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Pouzité skratky

AIM2 Absent in melanoma 2

AP-1 Activator protein 1

ASC Apoptosis-associated speck-like protein containing CARD
BMDMs Bone marrow-derived macrophages
CARD Caspase activation and recruitment domain
CDS Cytosolic DNA sensor

CFU Colony-forming unit

cGAS Cyclic GMP-AMP synthase

CTD Carboxy-terminal domain

FPI Francisella pathogenicity island

GBP Guanylate-binding protein

IFI16 IFN-y inducible protein 16

IFN Interferon

IKK Inhibitor of NF-xB kinase

IL Interleukin

IPS1 IFN-B promoter stimulator 1

IRAK IL-1 receptor-associated kinase

IRF Interferon regulatory factor

LPS Lipopolysacharid



LRR
LVS
MAPKSs
M-CSF
MD2
MyDS88
NF-xB
NLR
NOD
PAMPs
PRR
PYD
RIG-I

RIP

RLU
STING
T6SS
TAB
TAK1
TBK1
TIR
TLR
TNF

TRAF

Leucine-rich repeat

Live vaccine strain

Mitogen-activated protein kinases
Macrophage colony-stimulating factor
Mpyeloid differentiation factor 2
Myeloid differentiation factor 88
Nuclear factor-kappa B

NOD-like receptor
Nucleotide-binding oligomerization domain
Pathogen-associated molecular patterns
Pattern recognition receptors

Pyrin domain

Retinoic acid-inducible gene-I
Receptor-interacting protein
RIG-I-like receptor

Relative light unit

Stimulator of IFN genes

Type 6 secretion system

TAKI1 binding protein
TGF-B-activated kinase 1
TANK-binding kinase 1
Toll/interleukin 1 receptor

Toll-like receptor

Tumor necrosis factor

TNF receptor-associated factor



TRAM TRIF-related adaptor molecule
TRIF TIR domain-containing adaptor-inducing IFN-3

VSV Vesicular stomatitis virus

1 Teoreticka cast’

1.1 Francisella tularensis

Francisella tularensis (F. tularensis) predstavuje pdvodcu zoonotického
ochorenia nazyvaného tularémia alebo zaja¢i mor. Tento aerébny, nepohyblivy,
gramnegativny kokobacil bol prvykrat identifikovany u malych hlodavcoch trpiacich na
ochorenie podobné moru v oblasti Tulare v Kalifornii, podl'a ktorej bol pomenovany
Bacterium tularense (Mccoy and Chapin 1912). Prvy pripad l'udskej infekcie bol
zaznamenany v roku 1914 v Ohiu (Wherry and Lamb 1914). Etiologicky agens bol avSak
vyizolovany z krvi pacientov postihnutych tzv. deer-fly fever az o par rokov neskor Dr.

Edwardom Francisom, na ktorého pocest bol tento patogén premenovany (Francis 1921).

1.1.1 Taxonomia a geograficka distribucia

Na zéklade sekvenacnej analyzy 16S rRNA bola F. tularensis zaradend do rodu
Francisella v ¢eladi Francisellaceae, ktora prislicha do triedy Gammaproteobacteria
(Forsman et al. 1994; McLendon et al. 2006). V stcasnosti do druhu F. tularensis patria
tri poddruhy, subsp. tularensis, holarctica a mediasiatica, liSiace sa svojim geografickym
vyskytom a patogenitou (Tab. 1-1) (Oyston 2008). Medzi najvirulentnejsi poddruh sa
radi F. tularensis subsp. tularensis (typ A), vyskytujica sa najmi v Severnej Amerike.
Rozlisuju sa tu dve geneticky rozdielne subpopulacie Al a AIl (Johansson et al. 2004),
pricom Al sa dodato¢ne deli na skupinu Ala a Alb. Tularémia u 'udi vyvoland skupinou
Alb ma v porovnani so subpopulaciami Ala a AIl zdvaznejsi priebeh a vySSiu mieru
umrtnosti (Carvalho et al. 2014). F. tularensis subsp. holarctica (typ B) vyvolava
miernejSiu formu ochorenia a objavuje sa hlavne v Severnej Amerike, Eurdpe, ale taktiez
Azii. Treti poddruh F. tularensis subsp. mediasiatica sa svojou virulenciou podoba F.

tularensis typu B, av§ak je ho moZné najst’ len v Centralnej Azii. Za menej Gastého



povodcu tularémie u I'udi je povazovany druh F. novicida, ktory sa vyskytuje hlavne v
Severnej Amerike a Australii (Johansson et al.

2004; Larsson et al. 2009; Kingry and Petersen 2014).
Tab. 1-1: Geografické rozSirenie a virulencia F. tularensis

F. tularensis LDs (CFU)*
Subpopulacie Vyskyt ]
subsp. Mysi
Ludia
Al Severna Amerika, Slovensko
tularensis . <10 <10
All Severna Amerika
BI Eurazia <10
BII Severna Amerika, Svédsko
BIII Severna Amerika, Eurdzia
holarctica <1

Severna Amerika, Svédsko,

LEAR Spanielsko, Francuzko
BV Japonsko
mediasiatica - Centralna Azia n n

2 Vsetky davky boli podavané subkutanne. n, neznama. Prevzaté

a upravené z: (Ellis et al. 2002; Johansson et al. 2004).

1.1.2 Epidemiologia

V sucasnosti tularémia predstavuje ochorenie vyskytujice sa s prirodnou
ohniskovostou v mnohych cCastiach severnej pologule. Pripady infekcie I'udi su hladsené
najmd z oblasti Severnej Ameriky, konkrétne z USA, ale taktiez z Japonska, Ruska,
Skandinavie a centrilnej Eurépy (Tarnvik and Berglund 2003). V roku 2010 bolo
eurépskym Centrom pre kontrolu a prevenciu choréb zaznamenanych 891 pripadov
tularémie v Eurdpe, pri¢om najvys§ia incidencia bola hlasena vo Svédsku, Finsku a
Mad’arsku (Eliasson et al. 2002; Carvalho et al. 2014). Na druhu stranu, v niektorych
krajinach, ako je Rakusko alebo Velka Britania, bol vyskyt ochorenia pozorovany len

sporadicky (Carvalho et al. 2014).

Napriek tomu, Ze tularémia postihuje Siroku skalu divoko Zijicich zvierat, vratane
hlodavcov, zajacovitych, hmyzozravcov, misozravcov, kopytnikov, vackovcov, vtakov,
obojzivelnikov, ryb a taktiez bezstavovcov, zostdva jej primarny rezervoar stale neznamy
(Morner 1992; Pechous et al. 2009; Santic et al. 2010). Vyskyt tularémie v prirode je
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primarne spajany s réznymi druhmi hlodavcov, kralikov alebo zajacov, u ktorych ma ale
ochorenie v mnohych pripadoch akutny priebeh (Pechous et al. 2009). Nedavne stadie
odhalili schopnost’ F. tularensis subsp. holarctica prezivat a rast v Acanthamoeba
castellanii, ktord moze predstavovat’ dlho hl'adany rezervoar tohto patogéna (Santic et al.
2010).

Za primarnu cestu nakazy je u tularémie povazovany transmisivny prenos F.
tularensis Clankonozcami, konkrétne kliestami, komarmi alebo ovadmi (Santic et al.
2010). Okrem toho mé6ze dochéadzat k infekcii aj pozitim kontaminovanej vody ¢i jedla,
inhalaciou aerosolu obsahujuceho F. tularensis alebo priamym kontaktom s infikovanymi

zvieratami (Morner 1992; Tarnvik and Berglund 2003).

1.1.3 F. tularensis ako potencialna biologicka hrozba

Z dovodu nizkej infekénej davky, moznému prenosu aerogénnou cestou a
schopnosti vyvolat smrtelné ochorenie bola F. tularensis klasifikovand americkym
Centrom pre kontrolu a prevenciu chordb ako biologicky agens kategorie A (Centers for
Disease Control and Prevention. 2000). Prvé zmienky o jej moznom zneuziti ako
biologickej zbrane pochadzajii uz zo staroveku z oblasti Malej Azie. Predpoklada sa, Ze
Chetiti zamerne zasielali kontaminované zvieratd F. tularensis svojim nepriatelom s
cielom infikovat’ protivnika (Trevisanato 2007). Zaujem o F. tularensis v novodobych
dejinach vyznamne naréstol v obdobi 2. svetovej vojny. Nielen v Japonsku, ale i v USA
a Sovietskom zvize zacalo rozsiahle stidium biologickych agens za ucelom vojenského
vyuzitia (Dennis et al. 2001). Svetova zdravotnicka organizacia oznacdila F. tularensis za
biologickt hrozbu a odhadla, ze rozptylenie 50 kg tejto baktérie vo forme aeros6lu nad
oblastou s 5 milionmi obyvatel'ov by mohlo vyvolat’ 19 000 amrti a zavazné ochorenie
postihujuce 250 000 I'udi (World Health Organization 1970). Kratko na to bol vydany
Dohovor o zédkaze vyvoja, vyroby a hromadenia zasob bakteriologickych a toxinovych
zbrani, na zaklade ktorého bol v mnohych krajinach ukonceny vyzbrojovaci program
(UNODA 2017; IC 2017). Do popredia sa opatovne dostalo Stadium biologickych agens,
vratane F. tularensis, po roku 2001 v dosledku narastajicej hrozby ich mozného zneuzitia

pocas teroristického utoku.
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1.14 Tularémia

Tularémia je akatne febrilné ochorenie, ktoré postihuje ako zvieratd tak i l'udi.
Priebeh tohto ochorenia zavisi na mieste vstupu F. tularensis, infekénej davke, virulencii
baktérie a stave imunitného systému hostitel'a (Ellis et al. 2002). Nahlemu prepuknutiu
ochorenia predchadza inkubacné doba trvajiica 3 az 5 dni, vynimoc¢ne az 21 dni. Vysoké
teploty sprevadzané symptomami pripominajucimi chripku mozu viest’ v skorej faze
tularémie k nespravnej diagnoze a oddialeniu ucinnej liecby, co mdze mat’ v niektorych

pripadoch fatalne nasledky (Tarnvik and Berglund 2003).

1.1.4.1 Klinické formy tularémie

V zévislosti na mieste vstupu infekcie je rozliSovanych niekolko klinickych
foriem ochorenia. NajbeznejSou podobou je ulceroglanduldrna tularémia, ktora vznika
transmisivnym prenosom clankonozcami alebo priamym kontaktom s nakazenymi
zvieratami (Tarnvik and Berglund 2003). V mieste vstupu infekcie sa vytvara bolestivy
vred, ktory je nasledovany zvacSenim regiondlnych lymfatickych uzlin (Ohara et al.

1991).

Okuloglanduldrna tularémia je menej Castd forma ochorenia a je spdsobena
priamym kontaktom baktérie s okom. V pripade pozitia kontaminovanej vody alebo jedla
dochddza ku vzniku orofaryngealnej tularémie, ktord je doprevddzand ulcerativnou
stomatitidou a faryngitidou. Touto cestou prenosu moze byt vyvoland aj
gastrointestindlna forma ochorenia, ktorej priebeh avSak zavisi od mnozstva infekéne;j

davky (Téarnvik and Berglund 2003).

Zanajzavaznejsi stav je povazovana respiracnd tularémia, ktord vznika v désledku
inhalacie aerosélu obsahujuceho F. tularensis alebo bakteridlneho Sirenia sa
hematogénnou cestou. Pokial’ je ochorenie vyvolané najvirulentnejsim poddruhom F.

tularensis a nie je v€as stanovena efektivna lie€ba, mdze byt miera imrtnosti az 60 %

(Téarnvik and Berglund 2003).

1.1.4.2 Terapia tularémie

Liecba tularémie spociva v podavani aminoglykozidovych, tetracyklinovych a

fluorochinolonovych antibiotik. Historicky sa pouzivali ako liek prvej volby
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aminoglykozidy, ktoré maji baktericidnu aktivitu a je tu pomerne malé riziko relapsu
ochorenia. AvSak z dovodu ich cytotoxického pdsobenia a nutnosti parenteralnej a
intravenoznej aplikacie sa podavaji nakoniec len v najzdvaznejSich pripadoch. Ako
alternativna terapia st vyuzivané tetracykliny aj napriek ich bakteriostatickému
posobeniu a vysokému riziku relapsu choroby (Dennis et al. 2001; Oyston 2008).
Doélezitého zastupcu predstavuje doxycyklin, ktory bol ucinny pri liecbe tularémie
vyvolanej F. tularensis subsp. holarctica (Tarnvik and Berglund 2003). Dalsou
moznost'ou volby su taktiez fluorochinolonové antibiotika, kde sa v in vitro a in vivo
testoch osvedcil napr. ciprofloxacin (Dennis et al. 2001; Johansson et al. 2001; Oyston

2008).

1.1.4.3 Vakciny proti tularémii

Vakciny predstavuju jeden z dolezitych nastrojov prevencie a profylaxie
infekénych chorob. Bohuzial’, v pripade tularémie st navzdory dlhoro¢nému tsiliu o ich
vyvoj stale nedostupné. V minulosti si zasluzila najvac¢siu pozornost’ Ziva atenuovana
vakcina, tzv. live vaccine strain (LVS), ktord bola pripravend mnohopocetnym
pasédzovanim atenuovanej F. tularensis subsp. holarctica (Eigelsbach and Downs 1961).
Z dat ziskanych na dobrovolnikoch je zname, Ze podanie LVS vo forme aerosolu
poskytovalo protektivnu ochranu proti infekcii spdsobenej najvirulentnej$im poddruhom
F. tularensis (McCrumb 1961). Avsak vakcina nebola schvalena Uradom pre kontrolu
potravin a lie¢iv z dovodu neznameho mechanizmu atenuacie, moznej reverzie virulencie
a variabilnej imunogenicite (Hornick and Eigelsbach 1966; Hartley et al. 2006; Petrosino
et al. 2006). Preto sa v sucasnosti sustred’uju vSetky snahy na vyvoj bezpecnej a efektivnej
vakciny, u ktorej bude znamy presny mechanizmus posobenia a ktora bude schopna
navodit’ protektivnu imunitnt odpoved’ voci respiracnej tularémii vyvolanej F. tularensis

subsp. tularensis.

1.1.5 Hostitel’ska imunitna odpoved’ vo¢i F. tularensis

Vzhladom na intracelularny parazitizmus F. tularensis sa dlhit dobu
predpokladalo, ze najddlezitejSiu ulohu v hostitel'skej obrane bude zohravat bunkami
sprostredkovand imunitna odpoved’. Odhalovanim novych poznatkov sa vSak ukazuje, Ze

pre potlacenie infekcie vyvolanej touto baktériou je doblezitad sucinnost’ bunkovej aj
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humoralnej imunity, a to hlavne profesionalnych fagocytov, cytokinov produkovanych
T-lymfocytmi ako aj protilatkovej odpovede (Kirimanjeswara et al. 2008; Cole et al.
2011).

Hostitel'ska imunitnd obrana je v skorej faze infekcie F. tularensis kontrolovana
profesionalnymi fagocytmi, ako st makrofagy, dendritick¢é bunky alebo neutrofily
(Kirimanjeswara et al. 2008). Po prvotnom kontakte s baktériou dochadza
prostrednictvom signalizacnej drahy tzv. Toll-like receptor (TLR) 2 ku produkcii
prozépalovych cytokinov a chemokinov, ktoré ovplyviiuji diferenciaciu T-lymfocytov
ako aj indukciu antimikrobiadlnych molekul (Katz et al. 2006; Cole et al. 2007; Cowley
and Elkins 2011). Hlavnou ulohou klIti¢ového proteinu Thl-cytokinovej odpovede
interferonu (IFN)-y je navodenie mikrobicidneho stavu v infikovanych bunkéach
prostrednictvom aktivacie inducibilnej NO syntazy (Anthony et al. 1992; Lindgren et al.
2004b). Jeho hlavnym zdrojom s T-lymfocyty a NK-bunky, priCom jeho produkcia je
regulovana pomocou interleukinu (IL)-12p40, ale aj IL-17A (Karttunen et al. 1991;
Elkins et al. 2002; De Pascalis et al. 2008; Lin et al. 2009). Okrem IFN-y prispieva k
potlaceniu infekcie vyvolanej F. tularensis aj tzv. tumor necrosis factor o (TNF-a),
cytokin Zzirnych buniek IL-4 (Ketavarapu et al. 2008) a anti-lipopolysacharidové
protilatky tvorené Bla B-lymfocytmi (Cowley and Elkins 2011).

Niekol'ko dni po infekcii sa objavuji $pecifické CD4"a CD8" T-lymfocyty, ktoré
zabezpecuju dlhotrvajucu protektivnhu imunitni odpoved’ (Koskela and Herva 1982;
Surcel et al. 1991; Ericsson et al. 2001). Z pohladu potlacenia primarnej infekcie
predstavuju afy T-lymfocyty dbleziti zlozku protektivnej imunity a to aj vd’aka produkeii
efektorovych cytokinov IL-17A, IFN-y ako aj TNF-a a naslednej amplifikacii tvorby
reaktivnych dusikatych metabolitov (Surcel et al. 1991; Sjostedt et al. 1992; Lin et al.
2009). Pocas skorej faze infekcie bola vSak detegovana aj pritomnost’ yo Tlymfocytov
rozliSujacich Specifické fosfoantigény F. tularensis. Predpokladé sa, ze vzhl'adom na ich
schopnost’ perzistovat’ u pacientov az vyse roka bude ich tloha vyznamna (Poquet et al.
1998; Kroca et al. 2000).

