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Souhrn

Adenylat-cyklazovy toxin-hemolyzin (CyaA) je klicovym faktorem virulence bakterie
Bordetella pertussis. CyaA se vaze na fagocyty produkujici komplementovy receptor 3 (CR3)
a nasledn¢ katalyzuje pfeménu vnitrobunééného ATP na vyznamného ,,druhého posla“
cAMP. Timto paralyzuje schopnost neutrofili a makrofagii zabijet bakterie pomoci
oxidativniho vzplanuti a mechanismii zavislych na fagocytdze. V této praci analyzujeme
mechanismus, kterym CyaA blokuje produkeci baktericidnich reaktivnich kyslikovych a

dusikovych radikalt neutrofily a makorfagy.

CyaA potlacuje produkci reaktivnich kyslikovych radikalii (ROS, z angl. ,,reactive oxygen
species®) jednak prostfednictvim inhibice PLC pomoci PKA a déle nejspiSe ovlivnénim
skladani komplexu NADPH oxid4zy prostiednictvim aktivace proteinu Epac. Selektivni
aktivace PKA nebo Epac blokovala produkci ROS indukovanou fMLP. Inhibice PKA pomoci
specifikych inhibitorti navic vedla jen k ¢astecnému obnoveni produkce ROS u neutrofilti
vystavenych CyaA. Signalizace CyaA/cAMP nasledné¢ omezila tvorbu DAG pomoci PLC,
zatimco tvorba PIP3 pomoci PI3K zlstala neovlivnéna. Tyto vysledky naznacuji, Zze plisobeni

CyaA muze ovlivnit lipidické slozeni membrany fagocytu.

Déle jsme ukazali, ze aktivace PKA pomoci cAMP vyvolava aktivaci tyrozinové fosfatazy
SHP-1. To v makrofazich zpusobi potlaceni produkce z angl. ,, (RNS, z angl. ,reactive
nitrogen species®). Selektivni aktivace PKA pomoci 6-Bnz-cCAMP utlumila v makrofazich
expresi iNOS stimulovanou LPS. Ug¢inek toxinu byl pak zablokovan po inhibici PKA.
Signalizace CyaA/cAMP dale vyvolala defosforylaci c-Fos podjednotky transkripéniho
faktoru AP-1 v zavislosti na aktivaci SHP-1, coz vedlo ke zruSeni exprese iNOS vyvolané
signalizaci TLR4. SniZeni hladiny SHP-1 pomoci siRNA vedlo k obnoveni produkce RNS v
makrofazich aktivovanych TLR4 ligandy, zatimco po vyfazeni SHP-2 nedoSlo ke zméné
produkce RNS. Inhibice SHP fosfataz nakonec snizila pifezivani B. pertussis v mysich
makrofazich. Tyto vysledky odhaluji novou signalni drdhu, kterou cAMP aktivuje fosfatdzu
SHP-1 prostfednictvim aktivace signalizace PKA. SHP-1 pak mutze v leukocytech regulovat
aktivitu celé fady receptort. Pisobeni CyaA tak prostiednictvim aktivace SHP-1 umoziiuje B.

pertussis uniknout pied zabitim makrofagy produkujicimi RNS.

Na zakladé€ ziskanych mechanismi jsme navrhli model signalizace vyvolané CyaA, kterou

bakterie B. pertussis pouziva k potlaceni baktericidni aktivity fagocyti hostilele.



Uvod a cile prace

I ptes vysokou prockovanost populace se ve vyspélych zemich opét zvysuje incidence cerného
poskozeni imunitniho systému v kolonizovanych hornich cestach dychacich. Faktory virulence,
které umoznuji B. pertussis kolonizovat nového hostitele, se déli do tii tiid — faktory rezistence
viaci komplementu, adhesiny a toxiny. Hlavni faktory rezistence vici komplementu jsou
autotrasnportéry BrkA (z angl. ,,Bordetella resistance to killing A*) a Vag8 (z angl. ,,virulence
activated gene 8). Nejdilezitéjsimi adhesiny jsou filamentézni hemaglutinin, pertactin, fimbrie a
tracheélni koloniza¢ni faktor. Mezi toxiny je tfeba zminit pertusovy toxin, trachealni cytotoxin a
dermonekroticky toxin. Bylo ale ukazano, ze kli¢ovou roli v patogenezi Cerného kasle hraje

adenylatcyklazovy toxin (CyaA).

CyaA se tadi do rodiny RTX (z angl. ,,Repeat in ToXin“) proteini a vaze Se na
komplementovy receptor 3 (CR3, integrin CD11b/CD18). Diky tomu cili svoje pusobeni na
fagocytické bunky vrozeného imunitniho systému. Vazba CyaA na receptor vede bud’to K tvorbé
port selektivnich pro kationty v plazmatické membrané, nebo Kk pienosu adenylat-cyklazové
domény (AC, zangl. ,,Adenylate Cyclase®) toxinu do cytosolu cilové bunky. AC doména
v cytozolu preméniuje bunééné ATP na cAMP, které v bunééné signalizaci hraje tlohu ,,druhého
posla“. Jiz dfive bylo ukazano, ze vysoka vnitrobunééna koncentrace cAMP vede K zastaveni
fagocytozy, Kk inhibici produkce superoxidovych radikald a k blokovani tvorby neutrofilovych
mimobunéénych pasti (NET, zangl. ,neutrophil extracellular trap®), stejné¢ jako ovliviuje
dozravani dendritickych bun€k a prezentaci jimi pohlcenych antigenu. Tvorba cAMP zplsobena

CyaA v kombinaci s tvorbou membranovych pord spolecné piispivaji k cytotoxicité toxinu.

