢ni signalizaci RR. Aktivaéni signal zahrnujici exosomy nesouci RNA HCV je tak

pln€ inhibovan inhibi¢nim signdlem pfedstavovanym virovymi ¢asticemi HCV. Vysledna
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produkce IFN-I/III v pDC se proto fidi souhrou aktivacnich a inhibi¢nich signala a jejich

vzajemnym pusobenim (Florentin et al., 2012)

Podobna souhra aktivacnich a inhibi¢nich signali modulujicich funkci pDC byla
popsana i pro HIV. pDC rozeznavaji volné HIV partikule 1 HIV infikované bunky, pfi¢emz
rozeznani HIV infikovanych bunék je mnohem efektivnéjsi (Lepelley et al., 2011). U pDC
vystavenych volnym virovym casticim HIV dochdazi k aktivaci kinazy Syk. V porovnani s
aktivaci pDC virem chtipky, vede aktivace Syk zprostiedkovand HIV pravdépodobné k
tzv. pozdni produkci IFN-I/III v pDC (Lo et al., 2012). Moznym vysvétlenim je patrné
schopnost obalového glykoproteinu gp120 vazat BDCA-2 (Martinelli et al., 2007). Jina
prace ovSem nepotvrdila inhibi¢ni vliv gp120 a naopak prokazala jeho aktivacni vliv (Del
Corno et al., 2005). JelikoZ jsou volné ¢astice HIV velmi Spatnym induktorem produkce
IFN-I/III v pDC, lze ptedpokladat, ze virus HIV mé schopnost aktivovat inhibicni drahy
TLR7/9 v pDC. HIV ma schopnost inhibovat i rozeznani infikovanych bunék, které je
zavislé na bunééném kontaktu. HIV pomoci virového proteinu U (Vpu) reorganizuje na
plasmatické membrané¢ protein BST2 (alternativné€ nazyvany tetherin) (Bego et al., 2015).
BST?2 patii mezi ISG (Holmgren et al., 2015) a v ptipadé HIV plni roli restrikéniho faktoru.
BST2 je schopny vézat virové castice HIV na plazmatické membrané a branit tak
uvoliiovani novych virovych castic (Perez-Caballero et al., 2009). BST2 se vyskytuje na
membrané ve dvou isoforméch, pficemz ob¢€ jsou schopné vazat virové ¢astice HIV. Vpu
protein je schopen cilit jednu z isoforem BST2 k degradaci a dale je schopny druhou
isoformu BST2 reorganizovat na plazmatické membrané. Membranovy BST2 nésledné
vaze ILT7 receptor na povrchu pDC a inhibuje rozeznani HIV (Bego et al., 2015).
Schopnost HIV modulovat funkci BST2 a tim 1 produkci IFN-I/III je zavisla také na
piislusném kmenu HIV (Bego et al., 2016). DalSim virem schopnym vyvolat chronickou
infekci ve svém hostiteli a modulovat funkci pDC je HBV. Vzhledem k tématu diserta¢ni

prace bude vztah HBV a pDC popsan podrobné v nasledujicich kapitolach.

2.5. Zakladni charakteristika viru HBV

HBV je maly obaleny DNA virus spadajici do virové rodiny Hepadnaviridae.
Virova rodina Hepadnaviridae zahrnuje skupinu hepatotropnich virti schopnych infikovat
ptaky a savce, vyznaCuje se Uzkou hostitelskou specifitou a spoleénym mechanismem
replikace virového genomu (Lamontagne et al., 2016). Akutni infekce HBV ptechéazi do

chronické infekce u zhruba 5-10 % dospélych, zatimco u novorozenct dochézi k prechodu
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do chronické faze u 90-95 %. V roce 2015 odhad poctu lidi chronicky infikovanych HBV
¢inil priblizn€ 257 miliont. I pfes dostupnost vakciny ptredstavuje HBV zna¢ny medicinsky
problém vzhledem k rozvoji hepatoceluldrniho karcinomu u 25-40 % chronickych nosict
HBYV. Cilenou 1écbu komplikuje také pritomnost 8 riznych genotypt, jejichz geneticka

informace se 1i$i 1 o vice nez 8 % (Seto et al., 2018).

HBYV virova castice nese Castecné dvouietézcovou relaxovanou kruhovou DNA
(rcDNA) o velikosti kolem 3,2 kpb. Na virovém genomu je kovalentn¢ vazan P protein,
ktery se podili na replikaci virového genomu. Virovy genom je obalen 120 dimery
kapsidového proteinu. Virova kapsida dale nese lipidicky obal obsahujici 3 formy
povrchového antigenu S (HBsAg). Jednotlivé formy HBsAg sdileji C-konec a 1isi se N-
koncovou casti. Nejkrat$i forma HBsAg nese oznaceni S (small). M (medium) forma
HBsAg obsahuje oproti S N-koncovou sekvenci preS2 o velikosti 55 AK. Nejdelsi forma
HBsAg nese oznaceni L (large) a obsahuje na N-konci oproti M navic sekvenci oznacenou
jako preS1 o velikosti 108-119 AK (Lamontagne et al., 2016). preS1 se podili na vazb¢
receptoru, kterym je lidsky sodiko/taurocholatovy kotransportni polypeptid (WNTCP), ktery
je exprimovan na povrchu lidskych hepatocyti (Yan et al., 2012). Schopnost vazby
receptoru HBsAg vykazuje tedy pouze nejdelsi forma L. Po vazbé na receptor dochéazi k
internalizaci virové ¢astice HBV pomoci klatrinovych vacki a transportu virového genomu
do jadra (Cooper and Shaul, 2006; Huang et al., 2012). V jadfe dochéazi k opravé relaxované
kruhové DNA (rcDNA) za vzniku kovalentné uzaviené kruhové DNA (cccDNA). Na
formaci cccDNA v jadie infikované bunky se podili hostitelské enzymy, jako jsou
polymeraza o, endonukleédza flap 1 a DNA ligaza 1 (Kitamura et al., 2018; Wei and Ploss,
2020). cccDNA obsahuje hostitelské histony a perzistuje v infikovanych hepatocytech ve
formé episomu (Bock et al., 2001). JelikoZ cccDNA nema replikacni pocatek a neni se
schopna replikovat v jadfe s vyuZzitim hostitelskych proteinti, slouZi jako replikacni templat
nejdelsi forma virovée RNA oznaCené jako pregenomova RNA (pgRNA), kterd je
transkribovana DNA dependentni RNA polymerazou II (Rall et al., 1983). pgRNA slouZzi
jako templat pro virovou reverzni transkripci a také pro translaci kapsidového a P proteinu.
Dalsi virové RNA slouzi jako templat pro translaci HBsAg, antigenu e (HBeAg) a proteinu
X (Lamontagne et al., 2016). Vyjma virovych ¢astic je HBsAg sekretovan z infikovanych
bunck také ve formé tzv. subvirovych partikuli (SVP). SVP maji dvé formy: 25 nm
sférickou formu a 22 nm filament6zni formu. SVP jsou sekretovany v mnohem vyS$im

mnozstvi nez infekéni virové Castice a jejich koncentrace v séru infikovanych osob muize
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piesahovat koncentraci virovych ¢astic 1 10 000 krat (Glebe and Urban, 2007). Vyznam
SVP patrné spoc¢ivd v tniku pred imunitnim systémem hostitele (Rydell et al., 2017).
Dalsim sekretovanym proteinem je HBeAg, ktery se podobné¢ jako HBsAg podili na
modulaci imunitni odpovédi (Tian et al, 2016). Po translaci potfebného mnozstvi
kapsidového proteinu a proteinti nutnych k reverzni transkripci je pgRNA obalena spole¢né
s P proteinem a vznika nukleokapsida (Lamontagne et al., 2016). V nukleokapsidé nasledné
probihd reverzni transkripce pgRNA. Vyznamnou ulohu v reverzni transkripci hraje P
protein obsahujici n€kolik funkénich domén. N-koncovd doména P proteinu obsahuje tzv.
terminalni protein hrajici roli v iniciaci reverzni transkripce. P protein dale obsahuje
reverzné transkripéni/polymerdzovou doménu a doménu s aktivitou Rnazy H (Nassal,
2008). Finalnim produktem reverzni transkripce pgRNA je rcDNA, kterd je v ER obalena
lipidickou dvojvrstvou obsahujici HBsAg a pomoci endosomalniho sortovaciho
transportniho komplexu (ESCRT) dochazi k vypuceni virovych partikuli (Watanabe et al.,
2007).

formovani cccDNA
vstup

virové

tastice RN vstup do jadra © OOO o ‘
do buriky 1 ;VPM,,NJl . virova transkripce
A preC mRNA
Ao pg RNA
rc DNA ANAANANN preS/S mRNA
nhgm.lon M"‘JHE‘mRM
vystup @ 6\ S parnA
i 2 b v ""“’"@ . ’
virove - ¢ : translace z virovych mRNA
Castice iék
. -
z bunky ]
-4

reverzni transkripce zabaleni pgRNA

Obrazek 7: Schéma Zivotniho cyklu HBV. Po vazb¢ virové partikule na hNTCP dochézi
k internalizaci virové Castice pomoci klatrinovych vackd. Po uvolnéni virové castice
z endosomull dochézi k ¢aste€nému rozvolnéni virové nukleokapsidy a transportu do jadra.
V jadte dochézi k formovani cccDNA z rcDNA pomoci hostitelskych enzymil. cccDNA
slouzi v jadfre jako templat pro virovou transkripci. Nejdelsi transkript pgRNA slouzi jako
templat pro virovou reverzni transkripci a je spole¢ne s P proteinem zabalena do nové
vznikajici nukleokapsidy. Nésleduje krok reverzni transkripce, obaleni nukleokapsidy v ER
a vypuceni nové virové partikule za pomoci ESCRT. Pfevzato a upraveno podle (Tong and

Revill, 2016).
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Pro zvladnuti akutni infekce HBV je potfeba aktivace adaptivni imunity, zejména
polyspecifickd indukce cytotoxickych lymfocyti T (Thimme et al., 2003). Jelikoz je HBV
velmi slabym induktorem vrozené imunity, byl pro tento virus vytvoren koncept tzv.
neviditelného viru, ktery je schopen uniknout pfed rozeznanim PRR (Wieland and Chisari,
2005). Mnoho studii prokazalo, ze HBV infekce neni rozeznana v primarnich lidskych
hepatocytech (PHH), piestoze jsou PHH vybaveny mnoha PRR a jsou schopné rozeznat
jiné virové infekce (Mutz et al., 2018; Suslov et al., 2018). V jatrech se krom¢ PHH
vyskytuje velké mnozstvi imunitnich bunék jako jsou kupferovy bunky, NK bunky a
mnoho dal$ich, které se podileji na rozeznéani infekce HBV (Knolle and Thimme, 2014).
Nékolik studii popsalo schopnost HBV modulovat funkci imunitnich bunék v jatrech
(Faure-Dupuy et al., 2019; Tian et al., 2016; Wu et al., 2009). Pro ptiklad imunitni
modulace Ize uvést nedavno publikovanou praci od Faure-Dupuyové et al., ve které autofi
popsali schopnost HBV inhibovat produkci IL-1P u jaternich makrofagli a meénit jejich
prozanétlivy M1 fenotyp na proti-zanétlivy M2 fenotyp (Faure-Dupuy et al., 2019). Na
ustaveni chronické infekce se tak pravdépodobné podili schopnost HBV unikat pted

receptory vrozené imunity i aktivni inhibice jaternich imunitnich bunék.

2.5.1 Inhibiéni Géinek cytokini na replikaci HBV a mozZné vyuziti
syntetickych agonistii TLR pro lécbu chronické infekce HBV

Pro 1éCbu chronické infekce HBV je v soucasnosti schvaleno pouziti
nukleosidovych nebo nukleotidovych analogi (NUC) a rekombinantniho IFN-o2a
(Terrault et al., 2018). Zakladnim pfedpokladem ucinné 1écby je degradace cccDNA
v PHH. cccDNA vykazuje vysoky polo€as Zivota a pietrvava v PHH v nizkém poctu kopii
(zhruba 10 kopii/hepatocyt) (Ko et al., 2018). cccDNA vaze hostitelské histony a dalsi
nehistonové proteiny a perzistuje v jadie ve formé episomu (Bock et al., 2001). Vysoka
stabilita a nizky pocet kopii cccDNA piedstavuje vyznamny problém cilené 1écby. NUC
sice snizuji produkci novych virovych ¢astic, ale piili§ neovlivituji mnozstvi cccDNA v
PHH. Také lécba rekombinantnim IFN-a2a nevykazuje vysokou tuspésnost 1éCby a je

spojena s vedlejSimi efekty (Terrault et al., 2018).

Mnoho studii prokazalo inhibi¢ni ti€¢inek IFN-I/III na virovou replikaci HBV v PHH
(Lucifora et al., 2014; Robek et al., 2005; Xu et al., 2019), coZ potvrdilo 1 vyznam
rekombinantniho IFN-02a pro 1€¢bu chronické infekce HBV (Terrault et al., 2018). IFN-

39



I/IIT indukuji v PHH zvySeni exprese ISG, které nasledné inhibuji rizné stadia Zivotniho
cyklu HBV v PHH. Piikladem nékolika ISG schopnych inhibovat HBV jsou napftiklad
protein kinaza R (PKR) inhibujici virovou translaci (Park et al., 2011), ISG20 inhibujici
virovou replikaci (Liu et al., 2017), MxA inhibujici tvorbu nukelokapsidy (Li et al., 2012)
nebo BST2 inhibujici vypuceni virovych ¢astic HBV (Lv et al., 2015). IFN-I ovliviwuji 1
acetylaci histonii vazanych na cccDNA (Belloni et al., 2012). Studie Lucifory et al.
prokazala také schopnost IFN-a degradovat cccDNA v PHH. IFN-a indukuje v PHH
zvySeni exprese enzymu APOBEC3A (apolipoprotein B mRNA editing enzyme catalytic
subunit 3A). APOBEC3A deaminuje cytosiny pifitomné v cccDNA, coz vede ke
vzniku apurinnich/apyrimidinnich mist v cccDNA a nésledné k jeji degradaci. IFN-a je
tedy schopen indukovat necytotoxickou degradaci cccDNA v PHH (Lucifora et al., 2014).
Pusobenim IFN-a dochéazi v hepatocytech infikovanych HBV k epigenetickému potlaceni
virové transkripce a k redukei stability jeho genomu. Také IFN-III vykazuji schopnost
necytotoxické degradace cccDNA v PHH (Bockmann et al., 2019). N¢které dalsi studie
ovsem vliv IFN-I na degradaci cccDNA nepotvrdily (Mutz et al., 2018; Niu et al., 2018;
Shen et al., 2018). Necytolytickd degradace cccDNA a inhibi¢ni vliv na zZivotni cyklus
HBYV byl popsan také pro dalsi cytokiny jako jsou TNF-a a IFN-y (Xia et al., 2016).
Vyznamnou limitaci studie funkce jednotlivych cytokini na Zivotni cyklus HBV je nutnost
uziti vhodné bunécné linie. Mnoho studii prokazalo, Ze béZné hepatomové bunééné linie
odvozené znadord jater jako HepG2, Huh7 a dalsi, vykazuji oproti PHH rozdilnou
odpovéd’ na cytokinovou stimulaci (Marozin et al., 2008; Shen et al., 2018). Nejvhodnéjsi
model pro studium cytokinové signalizace a vrozené imunitni odpovédi tak predstavuji

PHH.

40



HBV

IFN-a IFN-y LT TNF-a
] =

@
—a——1

APOBEC3A a 3B T

APOBEC3A/3B
restrikéni 1SG ,1\ \\‘___’, @
faktory o /

G G
=, 000 C?:Q S - HAc

@ UDG

inhibice ’ |
virové transkripce ) s G{:}Q g

"""""" gt

endonukleaza

virové translace

inhibice / /

degradace

cocDNA ‘
\‘\___‘ a : . ,_F—:""’\ : ; '/:

] L

inhibice

tvorby virowych Eastic e
vystupu virovych Eastic
z burniky

Obriazek 7: Vliv IFN-I a dalSich cytokinii na Zivotni cyklus HBV v hepatocytech. IFN-
a, IFN-y, lymfotoxin beta (LT-f) a TNF-a zvySuji expresi APOBEC3A/3B v PHH.
APOBEC3A/3B se vaze na cccDNA a zpuisobuje deaminaci cytosinu, ktera je rozeznana
uracyl-DNA glykozylazou (UDG). Apurinni/apyrimidinni (AP) endonukleaza rozeznava
apurinni/apyrimidinni mista v cccDNA a pfispiva tak k jeji degradaci. Kromé¢ APOBEC3A
indukuje IFN-a expresi ISG, které cili virovou transkripci, translaci, tvorbu virovych ¢astic
1 samotné vypuceni virovych ¢astic HBV. Pfevzato a upraveno podle (Block and Guo,

2016).

S ohledem na inhibi¢ni vliv cytokind na zivotni cyklus HBV byla testovana
schopnost nékolika syntetickych agonistd TLR inhibovat replikaci HBV v hepatocytech.
Synteticky agonista TLR7 GS-9620 prokézal vysokou ti¢innost inhibice replikace HBV na
zvitecich modelech (Lanford et al., 2013; Menne et al., 2015). GS-9620 byl testovan také
na lidech. Podani GS-9620 chronickym HBV nosi¢cim bylo dobfe tolerovano, nicméné
1é¢ba chronické infekce HBV pomoci GS-9620 nevykazovala u lidi dostate€nou ti¢innost
(Agarwal et al., 2018). Studie na PHH nasledné prokazala, Ze bezbunétny supernatant
z PBMC stimulovanych pomoci GS-9620 inhibuje replikaci HBV v PHH. Efekt GS-9620
na degradaci cccDNA v PHH nebyl ovSem prokazan (Niu et al., 2018). Také kombinace
CpG ODN a nukleosidového analogu entecaviru na zvifecim modelu poukézala na moznost

vyuziti agonistl TLR v 1é€bé chronické infekce HBV (Meng et al., 2016). U nékterych
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syntetickych agonisti TLR byl prokdzan také pfimy inhibi¢ni vliv na replikaci HBV
v PHH, nebot’ PHH exprimuji n¢které TLR. Synteticti agonisté TLR1/2 a TLR3 vykazovali
inhibi¢ni ptisobeni v PHH infikovanych HBV, které bylo ¢astecné nezavislé na sekreci
cytokind stimulovanymi PHH. Studie dale prokéazala, ze testovani agonisté indukovali
produkei cytokini i u PBMC. Vysledny efekt inhibice tak patrné Ize docilit jak pfimou
aktivaci TLR v PHH, tak i nepfimou aktivaci TLR v imunitnich buiikach (Lucifora et al.,
2018). Tento poznatek oteviel nové moznosti pro testovani specialn¢€ upravenych dudlnich
agonistl TLR, které vykazuji Sirokou schopnost aktivace velkého mnozstvi imunitnich

buné¢k a mohou ptimo aktivovat také PHH.

2.5.2 Vztah HBV a pDC
Vyznam jaternich pDC byl dlouho dobu pfedmétem diskuzi, a to 1 vzhledem k nizké

frekvenci pDC v jaterni tkdni a s tim spojené obtizné izolaci a charakterizaci pDC. Jaterni
prostredi je povazovano za imunotolerantni a jaterni imunitni odpovéd’ je velmi specificka,
nebot’ jatra jsou vystavena bakteridlnim produktim jako je lipopolysacharid (Kubes and
Jenne, 2018). Ve studii od Doyle et al. vyuZili pro studium jaternich pDC metodu hmotnosti
cytometrie a zjistili, Ze jaterni pDC jsou schopné produkovat vysoké mnozstvi IFN-I po
stimulaci syntetickym agonistou TLR7/8. V porovnani s krevnimi pDC byla produkce IFN-
I u jaternich pDC vyrazné¢ vyssi (Doyle et al., 2019). Na mySim modelu byla popsana také
imunotolerantni funkce pDC. Imunotolerantni funkci jaternich pDC potvrzuji i data
poukazujici na asociaci poklesu frekvence jaternich pDC v pfipadé odhojeni jaterniho

transplantatu (Koda et al., 2019).

pDC by jako hlavni producenti IFN-I/IIl mély pifedstavovat dileZitou slozku
antivirové obrany v pifipadé HBV. Role pDC v rozeznéani infekce HBV je ovSem znacné
nejasna a analyza pDC z chronickych nosici HBV pfinesla protichidné vysledky. Nekolik
studii prokazalo, ze frekvence pDC 1 jejich produkce cytokini po izolaci a nasledné
stimulaci in vitro u pacientli s chronickou infekci HBV nevykazuje rozdily v porovnani se
zdravymi darci (Li et al., 2018; Tavakoli et al., 2008). Jiné studie naopak poukazaly na
skute¢nost, ze pDC z chronickych nosici HBV produkuji v porovnani se zdravymi
kontrolami niz8i mnozstvi IFN-I a vykazuji nizsi expresi kostimulacnich molekul po
stimulaci in vitro (van der Molen et al., 2004; Xu et al., 2012). V¢tSina studii je ovSem
limitovana nizkym poctem pacientd s chronickou infekci HBV a analyzou pDC
izolovanych z periferni krve. Ve studii od Martinetové et al. provedli autofi srovnani

krevnich 1 jaternich pDC ziskanych z pacientl s chronickou infekci HBV. Frekvence
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krevnich ani jaternich pDC u chronickych nosi¢tt HBV se nelisila od frekvence pDC u
zdravych kontrol. Zajimavé zjisténi piinesla fenotypickd analyza pDC, nebot jaterni i
krevni pDC vykazovaly vyssi expresi kostimulacnich molekul CD80 a CD40 oproti
zdravym kontroldm. pDC z chronickych nosi¢i HBV produkovaly po stimulaci pomoci
CpG-A niz$i mnozstvi IFN-I a vykazovaly nizsi expresi kostimulacni molekuly OX40L
(ligand receptoru OX40) (Martinet et al., 2012). Inhibice produkce IFN-I u jaternich pDC
byla potvrzena i v pfipadé mySiho modelu HBV (Hasebe et al., 2005).

Inhibic¢ni vliv HBV na funkci pDC podporuje fakt, Zze v soucasnosti neni k dispozici
studie poukazujici na schopnost pDC rozeznat virové ¢astice HBV nebo buiky infikované
HBV. Mnoho studii naopak potvrdilo schopnost HBV inhibovat signalni drahu TLRY u
pDC (Aillot et al., 2018; Woltman et al., 2011; Xu et al., 2012, 2009). V ptipad¢ inhibice
TLRO u pDC bylo popsano nékolik riznych mechanismil inhibice. Jedna ze studii popsala
schopnost HBsAg inhibovat TLR9 pomoci zvySeni hladiny supresoru cytokinové
signalizace 1 (SOCS-1) u pDC. Autofi studie popsali také moznou vazbu HBsAg na
BDCA-2. Aktivace signalni drahy BDCA-2 nebyla vSak plné prokdzana (Xu et al., 2009).
Studie od Woltmanové et al. prokézala vazbu HBsAg na BDCA-2 pouze v ptipad¢, ze pDC
byly pfedem aktivovany pomoci CpG-A. Studie nicméné potvrdila schopnost
rekombinantniho HBsAg a také HBeAg inhibovat TLR9 u pDC (Woltman et al., 2011).
Déle byla popsana schopnost virovych partikuli HBV vazat syntetické ligandy TLRO a tim
aktivn€ blokovat TLR9. Nicméné& v praci byl popséan také inhibi¢ni vliv rekombinantniho
HBsAg na pDC, ktery nemél schopnost vazat syntetické ligandy TLR9 (Aillot et al., 2018).
Popséna byla i schopnost HBV snizovat expresi TLR9 u pDC (Xu et al., 2012). Na inhibici
TLRY u pDC by se mohla podilet také ptitomnost inhibi¢nich CpG sekvenci v genomu
HBYV, které maji schopnost se vazat na TLRY, ale neaktivuji signalni drdhu vedouci
k produkei IFN-I (Vincent et al., 2011). Pfesny mechanismu inhibice pDC vcetné zapojeni
RR v ptfipadé HBV vyZaduje dalsi studie.

43



3. Cile prace

Tématem disertacni prace je studium vztahu pDC a vybranych obalenych vird. pDC
predstavuji vyznamné producenty IFN-I, ktefi inhibuji virovou replikaci indukci ISG.
Béhem vzajemné evoluce virt a jejich hostiteli doslo k selekci mnoha virti, které aktivné
inhibuji produkci IFN-I v pDC anebo unikaji pfed rozezndnim vlastniho genomu a jeho
produktt prostfednictvim pDC. Zakladni cile prace vychazi z obousmérného ptisobeni pDC

a vybranych obalenych virt.

1) Objasnit vliv RR na pDC a moZnosti farmakologického cileni signalizace RR.

e Srovnat z dostupné literatury vliv signalizace asociované s ITAM na signalizaci

TLR u pDC, mDC a makrofagt.
e Objasnit roli signalni drahy MEK1/2-ERK v ptipad¢ signalizace RR u pDC.

e Objasnit vliv HIV, jakozto mozného aktivatoru (prostfednictvim TLR7) 1

inhibitoru (prostiednictvim gp120-BDCA-2), na fenotyp pDC u pacienti s HIV.

2) Objasnit vliv aktivovanych pDC na replikaci HBV v hepatocytech.

e Analyza vlivu pDC aktivovanych pomoci riznych syntetitickych ligandd TLR7/9
na replikaci HBV v PHH.

e Vliv cytokinového prostifedi na mnozstvi cccDNA HBV v PHH.
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4. Materialy a metody
Technické feseni jednotlivych projektii bylo provadéno na pracovisti virologické skupiny
katedry Genetiky a Mikrobiologie ve vyzkumném centru BIOCEV Ptirodovédecké fakulty

UK a ve virologické laboratofi s urovni zabezpeéeni 3 (BSL3) v Ustavu organické chemie

a biochemie AV CR.

Vycéet hlavnich metod pouzitych pro sepsani disertacni prace:

Izolace a kultivace imunitnich bun¢k z periferni lidské krve
Imunofenotypicka analyza bunék pomoci pratokové cytometrie

Analyza bunéénych signdlnich drah pomoci pritokové cytometrie (PhosphoFlow) a

pomoci Western blotu

Analyza bunééného cyklu pomoci pritokové cytometrie
Izolace a prace s HBV v laboratoti BSL3

Izolace a kultivace primarnich lidskych hepatocytt

Analyza produkce virovych proteinli a produkce vybranych cytokini metodou ELISA

(enzyme-linked immuno sorbent assay)

Detekce virovych nukleovych kyselin metodikou gPCR
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5. Vysledky

5.1 Publikované ¢lanky vztahujici se tematicky k diserta¢ni praci

Cross Talk between Inhibitory Immunoreceptor Tyrosine-Based Activation Motif-

Signaling and Toll-Like Receptor Pathways in Macrophages and Dendritic Cells

Ivan Hirsch, Vaclav Janovec, Ruzena Stranska, Nathalie Bendriss-Vermare

Review Front Immunol. 2017 Apr 7;8:394. doi: 10.3389/fimmu.2017.00394. eCollection
2017.

1F2020 = 5,085

V tomto piehledovém ¢lanku (Ptiloha €. 1) jsme srovnali dopad receptor asociovanych
s ITAM na signalizaci TLR v pDC, mDCc a makrofazich. Z dostupné literatury a na
zaklad¢é predchozich vysledkl nasi pracovni skupiny vyplynulo, Ze aktivace receptort
asociovanych s ITAM u pDC vede k inhibici produkce IFN-I, zatimco v mDCc a
makrofdzich mé tato signalizace za urCitych podminek pozitivni vliv na TLR. V
prehledovém c¢lanku je dale popsana role RR u pDC v pfipadé navozeni tzv.

imunotolerantniho stavu pDC a moznosti farmakologického cileni této signaliza¢ni drahy.

Ptispévek autora 20 %. V tomto piehledovém ¢lanku jsem piispél zejména korekei textu a

upravé ¢asti prehledového ¢lanku a obrazki zabyvajici se signalizaci TLR u pDC.

The MEK1/2-ERK Pathway Inhibits Type I IFN Production in Plasmacytoid
Dendritic Cells

Vaclav Janovec, Besma Aouar, Albert Font-Haro, Tomas Hofman, Katerina Trejbalova,

Jan Weber, Laurence Chaperot, Joel Plumas, Daniel Olive, Patrice Dubreuil, Jacques A

Nunés, Ruzena Stranska, Ivan Hirsch
Front Immunol. 2018 Feb 26;9:364. doi: 10.3389/fimmu.2018.00364. eCollection 2018.

IF2020 = 5,085

W

Prispévek autora 50%. V tomto C¢lanku (Pfiloha ¢. 2) jsme analyzovali vliv aktivace
receptori BDCA-2 a ILT-7 na produkci IFN-I u pDC. V ramci této prace jsem analyzoval
zejména hladinu proteinu c-FOS po aktivaci receptoru BDCA-2 v pDC bunééné linii

GEN2.2 a v primarnich pDC. Navrhl jsem hypotézu, ze za potenciaci produkce IFN-I po
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inhibici MEK1/2-ERK  stoji zvySend aktivita této drahy u GEN2.2 z divodu zapojeni
MEKI1/2-ERK v proliferaci GEN2.2. Tuto hypotézu jsem nasledné¢ potvrdil analyzou
bunécného cyklu pomoci prutokové cytometrie u GEN2.2. Dale jsem analyzoval bazalni
mnozstvi proteinu ¢-FOS u priméarnich pDC a u bunék GEN2.2. V ramci této prace jsem
provedl i analyzu mnozstvi c-FOS u pDC metodikou PhosfoFlow. Aktivné jsem se podilel
na formovani hlavniho obsahu manuskriptu a vyznamné¢ jsem pftispé€l k upravé obsahu a

textu.