Okrem T-lymfocytov maji svoj podiel na protektivnej imunite aj Specifické
Blymfocyty a protilatkova odpoved’ (Lavine et al. 2007; Kirimanjeswara et al. 2008; Cole
et al. 2011; Kubelkova et al. 2012). V priebehu 1. tyzdiia infekcie sa objavuju v krvi

pacientov sérové protilatky IgM, IgG a IgA, ktoré su namierené primarne proti
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lipopolysacharidu (LPS) F. tularensis (Koskela and Salminen 1985). Dalsie ciele
vznikajacich protiladtok predstavuju proteiny vonkajSej membrany F. tularensis FopA a

OmpA ako aj intracelularne proteiny GroEL a KatG (Sundaresh et al. 2007).

1.1.6 Intracelularny osud F. tularensis

F. tularensis predstavuje baktériu zndmu svojou schopnost’ou invadovat’ a mnozit’
sa v rade hostitel'skych buniek. U cicavcov tvoria primarny ciel’ makrofagy, ktoré jej
poskytuju tkryt pred pésobenim extracelularnych zloziek vrodenej imunity, ale taktiez
miesto pre replikdciu a néslednt disemindciu do distalnych organov. Okrem toho je F.
tularensis vSak schopna infikovat’ aj iné typy buniek, vratane d’alSich fagocytujucich
(dendritické bunky, neutrofily), ako aj nefagocytujucich (hepatocyty, endotelidlne bunky
alebo fibroblasty) (Hall et al. 2008; Jones et al. 2012a; PizarroCerda et al. 2016).

ROS

NADPH/ ‘

oxldaza

\ 16-24 hod
-Q Bunkova
\ CR3 \
\ EEAL -
-~ \

CDe3
\LAMP-l &
15-30 min —
A 4 -20 hod
LAMP-2
30-60 min

chR

Obr. 1-1: Stadia intracelulirneho Zivota F. tularensis v makrofagoch. F. tularensis je
rozliSovana celou radou makrofagovych receptorov (FcyR, SRA, MR alebo CR3). Po jej pohlteni
sa nachadza vo fagozome, ktory postupne ziskava znaky skorého (EEA1) ako aj neskorého
(Lamp1/2, CD63) endozomu. F. tularensis nasledne vyuziva mnozstvo mechanizmov, ktoré jej
umoznuju zmiernit poésobenie antimikrobialnej obrany. Jeden z nich je schopnost’ blokovat
NADPH oxidazu alebo detoxikovat’ reaktivne formy kyslika. Po tteku F. tularensis do cytosolu
dochadza k vyraznému pomnozeniu baktérie, autofagii a indukcii bunkovej smrti. Prevzaté a
upravené z: (Pechous et al. 2009; Jones et al. 2012a).

1.1.6.1 Invazia do hostitel’skej bunky
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Po prvom kontakte F. tularensis s hostiteI'skou bunkou, dochadza k jej naviazaniu
sa na povrchové receptory a k naslednému pohlteniu unikatnym fagocytéze podobnym
mechanizmom prostrednictvom tzv. pseuodpod loops (Obr. 1-1). Tieto asymetrické
vybezky plazmatickej membrany vytvarajl priestornu Struktiru, ktord obkl'ucuje patogén
a vedie k jeho néslednej internalizacii za ui€asti aktinovych mikrofilament (Clemens et al.
2005). F. tularensis vyuziva pre invaziu do hostitel'skej bunky celt radu membranovych
receptorov, priCom miera jej inkorpordcie a intracelularny osud zavisi taktiez na
pritomnosti a povahe opsonizéacie. Na vstupe F. tularensis opsonizovane] sérom sa
podiel'aju komplementové receptory (hlavne CR3, CR1, a CR4), scavengerovy receptor
A (SRA) a taktiez membranovy nukleolin (Pierini 2006; Barel et al. 2008; Moreau and
Mann 2013). V pripade opsonizécie baktérie protilatkou, najmé IgG, zohréva svoju rolu
i1 Fc receptor (FcyR). Fagocytoza sprostredkovand CR3 a FcyR receptormi ma za nésledok
oddialenie fagozomalneho uniku baktérie a obmedzenie jej replikacie v cytosole (Geier
and Celli 2011). Prijem neopsonizovanej F. tularensis cez manozovy receptor (MR) vedie
naopak k urychleniu bakteridlneho uteku do cytosélu a pocetnému pomnoZeniu sa
(Balagopal et al. 2006; Schulert and Allen 2006). Dolezita Glohu v internalizacii F.
tularensis zohravaji 1 lipidové rafty s vysokym podielom cholesterolu. Tieto
membranové mikrodomény predstavuji vyrazne koncentrovanu oblast’ receptorov a
signalizaénych molekul, ktoré¢ interaguju s baktériou pri jej vstupe (Moreau and Mann

2013).

1.1.6.2 Fagozomalne Stadium

Po pohlteni baktérie vznika tzv. Francisella-containing phagosome (FCP), ktory
ziskava pocas endocytického vyvoja znaky skorého (EEA1), ale aj neskorého endozomu
(Lamp1/2, Rab7GTPaza, CD63) (Obr. 1-1). Cely tento proces od zaciatku biogenézy
FCP je pomerne kratky a trva zhruba 15 az 30 mintt. Za normalnych okolnosti fagozém,
ktory bol acidifikovany pomocou protonovych ATPazovych pimp, fizuje s lyzozémom,
kde sa degraduje véacsSina pohltenych baktérii. AvSak v pripade F. tularensis k tomuto
hostitel'skému obrannému mechanizmu nedochadza. V priebehu 30 az 60 minat
neopsonizovana baktéria unika do bunkového cytosolu, kde sa mohutne replikuje. Tento
proces je za pritomnosti opsonizacie oddialeny a dochddza k nemu az v priebehu 2 az 4

hodin. Molekulédrne mechanizmy, ktoré vyuziva F. tularensis ku svojmu Uniku zostavaju
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aj nad’alej otdzne (Santic et al. 2010; Pizarro-Cerda et al. 2016). Predpoklada sa, ze by v
tomto deji mohol zohravat dolezita ulohu sekrecny systém typu 6 (T6SS) (Nano and

Schmerk 2007; Spidlova and Stulik 2017; Brodmann et al. 2017).

T6SS bol objaveny pomerne neddvno a predstavuje dolezity virulenény faktor
mnohych gram-negativnych patogénov, vratane Vibrio cholerae, Salmonella enterica
alebo Escherichia coli. Tento Specializovany aparat umoziuje baktériam transportovat’
ich efektorové proteiny do ciel'ovych hostitel'skych buniek (Pizarro-Cerda et al. 2016). V
pripade F. tularensis zohrava T6SS dolezitu ulohu vo fagozomdlnom tUniku baktérie.
Tento sekrecny systém je koédovany tzv. Francisella pathogenicity island (FPI)
predstavujucim zhruba 30 kb velkll oblast gendému, ktora je zdvojend u vSetkych
poddruhov F. tularensis (Nano and Schmerk 2007; Larsson et al. 2009). U mnohych
génov exprimovanych z tejto oblasti (iglC, pdpA, vrgG) alebo regulujucich ich expresiu
(mglA, fevR) bola preukazana ucast’ na fagozomalnom uniku a cytosolickej replikacii F.
tularensis (Baron and Nano 1998; Lindgren et al. 2004a; Santic et al. 2005; Brotcke and
Monack 2008; Barker et al. 2009). Okrem toho, kryo-elektronova mikroskopia odhalila,
ze puzdro tohto sekrecného systému je tvorené produktmi génov FPI, a to ig/4 a iglB
(Clemens et al. 2015). Presny mechanizmus pdsobenia T6SS avsak aj nad’alej zostava

predmetom Studii.

Pred tym, nez F. tularemsis unikne do cytosolu musi celit fagozomalnej
antimikrobialnej obrane, vratane pdsobenia reaktivnych foriem kyslika (ROS). Ich tvorba
je zabezpeCena prostrednictvom NADPH oxidazy, ktord stoji za produkciou
superoxidovych radikdlov z molekularneho kyslika (Obr. 1-1). Tento mnohopocetny
enzymovy komplex sa skladd do funkéného celku v priebehu aktivacie fagocytu z
membranovych (gp91Ph°* a p22Piox) a cytosélickych podjednotiek (p47Phox, pdOPiox 3
p67°%) (Celli and Zahrt 2013). Avsak ako mnohé iné patogény si F. tularensis vyvinula
obranné mechanizmy proti posobeniu NADPH oxidazy. Jednym z nich je blokacia jej
spravneho zlozenia prostrednictvom kyslej fosfatazy AcpA (Mohapatra et al. 2010) alebo
priama detoxikacia ROS sprostredkovana bud’ bakteridlnou katalazou alebo superoxid
dismutézou (Bakshi et al. 2006; Lindgren et al. 2007).
1.1.6.3 Cytosdlicky osud

V priebehu svojej replikacie v cytosodle je F. tularensis nlitend prisposobit’ svoje

nutricné potreby dostupnym zdrojom zivin. V mySich embryonalnych fibroblastoch F.
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tularensis indukuje ATGS5-nezavislu formu autofagie, ktord jej zabezpeCuje dostatocny
prisun aminokyselin potrebnych pre proteinovu syntézu alebo jej sluzi ako zdroj uhlika.
Napriek tomu, Ze sa F. tularensis v priebehu tohto deja nachadza v tesnej blizkosti
autofagozomov, nepodliecha degradacii xenofagiou. Jej pritomnost v LC3pozitivnych
vakuolach s dvojitou membranou bola zaznamenana len v pripade naruSenia jej replikacie
(Chong et al. 2012). Studie ukazuji, ze F. tularensis, ako aj iné intracelularne patogény,
ovplyviiuje proces autofagie za ucelom udrzania bakteridlnej proliferacie a prezitia v
cytosole (Chong et al. 2012; Steele et al. 2013; Case et al.

2014).

1.1.6.4 Sekundarna infekcia hostitel’skych buniek

Po uniku F. tularensis do cytosélu dochadza k vyraznej bakterialnej proliferécii a
naslednej indukcii apoptickej alebo pyroptickej bunkovej smrti (Lai et al. 2001; Henry et
al. 2007). F. tularensis je po rozruseni membrany hostitel'skej bunky uvolnena do
extracelularneho priestoru a nasledne infikuje okolit¢ bunky. Nedavne stidie vSak
odhalili, ze F. tularensis sa je schopna S$irit' aj bez naruSenia celistvosti a zivotnosti
hostitel'skych buniek. V priebehu tohto procesu podobnému trogocytdze, baktéria
vyuziva pre svoj transfer vzajomna vymenu cytoplazmy hostitel'skymi bunkami (Steele
et al. 2016; Pizarro-Cerda et al. 2016).

1.2 Bunkova signalizacia veduca k zapalovej odpovedi

Vrodend imunitnd odpoved’ predstavuje prva liniu hostitel'skej obrany proti
invadujicim patogénom. V priebehu infekcie je zodpovedna za rozliSenie mikrobidlneho
povodcu prostrednictvom tzv. pattern recognition receptors (PRR), ktorych hlavnou
ulohou je detekcia evoluéne zachovanych $truktir patogénov, tzv. pathogen-associated
molecular patterns (PAMPs) a molekul pochadzajucich z poskodenych buniek, tzv.
damage-associated molecular patterns. Po rozliSeni tychto stimulov dochadza ku
kaskadovitej aktivacii signalnych drah, vratane transkripénych faktorov tzv. nuclear
factor-kappa B (NF-kB) a tzv. IFN regulatory factor (IRF), veducej ku produkcii
prozépalovych cytokinov, IFN typu I alebo d’alSich medidtorov. Vyslednym efektom
tychto procesov je skora hostitel'ska imunitna odpoved’ veduca k elimindcii patogéna ako
aj formovaniu rozvijajucej sa adaptivnej imunity (Mogensen 2009; Kawasaki and Kawai

2014).
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1.2.1 TLR

Hlavnu rodinu receptorov PRR predstavuji TLR, ktoré st u mysi zastipené 12
(TLR1 -TLRY, TLR11 - TLR13) au I'udi 10 ¢lenmi (TLR1 - TLR10) (Newton and Dixit
2012; Kawasaki and Kawai 2014)). Kazdy TLR sa skladé z tzv. leucine-rich repeat (LRR)
domény zodpovednej za detekciu PAMPs a tzv. Toll/interleukin 1 receptor (TIR) domény
zabezpecujucej naslednt transdukciu signdlu a aktivaciu prozapalovej alebo IFN
odpovede typu I (Botos et al. 2011). TLR st exprimované najmid na antigén
prezentujicich bunkach, ako st dendritické bunky alebo makrofagy, ale taktiez na
fibroblastoch a epitelidlnych bunkéach. Na zéklade bunkovej lokalizacie je mozné TLR
rozdelit’ do 2 podrodin, a to na TLR vyskytujuce sa na bunkovom povrchu (TLR1 - TLR2,
TLR4 - TLR6 a TLR10) alebo v intracelularnych endolyzozémoch (TLR3, TLR7 - TLR9Y,
TLR11 - TLR13) (Tab. 1-2) (Kawasaki and Kawai 2014).

Povrchové TLR rozliSuju celt radu mikrobialnych komponent (Tab. 1-2). TLR2
deteguje v podobe heterodiméru s TLR1 alebo TLR6 tri- alebo diacylované lipoproteiny,
peptidoglykan, kyselinu lipoteichoovi, zymosan alebo manan (Mogensen 2009;
Kawasaki and Kawai 2014). Okrem toho TLR2 vytvéara komplex aj spolu s TLR10, ktory
rozliSuje PAMPs pochadzajuce z listérii (Regan et al. 2013). TLR4 rozliSuje bakterialny
LPS za spolutcasti tzv. myeloid differentiation factor 2 (MD2) a ko-receptoru CD14
(Kim et al. 2007; Park et al. 2009). Okrem toho sa tento receptor podiela aj na detekcii F
proteinu respiracného syncycialneho virusu (RSV) alebo proteinov pochddzajucich z
virusu mysieho mammarneho karcindomu (MMTYV) (KurtJones et al. 2000; Rassa et al.
2002). Za rozlisenie flagelinu z bicikatych baktérii zodpovedd TLRS, ktory je vyznamne

exprimovany najmi na dendritickych bunkach v tenkom ¢reve (Pandey et al. 2015).

Tab. 1-2: TLR a ich ligandy

TLR Ligand Pévod ligandu

triacylované a diacylované lipoproteiny,
manan, kyselina lipoteichoova,

2/1,2/6 peptidoglykén, zymosan Baktérie, huby

3 dsRNA, siRNA RNA virusy

4 LPS, fazny protein RSV a MMTV Gram- baktérie, RNA virusy
5 Flagelin Baktérie
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7,8 ssRNA, kratke useky dsRNA Baktérie, RNA virusy

9 Nemetylované CpG DNA, hemozoin Baktérie, DNA virusy, prvoky
10* Neznadmy Baktérie

11° Flagelin, profilin Baktérie, prvoky

12° Profilin Prvoky

13° 23S rRNA Gram - a Gram+ baktérie

2exprimovany len u Pudi; ® exprimovany len u my$i

Prevzaté a upravené z: (Mogensen 2009; Broz and Monack 2013; Pandey et al. 2015).

Ligandy intracelularnych TLR su najmé nukleové kyseliny (Tab. 1-2). TLR3
rozpoznava virusovi dvojvlaknovi (ds) RNA, ale taktiez tzv. small interfering RNA
(siRNA). TLR7 spolu s TLR8 zodpovedaju za rozliSenie jednovlaknovej (ss) RNA.
Nemetylovanid DNA bohatd na motivy CpG, ale aj hemozoin rozozndva TLRY. Dalsi
detektor flagelinu predstavuje TLR11, ktory interaguje aj s PAMPs uropatogénnych
baktérii. Navyse, TLR11 vytvara s TLR12 heterodimér zodpovedny za detekciu profilinu
z Toxoplasma gondii. TLR13 zabezpeCuje rozliSovanie zloziek virusu vezikularnej
stomatitidy (VSV) a 23S ribozomalnej RNA (Mogensen 2009; Kawasaki and Kawai
2014).
1.2.1.1 Signalizacia riadena TLR

Charakter bunkovej signalizacie zahajenej prostrednictvom TLR sa lisi v
zévislosti od ucastniacich sa adaptorovych proteinov. Okrem TLR3, takmer vsetky TLR
vyuzivaju pre prenos signalu tzv. myeloid differentiation factor 88 (MyD88) bud’ priamo
(TLRS, TLRS8 - TLR11) alebo v kombinacii s TIRAP/Mal (TLR1/2, TLR2/6, TLR4)
(Kawasaki and Kawai 2014). MyD88 obsahuje okrem TIR domény aj tzv. death domain
(DD), ktord mu umoznuje viazbu na DD tzv. IL-1 receptor-associated kinase (IRAK) (Lin
et al. 2010). Adaptorovy protein tzv. TIR domain-containing adaptor-inducing IFN-3
(TRIF; zndmy aj ako TICAMI) sa ucastni signalizacie riadenej TLR3 a TLR4. Avsak v
pripade endocytovaného TLR4 dochadza k vyuzitiu aj tzv. TRIF-related adaptor
molecule (TRAM; znamy aj ako TICAM2). Prenos signalu prostrednictvom TRIF je
zabezpeceny okrem TIR domény aj s tzv. receptor-interacting protein (RIP) kinase
homotypic interaction motif (Newton and Dixit 2012).