Ackoliv je plisobeni CyaA na imunitni bunky dobie prozkoumano, nebyly dosud popsany
signalni drahy aktivované CyaA, které reguluji uvedené jevy. Jest¢ méné je znamo o vlivu

jednotlivych aktivit CyaA na signalni drahy které reguluji baktericidni aktivity hostitele.
Na zakladé téchto znalosti jsme stanovili nasledujici cile této prace:

1) Prozkoumat tilohu jednotlivych aktivit CyaA na hlavni baktericidni pochody
vrozené imunity jako je produkce reaktivnich kyslikovych a dusykovych radikala a

na procesy vedouci K aktivaci ziskanych imunitnich pochodii a

2) popsat signalni drahy regulujici zminéné jevy



Material a metodika

K vypracovani této prace byly pouzity primarni lidské neutrofily a mysi dendritické buiiky
a makrofagy odvozené z kostni diene. Dale byly pouzity bunééné linie lidskych monocytii
THP-1 a mysi makrofagové linie RAW?264.7 a J774A.1. Pouziti mySich bunék nam umoznilo
studovat signaliza¢ni drahy, které by nebylo monzo studovat s pouzitim primarnich lidskych
bunék. Pro zjistovani vlivu CyaA na imunitni buiikky jsme pouzili rekombinantni CyaA
produkovany v E. coli a také divoky kmen B. pertussis Tohama I. Pouzivali jsme také

mutované kmeny B. pertusis Tohama I. Dale jsme pouzili nasledujici metody:
e Produkce rekombinantnich proteind v E. coli
o Kolorimetricka detekce extracelularnich radikala
e Analyza membranového sloZeni pomoci hmotnostni spektrometrie
e Detekce proteint a vnitrobunééného cAMP pomoci metody ELISA
e Bunécnd analyza pomoci FACS
e Invitro detekce enzymatické aktivity

e Purifikace a detekce proteinti pomoci protilatek (imunoprecipitace a western
blotting)

e Fluorescen¢ni mikroskopie
e Isolace mRNA a analyza cDNA pomoci q-PCR

e Umlceni genové exprese pomoci siRNA



Vysledky a Diskuse

Cerny kaSel zplsobeny bakterii Bordetella pertussis je onemocnéni s nedostatednd
prostudovanym mechanismem patogeneze. Kromé toho se opét zacina objevovat ve vyspélém
svéte. Hlubsi charakterizace procest zahrnutych v interakci B. pertussis se systémem vrozené
imunty hostitele je proto velmi dulezité. V této disertacni praci popisujeme, jak CyaA, ktery
je ki¢ovym faktorem virulence bakterie B. pertussis, moduluje baktericidni mechanismy
hostitele. Pfezivani B. pertussis uvniti hostitelského organismu je zavislé hlavné na
schopnosti potlacovat produkci ROS a RNS neutrofily a makrofagy. Potvrdili jsme, ze
enzymaticka aktivita adenylat-cyklazového toxinu hraje klicovou roli v uniku bakterie
Bordetella pertussis pfed mechanismy vrozené imunity. Nase vysledky potvrzuji jiz
publikovana pozorovani, ukazujici dalezitost CyaA pro virulenci B. pertussis (Goodwin and
Weiss, 1990; Khelef et al., 1994; Khelef et al., 1992).

I pfes zde ukazanou citlivost k oxidatvnimu stresu jsou bakterie Bordetella pertussis
po fagocytoze mysimi makrofagy. Tyto vysledky ukazuji, ze bakterie B. pertussis je schopna
prostiednictvim CyaA blokovat oxidativni vzplanuti myeloidnich fagocytd, které vede

k zabijeni pohlcenych bakterii.

Ve shod¢ s ostatnimi pracemi zde ukazujeme, ze CyaA produkovany B. pertussis inhibuje
produkci ROS v primarnich lidskych neutrofilech (Confer and Eaton, 1982; Eby et al., 2014;
Friedman et al., 1987). Toho je dosazeno diky enzymatické aktivite¢ CyaA, tedy produkci
CAMP, a na ni zavislé aktivaci proteinové kinazy A (PKA) a proteinu Epac (z angl. ,,exchange
protein directly activated by cAMP*). Aktivovana PKA dale blokuje fosfolipazu C (PLC).
V dusledku toho nedochazi ke Stépeni fosfatidylinositol 4,5-bisfosfatu (PI(4,5)P2) na
diacylglycerol (DAG) a inositol 1,4,5-trisfosfat (IP3), coz neumoziuje aktivaci proteinové
kinazy C (PKC). Produkce ROS stimulovana ptimou aktivaci PLC (pomoci m-3M3FBS (Bae
et al., 2003)) byla také potlac¢ena aktivitou CyaA. Dale jsme ovérili pisobeni CyaA na PLC
ptimou aktivaci PKC pomoci PMA (z angl. ,,phorbol 12-myristate 13-acetate). Produkce
ROS vyvolana piimou aktivaci PKC se ukazala byt rezistentni k ptisobeni CyaA, coz ukazuje,
ze vliv CyaA na produkci ROS se odehrava jiz pied aktivaci PKC. Toto je ale v rozporu
s dfive publikovanymi vysledky (Eby et al., 2014), coz mize byt vysvétleno bud’ netplnou
aktivaci PKC pomoci nizkych koncentraci PMA, jakych pouzili Eby a kol. (Eby et al., 2014),