Expression of TIM-3 on Plasmacytoid Dendritic Cells as a Predictive Biomarker of

Decline in HIV-1 RNA Level during ART

Albert Font-Haro, Vaclav Janovec, Tomas Hofman, Ladislav Machala, David Jilich, Zora

Melkova, Jan Weber, Katerina Trejbalova, Ivan Hirsch
Viruses. 2018 Mar 28;10(4):154. doi: 10.3390/v10040154.
IF2020 = 3,816

Ptispévek autora 40 %. V tomto ¢lanku (Ptiloha €. 3) jsme analyzovali vliv antiretrovirové
terapie (ART) na fenotyp pDC u pacientii s chronickou infekci HIV. Bylo zjisténo, ze
fenotyp pDC neni po ART plné€ obnoven. V ramci této publikace jsem se podilel na designu
cytometrického panelu a analyze cytometrickych dat. Dale jsem pfispél k uprave textu dané

publikace.

Toll-like receptor dual-acting agonists are potent inducers of PBMC-produced

cytokines that inhibit hepatitis B virus production in primary human hepatocytes

Vaclav Janovec, Jan Hodek, Kamila Clarova, Tomas Hofman, Pavel Dostalik, Jiri Fronek,

Jaroslav Chlupac, Laurence Chaperot, Sarah Durand, Thomas F Baumert, Iva Pichova,

Barbora Lubyova, Ivan Hirsch, Jan Weber
Sci Rep. 2020 Jul 29;10(1):12767. doi: 10.1038/541598-020-69614-7.
IF2020 = 3,998

Ptispévek autora 70%. V tomto ¢lanku (Ptiloha €. 4) jsme analyzovali vliv riznych agonist

TLR na inhibici replikace HBV v hepatocytech. V ramci této publikace jsem se podilel na
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izolaci PBMC z periferni krve. Izolaci a kultivaci primarnich lidskych hepatocyta
z resekovanych lidskych jater. Provedl jsem infekci PHH virem HBV. Déle jsem provadél
qPCR analyzu mnozstvi cccDNA, celkové DNA HBV, a stanoveni mnozstvi virovych
proteint HBe a HBs pomoci metody ELISA. Déle jsem v této praci navrhl metodiku
srovnani efektu dualnich agonistti TLR v ptipad¢ stimulace PBMC. Aktivné jsem se podilel

na obsahové form¢ manuskriptu i na uprave textu.

5.2 Ostatni publikované ¢lanky

VP1, the major capsid protein of the mouse polyomavirus, binds microtubules,

promotes their acetylation and blocks the host cell cycle

Lenka Hornikova, Martin Fraiberk, Petr Man, Vaclav Janovec, Jitka Forstova

FEBS J. 2017 Jan;284(2):301-323. doi: 10.1111/febs.13977. Epub 2017 Jan 9.

1F2020 = 4,392

Hepatitis B Core Protein Is Post-Translationally Modified through K29-Linked

Ubiquitination

Hana Langerova, Barbora Lubyova, Ale§ Zabransky, Martin Hubalek, Kristyna Glendova,

Ludovic Aillot, Jan Hodek, Dmytro Strunin, Vaclav Janovec, Ivan Hirsch, Jan Weber

Cells. 2020 Nov 26;9(12):2547. doi: 10.3390/cells9122547.

1F2020 = 4,366

TLR4-Mediated Recognition of Mouse Polyomavirus Promotes Cancer-Associated

Fibroblast-Like Phenotype and Cell Invasiveness

Vaclav Janovec, Boris Ryabchenko, Aneta Skarkova, Karolina Pokorna, Daniel Rosel, Jan

Brabek, Jan Weber, Jitka Forstova, Ivan Hirsch, Sandra Huérfano
Cancers (Basel). 2021 Apr 25;13(9):2076. doi: 10.3390/cancers13092076.

[F2020 = 6,126
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6. Diskuse

pDC ptedstavuji vyznamné producenty IFN-I v lidském organismu a plni proto
dulezitou antivirovou ulohu v rdmci imunitniho systému. Produkce IFN-I musi byt striktné
regulovana z divodu moznych patologii spjatych s nadmérnou produkci IFN-I. Jednim z
regulacnich mechanismtli produkce IFN-I u pDC jsou i RR ptitomné na povrchu pDC.
Mnoho virli vyuziva aktivaci RR jako strategii imunitniho Uniku. Tato diserta¢ni prace
shrnuje nové poznatky ziskané studiem interakci vybranych obalenych virti s pDC. V mé
praci jsem se vénoval hlavné interakci pDC s HBV a HIV-1, viry zodpovédnymi za
vyznamna lidska chronicka onemocnéni, hepatitidu B a syndrom ziskané imunodeficience

(AIDS).

Pro objasnéni signalizace RR u pDC jsme provedli srovnani mechanismil vlivu
regulacnich receptorti asociovanych s ITAM na signalizaci TLR u pDC, mDC a makrofagu.
U makrofagt byl v pfipad¢ receptort asociovanych s ITAM popsan tzv. switch model, kdy
nizko-avidni aktivace receptori asociovanych s ITAM vede k inhibici signalizace TLR a
naopak vysoko-avidni aktivace receptort asociovanych s ITAM vede k pozitivnimu efektu
na signalizaci TLR. Centralnim regulatorem je pfitom aktivita kindzy Syk, pficemz nizko-
avidni aktivace receptorti vede u makrofagt k nizké aktivaci kindzy Syk oproti vysoko-
avidni aktivaci receptorti, kdy dochazi k plné aktivaci Syk (Ivashkiv, 2008). U pDC nebyl
tento mechanismus pozorovan, nebot nizko-avidni aktivace receptori asociovanych s
ITAM nevede k Zzadnému vlivu na TLR signalizaci (Jdhn et al., 2010). Jak ukazala
piedchozi prace nasi pracovni skupiny, vysoko-avidni aktivace RR u pDC vede k aktivaci
Syk, ale na rozdil od makrofagii dochazi u pDC k inhibici signalizace TLR7/9 (Aouar et
al., 2016). U mDC dochazi po aktivaci receptorti asociovanych s ITAM k aktivaci Syk a
nasledné aktivaci transkripéniho faktoru NF-xB skrze CARD9-BCL9-MALTI1 komplex
(Kingeter and Lin, 2012). Vysoko-avidni aktivace receptorli asociovanych s ITAM tak u
mDC podobné jako u makrofagh vede k pozitivnimu vlivu na signalizaci TLR. Pfi popisu
signalizace BDCA-2 u pDC byla navrzena moZnost aktivace NF-xB (Cao et al., 2007).
pDC exprimuji 1 klicovy adaptorovy protein CARMA1 (CARD-membrane associated
guanylate kinase protein 1), ktery se podili na aktivaci NF-xB (Roche et al., 2013).
Nicméné, pii aktivaci receptort asociovanych s ITAM nedochazi u pDC k aktivaci NF-kB
dréhy (Dental et al., 2012; Florentin et al., 2012). Z nasi literarni reSerSe tedy vyplynulo, Ze
RR asociované s adaptorovymi molekulami obsahujici ITAM negativné ovliviiuji produkei

IFN-I v lidskych pDC a mechanismus plisobeni receptorii asociovanych s ITAM na TLR
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se li81 v zavislosti na bunécném typu. U mySich pDC vede aktivace receptoru PDC-TREM
(trigerring receptor expressed on myeloid cells-1), ktery asociuje s adaptorovou molekulou
DAPI12 obsahujici ITAM, k posileni produkce IFN-I (Watarai et al., 2008). Nelze proto
vyloucit, Ze jiné doposud nepopsané plazmatické receptory asociované s ITAM mohou

pozitivné ovlivnit produkci IFN-I u pDC.

Jelikoz viry vyuzivaji aktivaci RR jako mechanismus imunitniho uniku, rozhodli
jsme se testovat moznost farmakologického cileni signalizace RR s cilem obnoveni
produkce IFN-I v pDC. NasSe vysledky prokazaly, ze signalni drdha MEK-ERK neni
esencialni pro tvorbu IFN-I u pDC. Inhibice MEK-ERK naopak vedla k inhibici produkce
TNF-a u pDC. Vliv MEK-ERK na produkci cytokini u pDC byl dale podpoten aktivaci
MEK-ERK pomoci forbol myristyl acetditu (PMA). PMA siln€ inhibovalo produkci IFN-I
v pDC stimulovanych pomoci CpG-A, pfi¢emz tento inhibi¢ni efekt byl pln¢ zavisly na
MEK-ERK. Samotné¢ PMA bylo navic schopné indukovat produkci TNF-a u pDC.
Produkce TNF-a je pravdépodobn¢ asociovana se schopnosti PMA aktivovat nejen MEK-
ERK, ale také NF-«B (Holden et al., 2008). Zajimavy fenomén potenciace produkce IFN-
I byl pozorovan v ptipadé bunécéné linie GEN2.2. Aktivace TLRO v ptfitomnosti inhibitoru
MEK1/2 vedla k vyznamné vyssi produkci IFN-I nez u kontroly, kde nebyl inhibitor
pritomen. Tento potencia¢ni efekt inhibitoru MEK 1/2 ov§em nebyl pozorovan u primarnich
pDC. Podrobnou analyzou bylo dale zjisténo, ze MEK-ERK se podili na proliferaci
bunécné linie GEN2.2. Proliferujici GEN2.2 tak maji patrné mnohem vy$si bazalni aktivaci
MEK-ERK oproti primarnim pDC. Nase vysledky naznacuji, Ze se MEK-ERK podili na
balancovani mnoZstvi produkce IFN-I a TNF-a u pDC.

Inhibice MEK-ERK ddle vedla ke snizeni inhibi¢niho efektu BDCA-2 na produkci
IFN-I. N¢kolik studii prokéazalo fosforylaci ERK1/2 po aktivaci BDCA-2 (Cao et al., 2007;
Rock et al., 2007). Nicméné, nase vysledky prokazaly, ze MEK-ERK se podili 1 na inhibici
produkce IFN-I u pDC. Déle jsme zjistili, z2 MEK-ERK indukuje zvySeni exprese a
fosforylaci transkripéniho faktoru c-FOS. Naproti tomu, inhibice MEK1/2 po aktivaci
BDCA-2 nevedla k iplné inhibici exprese c-FOS. Jednim z moznych vysvétleni je, Ze na
zvyseni exprese c-FOS po aktivaci BDCA-2 se kromé MEK-ERK podili 1 dalsi signalni
drdhy. Nelze vyloucit ani MEK1/2 nezéavislou aktivaci ERK, kterd byla popsana u
neutrofilii (Simard et al., 2015). Zakladni nezodpovézenou otazkou vSak zlstava, zdali se
c-FOS podili na inhibici produkce IFN-I v lidskych pDC. ¢-FOS negativné reguluje tvorbu
IFN-I u mySich makrofagti a mDC (Kaiser et al., 2009). Mechanismus regulace produkce
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cytokinli pomoci ERK1/2 byl popsan i u monocytt. Po aktivaci TLR7 u monocyti dochazi
k fosforylaci ERK1/2 a naslednému zvysSeni hladiny proteinu FOSL1 (FOS-like antigen),
ktery negativné reguluje produkci IFN-I (de Marcken et al., 2019). FOSL1 protein patii
stejné€ jako c-FOS do proteinové rodiny FOS (Karamouzis et al., 2007). Jednim z moznych
mechanismu funkce c-FOS a FOSL1 je kompetice s aktivacnim transkripcnim faktorem 2
(ATF2) a c-JUN, ktefti vytvareji dimer aktivatorového proteinu 1 (AP-1) podilejiciho se na
tvorb& IFN-I (Maniatis et al., 1998). Rizné slozeni dimert AP1 vede k rizné preferenci
promotora (Bakiri et al., 2002). U hepatocytt infikovanych HCV dochazi po fosforylaci c-
FOS k indukci miRNA-21, ktera cili MyD88 a IRAK1 (Chen et al., 2013). Nase analyza
ovSem neprokdzala zvySenou expresi miRNA-21 po aktivaci BDCA-2 u pDC
(nepublikované vysledky). Objasnéni role c-FOS u pDC proto vyzaduje dalsi studium.

Inhibi¢ni efekt MEK-ERK muZe byt i zcela nezavisly na proteinech z rodiny FOS.
Konstitutivné aktivni MEK1/2 inhibuje kinazu p38, kterd se podili na aktivaci NF-xB
(Carter and Hunninghake, 2000). Kinaza p38 je kli¢ova pro tvorbu IFN-I v pDC (Osawa et
al., 2006), coz prokazaly i nase vysledky ziskané pouzitim inhibitoru p38. MEK-ERK muze
navic ovlivnit i samotnou signalizaci IFN-I. Aktivace IFNAR u pDC ptedstavuje pozitivni
signalizaéni smycku, nebot’ siln¢ potencuje produkci IFN-I (Kim et al., 2014). Vliv
signalizace RR na aktivitu p38 a IFNAR proto vyzaduje dalsi studium. Inhibi¢ni efekt
MEK1/2 na interferonovou dréhu byl popsan 1 v jinych bunécnych typech. Inhibice
MEK1/2 u makrofagh vedla ke zvySeni mnozstvi IRF1, coZ mélo za nésledek zvySeni
interferonové odpovédi (Yang and Ding, 2019). Zvysena aktivace MEK-ERK byla popsana
také u nadorovych linii a byla asociovéana s nizsi produkci ISG (Christian et al., 2012).
MEK-ERK se podili i na indukeci tolerance u T lymfocytti (Chen et al., 1999). Souhrnné 1ze
tedy fict, ze MEK-ERK se podili na inhibici IFN-I a indukci ISG nejen u pDC, ale 1
v dalSich bunécnych liniich. Ziskané vysledky, spolu s existenci vysoce specifickych a
malo toxickych inhibitort MEK (PD0325901 je selektivni alostericky inhibitor MEK1/2 s
1C50=0.33 nM) poukazuji na moznost cileni signalni drahy MEK-ERK za t¢elem obnoveni

funkce pDC.

Daéle jsme zkoumali vliv chronické infekce HIV na fenotyp pDC. Zjistili jsme, Ze
frekvence pDC v periferni krvi je u pacientii s HIV oproti zdravym donoriim vyrazné nizsi.
Niz8i zastoupeni pDC v periferni krvi u pacientli s HIV bylo prokazéano i v dalSich studiich
(Chehimi et al., 2007; Finke et al., 2004; Siegal et al., 2001). Na sniZzeni mnozstvi pDC

v periferni krvi u pacientti s HIV se pravdépodobné podili 2 mechanismy, a to redistribuce
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pDC do lymfatickych tkani a ptfimy apoptoticky vliv HIV na pDC (Boasso and Shearer,
2008). Nasi zékladni otazkou bylo, jestli po aktivni retrovirové terapii (ART) u pacientt s
HIV dojde k obnoveni mnozstvi pDC a jestli snizeni mnozstvi RNA HIV-1 po ART je
asociovano se zmeénou fenotypu pDC. Analyza fenotypu pDC pomoci pritokové
cytometrie prokazala, ze exprese povrchového TIM-3 je zvySena u pDC pacientti s HIV.
TIM-3 vazbou IRF7 a regulacni podjednotky p85 PI3K v lysozomech inhibuje produkci
IFN-I u pDC a je siln¢ produkovan po aktivaci TLR7/9 u pDC. TIM-3 ptedstavuje marker
tzv. vyCerpanych pDC, které vykazuji nizkou produkci IFN-I u chronickych HIV pacientt
(Schwartz et al., 2017). Vyssi expresi jsme naméfili také v ptipadé TRAIL, ktery je
podobné jako TIM-3 produkovan ve vyssi mife po aktivaci TLR7/9 u pDC (Chaperot et al.,
2006; Hardy et al., 2007). ZvySena exprese TIM-3 a TRAIL u pDC podporuji hypotézu, ze
chronicka infekce HIV vede k perzistentni aktivaci pDC (Barrat and Su, 2019). Pti aktivaci
TLR7/9 u pDC dochézi ke snizeni mnozstvi povrchového receptoru BDCA-2 (Wu et al.,
2008). Lze tedy predpokladat, ze pDC pacientli s chronickou infekci HIV budou spolecné
s vysokou expresi TIM-3 a TRAIL vykazovat niz§i mnozstvi povrchového receptoru
BDCA-2. Nicmén¢, naSe vysledky naopak prokazaly zvyseni povrchového receptoru
BDCA-2 u pDC pacientil s chronickou infekei HIV. Studie Kaushika et al. ukazala, Ze
mnozstvi BDCA-2 na povrchu pDC je u pacientl s infekei HIV stejnd jako u zdravych
jedinci. Po stimulaci TLR7 ovSem doslo k vyraznému snizeni BDCA-2 u pDC ziskanych
z pacientl infikovanych HIV (Kaushik et al., 2013). Naproti tomu jina studie ukazala, ze
mnozstvi povrchového BDCA-2 je niz$i u pDC lokalizovanych v lymfatickych uzlinach u
pacient s HIV (Lehmann et al., 2010). Vysoké exprese BDCA-2 u tzv. vy€erpanych pDC
by mohla byt zpisobena rozdilnou aktivaci TLR7. Zatimco syntetické ligandy TLR7/9 a
virus chiipky indukuji velmi rychlou produkci IFN-I, HIV indukuje fosforylaci kinazy Syk
s naslednou opozdénou produkci IFN-I (Lo et al., 2012). Neni pfitom jasné, jestli je do
aktivace Syk kindzy u pDC v piipadé€ infekce HIV zapojen BDCA-2. Nicméné, Syk hraje
roli v pozitivni 1 negativni regulaci TLR7/9 (Aouar et al., 2016). Role BDCA-2 a dalSich
RR v ptipadé chronické infekce HIV tak vyzaduje dalsi studium.

Dale jsme analyzovali efekt 9 mésict trvajici ART na fenotyp pDC. NaSe data
potvrdila vysledky nékolika dalSich studii (Chehimi et al., 2007; Finke et al., 2004;
Pacanowski et al., 2004), ukazujici ¢aste€né obnoveni mnoZstvi krevnich pDC po ART.
Trend normalizace exprese po ART byl pozorovan také v ptipadé BDCA-2, TRAIL a TIM-

3. Pokles RNA HIV v prvnich tfech mésicich ART navic negativné koreloval s mirou
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exprese TIM-3 u pDC. Né&které studie poukazaly na moznost vyuziti mnozstvi pDC
v periferni krvi jako prediktivniho znaku uc¢innosti ART u pacientit s HIV, nebot” vyssi
mnozstvi pDC po ART korelovalo s niz$i virovou nédlozi HIV (Pacanowski et al., 2004,
2001). Nase vysledky naznacuji, ze nejen mnozstvi pDC v periferni krvi, ale také mnozstvi
TIM-3 u pDC lze vyuzit jako prediktivni ukazatel ucinnosti ART. Role TIM-3 jako
prediktivniho znaku bude vyzadovat dalsi studium, nebot’ naSe studie byla limitovana
mnozstvim pacientil infikovanych HIV. Déle neni zfejmé, zda obnoveni mnozstvi pDC a
snizeni TIM-3 vedlo k obnoveni funkce produkce IFN-I, nebot’ v nasi studii jsme nemé&fili
produkci IFN-I po stimulaci TLR7/9 u pDC. Nicméné, pDC mohou po ART patrn¢ hrat
pozitivni 1 negativni roli v pfipad¢ nasledné kontroly replikace HIV (Cohn and Deeks,
2020). Na mysim modelu chronické infekce HIV bylo demonstrovano, ze trvala produkce
IFN-I se podili na vzniku imunopatologii (Su, 2019). Jednou z navrzenych a testovanych
strategii boje proti chronické infekci HIV je proto i cileni produkce IFN-I (Barrat and Su,
2019). Nase vysledky poukézaly na zachovani regula¢niho receptoru BDCA-2 u pDC

ziskanych z pacientti s chronickou infekci HIV, a tedy na moznost cileni toho receptoru.

Poslednim feSenym tématem této disertacni prace bylo objasnéni vztahu pDC a
HBV. Nékolik studii potvrdilo, Ze pDC nejsou schopné rozeznat HBV a nedochazi tak
produkci IFN-I (Aillot et al., 2018; Vincent et al., 2011; Woltman et al., 2011; Xu et al.,
2009). Produkce IFN-I je pfitom kliCovéa pro potlaceni replikace HBV a rekombinantni
IFN-02a je vyuzivan k 1écbé€ chronické infekce HBV (Lamontagne et al., 2016). NaSe
vysledky potvrdily, ze pDC po expozici volnych virovych partikuli HBV neproduku;ji IFN-
I a k aktivaci pDC nedochazi ani po kokultivaci pDC s hepatocyty infikovanymi HBV.
Nepublikovana data z nasi laboratofe poukazuji na aktivni inhibici produkce IFN-I u pDC
a schopnost HBV ovlivnit funkci pDC je nadale pfedmétem zajmu na$i laboratofe.
Vzhledem k dulezitosti pDC, jakoZto vyznamnych producentii IFN-I, jsme se rozhodli

otestovat schopnost aktivovanych pDC inhibovat virovou replikaci HBV v hepatocytech.

Vybrali jsme né€kolik syntetickych agonistii TLR7/9 schopnych aktivovat produkci
IFN-I u pDC. Vyjma agonisti schopnych aktivovat jeden TLR jsme testovali i tzv. dudlni
agonisty schopné aktivovat zarovenn dva TLR. Byla analyzovana schopnost jednotlivych
syntetickych agonisti indukovat produkci cytokini u PBMC a dale efekt ziskanych
bezbunécnych supernatant z aktivovanych PBMC na sekreci HBeAg a HBsAg u PHH
infikovanych HBV. Zdkladni statistickou analyzou jsme zjistili, ze hlavnim hybatelem

inhibice sekrece HBeAg a HBsAg u PHH neni mnozstvi IFN-I, ale spiSe zastoupeni
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Sirokého spektra vybranych cytokini. Nejvyssi trovné inhibice sekrece HBeAg a HBsAg
bylo dosazeno pii pouziti syntetickych dudlnich agonisti R848 (TLR7/8) a CL413
(TLR2/7), které indukovaly kromé produkce IFN-I také produkci IFN-y a prozanétlivych
cytokint IL-6, TNF-q a IL-12. Siroké spektrum cytokint v piipadé R848 a CL413 je patrné
zpusobeno schopnosti téchto dualnich agonistii aktivovat kromé pDC také monocyty a
mDC (de Marcken et al., 2019; Hémont et al., 2013). Naproti tomu synteticky agonista
CpG-A (TLR9) indukoval u PBMC vysokou produkci IFN-I a IFN-III, produkce
prozanétlivych cytokinlii byla ovSem nizka. Vyznamny vliv IFN-I na inhibici sekrece
HBeAg a HBsAg byl nicméné potvrzen pouzitim agonistt CL264 (TLR7) a CpG-B
(TLRY), které indukovaly pouze produkci prozanétlivych cytokind a vykazovaly nizkou
efektivitu inhibice. Na vyslednou inhibici sekrece HBeAg a HBsAg u PHH infikovanych
HBYV tak zfejm¢ ma vliv kumulativni efekt riznych cytokinii. Nase vysledky poukazuji na
skutecnost, Ze vyuziti polyspecifickych agonistii TLR cilicich nejen na aktivaci pDC muze

predstavovat efektivngjsi alternativu v ptipadé 1é€by chronické infekce HBV.

Aktivované pDC produkuji vyjma IFN-I také IFN-III (Yin et al., 2012), a proto jsme
dale analyzovali vliv jednotlivych typl interferonti na inhibici sekrece HBeAg a HBsAg u
PHH infikovanych HBV. Za pomoci neutralizacnich protilatek proti IFNAR a IFNLR jsme
zjistili, Ze hlavni inhibi¢ni roli zfeymé plni IFN-I a nedochazi ke kumulativnimu efektu
s IFN-III. IFN-I a IFN-II indukuji expresi velmi podobnych ISG, avsak s rtiznorodou
kinetikou. IFN-I zprostfedkovavaji velmi rychlou antivirovou odpovéd’ s vysokou expresi
ISG, zatimco IFN-III zajiStuji pomalejSi nastup exprese ISG s niz§i mirou exprese
(Pervolaraki et al., 2018). Lze tedy ptfedpokladat, Ze v nami sledovaném experimentu jsme
pozorovali rychly antivirovy vliv IFN-I. Nelze vyloucit, ze v ptipadé dlouhodobg;Siho
pusobeni IFN-I a IFN-III se uplatni také IFN-III, nebot” IFN-III podléha jiné negativni
regulaci nez IFN-I (Stanifer et al., 2019). Je nutné dodat, Ze pro objasnéni rizné¢ho vlivu
IFN-I a IFN-III na inhibici HBV v hepatocytech by bylo nutné pouzit bunéc¢né modely
deficientni v IFNAR nebo IFNLR, nebot’ ndmi pouZita neutraliza¢ni protilatka proti IFNAR

nevykazovala 100% t¢innost inhibice ani v pfipad¢ pouziti vysokych koncentraci.

Zakladnim ptedpokladem pro efektivni 1écbu chronické infekce HBV ziistdva
eliminace cccDNA. V naSi studii zaddny z pouZitych syntetickych agonistt TLR
nevykazoval schopnost indukce cytokinového prostiedi po stimulaci PBMC, které by vedlo
ke snizeni mnozstvi cccDNA v PHH infikovanych HBV. Pozorovan byl tbytek celkové
DNA HBYV, coz potvrzuje inhibi¢ni efekt cytokinového prostiedi na virovou replikaci HBV
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v PHH. Pfestoze byl popsan mechanismus, kterym IFN-I pomoci zvySeni exprese
APOBEC3A snizuji mnozstvi cccDNA v PHH (Lucifora et al., 2014), nékteré studie efekt
IFN-I na degradaci cccDNA nepotvrdily (Mutz et al., 2018; Niu et al., 2018; Shen et al.,
2018). Schopnost degradace cccDNA byla publikovana také pti pouziti IFN-y, TNF-a a
IFN-III (Bockmann et al., 2019; Xia et al., 2016). Cytokiny vyuzivajici rizné signalni drahy
tak maji schopnost snizovat mnozstvi cccDNA. Velkym otaznikem ovSem zustava, zdali
spole¢nym putisobenim téchto cytokinii dochazi k zesileni degradace cccDNA, nebo zdali
mohou nékteré cytokiny naopak degradaci cccDNA ovlivnit negativné. V nasi praci jsme
testovali zejména piirozené cytokinové prostiedi vyprodukované po stimulaci vybranych
TLR u PBMC. Je potfeba zminit, Ze nezname piesné sloZeni jednotlivych bezbunécnych
supernatantl ziskanych stimulaci PBMC, nebot jsme méfili pouze né€kolik vybranych
cytokinti. Nase vysledky jsou v souladu se studii Niu et al., ve které pouziti bezbuné¢ného
supernatantu ziskaného stimulaci PBMC pomoci GS-9620 nevedlo ke snizeni cccDNA
(Niu et al., 2018). V jiné studii byl vSak inhibi¢ni vliv bezbunécného supernatantu
ziskaného po stimulaci PBMC pomoci syntetickych agonisti TLR na mnozstvi cccDNA
v PHH prokazan (Lucifora et al., 2018). Dalsim vysvétlenim rozdilnych vysledktt mize byt
rozdilny pfistup kvantifikace cccDNA pomoci qPCR (Li et al., 2017) a patrné i
standardizace kultivace PHH (Lucifora et al., 2018, 2014; Niu et al., 2018). Podobny
vysledek se studii Niu et al. 1ze v naSem ptipad€ vysvétlit pouZzitim stejné metodiky pro
kultivaci PHH 1 pro kvantifikaci cccDNA pomoci qPCR. Limitaci naSi studie je
neprovedeni kvantifikace cccDNA metodou Southern blot z diivodu nizkého mnozstvi
materidlu. Kromé& degradace cccDNA mize IFN-I ovlivnit kompozici cccDNA také
pomoci vlivu na modifikaci histont (Belloni et al., 2012; Yuan et al., 2020). JelikoZ doslo
k vyznamnému poklesu sekrece HBe, HBs a také celkové DNA HBYV bez poklesu hladiny
cccDNA, lze predpokladat, Ze cytokinové prostiedi indukovalo histonové modifikace

cccDNA.
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7. Shrnuti

Tato disertacni prace shrnuje originalni poznatky ziskané studiem vztahu pDC a
vybranych virt zodpovédnych za rozvoj chronickych onemocnéni. Nase vysledky
prokézaly, ze signalizace MEK-ERK se podili na inhibici produkce IFN-I v pDC. MEK-
ERK se podili také na inhibici produkce IFN-I u pDC i v pfipad¢ aktivace RR. Nicmén¢, v
pfipadé RR nevedla inhibice MEK-ERK k plnému obnoveni produkce IFN-I. MEK-ERK
je tedy pouze jednou komponentou signalni drahy RR a objasnéni inhibi¢niho mechanismu
této drahy vyzaduje dal$i studium. V porovnani s jinymi bunéénymi typy jako jsou
makrofagy a mDC je efekt RR asociovanych s ITAM vysoce specificky pro pDC. Nicmén¢,
vliv aktivace MEK-ERK na produkci IFN-I a ISG ma obecny charakter, nebot’ byl popsan
u mnoha riiznych bunéénych typii. Objasnéni mechanismu funkce MEK-ERK na produkci
IFN-I tak do budoucna piedstavuje dilezity krok s cilem mozného farmakologického cileni

této signalni drahy nejen u pDC.

Analyzou fenotypu pDC ziskanych z pacientii s chronickou infekci HIV jsme
zjistili, Ze pDC vykazuji vys$si expresi povrchovych molekul TIM-3 a TRAIL. Oba tyto
znaky poukazuji na chronickou aktivaci pDC u pacienti s HIV a také na tzv. vyCerpany
fenotyp pDC, pfi kterém je snizena produkce IFN-I po stimulaci TLR7/9. Exprese BDCA-
2 byla u pDC ziskanych z pacientii s HIV piekvapiveé vys$si nez u zdravych kontrol. Jednim
z moznych vysvétleni zachovani povrchové exprese BDCA-2 by mohl byt vliv HIV na
aktivaci kinazy Syk. NaSe vysledky dale poukézaly na skutecnost, ze ART vede k pouze
casteCnému obnoveni mnoZstvi 1 fenotypu pDC. U pacientl jejichz pDC vykazovaly
vysokou expresi TIM3 byl navic po ART pokles virové naloze HIV nizsi. Uroven
vycerpani pDC tak patrné lze u pacient s HIV vyuZit jako potencialni prediktivni ukazatel

efektivity ART.