Po stimulacii TLR dochadza k vytvoreniu signalizaéného komplexu nazyvaného

»myddosome”, ktory obsahuje okrem MyD88 aj ¢lenov rodiny IRAK (Obr. 1-2). V
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priebehu jeho vzniku dochadza k autofosforylacii IRAK4, ktora je dolezita pre naslednt
aktivaciu IRAK?2 alebo IRAKI1 a ich interakciu s tzv. TNF receptorassociated factor 6
(TRAF6) (Lin et al. 2010). Tato E3 ubikvitin-ligdza spolo¢ne s E2 ubikvitin-
konjugujicimi enzymami Ubc13 a Uev1A katalyzuje vznik polyubikvitinovych retazcov
prepojenych cez lyzin 63 (K63). Ich detekcia tzv. TGF-Bactivated kinase 1 (TAK1)
binding protein (TAB) 2 a TAB3 zohréava kl'i¢ovu tlohu v aktivacii TAK1 (Adhikari et
al. 2007; Yin et al. 2009; Ajibade et al. 2013). Tato kindza umoziiuje fosforylaciu tzv.
inhibitor of NF-xB (IkB) kinase (IKK)-B a tzv. mitogen-activated protein kinases
(MAPKS). IKK-B tvori spolu s IKK-a a tzv. IKKy (znamy aj ako NEMO) komplex IKK,
ktory je zodpovedny za fosforylaciu inhibitora NF-kB, IxBa. Ten nasledne podlicha
degradacii v proteazome a uvolneny NF-kB je translokovany do jadra, kde stimuluje
prozépalovi odpoved’ (Newton and Dixit 2012; Kawasaki and Kawai 2014). Stimulécia
¢lenov rodiny MAPKs (ERK1/2, p38 a INK) vedie k aktivacii transkripcného faktora tzv.
activator protein 1 (AP-1), ktory sa taktieZ podiel'a na regulacii expresie cytokinov
(Kawasaki and Kawai 2014; Pandey et al. 2015).

V plazmacytoidnych dendritickych bunkdch vedie aktivacia signalizacného
komplexu MyD88-IRAK4-IRAK1-TRAF6 prostrednictvom TLR7 alebo TLRY aj k IFN
odpovedi typu L. Pre tento proces je dolezita pritomnost’ aj E3 ubikvitin-ligazy, TRAF3,
ktora sa ucastni spolo¢ne s IKK-a aktivacie IRF7 alebo IRF1 (Mancuso et al. 2009; Takeuchi
and Akira 2010; Kawasaki and Kawai 2014).
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Obr. 1-2: TLR a ich signaliza¢né drahy. Po rozliseni ligandu receptorom TLR dochadza k
aktivacii adaptorového proteinu MyD88 alebo TRIF a indukcii prozapalovej alebo IFN odpovede
typu L. Prevzaté a upravené z: (Feng and Chao 2011; Patel et al. 2012).

V pripade stimulacie receptora TLR3 alebo TLR4 je signal transdukovany cez
adaptorovy protein TRIF, ktory sa spolupodiel’a s jeho interakénymi partnermi RIP1 a
TRAF6 na indukcii NF-kB alebo AP-1 (Obr. 1-2). TRIF interaguje aj s TRAF3, ktory je
nepostradatelny pre indukciu tzv. TANK-binding kinase 1 (TBK1) a IKKi (znamy aj ako
IKKe). Podobne ako u TRAF6, TRAF3 spolupracuje s E2 ubikvitinkonjugujicimi
enzymami Ubcl3 alebo Ubc5 a katalyzuje K63-polyubikvitinaciu TBK1 a IKKi. Tieto
signalizacné molekuly néasledne spolo¢ne s IKKy aktivuju IRF3 alebo IRF7, ktoré su v
podobe homodimérov alebo heterodimérov translokované do jadra, kde regulujua expresiu

génov IFN typu I alebo indukovatel'nych IFN (Xie 2013; Ullah et al. 2016).

1.2.2 RLR

Tzv. retinoic acid-inducible gene-1 (RIG-I)-like receptors (RLR) predstavuju
skupinu RNA helikaz dolezitych pre detekciu virusovych a bakterialnych nukleovych
kyselin (Newton and Dixit 2012). Tieto cytosolické receptory obsahuju na N-konci dve
tzv. caspase activation and recruitment domains (CARD), v centralnej ¢asti DExD/Hbox

helikdzova doménu a na C-konci tzv. carboxy-terminal domain (CTD) vyvézujicu
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dsRNA (Pandey et al. 2015). Medzi zastupcov RLR patri RIG-I (zndmy aj ako DDX58)
rozliSujuci kratke useky dsRNA (do 1 kb) obsahujtce na konci 5 trifosfat. Tieto ligandy
pochéadzaju najcastejSie z virusov alebo vznikaju prepisom mikrobialnej dsDNA bohatej
na AT-oblasti pomocou tzv. cytosolic DNA sensor (CDS) RNA polymerazy III (RNA
Pol IIT) (Takeuchi and Akira 2010; Newton and Dixit 2012; Dempsey and Bowie 2015).
Za detekciu dlhych usekov dsRNA (viac ako 2 kb) zodpovedd tzv. melanoma
differentiation-associated protein 5 (MDAS) (Takeuchi and Akira 2010). Tzv. laboratory
of genetics and physiology 2 (LGP2) postrada CARD doménu a sluzi skor ako regulator
signalizacie riadenej RIG-1 a MDAS (Tab. 1-3) (Takeuchi and Akira 2010; Pandey et al.
2015).

Tab. 1-3: RLR a ich ligandy

RLR Ligand Pévod ligandu

LGP2 Neznamy RNA virusy

MDAS DIhé useky dsRNA RNA virusy

RIG-I Kratke useky dsRNA obsahujuce 5 trifosfat Baktérie, DNA a RNA virusy

Prevzaté a upravené z: (Takeuchi and Akira 2010; Pandey et al. 2015).

1.2.2.1 Signalizacia riadena RLR

Po rozliseni dsRNA podliehaju senzory RIG-I a MDA-5 konformac¢nej zmene,
ktora im umoznuje defosforylovat’ ich CARD domény pomocou PP1a fosfatazy (Obr. 1-
3). RIG-1 je v tejto a CTD doméne polyubikvitinovany E3 ubikvitin-ligadzami TRIM25 a
RIPLET (zndmy aj ako RNF135), ¢o umoziuje interakciu s tzv. IFN-f promoter
stimulator 1 (IPS1; znamy aj ako MAVS; VISA alebo CARDIF). Tento adaptorovy
protein je lokalizovany na mitochondriach, membranach asociovanych s mitochondriami
alebo peroxizémoch. Po oligomerizacii formuje IPS1 spolu s TRAF, TBK1, IKKi alebo
IKKo-IKKB-IKKy komplexy, ktoré aktivuju transkripéné faktory IRF3, IRF7, NF-xB
alebo AP-1 a produkciu prozapalovej ako aj IFN odpovede typu I (Loo and Gale 2011;
Chan and Gack 2016; Hu and Sun 2016).
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Obr. 1-3: RLR a ich signaliza¢né drahy. Po rozliseni ligandu MDA-5 alebo RIG-I dochéadza k
aktivacii adaptorového proteinu IPS1 a indukcii prozapalovej alebo IFN odpovede typu 1.
Prevzaté a upravené z: (Xie 2013; Hu and Sun 2016).

1.2.3 NLR

Dalsiu rozsiahlu rodinu cytoplazmatickych PRR tvoria tzv. nucleotide-binding
oligomerization domain (NOD)-like receptors (NLR), ktoré su u l'udi zastupené az 22
¢lenmi (Chan and Gack 2016). Tieto senzory pozostavaji z C-terminalnej LRR a
centralnej NOD domény. Okrem toho obsahuji na N-konci aj variabiln interakéna
doménu, ktora sa vyskytuje v Styroch formach a je pouzité pre klasifikaciu NLR do tychto
podrodin: tzv. acidic transactivation domain (NLRA), tzv. baculoviral inhibitory repeat-
like domain (NLRB), CARD (NLRC) a tzv. pyrin domain (PYD) (NLRP) (Tab. 1-4). Na
zéklade funkcie NLR je mozné thto rodinu rozdelit’ aj na receptory ucastniace sa tvorby
inflamazdmu, signalnej transdukcie, transkripénej aktivacie a autofagie (Kim et al. 2016).
Vyznamnych zastupcov zodpovednych za detekciu muramyl dipeptidu (MDP)
predstavuja NOD2 a NLRP1. NODI1 rozlisuje kyselinu meso-diaminopimelova (DAP),
tzv. NLR family CARD domain containing protein 4 (NLRC4) je zodpovedny za
rozpoznanie flagelinu a NLRP3 za RNA virusového ako aj bakterialneho povodu

(Franchi et al. 2009; Takeuchi and Akira 2010).

Tab. 1-4: NLR a ich ligandy
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NLR Podrodina Ligand Povod ligandu
CIITA NLRA - -

NAIPS NLRB Flagelin Baktérie
NOD1 DAP Baktérie
NOD2 NLRC MDP, ssRNA s 5-PPP Baktérie, RNA virusy
NLRC4 Flagelin Baktérie
NLRP1 MDP Baktérie
NLRP .
NLRP3 LPS, MDP, RNA Baktérie, RNA virusy

Prevzaté a upravené z: (Franchi et al. 2009; Takeuchi and Akira 2010; Moreira and Zamboni 2012).

1.2.3.1 Signalizacia riadena NLR

U zéstupcov podrodiny NLRC, NOD1 a NOD2, dochadza po rozliseni PAMPs k
ich oligomerizacii a naslednej CARD-CARD doménovej interakcii s RIP2 (znamy aj ako
RICK) (Obr. 1-4). Nastava sformovanie signalizacného komplexu pozostavajuceho z
TRAF2, TRAFS, TRAF6 a Ubc13/UevlA, ktory umozituje K63-polyubikvitinaciu tohto
adaptorového proteinu. Reguldcia NF-«kB je nasledne sprostredkovand aktivaciou
komplexu TAK1. Mechanizmus sptstania IFN odpovede typu I je medzi tymito senzormi
odlisny. NODI1 stimuluje signalizacnu drahu zahriiujicu TRAF3-TBK1-IKKiIRF7
prostrednictvom RIP2, avSak v pripade aktivacie NOD2 ssRNA je pritomny IPS1
(Newton and Dixit 2012; Xie 2013; Kim et al. 2016).

Po aktivacii ¢lenov rodiny NLRB (NAIP), NLRC (NLRC4) alebo NLRP (NLRP1,
NLRP2, NLRP3, NLRP6, NLRP7 a NLRP12) dochadza ku tvorbe mnohoproteinového
signalizacné¢ho komplexu tzv. inflamazému (Kim et al. 2016). Tento celok pozostava
zvyc€ajne z prislusného receptoru, adaptorového proteinu tzv. apoptosis-associated speck-
like protein containing CARD (ASC) a prozapalovej kaspazy-1. V priebehu vzniku
inflamazoému dochadza k PYD-PYD doménovej interakcii NLR s ASC, na ktory sa
nasledne vyvizuje pro-kaspaza-1 pomocou domény CARD. Tato cysteinova proteaza je
podrobend aktivécii autoproteolytickym Stiepenim na 2 aktivne podjednotky p20 a p10,
ktoré zodpovedaju za regulaciu sekrécie prozapalovych cytokinov IL-1p a IL-18 ako aj
indukciu naprogramovanej bunkovej smrti nazyvanej pyroptoza (Franchi et al. 2009; Kim

et al. 2016; Sharma and Kanneganti 2016).
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Obr. 1-4: NLR a ich signaliza¢né drahy. Po rozliseni ligandu NOD1 alebo NOD2 dochadza k
aktivacii adaptorového proteinu RIP2 alebo IPS1 a indukcii prozapalovej alebo IFN odpovede
typu L. Prevzaté a upravené z: (Xie 2013).

1.2.4 CDS

Za detekciu mikrobiélnej alebo priamo hostitel'skej DNA zodpovedé okrem TLR9
celd rada CDS (Tab. 1-5). Medzi vyznamnych zastupcov tejto rodiny patria tzv. DNA-
dependent activator of IRFs (DAI; zndmy aj ako ZBP-1), tzv. LRR Binding FLII
Interacting Protein 1 (LRRFIP1), tzv. meiotic recombination 11 (MRE11) alebo tzv.
DExD/H box helikazy (DDX41, DHX9 a DHX36) (Pandey et al. 2015). Jednym z
kl'icovych receptorov je aj tzv. cyclic GMP-AMP (cGAMP) synthase (cGAS; znama aj
ako MB21D1), ktord je zodpovednd za detekciu okrem dsDNA aj ssDNA, jej
vlasenkovych foriem ako aj hybridov DNA:RNA (Tao et al. 2016). Po rozliSeni
cytosolickej DNA c¢GAS katalyzuje cyklizaciu ATP a GTP za vzniku 2'3'-cGAMP, ktory
zohréava doéleziti ulohu pri aktivacii tzv. stimulator of IFN genes (STING; zndmy aj ako
MITA, ERIS, MPYS alebo TMEM173) (Takeuchi and Akira 2010; Dempsey and Bowie
2015; Marinho et al. 2017). Tento transmembranovy protein je zodpovedny za priamu
detekciu cyklickych dinukleotidov, ale okrem toho funguje aj ako adaptorovy protein
mnohych DNA senzorov (Burdette et al. 2011). Taktiez sa predpoklada, Zze sa STING
ucastni signalizatnych procesov aktivovanych pomocou RNA, avSak presny

mechanizmus jeho posobenia nie je zatial’ zndmy (Liu et al. 2017). Pomerne nedavno bola
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objasnend aj uloha tzv. IFN-y inducible protein 16 (IF116; u mysi nazyvaného p204).
Tento cytosolicky a nukledrny protein je zodpovedny za rozpoznanie virusovej ako aj
bakteridlnej ssDNA a dsDNA (Jonsson et al. 2017). Predpoklada sa, ze v cytosole IF116
predstavuje dodlezitého spoluhra¢a cGAS pri produkcii cGAMP a naslednej aktivacii
STING (Jensson et al. 2017). V jadre rozliSuje IFI16 epizomalnu dsDNA a vedie ku
spusteniu cytosolického inflamazomu (Marinho et al. 2017). Spolo¢ne s DNA senzorom
tzv. absent in melanoma 2 (AIM?2) patri do rodiny tzv. PYHIN proteinov, ktoré su zaroven
radené medzi tzv. AIM2-like receptors (Unterholzner et al. 2010). Tieto proteiny
obsahuju C-termindlnu doménu tzv. hematopoetic interferoninducible nuclear proteins
with a 200-amino-acid repeat (HIN200) prostrednictvom ktorej rozliSuji DNA. Na N-
konci obsahuji ALRs tzv. PYD doménu zabezpecujliicu protein-proteinové interakcie

(Xiao 2015).

Tab. 1-5: CDS a ich ligandy

CDS Ligand Pévod ligandu

AIM?2 dsDNA Baktérie, DNA virusy, vlastné

cGAS ssDNA, dsDNA, Y-forma DNA, hybrid  Baktérie, DNA a RNA virusy,
DNA:RNA vlastné

DAI dsDNA DNA virusy

DDX41 dsDNA, c-di-AMP, c-di-GMP DNA virusy

DHX9 CpG-B DNA DNA virusy

DHX36 CpG-A DNA DNA virusy

IFI16 ssDNA, dsDNA Baktérie, DNA a RNA virusy

LRRFIP1 dsDNA, dsRNA Baktérie, RNA virusy

MRE11 dsDNA Vlastné

RNA Pol 1T dsDNA bohata na AT-oblasti DNA virusy

STING c-di-AMP, c-di-GMP, 3'3'-cGAMP Baktérie
2'3'-cGAMP Vlastné

Prevzaté a upravené z: (Peng et al. 2011; Atianand and Fitzgerald 2013; Pandey et al. 2015; Xiao 2015; Tao et
al. 2016).

1.2.4.1 Signalizacia riadena CDS
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V pripade signalizicie sprostredkovanej cytosolickymi DNA senzormi cGAS,
IF116, DAI, MRE11 alebo DDX41 je dolezitym interakénym partnerom STING (Obr. 1-
5). Po obdrzani signalu migruje tento adaptorovy protein z endoplazmatického retikula
do perinukledrnych mikrozomalnych utvarov. V priebehu tohto presunu vytvara spolocne
s TBK1 signaliza¢ny komplex zodpovedny za aktivaciu transkripénych faktorov NF-xB
alebo IRF3 a naslednt produkciu prozéapalovej alebo IFN odpovede typu I (Abe and
Barber 2014; Jonsson et al. 2017; Sokolowska and Nowis 2018).

Receptory DHX9 alebo DHX36 vyuzivaju pre prenos signalu adaptorovy protein
MyD88 podiel’ajuci sa na aktivacii transkripcnych faktorov IRF7 alebo NF-«B (Atianand
and Fitzgerald 2013). Aktivacia LRRFIPI vedie k fosforylacii B-kateninu, ktory je
nasledne translokovany do jadra, kde sa viaze na IRF3. Tento krok mé za nasledok
zvySené vyviazanie acetyltransferazy p300 zodpovednej za nérast transkripcie génu Ifnb1
(Yang et al. 2010).