nebo jistou mirou selektivity pisobeni CyaA proti PKCg, na kterou se Eby a kol. ve své praci
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zamétovali (Gray et al., 2013). Dale zde ukazujeme, ze pusobeni CyaA nevyvolava inhibici
tvorby fosfatidylinositol  3,4,5-trisfosfatu ~ (PI(3,4,5)P3) pomoci PI3K (z angl.
»phosphatidylinositol 3 kinase), jez je aktivovana zaroven s PLC a jejiz aktivita je také
nezbytna pro produkci ROS (Rommel et al., 2007). Schéma signalizace vedouci k produkci
ROS je znazornéno na Obr. 1. Protein Epac nejspise blokuje skladani komplexu NADPH
oxidazy a to za prispéni malé GTPazy Rapl. Rapl se pravdépodobné vaze na p47" 0%
podjednotku NADPH oxidazy a tim ji zadrzuje v cytoplazmé a brani jejimu kontaktu se
zbytkem komplexu. Toto je v souladu s pozorovanim podobného efektu u bun¢k
pigmentového epitelu oka (Wang et al., 2014). Vrozporu s inhibici produkce ROS
primarnimi neutrofily neni CyaA toxin schopen inhibovat produkci ROS neutrofily, které
byly pfedem vystaveny pusobeni TNFa. TNFa je v ofkovanych zvifatech produkovano
makrofagy po jejich opétovném rozpoznani antigenu (Macdonald-Fyall et al., 2004). Tento
fakt muze vysvétlit, pro¢ jsou neutrofily dulezit¢é pro eliminaci infekce B. pertussis

v o¢kovanych experimentalnich zvifatech, ale ne v naivnim hostiteli, kde jsou neutrofily

citlivé k pisobeni CyaA (Andreasen and Carbonetti, 2009).

fMLP C5a Opsonized particle
GPCR Fc receptor Complement receptor

Trimeric G protein Tyrosn kinases

/\7 / Tyrosine phosphorylatlon
DAG IP3 PIP3
v .
Ca N N
ERK1/2, p38
N
PKC Akt N /\
NOX2 = Rac1/2 TLR signaling TNFa signaling

Obr. 1: Schematické znazornéni signalnich drah vedoucich ke sloZeni komplexu NOX2 a k nasledné
produkci ROS v neutrofilech.
Fig. 1: Schematic representation of signaling pathways leading to the assembly of NOX2 complex and
ROS production in neutrophils.

Dale jsme jako prvni ukazali, ze CyaA blokuje produkci RNS (Cerny et al., 2015).
Schopnost B. pertussis inhibovat produkci RNS je striktné zavisla na enzymatické aktivité

CyaA, podobné jako je tomu v piipad¢ inhibice produkce ROS. Na rozdil od inhibice



produkce ROS je ale inhibice produkce RNS zptisobena pouze aktivaci PKA, a protein Epac
pravdépodobné nehraje v tomto procesu zadnou roli. Dale jsme ukazali, ze v procesu inhibice
produkce RNS nehraji zadnou roli arginazy, jejichz vliv se predpokladal, protoze by s INOS
mohly kompetovat o spole¢ny substrat L-arginin (Cheung et al., 2008). I tento vysledek
podporuje nase vysledky, které ukazuji, ze vliv CyaA na inhibici produkce RNS se odhrava
na urovni blokace transkribce genu pro indukovatelnou NO syntazu (iNOS, z angl. ,,inducible
NO synthase®). Transkribce iNOS je fizena ¢tyfmi hlavnimi transkribénimi faktory — NF-kB,
Statl, IRF1 a AP-1 (Kleinert et al., 2003; Lee et al., 2005; Pautz et al., 2010). Proto jsme dale
overili aktivitu téchto transkribénich faktorti. Zablokovani exprese iNOS toxinem CyaA
nebyla dana inhibici Statl ani IRF1. CyaA také zvysSoval aktivitu NF-xB stimulovanou LPS,
coz je v souladu s jiz publikovanym pozorovanim, Zze cAMP muze aktivovat NF-xB (Qi et al.,
2009). CyaA pomoci produkce CAMP 1¢inné inhiboval transcribéni faktor AP-1
prostiednictvim aktivace tyrozinové fosfatazy SHP-1/2 (z angl. ,,SH2 domain containing
protein tyrosine phosphatase®), coz jsme ukazali pomoci inhibitoru SHP-1/2 (NSC87877),
ktery castecné obnovil fosforylaci AP-1. CyaA pravdépodobné inhibuje AP-1 pomoci
aktivavné SHP, jejiz vliv je nejspiSe dan blokaci signalizace proteinovych kinaz aktivovanych
latkami navozujicimi mitozu (MAPK, zangl. ,Mitogen-Activated Protein Kinases®),
pravdépodobné zejména Jun N-koncovou kinazou (JNK). Snizeni hladiny SHP-1 isoformy,
ale ne SHP-2 isoformy, pomoci siRNA vedlo k obnoveni produkce RNS v makrofazich
vystavenych ptisobeni CyaA. Podobny vliv SHP-1 na zastaveni transkribce genu pro iNOS
byl jiz pozorovan v mysich makrofazich infikovanych Leishmanii donovani. V daném piipadé
byla ale SHP-1 aktivovana odliSnym mechanismem zavislym na proteaze (Blanchette et al.,
2009; Gomez et al., 2009). V této diserta¢ni praci jsme také chtéli ovétit jiz dfive popsanou
roli AKT a PI3K v produkci RNS (Tsukamoto et al., 2008). Oproti oéekavani jsme ale
V naSem systému mySich makrofagli zadny vliv AKT ani PI3K nepozorovali. Klicovym
proteinem v nami popsané signalni draze tak ztstava SHP-1, jejiz inhibice vedla k ukonceni

ptrezivani B. pertussis uvniti makrofaga po fagocytoze.