Poslednim zkoumanym virem byl HBV. JelikoZ tento virus velmi efektivné unika
pted rozeznanim pDC, rozhodli jsme se otestovat efekt pDC aktivovanych pomoci riznych
syntetickych ligandti TLR7/9 na virovou replikaci HBV v hepatocytech. Aktivované pDC
efektivné inhibovaly replikaci HBV v hepatocytech, pficemz efekt inhibice byl
zprostfedkovan zejména sekreci IFN-I. NasSe vysledky dale prokéazaly, ze vyuZziti
syntetitickych ligandl schopnych aktivovat dva rizné TLR vedlo po stimulaci PBMC k
produkci cytokinového prostiedi, které velmi efektivné inhibovalo replikaci HBV.
Aktivace $ir§iho repertoaru imunitnich bunék tak patrné pfedstavuje mnohem efektivné;jsi

moznost inhibice chronické infekce HBV nez v ptipad€ zacileni pouze na pDC. Nicméné,
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pDC mohou kromé produkce IFN-I plnit také roli antigen prezentujicich bun¢k. Vzhledem
k nedostupnosti efektivni terapie proti chronické infekci HBV predstavuje objasnéni vztahu

pDC a HBV jednim z hlavnich témat nejen nasi laboratofte.
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The innate immune cells sense microbial infection and self-ligands by pathogen rec-
ognition receptors (PRRs), such as toll-like receptors (TLRs) and regulatory receptors
(RRs), associated with immunoreceptor tyrosine-based activation motif (ITAM). Rapid
activation and concerted action of PRRs signaling and feedback inhibitory mechanisms
must be engaged to ensure the host defense functions and to prevent cytotoxicity
associated with excessive activation. ITAM-associated RRs can generate stimulatory
or, paradoxically, inhibitory signals. The network of ITAM-associated RR, together with
TLR-signaling pathways, are responsible for immunogenic or tolerogenic responses of
macrophages and dendritic cells to their microenvironment. In macrophages, TLR4 sig-
naling is inhibited by low-avidity ligation of ITAM-associated receptors, while high-avidity
ligation of ITAM-associated receptors results in potentiation of TLR4 signaling together
with resistance to extracellular cytokine microenvironment signals. In contrast to macro-
phages, TLR7/9 signaling in plasmacytoid DCs (pDCs) is inhibited by high-avidity ligation
of [TAM-associated RR, while low-avidity ligation does not show any effect. Surprisingly,
interference of [TAM-associated receptor signaling with TLR pathways has not been

Abbreviations: BCR, B-cell receptor; BDCA-2, blood dendritic cell antigen 2; BLNK, B-cell linker protein; BTK, Bruton’s
tyrosine kinase; CD2AP, CD2-associated protein (AP); cDC, conventional dendritic cell; DAG, diacylglycerol; DAP12, DNAX
activation protein 12; DC, dendritic cell; DCIR, dendritic cell immunoreceptor; ECM, extracellular matrix; FcRs, Fc receptors;
IC, immune complexes; IL-6, interleukin-6; IFN, interferon; ILT7, immunoglobulin-like transcript; IRAK1/4, interleukin-1
receptor-associated kinase 1/4; IRF7, interferon-regulatory factor 7; ITAM, immunoreceptor tyrosine-based activation motif;
ITIM, immunoreceptor tyrosine-based inhibition motif; LLR, lectin-like receptors; MDL-1, myeloid DAPI12-associated
lectin-1; MICL, myeloid C-type lectin-like receptor; Mincle, macrophage-inducible C-type lectin; MAPK, mitogen-activated
protein kinases; NF-kB, nuclear factor kappa B; pDC, plasmacytoid DC; PI3K, phosphatidylinositol 3-OH kinase; PLCy2,
phospholipase Cy 2; PRRs, pathogen recognition receptors; RF, rheumatoid factor; RGD, arginine-glycyl-aspartic acid motif;
RRs, regulatory receptors; SHIP, SH2-domain-containing inositol phosphatase-1; R848, Resiquimod; SHP1, SRC-homology-2
(SH2)-domain-containing protein tyrosine phosphatase 1; TAKI, transforming growth factor f-activated kinase 1; TCR, T-cell
receptor; TLRs, toll-like receptors; TNF-a, tumor necrosis factor-o; Treg, regulatory T cells T cells; TRAF3/6, tumor necrosis
factor recepmr—assnciated factors 3 and 6; TREM2, triggering receptor expressed on myeloid cells 2; SYK, spleen tyrosine
kinase.
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reported in conventional dendritic cells. Here, we present an overview of molecular
mechanisms acting at the crossroads of TLR and ITAM-signaling pathways and address
the question of how the high-avidity engagement of the I[TAM-associated receptors in
pDCs inhibits TLR7/9 signaling. Cellular context and spatiotemporal engagement of
ITAM- and TLR-signaling pathways are responsible for different outcomes of macro-
phage versus pDC activation. While the cross-regulation of cytokine and TLR signaling,
together with antigen presentation, are the principal functions of ITAM-associated RR in
macrophages, the major role of these receptors in pDCs seems to be related to inhibition
of cytokine production and reestablishment of a tolerogenic state following pDC acti-
vation. Pharmacologic targeting of TLR and ITAM signaling could be an attractive new
therapeutic approach for treatment of chronic infections, cancer, and autoimmune and
inflammatory diseases related to pDCs.

Keywords: plasmacytoid dendritic cell, conventional dendritic cells, macrophage, toll-like receptors, regulatory
receptors, immunoreceptor tyrosine-based ted tor, B cell receptor-like signaling
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INTRODUCTION

Macrophages and dendritic cells (DCs) play a major role in initi-
ating and sustaining innate and adaptive immune responses and
are the nexus at which immune stimulation or suppression occurs
(1-5). The innate immune cells sense microbial infection and self-
ligands such as damaged or altered self, including dead cells, by
pathogen recognition receptors (PRRs), such as toll-like receptors
(TLRs) and lectin-like receptors (LLRs), also called C-type lectin
receptors (6). Rapid activation and concerted action of PRRs
signaling is needed to ensure the host defense functions after
infectious challenge or tissue damage. PRR agonists and secreted
cytokines and chemokines are the drivers and the major regula-
tors of fine-tuned innate immune responses. Concomitantly,
feedback inhibitory mechanisms must be engaged to prevent
cytotoxicity associated with excessive activation of the innate
immune cells (7). Thus, TLRs that confer functional specificity
to macrophages and DC subsets trigger intracellular signaling
cascades that result in the secretion of interferons (IFNs) and pro-
inflammatory cytokines and activation of host defense programs
necessary for innate or adaptive immune responses. The same
cells also specifically express immunoreceptor tyrosine-based
activation motif (ITAM)-associated receptors that can modulate
TLR-signaling pathways (3, 8, 9). The conserved ITAM-signaling
motif, with a consensus sequence YXXL/I-Xs s~ YXXL/I (where
X denotes any amino acid), is present in the cytoplasmic tail
of transmembrane adaptor molecules associated with multiple
receptors. Initially discovered ITAM-associated receptors,
including the T-cell receptor, B-cell receptor (BCR), and Fc
receptors (FcRs), were shown to induce phosphorylation of the
tyrosines within the ITAMs, to recruit Syk tyrosine kinases, and
to activate the immune cell. More recent studies have shown that
some I'TAM-associated receptors mainly in the innate immune
cells efficiently inhibit downstream signaling triggered by other
types of PRRs.

Here, we present an overview of molecular mechanisms
acting at the crossroads of TLRs and regulatory receptors (RRs)
signaling and address the question of how the engagement of the
ITAM-associated receptors in macrophages and two subtypes of

DCs, conventional dendritic cells (cDCs) and plasmacytoid DCs
(pDCs), inhibits cytokine and TLR7/9 signaling. We compare
ITAM-mediated inhibitory mechanisms and function of the
ITAM-associated receptors in these cell types. We focused our
review on the neglected observation that TLR signaling in pDCs
is inhibited by high-avidity engagement of the ITAM-associated
RRs; while in macrophages, it is inhibited by low-avidity engage-
ment of these receptors.

On the basis of this comparison, we assess the functions of the
ITAM-associated receptors in those cells types. We hypothesize
that while antigen presentation and cross-regulation of cytokine
and TLR signaling are the principal functions of ITAM-associated
receptors in macrophages, the major role of these receptors in
pDCs is the inhibition of cytokine production and reestablish-
ment of a tolerogenic state following pDC activation.

IMMUNOGENIC AND TOLEROGENIC
RECEPTORS OF DCs

Plasmacytoid DCs are a highly specialized subset of DCs that
function as sentinels for viral infection and cancer. They are
responsible for production of type I and III IFNs, IFN-I (namely
[FN-a, 5, and @) and IFN-IIT (IFN-AL, A2, A3, and A4 also called
IL-29,IL-28A,1L-28B, and IL-28C), pro-inflammatory cytokines,
and antigen presentation (Figure 1A). pDCs are able to detect
genetic material of viruses with a subset of nucleotide-sensing
TLRs localized in the endosomal compartment: TLR7, which
recognizes single-stranded RNA, and TLRY, which recognizes
DNA. TLR7 also recognizes synthetic imidazoquinoline compo-
nents, for example Resiquimod (R848), whereas TLR9 recognizes
synthetic CpG oligonucleotides. Ligation of TLR9 with aggregat-
ing CpG-A oligonucleotides in the early endosomes triggers the
adaptor protein 3-dependent MyD88-IRF7 pathway that includes
TLR adaptor MyD88, interleukin-1 receptor-associated kinase
1/4 (IRAK1/4), tumor necrosis factor receptor-associated factors
3and 6 (TRAF3/6),and interferon-regulatory factor 7 (IRF7), and
that results in the type I IFN production (3, 5, 10, 11) (Figure 1A).
Activated IRF7, which is constitutively expressed in pDCs,
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FIGURE 1 | Activatory signaling pathways control TLR7/9 signaling in plasmacytoid DCs (pDCs) (simplified view). (A) Ligation of TLR7 or TLR9 with their
agonists, CpG-A or CpG-B, induces different types of signaling. Aggregating CpG-A is transported in the presence of adaptor protein 3 (AP3) to the interferon-
regulatory factor 7 (IRF7) endosomes, where a signalosome composed of IRAK1, IRAK4, TRAF3, and TRAFG is formed. IRF7 signalosome activates production of
interferons (IFNs)-1 (IFN-a/p) and IFN-IIl (IFN-%). In contrast, transcriptome studies showed that CpG-A downmodulates expression of some chemokine and cytokine
receptors and MHC class Il molecules (16). Monomeric CpG-B is transferred to the NF-kB endosomes, where a signalosome is formed from the set including
IRAK4, TRAFB, transforming growth factor p-activated kinase 1 (TAK1), and NF-kB/MAPK/IRF5, which leads to maturation of pDCs and formation of pro-
inflammatory cytokines and chemokines. IRAK2 suppresses IFN-I/Ill production but positively controls production of pro-inflammatory cytokines (3, 5, 16).

(B) Regulatory signaling pathways. Crosslinking of regulatory receptors, such as blood dendritic cell antigen 2 (BDCA-2), ILT-7, FceRl, or NKp44, induces activation
signals that lead to phosphorylation of tyrosines (shown by red circles) within the FceRly immunoreceptor tyrosine-based activation motif (ITAM) and to recruitment of
spleen tyrosine kinase (SYK) kinase. FceRly-mediated B-cell receptor (BCR)-like signaling involving SYK, B-cell linker protein (BLNK), Bruton's tyrosine kinase (BTK),
and PLCy results in hydrolysis of phosphatidylinositol 4,5-biphosphate to diacylglycerol (DAG) and inositol-1,4,5-triphosphate (InsPs). DAG activates protein kinase C
(PKC) and mitogen-activated protein kinase (MAPK), which contribute to activation of activator protein (AP1) and NF-kB. InsP; leads to transient release of
intracellular Ca* stores followed by activation of calmodulin-dependent kinase (CAMK) and cyclic-AMP-responsive-element-binding protein. In parallel, calcineurin
contributes to activation of the nuclear factor of activated T cells (NFAT). Transcriptome studies showed that BDCA-2 downmodulates expression of IFN-1, IFN-III,
some chemokines and cytokines, and IFN-stimulated genes (16).

translocates to the nucleus and, together with ATF-2, ¢-Jun, and and expression of IFN-stimulated genes, and it can be blocked
nuclear factor kappa B (NF-kB) subunits p50 and RelA, initiates by mAbs against secreted IFN-T or IFN-a/p receptor. In contrast
the transcription of IEN-I (12). Furthermore, it has been dem- to IRF7-mediated production of IFN-I, monomeric CpG-B oli-
onstrated that TLR9-mediated induction of transforming growth ~ gonucletides are transferred to an endolysosomal compartment
factor p-activated kinase 1 (TAK1) and of inhibitor of nuclear =~ where they activate the MyD88-NF-kB pathway that triggers
factor kB kinase subunit , followed by the IFN-f-stimulated  expression of mitogen-activated protein kinases (MAPKs) and
activation of the JAK-STAT1/2 pathway, are essential for produc- IRF5 (14, 15) (Figure 1A). Both, NF-kB and MAPKs, stimulate
tion of IFN-« (13). This second loop of IFN-I signaling induced  secretion of chemokines and of the pro-inflammatory cytokines
by IFN-p secreted by pDCs triggers a robust IFN-I/III response  interleukin-6 and tumor necrosis factor-o (TNF-a) and stimulate
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expression of co-stimulatory molecules, such as CD80 (B7.1)
and CD86 (B7.2).

In addition to nucleotide-sensing TLRs, pDCs also recognize
pathogens through a battery of cell surface RRs, including FcRs
and LLRs. The principal function of these RRs on pDCs is to
facilitate antigen capture and presentation and to prevent aber-
rant immune responses by modulating production of IFN-I and
pro-inflammatory cytokines (3, 5, 11) (Figure 1B). RRs deliver
their signal through immunoreceptor tyrosine-based inhibition
motif (ITIM) or through ITAM-associated adaptors, like the
y-chain of FceRIy or DNAX activation protein 12 (DAP12).
Among ITAM-signaling receptors, blood dendritic cell antigen
2 (BDCA-2, CD303, CLEC4C) (17, 18), immunoglobulin-like
transcript (ILT7, CD85g) (19, 20), and FceRI (21) signal through
FceRIy, while NKp44 (22) and mouse pDC-specific Siglec-H (23)
signal through DAP12. In pDCs, triggering of these receptors ini-
tiates a signaling pathway involving spleen tyrosine kinase (SYK),
Bruton’s tyrosine kinase, B-cell linker protein, phospholipase
Cy 2 (PLCy2), MEK-ERK, and induction of intracellular Ca®*
mobilization, similar to the pathway that occurs downstream of
the BCR (18). Despite the similarity with BCR pathway, BDCA-2
signaling does not lead to the activation of the canonical NF-kB
pathway monitored by the IxBa (16). Other RRs of pDC, such as
dendritic cell immunoreceptor (DCIR, CLEC4A) (24), contain
an ITIM motif. In spite of differences in ITAM or ITIM motifs,
all these receptors inhibit TLR7/9 signaling (17, 18). Thus, the
production of IFN-I in pDCs is controlled positively by immu-
nogenic TLR7/9 and negatively by tolerogenic RRs.

Human cDCs, also called classical or myeloid dendritic cells,
canbedivided into atleast two subsets. The more common mDCls
(BDCA-17CD1c*), which produce inflammatory cytokines and
chemokines, are major stimulators of T cells (25). The second
subset, extremely rare mDC2s (BDCA-3* XCR1*Clec9A*) pro-
duce IL-12 and cross-present antigens for CD8 class I-restricted
cytotoxic T lymphocytes (26, 27). ¢cDCs detect invading microbes
with the cell surface-expressed TLR1 and TLR2, which recognize
peptidoglycan and lipoproteins, and endosomal compartment-
localized TLR3, which recognizes double-stranded (ds)RNA,
and TLRS, which recognizes single-stranded RNA (3-5). mDC2s
are major producers of IFN-III, induced via dsRNA-sensing
TLR3 pathway, independent of TLR7 (27). Immature cDCs
sample the surrounding microenvironment for pathogens by
numerous PRRs, including TLRs and ITAM-associated LLRs
(6, 28, 29). Among ITAM-associated LLR expressed on cDCs,
Dectin 2 (CLEC6A) and macrophage-inducible C-type lectin
(Mincle, CLEC4E) associate with the ITAM-containing adap-
tor FcRy, while myeloid DAP12-associated lectin-1 associates
with the adaptor DAP12. Ligand binding to these LLRs leads
in ¢DCs to phosphorylation of ITAM and recruitment of
SYK like in pDCs (Figure 1B). However, in contrast to pDCs,
recruitment of SYK in ¢DCs is followed by the formation of
SYK-CARD9-BCL9-MALT1 complex, activation of the NF-kB
subunit c-Rel, and production of pro-inflaimmatory cytokines
(4, 6, 30). Surprisingly, this signaling pathway can result in the
IRF5-mediated production of IFN-f without engagement of
TLRs (31). Previous report of an alternative mechanism based
on recognition of fungal infection by TLR7, independently of

Dectin-1, makes induction of IFN-f} in cDCs the matter of debate
(32). While ligation of ITIM-associated LLR, such as myeloid
C-type lectin-like receptor (MICL) or DCIR in ¢DCs inhibits
TLR4 and TLR8 signaling (24, 33, 34), suppression of TLR signal-
ing by ligation of ITAM-associated LLRs in ¢DCs has not been
reported (28). These results together with the recent observation
showing that Dectin-1-activated pDCs promote Th2-type T cell
responses while Dectin-1-activated cDCs do the opposite, point
to the importance of combination of PAMP, PRR, and the cell
context in the regulation of adaptive immune responses by innate
immunity (4, 35).

NEGATIVE SIGNALING BY
ITAM-ASSOCIATED RECEPTORS
IN MACROPHAGES

Results obtained during the two last decennia show that immune
receptors associated with an ITAM can generate stimulatory or,
paradoxically, inhibitory signals (36-44) (Figures 2A,B). These
findings, obtained mostly in macrophages, provoked intense
research into underlying mechanisms, as well as semantic
debate (45). Inhibition can be readily explained by the paired co-
clustering of ITIM-bearing receptors with the targeted ITAM-
associated receptor, which brings them into close proximity for
the consecutive inhibitory action of the tyrosine phosphatase
SRC-homology-2 (SH2)-domain-containing protein tyrosine
phosphatase 1 (SHP1) and SH2-domain-containing inositol
phosphatase-1 (SHIP) (9, 24, 34, 42, 44) (Figure 2B). The work
of several laboratories suggests that positive or negative control
of immune responses, in the case of ITAM alone, is determined
by avidity of ITAM-associated receptors to their ligands. The
resulting “signal-switch hypothesis” is based on the observation
that cross-linking by multimeric or high-avidity engagement of
the ITAM-associated receptors leads to complete phosphoryla-
tion of ITAM tyrosine residues followed by the recruitment of
SYK and to cell activation that synergizes IFN-I production,
but inhibits cytokine signaling (8, 9, 39, 45, 46) (Figure 2A).
In contrast, monovalent or low-avidity engagement of the
ITAM-associated receptor results in monophosphorylation
of the membrane-distal tyrosine (Y304) of ITAM allowing a
transient recruitment and minimal activation of Syk (44) fol-
lowed by actin depolymerization and translocation of protein
or lipid phosphatases (SHP1, SHIP) instead of SYK to the
ITAM in lipid rafts. Tyrosine phosphatases SHP1/2 and lipid
phosphatase SHIP recruited to partially phosphorylated ITAM
can inhibit TLR4 signaling by dephosphorylation of signaling
intermediates, but concomitantly cell sensitivity to extracellular
cytokines increases (Figure 2B). If a high-avidity stimulation of
other receptors, such as FcyRs, FceRI, the tumor necrosis factor
receptors, chemokine CC-motif receptor 2, or TLRs, occurs in
the proximity of a weak-avidity stimulation, the high-avidity-
stimulated receptor is recruited toward the inhibitory SHP1
(9, 38, 42, 43, 46, 47). High-avidity signaling is deactivated by
SHP1 inrafts and completed after internalization and segregation
into polarized clusters called “inhibisomes,” with SYK present at
their periphery (9, 42).
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MECHANISMS INHIBITING TLR
SIGNALING IN MACROPHAGES

Spatiotemporal compartmentalization of inhibitory ITAM-
containing receptors into lipid rafts is a key event in the trig-
gering of several ITAM-mediated inhibitory signals. Thus, the
presence of ITAMs in inhibisome rafts can be responsible for
induction of a phosphatidylinositol 3-OH kinase (PI3K)- and
PLCy2-mediated imbalance characterized by accumulation of
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High- and low-avidity engagement of the immunoreceptor tyrosine-
based activation motif (ITAM)-associated receptors in macrophages.
(A) High-avidity ligation of the ITAM-associated receptor results in synergy of
ITAM and TLR4 signaling. High-avidity ligation of macrophage receptors,
such as Fc receptors (FcRs) or f2-Integrin [e.g., by cross-linking of FcR with
immune complexes (IC), or p2-integrin with CD11b mAb or poly arginine—
glycyl-aspartic acid (RGD) motifs (8)], induces activation signals that lead to
phosphorylation of tyrosine residues within the DNAX activation protein 12
(DAP12) ITAM motif and to recruitment of spleen tyrosine kinase (SYK)
kinase. DAP12 ITAM-mediated signaling involving SYK, B-cell linker protein
(BLNK), Bruton's tyrosine kinase (BTK), and PLCy proceeds as the signaling
triggered by regulatory receptors in plasmacytoid DCs (Figure 1B). Ligation
of TLR4 with its agonist (LPS) induces formation of a signalosome (from a set
including IRAK1, IRAK4, TRAF3, and TRAF6), which activates IRF3 and
production of IFN-f and pro-inflammatory cytokines (8, 9, 46). Tyrosine
residues in ITAM motifs are shown by red circles. (B) Low-avidity ligation of
the ITAM-associated receptor [e.g., by ligation of FeyR with monomeric IgG
as exemplified by ligation of FcyRIIA with AT-10 F(ab’). (44), p2-integrin with
CD11b F(ab’),, or with Extracellular matrix (ECM) or triggering receptor
expressed on myeloid cells 2 (TREM2) with semaphorin 6D] results in
inhibition of TLR4 signaling. Low-avidity engagement of a high-affinity
receptor results in recruitment of the SRC-homology-2 (SH2)-domain-
containing protein tyrosine phosphatase 1 (SHP1), SHP2, and SH2-domain-
containing inosital-5-phosphatase (SHIP) to the monophosphorylated
membrane-distal tyrosine (Y304) of ITAM (44), shown by a letter P within a
red circle. SHP1, SHP2, or SHIP can dephosphorylate TLR4 signaling
intermediates. Low-avidity receptor ligation changes the balance between
calcium and protein kinase C (PKC)-mediated pathways, leading to increased
activity of calmodulin-dependent kinase (CAMK) and nuclear factor of
activated T cells (NFAT) in the absence of NF-kB or mitogen-activated protein
kinase activation.

inositol-1,4,5-triphosphate (InsP;) and low levels of diacylglycerol
(Figure 2B). This imbalance results in triggering of constitutive
calcium and MAPK signaling without phosphorylation of IkB
at position Ser32 (47) and without activation of NF-kB, but it is
sufficient to activate nuclear factor of activated T cells (8, 48). The
importance of calcium signaling is highlighted by the finding that
release of intracellular calcium activates the calcium-dependent
phosphatase calcineurin, which is involved in the inhibition of
TLR signaling by targeting the adaptor proteins MyD88 and
TRIF (47).

A recent study showed that the TLR pathway in macrophages
could be inhibited by another molecular mechanism, in which
ITAM-associated low-avidity signaling inactivates MyD88 (49)
(Figure 3). In this mechanism, SRC kinases-activated SYK
phosphorylates Tyr227 on MyD88 and Tyr375 on TRIF, which
function as substrates of the E3 ubiquitin ligase Cbl-b activated by
p2-integrin CD11b (integrin oy, Mac1). The role of f2-integrin in
this interplay depends on the orientation of outside-in and inside-
out signals. In inside-out signaling, TLR4 activates f2-integrin
through PI3K and effector RapL by phosphorylation of the p2-
integrin DAP12 adaptor ITAM, which attracts SYK (Figure 3A)
and leads to separation of the cytoplasmic domains a and f of
p2-integrin (Figure 3B). Then, in outside-in signaling, the acti-
vated 2-integrin engaged or not with a low-avidity ligand feeds
back to inhibit TLR4 signaling by activation of SYK-mediated
phosphorylation of MyD88 and TRIF, which are subsequently
ubiquitinated by Cbl-b and degraded (49). Several reports have
shown that upon low-avidity P2-integrin stimulation, Cbl-b

Frontiers in Immunology | www.frontiersin.org

79

April 2017 | Volume 8 | Article 394



TLR and ITAM Signaling in Macrophages and DCs

Hirsch et al.
A LPS macrophage
B2-integrin
TR4 CD11b
| | |(E
MyD88 @ @'TA |
@ DAP12
TLR4 Inside-out
signaling Integrin
signal
B Outside-in
S Integrin
signal
TLR4 B2-integrin
CD11b
ITA UC‘\
B |DAP12
lysosome>< u
proteasome CD2AP
endosome
lysosome
proteasome
c CD11b mAb

VAY

endosome

proteasome

FIGURE 3 | Low-avidity signaling of p2-integrin regulates toll-like
receptors (TLR) signaling in macrophages. (A) Inside-out signals are
initiated by TLR4 activation through phosphatidylinositol 3-OH kinase (PI3K)
and effector Rapl 2-integrin by separation of the cytoplasmic domains of

a- and p-integrin chains. (B) p2-integrin signals in a low-avidity (without even
ligand binding) outside-in manner through ITAM-associated activation of the
spleen tyrosine kinase (SYK) pathway, which induces phosphorylation of Tyr227
on MyD88 and of Tyr375 on TRIF. TLR4 signaling is regulated by Cbl-b-
mediated degradation of MyD88 and TRIF. Skewed position of p2-integrin
indicates conformational changes after separation of the cytoplasmic domains
a and p. (C) Cbl-b associates with CD2-associated protein (CD2AP, CIN85)
and enhances the ubiquitination and degradation of SYK and FceRly.
Ubiquitinated MyD88 and TRIF are degraded by the proteasome.

associates with CD2-associated protein (CIN85) and enhances
the ubiquitination and degradation of SYK and FceRly, resulting
in inhibition of RRs (BCR-like) signaling (49-52) (Figure 3C). It
has been reported that activation of SYK at the plasma membrane
suppresses the TRAF6- and TAKI-mediated pro-inflammatory
pathway and in contrast enhances the production of IFN-I via
TBK-1 and IRF3 activation (53, 54). Thus, the global activation
status of the target cell will be responsible for the outcome of TLR
signaling.

In contrast to the well-established role of MAPK in activation
of IFN- production, several recent reports highlight suppres-
sive aspects of MAPK signaling in myeloid cells (41, 43, 55-59).
A central regulator that modulates repartition of MAPK signaling
is Tumor Progression Lokus 2 (TPL-2 or Map3k8). TPL-2 down-
modulates production of IFN-p and IL-12 (57) in macrophages,
while it induces production of TNF-a (60) and IL-1 (61). It
has been shown that activation of the MAPK (ERK) pathway by
TPL-2 results, in macrophages but not in pDCs, in transloca-
tion of c-Fos into the nucleus and in inhibition of IFN-p gene
transcription (57).

HIGH-AVIDITY ENGAGEMENT OF THE
ITAM-ASSOCIATED RRs IN pDCs INHIBITS
TLR7/9 SIGNALING

A cornerstone of the signal-switch hypothesis in macrophagesis a
direct relation between the avidity of the ITAM-associated recep-
tor engagement and the intensity of IFN-I production (8, 9, 39,
45, 46). Surprisingly, in pDCs, the high-avidity cross-linking of
BDCA-2 with mAb, as documented from protein tyrosine phos-
phorylation, activation of PLCy, and intracellular Ca** release,
results in the attenuation of TLR7/9-induced production of IFN-
a and pro-inflammatory cytokines (17, 18) (Figure 4). As we and
others demonstrated in pDCs, in contrast to macrophages, low-
avidity engagement of BDCA-2 with monovalent anti-BDCA-2
Fab fragment, which does not induce any protein tyrosine
phosphorylation in pDCs, fails to inhibit IFN-a production (62).
As with BDCA-2, it is also the case that high-avidity engagement
of the FeceRIyrrau-associated receptor ILT7 or FceRla, or of the
DAPI12imw-associated natural cytotoxicity receptor NKp44, is
accompanied by protein tyrosine phosphorylation, calcium
influx, and inhibition of IFN-I and pro-inflammatory cytokine
production (19-22, 63). In addition to cross-linking with mAbs,
high-avidity engagement of ILT7 with its natural ligand, bone
marrow stromal cell antigen 2 (BST2, also called CD317, tetherin,
or HM1.24) (19, 20, 63); of BDCA-2 with HIV-1 gp120 (64) or
hepatitis C virus E2 glycoprotein (65); and of NKp44 with pro-
liferating cell nuclear antigen also result in inhibition of IFN-I
production (66).