AIM2 spoloc¢ne s nuklearnym IFI16 podliehaji po rozliSeni DNA oligomerizacii
a PYD-PYD doménovej interakcii s ASC. Ich aktivacia vedie obdobne ako u niektorych
zastupcov rodiny NLR k formadcii inflamazému spojenou s produkciou IL-1p a IL-18

(Kerur et al. 2011; Xiao 2015).
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Obr. 1-5: CDS a ich signaliza¢né drahy. Po rozliSeni DNA cytosolickymi DNA senzormi
dochadza k aktivacii prislusnych adaptorovych proteinov a indukcii prozapalovej alebo IFN
odpovede typu 1. Prevzaté a upravené z: (Pandey et al. 2015; Dempsey and Bowie 2015).
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1.3 Modulacia zapalovej odpovede F. tularensis

F. tularensis ako aj in¢ invadujuce intracelularne patogény celi v priebehu svojho
zivota celej rade obrannych mechanizmov hostitel'skej imunity. Modulacia
antimikrobialnej odpovede proti F. tularensis zacina uz v mieste infekcie, kde baktéria
vzdoruje pdsobeniu komplementu, protilatok alebo antimikrobidlnych peptidov. Jej
nasledny vstup do hostitel'skej bunky je aj preto povazovany za jeden z moznych
mechanizmov obidenia extraceluldrnej obrany.

V priebehu jednotlivych faz intracelularneho zivota zdolava F. tularensis mnohé
prekazky. Na urovni bunkového povrchu, fagozomu alebo v cytosole prichadza do
kontaktu s réznymi zastupcami PRR hrajicimi dolezita ulohu v aktivacii hostitel'skej
obrany, ako aj zapalovej odpovede. Obidenie alebo manipulécia tychto procesov v skorej
faze infekcie predstavuje jednu z najdolezitejSich vlastnosti ispeSného patogéna (Bosio

2011; Jones et al. 2012a).

1.3.1 Interakcia s povrchovymi TLR

F. tularensis si v priebehu evolucie vyvinula celi radu mechanizmov, ktoré jej
umoziuji vyhnut sa alebo rozvratit’ priebeh vrodenej imunitnej odpovede. Jednym z nich
je aj schopnost’ baktérie obist’ aktivaciu bunkovej signalizacie sprostredkovanej TLR4.
Zastupcovia celade Francisellaceae patria medzi gram-negativne baktérie zname
pritomnostou LPS v ich vonkajSej membrane (Wallet et al. 2016). Tento ligand
predstavuje vyznamného agonistu TLR4, ale v pripade F. tularensis ma nizky stimula¢ny
charakter (Ancuta et al. 1996; Hajjar et al. 2006; Okan and Kasper 2013). Pre optimalnu
aktivaciu tohto senzora je totizto vyZzadovana pritomnost hexaacylovaného lipidu A s
retazcami dlhymi 12 az 14 uhlikov a 2 fosfatovych skupin v polohe 1' a 4' (Phillips et al.
2004). V pripade F. tularensis su ale pritomné len 4 acylové (14 az 18 uhlikov dlh¢é) a
jedna fosfatova skupina, ktord je navySe modifikovanad galaktozaminom (Jones et al.
2012a; Okan and Kasper 2013).

Za prvorady senzor TLR uclastniaci sa aktivacie zapalovej odpovede pocas
infekcie F. tularensis je povazovany receptor TLR2 (Abplanalp et al. 2009). Po rozliseni
bakterialnych povrchovych lipoproteinov, ako napriklad Tul4 a FTT 1103, dochadza k
jej endocytéoze a stimuldcii adaptorového proteinu MyD88 a ndaslednej NFkB-

dependentnej prozapalovej odpovede (Obr. 1-6) (Katz et al. 2006; Cole et al. 2007;
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Thakran et al. 2008). Avsak napriek predpokladanej biologickej dostupnosti oboch tychto
agonistov, F. tularensis nestimuluje v infikovanych bunkach silnu prozapalova odpoved’
(Bosio 2011). Jednym z moznych vysvetleni je relativne nizka schopnost’ tychto ligandov
aktivovat’' TLR2 ich zamaskovanim pritomnou kapsulou alebo regulaciou ich produkcie
pomocou systému CRISPR/Cas, ¢i Specifickych proteinov (Zarrella et al. 2011; Jones et
al. 2012b; Sampson et al. 2013).

Taktiez bolo preukédzané, Ze F. tularensis nielenZe masivne unikd detekénym
systémom hostitel’a, ale je schopnd aj aktivne inhibovat’ priebeh bunkovej signalizacie
regulovanej PRR, vratane TLR (Telepnev et al. 2003, 2005; Bosio et al. 2007; Butchar et
al. 2008; Crane et al. 2013). Nedavne Studie ukazali, Ze lipidy pochédzajuce z virulentnej
F. tularensis, ale nie z F. novicida, zodpovedaji za utlm naslednej aktivacie prozéapalove;j
odpovede agonistami TLR (Ireland et al. 2013; Crane et al. 2013). Okrem toho bol
popisany aj inhibi¢ny charakter bakteridlneho proteinu FTT 0831c na translokéciu NF-
kB podjednotky p65 do jadra (Mahawar et al. 2012). NavySe, fagocytéza opsonizovanej
F. tularensis C3 zlozkou komplementu viedla k potlaceniu TLR2-dependentnej aktivacie
MAPKs a NF-«B (Dai et al. 2013). V priebehu infekcie F. tularensis dochadzalo aj ku
stimulécii fosfatazy SHIP, ktora negativne regulovala PI3K/Akt - signaliza¢na dréhu, a

tym aj aktivaciu NF-kB (Parsa et al. 2000).

1.3.2 Cytosdlicka obrana zapojena v boji proti F. tularensis

Hostitel'ské obranné mechanizmy proti invadujicim patogénom nie st sustredené
len na povrchu bunky alebo vo fagozéme. Po tniku do cytosélu Celi F. tularensis celej
rade intracelularnych PRR, ktorych hlavnym ciel'om je zabranit’ bakterialnej replikacii a
spustit’ u¢innu imunitnt odpoved’ (Obr. 1-6). Francisella je v tomto prostredi rozliSovana
cytosolickymi DNA senzormi cGAS a [fi204, ktoré vyuzivaju pre prenos signalu STING.
Tento adaptorovy protein sa podiela na aktivacii transkripéného faktora IRF3 a nasledne;j
produkcii IFN typu I (Henry et al. 2007; Jin et al. 2011; Storek et al. 2015; Wallet et al.
2016). Povod bakteridlnej DNA spustajucej tuto odpoved’ nie je zatial objasneny.
Predpoklada sa, ze sa moze uvolnovat’ z poskodenych fagozomov po uteku F. tularensis
do cytosoélu alebo dochadza ku zvySeniu jej mnoZzstva pocas bakterialnej replikécie (Jones

et al. 2012a).
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Obr. 1-6: Bunkova signalizacia riadena PRR v priebehu infekcie F. tularensis. Stimulacia
povrchového TLR2 F. tularensis vedie k indukcii NF-kB-dependentnej prozapalovej odpovede.
Po rozliseni bakterialnej DNA c¢GAS a IFI16 dochadza k expresii IFN-B, ktord umocnuje
aktivaciu AIM2 inflamazému veduceho ku produkeii IL-18. Prevzaté a upravené z: (Jones et al.

2011; Man et al. 2016).

Autokrinna alebo parakrinna signalizacia IFN typu I cez transmembranovy
receptor IFNAR vedie nésledne k fosforylécii tzv. signal transducer and activator of
transcription 1 (STAT1) a STAT2. Tie st v podobe heterodiméru translokované do jadra,
kde spolocne s IRF9 vytvaraju komplex tzv. IFN-stimulated gene (ISG) factor 3 (ISGF3)
regulujuci transkripciu ISG (McNab et al. 2015; Man et al. 2016). Medzi dolezit¢ ISG
exprimované v priebehu infekcie F. tularensis patria transkripény faktor IRF1 a
cytosolicky DNA senzor AIM2. IRF1 je dolezity z pohl'adu reguldcie expresie tzv.
guanylate-binding protein 2 (GBP2), GBP5 a tzv. immunity related GTPase family
member b10 (IRGB10). Tieto GTPazy zodpovedaju za bakteridlnu lyzu a s tym spojeny
narast PAMPs v cytoséle (Man et al. 2015, 2016; Meunier et al. 2015). AIM2 zabezpecuje
detekciu uvolnenej DNA a vedie k aktivacii inflamazému umoznujuceho sekréciu IL-18
a IL-18, ako aj indukciu pyroptdzy (Fernandes-Alnemri et al. 2010; Rathinam et al. 2010;
Jones et al. 2010). Prozapalova funkcia tohto signalizaéného komplexu je spojena so
stimulaciou TLR2-zavislej expresie pro-IL-1B a pro-IL-18, indukcie IFN odpovede typu
I, ako aj fagozomalneho uteku F. tularensis do cytésolu (Jones et al. 2011; Wallet et al.

2016).
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Avsak napriek tomu, Ze AIM2 inflamazdém predstavuje kI'aicovy receptor vrodene;j
imunitnej anti-tularemickej obrany, virulentné kmene F. tularensis ho nestimuluji vo
velkej miere (Wallet et al. 2016). Jeho ucinna aktivicia moze byt ovplyvnena
schopnostou baktérie potlacovat’ priebeh bunkovej signalizacie regulovanej TLR (pozri
vyssie) alebo IFNAR (Jones et al. 2012a). Ako priklad je mozné uviest’ zvySenu expresiu
tzv. suppressor of cytokine signaling 3 (SOCS3) v priebehu infekcie, ktory je zodpovedny
za inhibiciu fosforylacie STAT1 (Parsa et al. 2008). Taktiez bol preukézany inhibi¢ny
charakter lipidov pochéadzajucich z F. tularensis na translokaciu transkripcného faktora
IRF1 do jadra (Ireland et al. 2013). NavySe bola v nedavnej studii popisana aj obmedzena
aktivacia kaspazy-1 a naslednej produkcie IL-18 vplyvom fagocytézy F. tularensis cez
CR3 (Hoang et al. 2018). Dalsim vysvetlenim zniZenej aktivacie AIM2 inflamazému
mdze byt aj schopnost’ zachovania Strukturdlnej integrity baktérie, ktora zabranuje
uvol'novaniu PAMPs a naslednej indukcii inflamazomu (Peng et al. 2011; Jones et al.

2012a; Crane et al. 2014).

31



2 Ciele prace

V tejto dizertatnej praci boli stanovené nasledujice ciele:
e charaktenizovat' priebeh vrodenej imunitnej odpovede regulovane) PRR. pocas
mfekeie makrofagov F. tularensis subsp. holarctica LVS
e stanovit’ rozdiely vstimulacn makrofagov infikovanych plne wvirulentnym
a atenuovanymu kmenimm F. fularensis subsp. holarctica LVS
e objasmt signalizainé deje spojené smoduliaciou zapalovej odpovede
virulentnym kmefiom
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3 Experimentalna ¢ast’

3.1 Material

3.1.1 Chemikalie

Aminokyseliny (pre pripravu
Chamberlainovho média)
3-Merkaptoetanol

Brain Heart Infusion médium/ agar

Bromfenolova modra

BSA Sigma-Aldrich, USA c-di-GMP
DAPI

Difco GC medium baze

DTT

EDTA Sigma-Aldrich, USA FeSO4.7H20
Gentamycin Sigma-Aldrich, USA Glukéza
Glycerol  Sigma-Aldrich, USA

Glycin

Hemoglobin, hovidzi

Sigma-Aldrich, USA

Serva, Nemecko
Becton Dickinson, USA
Sigma-Aldrich, USA

InvivoGen, USA

Invitrogen, Thermo Fisher

Scientific, USA

Becton Dickinson, USA
Bio-Rad, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Sigma-Aldrich, USA

Becton Dickinson, USA IsoVitalex™

Becton Dickinson, USA

KH2PO4
K>HPO4  Sigma-Aldrich, USA LPS
L-tiamin-HCl
Metanol

Mlieko, odtu¢nené, susené
Mocovina  Sigma-Aldrich, USA NaCl

NaF
NaOH

33

Sigma-Aldrich, USA LyoVec™
Sigma-Aldrich, USA MgS0O4.7H,0

Sigma-Aldrich, USA

InvivoGen, USA

InvivoGen, USA

Sigma-Aldrich, USA

Bio-Rad, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA
Sigma-Aldrich, USA



N-etylmaleimid

Sigma-Aldrich, USA

NH4Cl Sigma-Aldrich, USA NP-

40 Sigma-Aldrich, USA

Oligo (dT)12-18 Invitrogen, Thermo Fisher
Scientific,USA

Ortovanadecnan sodny Sigma-Aldrich, USA Pam;CSK4

InvivoGen, USA
Pantotenat vapenaty
PBS
Paraformaldehyd

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA Penicilin

Sigma-Aldrich, USA

PMSF
Pyrofosfat sodny
SDS

Spermintetrahydrochlorid

Sigma-Aldrich, USA

Tris-base

Tris-HCI pufer; 1,5 M; pH 8,8
Triton X-100

Tween 20

3.1.2 Komer¢né kity

CytoTox-ONE™ Homogenous Membrane
Integrity Assay

ECL Western Blotting Detection Kit
ELISA kit (mySaci; TNF-o, IL-6)
Luciferase AssaySystem

Protease Inhibitor Cocktail

RNeasy Mini Kit
TagMan™ Universal PCR Master Mix
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Roche, Svajéiarsko
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA Streptomycin

Sigma-Aldrich, USA
Bio-Rad, USA
Amersham, Velka Britania

Sigma-Aldrich, USA

Promega, USA

Thermo Fisher Scientific, USA
R&D Systems, USA

Promega, USA

Roche, Svajéiarsko

Qiagen, Nemecko
Applied Biosystems, Thermo Fisher

Scientific, USA



3.13 Enzymy

Benzonase® Nuclease

Dnaza |

3.14 Primery

FAM-znacené

Tagman™

primery

Sigma-Aldrich, USA
New England Biolabs, USA

Ifnbl  (Mm00439552 s1),

Ifno4 (MmO00833969 sl), 111 (Mm00434228 ml), Rnl8s (Mm03928990 gl) a Tnfo
(Mm00443258 ml) boli objednané od firmy Applied Biosystems, Thermo Fisher Scientific,

USA.

3.15 Protilatky
AlexaFluor™ 488 kozi anti-krali¢i IgG
Anti-IKKo/B

Anti-IRF3

Anti-K48-polyubikvitinovym retazcom

Anti-K63-polyubikvitinovym retazcom

Anti-p38

Anti-p-IKKa/

Anti-p-IRF3

Anti-p-p38

Anti-TAB2

Anti-TAB3
Anti-TAK1

Anti-TBK1
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Becton Dickinson, USA

Cell Signaling Technology,
Holandsko

Cell Signaling Technology,
Holandsko

Genentech, USA

Cell Signaling Technology,
Holandsko

Cell Signaling Technology,
Holandsko

Cell Signaling Technology,
Holandsko

Cell Signaling Technology,
Holandsko

Cell Signaling Technology,

Holandsko
Santa Cruz Biotechnology, USA

Santa Cruz Biotechnology, USA
Cell Signaling Technology,

Holandsko

Abcam, Velka Britania



Anti-TRAF3 Santa Cruz Biotechnology, USA

Anti-TRAF6 Santa Cruz Biotechnology, USA Anti-a-tubulin
Abcam, Velka Britania

HRP-konjugovany kozi anti-krali¢i IgG Santa Cruz Biotechnology, USA HRP-

konjugovany kozi anti-mySaci IgG Santa Cruz Biotechnology, USA

3.2 Kultivaéné média

3.2.1 Bakterialne kultivaéné média

Brain Heart Infusion médium/ agar

Brain Heart Infusion (BHI) médium (37 g) alebo BHI agar (52 g) boli pripravené
rozpustenim navazky v 1 1 deionizovanej H,O a nésledne sterilizované autoklavovanim

(121 °C, 15 min).

Kompletné Chamberlainovo médium

Roztok 1 Roztok 2
L-arginin-HCI (0,8 g) Glukéza (8 g)
L-cystein-HCI (0,4 g)

L-histidin-HCI (0,4 g) Roztok 3
L-izoleucin (0,8 g) NaCl (20 g)
L-leucin (0,8 g) KH2PO4(2 g)
L-lyzin-HCI (0,8 g) KoHPO4 (2 g)
DL-prolin (4 g)

DL-serin (0,8 g) Roztok 4
DL-treonin (4 g) L-kyselina asparagova (0,8 g)
DL-valin (0,8 g) L-tyrozin (0,8 g)

DL-metionin (0,8 g)
Doplnok roztoku 1

L-tiamin-HCI (0,02 g/10 ml, 4 ml roztoku pridané do 2 I média)
Spermin tetrahydrochlorid (0,08 g/10 ml, 10 ml roztoku pridané do 2 1 média)
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Pantotenat vapenaty (0,01 g/10 ml, 4 ml roztoku pridané do 2 | média)

Doplnok roztoku 2

MgS04.7H>0 (0,675 g/10 ml, 4 ml roztoku pridané do 2 I média)
FeSO4.7H,0 (0,01 g/10 ml, 4 ml roztoku pridané do 2 I média)

Médium bolo pripravené podla Chamberlaina (Chamberlain 1965). Navazky
chemikalii jednotlivych roztokov boli rozpustené v 0,2 1 deionizovanej H,O, pricom
roztok 4 bol pripraveny za pridavania 3 M NaOH. V d’alSom kroku boli roztoky postupne
zmies$ané a pH média bolo upravené na 6,3. Objem bol doplneny na 2 I a médium bolo

prefiltrované cez jednorazovy 0,22 um filter.