Kromé inhibice produkce baktericidnich ROS a RNS miize v pfezivani divokého kmene
B. pertussis v porovnani s mutantnimi kmeny (Khelef et al., 1992); Skopova et al., v revizi)
hrat roli i indukce apoptoézy monocytickych bun¢k (Hewlett et al., 2006; Khelef and Guiso,
1995); Ahmad et al., v tisku). Ukazali jsme, Ze za apoptozu monocytll zpusobenou nizkymi
koncentracemi CyaA stoji zvyseni hladiny proteinu BIMEL vyvolavajiciho buné¢nou smrt a

nasledna vazba proteinu vyvolavajiciho bunécnou smrt Bax do membrany mitochondrii



(Ahmad et al., v tisku). Tyto procesy vyzadovaly signalizaci CAMP/PKA a zavisely na
zvySené aktivité SHP-1, jak jsme ukdzali selektivnim snizenim hladiny této fozfatdzy. Kromé
toho cCAMP produkované CyaA také blokoval signalizaci AKT nezbytnou pro piezivani
bunék. Tim také cAMP zvysil aktivitu transkribéniho faktoru FoxO3a a vyvolalo zvySenou
expresi proteinu Bim. Soucasna aktivace FoxO3a a SHP-1 tedy umoziila CyaA rychlé a
dlouhodobé zvyseni hladiny BImEL a tim i navozeni apoptotického programu v buikach

vrozené¢ho imunitniho systému hostitele (Ahmad et al., v tisku).

IFNy IL-18 LPS TNFa
4 4 \ 4 4
JAKL IL-1R TLR4 TNFR
T~ \4
MYD8S8 / TRAF
- 4 TAK1
— -
P - /\ ~
-, IKK \
7 4 h
vl KB MAPK
V \ 4
Statl IRF 1 AP-1

\ NOS transcriotin /

Obr. 2: Schematické znazornéni signalnich drah vedoucich k expresi iNOS a k nasledné produkci RNS v
makrofazich.
Fig. 2: Schematic representation of signaling pathways leading to iNOS expression and NO production in
macrophages.

Vliv CyaA na signalizace MAPK a jejich prostfednictvim na ovlivnéni imunitnich funkci
leukocytli se studoval jiz diive. Kromé& naSich pozorovani Ze CyaA vyuziva inhibice JNK
k zastaveni produkce RNS bylo jiz také popsano, ze v dendritickych buiikach a T lymfocytech
muze CyaA aktivovat p38 (Hickey et al., 2008; Rossi Paccani et al., 2009). To by také mohlo
vést k pozménéni adaptivni imunity proti B. pertussis (Adkins et al., 2014; Boyd et al., 2005)
Svedova et al., v revizi). V této disertacni praci také ukazujeme, ze porotvorna aktivita CyaA,
na rozdil od jeho enzymatické aktivity, aktivuje JNK a p38 MAPK. Toto nasledné vede
K pozménéné genové expresi a nakonec ke zméné dozravani DC a muze tedy vysvétlit
adjuvantni vliv toxoidu CyaA-AC’, ktery se planuje pouzit v imunoterapii nadorovych

onemocnéni (Adkins et al., 2014; Sebo et al., 2014; Svedova et al., v revizi).



Zaveéry

V této praci popisujeme signalizani drahy ovlivnéné CyaA, které vedou K potlaceni

vrozené imunity ptivodcem cerného kasle — bakterii Bordetella pertussis.

1)

2)

3)

4)

5)

6)

7)

8)

9)

Ukazali jsme, ze B. pertussis vyuziva enzymatické aktivity toxinu CyaA k prodlouzeni
svého priezivani po kontaktu s bufikami vrozeného imunitniho systému a k tomu, aby

se vyhnula zabiti latkami zpusobujicimi oxidativni stress.

Ukazali jsme, ze toxin CyaA vyuziva aktivace PKA i Epac aby zpusobil zastaveni
produkce ROS neutrofily.

Identifikovali jsme PLC jako dulezity cil, jehoz inhibici CyaA zastavuje produkci
ROS neutrofily.

Nase vysledky naznacuji jakym mechanismem mize ockovani pies aktivaci antigen-
specifické odpoveédi makrofagh prispivat k odolnosti vic¢i piisobeni CyaA a k ochrané

pokusnych zvitat pted infekci B. pertussis.

Ukézali jsme, ze aktivace PKA vyvoland CyaA je dostateCna pro zastaveni produkce

NO a exprese iNOS v makrofazich, coz je rozdilné od mechanismu zastaveni
produkce ROS.

Popsali jsme, Ze enzymaticka aktivita CyaA je zodpovédna za inhibici transkripénich
faktorti Statl a IRF1 a signalizace JNK, ale Ze také zvySuje aktivitu transkripcniho
faktoru NF-kB. Krom¢ toho jsme ukazali, Ze porotvorna aktivita CyaA aktivuje JNK a
p38. Toto ovlivnéni signalizacnich drah vede ke zméné genové exprese a nasledné k

pozménénému dozravani dendritickych bunék.

ukazali jsme, ze enzymaticka aktivita CyaA blokuje expresi iNOS, ktera je zavisla na
transkripcnim faktoru AP-1. Toho je dosazeno pomoci aktivace tyrosinové fosfatazy

SHP-1.