The mechanism explaining inhibition of TLR7/9 signaling by
high-avidity engagement of the ITAM-associated receptors in
pDCs is not clear. The principal difference between pDCs and
macrophages could reside in the localization and timing of the
early steps of interaction of TLRs and ITAM-associated recep-
tors. While in macrophages, the TLR4 and the ITAM-mediated
p2-integrin signaling are concomitantly triggered from a close
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FIGURE 4 | High-avidity engagement of the immunoreceptor
tyrosine-based activation motif (ITAM)-associated receptors in
plasmacytoid DCs (pDCs) inhibits TLR7/9 signaling. (A) In immature
pDCs, blood dendritic cell antigen 2 (BDCA-2) and CD32a (FcyRlla) are
expressed on the cell surface. Homeostatic levels of TLR7/9 are present in
endosomes. (B) BDCA-2 mAb or HIV-1 gp120/anti-gp120 Ab complex
simultaneously engages BDCA-2 and CD32a, leading to internalization of
both receptors. Crosslinking of BDCA-2-induces B-cell receptor (BCR)-like
ITAM-mediated signaling. BDCA-2 cross-linking induces formation CD2AP/
SHIP1 complex, which inhibits the Cbi-b-induced ubiquitination of spleen
tyrosine kinase (SYK), FceRly, and FcyRlla and maintains the expression

levels of SYK and FceRly.

vicinity in the lipid raft (Figure 3), in pDCs, the TLR7/9 signal-
ing is triggered from an endosome, whereas ITAM-mediated
RRs signaling is triggered from the plasma membrane, with an
unknown delay. Earlier findings suggested that in unstimulated
pDCs, TLR7 and TLR9 reside in the endoplasmic reticulum
and are delivered to the endolysosomal compartment only
after uptake of RNA or DNA ligands to endosomes (10, 67, 68).
However, more recent studies have demonstrated a steady-state
flow of TLRY from endoplasmic reticulum to endolysosomes,
where TLR9 is present in the mature, cathepsin-cleaved form
(69, 70) (Figure 4A). Most of these studies were performed in
mouse bone marrow-derived macrophages, and parallel experi-
ments in B cells showed that TLRY trafficking is cell-context-
dependent, making an actual localization of TLR7/9 in pDCs a
matter of debate (69, 70). As with TLRY trafficking, trafficking
of RRs in pDCs remains elusive. Formation of the antibody-
BDCA2 receptor complex (17), which colocalizes with EEA1
in early endosomes 5-10 min after crosslinking of BDCA2, was
demonstrated in several laboratories (71, 72). Results from our
laboratory have shown that 2 min after crosslinking of BDCA-2,

SYK is phosphorylated, without assigning the phosphorylation
to plasma membrane or endosome (73) (Figure 4B). Whether
TLR7/9 and BDCA-2 co-localize in endolysosomes (71, 72), and
at what level, remains to be determined.

As in macrophages, ubiquitination of MyD88, SYK, and
FceRIy could play a crucial role in the outcome of TLR7/9 and RRs
signaling in pDCs. Ubiquitination of these molecules depends
on the cellular context. It has been shown that upon BDCA2
cross-linking in human pDCs, CD2AP forms a complex with
SHIP1 and Cbl-b with reduced Cbl-E3 ubiquitin ligase activity in
comparison with CD2AP- or SHIP1-knocked-down pDCs (3, 74)
(Figure 4B). The CD2AP/SHIP1/Cbl complex is then recruited
to the plasma membrane, where it co-localizes with cross-linked
BDCAZ2/FceR1y complex. Inhibition of the Cbl-b-induced ubiq-
uitination and degradation of FceR1y and SYK by the CD2AP/
SHIP1 complex results in upregulation of BCR-like signaling
and inhibition of TLR7/9 signaling. Although these results were
not reproduced in mouse pDCs (75), differences between the
triggering of TLR and ITAM signaling in macrophages and in
pDCs (Figures 1 and 2) might be responsible for preferential
ubiquitination of MyD88, SYK, and FceRIy in these cells.

In addition to ITAM-associated RRs, pDCs express an
ITAM-associated FcR, FcyRITa (CD32a), which is responsible
for uptake and delivery of systemic lupus erythematosus (SLE)
immune complexes (IC) in the endosomal compartment called
the IFN signaling compartment, from where they trigger TLR9
signaling followed by massive IFN-I production (72, 76). ITAM-
associated CD32a and ITIM-associated CD32b are the only FcRs
on pDCs (72, 76). Surprisingly, BDCA-2 mAb simultaneously
ligates BDCA-2 with F(ab’). and CD32a with the Fc region of
the same single BDCA-2 mAb molecule, leading to the con-
current internalization of BDCA-2 and CD32a (Figure 4B).
Simultaneous engagement of BDCA-2 and CD32a with complete
BDCA-2 mAb, in contrast to ligation with F(ab’),, synergizes
inhibition of TLRY signaling triggered by FcR-dependent SLE IC.
However, simultaneous engagement does not potentiate inhibi-
tion of TLR7/9 signaling triggered by FcR-independent agonists
CpG-A, CpG-B, and R848 (72). Thus, the latter results do not
lend any support to the hypothesis that the simultaneous ligation
of BDCA-2 and CD32a with a single mAb molecule, creating a
trimolecular complex, would be responsible for BDCA-2 mAb-
mediated inhibition of TLR9 signaling and IFN-I production (9,
38, 46,47, 72). The synergistic effect of simultaneous engagement
of CD32a and BDCA-2 highlights the therapeutic potential of
these mAbs for inhibition of IFN-I production and for treat-
ment of autoimmune diseases, such as SLE. Next, experiments
can show whether natural ligands of RRs, such as BST2, HIV-1
gp120, hepatitis C virus E2 glycoprotein, or their complexes with
antibody could cross-link BDCA-2/ILT7 and CD32a and inhibit
TLR7/9 signaling (Figure 4B).

TOLEROGENIC EFFECT OF THE
HIGH-AVIDITY ENGAGEMENT OF
ITAM-ASSOCIATED RECEPTORS IN pDCs

Antigen targeted to pDCs by means of BDCA-2 mAb is rapidly
endocytosed and traffics via early endosomes to MHC-enriched

Frontiers in Immunology | www.frontiersin.org

81

April 2017 | Volume 8 | Article 394



Hirsch et al

TLR and ITAM Signaling in Macrophages and DCs

endosomes independently of TLR7/9 stimulation (71). However,
the next steps of antigen presentation, including restimulation
of antigen-specific CD4" effector memory T helper cells, are
dependent on TLR7/9 stimulation of pDCs, which is inhibited

cDCyram My PDCram
high high low high
avidity avidity avidity avidity
ligation ’. ligation ligation ligation

L
L)
A TLR

NF-kB, IRF

}

IFN-I
chemokines
proinflammatory
cytokines

FIGURE 5 | Cross talk bet 1 immi ptor tyrosine-based
activation motif (ITAM)-associated receptor signaling and toll-like
receptor (TLR) pathways in conventional dendritic cells (cDCs), M®,
and plasmacytoid DCs (pDCs): an ITAM-centric view. I[TAM-mediated
activation pathways are shown by green arrows; [TAM-mediated inhibitory
pathways are shown by red lines. Positive or negative control of immune
responses in macrophages (M®) is determined by avidity of [TAM-associated
receptors to their ligands. Production of interferons (IFNs)-| is facilitated by
interferon-regulatory factor 3 (IRF3) in macrophages, by IRF5 in cDCs, and by
IRF7 in pDCs. In cDCs, ITAM-associated receptor signaling can result in the
IRF5-mediated production of IFN-p without engagement of TLRs (31)
Alternative pathway in cDCs (32) is shown by dotted arrow.

by BDCA-2 cross-linking. Mature pDCs are characterized by the
upregulation of CD40 and co-stimulatory molecules, including
CD80 and CD86. Recent results have shown that BDCA-2 mAb
cross-linking inhibits CpG-A and CpG-B-induced upregulation
of co-stimulatory molecules CD40 and CD86 (62, 77-79). In
contrast, CD40L-stimulated upregulation of CD86 in pDCs is
unaffected by BDCA-2 cross-linking. These results suggest that
BDCA-2 signaling interferes with TLRY signaling in pDCs but
probably not with T-cell-dependent pDC activation via CD40-
ligand (62). Actually, pDCs efficiently cross-present exogenous
antigens to CD8* T cells (80). Also, BDCA-2 agonist HIV-1 gp
120, but not the natural agonist of ILT7, BST2, suppressed TLR9-
mediated expression of co-stimulatory molecules CD80 and
CD86 by pDCs (19, 64).

The capacity of pDCs to produce IFN-Iand their central role at
the interface of innate and adaptive immunity could make them
important actors in antitumor immunity (81). However, recent
evidence suggests that tumor-associated (TA) pDCs recruited in
breast and ovarian tumors are dysfunctional and their presence
in these tumors is a negative prognostic factor for overall survival
(82-84). This dysfunctionality is characterized by impairment of
their IFN-I secretion and by strong expression of ICOS ligand,
which leads to induction of immunosuppressive regulatory T cells
(Treg) and priming of IL-10-secreting CD4" T cells (82, 83).
Apart from tumor-derived soluble immunosuppressive factors,
such as TNF-aand TGF-p (85), recent data suggest that TA-pDC
impairment could also result from the interaction of ITAM-
associated RRs of pDCs with their ligands expressed on cancer
cells, such as BST2 (20). Recent data from the C. Caux laboratory
have shown that mAbs against ICOS inhibit TA-Treg expansion
and IL-10 secretion, demonstrating a pivotal role of TA-pDCs
in the immunosuppressive mechanism (82, 83). Collectively,
these results indicate that a tumor microenvironment induces a
tolerogenic character in pDCs.

TABLE 1 | Cross talk between immunoreceptor tyrosine-based activation motif (ITAM)-signaling and toll-like receptors (TLR) pathways in macrophages

and plasmacytoid DCs (pDCs).?

TLR ITAM-coupled receptors ITAM/TLR cross talk
Receptor Ligand Receptor Adaptor Ligand High-avidity Low-avidity
ligation ligation
High avidity Low avidity
Macrophage  TLR4 LPS P-Integrin DAP12 Fibrinogen ECM * Synergizes TLR ¢ Inhibits TLR
FcyRI FcRy IC/RF ) signaling signaling
FeyRIA _ IC/RF Monomeric I9G 4 |nhibits cytokine ¢ Enhances
or lgA, IVlg, mAb P
FcaR FcRy IC/RF . signaling cytokine
FeeRl FcRy IC/RF Flab’). « Activation signaling
TREM2 DAP12 poly RGD Semaphorin 6D * Homeostasis
pDCs TLR7 ssRNA BDCA-2 FceR1y HIV gp120, mAb Fab, Ffab’); e Inhibits TLR signaling No/unknown
Resigquimod HCV E2; mAb ® Inhibits pDC maturation  effect
ILT7 FceR1y BST2 and T cell stimulation
FeeRla FceR1y IgE * Homeostasis/anergy
NKp44 DAP12 PCNA
TLR9 CpG ODNs  Siglec-H DAP12 Sialic acid
FeyRIIA - IC

“mAb, mAb Fab, and mAb F(ab’). are related to the respective receptor.

IC, immune complexes; RF, rheumatoid factor; Vg, intravenous immunoglobulin; TREMZ, triggering receptor expressed on myeloid cells 2; ECM, extracellular matrix; RGD, arginine—
glycyl-aspartic acid motif: DAP12, DNAX activation protein 12, BDCA-2, blood dendiritic cell antigen 2; ILT7, immunoglobulin-like transcript; PCNA, proliferating cell nuclear antigen.
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CONCLUDING REMARKS

Fifteen years after the discovery of the inhibitory role of BDCA-2
in IEN-I production in pDCs (17), its molecular mechanism
remains elusive. The signal-switch hypothesis had a seminal role
in the understanding of cross-regulation of cytokine- and TLR-
signaling pathways in macrophages (8, 9, 28, 39, 58). However,
further studies showed that the ITAM-signaling pathway may be
regulated in a special way in human pDCs (11, 18-20). While
the high-avidity engagement of ITAM-associated receptors in
macrophages leads to potentiation of TLR signaling, it results
in the attenuation of TLR-induced IFN-I production in pDCs
(Figure 5; Table 1). Surprisingly, few data are available on the
interplay of ITAM-associated receptors and TLRs in ¢DCs.
Cellular context, spatiotemporal differences, and different func-
tions of ITAM-associated receptors could be responsible for the
different interplay of ITAM and TLR pathways in pDCs, cDCs,
and macrophages.

Published data suggest that ITAM-associated receptors play
different roles in pDCs, cDCs, and in macrophages. Under home-
ostatic conditions in macrophages, the ITAM-associated
receptors enable a fine-tuning of immune responses, includ-
ing inhibition of IFN-I production and high sensitivity to
extracellular cytokines. In an infection setting, ITAM-associated
receptors in macrophages switch to signaling for robust pro-
duction of cytokines including IFN-I, to cell activation and to
low sensitivity to extracellular cytokines. In c¢DCs, ligation of
ITAM-associated receptors leads to rapid activation of NF-xB
and massive production of cytokines, which can occur without
engagement of TLR. In contrast, the major role of ITAM-
associated RRs in pDCs is related to inhibition of cytokine
production and reestablishment of a tolerogenic state following
pDCactivation. Limitation of the ITAM-associated RR signaling
in pDCs to high-avidity engagement could be related to a low
homeostatic level of TLR7/9 in endosomes in immature pDCs
under physiological conditions (10, 70). The low homeostatic
level of TLR7/9 in endosomes in immature pDCs could reduce
the risk of undesirable triggering of IFN-I signaling to the same
extent as that of the inhibition of IFN-I induced in macrophages
by tonic ITAM signaling. Also, simultaneous engagement of
BDCA-2 and CD32a leading to the internalization of both
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Recent studies have reported that the crosslinking of regulatory receptors (RRs), such
as blood dendritic cell antigen 2 (BDCA-2) (CD303) or ILT7 (CD85g), of plasmacyt-
oid dendritic cells (pDCs) efficiently suppresses the production of type | interferons
(IFN-1, o/p/w) and other cytokines in response to toll-like receptor 7 and 9 (TLR7/9)
ligands. The exact mechanism of how this B cell receptor (BCR)-like signaling blocks
TLR7/9-mediated IFN-I production is unknown. Here, we stimulated BCR-like signaling
by ligation of RRs with BDCA-2 and ILT7 mAbs, hepatitis C virus particles, or BST2
expressing cells. We compared BCR-like signaling in proliferating pDC cell line GEN2.2
and in primary pDCs from healthy donors, and addressed the question of whether
pharmacological targeting of BCR-like signaling can antagonize RR-induced pDC
inhibition. To this end, we tested the TLR9-mediated production of IFN-I and proin-
flammatory cytokines in pDCs exposed to a panel of inhibitors of signaling molecules
involved in BCR-like, MAPK, NF-kB, and calcium signaling pathways. We found that
MEK1/2 inhibitors, PD0325901 and U0126 potentiated TLR9-mediated production of
IFN-I in GEN2.2 cells. More importantly, MEK1/2 inhibitors significantly increased the
TLR9-mediated IFN-I production blocked in both GEN2.2 cells and primary pDCs upon
stimulation of BCR-like or phorbol 12-myristate 13-acetate-induced protein kinase C
(PKC) signaling. Triggering of BCR-like and PKC signaling in pDCs resulted in an upreg-
ulation of the expression and phoshorylation of ¢-FOS, a downstream gene product
of the MEK1/2-ERK pathway. We found that the total level of ¢c-FOS was higher in
proliferating GEN2.2 cells than in the resting primary pDCs. The PD0325901-facilitated
restoration of the TLR9-mediated IFN-I production correlated with the abrogation of
MEK1/2-ERK-c-FOS signaling. These results indicate that the MEK1/2-ERK pathway
inhibits TLR9-mediated type | IFN production in pDCs and that pharmacological tar-
geting of MEK1/2-ERK signaling could be a strategy to overcome immunotolerance of
pDCs and re-establish their immunogenic activity.

Keywords: plasmacytoid dendritic cells, toll-like receptors 7 and 9 (TLR7/9), B cell-like receptor signaling,
regulatory receptors, blood dendritic cell antigen 2, MEK1/2, ¢c-FOS, type | interferon
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INTRODUCTION

Plasmacytoid dendritic cells (pDCs) are a highly specialized
subset of dendritic cells that play a central role at the interface
of innate and adaptive immunity. They are important actors in
antiviral and antitumor immunity, but also potent inducers of
autoimmune diseases (1-6). They sense viruses by endosomal
toll-like receptors 7 and 9 (TLR7/9), recognizing ssRNA or
CpG containing DNA. TLR signaling leads to the secretion of
proinflammatory cytokines and chemokines, such as interleukin
1, tumor necrosis factor o (TNF-w), IL-6, IL-8, and most impor-
tantly type I IFNs (IFN-I, a/f/w) (7-10).

In addition to TLR7/9, pDCs express multiple specific recep-
tors that facilitate antigen capture and presentation and, moreo-
ver, regulate pDC function, preventing thus abnormal immune
responses. These regulatory receptors (RRs), include Fc receptors
and lectin-like receptors (11, 12), which signal through the B cell
receptor (BCR)-like pathway involving spleen tyrosine kinase
(SYK) associated with the immunoreceptor tyrosine-based acti-
vation motif-containing adapter of RR, Bruton’ tyrosine kinase,
B-cell linker protein, phospholipase Cy 2, MEK1/2-ERK, and
induction of intracellular Ca2+ mobilization (8, 9, 12). Among
these RRs, blood dendritic cell antigen 2 (BDCA-2, CD303,
CLECA4C) is an lectin-like receptor (13), while immunoglobulin-
like transcript (ILT7, CD85g) binds toand can be activated by bone
marrow stromal cell antigen 2 (BST2, CD317, tetherin, HM1.24)
protein, the expression of which is found on cells pre-exposed
to IFN-I or on the surface of human cancer cells (14). Signaling
via pDC RRs attenuates TLR-induced production of IFN-I and
proinflammatory cytokines by an unknown mechanism (8-13,
15, 16). This physiological feedback mechanism of IFN control
is hijacked in the pathogenesis of several chronic viral infections
and cancers, leading to immune tolerance (10, 17-19). We have
recently shown that hepatitis C virus (HCV) particles inhibit the
production of IFN-u via the binding of E2 glycoprotein to RRs
BDCA-2 and DCIR (dendritic cell immunoreceptor) and induce
arapid phosphorylation of AKT and ERK, in a manner similar to
the cross-linking of BDCA-2 or DCIR (10, 17, 19).

Here, we addressed the question of whether specific pharma-
cological targeting of BCR-like signaling can restore functionality
to pDCs abrogated by ligation of RRs, and what the underlying
mechanism of this abrogation is. In our previous work, we
demonstrated that a highly specific inhibitor of SYK blocks both
BCR-like and TLR7/9 signaling and, therefore, it is not compat-
ible with restoration of pDC function (15). In this study, we have
tested the effects of inhibitors of ¢-Jun N-terminal kinase (JNK),
MEK1/2 kinase, p38 kinase, and calcium-dependent phosphatase
calcineurin, acting through a BCR-like signaling pathway, and of

Abbreviations: AP-1, activator protein 1; BLNK, B-cell linker protein; BCR,
B cell receptor; BDCA-2, blood dendritic cell antigen 2; BST2, bone marrow
stromal cell antigen 2; BTK, Bruton’s tyrosine kinase; FcRs, Fc receptors; geq,
genome equivalent; HCV, hepatitis C virus; ITAM, immunoreceptor tyrosine-
based activation motif; IL-1, interleukin 1; [FN-I o/ p/w, type I interferons; PMA,
phorbol myristoyl acetate; PLCy2, phospholipase Cy 2; PKC, protein kinase C;
RRs, regulatory receptors; SRE, serum response element; SYK, spleen tyrosine
kinase; TNF-o, tumor necrosis factor «; TPL-2, tumor progression locus 2; TBK1,
TANK binding kinase 1.

NF-kB activating TANK binding kinase 1 (TBK1) on the IFN-I
production in pDCs exposed to a TLR9 agonist. Surprisingly,
we found that inhibitors of MEK1/2 potentiated IFN-I and IL-6
production in pDC cell line GEN2.2, but not in primary pDCs
stimulated by the TLR9 agonist. More importantly, inhibitors of
MEK1/2 significantly increased TLR9-mediated production of
IFN-I that had been blocked in both GEN2.2 cells and primary
pDCs by ligation of RRs with BDCA-2 and ILT7 mAbs, or HCV
particles, or with BST2 expressing cells. Moreover, the restaura-
tion of IFN-I production by MEK1/2 inhibitor was observed
when TLR9 signaling had been blocked by phorbol 12-myristate
13-acetate (PMA), an agonist of protein kinase C (PKC), which
stimulates MEK1/2-ERK signaling.

Furthermore, ourresults showthat BCR-like and PKCsignaling
induced in pDCs the expression and phoshorylation of c-FOS, a
downstream gene product of the MEK1/2-ERK pathway. c-FOS is
known to associate with c-JUN to form activator protein 1 (AP-1)
transcription factor and to exert within the cell a pleiotropic effect,
including cell differentiation, proliferation, apoptosis, and the
immune response (20-23). While a previous study reported that
the ¢-FOS induced by tumor progression locus 2 (TPL-2) inhibits
TLR9-mediated production of IFN-I in mouse macrophages and
myeloid DCs, but not in pDCs (24), we show that MEK1/2-ERK-
induced c-FOS was involved in the inhibition of TLR9-mediated
production of IFN-I in human pDCs. Our results suggest that
the MEK1/2-ERK-dependent expression and phosphorylation of
c-FOS exerts an intrinsic block of TLR9-mediated production of
type I IFN. Pharmacological targeting of MEK1/2-ERK signaling
could be a strategy to overcome immunotolerance of pDCs and
re-establish their immunogenic activity.

RESULTS

MEK1/2 Inhibitor Potentiates
CpG-A-Induced Production of IFN-a in

pDC Cell Line GEN2.2

In order to restore TLR7/9-mediated production of IFN-I
blocked by ligation of RRs, we first searched for an inhibitor of
BCR signaling that does not inhibit signaling triggered by TLR7/9
agonists. To this end, we selected a panel of kinase inhibitors
involved in BCR-like, MAPK, NF-kB, and calcium signaling, and
control inhibitors of TLR7/9 signaling, and tested their effect on
the production of IFN-a in a pDC cell line GEN2.2 exposed to
TLR9 agonist CpG-A (Figures 1A,B; Figure S1 in Supplementary
Material). To facilitate biochemical analyses of cell signaling,
which is still difficult to perform in rare and in vitro short living
human primary pDCs, we performed our studies in human pDC
line GEN2.2, which shares the key features of human primary
pDCs (15, 25-30).

While inhibitors of JNK (SP600125), TBK1 (BX795),
NE-xB (Bayl11-7082), p38 MAPK (SB253080), and calcineurin
(FK506) inhibited dramatically IFN-a production, MEK1/2
inhibitor PD032590 significantly increased IFN-a production
(p = 0.0022, Figure 1B). In repeated independent experiments
(N = 34), production of IFN-« in CpG-A-stimulated GEN2.2
cells increased 2.55 + 0.63 times (mean + SEM, p < 0.0001),
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FIGURE 1 | Effect of MEK1/2 inhibitor PD0325901 on cytokine production in CpG-A and phorbol myristoyl acetate (PMA)-stimulated GEN2.2 cells. (A)
Experimental outline. GEN2.2 cells separated fram MS-5 feeder cells were exposed or not to inhibitors of Jun N-terminal kinase (JNK), TANK binding kinase 1
(TBK1), NF-&B, p38 MAPK, calcineurin, or MEK1/2 for 1 h and then stimulated with CpG-A at 4 pg/ml. The concentration of IFN-a, IL-6, and tumor necrosis factor
o (TNF-a) in the cell-free supernatant was determined by ELISA after a 16 h treatment. (B) The production of IFN-a by GENZ2.2 cells stimulated with CpG-A in the
presence of JNK (SPE00125, 10 pM), TBK1 (BX795, 1 uM), NF-kB (Bay11-7082, 1 M), p38 MAPK (SB253080, 1 uM), calcineurin (FKS506, 0.1 uM), or MEK1/2
(PD0325901, 1 pM) inhibitors. The PD0325901 concentration-dependent production of IFN-« (C,F), IL-6 (D,G), and TNF-«a (E,H) in CpG-A-induced (C-E) or
PMA-induced (F-H) GEN2.2 cells. The data show mean and SEM of two independent experiments in biological triplicates (B-H). **, p < 0.01; two-tailed
Mann-Whitney test.

from 18.4 + 1.4 ng/ml in the absence of MEK1/2 inhibitor to
44.2 + 2.7 ng/ml in the culture pretreated with 1 pM PD0325901
(Figure S2 in Supplementary Material). In spite of the variability
of IFN-a production in CpG-A-stimulated GEN2.2 cells, the
ratio of IFN-a production in GEN2.2 cells cultured in the pres-
ence and in the absence of PD0325901 was highly reproducible.
The same results were obtained with MEK1/2 inhibitor U0126
(data not shown). We found that in addition to IFN-« also IL-6
production in CpG-A-stimulated GEN2.2 cells was synergized
by MEKIL/2 inhibitor PD0325901 (Figures 1C,D), whereas
production of TNF-o was inhibited (Figure 1E), suggesting

that the MEKI1/2-ERK pathway positively regulates TNF-a
expression or secretion (31). The strongest synergistic effects
on IFN-a production (synergistic index >3) were observed for
combinations of >0.01 pM PD0325901 and 4 pg/ml CpG-A.
Synergistic effects of these combinations were also demonstrated
for the production of IL-6 (synergistic index >2). In contrast to
the synergistic effect observed with >0.01 pM PD0325901, the
combination of 0.001 pM PD0325901 with 4 pg/ml CpG-A had
only an additive effect on the production of IL-6 (Figure 1D). In
the control experiment, PMA-induced the production of TNF-o
(but not that of IFN-a and IL-6), which was strongly inhibited by
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PDO0325901 (Figures 1F-H). Collectively, these results show that
the CpG-A-induced TLR9-mediated production of IFN-a and
IL-6 are potentiated by MEK1/2 inhibitor PD0325901.

MEK1/2 Inhibitor Potentiates Herpesvirus-
and CpG-B-Induced Production of IFN-a

in pDC Cell Line GEN2.2

CpG-A is a synthetic mimic of an unmethylated CpG-rich
dsDNA of bacteria and viruses. Therefore, we tested whether
production of IFN-a in GEN2.2 cells stimulated with natural
TLR9 agonists, herpes simplex virus type 1 (HSV-1), and human
cytomegalovirus (HCMV) could be potentiated with PD0325901
(Figures 2A,B). Our results show that PD0325901 significantly
potentiated production of IFN-« in GEN2.2 cells exposed to
HSV-1 (2.14-fold, N = 3, p = 0.0022), or HCMV (1.98-fold,
N =3, p=0.0022).

While aggregating CpG-A is transported to the interferon-
regulatory factor 7 endosomes, where activates production
of IFN-I, monomeric CpG-B is transferred to the NF-xB
endosomes, which leads to maturation of pDCs, formation of
pro-inflammatory cytokines and only a limited production of
IEN-a (7-10). PD0325901 significantly potentiated production
of IFN-a in CpG-B-stimulated GEN2.2 cells (1.43-fold, N = 7,
p = 0.007), although less strongly than in CpG-A-stimulated
cells (Figure 2C). Taken together, MEK1/2 inhibitor PD0325901
potentiated production of IFN-a in pDC cell line GEN2.2
stimulated with synthetic TLR9 agonists CpG-A and CpG-B, and
natural agonists HSV-1 and HCMV.

MEK1/2 Inhibitors Partially Restore
TLR9-Mediated IFN-o Production Blocked
by Ligation of RRs with BDCA-2 and

ILT7 mAbs

Subsequently, with respect to the ability of PD0325901 to synergize
TLR7/9-mediated IFN-a production, we investigated the capacity
of PD0325901 to reverse the inhibitory effect of the ligation of RRs
on TLR9-mediated IFN-a production. We exposed PD0325901-
pretreated GEN2.2 cells and primary pDCs to 5 pg/ml of BDCA-2
mADb and subsequently to TLR9 agonist CpG-A (Figure 3A). In
the absence of the MEK1/2 inhibitor, the production of IFN-o
induced in GEN2.2 cells by CpG-A was suppressed by BDCA-2
mAb to 13% (p = 0.0006, Figure 3B). As already shown in
Figure 1C, PD0325901 significantly potentiated CpG-A-induced
production of IFN-« in GEN2.2 cells (3.8-fold, N =6, p = 0.0022,
Figures 3B,C). As expected, PD0325901 potentiated the produc-
tion of IFN-a inhibited in GEN2.2 cells by BDCA-2 mAb. This
partial restoration of [FN-a production in GEN2.2 cells was high-
lighted after standardization to the quantity of [FN-o produced in
the absence of PD0325901 (7.3-fold, p = 0.0022, Figure 3C).

As in GEN2.2 cells, exposure of primary pDCs from healthy
donors to BDCA-2 mAb suppressed the production of IFN-a
induced by CpG-A to 11.5% (N = 9, p = 0.0039, Figure 3D).
The major difference observed in primary pDCs compared to
GEN2.2 cells consisted in the lack of the potentiation of CpG-
A-induced production of IFN-a by PD0325901 in the absence
of BDCA-2 mAb (Figures 3B-E). In contrast, a similar restora-
tion effect to the one in GEN2.2 was observed in primary pDCs
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FIGURE 2 | Effect of MEK1/2 inhibitor PD0325901 on the potentiation of IFN-a production stimulated with HSV-1, human cytomegalovirus (HCMV), or CpG-B. (A)
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were incubated with the MEK1/2 inhibitor PD0325901 (1 pM) for 1 h before stimulation with
HSV-1 or HCMV at the MOI of 10 TCIDs per cell, or with 4 pg/ml CpG-B. After a 16 h culture, the IFN-a production was determined in the cell-free supernatants by
ELISA. N = 3, **, p < 0.01; two-tailed Student’s t-test. (B) The production of IFN-a by GEN2.2 cells stimulated with HSV-1 or HCMV in the presence or absence of
PD0325901. (C) The praduction of IFN-a by GENZ2.2 cells stimulated with CpG-B in the presence or absence of PD0325301. The data show mean and SEM of
three independent experiments. N = 7, **, p < 0.01; two-tailed Mann-Whitney test.
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FIGURE 3 | Effect of MEK1/2 inhibitor PD0325901 on the blockade of IFN-a production by ligation of regulatory receptors of GEN2.2 cells or primary plasmacytoid
dendritic cells (pDCs) with blood dendritic cell antigen 2 (BDCA-2) mAb. (A) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells or primary pDCs
were incubated with the MEK1/2 inhibitor for 1 h before stimulation with BDCA-2 mAb and CpG-A. After a 16 h culture, the IFN-a production was determined in the
cell-free supernatants by ELISA. (B,D) The IFN-a preduction was normalized to the level induced by CpG-A in the presence of IgG1 and in the absence of the
MEK1/2 inhibitor. (C,E) The same data showing the IFN-a production in panels (B-D) were normalized to the level induced by CpG-A in the absence of the MEK1/2
inhibitor. The data show mean + SEM of (B,C) six independent experiments with GEN2.2 cells, **, p < 0.01; ***, p < 0.001; two-tailed Mann-Whitney test, and
(D,E) nine independent experiments with primary pDCs from different healthy doners, **, p < 0.01; two-tailed paired Wilcoxon test.

exposed to PD0325901 prior to BDCA-2 mAb (Figures 3D,E).
PD0325901 significantly restored the production of IFN-o
inhibited by BDCA-2 mAb (2.4-fold, p = 0.0039, Figure 3E). A
similar restoration effect was observed with PD0325901 at 10 nM
concentration (Figure S3 in Supplementary Material) and with
MEK1/2 inhibitor U0126 using ILT7 mAb for crosslinking RR
(Figure S4 in Supplementary Material). In conclusion, these
results show that MEK1/2 inhibitors significantly increased the
TLR9-mediated IFN-I production blocked by ligation of RRs.