McLeod agar

Pracovny roztok I Pracovny roztok 11

Difco GC medium base (72 g) Hovédzi hemoglobin (20 g)

Navazky chemikalii jednotlivych roztokov boli rozpustené v 1 1 deionizovanej
H>0 a zmieSané v pomere 1:1. Po nasledne;j sterilizacii autokldvovanim (121 °C, 20 min)

a vychladnuti na 50 °C bol pridany IsoVitalex™ (20 ml).

3.2.2 Bunkové kultivaéné média

Bunkové¢ kultivaéné médium obsahovalo Iscove's Modified Dulbecco's Medium
(IMDM) (Gibco, Thermo Fisher Scientific, USA), 10% tepelne inaktivované fetalne
hovidzie sérum (FBS) (Gibco, Thermo Fisher Scientific, USA) a 100 U/ml penicilinu
(Sigma-Aldrich, USA) a 100 g/ml streptomycinu (Sigma-Aldrich, USA). V pripade
kultivacie infikovanych buniek virusmi bolo vyuzit¢ médium Opti-MEM (Gibco,

Thermo Fisher Scientific, USA).
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3.3 Bakterialne a virusové kultury

3.3.1 Kmene a podmienky kultivacie

Bakteridlne a virusové kmene pouzité v tejto praci su uvedené v Tab. 3-1.
Atenuovany vakcina¢ny kmen F. tularensis LVS a jej mutantné kmene AdsbA/LVS a
AiglC/LVS boli kultivované na McLeod agarovych miskach obohatenych o hovidzi
hemoglobin a IsoVitalex™ alebo v kompletnom Chamberlainovom médiu pri 37 °C a 5
% COz. Kmene L. monocytogenes rastli pri rovnakych podmienkach ako F. tularensis
LVS, ale na BHI agarovych miskach alebo v BHI médiu. Vsetky bakteridlne kmene boli
inkubované do ODgoo = 0,4. Kultivacia VSV-AV2 bola popisand v praci Stojdla et al.
(Stojdl et al. 2003).

Tab. 3-1:Pouzité bakterialne a virusové kmene

Baktérie/Virusy = Kmene Zdroj/ Referencia

F. tularensis subsp. holarctica; Live Vaccine Strain; Americka zbierka typov kultur,
LVS; ATCC29684 Rockville, MD, USA
AdsbA/LVS (Straskova et al. 2009)
AiglC/LVS (Golovliov et al. 2003)

L. monocytogenes EGD-e (Bron et al. 2006)
EGD-e::pPL2/ lux pHELP (Bron et al. 2006)
EGD-e-cGFP (Fortinea et al. 2000)

VSv VSV-AV2 (Stojdl et al. 2003)

3.3.2 Sposoby zabitia F. tularensis LVS

Bakterialna suspenzia F. tularensis LVS bola podrobena 1yze sonikéciou (8 x 15
s, stupeni 4), tepelnej inaktivacii pri 95 °C pocas 10 min alebo zabitiu pdsobenim UV-
ziarenia (cez noc). Okrem toho bola sonikovanad baktéria taktiez oSetrend 2,5 U/ul
Benzonase® Nuclease pri 37 °C pocas 45 min alebo bola tepelne inaktivovana pri 95 °C
pocas 10 min. Miera ispeSnosti zabitia baktérie bola overena stanovenim CFU po vysiati

bakterialneho lyzatu na McLeod agarové misky.
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3.4 Pouzité bunky

Makrofagy odvodené z buniek kostnej drene (bone marrow-derived macrophages
- BMDMs) boli izolované zo stehennej a holennej kosti 6 az 8 tyzdnov starych mysi.
Jednalo sa o inbredny kmeitt CS7BL/6J: Ifub P4 Ips 17" Ifub ™", MydS88” Ifnb-+piuc, Sting-
rAfnb+jpie, Ticaml-rIfnb+pic, Ticam--Ipsl-- a Ipsl--, ktoré boli pripravené v Umed
Transgene Core Facility. Povodné mysacie kmene boli poskytnuté: Ifinh 4" (Lienenklaus
et al. 2009) panom S.Weissom, Sting”" (C57BL/6J-Tmem173gt/J) (Sauer et al. 2011) a
Ticaml”~ (C57BL/6]J-Ticam1Lps2/J) (Hoebe et al. 2003) Jacksonovym laboratériom a
Myd88” (Adachi et al. 1998) a IpsI”” panom S. Akirom.

3.5 Roztoky a pufry

3.5.1 Izolacia BMDMs

RBC lyza¢ny pufer (10x). pH 7.3

EDTA 1 mM
NaHCO; 142 mM
NH4Cl1 1,55M
3.5.2 Imunofluorescen¢né farbenie

Blokovaci pufer

BSA 3%
PBS 100 ml

Permeabilizaénv pufer

Triton X-100 0,2%
PBS 100 ml
353 Imunoprecipitacia

Lyzaény pufer

Koktail inhibitorov proteaz 1 x
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NaCl

NaF

NP-40
Ortovanadecnan sodny
PMSF

Pyrofosfat sodny
pH 7,5

TDS pufer

DTT
SDS
Tris-HCIL; pH 7,5

TNN pufer

EDTA

NaCl

NP 40

Tris-HCIL; pH 7,5

Ubikvitina¢ny lyzaényv pufer

EDTA

Koktail inhibitorov proteaz
Mocovina

NaCl

N-etylmaleimid

Tris-HCI; pH 7,5

3.5.4 SDS-PAGE

Tris-glycinovyv pufer, pH 8.5

Glycin

50 mM

40

150 mM

I mM

1%

1 mM

2 mM

10 mM Tris-HCI;

5 mM
1%
50 mM

5 mM
250 mM
0,5%

50 mM

5 mM
I x
&M
25 mM
2 mM
50 mM

384 mM



SDS

Tris-base

0,1%
50 mM

Vzorkovy pufer pre SDS-PAGE (2x koncentrovany)

Bromfenolovéa modré (0,5%)

10%

Glycerol

SDS

Tris-HCI, pH 6,8 (0,5 M)
355 Western blot

Blokovaci pufer

Mlieko, odtu¢nené, susené

TBS s 0,1% Tween 20

Blotovaci pufer

Glycin
Metanol

Tris-base

TBS s 0,1% Tween 20

NaCl
Tris-base

Tween 20

3.6 Pristrojové vybavenie

Blotovaci systém

Transblot semi-dry transfer cell
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0,002%
20% B-Merkaptoetanol

4,6%
125 mM

5%
100ml

192 mM
20%
25 mM

14 mM
20 mM
0,1%

Bio-Rad, USA



Centrifugy

5430R
IEC CL31R Multispeed centrifuge

MiniSpin Plus Microcentrifuge

CO2 inkubator

MCO-5

Kvantitativna real-time PCR

Eppendorf, Velka Britania
Thermo Fisher Scientific, USA

Eppendorf, Vel’ka Britania

Sanyo, Japonsko

ABI Prism 7500 Fast Real-Time PCR System Thermo Fisher Scientific, USA

Laboratérny vodny kupel

TWI12

Laminarne boxy

BioUltra 3
Safeflow 1.2, BioAi

Mikroskopy

Eclipse Ti-S/ TS 100

Pristroj na vyvolavanie RTG filmov
Curix 60/ CP1000

Sonicator UPS0H/UP100H Hielsher

Hielsher Ultrasonics, Nemecko

Spektrofotometre

NanoPhotometer

Julabo, Nemecko

Telstar, Spanielsko

EuroClone, Taliansko

Nikon Instruments Europe B.V.,

Holandsko

Agfa, Belgicko Sonikatory

Ultrasonics, Nemecko Ultrasound sonicator

Implen, Nemecko
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Paradigm detection platform Beckman Coulter, USA Infinite
M1000 PRO multi-mode Tecan, Svajéiarsko

microplate reader

Termomixér

Comfort Eppendorf, Vel'ka Britania

Vertikalny elektroforeticky aparat

Mini-Protean Tetra-Cell Bio-Rad, USA
Zdroje
PowerPac 200 Bio-Rad, USA

3.7 Programové vybavenie

Adobe Illustrator CC 2017 Adobe Systems Incorporated, USA

GraphPad Prism v6.05 Graphpad Software Inc., USA
3.8 Metody

3.8.1 Izolacia a kultivacia BMDMs

BMDMs boli ziskané vyplachnutim kostnej drene z holennej a stehennej kosti
my$i. Po oSetreni 1x RBC lyzaénym pufrom a premyti IMDM médiom boli bunky
diferencované v danom médiu obohatenom o 10% FBS, 20% L.929-bunkovy supernatant
(obsahujuci tzv. macrophage colony-stimulating factor; M-CSF), 100 U/ml penicilin a

100 g/ml streptomycin. BMDMs boli kultivované pocas 5 dni pri 37 °C a 5 % COsx.

3.8.2 Infekcia BMDMs

Multiplicita infekcie (MOI) pre F. tularensis LVS a jej mutantné kmene bola
zvolend 50:1 a pre L. monocytogenes 10:1. Synchronizovand fagocytdza baktérii bola
zabezpecCena centrifugaciou (400g, 5 min) s naslednou 30 min kultivaciou pri 37 °C a 5
% COz. Extracelularne baktérie boli odstranené premytim predhriatym PBS a inkubéciou

v médiu s 50 pg/ml gentamycinom pocas 30 min. Po 1 h kultivécii boli infikované
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BMDMs ponechané v kultivaénom médiu bez antibiotika a v prislusnych casovych
intervaloch boli bunky premyté a zlyzované. V pripade infekcie mftvou F. tularensis LVS
(MOI 50) alebo VSV-AV2 (MOI 0,01), boli patogény pridané ku scentrifugovanym
BMDMs. VSV-AV2 bol 3 h po infekcii odmyty a Opti-MEM bol nahradeny kultivaénym

médiom obsahujucim IMDM.

3.8.3 Stimulacia a ko-infekcia BMDMs

BMDMs boli stimulované 100 ng/ml Pam3;CSKa4, 20 ng/ml c-di-GMP alebo 10
ng/ml LPS v danych casovych intervaloch. V pripade ko-stimulaénych alebo
koinfekénych experimentov boli ligandy alebo patogény pridané k bunkdm 3 h po
zahajeni predoslej infekcie.

3.84 Stanovenie luciferazovej aktivity in vitro

BMDMs boli nasadené do 24- alebo 48-jamkovej kultivacnej dosticky pre
tkanivové kultiry o hustote 3,5 x 10° alebo 1,5 x 10° buniek na jamku. Po prevedeni
infekcie alebo stimulacie boli premyté predhriatym PBS a zlyzované v 30 pl lyza¢ného
pufru (Luciferase Cell Culture Lysis Reagent), ktory je stcastou komerc¢ného kitu
Luciferase Assay Systems. Luciferazova aktivita bola zmerana v 25 pl bunkového lyzatu
zmieSaného s 50 ul substratu (Luciferase Assay Reagent) na pristroji Infinite M1000
PRO. Miera luminiscencie vyjadrend v relativnych svetelnych jednotkdch (RLU) bola
normovana na koncentraciu proteinov a zndzornena ako nasobok ziskanych hodnot

nestimulovanych WT BMDMs.

3.8.5 Kvantitativna real-time PCR

Pre izolaciu mRNA z infikovanych BMDMs (7,5 x 10% jamka) bol vyuZity
RNeasy Mini Kit. Nasledne bol 1 ug mRNA oSetreny Dnazou I poc¢as 30 min pri 37 °C a
reverzne prepisany na cDNA za pouzitia Oligo (dT)i2-18. Reakéna zmes pre qRT-PCR
obsahovala 10 pl 2x TagMan™ Universal PCR Master Mixu, 2 ul cDNA, 7 pl H20 bez
Rnéz a 1yl FAM-znaceného Tagman™ primeru pre Ifnbl1, Ifno4, 111b, Rnl8s alebo Tnfo.
Podmienky priebehu testov expresie génov TagMan boli zvolené podl'a odporucania
vyrobcu. Hladiny mRNA boli merané v triplikatoch na pristroji ABI Prism 7500 Fast
Real-Time PCR System. Vysledky boli normalizované na hladiny mRNA referen¢ného
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génu 18S rRNA a vyjadrené ako nasobok hodndt mRNA kontrolnych vzoriek pomocou

porovnavacej Ct metody (aaCt).

3.8.6 ELISA

Koncentracie cytokinov TNF-a a IL-6 boli stanovené v bunkovych supernatantoch
odobratych po infekcii BMDMSs F. tularensis LVS, AiglC/LVS alebo L. monocytogenes
pomocou ELISA kitu. Metoda bola prevedena podla inStrukcii vyrobcu, pricom

absorbancia vzoriek bola zmerana na pristroji Infinite M1000 PRO.

3.8.7 Imunofluorescencéné farbenie

Bunky boli nasadené na hodinové sklicka do 24-jamkovej kultiva¢nej dosticky
(2,5 x 10% jamka) a ponechané adhézii do druhého dita. Po naslednej 8 h infekcii F.
tularensis LVS (MOI 50) alebo L. monocytogenes EGD-e-cGFP (MOI 10) boli bunky
fixované 4% paraformaldehydom pocas 30 min a nasledne neutralizované 50 mM NH4Cl.
Po premyti buniek PBS, nasledovala permeabilizacia buniek infikovanych F. tularensis
LVS 0,2% Triton X-100 poc€as 15 min a blokécia buniek v 3% BSA po dobu 45 min.
Baktérie boli detegované pomocou polyklonalneho krali¢ieho séra namiereného proti F.
tularensis (riedené 1:3000) (Plzakova et al. 2015) a kozej anti-krali¢ej AlexaFluor™ 488
IgG (riedend 1:500). V poslednom kroku boli bunky nafarbené DAPI a analyzované

pomocou fluorescenc¢nej mikroskopie.

3.8.8 Imunoprecipitacia vzoriek

Bunky (1,5 x 10% jamka) boli po pridani lyza¢ného pufru denaturované pomocou
roztoku TDS. Nasledne boli lyzaty scentrifugované pri 13 000 rpm pocas 5 min a pelety
boli rozpustené v TNN pufru. Izolacia signalnych komplexov pomocou agardézovych
guli¢iek s naviazanym proteinom A/G bola prevedena po inkubdcii vzoriek so Specifickou
protilatkou pri 4 °C cez noc. Po premyti boli komplexy uvol'nené do 2 x koncentrovaného
vzorkového pufru pre SDS-PAGE. V pripade ubikvitinaénych s§tadii bol ku BMDMs
pridany ubikvitinacny lyzacny pufer. Vzorky boli podrobené sonikacii a po centrifugacii
pri 14000 rpm pocas 2 min boli pelety rozpustené v 2 x koncentrovanom vzorkovom pufti

pre SDS-PAGE.
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3.8.9 Western blot

BMDMs nasadené do 6-jamkovej kultivanej dosticky pre tkanivové kultary
(1,5 x 10% jamka) boli zlyzované v 2 x koncentrovanom vzorkovom puftri pre SDSPAGE.
Vzorky boli rozseparované pomocou 10% SDS PAGE a preblotované na polyvinyliden
difluoridové membrany (GE Healthcare, USA). Po 1 h blokacii membran v roztoku 5%
mlieka v TBS s 0,1% Tween 20 nasledovala inkubdacia s prisluSnou primarnou protilatkou
pri 4 °C cez noc. Po premyti bola membrana inkubovana pocas 1 h so sekundarnou
protilatkou, HRP-konjugovanym IgG.
Imunoreaktivne proteiny boli detegované pomocou ECL Western Blotting Detection Kit a

RTG filmom (Kodak, USA).

3.8.10 Test cytotoxicity

Pre stanovenie cytotoxického vplyvu F. tularensis LVS, AdsbA/LVS, AiglC/LVS
alebo L. monocytogenes na BMDMs bol vyuzity kit CytoTox-ONE™ Homogenous
Membrane Integrity Assay. Bunkové supernatanty boli odobraté po infekcii v urcenych
casovych intervaloch (3, 6, 8 a 12 h) a bola v nich stanovena hladina uvolnenej
laktatdehydrogenazy (LDH) podla inStrukcii vyrobcu. Ako pozitivna kontrola boli
pouzité neinfikované BMDMs, ktoré boli lyzované pomocou Lysis solution. Vzorky boli
zmerané na pristroji Infinite M1000 PRO. Fluorescencia vzoriek bola vyjadrena

percentudlne a bola vztiahnut4 ku hladine LDH stanovenej v neinfikovanych BMDMs.

3.8.11 Stanovenie relativneho vstupu L. monocytogenes do BMDMs

Po ko-infekcii BMDMs (7,5 x 10°/jamka) F. tularensis LVS (MOI 25) alebo
AiglC/LVS (MOI 25) s L. monocytogenes EGD-e::pPL2/lux pHELP (MOI 5) boli bunky
zlyzované v 50 ul lyza¢ného pufru obsahujuceho 0,2% Triton X-100, 10% glycerol a PBS.
Nasledne bola zmerana luminiscencia vzoriek na pristroji Infinite M1000 PRO, ktora bola

vyjadrend v RLU a predstavovala relativny vstup L. monocytogenes do buniek.
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3.9 Statisticka analyza dat

Déta st vyjadrené ako priemer so $tandardnou chybou merania (+SEM). Statisticka
analyza bola prevedena pomocou dvojfaktorového ANOVA testu s Bonferroniho testom
alebo neparovym Studentovym t-testom za pouzitiaGraphPad

Prism v6.05 Software.