Ukazali jsme, ze aktivace SHP-1 toxinem CyaA je klicovy krok umoznujici prezivani

B. pertussis uvnitt makrofaga.

Ukazali jsme, ze inhibice AKT v disledku signalizace cAMP produkovanym toxinem
CyaA je dulezitd pro zplsobeni apoptézy V monocytech, ale nema zaddny vliv na

inhibici produkce NO.
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10) Ziskané poznatky shrnujeme v modelu znazornujicim ovlivnéni signalnich drah

toxinem CyaA, ktery je ukazan na Obr. 3

CyaA
\ —
cAMP 1 Unik |<+1

V— 4
PKﬁ Epact\NF-KBt JNK, p38f

?
SHP- 1f AKT‘ PLC

INK ? F0x03a1 i
‘V‘ v

AP-1‘ B|mEL1

\ 4 \ 4

iNOS ‘ Apoptdza 1 NADPH omdéze‘ Dysregulated DC maturation
macrophage v v
RNS ‘ ROS ‘ Adaptive immunity ‘

\1 Bacterial killing 1/

Obr. 3: Schématické znazornéni signalizace vyvolané CyaA ve fagocytickych buiikich vrozeného imunitniho
systému. Po vazb¢ na receptor umoziiuje CyaA Unik draselnych kationtll z cytozolu cilové bunky, nebo dopravuje AC
doménu do jejiho cytozolu.

V cytozolu je AC doména toxinu CyaA aktivovdna vazbou bunééného kalmodulinu a nasledné katalyzuje pfreménu
cytozolického ATP na cAMP. To aktivuje PKA a Epac. Aktivace PKA vede, dosud neznamym mechanismem,
k aktivaci fosfatazy SHP-1, ktera zpusobuje defosforylaci a snizeni aktivity c-Fos — podjednotky transkripéniho faktoru
AP-1. Toto v makrofazich aktivovanych LPS nasledné zabraiuje expresi iNOS a produkci NO. PKA také inhibuje
neznamym mechanismem AKT, coz vede k aktivaci transkripéniho faktoru FoxO3a, ktery spoleéné s SHP-1 vyvolava
programovanou bunéénou smrt zavislou na proteinu Bim. Inhibice PLC zavisla na aktivaci PKA zabrafiuje skladani
komplexu NADPH oxidazy a produkci ROS. Na tom se dosud neznamym mechanismem podily i Epac aktivovany
CyaA.

Unik draselnych kationtii z cytozolu dendritickych bundk zpiisobuje aktivaci MAPK. To vede, spoletné s aktivaci
NF-kB pomoci signalizace CAMP, ke zméné dozravani dendritickych bun¢k a ke zméné specifické imunitni odpovédi
proti B. pertussis.

Blok produkce ROS a RNS, indukce apoptozy a zména adaptivni imunity dohromady umoziiuji prezivani Bordetella
pertussis v infikovaném hostiteli.

Fig. 3: Scheme of the CyaA-provoked signaling in cells of innate immune system. After binding of CyaA to the
receptor, the toxin promotes pore-dependent potassium efflux and delivers the AC domain into the cytosol of
phagocytes.

There, the AC domain of CyaA is activated by the binding of calmodulin and catalyzes uncontrolled conversion of
cytosolic ATP into cCAMP. This activates PKA- and Epac-dependent signaling. By an as yet uncharacterized mechanism,
PKA activation leads to the enhancement of activity of the SHP-1 phosphatase, which yields dephosphorylation and loss
of activity of the c-Fos subunit of the transcription factor AP-1. The loss of P-c-Fos function then prevents iNOS
expression and NO production in TLR-activated macrophages. PKA simultaneously inhibits AKT by a mechanism that
remains unknown. This leads to the activation of FoxO3a, which together with activated SHP-1 promotes Bim-
dependent apoptosis. PKA-dependent inhibition of PLC together with an as yet unknown Epac-dependent mechanism
leads to the blocking of NADPH assembly and the inhibition of ROS production.

Further, the potassium efflux through CyaA-formed pores activates MAPKSs in DCs. This leads, together with cAMP-
activated NF-kB translocation into cell nuclei, to dysregulation of maturation of DCs and to the shift in the development
of anti-Bordetella adaptive immunity.

Block of ROS and RNS production, induction of apoptosis, and dysregulation of adaptive immune responses finally
facilitate the survival of Bordetella pertussis in the infected host.
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Seznam pouzitych zkratek
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AP-1

ATP

B.p. cyaA-wt

B.p. cyaA-AC”