MEK1/2 Inhibitor Restores
TLR7/9-Mediated IFN-a Production
Blocked by HCV Virions

We and others reported that some viruses, such as HCV (19, 32),
HBV (18), or HIV (17), interact via their envelope glycoproteins

with RR BDCA-2 expressed on pDCs, and activate the BCR-like
pathway leading to the inhibition of IFN-o production. We tested
whether MEK1/2 inhibitor PD0325901 restores IFN-a produc-
tion in pDC cell line GEN2.2 (Figures 4A,B) and in primary
pDCs (Figures 4A,C) stimulated with CpG-A, and in parallel
exposed to HCV particles (10 HCV geg/cell). We confirmed that
in the absence of MEK1/2 inhibitor, HCV virions inhibited IFN-o
production in both cell types, to 35% in GEN2.2 cells (Figure 4B)
and to 34% in primary pDCs (Figure 4C) (19, 33). We observed
that the treatment with PD0325901 significantly restored CpG-
A-stimulated production of IFN-a inhibited by HCV virions in
GEN2.2 cells (4.2-fold, p = 0.025, Figure 4B) and in primary
pDCs (3.2-fold, p = 0.0059, Figure 4C), in a more robust way
than that observed with BDCA-2 mADb (Figure 3). Collectively,
pharmacological targeting of MEK1/2-ERK abrogates the HCV
suppression of IFN-o production.
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FIGURE 4 | Effect of MEK1/2 inhibition on the hepatitis C virus (HCV) blockade of IFN-a in GEN2.2 cells or primary plasmacytoid dendritic cells (pDCs). (A)
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells (B), or primary pDCs (C), were incubated with 1 pM MEK1/2 inhibitor PD0325901 for 1 h and
then treated with HCV virions at MOl = 10 gea/cell for 1 h before CpG-A stimulation. After a 16 h culture, the IFN-a production was determined in the cell-free
supernatants by ELISA. (B,C) The IFN-a production was normalized to the level induced by CpG-A in the presence of a mock-infected control and in the absence of
PDO0325901. The data show mean + SEM of (B) two independent experiments with GEN2.2 cells, *, p < 0.05; unpaired, two-tailed t-test and (C) ten independent
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MEK1/2 Inhibitor Restores TLR9-Mediated
IFN-a Production Blocked by Ligation of
RRs with BST2 Expressing HEK293T Cells

ILT7 is another pDC-specific receptor with a regulatory func-
tion that signals through the BCR-like pathway and inhibits
TLR-mediated IFN-a production (11). In order to evaluate the
restoration effect of MEK1/2 inhibitors, we exposed GEN2.2 cells
to a HEK293T cell line which expressed BST2, a natural ligand of
ILT7 (11), in approximately 95% of cells (Figure 5A; Figure S5 in
Supplementary Material). In the absence of MEK1/2 inhibitor, the
co-culture of GEN2.2 cells with the BST2 expressing HEK293T
inhibited IFN-a production induced by CpG-A to 47.4%
(p = 0.001, Figure 5B). When the GEN2.2 cells were exposed
to 1 uM PD0325901 prior to co-culture with BST2 expressing
HEK293T cells and CpG-A simulation, the IFN-a production
significantly increased (4.7-fold, p = 0.001, Figure 5B). In con-
clusion, the MEK1/2 inhibitor restored TLR9-mediated IFN-u
production blocked by ligation of RR ILT7 with BST2.

MEK1/2 Inhibitor Restores TLR9-Mediated
IFN-a Production Blocked by PMA

A recent study showed that treatment of pDCs with PMA, an
agonist of PKC activating MEK1/2-ERK signaling pathway, has
led to a dose-dependent reduction of IFN-a secretion (34). We
investigated the capacity of PD0325901 to reverse the inhibitory
effect of PMA on TLR9-mediated IFN-a production (Figure 6A).
In the absence of the MEK1/2 inhibitor, the production of IFN-u
induced in GEN2.2 cells by CpG-A was suppressed by PMA to
25% (N = 6, p = 0.0022, Figure 6B). PD0325901 significantly
potentiated CpG-A-induced production of IFN-ain GEN2.2 cells
(1.56-fold, N= 6, p =0.0022, Figure 6B). PD0325901 completely
restored the production of IFN-a inhibited in GEN2.2 cells by
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FIGURE 5 | Effect of MEK1/2 inhibition on the blockade of IFN-a by
co-culture of GEN2.2 cells with BST2-expressing HEK293T cells. (A)
Experimental outline. In total 10° GEN2.2 cells pretreated with 1 pM
PD0325901 were added to a monolayer of 10° control HEK293T cells or to
the same amount of BST2-expressing HEK293T cells in a volume of 200 pl.
The proportion of BST2-expressing cells in the lentivirus-transduced
HEK293T cells was determined by flow cytometry using the anti-BST2-PE
antibody (Figure S4 in Supplementary Material). The co-cultures of GEN2.2
and HEK293T cells were kept for 1 h at 37°C before adding CpG-A. After a
16 h culture, the IFN-u production was determined in the cell-free
supernatants by ELISA. (B) The IFN-a production was normalized to the
IFN-« level induced in GEN2.2 cells by CpG-A in co-culture with the
mock-transduced BST2-negative HEK293T cells and in the absence of
PD0325901. The data show mean + SEM of five independent co-culture
experiments of GEN2.2 cells with BST2-negative or BST2-positive HEK293
cells, *, p < 0.05; ™", p < 0.001; two-tailled Mann-Whitney test.
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FIGURE 6 | Effect of MEK1/2 inhibitor PD0325901 on the blockade of IFN-a
production in phorbol myristoyl acetate (PMA)-stimulated GEN2.2 cells. (A)
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were
incubated with the MEK1/2 inhibitor for 1 h before stimulation with PMA.
After a 16 h culture, the IFN-a production was determined in the cell-free
supernatants by ELISA. (B) The IFN-a production was normalized to the level
induced by CpG-A in the presence of DMSO and in the absence of the
MEK1/2 inhibitor. The data show mean + SEM of six independent
experiments with GEN2.2 cells. ™, p < 0.01; two-tailed Mann-Whitney test.

PMA (6.18-fold, p=0.0022, Figure 6B). In conclusion, activation
of MEK1/2-ERK pathway by PMA inhibited the TLR9-mediated
IFN-a production and this effect was abrogated by PD0325901.

c-FOS Levels in pDC Cell Line GEN2.2 Are

Higher Than Those in Primary pDCs

The implication of MEK1/2 in the crosstalk of BCR-like and
TLR7/9 signaling led us to investigate the role of c-FOS, a down-
stream immediate early response gene (20), in the regulation of
TLR7/9 response. To this end, we compared the levels of c-FOS
protein in the GEN2.2 cell line with those in primary pDCs
(Figures 7A,B). We found that the quantity of ¢-FOS in GEN2.2
cells cultured in complete medium was approximately double that
of primary pDCs (Figure 7B). Among numerous transcription
factor binding sites in the upstream promoter region of c-FOS, the
serum response element playsa central regulatory role in respond-
ing to external stimuli by growth factors and mitogens (20). To
assess the basal level of ¢-FOS in GEN2.2 cells, we determined
¢c-FOS levels in GEN2.2 starved for 16 h in serum-free medium.
The starvation reduced the quantity of c-FOS in GEN2.2 cells to
the level present in primary pDCs (Figure 7B).

Expression of ¢c-FOS Induced by BDCA-2
Crosslinking Precedes and Exceeds That
Induced by CpG-A

We determined the effect of CpG-A and BDCA-2 mAb on the

kinetics of expression of the c-FOS gene in the serum-starved
GEN2.2 cells pretreated or not with PD0325901 (Figure 8A).
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FIGURE 7 | c-FOS in proliferating GEN2.2 cells, GEN2.2 cells starved in the
serum-free medium and in primary plasmacytoid dendritic cells (pDCs). (A)
Experimental outline. Total cell extracts were prepared from GEN2.2 cells
immediately after their separation from MS-5 feeder cells (GEN2.2), GEN2.2
cells separated from MS-5 feeder cells and starved overnight in the
serum-free medium (GEN2.2 serum-starved), and from primary pDCs
isolated from two healthy donors by magnetic-bead purification without any
further culture (pDCs-1, pDCs-2). (B) c-FOS levels were determined in the
total cell extract by Western blotting by rabbit polyclonal Ab ¢-FOS (sc-52).
The values shown below each band represent relative quantity of c-FOS
determined by densitometry normalized to proliferating GEN2.2 cells. GAPDH
was used as a loading control.

ot

The peak of ¢-FOS transcription occurred 60 min after stimula-
tion with CpG-A (Figure 8B), while crosslinking of BDCA-2
induced an earlier (30 min) and a stronger transcription of
¢-FOS (Figure 8C). Pretreatment with PD0325901 blocked the
induction of ¢-FOS transcription by both CpG-A and BDCA-2
mAb (Figures 8B,C). In addition to the quantification of ¢-FOS
mRNA by qRT-PCR, we determined the ¢-FOS protein levels in
the serum-starved GEN2.2 cells exposed to CpG-A or BDCA-2
mAb by western blot (Figures 8D,E). While stimulation of
GEN2.2 cells with CpG-A decreased the level of c-FOS protein
(0.82-fold), crosslinking of BDCA-2 increased the production of
c-FOS (1.46-fold).

PD0325901 Inhibits G1/S Phase Transition

of GEN2.2 Cell Cycle

While pDC line GEN2.2 shares many features with primary pDCs
(15, 25-30), GEN2.2 cells principally differ from primary pDCs
by their capacity to proliferate. To further analyze this difference,
we tested whether the higher basal level of ¢-FOS in proliferating
GEN2.2 cells relative to primary pDCs is related to the MEK1/2-
ERK-mediated c-FOS induction and G1/§ phase transition of the
cell cycle (21) (Figures 9A,B). Proliferating GEN2.2 cells were
treated with PD0325901, corresponding concentration of DMSO,
CpG-A,and BDCA-2 mAb, or starved in serum-free medium, and
the impact on their cell cycle was analyzed 16 h later. Cell cycle of
a control culture of GEN2.2 cells was analyzed immediately after
separation from MS-5 cells. We found that the MEK1/2-ERK
pathway inhibitor PD0325901 blocked the cell cycle in proliferat-
ing GEN2.2 cells. The cell cycle was also strongly inhibited in the
serum-starved GEN2.2 cells, although the impairment of the cell
cycle in this cell culture did not permit to calculate residual S phase
and G2/M phase cells according to mathematical model used in
our analyses. As expected, BDCA-2 crosslinking did not block,
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FIGURE 8 | c-FOS mRNA and protein expression in GEN2.2 stimulated with TLR9 or RR agonists. (A) Experimental outline. GEN2.2 cells separated from MS-5
feeder cells and starved in a serum-free medium for 16 h were pretreated or not with MEK1/2 inhibitor PD0325901 for 1 h and then exposed to CpG-A (B,D) or
blood dendritic cell antigen 2 (BDCA-2) mAb (C,E). (B,C) The expression of human c-FOS mRNA was quantified after 30 or 60-min exposure to CpG-A (B) or
BDCA-2 mAb (C) by TagMan gRT-PCR in the total cellular RNA. The data normalized to time zero show mean + SEM of three independent experiments; *,

p < 0.05; two-tailed Mann-Whitney test. (D,E) ¢-FOS protein levels were determined after 240 min exposure to CpG-A (D) or BDCA-2 mAb (E) in the total cell
extract by Western blotting by rabbit polyclonal Ab ¢c-FOS (sc-52). Relative quantity of c-FOS protein normalized to mock-treated GEN2.2 cells determined by

but stimulated G1/S phase transition, consistently with increase
of c-FOS level in BDCA-2-crosslinked cells (Figure 8E). CpG-A
stimulation had only slight effect on G1/S phase transition. Cell
cycle arrest in the GEN2.2 cells pretreated with PD0325901 or
starved for serum (Figure 9B) correlated with the decline in the
¢-FOS level (Figures 7 and 8D,E) and with the potentiation of
CpG-A-induced production of IFN-« (Figure 1C).

BDCA-2 Crosslinking Induces

Phosphorylation of c-FOS

It was reported that ERK1/2-mediated post-translational phos-
phorylation enhances c-FOS stability and transcriptional activity
(20,22, 23). We assessed the phosphorylation of ERK1/2 at T202/
Y204 and ¢-FOS at T325 in serum-starved GEN2.2 cells treated
with RR agonist BDCA-2 mAb, TLRY agonist CpG-A, and PKC
agonist PMA (Figure 10A). c-FOS phosphorylation was analyzed
using Western blotting with the P(T325)-c-FOS antibody. In
the control experiment, 15 or 60 min exposure of GEN2.2 cells
to PMA-induced strong phosphorylation of ERK1/2 at T202/
Y204 and the ¢-FOS at T325, which was efficiently inhibited by
PD0325901 (Figure 10B). The levels of total c-FOS and ERK1/2
remained unchanged in GEN2.2 cells stimulated with PMA for
15 or 60 min (Figure S6 in Supplementary Material). Stimulation
with BDCA-2 mAb induced strong phosphorylation of ERK1/2
at'T202/Y204 and the c-FOS phosphorylation at T325, which was

densitometry is shown below each band. GAPDH was used as a loading control (representative result of three independent experiments).

abrogated by pretreatment with MEK1/2 inhibitor PD0325901
(Figure 10C; Figure S7 in Supplementary Material). In contrast
to BDCA-2 mAb or PMA, CpG-A-induced ERK-1/2 T202/Y204
phosphorylation without inducing the phosphorylation of ¢-FOS
T325 (Figure 10D). In conclusion, all three agonists induced
phosphorylation of ERK-1/2, which was inhibited by 1 uM
PD0325901. BDCA-2 mAb and PMA induced phosphorylation
of ¢-FOS while CpG-A did not. The phosphorylation of ¢-FOS
was inhibited by PD0325901, which is consistent with the regula-
tion of ¢-FOS by MEK1/2-ERK signaling.

BDCA2 Crosslinking in GEN2.2 Cells and
Primary pDCs Induces Upregulation of
c-FOS

A recent study reported that BDCA-2 crosslinking and internali-
zation result in up to 16 hr-lasting resistance of pDCs to TLR7/9-
mediated stimulation suggesting a stability of the IFN-Tinhibitory
signal (35). Although c-FOS expression is usually rapid and
transient, c-FOS stability is enhanced by phosphorylation (20, 22,
23). These observations led us to investigate the stability of c-FOS
levels after stimulation of the BCR-like or TLR9 pathways. We
analysed the quantity of ¢-FOS in the GEN2.2 cell line 16 h after
stimulation with the control PMA, BDCA-2 mAb, and CpG-A
by flow cytometry in the presence or absence of PD0325901
(Figure 11A). The results show that stimulation with PMA and
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FIGURE 9 | Cell cycle analysis of GEN2.2 cells cultured in the presence of PD0325301, CpG-A, blood dendritic cell antigen 2 (BDCA-2) mAb, or in serum-free
medium. (A) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were exposed for 16 hr to 1 pM PD0325901, 4 ug/ml CpG-A, 0.25 pg/ml
BDCA-2 mAb, or DMSO (mock-treated control), or analyzed immediately after separation from MS-5 cells. (B) Cell cycle analysis using Hoechst 33342 stain.
Histograms of live GEN2.2 cells (representative result of three independent experiments) stained with Hoechst 33342 dye showing DNA content distribution. Live/
Dead cell discrimination was performed by Zombie Green™ Fixable Viability Kit. ND, not determined.

BDCA-2 mAb induced a sustained increase in c-FOS levels, while ~ wasinhibited by PD0325901. MFI of c-FOS significantly increased
stimulation with CpG-A did not (Figure 11B). The increase in  after BDCA-2 crosslinking and PMA stimulation of GEN2.2 cells
c-FOS levels in the PMA and BDCA-2 stimulated GEN2.2 cells but not after stimulation with CpG-A (N = 3, Figure 11C). While
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PD0325901 almost completely inhibited ¢-FOS production in
GEN2.2 cells stimulated by PMA, it exerted only partial inhibi-
tion in BDCA-2 mAb-crosslinked cells.

To assess whether stimulation of BDCA-2 in primary pDCs
also upregulates the expression of c-FOS, we exposed PBMCs from
three healthy donors to BDCA-2 mAb and determined the level of
¢-FOS in a rapidly dying population of primary pDCs 4 hr later.
Because the low proportion of pDCs in PBMCs makes their bio-
chemical analyses difficult, we used flow cytometry for this purpose
(Figures 11A, D-F). The MFI of c-FOS induced by BDCA-2 mAb
increased 2.19 + 0.85 times compared to isotypic IgG1 control in
pDCs (Figure 11E). These results show that the stimulation of RRs
of pDCs results in a sustained increase of the c-FOS level not only
in the GEN2.2 cell line but also in primary pDCs.

DISCUSSION

Our results demonstrate the important role of MEK1/2-ERK sign-
aling in the RR-mediated inhibition of IFN-a and IL-6 production

FIGURE 10 | Activation of c-FOS and ERK in GEN2.2 cells stimulated with phorbol myristoyl acetate (PMA), blood dendritic cell antigen 2 (BDCA-2) mAb and
CpG-A. (A) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells and starved in a serum-free medium for 16 h were pretreated or not with MEK1/2
inhibitor PD0325901 for 1 h and then stimulated with PMA (B), BDCA-2 mAb (C), or CpG-A (D). The activation of c-FOS was evaluated by analysis of c-FOS
phosphorylation using Western blotting with the P(T325)-c-FOS antibody. The phosphorylation of ERK-1 was determined by P(T202/Y204) ERK-1. Ponceau red
was used as a loading control. Figure (C) is composed of two images of two different gels with samples from the same experiment. The two images are separated
by a dotted line. Full scans of the original gels are shown in Figure S7 in Supplementary Material.

in pDCs. We showed that MEK1/2 inhibitors PID0325901 and
U0126 were the only constituents of the panel of inhibitors of
BCR-like signaling that not only did not abrogate, but even
stimulated TLR9 signaling in GEN2.2 cells. Pharmacological tar-
geting of MEK1/2 in GEN2.2 cells or primary pDCs significantly
abrogated inhibition of the TLR9-mediated production of IFN-I
induced by BCR-like or PKC signaling. Both BCR-like and PKC
signaling activated MEK1/2-ERK pathway.

The molecular mechanism by which the ligation of the RRs
antagonizes TLR7/9 signaling in pDCs remains elusive despite
years of intense research in many laboratories (8-10, 12-14, 16,
35). We show here that MEK1/2-ERK signaling upregulated the
production and phosphorylation of c-FOS. Thus, the potentia-
tion of IFN-I by PD0325901 treatment of GEN2.2 cells could be
consequence of a natural role of ¢-FOS in cell proliferation. The
role of ¢-FOS in the activation of the G1/S cell cycle transition
and in the inhibition of IFN-o and IL-6 production in GEN2.2
cells should be further investigated. A higher level of ¢-FOS in
proliferating GEN2.2 cells in comparison with resting primary
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FIGURE 11 | Induction of total c-FOS in GEN2.2 cells and primary plasmacytoid dendritic cells (pDCs). (A) Experimental outline. GEN2.2 cells separated from MS-5
feeder cells exposed or not to PD0325901 were stimulated with phorbol myristoyl acetate (PMA), blood dendritic cell antigen 2 (BDCA-2) mAb, or CpG-A for 16 h.
Peripheral blood mononuclear cells (PBMCs) of healthy donors were exposed to BDCA-2 mAb or IgG1 isotype Ab and quantity of the total c-FOS in pDCs gated
from PBMCs was determined 4 h later. (B) Fluorescence intensity of the total c-FOS in GEN2.2 cells. Viable GEN2.2 cells were gated according to Live/Dead
Zombie Green kit, semipermeabilized and stained with PE-conjugated ¢-FOS (9F6) rabbit mAb. Control light shaded areas show ¢-FOS in unstimulated PD0325901
mock-treated GEN2.2 cells. Dark shaded areas show c-FOS in PD0325901-treated GEN2.2 cells. Representative result of three independent experiments. (C) The
data show mean MF| + SEM of the total c-FOS in GEN2.2 cells determined in three independent experiments. *, o < 0.05; unpaired, two-tailed t-test. (D) Primary
pDCs in PBMCs were gated negatively for Zombie green- (living cells) and FITC-Lin- and positively for APC-CD123+. (E) c-FOS in semipermeabilized primary pDCs
gated from PBMCs stimulated with BDCA-2 mAb or IgG1 isotype for 4 h was stained with PE-c-FOS (9F6) rabbit mAb. Representative result of three independent
experiments with PBMCs from different healthy donors. (F) The data show mean MF| + SEM of the total c-FOS in primary pDCs gated from BDCA-2-stimulated or
unstimulated PBMCs determined in three independent experiments in PBMCs of different donars.
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pDCs represents a major difference between these cell types and is
consistent with the different outcome of MEK1/2-ERK inhibition.
The demonstration of the synergistic effect of MEK1/2 inhibitors
on the CpG-A-induced production of IFN-a suggests that under
steady-state conditions a natural intrinsic block regulated by
MEKI1/2 controls the IFN-o level in GEN2.2 cells to a higher level
than that in primary pDCs. Release of this block could be a part
of the restoration mechanism of IFN-a by MEK1/2 inhibitors in
pDCs exposed to RR agonists.

The levels of inhibition of IFN-I production by crosslinking
of RR and their restoration by MEK1/2-ERK inhibitors varied
depending on the RR ligand. This could be related to differences
in the cell-surface distribution of targeted receptors (BDCA-2,
ILT7, DCIR) and avidity of tested ligands (BDCA-2 and ILT7
mAbs, HCV particles, or BST2 expressing cells). Among them,
BDCA-2 mAb was the most potent inhibitor of IFN-I produc-
tion. Surprisingly the relative levels of inhibition and restoration
of IFN-I production were similar in GEN2.2 cell line and primary
pDCs. In addition to differences in receptor/ligand interactions,
the levels of inhibition and restoration of IFN-I production were
dependent on the mechanism of stimulation of MEK1/2-ERK
pathway by BCR-like or PKC signaling. While pretreatment with
PD0325901 led to almost complete inhibition of c-FOS expres-
sion induced by PMA, ¢-FOS expression induced by BDCA-2
mAb was only partially inhibited. This suggests that expression
of ¢-FOS induced by BDCA-2 crosslinking and internalization
could be partially MEK1/2-ERK independent.

MEKI1/2 inhibitor PD0325901 potentiated production of
IEN-o in pDC cell line GEN2.2 stimulated by both synthetic
(CpG-A and CpG-B) and natural (HSV-1 and HCMV) agonists.
In the absence of PD0325901, exposure of pDCs to HSV-1 and
HCMUV results in a non-permissive infection and TLR9-mediated
production of IFN-w (36, 37). Interestingly, the quantity of IFN-a
produced by murine pDCs exposed to murine CMV (MCMYV) is
down-modulated by MCMV-induced stimulation of DAP12, an
adaptor molecule of murine RR (38). Recent study demonstrated
that EBV and double-stranded DNA viruses induce TRIM29
leading to suppression of IFN-a production (39). The potential
role of TRIM29 in HSV-1 and HCVM-mediated inhibition of
IEN-a production in pDCs needs to be clarified.

A previous report implicated c-FOS induced by MAP3-kinase
TPL-2 in the negative regulation of TLR9-mediated production
of IFN-f in mouse macrophages and myeloid (mDCs), but not in
mouse pDCs (24). In contrast, we show here that c-FOS induced
by MEK1/2-ERK signaling is involved in the regulation of TLR9
signaling in human pDCs. It is possible that TPL-2 and MEK1/2-
ERK signaling are interpreted differently in mouse and human
pDCs compared with macrophages and mDCs as a consequence
of an interaction of ERK activation with other signaling pathways
triggered by TLRY (18). Several cell type-specific studies have
shown that the interaction of TLR7/9 with BCR-like signaling
may be regulated in a different way in human pDCs (7, 12, 14,
16, 35, 40).

Activation of Ras/MEK1/2/ERK downregulates expression
of IFN-I also in human epithelial cancer cells (41). Together
with our experiments, these results suggest that MEK1/2-ERK
signaling can play a general role in regulation of IFN-I. Another

recent study demonstrated that MEK1/2-ERK-mediated phos-
phorylation of ¢c-FOS in HCV-infected hepatocytes induced
miR-21, which targeted MyD88 and IRAK1 and contributed to
the suppression of IFN-I production (42). We did not detect a
significant increase of miR-21 level in GEN2.2 cells exposed to
BDCA-2 mAb or CpG-A (not shown).

We have demonstrated that inhibitors of MEK1/2 restore the
production of IFN-I inhibited by ligation of RRs with HCV par-
ticles or with BST2 expressing cancer cells. These results suggest
that pharmacological targeting of MEK1/2-ERK signaling could
be a strategy to overcome immunotolerance of pDCs and re-
establish their immunogenic activity. This finding complements
our previous results showing that an inhibitor of SYK, a protein
kinase involved in both TLR7/9 and BCR-like pathways, could
be a useful tool to suppress the overproduction of IFN-I and to
re-establish tolerogenic homeostatic functions of pDCs (15). The
role of IFN-I in the pathogenesis of chronic viral infections and
cancer is unclear and ambivalent. IFN-I responses are critical
in the early phases of immune response to infections, but the
chronic and systemic activation of pDCs can paradoxically lead
to deleterious consequences for the immune system (43, 44). It
is likely that an intense signaling occurs in the mucosa, involv-
ing a local accumulation of pDCs producing IFN-I early during
HIV-1 infection, which is associated with the chronic activation
of the immune system (45, 46). While in this era of great success
of direct-acting antivirals against HIV and HCV the stimulation
of IFN response might represent an adjuvant therapy, important
namely in the case of virus escape, the induction of IFN-Iin com-
bination with existing antivirals may cure HBV infection (47-49).
IFN-Ialso plays an important role in antitumor immunity (3, 50).
The addition of exogenous IFN-a reverts the immunotolerance of
tumor-associated pDCs in breast and ovarian carcinoma (4, 51).
Pharmacological targeting of MEK1/2 signaling may constitute
an attractive new approach to study mechanisms of modulation
of pDC activation in pathophysiological conditions such as
chronic viral infections and cancer.

MATERIALS AND METHODS

Isolation and Culture of Primary pDCs
Peripheral blood mononuclear cells (PBMCs) from healthy anon-
ymous donors were obtained from the national blood services
(Etablissement Francais du Sang, Marseille, France). Blood sam-
ples were obtained after written consent following the approval
of the EFS, Marseille, France, and the Center de Recherche en
Cancérologie de Marseille (CRCM) in accordance to the conven-
tion signed the 20th May 2014. pDCs purified from PBMCs as
described previously were 75-95% pure, with a contamination of
less than 5% mDCs (32, 33, 52, 53). Isolated pDCs were cultured
in RPMI 1640 supplemented with 10% fetal calf serum (FCS).
To optimize viability in overnight experiments, recombinant IL-3
(R&D Systems Europe, Ltd., Abingdon, UK) was added to a final
concentration of 10 ng/mL.

pDC Line GEN2.2
Human pDCline GEN2.2 (25) was grown ina RMPI 1640 medium
supplemented with L-glutamine, 10% FCS, 1% sodium pyruvate,
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and 1% MEM nonessential amino acids, on a monolayer of the
murine stromal feeder cell line MS-5 grown in RPMI 1640 sup-
plemented with L-glutamine, 10% FCS, and 1% sodium pyruvate.
For the measurement of cytokine production, the dynamic flow
cytometry and the Western blot experiments, GEN2.2 cells were
separated from the MS-5 feeder cells.

Inhibitors, Antibodies, and Reagents
MEK-1/2 inhibitor PD0325901 obtained from InvivoGen
(Toulouse, France) and U0126 obtained from Sigma (Sigma-
Aldrich, Lyon, France) were used as recommended by supplier.
PD0325901 is a selective non-ATP-competitive allosteric
MEK]1/2 inhibitor with in vitro IC50 0.33 nM, which was
shown to be specific against a panel of 70 different kinases at
10 uM range (54). U0126 inhibits MEK 1/2 with an in vitro
IC50 of 0.5 pM. JNK inhibitor SP600125, TBKI inhibitor
BX795, NF-kB inhibitor Bayl1-7082, p38 MAPK inhibitor
SB253080, and calcineurin inhibitor FK506 were all purchased
from InvivoGen, San Diego, USA. For in vitro pDC stimulation
assays, CpG-A (ODN 2216), CpG-B (ODN 2006), and PMA (all
InvivoGen, San Diego, USA), and BDCA-2 antibody (Miltenyi
Biotech, Paris, France), and ILT7 antibody (eBioscience) were
used.

In Vitro pDC Stimulation

To determine cytokine production, purified primary human
pDCs (in the presence of IL-3) or GEN2.2 cells were kept at a con-
centration of 10° cells/ml aliquoted in 100 pl quantities in 96-well
round-bottom culture plates and stimulated with 4 pg/ml CpG-A
or CpG-B, 25 ng/ml PMA, 20 pg/ml of BDCA-2 or ILT7 antibody,
or 10 HCV geq/cell for 16 h. In some experiments, BDCA-2 or
ILT7 antibody-exposed cells were further crosslinked with goat-
antimouse F(ab'), (15 pg/ml) (Jackson ImmunoResearch).