4 Vysledky
4.1 Aktivacia signaliza¢nych drah riadenych PRR F. tularensis LVS

4.1.1 Signalne drahy receptorov PRR

Pre charakterizaciu signalizacnych kaskad zapojenych v stimulacii IFN odpovede
typu I v priebehu skorej vrodenej imunitnej odpovede voci F. tularensis LVS boli
prevedené in vitro experimenty. BMDMs pochadzali z mysi nesucich IFN-8 luciferazovy
reportérovy systém a zdaroven boli deficientné pre nasledujice adaptorové proteiny:
MyD88 (Myd88™"Ifnf3"2u<), TRIF (Ticam1™"Ifnf3 "), STING (Sting”Ifnf3"*") alebo
IPS1 (IpsI”“Ifnf3"*"). IFN-B luciferazova aktivita bola stanovovana v zlyzovanych
bunkach v asovych intervaloch 0, 6, 9 a 12 h po infekcii F. tularensis
LVS. Najvyssie hladiny IFN odpovede typu I boli stimulované vo WT Ifis 74 BMDMs
v 9 h. V pripade buniek postradajticich proteiny MyD88 alebo IPS1 bola pozorovana
znizena aktivacia IFN-B luciferdzovej aktivity v porovnani s BMDMs ziskanymi z WT
Ifnf3""Pe mysi v priebehu celého merania (Obr. 4-1A, D). Sting”Ifnf3"*" BMDMs
vykazovali na rozdiel od Ticam1”Ifnf3"*** buniek pokles IFN odpovede typu I aj v 9 h
(Obr. 4-1B, C). Pozorovany narast IFN-B luciferazovej aktivity v skorSich ¢asovych
intervaloch mohol byt v Sting” Ifnfs"**“*< BMDMs vyvolany v désledku negativnej
regulacie TLR tymto adaptorovym proteinom (Sharma et al. 2015). Ziskané vysledky
poukazuji na to, ze vznik zapalovej odpovede v priebehu infekcie F. tularensis LVS

zahtnia koordinovanu aktivéaciu signalnych dréh riadenych receptormi TLR, CDS a RLR.

4.1.2 Aktivacia prozapalovej odpovede

Pre d’alSie stadium modulacie vrodenej imunitnej odpovede F. tularensis, boli

BMDMs infikované L. monocytogenes, intracelularnym patogénom stimulujicim
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expresiu IFN-B prostrednictvom signalnych dréh riadenych TLR, RLR a hlavne cez
adaptorovy protein STING (Obr. 4-2A-B) (Sauer et al. 2011; Witte et al. 2012;

Abdullah et al. 2012). Stanovenie IFN-B luciferazovej aktivity vo WT Ifin3*4# BMDMs

v 9 h odhalilo vyrazne nizSiu schopnost F. tularensis LVS (az priblizne 200krat)
stimulovat’ IFN odpoved’ typu I v porovnani s L. monocytogenes (Obr. 4-2A).

NavysSe F. tularensis LVS indukovala taktiez vyrazne nizSie hladiny mRNA Ifnbli, ale aj

prozapalového génu Tnfa (Obr. 4-3).
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Obr. 4-1: F. tularensis LVS stimuluje zapalova odpoved® prostrednictvom signalizaénych
drah regulovanych TLR, CDS a RLR. (A-D) IFN-B luciferazova aktivita nameranad vo WT
Ifnf3+/apiuc, Myd88-r-Ifnf3+/apuc (A), Ticaml--Ifnf+/piuc (B), Sting-,Ifnfs+/upuc (C) alebo Ips1-Afinfs4ue
(D) BMDMs infikovanych F. tularensis LVS (MOI 50) v ¢asovych intervaloch 0, 6, 9 a 12 h.
Vysledky predstavuji reprezentativne data z 2 nezavislych experimentov a su vyjadrené v +SEM.
Statistickd vyznamnost’ bola uréend pomocou dvojfaktorového ANOVA testu s vyuzitim

Bonferroniho testu, **P< 0,01; ***P< 0,001.
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Obr. 4-2: L. monocytogenes stimuluje IFN odpoved’ typu I cez signaliza¢né drahy
kontrolované TLR, CDS a RLR. (A) IFN-B luciferazova aktivita analyzovana vo WT
Ifnf3 e Myd88™ Ifnfs"# alebo Sting” Ifnf3"*" BMDMs infikovanych F. tularensis LVS
(MOI 50) alebo L. monocytogenes (MOI 10) 9 h po infekcii. Vysledky predstavuji
reprezentativne data z 3 nezavislych experimentov a st vyjadrené v £SEM. (B) Stanovenie hladin
mRNA Ifib1 vo WT, Ticaml1” Ips1” alebo Ips1” infikovanych F. tularensis LVS (MOI 50) alebo
L. monocytogenes (MOI 10). Vysledky st vyjadrené v £SEM. Statisticka vyznamnost’ bola uréené
pomocou Studentovho t-testu, ***P< 0,001.
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Obr. 4-3: F. tularensis LVS stimuluje slabu prozapalovi odpoved’. qRT-PCR analyza mRNA
Ifnb1 aprozapalového génu Tnfa vo WT BMDMs infikovanych F. tularensis LVS (MOI 50) alebo
L. monocytogenes (MOI 10) 8 h po infekcii. Vysledky predstavuju reprezentativne data z 2
nezavislych experimentov a st vyjadrené v £SEM. Statistickd vyznamnost’ bola uréena pomocou
Studentovho t-testu, ***P<0,001.

4.1.3 Vplyv bakterialnej cytopatogenity na prozapalovua odpoved’

Cielom testu bakteridlnej cytopatogenity bolo vyvratenie vplyvu zvySenej
umrtnosti buniek infikovanych F. tularensis LVS na aktivaciu IFN odpovede typu I (Obr.
4-4A). Detekcia mnozstva LDH bola prevedena v 3, 6, 8 a v 12 h po infekcii. Hodnoty
LDH vo WT [fu3"*c BMDMs infikovanych F. tularensis LVS dosahovali

porovnatel'nych hodnét az na 12 h interval, kde hladina LDH mierne narastla na 5,7 %. V
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pripade infekcie WT Ifif34F* BMDMs L. monocytogenes bolo mnozstvo LDH vyrazne
zvySené len v 12 h (32,7 %) (Obr. 4-4B). Ziskan¢ vysledky potvrdili zniZzent schopnost’

F. tularensis LVS aktivovat’ prozapalova odpoved'.
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Obr. 4-4: Za nizku aktivaciu zapalovej odpovede F. tularensis LVS nezodpoveda zvySena
iimrtnost BMDMs. (A) Casovy priebeh (0, 3, 6, 8 a 12 h) aktivacie IFN odpovede typu I podas
infekcie WT Ifin3"#* BMDMs F. tularensis LVS (MOI 50) alebo L. monocytogenes (MOI 10).
(B) Cytopatogenita WT Ifin3 ¥ BMDM s v priebehu infekcie F. tularensisLVS (MOI 50) alebo
L. monocytogenes (MOI 10). Aktivita LDH je vyjadrena percentualne a je vztiahnuta ku hladine
LDH stanovenej v neinfikovanych BMDMs. Vysledky predstavuju reprezentativne data z 2
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4.1.4 Infektivita BMDMs

Miera schopnosti baktérii infikovat’ hostitel'ské bunky bola stanovovana na
zéklade rozdielnej stimulacie prozapalovej odpovede v predoslych experimentoch. WT
BMDMs infikované F. tularensis LVS alebo L. monocytogenes GFP boli po 8 h

analyzované pomocou imunofluorescen¢nej mikroskopie (Obr. 4-5A). Mnozstvo

infikovanych buniek F. tularensis LVS alebo L. monocytogenes nebolo signifikantne
rozdielne (Obr. 4-5B).
A B
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Obr. 4-5: F. tularensis LVS infikuje WT BMDMs v rovnakej miere ako L. monocytogenes.
(A) Imunofluorescencna detekcia F. tularensis LVS pomocou kraliej anti-LVS protilatky
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(zelend) a L. monocytogenes GFP (zelena) vo WT BMDMs. Jadra su oznacené pomocou DAPI
(modra). Stupnica: 20 um. (B) Kvantifikacia F. tularensis LVS a L. monocytogenes GFP vo WT
BMDMs. Vysledky predstavuju data z 2 nezavislych experimentov (n > 600 pocitanych buniek).
Statisticka vyznamnost’ bola ur¢ena pomocou Studentovho t-testu, ns P> 0,05.

4.2 Aktivna supresia signaliza¢nych drah riadenych TLR, CDS a RLR

Medzi nepostradatel'né vlastnosti tspesného patogéna patri schopnost’ vyhnut' sa
aktivacii hostitel'skej imunitnej odpovede alebo ju aspoi eliminovat. V priebehu infekcie
WT BMDMs F. tularensis LVS stimuluje pomerne nizku zapalovi odpoved’ (Obr. 4-2,
4-3, 4-4A). Cielom nasledujucich experimentov bolo preukdzat, ¢i za jej slabou
aktivaciou stoji nedostato¢nd indukcia signalizacnych drah regulovanych receptormi PRR
alebo ich aktivna bakterialna inhibicia.

Schopnost’ F. tularensis LVS potlacovat aktivaciu signalizacnych drah
regulovanych receptormi PRR bola skimana v pritomnosti L. monocytogenes (Obr.
46A), atenuované¢ho kmena virusu vezikuldrnej stomatitidy (VSV-AV2) (Obr. 4-6B)
alebo mftvej F. tularensis LVS (Obr. 4-7). Analyza IFN-8 luciferazovej aktivity vo WT
Ifnf3""*Pe BMDM s potvrdila supresivny efekt F. tularensis LVS na aktivovant odpoved
buniek vyvolanu L. monocytogenes (Obr. 4-6A). V pripade ko-infekéného experimentu
s VSV-AV2 stimulujuacim IFN odpoved’ typu I cez receptor RIG-I (Kato et al. 2006;
Dietrich et al. 2010) bola pozorovanad vyrazne znizena aktivacia tejto odpovede (Obr.
46B). F. tularensis LVS aktivne suprimovala expresiu IFN-B aj v pritomnosti zlyzovanej
baktérie (Obr. 4-7A-B). Ziskané vysledky poukazuju na schopnost’ F. tularensis LVS

aktivne potlacovat signalizaciu kontrolovanu TLR, CDS a RLR.

Fedkdk

—_

o

o
*
¥
p=Y
o

co

(=]
(]
[=]

L

ox g ¥
=29 60 = el
4 é'.tf-izo
52407 '-_‘-210 sk
204 7
0- 0-
LVS - + - + VSV-AVZ - &+ - + - &+
Lm. - -+ VS - - + 4+ - -
L.m. - -+ 4+

Obr. 4-6: Aktivna supresia signaliza¢nych drah regulovanych TLR, CDS a RLR
F. tularensis LVS. (A-B) IFN-B luciferazova aktivita vo WT Ifi3 " BMDMs infikovanych
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F. tularensis LVS (MOI 50) 3 h pred stimulaciou L. monocytogenes (MOI 10) (A) alebo VSVAV2
(MOI10,01) (B) a naslednou 5 h alebo 3 h inkubaciou. Vysledky predstavuja reprezentativne data
z 2 nezavislych experimentov a st vyjadrené v +SEM. Statistickd vyznamnost' bola uréena
pomocou Studentovho t-testu, ***P< 0,001.
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Obr. 4-7: F. tularensis LVS aktivne oslabuje IFN odpoved’ typu I v pritomnosti mitvej
baktérie. (A-B) IFN-B luciferazova aktivita (A) a miera expresic mRNA Ifnbl (B) vo WT
Ifnf3" 4" BMDMs infikovanych pocas 8 h Zivou alebo mftvou (sonikovanou) F. tularensis LVS
(MOI 50) alebo stimulovanych po 3 h infekcii F. tularensis LVS mrtvou baktériou (MOI 50) a
ponechanych naslednej 5 h inkubécii. Vysledky predstavuju reprezentativne data z 2 nezavislych
experimentov a st vyjadrené v +SEM. Statistickd vyznamnost’ bola uréena pomocou Studentovho
t-testu, *P< 0,05; **P<0,01; ***P<0,001.

Dalej bol skimany supresivny efekt F. tularensis LVS na aktivaciu signalizaénych

drah regulovanych TLR2, TLR4 a STING. WT Ifns "4 BMDM:s boli infikované F.
tularensis LVS alebo L. monocytogenes a po 3 h stimulované prislusnymi ligandmi. Pre
aktivaciu receptora TLR2 bol zvoleny triacylovany lipopeptid, Pam3;CSK4 (Obr. 4-8A, 4-
9A), pre TLR4 LPS (Obr. 4-8B, 4-9B) a pre stimulaciu signalizacnej drahy regulovanej
senzorom STING bol vybraty c-di-GMP (Obr. 4-8C,4-9C) (Fitzgerald et al. 2003;
Dietrich et al. 2010; Burdette et al. 2011). Stanovenie IFN-B luciferazovej aktivity (Obr.
4-8A-C) a analyza hladin mRNA Ifubl a Tnfa pomocou qRT-PCR (Obr. 4-9A-C)
odhalila, ze F. tularensis LVS je na rozdiel od L. monocytogenes schopna tieto stimuly

aktivne suprimovat’.
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Obr. 4-8: F. tularensis LVS blokuje TLR2-, TLR4- a STING-dependentni aktivaciu
zapalovej odpovede. (A-C) WT Ifi3"#*"“ BMDMs boli infikované F. tularensis LVS (MOI 50)
alebo L. monocytogenes (MOI 10) 3 h pred zahajenim stimulacie 100 ng/ml Pam3;CSK4 (A), 10
ng/ml LPS (B) alebo 20 pg/ml ¢-di-GMP (C). IFN-B luciferazova aktivita bola detegovana po
naslednej 5 h inkubacii stimulovanych buniek. Vysledky predstavuju reprezentativne data z 3
nezavislych experimentov a st vyjadrené v +SEM. Statistickd vyznamnost’ bola uréena pomocou

Studentovho t-testu, **P< 0,01; ***P<0,001.
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Obr. 4-9: V inhibicii expresie génov Ifnb1 a Tnfa F. tularensis LLVS su zahrnuté signaliza¢né
drahy TLR2, TLR4 a STING. (A-C) Expresia mRNA [fubl alebo Tnfa bola analyzovana
prostrednictvom qRT-PCR vo WT Ifi3"# BMDMs infikovanych F. tularensis LVS (MOI 50)
alebo L. monocytogenes (MOI 10) 3 h pred zahajenim stimulacie 100 ng/ml Pam;CSK4 (A), 10
ng/ml LPS (B) alebo 20 pg/ml c-di-GMP (C) trvajicej nasledujucich 5 h. Vysledky st vyjadrené
v +SEM. Statistickd vyznamnost’ bola uréend pomocou Studentovho ttestu, **P< 0,01; ***P<
0,001.

4.3 Uloha fagozomalneho uteku F. tularensis LVS v supresii signalnych

drah riadenych PRR

Fagozomalny utek F. tularensis LVS do cytosolu a jej nasledna replikacia v nom
predstavuje pre baktériu dolezitti fazu jej intracelularneho zivota. AvSak aj v tejto Casti
cyklu musi F. tularensis LVS ¢elit’ roznym nastrahdm imunitné¢ho systému hostitel'ske;j
bunky. Pre $tidium podielu funkéného T6SS alebo cytosdlického vyskytu F. tularensis
LVS na aktivacii alebo potlaceni signalizéacie riadenej PRR boli pouzit¢ mutantné kmene

s naruSenou schopnost’ou fagozomalneho Uniku, 4igiC/LVS a AdsbA/LVS. Stanovenie
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IFN-8 luciferdzovej aktivity, hladin mRNA a cytokinov bolo prevedené 8 h po infekcii
WT BMDMs. Na rozdiel od divokého kmena F. tularensis LVS, AiglC/LVS aj
AdsbA/LVS vykazovali zvySenti schopnost’ stimulovat’ prozapalova (Obr. 4-10B-C) a
IFN odpoved’ typu I (Obr. 4-10A, 4-13, 4-14). V pripade mutantného kmena AdsbA/LVS
dosahovali namerané hladiny IFN-B luciferazove;j aktivity aj mRNA Ifnbl a Tnfa v
porovnani s 4iglC/LVS vyssich hodnot (Obr. 4-13, 4-14).