B.p. AcyaA
6-Bnz-cAMP
CAMP
8-CPT-cAMP
CyaA

CR3

DAG
fMLP
INOS

IRF

LPS
MAPK
NADPH
NF-xB

NO

PI3K

PIP3

PKA

PLC

ROS

RNS

RTX

SHP
SIRNA
Stat

TLR

Adenylat-Cyklaza

z angl. ,,Activator Protein 1

adenosintrifosfat

Bordetella pertussis produkujici divoky typ toxinu CyaA
Bordetella pertussis produkujici detoxifikovany toxin CyaA-AC
Bordetella pertussis obsahujici deleci genu cyaA v ¢tecim ramci
N°®- Benzoyladenosin- 3', 5- cyklicky monofosfat

adenosin 3°,5’- cyklicky monofosfat
8-(4-chlorophenylthio)-2'-O-methyladenosin-3',5'- cyklicky monofosfat
adenylat-cyklazovy toxin, ACT

komplementovy keceptor 3, integrin CD11b/CD18, amp2, Macl
diacylglycerol

formyl-Methionyl-Leucyl-Fenylalanin

indukovatelna NO syntaza, NOS2

z angl. ,,Interferon Regulatory Factor

lipopolysacharid

z angl. ,,Mitogen-Activated Protein Kinase*
nikotinamidadenindinukleotidfosfat

z angl. ,,Nuclear Factor kB*

oxid dusnaty

z angl. ,,Phospholnositide 3-kinase*

fosfatidylinositol 3,4,5-trisfosfat

cAMP zavisla Proteinova Kinaza A

fosfolipaza C

reaktivni kyslikové radikaly, z angl. ,,reactive oxygen species*
reaktivni dusikové radikaly, z angl. ,,reactive nitrogen species*
z angl. ,,Repeat in ToXin*

z angl. ,,SH2 domain-containing protein tyrosine Phosphatase*
z angl. ,,small interfering RNA*

z angl. ,,Signal Transducer and Activator of Transcription*

z angl. ,,Toll-Like Receptor*
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Summary

The adenylate cyclase toxin (CyaA) plays a key role in virulence of Bordetella pertussis.
CyaA penetrates CR3-expressing phagocytes and catalyzes the uncontrolled conversion of
cytosolic ATP to the key second messenger molecule cAMP. This paralyzes the capacity of
neutrophils and macrophages to kill bacteria by oxidative burst and opsonophagocytic
mechanisms. Here we analyzed the mechanisms by which CyaA suppresses the production of
bactericidal reactive oxygen and nitrogen species in neutrophils and macrophages,

respectively.

The inhibition of reactive oxygen species (ROS) production by cAMP signaling of CyaA
is most-likely achieved by the combined PKA-dependent inhibition of PLC and Epac-
dependent dysregulation of NADPH oxidase assembly. Activation of PKA or Epac by cAMP
interfered with fMLP-induced ROS production and the inhibition of PKA partially reversed
the CyaA-mediated inhibition of ROS production. CyaA/cAMP signaling then inhibited PLC-
dependent DAG formation, while the PI3K-dependent PIP3 formation was not influenced.
These results suggest that CAMP produced by CyaA influences the composition of target

membranes.

We further show here that cAMP signaling through the PKA pathway activates the
tyrosine phosphatase SHP-1 and suppresses the production of reactive nitrogen species (RNS)
in macrophages. Selective activation of PKA interfered with LPS-induced iNOS expression in
macrophages, while the inhibition of PKA largely restored the production of iNOS in CyaA-
treated murine macrophages. CyaA/cAMP signaling induced SHP phosphatase-dependent
dephosphorylation of the c-Fos subunit of the transcription factor AP-1 and thereby inhibited
the TLR4-triggered induction of iINOS gene expression. Selective siRNA knockdown of the
phosphatase SHP-1, but not of SHP-2, then rescued the production of TLR-inducible RNS in
toxin-treated cells. Finally, the inhibition of SHP phosphatase abrogated B. pertussis survival
inside murine macrophages. These results reveal that an as yet unknown cAMP-activated
signaling pathway controls SHP-1 phosphatase activity and may regulate numerous receptor
signaling pathways in leukocytes. The hijacking of SHP-1 by CyaA action then enables B.
pertussis to evade RNS-mediated killing inside macrophages.

In conclusion, we propose a model of CyaA-provoked signaling which allows Bordetella

pertussis to evade killing by the sentinel cells of the host immune system.
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Introduction and Aims of the Thesis

Despite the high rates of acellular pertussis vaccine intake, whooping cough is a
reemerging disease in developed countries. This respiratory illness is caused by a Gram-
negative coccobacilus Bordetella pertussis that inhibits host immune functions by production
of a whole range of virulence factors. These can be roughly divided into three classes:
complement resistance factors, adhesins, and toxins. The main complement resistance factors
are autotransporters BrkA (Bordetella resistance to killing A) and Vag8 (virulence activated
gene 8). Among the adhesins, filamentous hemagglutinin, pertactin, fimbriae, and tracheal
colonization factor are the most important. Of the known toxins of B. pertussis, the pertussis
toxin, tracheal cytotoxin, dermonecrotic toxin, and adenylate cyclase toxin (CyaA) appear to
play a prominent role in virulence. In this thesis, we focused on the role of CyaA that was

shown to be an essential virulence factor of B. pertussis.

CyaA belongs to the RTX (Repeat in ToXin) protein family and through binding of
the complement receptor 3 (CR3, CD11b/CD18 integrin) it targets the phagocytic cells of the
innate immune system. After binding to the receptor, CyaA either permeabilizes cellular
membrane by a cation-selective pore or delivers its adenylate cyclase (AC) domain into the
cytosol of target cells. After translocation, the AC domain converts cellular ATP into the
second messenger CAMP. The production of cCAMP by CyaA was repeatedly shown to block
phagocytosis, superoxide production, neutrophil extracellular trap (NET) formation, as well
as dendritic cell maturation and antigen presentation. In addition, both CyaA-mediated CAMP
production and pore-formation were shown to contribute to CyaA-provoked cytotoxicity.