Production and Purification of Cell
Culture-Derived HCVcc (JFH-1 3 M), HSV-1,
and HCMV Virus Stocks

Hepatitis C virus cc particles were prepared in Huh7.5 cells (55)
(kindly provided by APATH L.L.C.) on the basis of plasmid
pJFH-1 displaying mutations, F172C and P173S in core and
N534K in E2 (56), as described previously (33). The ultracentri-
fuged virus purified through a cushion of 20% sucrose was resus-
pended in RPMI 1640 to obtain a 1,000-fold concentrated virus
suspension containing 107 FFUguzs/10" HCV RNA copies/ml.
Stocks of HSV-1, strain Praha, and HCMYV, strain AD-169, were
prepared as described previously (57, 58).

Preparation of BST2 Expressing HEK293T

Cells

The BST2 sequence from pCMV-Sport6-BST2 was cloned into
the pRRL.PPT.SEi2GFPp expression vector to produce a lentivi-
ral vector pRRL-BST2-GFP. HEK293T cells were transduced by
the resulting lentivirus construct at MOI = 10 and GFP-positive
cells were selected by FACSAria (BD Biosciences). The expression
of GFP and BST2 in transduced cells was determined by flow
cytometry by LSRII (BD Biosciences).

Determination of c-FOS Expression

Total cellular RNA was isolated using RNeasy Mini Kit (Qiagen).
c¢DNA was synthesized using High Capacity cDNA Reverse
TranscriptionKit(Applied Biosystems). Humanc-FOSwasamplified
with SYBR” Green PCR Master Mix (Applied Biosystems) using
thefollowing primers: c-FOS: forward: 5'-CAAGCGGAGACAGAC
CAACT-3'and reverse 5-AGTCAGATCAAGGGAAGCCA-3;
GAPDH: forward: 5'-GCGAGATCCCTCCAAAATCAA-3'and
reverse 5'-GTTCACACCCATGACGAACAT-3". Relative expres-
sion levels were calculated using 224" method. GAPDH was used
as endogenous control.

Determination of ERK and c-FOS by

Immunobloting

Total ¢-FOS and ERK in the whole cell lysate of GEN2.2 cells
or primary pDCs were determined by Western blotting by
means of rabbit polyclonal c-FOS (sc-52) and ERK1/2 (sc-154)
Abs (Santa Cruz Biotechnology, Dallas, USA). Phosphorylation
of ERK and ¢c-FOS in the whole cell lysate of GEN2.2 cells was
analyzed by Western blotting using phospho-c-FOS-T325 Ab
from Abcam (Cambridge, UK) and ERK Ab T202/Y204 (Santa
Cruz Biotechnology, Dallas, USA) as described previously (15).
After incubation with the appropriate horseradish peroxidase-
conjugated secondary antibody, the membranes were washed and
the protein bands were detected with Super Signal™ enhanced
chemoluminiscent substrate detection reagent (ThermoFisher
Scientific, Villebon-sur-Yvette, France). Densitometric analyses
were performed using Amersham Imager 600 (GE Healthcare
Life Science). Band intensities were normalized to GAPDH or
Ponceau red.

Determination of ¢c-FOS by Dynamic Flow
Cytometry

To determine total ¢-FOS by dynamic flow cytometry, 10°
GEN2.2 cells or 2 x 10° PBMCs per milliliter were kept in the
RPMI 1640 medium supplemented with 10% FCS. Aliquots of
10° GEN2.2 cells or 8 x 10° PBMCs were stimulated with 4 ug/
ml CpG-A, 100 ng/ml PMA, 10 pg/ml of BDCA-2 mAb for 16 hr
(GEN2.2 cells) or 4 hr PBMCs. Live/Dead cell discrimination was
performed by Zombie Green™ Fixable Viability Kit (BioLegend,
San Diego, USA). For flow cytometry analysis of total c-FOS, cells
were fixed in 4% formaldehyde for 10 min, permeabilized by 90%
methanol for 30 min, and stained by PE conjugated c-FOS (9F6)
rabbit mAb (Cell Signaling, Danvers, USA). For determination of
¢-FOS in primary pDCs, PBMCs were stained by APC-conjugated
anti-human CD123 mouse mAb (BD Biosciences, San Jose, USA)
and FITC-conjugated anti-human lineage cocktail mouse Abs
(BioLegend, San Diego, USA). pDCs in PBMCs population were
defined as Lin-, CD123+ cell population. Samples were analyzed
using a BD LSR FORTESSA cytometer (BD Biosciences, San Jose,
USA) and data were processed using FLOW]O software (Treestar,
San Carlos, USA).

Cell Cycle Analysis
For analysis of cell cycle, 10° GEN2.2 cells/ml of RPMI 1640
medium supplemented with 10% FCS were aliquoted in 1 ml
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quantities in 6-well flat-bottom culture plates and exposed to
1 uM PD0325901, 4 pg/ml CpG-A, and 10 pg/ml of BDCA-2
mAb for 16 h. The cells were then resuspended in the RPMI 1640
medium containing 6 pg/ml Hoechst 33342 Dye (ThermoFischer
Scientific) and incubated at 37°C in 5% CO, for 30 min and the
amount of DNA was determined by flow cytometry. Live/Dead
cell discrimination was performed by Zombie Green™ Fixable
Viability Kit (BioLegend, San Diego, USA). Samples were ana-
lyzed using a BD LSR FORTESSA cytometer (BD Biosciences,
San Jose, USA) and data were processed using FLOWJO software
(Treestar, San Carlos, USA). Phases of the cell cycle were calcu-
lated by Dean-Jett-Fox model.

Determination of Secreted IFN-a, TNF-«,

and IL-6

The quantities of total IFN-o, TNF-o, and IL-6 produced by pDCs
or GEN2.2 were measured in cell-free supernatants using human
ELISA kits (IFN-a and IL-6 from Mabtech, and TNF-o from BD
Biosciences). The index of synergism was determined from the
following formula: the level of cytokine production after stimula-
tion with the combination of CpG and PD0325901 divided by the
sum of cytokine production level after stimulation with CpG and
PD0325901 separately. PD0325901 alone did not induce a detect-
able quantity of respective cytokines. Combinations resulting in
an index of synergism > 1.5 were considered to be synergistic. The
combinations resulting in an index of synergism <1.5 and in a
30% increase in stimulation compared to the stimulation observed
with either of the two stimulators were considered to be additive.

Statistical Analysis

Quantitative variables are expressed as the mean + SEM (standard
error of the mean). To compare the levels of cytokine production
and transcription of ¢c-FOS mRNA by pDCs, we used a Mann—
Whitney or a Wilcoxon two-tailed non-parametric tests. For flow
cytometry analyses, we used two-tailed t-test. Data were analyzed
with GraphPad Prism 4 (GraphPad Software, La Jolla, CA). A
p value < 0.05 was considered to be significant.
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FIGURE S1 | TLR7/9 and BCR-like (RR-triggered) signaling pathways in pDCs. Protein kinases
IJNK, p38 MAPK, TBK1, MEK1/2 (in green), phosphatase calcineurin (in ochre), and transcription
factor NF-kB (in blue) studied in this work are depicted. Transcription factors involved in regulation
of expression of IFN-a are shown in blue. Positive signaling pathways are shown by green arrows,
negative signaling is in red. IFN-a stimulating TLR7/9 agonists Human herpesviruses (HHV),
influenza virus (Flu), CpG-A/B/C, R848 are grouped in a green circle. Agonists of RR (BDCA-2 mAb,
gpl120 HIV, E2 HCV, BST-2) are grouped in a red circle.
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FIGURE S2 | Effect of MEK1/2 inhibitor PD0325901 on the production of IFN-¢ in CpG-A-
stimulated GEN2.2 cells. (A) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells
were incubated or not with 1 uM PD0325901 for 1 h before stimulation with CpG-A. After a 16 h
culture, the [FN-a production was determined in the cell-free supernatants by ELISA. (B) The data are
shown as an aligned dot plot or (C) a box-and-whiskers plot (median [interquartile range (IQR)] 17.9
IQR [12.0-21.9] IFN-a (ng/ml), ctrl without PD0325901, 47.2 IQR [27.7-59,8] IFN-a (ng/ml) with
PD0325901. N=34, ****_p <0.0001, two-tailed paired Wilcoxon test.
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FIGURE 83 | Effect of MEK1/2 inhibitor PD0325901 on the blockade of IFN-a production by
ligation of RRs of GEN2.2 cells with BDCA-2 mAb. (A) Experimental outline. GEN2.2 cells
separated from MS-5 feeder cells were incubated with 10nM or 1 pM PD0325901 for 1 h before
stimulation with BDCA-2 mAb and CpG-A. After a 16 h culture, the [IFN-a production was determined
in the cell-free supernatants by ELISA. (B) The IFN-a production was normalized to the level induced
in pDCs by CpG-A in the presence of IgG1 and in the absence of the MEK /2 inhibitor. The data show
mean +SEM of six independent experiments with GEN2.2 cells, **, p <0.01 two-tailed Mann-Whitney
test.
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FIGURE S4 | Effect of MEK1/2 inhibitors PD0325901 and U0126 on the blockade of IFN-a
production in primary pDCs by ligation of RR ILT7. (A) Experimental outline. Primary pDCs
isolated from PBMCs of healthy donors were incubated with 1 uM U0126 (N=5) or 1 uM PD0325901
(N=6) for 1 h before stimulation with ILT7 antibodies and CpG-A. After a 16 h culture, the IFN-a
production was determined in the cell-free supernatants by ELISA. (B) The data show mean =SEM of
IFN-o production in five independent experiments with U0126 and six independent experiments with
PD0325901 normalized to the level of IFN-a induced in pDCs by CpG-A in the presence of [gG1 and
in the absence of the MEK1/2 inhibitor. *, p <0.05; *** p <0.001; two-tailed paired Wilcoxon test.
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FIGURE S5 | Characteristics of BST2 expressing HEK293T cells. HEK293T cells transduced by
lentivirus vector pPRRL-BST2-GFP and sorted by GFP marker were analyzed for the expression of GFP
and BST?2 just after cell sorting (A) or after a 2-week culture (B). Both the BST2-transduced (GFP+)
cells and mock-transduced HEK293T cells are shown.
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FIGURE S6 | ¢-FOS and ERK1/2 in PMA-stimulated GEN2.2 cells. GEN2.2 cells separated from
MS-5 feeder cells and starved in a serum-free medium for 16 h were pretreated or not with MEK1/2
inhibitor PD0325901 for 1 h and then stimulated with PMA for 0, 15 and 60 min. c-FOS and ERK1/2
were analyzed using Western blotting with rabbit polyclonal c-FOS (sc-52) and ERK1/2 (sc-154) Abs.
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FIGURE S7 | Activation of ¢c-FOS (A) and ERK (B) in GEN2.2 cells stimulated with BDCA-2
mADb — full scans of original gels. GEN2.2 cells separated from MS-5 feeder cells and starved in a
serum-free medium for 16 h were pretreated or not with MEK1/2 inhibitor PD0325901 for 1 h and then
stimulated with BDCA-2 mAb. (A) The activation of c-FOS was evaluated by analysis of c-FOS
phosphorylation using Western blotting with the P(T325)-c-FOS antibody. (B) The phosphorylation of
ERK-1/2 was determined by P(T202/Y204) ERK-1/2. Framed sections of the Western blot are shown
in Figure 10C.
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Abstract: Depletion and functional impairment of circulating plasmacytoid dendritic cells (pDCs)
are characteristic attributes of HIV-1-infection. The mechanism of dysfunction of pDCs is unclear.
Here, we studied the development of phenotype of pDCs in a cohort of HIV-1-infected individuals
monitored before the initiation and during a 9-month follow up with antiretroviral therapy (ART).
Using polychromatic flow cytometry, we detected significantly higher pDC-surface expression of
the HIV-1 receptor CD4, regulatory receptor BDCA-2, Fcy receptor CD32, pDC dysfunction marker
TIM-3, and the marker of killer pDC, TRAIL, in treatment-naive HIV-1-infected individuals before
initiation of ART when compared to healthy donors. After 9 months of ART, all of these markers
approached but did not reach the expression levels observed in healthy donors. We found that the
rate of decline in HIV-1 RNA level over the first 3 months of ART negatively correlated with the
expression of TIM-3 on pDCs. We conclude that immunogenic phenotype of pDCs is not significantly
restored after sustained suppression of HIV-1 RNA level in ART-treated patients and that the level of
the TIM-3 expressed on pDCs in treatment naive patients could be a predictive marker of the rate of
decline in the HIV-1 RNA level during ART.

Keywords: HIV-1; antiretroviral therapy (ART); innate and adaptive immune responses;
plasmacytoid dendritic cells (pDCs); pDC dysfunction; T cell Ig and mucin-domain containing
molecule 3 (TIM-3); BDCA-2; Toll-like receptors 7 and 9 (TLR7/9)

1. Introduction

Plasmacytoid dendritic cells (pDCs) are a highly-specialized subset of dendritic cells that play
a central role at the interface of innate and adaptive immunity. They sense HIV-1 primarily via
endosomal Toll-like receptors 7 (TLR7), which recognizes ssRNA [1,2]. TLR signaling leads to the
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secretion of proinflammatory cytokines and chemokines such as interleukin 1 (IL-1), tumor necrosis
factor o (TNF-«), IL-6, IL-8, and, most importantly, type I IFNs (IFN-I, ot/ /w) [3-6]. In addition to
TLR7/9, pDCs express multiple specific receptors that facilitate antigen capture and presentation and
regulate pDC function, namely IFN-I production, thus preventing abnormal immune response.

The role of IFN-I and pDCs in the pathogenesis of HIV-1 infection is unclear and ambivalent.
IFN-I production is critical in the early phases of the immune response to infections, but the chronic
and systemic activation of pDCs can paradoxically lead to deleterious consequences for the immune
system [7,8]. It is likely that an intense chronic immune activation occurs in the mucosa, involving the
accumulation of pDCs producing IFN-I during HIV-1 infection [9,10]. pDCs suppress HIV-1 replication
but contribute to HIV-1 induced immunopathogenesis in humanized mice [11]. It has been shown
that HIV-1 infection impairs B and T lymphocyte attenuator (BTLA)-mediated signaling in CD4" and
CD87 cells dependent on pDC-derived IFN-«, which contributes to broad T-cell hyperactivation [12].
Chronic HIV-1 infection also depletes group 3 innate lymphoid cells (ILC3s) through pDC activation,
induction of IFN-I, and CD95-mediated apoptosis, resulting in an increase in bacterial infection and
inflammation [13].

In HIV-1 infection, the number of pDCs as well as their function is decreased simultaneously
with CD4" T cell population [14,15]. In contrast to immune activation, pDC dysregulation is directly
related to the number of tolerogenic or apoptosis-inducing functions. Thus, upon infection, HIV-1
virions stimulate conversion of pDCs into TNF-related apoptosis-inducing ligand (TRAIL)-expressing
IFN-producing killer pDC (IKpDC), which in turn facilitate the apoptosis of CD4* T cells [16]. pDCs in
untreated HIV-1-infected individuals compared to controls and ART-treated patients were also found
to express an increased level of programme death ligands (PD-L) 1 and PD-L2 [17]. Another marker
of pDC dysfunction in HIV-1-infected individuals, the T cell inhibitory receptor TIM-3 (T cell Ig and
mucin-domain containing molecule) has been shown to be associated with the recruitment of IRF7 and
P85 to lysosomes and the submembrane displacement of TLR9 [18].

To better understand the mechanisms underlying HIV-1 immunopathogenesis, we analyzed
stimulatory, inhibitory, tolerogenic, or apoptosis-inducing functions that are mediated by pDCs in a
cohort of HIV-1-infected individuals before and during a 9-month follow-up course of ART. In this
cohort, we studied the expression of two HIV-1 receptors, CD4, a key determinant of divergent HIV-1
sensing by pDCs [19] and blood dendritic cell antigen 2 (BDCA-2, CD303, CLEC4C), a lectin-like
regulatory receptor [20] which binds to and can be activated by the envelope glycoprotein gp120 of
HIV-1 [21]. We also determined the expression of the pDC activation marker HLA-DR, Fcy receptor
CD32, pDC dysfunction marker TIM-3, and the killer pDC marker, TRAIL. We found that the frequency
and the mean fluorescence intensity (MFI) of TIM-3* pDCs determined before initiation or after 3
months of ART negatively correlated with the rate of decline in HIV-1 RNA level over the 3-month
ART. Our data showed that the immunogenic phenotype of pDCs was not significantly restored after
sustained suppression of HIV-1 RNA in 9-month ART-treated patients.

2. Materials and Methods

2.1. Ethics Statement

This study was conducted according to the principles expressed in the Declaration of Helsinki.
Each patient provided informed written consent to participation in this study in accordance with
institutional and regulatory guidelines. The study was approved by the Institutional Ethics
Committee (Review Board) Na Bulovce Hospital in Prague, Czech Republic, registration number
22.3.2013/6637 /EK-Z (22 March 2013).

2.2. Patients

Twenty-one viremic individuals with plasma viremia >10* RNA copies per milliliter of plasma
were enrolled for a period of 9 months at the HIV Clinic of Hospital Na Bulovce (Table 1) together
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with 16 sex-matched controls. The difference in age distribution of HIV-1-infected individuals (median
(interquartile range (IQR))) 28, IQR (25-37) years and healthy controls 34, IQR (31-37) years was
not statistically significant (t-test, p = 0.26). The first day of therapy and at the same time the first
day of the blood sampling was determined individually for each patient according to recommended
therapeutic criteria. Blood samples (10 mL) were collected before and after suppression of viral load
by antiretroviral therapy, as shown in Table 1. We had access to the clinical data of these patients
including analyses of their lymphocyte populations for another 14 months. Enrollment criteria: HIV-1
infection, >10% HIV-1 viral copies/mL of plasma, treatment-naive state. Exclusion criteria: <18 years,
HCV coinfection (patients must be HCV PCR negative). The efficiency of ART was determined using a
COBAS AmpliPrep/COBAS TagMan HIV-1 Test, version 2.0 (Roche, Basel, Switzerland).

Table 1. Clinical characteristics of the HIV patient cohort.

CD4" T Cells CD4* T Cells HIV-1RNA  HIV-1RNA

Subject o emission? Age Diagnosis-nitiation  Therapy (Cell/mm?) (Cell/mm3)  (Copies/mL) (Copies/mL)
No.! ® L ART (Months) Regimen® | \/ ith ART  3-Month ART VLE_,,,‘,,\", 4 VLim,,ﬂ, 5
1 MSM 26 4 ABC/3TC+RPY 336 498 44,800 44
2 MSM 23 3 ABC/3TC+EFV 468 599 44,600 <20
3 MSM 25 52 ABC/3TC+DRV/r 565 676 50,600 102
4 MSM 2 10 TDF/FTC+EFV 514 624 92,100 34
5 MSM 27 10 ABC/3TC+DRV/r 527 644 153,000 34
6 Bi ! 8 ABC/3TC+EFV 480 530 82,700 52
7 MSM 26 12 TDF/FTC/RPV 1023 111 6150 <20
8 MSM 27 5 TDF/FIC+DRV/r 315 1438 144,000 850
9 MSM 38 15 TDF/FIC/EVG/c 521 598 27,300 34
10 Bi 49 62 ABC/3TC+DRV/r 379 619 119,000 67
1 Bi 18 6 ABC/3TC+DRV/r 372 501 20,200 <0
12 MSM 29 4 ABC/3TC+LPV/r 267 546 83,900 <20
13 MSM 31 1 TDF/FIC/RPV 402 528 47,300 81
14 MSM 37 13 TDF/FTC/EVG/c 634 782 99,700 61
15 MSM 36 11 TDF/FIC+DRV/r 503 597 180,000 <20
16 MSM 28 32 TDF/FTC+DRV/r 206 217 98,100 135
17 MSM 2 14 TDF/FIC/RPV 377 414 35,400 73
18 MSM 19 4 ABC/3TC+DRV/r 418 418 109,000 391
19 MSM 26 21 TDF/FTC/RPV 534 540 43,900 28
20 MSM 4 4 TDF/FIC+DTG 538 585 39,900 166
21 MSM 28 25 TDF/FIC+DTG 384 404 13,400 <20

LAl subjects were males; 2 MSM (men who has sex with men), Bi (bisexual); > ABC (Abacavir); 3TC (lamivudine);
TDF (tenofovir); FTC (emtricitabine); RPV ; EFV (efavirenz); DRV (darunavir); EVG (elvitegravir); LPV (lopinavir);
DTG (dolutegravir); r (ritonavir) and c (cobicistat) are pharmacokinetic enhancers; * HIV-1 virus load (plasma
HIV-1 RNA (copies/mL)) at time zero of ART; ® HIV-1 virus load (plasma HIV-1 RNA (copies/mL)) 3 months after
initiation of ART.

2.3. Patients PBMCs

Patients’ PBMCs were separated using a BD Vacutainer CPT™ Cell Preparation Tube (BD Medical,
Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Briefly, PBMCs were separated
by density gradient centrifugation, then washed twice with PBS and used in the ensuing experiments.

2.4. In Vitro pDC Stimulation

To determine cytokine production, PBMCs aliquoted in 100-uL quantities (107 cells/mL) into
96-well round-bottom culture plates and stimulated with 20 pg/mL of BDCA-2 mAb or IgG1 isotype
for 2 h and then with 4 ug/mL of CpG-A for 16 h.

2.5. Flow Cytometry Analysis

To carry out the flow cytometric analysis of pDC phenotype, we created a muticolor
panel composed of PerCP/Cy5.5-CD11c, BV421-BDCA2, APC-TRAIL, PE-CD4, APC-Fire750-TIM3,
FITC-Lin1 (all from Biolegend, San Diego, CA, USA), and V500-HLADR, BV605-CD32 (from BD
Biosciences, San Jose, CA, USA). The staining was performed in Brilliant Stain Buffer (BD Biosciences)
as recommended by the manufacturer. Cells were fixed in 4% paraformaldehyde and data were
acquired within 48 h. We included Linl-FITC-labeled antibody along with Zombie Green fixable
viability dye (Biolegend, San Diego, CA, USA) in a dump channel. We used an LSR Fortessa
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SORP (Becton Dickinson, San Jose, CA, USA) cytometer equipped with 5 non-colinear lasers and
20 detectors. A final analysis of flow cytometry data was carried out using Flow]Jo software (Tree
Star, Inc., Ashland, OR, USA). Routine analyses of the major lymphocyte populations (FITC-A-CD3,
PerCP-Cy5.5-CD45, PE-Cy7-CD4, APC-Cy7-CD8, APC-CD19, PE-CD16+56) in peripheral blood of
ART-treated HIV-1-infected individuals were performed using a BD FACSCanto 1I flow cytometer
(Becton Dickinson).

2.6. Statistical Analysis

Quantitative variables were expressed as the mean + SEM (standard error of the mean).
To compare the levels of cytokine production by pDCs, we used either Mann-Whitney or a Wilcoxon
two-tailed non-parametric tests. The data was analyzed with GraphPad Prism 4 (GraphPad Software,
LaJolla, CA, USA). A p value of <0.05 was considered to be significant.

3. Results

3.1. Persistent Dysfunction of pDCs from ART-Treated HIV-1-Infected Individuals after Sustained Suppression
of HIV-1 RNA

Here, we analyzed the main types of immune cells in peripheral blood in a cohort of 21
ART-treated HIV-1-infected individuals (Table 1). We assessed the dynamics of the lymphocyte
populations for a period of 23 months (Figure 1). After 3 months of ART, we observed a decrease
in plasma HIV-1 RNA level from (median (interquartile range (IQR))) 4.70, IQR (4.57-5.02) logyy
copies/mL 1.64, IQR (0.7-1.96) logo copies/mL, below the level of 2.93 log; copies/mL of plasma, and
it continued to decrease over the remaining 6 months (Figure 1A). The major lymphocyte populations,
CD4" and CD8* T cells, B cells, and NK cells in healthy donors, treatment naive HIV-1-infected
patients, and ART-treated HIV-1-infected individuals were quantified by flow cytometry (Figure 1B-D).
Inversely to HIV-1 RNA level, CD4* T cell count in blood increased from the median value of 469, IQR
(375-531) CD4* T cells/mm? of blood to 748, IQR (609-945) CD4" T cells/mm? of blood (Figure 1E).
Similarly, the median value of B cells in blood increased from 159, IQR (137-224) B cells/mm? of
blood to 214, IQR (136-367) B cells/mm? of blood (Figure 1F). Also, the median value of NK cells
increased from 230, IQR (169-459) NK cells/mm? of blood to 412, IQR (308-541) NK cells/mm? of
blood (Figure 1G). In contrast to CD4" T cells, B cells, and NK cells, the median value of CD8" T
cells decreased from 1551, IQR (1070-1737) CD8 T cells/mm? of blood to 1005, IQR (713-1555) CD8 T
cells/mm?® of blood (Figure 1H). After 9 months of ART, the median values of CD8* T cells remained
significantly higher than those in healthy donors (HD), while the median values of CD4" T cells
remained significantly lower. The CD8* T cell levels were significantly increased in comparison to
healthy donors even after 23 months of ART.
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Figure 1. Adaptive immunity is only partially restored over the course of ART despite the sustained
suppression of HIV-1 RNA level. Characteristics of the cohort of 21 HIV-infected subjects. (A) HIV
RNA copies/mL of plasma before and during anti-retrovirus therapy (ART). (B-D) Dot plots for the
quantification of the major lymphocyte populations in peripheral blood of a healthy donor (HD) (B),
treatment-naive patient no. 12 (P12) (C), the same patient after 23 months of ART (D). (E) CD3*CD4* T
cell counts during ART. (F) CD19" B cell counts during ART. (G) CD3~CD16"CD356* NK cell counts
during ART. (H) CD3"CD8" T cell counts during ART. The data show medians and interquartile range,
N=21.*p <0.05;* p <0.01; ** p < 0.001; *** p < 0.0001; two-tailed paired Wilcoxon test.
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While the dysfunction of CD4*, CD8"* T cells, B cells, and NK cells during the course of HIV
infection has been extensively studied, little is known regarding the impairment of dendritic cell
function. According to design of this study, we followed the development of pDC cell count and
phenotype during 9 months of ART. Previous reports showed that the quantity of blood pDCs is
severely reduced in AIDS patients [14,15]. To quantify pDCs, PBMCs were gated according to their size
and then into singlets, and after exclusion of dead cells, pDCs were defined as live Lin ™ CD4"BDCA2"
cells (Figure 1A,B). The pDC median number in the cohort of 21 treatment-naive HIV-1-infected
individuals before initiation of ART was 4.08, IQR (2.59-4.90) pDC/mm?. It was reduced by 54%
in comparison to 13 healthy donors (Figure 2B). Nine months of ART partially restored pDC cell
count but its median value 5.35, IQR (3.45-7.99) pDC/mm? remained significantly lower than that
detected in healthy donors (71%, p = 0.04). Increase of the median cell number in pDCs (1.31 times,
p = 0.04, Figure 2A) observed over 9 months of ART was like that observed for CD4* T cells (1.28 times,
p = 0.008, Figure 1B).

Then, we investigated the expression of surface markers TIM-3, TRAIL, BDCA-2, HLA-DR, CD32,
and CD4in Lin~ CD4"BDCA-2* pDCs (Figure 2A,C-K). FMO gating was used to quantify the frequency
of TIM-3* and TRAIL* pDCs, while the mean fluorescence intensities (MFI) were used to quantify
expression of constitutive pDC markers, BDCA-2, HLA-DR, CD32, and CD4. As reported previously,
HIV-1 infection in treatment-naive individuals is associated with elevated frequency of TIM-3*
pDCs [18]. We found that the frequency of TIM-3* pDCs in treatment-naive individuals exceeded 1.42
times the frequency of TIM-3" pDCs in healthy donors (p = 0.0026, Figure 2E). The median value of the
frequency of TIM-3" pDCs showed decreasing tendency over the 9-month ART but their median value
remained significantly elevated in comparison to healthy donors (1.2 times, p = 0.0155). Similarly, HIV-1
infection in treatment-naive individuals was associated with elevated median value of the frequency
of TRAIL* pDCs (3.32 times, p < 0.0001), which showed decreasing tendency over the 9-month ART
(Figure 2F). The frequency of TRAIL" pDCs in ART-treated patients remained significantly elevated in
comparison to healthy donors (2.76 times, p < 0.0001).

Then, we analyzed expression of the pDC markers that are constitutively present in pDCs.
As shown for BDCA-2, we compared the MFI values of these markers in healthy donors with those of
ART-treated HIV-1-infected individuals (Figure 2G). In comparison to healthy donors, HIV-1 infection
in treatment-naive individuals was associated with elevated MFI of BDCA-2 (1.8 times, p = 0.015)
(Figure 2H), CD32 (1.5 times, p = 0.046) (Figure 2]) and CD4 (1.6 times, p = 0.0013) (Figure 2K). Among all
these variables, only the median values of MFls of HLA-DR did not significantly vary between healthy
donors, treatment-naive, and ART-treated HIV-1-infected individuals (Figure 2I). The median values of
MFIs of these markers showed a decreasing tendency in the course of ART, however, with the exception
of CD32, which decreased 1.38 times (p = 0.044), they did not reach statistical significance; median
values of CD4 and BDCA-2 of ART-treated patients remained significantly elevated in comparison to
healthy donors.