Cielom nasledujucich experimentov bolo porovnanie supresivneho efektu F.
tularensis LVS a jej mutantného kmena Aig/C/LVS na vrodent imunitni odpoved v
pritomnosti L. monocytogenes. Infikované WT BMDMs boli podrobené analyze
pomocou qRT-PCR alebo metody ELISA. F. tularensis LVS v porovnani s 4iglC/LVS
bola schopna suprimovat’ stimulaciu génov IFN odpovede typu I (mRNA Ifnbl a Ifna4)
(Obr. 4-10A), prozapalovej odpovede (mRNA Tnfa a 111b) (Obr. 4-10B) a produkciu
TNF-a a IL-6 (Obr. 4-10C) v pritomnosti L. monocytogenes vo vacsej miere. Ziskané
data poukazuju na ddlezitost’ fagozomalneho uteku F. tularensis LVS z pohl'adu supresie

signaliza¢nych kaskad regulovanych TLR, CDS a RLR.
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Obr. 4-10: Fagozomalny utek F. tularensis LVS do cytosolu je dolezity pre bakterialnu
inhibiciu signaliza¢nych kaskad regulovanych PRR. (A-C) WT BMDMs boli infikované pocas
8 h F. tularensis LVS (MOI 50), 4igiC/LVS (MOI 50) alebo L. monocytogenes (MOI 10),
pripadne boli 3 h pred stimulaciou L. monocytogenes (MOI 10) infikované F. tularensis LVS
(MOI 50) alebo A4igiC/LVS (MOI 50) a inkubované pocas d’alsich 5 h. Vo vzorkach boli nasledne
analyzované hladiny mRNA [fnbl a Ifna4 (A), Tnfa a Il1b (B) a produkcia TNF-a a IL-6 (C).
Vysledky predstavuji reprezentativne data z 2 nezavislych experimentov a st vyjadrené v £SEM.
Statistickd vyznamnost’ bola uréena pomocou Studentovho t-testu, *P<

0,05; **P<0,01; ***P<0,001.

4.3.1 Miera sekundarnej fagocytézy BMDMs

Analyza relativneho vstupu baktérii do buniek bola prevedend z dévodu vylicenia
nedostatocnej fagocytdézy L. monocytogenes infikovanymi bunkami, a tym aj zniZenej
stimulécie vrodenej imunitnej odpovede. WT BMDMs boli stimulované bud’ samotnou
luminiscencnou L. monocytogenes (EDGe::pPL2/luxpHELP) alebo boli najskor
podrobené infekcii F. tularensis LVS, pripadne 4iglC/LVS, a az nasledne koinfekcii L.
monocytogenes (EDGe::pPL2/luxpHELP). Schopnost WT BMDMs fagocytovat’
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primarne alebo az sekundarne L. monocytogenes sa signifikantne neliSila. Okrem toho
neboli pozorované ani rozdiely medzi bunkami, ktoré boli najskor infikované F.

tularensis LVS alebo 4igiC/LVS (Obr. 4-11).
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Obr. 4-11: ZniZena prozapalova a IFN odpoved’ typu I nie je vyvolana narusSenou
fagocytézou L. monocytogenes uz infikovanymi BMDMs. Miera luminiscencie L.
monocytogenes (EGDe::pPL2/luxpHELP) (MOI 5) fagocytovanej predbezne infikovanymi
BMDMs F. tularensis LVS (MOI 25) alebo AigiC/LVS (MOI 25) bola vyjadrend v RLU a
predstavovala relativny vstup baktérii. Vysledky predstavuju priemer z dat zo 4 nezavislych
experimentov a su vyjadrené v £SEM. Statistickd vyznamnost’ bola uréena pomocou

Studentovho t-testu, ns P> 0,05.

4.3.2 Indukcia bunkovej cytopatogenity

Test cytopatogenity bol prevedeny za ticelom odhalenia, €i za zniZenu stimulaciu
zépalove] odpovede v priebehu ko-infekcie F. tularensis LVS a L. monocytogenes
nezodpoveda zvySend imrtnost’ buniek. Detekcia mnozstva LDH bola prevedena 8 h po
infekcii. Hodnoty LDH vo WT BMDMs ko-infikovanych F. tularensis LVS alebo
AiglC/LVS a L. monocytogenes dosahovali porovnatelnych hodnét (9,54 a 8,84 %)
(Obr. 4-12).
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Obr. 4-12: ZnizZena aktivacia zapalovej odpovede nie je ovplyvnena Zivotnostou BMDMs.
Cytopatogenita WT BMDMs infikovanych F. tularensis LVS (MOI 25) alebo AigiC/LVS (MOI
25) apo 3 h podrobenych stimulacii L. monocytogenes (MOI 5) pocas nasledujucich 5 h. Aktivita
LDH je vyjadrena percentudlne a je vztiahnutd ku hladine LDH stanovenej v neinfikovanych
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BMDMs. Vysledky predstavuji reprezentativne data z 2 nezavislych experimentov a su vyjadrené
v +SEM. Statistick vyznamnost’ bola uréena pomocou Studentovho t-testu, *P< 0,05; **P< 0,01;

**#P<0,001.

Taktiez bol skumany inhibicny efekt mutantnych kmenov na signalizaciu
aktivovanu prostrednictvom TLR2, TLR4 a STING. WT Ifuf"% BMDMs boli
infikované bud’ F. tularensis LVS, AigiC/LVS alebo AdsbA/LVS a po 3 h inkubdcii
stimulované ligandmi Pam3;CSK4 (Obr. 4-13A, 4-14A), LPS (Obr. 4-14B) alebo c-
diGMP (Obr. 4-13B, 4-14C). Analyza IFN-8 luciferazovej aktivity a qRT-PCR odhalila,
ze divoky kmen F. tularensis LVS vykazoval v porovnani s atenuovanymi kmenmi

zvySenu schopnost’ oslabovat’ navodenu hostitel'ski imunitnt odpoved’ regulovanu

prostrednictvom TLR2, TLR4 a STING.
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Obr. 4-13: Uloha fagozomalneho tiniku F. tularensis LVS v blokacii signalizacie regulovanej
TLR2 a STING. (A-B) IFN-B luciferazova aktivita bola merana vo WT Ifis"** BMDMs
infikovanych F. tularensis LVS, AigiC/LVS alebo AdsbA/LVS 3 h pred stimulaciou 100 ng/ml
Pam3;CSK4 (A) alebo 20 pg/ml c-di-GMP (B) pocas nasledujucich 5 h. Vysledky predstavuju
reprezentativne data z 2 nezavislych experimentov a s vyjadrené v +SEM. Statisticka
vyznamnost’ bola ur¢end pomocou Studentovho t-testu, ns P> 0,05; *P< 0,05;

**#P<0,001.
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Obr. 4-14: Blokacia TLR-, CDS- a RLR-dependentnej signalizicie je podmienena vyskytom
F. tularensis LVS v cytosole. (A-C) Hladiny mRNA [fnbl alebo Tnfa boli analyzované pomocou
qRT-PCR vo WT Ifin3"* BMDMs infikovanych bud’ F. tularensis LVS, AiglC/LVS alebo
AdsbA/LVS 3 h pred zahajenim 5 h stimulacie 100 ng/ml Pam3;CSK4 (A), 10 ng/ml LPS (B) alebo
20 pg/ml c-di-GMP (C). Vysledky predstavuju reprezentativne data z 2 nezavislych experimentov
a st vyjadrené v =£SEM. Statisticka vyznamnost’ bola uréena pomocou Studentovho t-testu, ns P>
0,05; *P< 0,05; **P<0,01; ***P<0,001.

4.4 Vplyv bakteridlnej Zivotaschopnosti na supresiu signalizaénych drah

riadenych PRR

Hostitel'ska vrodend imunitna odpoved’ namierend voci F. tularensis LVS zahiia
koordindciu mnohych signalizatnych drah. V nasledujucich experimentoch bol
Studovany vplyv Zivotaschopnosti baktérie na aktivaciu, ale aj inhibiciu bunkovej
signalizacie regulovanej receptormi PRR. Zaroven bola skimané aj povaha tzv. PAMPs

molekul F. tularensis LVS, ktoré by mohli tito odpoved’ ovplyviovat.
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4.4.1 Inhibicia zapalovej odpovede zavisi na vitalite F. tularensis LVS

Ciel'om tejto Stadie bolo zistit,, ¢i je nutna pritomnost’ Zivej baktérie pre supresiu
zépalovej odpovede. F. tularensis LVS bola preto usmrtend pomocou sonikdcie, tepelne;j
inaktivacie alebo posobenia UV-ziarenia. WT Ifnfs"7# BMDMs boli nasledne
infikované zivou alebo mftvou F. tularensis LVS a po 8 h bola zmerana IFN-B
luciferazova aktivita. Stimulacia IFN odpovede typu I bola u vSetkych foriem zabitia F.

tularensis LVS v porovnani so Zivou baktériou vyssia (Obr. 4-15).
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Obr. 4-15: Mirtva F. tularensis LVS neblokuje aktivaciu IFN odpovede typu I. IFN-8
luciferazova aktivita analyzovana vo WT Ifin3"#" BMDMs 8 h po infekcii Zivou, tepelne
inaktivovanou (TI) F. tularensis LVS alebo zabitou posobenim UV-ziarenia. Vysledky
predstavuju reprezentativne data z 2 nezavislych experimentov a s vyjadrené v +SEM.
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Statistické vyznamnost’ bola ur¢ena pomocou Studentovho t-testu, **P< 0,01.

Nasledne bol testovany vplyv mftvej F. tularensis LVS na priebeh signalizacnej
kaskady regulovanej receptorom TLR2. WT Ifi3"/4¥* BMDMs boli infikované Zivou
alebo sonikovanou formou F. tularensis LVS a po 3 h nasledovala stimulacia pomocou
ligandu Pam3CSK4. Stanovenie IFN-B luciferazovej aktivity (Obr. 4-16A) a hladin
mRNA Ifnbl a Tnfa pomocou qRT-PCR (Obr. 4-16B) ukazalo, ze sonikovana forma
F. tularensis LVS oproti zivej baktérii aktivovala zvySent prozapalova aj IFN odpoved’
typu I v pritomnosti Pam3;CSK4. Mftva baktéria mala na rozdiel od zivej F. tularensis
LVS oslabenu schopnost’ potlacovat’ signalizaciu kontrolovanu receptorom TLR2 (Obr.

4-16A-B).
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Obr. 4-16: Inhibi¢ny efekt sonikovanej F. fularensis LVS na signalizaciu regulovanu
receptorom TLR2. (A-B) IFN-B luciferazova aktivita (A) a hladiny mRNA Ifnbl a Tnfa (B)
namerané vo WT Ifi3"#*“ BMDMs infikovanych Zivou alebo sonikovanou F. tularensis LVS,
pripadne stimulovanych 100 ng/ml Pam;CSK4 po 3 h infekcii. Vysledky predstavuji
reprezentativne data z 2 nezavislych experimentov a s vyjadrené v +SEM. Statisticka
vyznamnost’ bola ur¢end pomocou Studentovho t-testu, *P< 0,05; **P< 0,01; ***P<0,001.

Obdobne predoslému experimentu bol skimany vplyv aj tepelnej inaktivacie na
supresivne vlastnosti F. tularensis LVS. WT Ifus"/4*“* BMDMs boli po infekcii Zivou
alebo mftvou baktériou stimulované bud’ agonistom TLR2 (Obr. 4-17A) alebo senzora
STING (Obr. 4-17B). Oproti stimulécii c-di-GMP, tepelne inaktivovand F. tularensis

LVS potlacovala IFN-8 luciferdzovua aktivitu vyvolani pdsobenim

Pam3;CSKa.
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Obr. 4-17: Tepelne inaktivovana F. tularensis LVS suprimuje signaliziciu regulovani TLR
a CDS. (A-B) IFN-B luciferazova aktivita vo WT Ifi3 4" BMDMs infikovanych Zivou alebo TI
F. tularensis LVS analyzovana v 8 h alebo najskor infikovanych a v 3 h po infekcii stimulovanych
100 ng/ml Pam;CSK4 (A) alebo 20 pug/ml ¢-di-GMP (B). Vysledky predstavuju reprezentativne
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data z 2 nezavislych experimentov a su vyjadrené v £SEM. Statisticka vyznamnost’ bola uréena
pomocou Studentovho t-testu, ns P> 0,05; **P< 0,01.

4.4.2 Povaha PAMPs

Pre charakterizaciu molekul PAMPs stimulujucich zapalova odpoved’ bola F.
tularensis LVS podrobena lyze pomocou sonikacie. WT Ifin3"* BMDMs boli
infikované Zivou alebo mrftvou baktériou a po 8 h v nich bola analyzovana IFN-03
luciferazova aktivita. Ziskané data ukazali vyrazne vyssiu stimulaciu produkcie IFN- v
pritomnosti sonikovanej F. tularensis LVS. AvSak v pripade jej oSetrenia tepelnou
inaktivaciou bol zaznamenany vyrazny pokles tejto odpovede, zrejme v dosledku tepelnej
denaturacie molekul proteinovej povahy alebo nukleovych kyselin. Pri vystaveni
bakterialneho lyzatu pdsobeniu benzonazy, endonukleazy Stiepiacej nukleové kyseliny,

bol pozorovany rovnaky trend (Obr. 4-18).
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Obr. 4-18: F. tularensis LVS aktivuje IFN odpoved’ typu I prostrednictvom ligandov
proteinovej povahy a nukleovych Kkyselin. IFN-B luciferazova aktivita bola analyzovana 8 h po
infekcii WT Ifinp"#"““BMDMs F. tularensis LVS (MOI 50), sonikovanou baktériou, ale taktieZ
zlyzovanou F. tularensis LVS podrobenou tepelnej inaktivacii (TI), ¢i pdsobeniu benzonazy.
Vysledky predstavuji reprezentativne data z 2 nezavislych experimentov a su vyjadrené v +SEM.
Statistickd vyznamnost’ bola uréena pomocou Studentovho t-testu, *P<
0,05; ***P<0,001.

Sonikovand F. tularensis LVS indukovala znizené hladiny IFN-B luciferazovej

aktivity aj pocas infekcie Myd88™Ifnf3*" % alebo Sting™"Ifn3"*** BMDMs (Obr. 419A).
Pokles v expresii génov Ifnbl a Tnfa bol taktiez zaznamenany v pripade infekcie buniek
pochadzajtcich z Ticam 1™ Ips1”-alebo Ips1”-mysi (Obr. 4-19B, C). Vysledky potvrdzuju
predchadzajuce zistenie, ze F. tularensis LVS stimuluje signalizaciu regulovani TLR
(adaptorové molekuly MyD88 a TRIF) prostrednictvom molekal lipoproteinového
charakteru a receptorov CDS a RLR pomocou nukleovych kyselin (adaptorové proteiny

STING a IPS1).
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Obr. 4-19: Stimulacia IFN odpovede typu I sonikovanou F. tularensis LVS. (A) IFN-3
luciferazova aktivita vo WT Ifuf8"%"  Myd88 Ifufs" " alebo Sting”Ifnfs"*" BMDMs
vyvolana 8 h po infekcii zivou alebo sonikovanou F. tularensis LVS (MOI 50). Vysledky
predstavuju reprezentativne data z 3 nezavislych experimentov a st vyjadrené v +SEM. (B) qRT-
PCR analyza transkriptov mRNA Ifibl a Tnfa po 8 h infekcii WT, Ticaml™”IpsI” alebo Ipsl™”
BMDMs zivou alebo sonikovanou F. tularensis LVS (MOI 50). Vysledky st vyjadrené v £SEM.
Statistickd vyznamnost’ bola uréena pomocou Studentovho t-testu, ns P> 0,05; *P<

0.05, **P<0.01.

4.5 Inhibicia signaliza¢nych dejov F. tularensis LVS

Dolezitym aspektom uspesného prezivania intracelularnych patogénov je aj
ovladnutie bunkovej signalizacie a jej nasledné presmerovanie podl'a vlastnych potrieb.
Preto niet divu, Ze sa u patogénov vyvinula v priebehu evolucie celd rada nastrojov, ktoré
im umoziuju zasahovat do jednotlivych signalizaénych krokov, vratane procesov
fosforylacie a ubikvitinacie. Cielom nasledujtcich $tudii bolo zistit, do ktorych tychto

dejov zasahuje aj F. tularensis LVS.

4.5.1 Supresia fosforylaénych a polyubikvitina¢nych dejov

Vzhl'adom na preukézant schopnost’ F. tularensis LVS zvréatit’ priebeh bunkovej
signalizacie riadenej receptormi PRR boli d’al§ie experimenty zamerané na detekciu
zasiahnutych signalizacnych molekul. WT BMDMs boli infikované bud’ F. tularensis
LVS, 4igIiC/LVS alebo A4dsbA/LVS pocas 15, 30 alebo 60 min. Bunkové lyzaty boli
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podrobené Western blotovej analyze. Pritomnost’ fosforylovanych foriem TAKI,
IKKa/B, p38 MAPK, TBKI, IRF3 a nahromadenie K63-polyubikvitinovych retazcov
bolo detegované vo viacsej miere len vo vzorkach infikovanych mutantnymi kmenmi F.
tularensis LVS (Obr. 4-20A, 4-21A).