In this thesis, the impact of CyaA toxin action on the most important bactericidal
activities of phagocytes, such as the production of reactive oxygen and nitrogen species, and
on dendritic cells activation of the adaptive immune system, is characterized. A description of
the signaling pathways involved in the CyaA-provoked inhibition of the immune response to

B. pertussis is also provided.

Although the global effect of CyaA action on immune cells has been extensively
studied, the exact mechanism of CyaA action and signaling pathways activated by this toxin
remain poorly characterized. Even less is known about the effects of particular CyaA
activities on signaling leading to disruption of bactericidal activities of host cells.
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To clarify these issues, the aims of the thesis were as follows:

1) to characterize the impact of CyaA action on the most important
bactericidal activities of phagocytes, such as the production of reactive oxygen
and nitrogen species, and on processes leading to the activation of the adaptive

immune system and

2) to describe the signaling pathways involved in CyaA-provoked inhibition

of the innate immune response to B. pertussis.
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Materials and Methods

To accomplish our study, we used primary human neutrophils and primary mouse bone
marrow-derived dendritic cells and macrophages, as well as the human monocytic cell line
THP-1 and mouse macrophage-like cell lines RAW264.7 and J774A.1. Mouse cells enabled
us to study signaling pathways that cannot be studied in human cells. To describe the
influence of CyaA on immune cells, we used recombinant CyaA produced in E. coli. We also
used the B. pertussis wild-type strain Tohama I, as well as strains with mutations in CyaA

gene. We further used following methods:
e Production of recombinant proteins in E. coli
e Colorimetric and flourimetric detection of extracellular radicals
e Analysis of membrane composition using mass spectrometry
e Detection of protein and cCAMP using ELISA
e Cell analysis using FACS
e Detection of enzymatic activity in vitro

e Purification and immunodetection of proteins (immunoprecipitation and western
blotting)

e Fluorescence microscopy
e mRNA isolation and cDNA analysis using g-PCR

e Gene silencing using sSiRNA
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Results and Discussion

Whooping cough caused by Bordetella pertussis is a reemerging disease with an
insufficiently understood mechanism of pathogenesis. Deeper characterization of processes
involved in the interaction of B. pertussis with the innate immune system is, therefore, of high
importance. In this thesis, we describe how CyaA, a key virulence factor of Bordetella
pertussis, modulates bactericidal mechanisms of the host. B. pertussis survival is mainly
dependent on its ability to inhibit ROS and RNS production by neutrophils and macrophages,
respectively. We confirmed that the enzymatic activity of the adenylate cyclase toxin plays a
crucial role in Bordetella escape from innate immunity control. This is in agreement with the
already published studies showing the importance of CyaA for B. pertussis virulence
(Goodwin and Weiss, 1990; Khelef et al., 1994; Khelef et al., 1992).

In this thesis, we show that Bordetella pertussis is able to proliferate in the presence of
primary human neutrophils and also to survive for limited period of time after phagocytosis
by mouse macrophages despite its sensitivity to oxidative stress observed here. This result
suggests the ability of B. pertussis to block bactericidal oxidative burst in myeloid
phagocytes.

In line with others, we show here that action of B. pertussis CyaA inhibits production of
ROS by primary human neutrophils (Confer and Eaton, 1982; Eby et al., 2014; Friedman et
al., 1987). We show that this is achieved by the CyaA enzymatic activity-dependent
production of cCAMP and activation of protein kinase A (PKA) and exchange protein directly
activated by cAMP (Epac). PKA action leads to block of phospholipase C (PLC)-dependent
cleavage of phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2) into diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3) thus compromising activation of protein kinase C (PKC).
ROS production stimulated by a direct activation of PLC (by m-3M3FBS, (Bae et al., 2003))
was also sensitive to CyaA action. Targeting of PLC by CyaA was verified also by the
resistance of PKC-dependent ROS production (stimulated by a direct PKC activation by
PMA) to CyaA-provoked signaling. The resistance of PKC to CyaA action is, however, in
contrast with some previously published observations (Eby et al., 2014). This difference may
be explained either by incomplete activation of PKC by Eby and coworkers, who used
suboptimal PMA concentration (Eby et al., 2014), or by PKC isoform selectivity, as Eby and
coworkers evaluated the effects on PKCg only (Gray et al., 2013). In contrast to PLC, CyaA
was unable to inhibit phosphatidylinositol 3,4,5-trisphosphate (P1(3,4,5)P3) formation by
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PI3K, which is activated in parallel to PLC and is also needed for ROS production (Rommel
et al., 2007). The most important signaling pathways for the induction of NOX2 assembly are
depicted on Fig. 1 (see the page 7). Simultaneously with PKA-mediated signaling, Epac
protein most-likely blocks the NADPH oxidase complex assembly by activation of small
GTPase Rapl. Rapl probably sequesters the p47°"°* NADPH oxidase subunit in the
cytoplasm, away of the rest of the complex. This is in agreement with the mechanism
observed in retinal pigment epithelium (Wang et al., 2014). In contrast, CyaA was unable to
block ROS production by primed neutrophils, which can clarify why neutrophils are crucial
for B. pertussis clearance form immunized mice, while playing no role in naive host
(Andreasen and Carbonetti, 2009).