Collectively, based on this multifactorial analysis we concluded that after sustained suppression
of the HIV RNA level in 9-month ART-treated patients, the median number of pDCs significantly
increased, however, their immunogenic phenotype was not significantly restored.
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Figure 2. Impaired pDC phenotype persists after sustained suppression of HIV RNA in plasma of
ART-treated patients. (A) Gating strategy for identification of pDC phenotype: PBMCs were gated
according to their size and then into singlets, and after exclusion of dead cells (Zombie green) and
Linl* cells into a CD4*BDCA-2" pDC population. (B) pDC number and proportion of PBMCs in
healthy donors (HD) and in the course of ART. (C,D) Dot plots and histograms for the quantification
of TIM3 (C) and TRAIL (D) in Lin~CD4*BDCA-2* live pDCs are shown. FMO was used for gating
TIM-3" (C) and TRAIL" (D) pDCs in mock-stimulated or CpG-A-stimulated PBMCs from a healthy
donor and from HIV-1-infected patients (EF). (E) The frequency of pDCs expressing TIM-3 in the
cohort of 21 patients (F) The frequency of pDCs expressing TRAIL. (G) Examples of histograms for the
quantification of BDCA-2 in three healthy donors (HD) and ART-treated patient no. 4 (P4) determined
0, 3, and 9 months after therapy initiation. (H) The MFI of BDCA-2" expressed on pDCs. (I) The MFI
of HLA-DR" expressed on pDCs. (J) The MFI of CD32" expressed on pDCs. (K) The MFI of CD4*
expressed on pDCs. The data show medians and interquartile ranges. N = 21. * p < 0.05; ** p < 0.01;
**#* p <0.0001; ns, non-significant; two-tailed Mann-Whitney test.
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3.2. Decline in HIV-1 RNA Level after Initiation of ART Correlates with Expression of TIM-3 on pDCs

We defined the rate of decline in HIV-1 RNA level over the 3-month ART as a new additional
parameter to evaluate the success rate of ART in HIV-1-infected individuals. To this end we calculated
the ratio of plasma HIV-1 RNA copies/mL (virus load, VL) determined in the treatment-naive
individuals at the time zero of ART (VLg.mo) to the plasma HIV-1 RNA copies/mL over the 3-month
ART (VL3.mo) (Figure 3A, Table 1). While the HIV-1 RNA level in different patients decreased over
the first 3 months of ART by 2.2—4.6 logyp (Figure 3A), CD4" T cell count increased over the same
period of time from 1.1 to 2.8 times (Figure 3B). The rate of decline in HIV-1 RNA level over 3 months
did not correlate with the initial virus load in the same individuals (Figure 3C), or with the rate
of restoration of CD4" T cells. We used the rate of decline in plasma HIV-1 RNA copies/mL over
3 months [VLyme/ VL3 me] logyp as a parameter to characterize individuals that respond more or less
rapidly to ART. We subsequently analyzed the distribution of phenotypic markers of pDCs in these
HIV-1-infected individuals and addressed the question of whether this approach can define bona fide
groups of slow and rapid responders to ART. First, using the third quartile Q3 of the decline rate as a
parameter, we found that the frequency of TIM-3" pDCs detected in HIV-1-infected individuals before
ART (Figure 3D,E) and in the same patients over the 3-month ART (Figure 3F) was significantly higher
in slowly responding ([VLg-mo/VL3-mal logip < Q3) than in rapidly responding ([VLpmo/VL3s-mol
logyg > Q3) individuals (p = 0.015 before ART, p = 0.012 after 3-month ART). TIM-3 was the only
phenotypic marker analyzed in this study that correlated with the rate of decline in plasma HIV-1
RNA copies/mL. Then, we analyzed correlation of the frequency of TIM-3* pDCs in the whole cohort
of 21 HIV-1-infected individuals with the rate of decline in plasma HIV-1 RNA (Figure 3G,H). In both
HIV-1-infected individuals before ART (Figure 3G) and in the same patients over the 3-month ART
(Figure 3H), the rate of decline in HIV-1 RNA level significantly correlated with the frequency of
TIM-3* pDCs. In contrast, correlation of the total HIV-1 RNA level (VL. logip copies/mL) before
ART with the frequency of TIM-3* pDCs was not significant (p = 0.44).
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Figure 3. Expression of TIM-3 on pDCs of HIV-1-infected individuals negatively correlates with the rate
of decline in HIV-1 RNA copies/mL of plasma over the 3-month ART. (A) The rate of decline in HIV-1
virus load (VL) expressed as [VLg.mo/ VL3.mo] log1g, where VL., is HIV-1 RNA copy number/mL
in treatment-naive individuals (zero time of ART) and VL3 ,,, is HIV-1 RNA copy number/mL after
3 months of ART in the cohort of 21 HIV-1-infected individuals. (B) The recovery rate of CD4" T cells
in HIV-1-infected individuals expressed as a ratio of CD4 T cell number after 3 months of ART [CD4
TL]3-mo to CD4 T cell number at zero time of ART [CD4 TL]y.mo. (C) The rate of decline in HIV-1
RNA copies/mL does not correlate with HIV-1 VL in treatment-naive individuals (zero time of ART).
(D) Examples of dot plots for the quantification of TIM3 in Lin~BDCA-2*-gated live pDCs are shown
for PBMCs from treatment-naive individuals from Q1 (patients P2, P4, P12, P15) and Q3 (patients P7,
P8, P13, P20). (E,F) Comparison of the frequency of TIM-3* pDCs in treatment-naive HIV-1-infected
patients (E) or patients after the 3-month ART (F), in which [VLy 0/ VL3.mol logip was <Q3 or >Q3.
(G,H) Correlation of the frequency of TIM-3 expressed on pDCs in treatment-naive HIV-1-infected
patients (G) or patients after the 3-month ART (H) with [VLo_mmo/VL3.mo] logio (the same samples as in
panels (E,F) were analyzed). The data show medians and interquartile ranges. Q1, the first quartile; Q3,
the third quartile; p < 0.05 was considered to be significant; two-tailed Mann-Whitney test.
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4. Discussion

Although multiple markers of active immune state are significantly reduced by ART, immune
activation following sustained suppression of HIV-1 RNA in plasma remains significantly elevated
when compared to uninfected controls [22-26]. Using a cohort of patients who were subjected to
multiple samplings before and 3 and 9 months after ART initiation, we demonstrated partial restoration
of adaptive immune function, as evidenced by the increase in the average number of CD4* T cells
and B cells to standard levels of healthy donors [27-29]. In contrast, the average numbers of NK cells
(CD3~ /CD16"/CD56") and CD8" T cells remained significantly higher over the standard reference
ranges in healthy individuals [27-29].

Our results show that over a period of 9-months, ART partially restored pDC numbers, however,
the immunogenic phenotype of pDCs was not significantly restored. While impairment of single pDC
functions was demonstrated in several reports [15,18,19,30,31], in the present study we analyzed a
complex dysfunction of pDC covering expression of the MHC class II ligand, the high affinity HIV-1
receptor CD4, the regulatory receptor BDCA-2, the Fcy receptor CD32, the pDC dysfunction marker
TIM-3, and the marker of killer pDC, TRAIL.

We found that TIM-3 was the only phenotypic markers among the pDC markers analyzed in this
study whose expression correlated with the rate of decline in HIV-1 RNA level after the initiation of
ART. Correlation of the rate of decline in HIV-1 RNA copies with the TIM-3 expression level at both
time 0 and over 3 months of ART is consistent with sustained expression of TIM-3 during ART. We
suggest that the rate of decline in HIV-1 RNA level during the first period after initiation of ART, in
our case 3 months, could be a new additional parameter to characterize response to ART. A higher
number of enrolled patients and a longer follow-up period will be necessary to evaluate the possible
clinical significance of this parameter.

Several immune mechanisms participate in clearance of HIV-1 during ART. Among them,
impaired production of IFN-& and TNF-« regulated in pDCs by TIM-3 can play an important role in the
immunopathogenesis of HIV-1 infection [18]. During HIV-1 infection, pDC-activating TLR7 /9 agonists
induce TIM-3 expression and subsequently result in the impairment of pDC function. It was shown
that IFN-& and TNF-« production was impaired in TIM-3* pDCs, and that TIM-3 may transfer TLR
agonists into acidic lysosomes, bypassing TLR activation [18]. The high level of colocalization of TIM-3
and IRF7 within lysosomes also suggests a mechanism by which TIM-3 may regulate IFN-o production.

The molecular mechanism of depletion of circulating pDCs accompanied by the impaired secretion
of IFN-I and proinflammatory cytokines and capacity of antigen presentation remains elusive despite
years of intense research [4-6,20,32-35]. HIV-1-exposed pDCs express an increased level of markers
of pDC dysfunction, as PD-L1, PD-L2, TIM-3, and BDCA-2. The increased level of the median
value of MFIs of BDCA-2 in pDCs of HIV-1-infected individuals in comparison to healthy donors
is of special interest. In contrast to MFI, the frequency of BDCA-2" pDCs is not influenced by
HIV-1 infection, and in vitro activation of pDC via TLR7/9 agonists leads to downregulation of the
pDC surface-localized BDCA-2 [14]. Thus, some other signals should be responsible for increased
expression level of BCDA-2 on pDCs of HIV-1-infected individuals. Signaling via pDC regulatory
receptors, including BDCA-2, attenuates TLR-induced production of IFN-I and proinflammatory
cytokines [4-6,20,33,35-37]. Although by different mechanisms, TIM-3 also inhibits production of
IFN-a and TNF-« in pDCs. IFN control is hijacked in the pathogenesis of several chronic viral
infections including HIV-1, leading to immune tolerance [6,21,38,39].

5. Conclusions

We conclude that the immunogenic phenotype of pDCs is only partially restored after sustained
suppression of HIV RNA level in ART-treated patients and that a high level of pDC-expressed TIM-3
in treatment naive patients could be a useful predictive biomarker of a slow decline in HIV-1 RNA
level during ART. Establishing the clinical significance and generalizability of this observation will
require larger numbers of patients and more extended follow-ups with clinical outcomes.
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Toll-like receptor dual-acting
agonists are potent inducers
of PBMC-produced cytokines
that inhibit hepatitis B virus
production in primary human
hepatocytes

Vaclav Janovec*?, Jan Hodek?, Kamila Clarova?, Tomas Hofman'?, Pavel Dostalik?,
Jiri Fronek®*, Jaroslav Chlupac®*, Laurence Chaperot®, Sarah Durand®, Thomas F. Baumert®’,
Iva Pichova?, Barbora Lubyova?, Ivan Hirsch@.2851 & Jan Weber®29

Recombinant interferon-a (IFN-a) treatment functionally cures chronic hepatitis B virus (HBV)
infection in some individuals and suppresses virus replication in hepatocytes infected in vitro. We
studied the antiviral effect of conditioned media (CM) from peripheral blood mononuclear cells
(PBMCs) stimulated with agonists of Toll-like receptors (TLRs) 2, 7, 8 and 9. We found that CM from
PBMCs stimulated with dual-acting TLR7/8 (R848) and TLR2/7 (CL413) agonists were more potent
drivers of inhibition of HBe and HBs antigen secretion from HBV-infected primary human hepatocytes
(PHH) than CM from PBMCs stimulated with single-acting TLR7 (CL264) or TLR9 (CpG-B) agonists.
Inhibition of HBV in PHH did not correlate with the quantity of PBMC-produced IFN-q, but it was

a complex function of multiple secreted cytokines. More importantly, we found that the CM that
efficiently inhibited HBV production in freshly isolated PHH via various cytokine repertoires and
mechanisms did not reduce covalently closed circular (ccc)DNA levels. We confirmed our data with
a cell culture model based on HepG2-NTCP cells and the plasmacytoid dendritic cell line GEN2.2.
Collectively, our data show the importance of dual-acting TLR agonists inducing broad cytokine
repertoires. The development of poly-specific TLR agonists provides novel opportunities towards
functional HBV cure.

Chronic infection with hepatitis B virus (HBV) is a major public health problem affecting approximately 250
million people worldwide. Despite a weak innate immune response to HBV approximately 90% of adults clear
HBYV, presumably via the induction of an effective CD8 + T cell response'~*. Treatment of chronic hepatitis B
with nucleot(s)ide analogues inhibits the formation of new infectious viral particles but does not eliminate sta-
ble covalently closed circular DNA (cccDNA) in hepatocytes. Pegylated interferon a (IFN-a) treatment can be
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considered as an alternative therapy for people with mild-to-moderate chronic hepatitis B*. However, in addition
to causing undesired side effects, IFN-a monotherapy leads to functional cure in less than 8% of people with
chronic hepatitis B*~7.

Results from cell culture experiments have demonstrated that type I TFNs (IFN-I, IFN-a, p, €, w) as well as type
III IFNs (IFN-III, IFN-AL, 2, 3) affect HBV cccDNA either directly through epigenetic transcriptional silencing®
or by reducing its stability’-!!. In HBV-infected hepatocytes, IFN-I induces hundreds of IFN-stimulated genes
(ISGs) that restrict HBV infection at different levels'”. IFN-a induces soluble factors that inhibit HBV entry into
cells', protein kinase R, which inhibits HBV protein translation', and tetherin, which blocks release of HBV
from infected hepatocytes'. A side-by-side comparison of a large panel of cytokines in vitro revealed that pro-
inflammatory cytokines, such as tumor necrosis factor a (TNF-a), interleukin (IL)-1pB and IL-6, are as efficient as
IFNs at inhibiting HBV replication'®'%. Thus, both IFNs and proinflammatory cytokines control HBV replication
and contribute to HBV cure in different models'”"*.

The lack of curative anti-HBV therapies highlights the potential importance of different immune-modulators
and their agonists”’~*, Among agonists of pattern recognizing receptors expressed in primary liver cells?, namely
agonists of Toll-like receptors (TLRs) attracted interest because of their potency to induce IFNs and proinflam-
matory cytokines and chemokines in both hepatocytes and non-parenchymal cells***'. Moreover, it was shown
that GS-9620 (vesatolimod), an agonist of endosomal TLR7, which is preferentially expressed in plasmacy-
toid dendritic cells (pDCs)**~*° but not in primary hepatocytes (PHH)***"*2, significantly reduced viremia and
cccDNA expression, and led to functional cure in animal models® 2. A recent study showed that TLR1/2 and
TLR3 ligands inhibit HBV replication in PHH, and that the same ligands also induce the production of antiviral
cytokines in peripheral blood mononuclear cells (PBMCs)*. Another study showed that inhibition of HBV rep-
lication in PHH could be mediated by conditioned media (CM) from PBMCs stimulated with GS-9620%*. TFN-I
secreted by TLR7-agonist-stimulated PBMCs was identified as the major substance inhibiting HBV production
without reducing cccDNA levels®.

Several studies demonstrated that combination of different TLR agonists or a single TLR agonist with other
immune-modulators potentiated the immunotherapeutic effect’**. However, the effect of poly-specific TLR
agonists like recently developed TLR2/7 dual-acting agonist CL413 (Adilipolin), a chimeric molecule that co-acti-
vates the cell surface receptor TLR2 and the endosomal receptor TLR7*, on HBV infection was not elucidated.
Here, we compared the antiviral effect of CM from PBMCs stimulated with dual-acting agonists with the effect
of CM from PBMCs stimulated with agonists for single TLR. We found that CM from PBMC stimulated with a
dual-acting agonist of TLR7/8 (R848) and TLR2/7 (CL413) were more potent drivers of inhibition of hepatitis
e and s antigens (HBeAg and HBsAg) production from HBV-infected PHH than CM from PBMCs stimulated
with agonists specific only for TLR7 (GS-9620, CL264) or TLR9 (CpG-A, CpG-B). Inhibition of HBV in PHH
did not correlate with the level of PBMC-produced IFN-a, but it was a complex function of multiple secreted
cytokines. We addressed the question whether CM, which efficiently inhibited the production of HBV in PHH
via different repertoires of cytokines would also reduce the cccDNA levels.

Results

Differential potency of TLR agonists in the induction of PBMC-secreted cytokines. First, we determined
the levels of selected cytokines secreted into supernatants (conditioned media, CM) of PBMCs stimulated for
16 h by different agonists of TLR7 (CL264-CM, GS-9620[L]-CM (50 nM)), TLR7/8 (R848-CM, GS-9620[H]-
CM (10 uM)), TLR9 (CpG-A-CM, CpG-B-CM) and a TLR2/7 dual agonist (CL413-CM) (Fig. 1, linear plot,
Supplementary Fig. S1, logarithmic plot). Two concentrations of GS-9620 were used: at a low concentration
(GS-9620[L], 50 nM) it shows a high selectivity for activation of TLR7 over TLR8", while a higher concentra-
tion (GS-9620[H], 10 uM) elicits combined TLR7 and TLR8 stimulation. Among the cytokines present in CM,
we quantified those previously shown to regulate HBV replication, including type I, II and III IFNs (IFN-a, y,
A); the proinflammatory cytokines TNF-a, IL-6 and IL-12; the chemokine IL-8; and the regulatory cytokine
IL-10%-1113-15 While IFN-a and IFN-A1 were predominantly induced by CpG-A, the proinflammatory cytokines
IEN-y, TNF-q, IL-6, IL-8 and IL-12 were predominantly induced by R848. IL-6, IL-8 and IL-12 were also sig-
nificantly stimulated by CL264-CM, GS-9620[H]-CM and CL413-CM. The latter agonists also stimulated pro-
duction of the anti-inflammatory cytokine IL-10. Then, we determined by dynamic phospho-flow cytometry
phosphorylation of the NF-kB p65 subunit in PBMCs exposed for 1 h to different TLR agonists (Supplementary
Fig. $2)*, Stimulation for this time interval, which was insufficient for cytokine production, resulted in phospho-
rylation of p65 NF-kB in PBMCs exposed to dual-acting agonists R848 (20.3%), CL413 (20.8%) and GS-9620[H]
(6.3%). In contrast, the single-acting agonists, GS-9620[L] (0.6%) and CpG-A (0.6%), did not induce the NF-xB
p65 phosphorylation. In summary, PBMCs stimulated by different TLR2/7, TLR7, TLR7/8 and TLR9 agonists
produced broad and variable repertoires of type I, II and III IFNs and proinflammatory cytokines.

HBV production in infected PHH is inhibited by exposure to CM from PBMCs stimulated with TLR2/7,
TLR7, TLR7/8 and TLRY agonists. We examined the effect of CM from PBMCs stimulated with different ago-
nists of TLR2/7, TLR7, TLR7/8 and TLR9 on HBeAg (Fig. 2A) and HBsAg (Supplementary Fig. S3) production
from PHH infected with HBV from 3 to 9 days post-infection (DPI). None of PBMC CM affected PHH viability
(Supplementary Table S1). Production of HBeAg was significantly inhibited by CM from PBMCs stimulated with
R848 (by 89%, p =5.70e—09), CL413 (by 85%, p=5.70e—09), CpG-A (by 80%, p=5.70e—09), GS-9620[H] (by 83%,
p=5.70e—09), GS9620[L] (by 59%, p = 5.70e—09), CL264 (by 42%, p=5.70e—09), CpG-B (by 9%, p=2.24e—03)
(Fig. 2A, supplementary Table S2, for significance) and by recombinant IFN-a-2a and IFN-A3 (Fig. 2B). Signifi-
cantly higher inhibition of HBeAg was achieved with R848-CM, CL413-CM and GS-9620[H]-CM compared to
GS-9620[L]-CM (Fig. 2C). Notably, significantly higher inhibition of HBeAg was achieved with GS-9620[H]-CM,
which contained a lower quantity of IFN-a but higher levels of the proinflammatory cytokines IL-6, TNF-a and
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considered as an alternative therapy for people with mild-to-moderate chronic hepatitis B'. However, in addition
to causing undesired side effects, [IFN-a monotherapy leads to functional cure in less than 8% of people with
chronic hepatitis B*7.

Results from cell culture experiments have demonstrated that type ITFNs (IFN-I, IFN-q, f, ¢, w) as well as type
IIT IFNs (IFN-IIL, IFN-A1, 2, 3) affect HBV cccDNA either directly through epigenetic transcriptional silencing®
or by reducing its stability’'!. In HBV-infected hepatocytes, IFN-I induces hundreds of IFN-stimulated genes
(ISGs) that restrict HBV infection at different levels'?. IFN-a induces soluble factors that inhibit HBV entry into
cells", protein kinase R, which inhibits HBV protein translation', and tetherin, which blocks release of HBV
from infected hepatocytes'®. A side-by-side comparison of a large panel of cytokines in vitro revealed that pro-
inflammatory cytokines, such as tumor necrosis factor a (TNF-a), interleukin (IL)-1p and IL-6, are as efficient as
IFNG at inhibiting HBV replication'®™'®. Thus, both IFNs and proinflammatory cytokines control HBV replication
and contribute to HBV cure in different models'”'?.

The lack of curative anti-HBV therapies highlights the potential importance of different immune-modulators
and their agonists®**, Among agonists of pattern recognizing receptors expressed in primary liver cells*, namely
agonists of Toll-like receptors (TLRs) attracted interest because of their potency to induce IFNs and proinflam-
matory cytokines and chemokines in both hepatocytes and non-parenchymal cells****. Moreover, it was shown
that GS-9620 (vesatolimod), an agonist of endosomal TLR7, which is preferentially expressed in plasmacy-
toid dendritic cells (pDCs)*** but not in primary hepatocytes (PHH)***!*2, significantly reduced viremia and
cccDNA expression, and led to functional cure in animal models®® 2. A recent study showed that TLR1/2 and
TLR3 ligands inhibit HBV replication in PHH, and that the same ligands also induce the production of antiviral
cytokines in peripheral blood mononuclear cells (PBMCs)*. Another study showed that inhibition of HBV rep-
lication in PHH could be mediated by conditioned media (CM) from PBMCs stimulated with GS-9620%*. IFN-I
secreted by TLR7-agonist-stimulated PBMCs was identified as the major substance inhibiting HBV production
without reducing cccDNA levels.

Several studies demonstrated that combination of different TLR agonists or a single TLR agonist with other
immune-modulators potentiated the immunotherapeutic effect’®*. However, the effect of poly-specific TLR
agonists like recently developed TLR2/7 dual-acting agonist CL413 (Adilipolin), a chimeric molecule that co-acti-
vates the cell surface receptor TLR2 and the endosomal receptor TLR7%, on HBV infection was not elucidated.
Here, we compared the antiviral effect of CM from PBMCs stimulated with dual-acting agonists with the effect
of CM from PBMCs stimulated with agonists for single TLR. We found that CM from PBMC stimulated with a
dual-acting agonist of TLR7/8 (R848) and TLR2/7 (CL413) were more potent drivers of inhibition of hepatitis
e and s antigens (HBeAg and HBsAg) production from HBV-infected PHH than CM from PBMCs stimulated
with agonists specific only for TLR7 (GS-9620, CL264) or TLR9 (CpG-A, CpG-B). Inhibition of HBV in PHH
did not correlate with the level of PBMC-produced IFN-a, but it was a complex function of multiple secreted
cytokines. We addressed the question whether CM, which efficiently inhibited the production of HBV in PHH
via different repertoires of cytokines would also reduce the cccDNA levels.

Results

Differential potency of TLR agonists in the induction of PBMC-secreted cytokines. First, we determined
the levels of selected cytokines secreted into supernatants (conditioned media, CM) of PBMCs stimulated for
16 h by different agonists of TLR7 (CL264-CM, GS-9620[L]-CM (50 nM)), TLR7/8 (R848-CM, G8-9620[H]-
CM (10 uM)), TLRY (CpG-A-CM, CpG-B-CM) and a TLR2/7 dual agonist (CL413-CM) (Fig. 1, linear plot,
Supplementary Fig. S1, logarithmic plot). Two concentrations of GS-9620 were used: at a low concentration
(GS-9620[L], 50 nM) it shows a high selectivity for activation of TLR7 over TLR8, while a higher concentra-
tion (GS-9620[H], 10 pM) elicits combined TLR7 and TLR8 stimulation. Among the cytokines present in CM,
we quantified those previously shown to regulate HBV replication, including type I, II and III IFNs (IEN-q, vy,
A); the proinflammatory cytokines TNF-a, IL-6 and IL-12; the chemokine IL-8; and the regulatory cytokine
IL-10%-1113-15 While IFN-a and IFN-A1 were predominantly induced by CpG-A, the proinflammatory cytokines
IFN-y, TNF-q, IL-6, IL-8 and IL-12 were predominantly induced by R848. IL-6, IL-8 and IL-12 were also sig-
nificantly stimulated by CL264-CM, GS-9620[H]-CM and CL413-CM. The latter agonists also stimulated pro-
duction of the anti-inflammatory cytokine IL-10. Then, we determined by dynamic phospho-flow cytometry
phosphorylation of the NF-kB p65 subunit in PBMCs exposed for 1 h to different TLR agonists (Supplementary
Fig. $2)*. Stimulation for this time interval, which was insufficient for cytokine production, resulted in phospho-
rylation of p65 NF-kB in PBMCs exposed to dual-acting agonists R848 (20.3%), CL413 (20.8%) and GS-9620[H]
(6.3%). In contrast, the single-acting agonists, GS-9620[L] (0.6%) and CpG-A (0.6%), did not induce the NF-xB
p65 phosphorylation. In summary, PBMCs stimulated by different TLR2/7, TLR7, TLR7/8 and TLRY agonists
produced broad and variable repertoires of type I, I and IIT IFNs and proinflammatory cytokines.

HBYV production in infected PHH is inhibited by exposure to CM from PBMCs stimulated with TLR2/7,
TLR7, TLR7/8 and TLR9 agonists. We examined the effect of CM from PBMCs stimulated with different ago-
nists of TLR2/7, TLR7, TLR7/8 and TLR9 on HBeAg (Fig. 2A) and HBsAg (Supplementary Fig. $3) production
from PHH infected with HBV from 3 to 9 days post-infection (DPI). None of PBMC CM affected PHH viability
(Supplementary Table S1). Production of HBeAg was significantly inhibited by CM from PBMCs stimulated with
R848 (by 89%, p=5.70e-09), CL413 (by 85%, p=5.70e-09), CpG-A (by 80%, p=5.70e—09), G5-9620[H] (by 83%,
p=5.70e-09), GS9620[L] (by 59%, p =5.70e-09), CL264 (by 42%, p=>5.70e-09), CpG-B (by 9%, p=2.24e—03)
(Fig. 2A, supplementary Table S2, for significance) and by recombinant IFN-a-2a and IFN-A3 (Fig. 2B). Signifi-
cantly higher inhibition of HBeAg was achieved with R848-CM, CL413-CM and GS-9620[H]-CM compared to
GS-9620[L]-CM (Fig. 2C). Notably, significantly higher inhibition of HBeAg was achieved with GS-9620[H]-CM,
which contained a lower quantity of IFN-a but higher levels of the proinflammatory cytokines IL-6, TNF-a and
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Figure 1. Cytokines secreted by PBMCs stimulated by different TLR2/7, TLR7, TLR7/8 and TLR9 agonists.
PBMC:s (N > 3) were stimulated with the TLR2/7 dual-agonist CL413 (5 ug/ml), the TLR7 agonists CL264 (5 pg/
ml) and GS-9620[L] (50 nM), the TLR7/8 agonists GS-9620[H] (10 uM) and R848 (4 pg/ml), and the TLR9
agonist CpG-A (4 pg/ml) or CpG-B (4 pg/ml) for 16 h, and the cytokine levels were determined by ELISA. The
data are shown as medians and interquartile ranges. See Supplementary Fig. S1 for logarithmic plot.

IL-12, than with GS-9620[L]-CM. Within the variable repertoires of IFNs and proinflammatory cytokines, the
levels of IFN-a and IFN-X1 and the levels of the proinflammatory cytokines and chemokines tested—IFN-y,
TNF-a, IL-6, IL-8 and IL-12—correlated across the agonists evaluated (R>0.7) (Supplementary Table $3). More
importantly, HBeAg levels negatively correlated with the quantity of IEN-y, TNF-a, IL-6, IL-8 and IL-12 (R>0.7).
Taken together, analysis of HBeAg production revealed that inhibitory levels do not correlate with the quantity
of secreted IFN-a when other antiviral cytokines like IL-6, TNF-a and IFN-y are produced by PBMCs. Our data
support a model where not a single cytokine, but a complex function of multiple PBMC-secreted cytokines is
associated with CM-mediated HBV inhibition in PHH.

Total HBV DNA, but not cccDNA, in HBV-infected PHH is reduced by CMs from TLR2/7, TLR7, TLR7/8,
and TLR9 agonist-stimulated PBMCs. Treatment of freshly isolated HBV-infected PHH with CpG-A-CM, GS-
9620[L]-CM, GS-9620[H]-CM or R848-CM or treatment with 1,000 IU of recombinant IFN-a or IFN-X led to an
approximately 50% reduction in intracellular HBV DNA levels (Fig. 3A). No decrease in cccDNA was detected
in the same DNA samples from three PHH donors by qPCR using specific cccDNA primers (Kruskal-Wallis
p=0.443) (Fig. 3B). In addition, we used gPCR to evaluate the effect of the dual TLR agonists-induced R848-CM
and GS-9620[H]-CM on HBV cccDNA in PHH from one donor. However, CM from PBMCs stimulated by these
dual TLR agonists also did not reduce the cccDNA level. Moreover, we used droplet-digital (dd)PCR to verify
the effect of TLR dual agonists, including G5-9620[H]-CM or R848-CM and CL413-CM, on cccDNA and to
assess the quality of cccDNA sample preparation (Supplementary Table $4). Data obtained by ddPCR confirmed
the importance of T5 exonuclease treatment and selection of cccDNA-specific primers. Collectively, our results
suggest that none of the selected TLR agonists reduced cccDNA in our in vitro PHH culture system.