We also showed for the first time that CyaA causes inhibition of RNS production (Cerny
et al., 2015). As in the case of inhibition of ROS production, B. pertussis ability to inhibit
RNS production is strictly dependent on enzymatic activity of CyaA. On the other hand, only
the activity of PKA is needed to block RNS production by CyaA. In contrast with a previous
hypothesis (Cheung et al., 2008), we showed that arginases play no role in the CyaA-
provoked block of RNS production. The inhibition of RNS production by CyaA is acting
already on the transcriptional level, thus blocking expression of the RNS producing enzyme,
the inducible NO synthase (iNOS). The signaling pathways leading to iINOS expression are
illustrated in Fig. 2 (see the page 9). INOS expression is under the control of four main
transcription factors — NF-xB, Statl, IRF1, and AP-1 (Kleinert et al., 2003; Lee et al., 2005;
Pautz et al., 2010). We therefore evaluated activity of these transcription factors. Block of
INOS expression did not result from inhibition of Statl or IRF1. Moreover, CyaA potentiated
activity of NF-xB, which goes well with already observed activation of NF-kB by cAMP (Qi
et al., 2009). In contrast, CyaA/cAMP potently inhibited transcription factor AP-1 by the
activation of SH2 domain containing protein tyrosine phosphatase (SHP). The inhibition of
AP-1 was reverted by the action of SHP-1/2 inhibitor NSC87877. Inhibition of AP-1 was
achieved by blocking of MAPK signaling, probably of JNK. Selective siRNA knockdown of
the SHP-1 isoform, but not of the SHP-2 isoform, rescued the production of RNS in CyaA-
treated macrophages. The role of SHP-1 in blocking INOS expression was already observed
in mouse macrophages infected with Leishmania donovani. This was, however, due to a very
different protease-dependent mechanism (Blanchette et al., 2009; Gomez et al., 2009). We
also evaluated the described role of AKT/PI3K signaling in the RNS production (Tsukamoto
et al., 2008). We have, however, found no role of AKT and PI3K in the RNS production in
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the cellular model used here. Inhibition of SHP-1 further blocked the survival of B. pertussis

in macrophages.

On the other hand, the increased survival of wild-type B. pertussis, as compared to mutant
strains, in experimental infection models (Khelef et al., 1992; Skopova et al., under revision)
may also be due to the CyaA-induced apoptosis of monocytic cells (Basler et al., 2006;
Khelef and Guiso, 1995) Ahmad et al., in print). We showed that the apoptosis of monocytes
provoked by low doses of CyaA was due to the accumulation of the pro-apoptotic BImEL
protein and the association of the pro-apoptotic factor Bax with mitochondria (Ahmad et al.,
in press). This required cAMP/PKA signaling and depended on SHP-1 activity, being
selectively inhibited upon siRNA knockdown of SHP-1. Moreover, signaling of CyaA-
produced cAMP further inhibited the AKT pro-survival cascade, enhancing activity of the
FoxO3a transcription factor and inducing Bim transcription. Hence, synergy of the FoxO3a
activation with SHP-1 hijacking enabled the toxin to rapidly trigger a persistent accumulation
of BIimEL, thus activating the pro-apoptotic program of phagocytes and subverting the innate

immunity of the host (Ahmad et al., in press).

It was previously hypothesized that CyaA influences different MAPK pathways leading to
dysregulation of immune functions of leukocytes. In addition to our above described finding
that CyaA employs the inhibition of JNK to decrease NO production, p38 was shown to be
activated by CyaA in DCs and T lymphocytes (Hickey et al., 2008; Rossi Paccani et al.,
2009), which would also lead to change in development of a proper adaptive immune
response (Adkins et al., 2014; Boyd et al., 2005; Svedova et al., under revision). We show
that, in contrast to its enzymatic activity, pore-forming capacity of CyaA stimulates JNK and
p38 MAPK. This leads to altered gene expression patterns and finally yields dysregulation of
DC maturation, which may explain the adjuvant effect of CyaA-AC" toxoid (Adkins et al.,

2014) Svedova et al., under revision).
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Conclusions

In this thesis we describe the achieved progress in our understanding of mechanisms that

underlie the ablation of the innate immunity by the causative agent of whooping cough —

Bordetella pertussis.

1)

2)

3)

4)

5)

6)

7)

8)

9)

We showed that B. pertussis employs the enzymatic activity of CyaA in order to
survive the initial contact with innate immune cells and to avoid being killed by

oxidative burst of these sentinel cells of innate immunity.

We showed that PKA and Epac collaborate in CyaA/cAMP-triggered inhibition of
ROS production by neutrophils.

We identified PLC as the primary target of CyaA-induced signaling that leads to the
blocking of ROS production by neutrophils.

Using primed neutrophils, we reveal a mechanism that potentially contributes to the

capacity of vaccinated animals to clear B. pertussis infection.

In contrast to the blocking of ROS production, CyaA-dependent PKA activation is

sufficient to block NO production and iINOS expression in macrophages.

We describe here, that the enzymatic activity of CyaA yielding cAMP signaling
inhibits Statl and IRF1 transcription factors and JNK signaling, while it activates the
NF-kB transcription factor. Moreover, the pore-forming activity of CyaA activates
JNK and p38. This dysregulation of signaling pathways then leads to altered gene
expression patterns and finally yields dysregulation of DC maturation.

Furthermore, CyaA enzymatic activity accounts for the blocking of the AP-1-
dependent iINOS expression by the activation of the tyrosine phosphatase SHP-1.

We have identified the activation of SHP-1 by CyaA as a crucial step in the survival of

B. pertussis during interaction with macrophages.

We also described that the inhibition of AKT by cAMP signaling of CyaA is
important for the induction of apoptosis of monocytes, while it does not play any role

in the inhibition of NO production.

10) We proposed a model of CyaA-provoked signaling on myeloid phagocytes (Fig. 3;

see the page 11)
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