Coculturing with stimulated PBMCs inhibits HBV production from PHH. To test whether continuous
production of cytokines from TLR2/7, TLR7, or TLRY agonist-stimulated PBMCs inhibits the production of
HBeAg from HBV-infected PHH more strongly than two-times addition of CM to infected cells, we cocultured
TLR agonist-stimulated PBMCs with HBV-infected PHH in the Transwell system from 6-9 DPI (Fig. 4A). We
found that inhibition of HBeAg in HBV-infected PHH by coculture with TLR2/7 (CL413), TLR7 (GS-9620[L])
or TLR9 (CpG-A) agonist-stimulated PBMCs did not significantly differ from inhibition following two-times
addition of CM (Fig. 4B). In any case, inhibition did not exceed 70%, and CL413 was a more potent inducer of
an antiviral response than CpG-A or GS-9620[L]. Previous study found that several TLR agonists can inhibit
HBYV replication both directly via TLR activation in PHH and indirectly via exposure to CM of stimulated
innate immune cells®. Thus, we tested whether the TLR2/7 dual agonist CL413 can inhibit HBV replication
without the indirect effect of PBMC-secreted cytokines (Fig. 4B). However, in the absence of PBMCs, CL413
did not show any antiviral activity, although it induced production of proinflammatory cytokines IL-6 (275 pg/
ml), TNF-a (84 pg/ml) and chemokine IL-8 (987 pg/ml) in HBV-infected PHH. As in the case of CM addition
to HBV-infected cells, coculture of TLR agonist-stimulated PBMCs with HBV-infected PHH in the Transwell
system did not result in degradation of cccDNA (data not shown).
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Figure 2. Inhibition of HBeAg production from HBV-infected PHH treated with PBMC CM. (A) A total

of 65,000 PHH were infected with 500 viral genome equivalents (VGE) of HBV per cell and cultured for

3 days before conditioned medium (CM, diluted 1:10) was added. CM was derived from 3 x 10° PBMCs per

ml stimulated by agonists of TLR2/7 (CL413), TLR7 (CL264, GS-9620[L]), TLR7/8, (R848, GS-9620[H]), or
TLR9 (CpG-A, CpG-B) for 16 h. CM was added again 6 days post-infection (DPI). Production of HBeAg was
determined by ELISA 9 DPI and normalized to production by HBV-infected PHH in the absence of CM. The
HBeAg data are shown as mean + SEM from five independent experiments with PHH from three donors (N =3).
**p<0.01, **p<0.001 pairwise Wilcoxon test. Kruskal-Wallis p <2.2 x e”'6, (B) HBV-infected PHH treated with
1,000 IU/ml of recombinant IFN-a-2a or IFN-A3. The data are shown as mean + SEM from three independent
experiments with PHH from two donors (N=2). **p <0.01, Mann-Whitney—Wilcoxon pairwise test, p value
adjusted by Benjamini-Hochberg (BH) method. (C) Quantity of cytokines in CM from stimulated PBMCs
plotted as a heat diagram representing the median values that is shown in Fig. 1.

Anti-IFN-I receptor monoclonal antibody (IFNAR mAb) abrogates CpG-A-CM or GS-9620[L]-CM-
induced inhibition of HBeAg production from HBV-infected PHH. Subsequently, we investigated the mecha-
nism of pDC-induced inhibition of HBeAg production in HBV-infected PHH. Due to the sensitivity of HBeAg
production in HBV-infected PHH to IFN-a and IFN-A, we examined the proportion of the inhibitory effect
mediated by type I and III IFN receptors, IFNAR and IFNLR (Fig. 5A). To do so, we pretreated HBV-infected
PHH with mAbs targeting IFNAR and IFNLR and determined the level of HBeAg produced upon exposure of
HBV-infected PHH to CpG-A-CM or GS-9620[L]-CM (Fig. 5B). While IFNAR mAb completely abrogated the
inhibitory effect of GS-9620-CM, it abrogated by only 40% the inhibitory effect of CpG-A-CM. Simultaneous
blockade of IFNAR and IFNLR did not significantly increase abrogation of the inhibitory effect on HBeAg pro-
duction. Production of HBeAg was also significantly inhibited by 1,000 IU of recombinant IFN-a2a (by 61.3%,
p=0.04) and IEN-A3 (by 56.2%, p=0.04).

Stimulated GEN2.2 pDCs show antiviral activity against HBV-infected HepG2-NTCP cells. We next
compared the antiviral effect of CM from stimulated PBMCs on virus production in PHH (Fig. 2) with that
in a model comprising GEN2.2 pDCs and HBV-infected HepG2-NTCP hepatocytes®®**** (Fig. 6A). To facili-
tate 4 days lasting coculture, which is still difficult to perform in rare and in vitro short living human primary
pDCs, we performed our studies in human pDC line GEN2.2, which shares many features with human primary
pDCs?*¥%, Production of HBeAg from HBV-infected HepG2-NTCP hepatocytes was significantly inhibited
by exposure to CM from GEN2.2 cells stimulated with CpG-A (by 67%), CpG-B (by 59%), GS9620[L] (by 55%)
and GS-9620[H] (by 53%) (Fig. 6B). No significant differences in inhibition of HBeAg production were observed
when the antiviral effect of CM from stimulated GEN2.2 cells was compared with direct coculture of GEN2.2
and HepG2-NTCP cells (Fig. 6C). Despite the different repertoires and levels of cytokines induced by CpG-A

SCIENTIFIC REPORTS |

(2020) 10:12767 | https://doi.org/10.1038/541598-020-69614-7

124



www.nature.com/scientificreports/

Relative amount of cccDNA

0.54

0.0

Figure 3. Reduction of total HBV DNA (A) but not cccDNA (B) in HBV-infected PHH by CM from TLR
agonist-stimulated PBMCs. PHH were infected with HBV and cultured for 3 days followed by addition of
CpG-A-CM, GS-9620[L]-CM, GS-9620[H]-CM or R848-CM (diluted 1:10) or 1,000 IU of IFN-a or IEN-\. CM
was added again 6 DPL. Cells were grown for 3 more days and the quantities of total HBV DNA and cccDNA
were determined by qPCR. Data are shown as mean + SEM with PHH from three donors (N =3) for CpG-
A-CM, GS-9620[L]-CM, and with PHH from one donor (N =1) for GS-9620[H]-CM, R848-CM (two biological
replicates) *p <0.05, Dunnss test, p value adjusted by Benjamini-Hochberg (BH) method.
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Figure 4. Inhibition of HBeAg production from HBV-infected PHH by coculture with TLR2/7, TLR7 or TLR9
agonist-stimulated PBMCs. (A) Experimental flow chart. PHH were infected with HBV and kept in culture for
6 days before a Transwell insert containing PBMCs stimulated with the TLR2/7 agonist CL413 (5 pg/ml), TLR9
agonist CpG-A (4 pg/ml), or TLR7 agonist GS-9620[L] (50 nM) was added. (B) Production of HBeAg was
normalized to production of HBV-infected PHH cells cocultured with non-stimulated PBMCs. In one parallel, a
culture of HBV-infected PHH was exposed to CL413 in the absence of PBMCs. Data are shown as mean + SEM
of three biological replicates with PHH from two donors (N =2). **p <0.01, Mann-Whitney-Wilcoxon pairwise

test, p value adjusted by BH method.
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Figure 5. IFNAR mAb abrogates inhibition of HBeAg production from HBV-infected PHH by CpG-A-CM or
GS-9620[L]-CM. (A) Experimental flow chart. HBV-infected PHH were exposed at 3 DPI to 5 ug/ml of IFNAR
mAD, IFNLR mAb or control isotype mAb. Recombinant IFN-a-2a or IFN-A3 (1,000 IU/ml) was used as a
control. Production of HBeAg was determined by ELISA 6 DPI. (B) Production of HBeAg was normalized to
production by HBV-infected PHH treated with CM from unstimulated PBMCs determined by ELISA 6 DPL
The data are shown as mean + SEM from three independent experiments with PHH from one donor (N=1).

*p <0.05, Mann-Whitney-Wilcoxon pairwise test, p value adjusted by BH method.

(50 ng/ml IFN-a), CpG-B (4 ng/ml IFN-a), GS-9620[L] (50 ng/ml IFN-a), and namely GS-9620[H] (<50 pg/ml
IEN-a) (Fig. 6D), all three agonists similarly inhibited HBeAg (by approximately 65%) (Fig. 6B,C).

Discussion

In this study, we investigated the antiviral effect of CM from PBMCs stimulated with a set of agonists of endo-
some-localized TLRs. Our results demonstrate that synthetic TLR agonists capable of activating more than one
TLR induce a broader proinflammatory cytokine spectrum and are more efficient drivers of HBV inhibition than
single TLR-targeting agonists. The dual-acting TLR agonists R848*', CL413* and GS-9620[H]*® were the best-
scoring inducers of HBV inhibition. Statistical significance was a major issue in these experiments, which were
performed in fresh PHH from 3 donors, each tested in 5 biological replicates. None of the selected TLR ligands
reduced the level of cccDNA in HBV-infected cells. Previous findings revealed that R848 can be independently
recognized by both human TLR7 and TLRS, although TLRS is induced more efficiently than TLR7 at higher R848
concentrations*!. A low concentration of GS-9620[L] has approximately 30-fold higher selectivity for activation
of TLR7 over TLRS, with no detectable activity on other human TLRs*. However, GS-9620 elicits combined
TLR7 and TLRS stimulation at higher concentrations®. As TLR7 expression is largely restricted to pDCs in
PBMC subsets®*~**? and TLRS is predominantly expressed in myeloid DCs and monocytes*™**, we surmise that
low concentrations of GS-9620[L] (50 nM) preferentially mediate secretion of IFN-a from pDCs, whereas high
concentrations of GS-9620[H] (10 uM) preferentially stimulate secretion of inflammatory cytokines in classical
myeloid DCs and CD14+ monocytes.

Another dual-acting agonist, CL413, also induces both IFN-I and proinflammatory cytokines. We tested
CL413 activity to analyze both a direct effect on TLR2 stimulation in PHH and an indirect effect on TLR7 stimu-
lation in PBMCs. CL413 did not elicit a direct inhibitory effect on HBV replication in TLR2-expressing PHH.
Therefore, its antiviral effect likely is conferred indirectly by triggering TLR2 and TLR7 in PBMCs. Expression
of cytoplasmic TLR2 and endosome-localized TLR7 in CD14+ monocytes permits both signaling pathways to
be triggered at the single-cell level*. In contrast, in pDCs in which TLR2 is not expressed, only TLR7 signaling
can be activated by CL413. Recently, the dual-acting agonist Riboxxol, which triggers TLR2/3-mediated signaling
via the IFN or NF-kB pathways, was shown to efficiently and directly suppress HBV replication in HBV-infected
PHH?. In contrast to dual-acting agonists, single-acting ligands of TLR7 (CL264) or TLR9 (CpG-B) induced in
PBMCs only moderate levels of proinflammatory cytokines with no detectable IFN-1, and CL264-CM and CpG-
B-CM were associated with poor HBeAg inhibition. Robust production of proinflammatory cytokines induced
in PBMCs by dual-acting agonists was associated with elevated phosphorylation of p65 NF-xB.

To induce a large and variable range of cytokines, we stimulated PBMCs with a larger spectrum of agonists
than those used in previous studies**. Our results indicate that inhibition of HBeAg and HBsAg production
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Figure 6. Antiviral activity of stimulated GEN2.2 pDCs on HBV-infected HepG2-NTCP cells. (A)
Experimental flow chart. A total of 60,000 HepG2-NTCP cells were infected with 2000 VGE per cell of HBV
and cultured for 3 days before CM from GEN2.2 cells stimulated with CpG-A (4 pg/ml), CpG-B (4 pg/ml),
or GS-9620[L or H] (50 nM or 10 M) was added (B). Levels of IFN-a, IL-6 and TNF-a (D) in CM were
determined by ELISA 6 DPI. HBV-infected HepG2-NTCP cells were cocultured with 100,000 stimulated
GEN2.2 cells (C). Production of HBeAg was normalized to production by HBV-infected HepG2-NTCP cells
in the absence of pDCs. The data are shown as means + SEM from three independent experiments. *p <0.05,
Mann-Whitney-Wilcoxon pairwise test, p value adjusted by BH method.

in HBV-infected PHH does not correlate with the quantity of PBMC-secreted [FN-a, but rather is a complex
function of multiple secreted cytokines. We found that CpG-A-activated PBMCs produced more IFN-I and
IFN-III than those stimulated with GS-9620[L], which has been tested extensively in previous HBV inhibition-
related studies?®2!. In agreement with the previous finding that IFN-I is the major component of PBMC CM
responsible for inhibition of HBV production in PHH, CpG-A-CM inhibited HBeAg and HBsAg secretion
more efficiently than GS-9620[L]. However, a higher concentration of GS-9620[H] (10 uM), which induced
in PBMCs a broader spectrum of proinflammatory cytokines but a lower quantity of I[FN-I than induced by
GS-9620[L], was associated with significantly higher HBeAg and HBsAg inhibition. R848, which also induced
a very broad spectrum of proinflammatory cytokines, had a similar antiviral effect as GS-9620[H]. Importance
of the cytokine complexity in inhibition of HBV production is further highlighted by relatively low inhibitory
activity (50 to 60%) of recombinant IFN-a-2a and IFN-A3. Based on the blockade of IFNAR by mAb, Lucifora
etal > concluded that the antiviral effect of TLR1/2 and TLR3 activation in PHH was not due to type-I IFN and
IL-6 production. Correlation analysis showed that in addition to IFN-a, the proinflammatory cytokines IL-6,
TNF-o and IL-12 and the chemokines IL-8 and IFN-y are major contributors to anti-HBV inhibitory activity. A
statistical model that could decipher the specific combination of cytokines necessary to inhibit HBV production
from infected hepatocytes would require additional measurements of the effect of CM or artificial permutations
of recombinant cytokines.

Although R848-CM, CL-413-CM, CpG-A-CM and GS-9620[H]-CM achieved two to fourfold greater inhi-
bition of HBeAg than that observed with GS-9620[L]-CM in previous studies’***, none resulted in reduction
of cccDNA levels in freshly isolated PHH. This is compatible with recent findings showing that GS-9620[L]-
CM strongly induces various IFN-stimulated genes and inhibits virus production in HBV-infected PHH with-
out inducing APOBEC3A or the Smc5/6 complex—and without reducing cccDNA levels*. The importance of
cccDNA and its degradation for HBV cure positions this molecule in the center of HBV research. A 2012 study
reported that [FN-a inhibits cccDNA transcription by hypoacetylation of cccDNA-bound histones and reduces
binding of the STAT1 and STAT2 transcription factors to the [FN-stimulated response element present in the
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HBV genome®. More recent studies have shown that cccDNA can be degraded in HBV-infected hepatocytes in
a noncytopathic fashion during IFN-a treatment®'°,

Production of HBeAg from the HBV-infected hepatoma cell line HepG2-NTCP was three- to fivefold less
sensitive to IFN-a compared to production from HBV-infected PHH. In the presence of CM or recombinant
IFN-I, residual production of HBeAg in HepG2-NTCP cells was not suppressed below 35%. The insignificant dif-
ferences in inhibition of HBV production by exposure of HBV-infected HepG2-NTCP cells directly to activated
GEN?2.2 cells or to their CM indicate that soluble factors, and not cell-to-cell contact during coculture, plays a
major role in the regulation of HBV production.

We also addressed whether IFN-I and IFN-III present in CpG-A-CM cooperate in HBV inhibition, which
could explain the greater inhibitory effect of CpG-A-CM compared to GS-9620[L]-CM. Surprisingly, IFNLR
targeting had no effect on HBeAg secretion, and only IFNAR mAb partially abrogated the inhibitory effect of
CpG-A-CM. This inhibitory effect was not completely reverted by targeting both IFNAR and IFNLR, likely due
to ineflicient inhibition of IFNAR. Thus, we cannot conclude whether IFN-I is the main inhibitory driver in
CpG-A-CM or if other cytokines contribute as well. Further study will be necessary to elucidate whether IFN-I
signaling dominates over IFN-III signaling in PHH.

Specific and prolonged suppression of chronic hepatitis B in chimpanzee and woodchuck models by endo-
somal TLR7, 8, and 9 agonists led to an interest in discerning the mechanisms by which these TLR ligands elicit
antiviral responses*~*%. However, clinical studies with GS-9620, which showed the best antiviral effect in animal
models, did not reveal a clinically significant decline of HBsAg at tolerable doses (two one-weekly doses 4 mg)
in patients with chronic hepatitis B*>*®. This dose corresponds to concentration of 4.6 ng/ml in plasma, while
50 ng/ml of GS-9620[L] were used in our experiments®’. The dose of CpG ODNs commonly used in clinical
trials was 1.5-15 pg/kg and the schedule of ODN administration ranged from weekly to monthly. In preclinical
studies, much higher doses of CpG ODN (2.5 mg/kg) were administered daily to mice while 4 pg/ml of CpG-A or
CpG-B were used in our experiments*®. Also the dose of CL413 agonist (5 pg/ml) was within the range of the dose
administered to mice in preclinical studies (3 pg/g)"’. Further studies of the distinct antiviral potential of poly-
specific TLR agonists are necessary to elucidate their functions, which could provide new opportunities for the
development of novel strategies to achieve sustained viral clearance and provide a definitive cure for hepatitis B.

Methods

Hepatocyte cell cultures. HepG2-NTCP (a human liver cancer cell line, HepGz2, stably transfected with
the human HBV entry receptor—sodium taurocholate cotransporting polypeptide [hNTCP]) was obtained
from Dr. Stephan Urban of Heidelberg University Hospital, Heidelberg, Germany. HepG2.2.15 (a HepG2 cell
line that harbors two head-to-tail dimers of the HBV genome [serotype ayw, genotype D; GenBank accession:
U95551.1]) was obtained from Dr. David Durantel of the Cancer Research Center of Lyon, Lyon, France. These
cell lines were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS)
and puromycin (0.05 mg/ml) or G418 (0.4 mg/ml), respectively*’. HepAD38 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS and tetracycline (0.3 pg/ml). Primary human hepatocytes
(PHHs) were isolated from liver resections as described by David et al.”'. Briefly, liver biopsies were first perfused
with Hanks Balanced Salt Solution (HBSS) lacking Ca?" and supplemented with 0.5 mM EGTA (Merck). Then,
the liver tissue fragments were perfused with HBSS supplemented with Ca?* and 0.05% Collagenase (Merck).
The liver cell suspension was filtered through a 100 pm Cell Strainer (Corning), centrifuged at 50 x g for 3 min
at 4 °C and washed 3 times with L-15 Medium (Thermo Fischer Scientific). Cell viability was estimated by
trypan-blue exclusion, and the cells were seeded on collagen-coated plates. PHHs were maintained in Williams
E Medium (Thermo Fisher Scientific) supplemented with the Primary Hepatocyte Maintenance Supplement Kit
(Gibco).

PBMCs and GEN2.2 cell line. PBMCs were isolated and cultured as previously described*”*?, The GEN2.2
cell line was cultured with mouse MS5 cell line in RPMI 1,640 supplemented with 10% FBS™.

Inhibitors, antibodies and reagents. CpG-A (ODN 2,216), CpG-B (ODN 2006), CL413 (Adilipolin),
CL267 and R848 were obtained from InvivoGen (San Diego, USA) for use in in vitro PBMC stimulation assays,
and GS-9620 was a gift from Gilead Sciences. All of them were used at concentration recommended by manu-
facturer for optimal in vitro stimulation. Recombinant IFN-a-2a and IFN-A3 were obtained from PBL. Anti-
Human Interferon Lambda Receptor 1 (IFNLR), clone MMHLR-1, neutralizing (MAb) was from PBL; Anti-
IFN-a/f Receptor Chain 2 Antibody, clone MMHAR-2, MAB1155 was from EMD Millipore.

Preparation of HBV. Two HepG2-derived cell lines were used for HBV production and purification: the
2.2.15 cell line and AD38 cell line. Infectious particles (Dane particles) were purified by 6% PEG-precipitation
and centrifugation from collected cell-free supernatants.

HBV infection of HepG2-NTCP cells and PHHs. HepG2-NTCP cells were infected with HepG2.2.15-
derived HBV (2000 viral genome equivalents per cell) overnight in the presence of 4% PEG8000 and 2.5%
DMSO. Then, HepG2-NTCP cells were washed 3 times with PBS and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and 2.5% DMSO. PHHs were infected with HepAD38-derived HBV (500
viral genome equivalents per cell) overnight in the presence of 4% PEG8000. Then, PHHs were washed 3 times
with Williams E Medium (Thermo Fisher Scientific) and maintained in Williams E medium supplemented with
the Primary Hepatocyte Maintenance Supplement kit (Gibco) and 2% DMSO.
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Detection of HBsAg and HBeAg secretion by ELISA. Cell-free supernatants from HBV-infected
HepG2-NTCP cells or PHHs were collected and centrifuged at 300 x g for 5 min to remove cellular debris, trans-
ferred into clean tubes and stored at—=80 °C until antigen measurement. The titers of HBsAg and HBeAg were
measured using a commercial ELISA kit (Bioneovan, Beijing, China) according to the manufacturer’s instruc-
tions.

In vitro GEN2.2 and PBMC stimulation. To determine cytokine production, PBMCs (3 x 10° cells/ml)
or GEN2.2 (1 x 10° cells/ml) were stimulated with CpG-A (4 pg/ml), CpG-B (4 pg/ml), CL413 (4 pg/ml), CL267
(4 pug/ml), R848 (4 ug/ml), and GS-9620 (50 nM or 10 pM) overnight.

Total HBV DNA and cccDNA quantification. Total cellular DNA was isolated from HBV-infected
PHHs with the NucleoSpin Tissue Kit (Macherey-Nagel). The total HBV DNA level was determined by quan-
titative PCR (qPCR) using primers specific for HBV DNA: HBV-F, 5'-AGAGGACTCTTGGACTCTCTGC-
3"; HBV-R, 5-CTCCCAGTCTTTAAACAAACAGTC-3"; and the probe pHBV, 5'-[FAM]TCAACGACCGAC
CTT[BHQ1]-3". gPCR was performed with gb Elite PCR Master Mix (Generi Biotech) and TaqMan probe.
The level of HBV DNA was normalized to albumin (Alb-F, 5'-GCTGTCATCTCTTGTGGGCTGT-3'; Alb-R,
5'-AAACTCATGGGAGCTGCTGGTT-3; and Alb-probe, 5'-[FAM]GGAGAGATTTGTGTGGGCATGACA
GG[BHQ1]-3"). cccDNA quantification was performed as previously described®. Briefly, 1 pug of DNA was
treated with 10 units of T5 exonuclease for 2 h. Then, DNA was purified using a DNA Clean and Concentra-
tor Kit (Zymo Research). qPCR was performed with gb Elite PCR Master Mix (Generi Biotech) and specific
cccDNA primers and probe. The level of cccDNA was normalized to mitochondrial-encoded cytochrome-c
oxidase subunit IT (MT-CO2) expression in samples without T5 exonuclease digestion. cccDNA-specific prim-
ers and MC-CO2-specific primers were used as previously described*!. ddPCR was performed using a QX200
Digital PCR Generator and QX200 Droplet Reader (both Biorad) with cccDNA-specific primers and probe. T5
treatment and cccDNA primer specificity was confirmed by comparing the T5-treated and non-treated samples
and by comparing cccDNA specific primers with total HBV DNA primers (non-specific cccDNA primers).

Blockade of IFNAR and IFNLAR. IFNAR was blocked by Anti-IFN-a/p Receptor Chain 2 Antibody,
clone MMHAR-2, MAB1155 EMD (Millipore) at 5 ug/ml. IFN-A receptor 1 was blocked by Anti-Human Inter-
feron Lambda Receptor 1, clone MMHLR-1 (PBL) at 5 pg/ml. Mouse IgG1 control from murine myeloma clone
MOPC 21 and mouse IgG2a isotype control from murine myeloma clone UPC-10 were used as isotype controls.

Determination of secreted cytokines and chemokines. 'The quantities of total IFN-a, IFN-y, IFN-
Al, TNF-q, IL-6, IL-12, IL-8 and IL-10 produced by PBMCs or GEN2.2 were measured in cell-free supernatants
after 16 to 20 h culture using Human ELISA Kits (Mabtech).

Statistical analysis. Quantitative variables are expressed as means + standard error of the mean (SEM).
Non-parametric tests were performed due to the nature of the data. First, Kruskal-Wallis was applied, followed
by non-parametric post hoc pairwise multiple comparison Mann-Whitney—Wilcoxon test with p value adjust-
ment by Benjamini Hochberg method (BH). In case of data depicted in Fig. 3 Dunn’s test was performed also
with p value adjustment by Benjamini Hochberg method (BH). All tests and pictures were computed and ren-
dered in the R software package, figures were finalized in Adobe Photoshop CS. A p value<0.05 was considered
significant.

Ethics statement. This study was conducted according to the principles expressed in the Declaration of
Helsinki. The study was performed according to local ethical regulations, following approval by the institutional
ethics committee (review board) of the Institute of Experimental Medicine and Thomayer Hospital on March 9,
2016 (docket no. 363116 [G-16-03-02]). All liver tissue donors and PBMC donors provided written informed
consent for participation in the study in accordance with institutional and regulatory guidelines.
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Supplementary Methods

Determination of NF-kB p65 phosphorylation by dynamic phospho-flow
cytometry. PBMCs stimulated for 1 h with TLR agonists were fixed in 4%
formaldehyde for 15 min, permeabilized by 90% methanol for 30 min, and incubated
with Phospho-NF-kB p65 (Ser536) (93H1) rabbit mAb (Cell Signaling, Danvers, MA).
APC-conjugated Goat anti-Rabbit IgG polyclonal antibody (Thermo Fisher Scientific)
was used as a secondary antibody. Viable PBMCs were gated according to Live/Dead
Zombie Green kit. Samples were analyzed using a BD LSR FORTESSA cytometer (BD
Biosciences, San Jose, USA) and data were processed using FLOWJO software
(Treestar, San Carlos, USA).

XTT test. Cytotoxic effect was analyzed by XTT colorimetric assay. Briefly, 50 ul of
50:1 mixture of XTT labeling reagent (1 mg/ml; Sigma-Aldrich, Life Science) and PMS
electron-coupling reagent (0.383 mg/ml; Sigma-Aldrich, Life Science) was added to
the wells with HBV-infected PHH and incubated for 4 hin 37 °Cin 5 % CO,. Formation
of orange formazan dye was measured in Victor X3 plate reader.

Supplementary Results

Differential potencies of TLR2/7, TLR7, TLR7/8 and TLRY agonists to induce
repertoire of cytokines secreted by stimulated PBMCs.
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Figure S1. Amounts of cytokines secreted by PBMCs stimulated by different TLR2/7,
TLR7, TLR7/8 and TLR9 agonists. PBMCs (N>3) were stimulated with either no
agonist, the dual agonist CL413 (5 pg/ml), the TLR7 agonists CL264 (5 pg/ml) or
GS9620[L], the TLR7/8 agonists GS9620[H] or R848 (4 pg/ml), or the TLRY agonists
CpG-A (4 ng/ml) or CpG-B (4 pg/ml) for 16 h, and the cytokine levels were determined
by ELISA.
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Figure S2. PBMCs were stimulated with the dual-acting agonists R848 (4 pg/ml),
CL413 (5 pg/ml) and GS9620[H], or the single-acting agonists of TLR7, GS9620[L],
or of TLR9, CpG-A (4 pg/ml), for 1 h, and the expression levels of P(S536) p65 NF-
kB cytokine were determined by phospho-flow cytometry. Distribution of
phosphorylated p65 NF-xB is shown as a percentage in the upper half of dot-plot
diagrams.

Inhibition of HBsAg production from infected PHH exposed to CM from PBMCs
stimulated by TLR2/7, TLR7, TLR7/8 and TLR9 agonists
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Figure S3. Inhibition of HBsAg production from HBV-infected PHH exposed to PBMC CM.
A total of 30,000 PHH were infected with 2000 VGE of HBV and cultured for 3 days before
CM (diluted 1:100) from 3x10° PBMCs per ml stimulated by agonists of TLR2/7 (CL413),
TLR7 (CL264, GS-9620[L]), TLR7/8 (R848, GS-9620[H]), TLR9 (CpG-A, CpG-B) was
added. CM was added again 6 DPIL. Production of HBeAg was determined by ELISA 9 DPI
and normalized to production by HBV-infected PHH in the absence of CM. CM from
unstimulated PBMCs was used as a control. Cells were grown for 3 more days. The HBsAg
data are shown as mean + SEM of 5 independent experiments with PHH from three donors. *,
p <0.05, #*, p <0.01, *** p <0.001 pairwise Post hoc Mann-Whitney-Wilcoxon test. Kruskal-
Wallis p<3.6xe™'°.

134



Table S1. Viability of PHH treated with PBMC CM"

TLR R848 CL413 GS- CpG-A GS- CL264 CpG-B Ctrl
agonist 9620[H] 9620[L]

Viability 1064+7.6 104.9+4.1 114.0#4.1 95525 97.0£24 87.3x14 97215 10045
(%)

UDetermined by XTT test. Conditioned medium (CM) diluted 1:10.

Table S2. Multivariate statistics for HBeAg measurements"’

CL413 CL264 GS-9620[L] GS-9620[H] R848 CpG-A CpG-B
CLA413 - - - - - - -
CL264 5.70e-09 = + - - - -
GS-9620[L] 5.70e-09 1.40e-07 - - - - -
GS-9620[H] 2.26e-02 5.70e-09 5.70e-09 - - - -
R848 4.00e-07 5.70e-09 5.70e-09 6.70e-09 - - -
CpG-A 1.20e-07 5.70e-09 5.70e-09 2.40e-04 5.70e-09 - -
CpG-B 9.10e-09 1.50e-08 7.10e-09 9.10e-09 7.10e-09 7.10e-09 -
Ctrl 5.70e-09 5.70e-09 5.70e-09 5.70e-09 5.70e-09 5.70e-09 2.24e-03

DThe Kruskal-Walis (p-value <2.2e-16) test indicates differences between groups of

agonists. Post hoc Mann-Whitney-Wilcoxon test indicate that all groups of agonists

differ.
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Table S3. Correlation across PBMC-secreted cytokines'

HBeAg
IL-10 01
03 - correlation coeficient
m [1,-067)
M (-0.67,-0.33]
0.1 (-0.33, 0]
o (g’z?éag]s?]
[ Eoie?i
0.3
IFN-y 0.2
IFN-A 0 0.1 0 02 03 -02 03

S EIEEEEEEEE

UThe data show correlation coefficients across PBMC-secreted cytokines and HBeAg
produced from HBV-infected PHH.

Table S4. Determination of HBV cccDNA by droplet digital PCR

no T5 treatment TS5 treatment
cccDNA primer cccDNA primer
Sampl
RS non specific Specific non specific Specific
(copies/ul) (copies/ul) (copies/ul) (copies/ul)

_GS-9620[ SO 7200 86.9 80.8 28.6
sample 1
GS-9620[H]-CM 6130 75.5 46.5 26.4
sample 2
R848-CM sample 1 7290 89.5 105 335
R848-CM sample 2 8400 101.5 110 374
CL413-CM 6560 78 80.7 32
CTRL-CM < 10000 121 129 373
NO HBV 44.1 No Call No Call No Call
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