V d’alsom bode studie bol skimany inhibi¢ny efekt F. tularensis LVS na aktivaciu
vyssie spominanych molekul v pritomnosti L. monocytogenes (Obr. 420B) alebo ligandu
Pam3;CSK4 (Obr. 4-21B). V oboch pripadoch bola pozorovana vyraznejsia fosforylacia
signaliza¢nych molekul a akumulacia K63-polyubikvitinovych ret'azcov v priebehu
infekcie mutantnymi kmenimi 4iglC/LVS alebo AdsbA/LVS (Obr. 4-20B, 4-21B). Hoci
oproti L. monocytogenes vyvolavala F. tularensis LVS niz$iu akumulaciu K48-
poylubikvitinovych retazcov, ich  tvorbu pri ko-infekénych experimentoch
nepotlacovala (Obr. 4-22). Ziskané data poukazuju na schopnost’ F. tularensis LVS
inhibovat’ signaliza¢né drahy regulované receptormi PRR a délezitost’ zachovania

schopnosti bakteridlneho uteku do cytosélu.
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Obr. 4-20: F. tularensis LVS blokuje fosforylacné a polyubikvitina¢né

procesy v signalizacnych drahach riadenych PRR. (A-B) WT BMDMs infikované F.
tularensis LVS alebo 4igIC/LVS (A), pripadne najskor infikované F. tularensis LVS alebo
AiglC/LVS a po 3 h stimulované L. monocytogenes (B) boli analyzované v ¢asovych intervaloch
0, 15, 30, 60 min alebo 3 h + 15, 30 a 60 min pomocou Western blotu na pritomnost’ bud’
fosforylovanych foriem TAK1, IKKo/B, p38, TBK1, IRF3 alebo nahromadenia K63-
polyubikvitinovych retazcov. Ako kontroly hladiny celkového mnozstva proteinu boli detegované
TAKI1, IKKo/B, p38, TBK1, IRF3, TRAF6, TRAF3, TAB2, TAB3 alebo a-tubulin. Vysledky
predstavuju reprezentativne data z 2 nezavislych experimentov.
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Obr. 4-21: Vplyv fagozomalneho uniku F. fularensis LVS na aktivaciu TBK1 indukovani
receptorom TLR2. (A-B) Western blot analyza WT BMDMs infikovanych bud’ F. tularensis
LVS alebo AdsbA/LVS (A), pripadne infikovanych F. tularensis LVS alebo AdsbA/LVS apo 3 h
stimulovanych 100 ng/ml Pams;CSK4 (B) v ¢asovych intervaloch 0, 15, 30, 60 min alebo 3 h + 15,
30 a 60 min na pritomnost’ fosforylovanej formy TBKI1. Ako kontroly hladiny celkového
mnozstva proteinu boli detegované TBK1 a a-tubulin. Vysledky predstavuju reprezentativne data
z 3 nezavislych experimentov.
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Obr. 4-22: F. tularensis LVS potlac¢uje nahromadenie K63-polyubikvitinovych ret’azcov.
Western blot analyza WT BMDMs infikovanych bud’ F. tularensis LVS alebo
L. monocytogenes, pripadne infikovanych F. tularensis LVS a po 3 h stimulovanych L.
monocytogenes v Casovych intervaloch 0, 15, 30, 60 min alebo 3 h+ 15, 30 a 60 min na pritomnost’
K63- alebo K48-polyubikvitinovych retazcov. Ako kontrola hladiny celkového mnozstva
proteinu bol detegovany a-tubulin. Vysledky predstavuju reprezentativne data z 2 nezavislych
experimentov.

4.5.2 Inhibicia vzniku signalnych komplexov TRAF6 a TRAF3

Pre overenie vplyvu supresivneho efektu F. tularensis LVS na zlozenie dolezitych
prozapalovych signalizaénych komplexov TRAF6 a TRAF3, boli WT BMDMs
podrobené infekcii F. tularensis LVS, AigiC/LVS alebo néslednej ko-infekcii s L.
monocytogenes. Vzorky imunoprecipitované na prislusny TRAF protein boli potom
analyzované pomocou Western blotu na pritomnost’ TAK 1, IKKa/B8, TKB1, IRF3, TAB2,
TAB3, TRAF6, TRAF3 alebo K63-polyubikvitinovych retazcov. V porovnani s
AiglC/LVS, F. tularensis LVS aktivovala znizent tvorbu K63-polyubikvitinovych
retazcov a mensie zoskupenie sa TAK1, TAB2 a TAB3 v komplexe TRAF6 (Obr. 423A)
alebo TBK1 v TRAF3 (Obr. 4-23C). V pripade ko-infek¢nych experimentov vykazovala
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F. tularensis LVS oproti 4ig/iC/LVS zvySenu schopnost’ suprimovat’ tvorbu komplexu
TRAF6 (Obr. 4-23B) alebo TRAF3 (Obr. 4-23D) aktivovani prostrednictvom L.
monocytogenes. Nadobudnuté data nasvedCuju tomu, ze F. tularensis LVS ovplyviuje
priebeh signalizacie indukovanej receptormi PRR prostrednictvom inhibicie vzniku

tychto komplexov.
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Obr. 4-23: F. tularensis LVS potlacuje vytvorenie signalizacnych komplexov TRAF6 a
TRAF3. (A-D) Western blot analyza imunoprecipitovanych signalnych komplexov TRAF6 (A,
B) a TRAF3 (C, D) v ¢asovych intervaloch 0, 15, 30, 60 min alebo 3 h + 15, 30 a 60 min na
pritomnost TAKI1, IKKow/B, TBKI1, IRF3, TAB2, TAB3, TRAF3, TRAF6 alebo
K63polyubikvitinovych retazcov. Vzorky pochadzali z WT BMDMs infikovanych F. tularensis
LVS alebo 4igiC/LVS, pripadne najskor infikovanych F. tularensis LVS alebo 4igiC/LVS a po
3 h ko-infikovnaych L. monocytogenes. Vysledky predstavuju reprezentativne data z 2
nezévislych experimentov.

5 Diskusia

Vysoka virulencia F. tularensis je z Casti pripisovana schopnosti tohto patogéna
uspesne prezivat v hostitel'skych bunkach bez spustenia vyraznej imunitnej odpovede
(Butchar et al. 2008; Chase et al. 2009; Huang et al. 2010; Walters et al. 2015). V priebehu
zlozitého zivotného cyklu celi F. tularensis celej rade hostitel'skych obrannych
mechanizmov, vratane moznej aktivacie signaliza¢nych kaskad riadenych r6znymi PRR.

Predpoklada sa, Ze svoju tlohu v ich obideni moze zohravat’ schopnost’ tejto baktérie
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pozmenit’ biologicki dostupnost’, ako aj Strukturu svojich povrchovych molekul alebo
inhibovat niektoré signalizacné deje (Telepnev et al. 2003; Phillips et al. 2004; Jones et
al. 2012b; Ireland et al. 2013). Ddlezitych zastupcov PRR tcastniacich sa stimulacie
prozapalovej odpovede predstavuju senzory z rodin TLR, RLR a CDS. Spdsob akym F.
tularensis aktivuje alebo moduluje priebeh bunkovej signalizacie sprostredkovanej tymito
receptormi nie je ale zatial’ iplne objasneny.

Pre charakterizaciu signdlnych kaskdd regulovanych vysSie spominanymi
receptormi boli pouzité primdrne kostne-dreniové makrofdgy deficientné pre rdzne
adaptorové proteiny. Konkrétne bola sledovana IFN odpoved’ typu I, ktord zohrava vo
vrodenej imunitnej obrane proti F. tularensis kI'ai¢ovu ulohu (Henry et al. 2007; Cole et
al. 2008). Ziskané vysledky ukézali, ze F. tularensis subsp. holarctica LVS (F. tularensis
LVS) stimuluje pomerne nizku prozapalovu odpoved’ prostrednictvom MyD88, TRIF,
STING a IPS1 (Obr. 4-1; 4-2). MyD88-dependentnd signalizacia bola pravdepodobne
sprostredkovand aktivaciou TLRY bakteridllnou DNA alebo TLR2 povrchovymi
lipoproteinmi F. tularensis LVS (Obr. 4-18; 4-19) (Cole et al. 2007; Abplanalp et al.
2009; Dietrich et al. 2010). Produkcia IFN typu I prostrednictvom STING bola potvrdena
uz v predchadzajucich Studiach (Jones et al. 2010; Jin et al. 2011). Tento adaptorovy
protein mohol byt’ stimulovany po rozliSeni cytoplazmatickej
DNA pochadzajtcej z F. tularensis LVS cytosélickym DNA senzorom cGAS (Obr. 418;
4-19) (Storek et al. 2015). V pripade TLR3- a TLR4-regulovanej signalizacie zohrava
vyznamnu Ulohu TRIF, ktory je ale nevyhnutny aj pre optimalnu aktivaciu TLR2-
MyD88- a cGAS-STING-signaliza¢nych dréh (Petnicki-Ocwieja et al. 2013; Wang et al.
2016). Adaptorovy protein IPS1 je znamy svojou i€astou v RLR-z4vislej signalizacii, ale
taktiez moze umocnovat’ aktiviciu ¢cGAS-STING signalizacie vd’aka detekcii RNA
vzniknutej de novo po prepise mikrobidlnej dsDNA RNA-polymerazou III (Chiu et al.
2009). Avsak, ¢i prozapalova odpoved’ indukovana prostrednictvom TRIF a IPS1 v
priebehu infekcie F. tularensis LVS vznika len v dosledku ich pomocnej Glohy v aktivacii
MyD88- a STING-zavislej signalizacie zostava nejasné. V priebehu infekcie F. novicida
totizto nebola ucast’ tychto adaptorovych proteinov spolocne s MyD88 v aktivacii IFN
odpovede typu I potvrdena (Henry et al. 2007). Napriek tomu je zrejmé, ze signalne

kaskady regulované PRR st funk¢éne prepojené, a ze vznik prozapalovej odpovede po
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infekcii F. tularensis LVS je vysledkom simultdnnej alebo sekvenénej aktivacie mnohych
tychto drah.

Pre dobre adaptovany patogén je najefektivnejSim néstrojom na prekonanie
hostitel'skej imunitnej obrany viacstupiiovy utok na signalizaéné drahy riadené PRR.
Vysledky tejto dizertanej prace odhalili, Ze F. tularensis LVS stimuluje, ale zaroven
aktivne blokuje signalizacné drahy riadené TLR, CDS a RLR (Obr. 4-6; 4-7; 4-8; 4-9).
Za tato inhibiciu moze byt zodpovedna schopnost’ F. tularensis LVS interferovat’ s
regulaénymi bodmi signalizacie riadenej PRR, a to komplexmi TRAF6 a TRAF3. Tieto
E3  ubikvitin-ligdzy sa po  aktivacii spominanych receptorov  ucastnia
K63polyubikvitinaénych procesov, ¢im zabezpecuju chod signalizacnych dejov veducich
az k expresii prozapalovych cytokinov (Panda et al. 2015). No, v pripade F. tularensis
dochadza k inhibicii akumulacie tychto polyubikvitinovych retazcov ako aj zoskupenia
TAB2, TAB3 a TAKI v komplexe TRAF6 alebo TBK1 v TRAF3 (Obr. 4-23). Tieto data
boli potvrdené aj znizenou aktivaciou signaliza¢nych molekul p-TAK1, p-p38 MAPK, p-
IKKo/B, p-TBK1 a p-IRF3 (Obr. 4-20B; 4-21B). Schopnost’ F. tularensis zasahovat’ do
tychto dodlezitych centier bunkovej signalizacie mdze vysvetlovat stcasni inhibiciu
viacerych signalizacnych drah riadenych PRR. Presny mechanizmus supresie tychto
komplexov zostdva ale zatial' nejasny. Jeden z potencidlnych inhibitorov TRAF6 a
TRAF3 moze predstavovat’ SOCS3, ktorého expresia je v priebehu infekcie vyznamne
zvySend (Parsa et al. 2008). Okrem toho, Ze tento hostitel'sky protein reguluje
proteazomalnu degradaciu TBK1, inhibuje aj aktivaciu tychto signaliza¢nych komplexov
(Frobese et al. 2006; Inagaki-Ohara et al. 2013; Liu et al. 2015). F. tularensis je avSak
schopna zasahovat aj do d’alSich signalizatnych krokov. Okrem zniZenej aktivacie
receptorov ovplyvnuje aj bunkovu signalizaciu na transkripcnej arovni, ¢i uz potlacenim
aktivacie IRF1, IRF8, NF-kB alebo degradaciou hostitel'skej mRNA (Hajjar et al. 2006;
Zarrella et al. 2011; Jones et al. 2012b; Ireland et al. 2013; Crane et al. 2013; Bauler et al.
2014; Walters et al. 2015).

Avsak zostava otazne, i za schopnostou F. tularensis LVS aktivovat’, ale nasledne
utlmovat’” vnutrobunkovil signalizaciu nestoji pozmenend virulencia baktérie.
Predchadzajuce sttdie poukazuja na fakt, Ze vysledny fenotyp baktérie moze byt’ vyrazne
ovplyvneny zvolenymi rastovymi podmienkami (Golovliov et al. 1997; Loegering et al.

2006; Zarrella et al. 2011; Singh et al. 2013; Steiner et al. 2014). F. tularensis kultivovana
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v Mueller-Hintonovom médiu vykazovala na rozdiel od baktérii adaptovanych na
hostitel'ské prostredie schopnost’ stimulovat’ prozépalovi odpoved’ (Singh et al. 2013).
Tieto rozdiely by mohli vysvetlovat’, preco F. tularensis vykazuje v priebehu infekcie
imunostimulacny, ale vzapati aj imunosupresivny charakter.

Specifické bakteridlne efektorové proteiny zodpovedné za rozvratenie vrodenej
imunity nie su zatial' zndme. IglC a DsbA (FipB) predstavuji vyznamné virulen¢né
faktory, ktorych pritomnost” je nevyhnutnd pre spravne fungovanie T6SS a taktiez
bakterialny vstup do cytoplazmy (Lindgren et al. 2004a; Qin et al. 2009, 2016). Vysledky
tejto dizertacnej prace poukazuji na fakt, Ze strata tychto proteinov zdvazne naruSuje
schopnost’ F. tularensis LVS blokovat’ signaliza¢né kaskady riadené PRR (Obr. 4-10; 4-
13; 4-14). Zvysena stimuldcia prozapalovej odpovede atenuovanymi kmeiimi by mohla
byt vyvolana neprerusovanou stimulaciou TLR v dosledku ich prediZzeného zadrziavania
vo fagozéme a zaroven ich neschopnost'ou aktivne inhibovat’ signalizaciu riadentt PRR
(Cole et al. 2010). Avsak v priebehu infekcie 4ig/C/LVS bolo v porovnani s AdsbA/LVS
pozorované mierne potlacenie prozapalovej odpovede po stimuldcii L. monocytogenes
alebo exogénnymi ligandmi. To naznacuje, Ze napriek hlavnej ulohe T6SS v supresii
signaliza¢nych drah PRR, mo6zu hrat’ svoju ulohu sice v mensej miere aj d’alSie faktory,
ktoré st nezavislé od pritomnosti F. tularensis LVS v cytosdle. NavysSe je mozné, ze strata
proteinu DsbA zodpovedného za spradvne zlozenie niektorych komponent T6SS a
potencialnych supresorovych molektl moze viest’ ku zniZenej inhibi¢nej schopnosti tohto
mutanta (Qin et al. 2016). Ziskané data poukazuju na to, Ze inhibicia vrodenej imunitne;j
odpovede F. tularensis LVS suvisi s bakterialnou lokalizaciou v cytoplazme a/alebo ze je
tato inhibicia sprostredkovana efektorovymi proteinmi T6SS.

Vysledky dizertanej prace taktiez ukazali, ze inhibicia signalizacnych kaskad
riadenych PRR zavisi od Zivotaschopnosti F. tularensis LVS (Obr. 4-15; 4-16; 4-17).
Tieto data su v stulade s pracou skupiny Dr. Bosio, ktora uvadza, Ze stimulacia
prozapalovej odpovede exogénnymi ligandmi je blokovand len v pritomnosti Zzivej
baktérie (Telepnev et al. 2003; Bosio and Dow 2005; Chase et al. 2009). To znamena, ze
za supresiu je zodpovedna bud’ metabolicky aktivna baktéria, molekula citliva na proces
bakterialneho zabitia alebo komponenty ktord by mohla byt odmytéa v priebehu pripravy
bakterialnej suspenzie. V stadii Telepnev et al. bolo zistené, Ze tento jav je nezavisly od

de novo proteinovej syntézy F. tularensis (Telepnev et al. 2003). Okrem toho,
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nadobudnuté vysledky poukazuji na moznt pritomnost’ supresorovych molekl, ako st
napriklad bakterialne lipidy (Ireland et al. 2013; Crane et al. 2013). V pripade zabitia F.
tularensis LVS tepelnou inaktivaciou nebolo totizto preukdzané uplné vymiznutie
inhibi¢ného efektu baktérie (Obr. 4-17). To naznacuje, Ze na supresii vrodenej imunitne;j
odpovede sa modzu Uucastnit’ aj dalSie faktory, ktorych funkcia nie je zavisld od
zivotaschopnosti F. tularensis LVS.

Specifické virulenéné mechanizmy podielajiice sa na rozvrateni signalizaénych
kaskad riadenych PRR zostdvaju aj nad’alej neobjasnené. AvSak tato dizertatnd praca
odhalila pritomnost’ bakteridlnych faktorov umoziujacich F. tularensis LVS
manipulovat’ hostitel'sky ubikvitinovy systém. Okrem toho vysledky naznacuju, ze
schopnost’ F. tularensis LVS blokovat priebeh bunkovej signalizacie riadenej PRR uzko
suvisi s pritomnostou virulen¢nych faktorov délezitych pre fagozomalny unik baktérie
do cytoplazmy. Tento vnutrobunkovy priestor predstavuje vyhladdvané utocisko
mnohych patogénov najma kvoli bohatému prisunu zZivin. Zaroven ale tvori aj domov
hostitel'skej imunitnej obrany, vratane mnohych PRR, ktorych aktivicia znamena
potencialnu hrozbu pre nedostatocne ,,0zbrojené* baktérie. Preto moze byt schopnost’ F.
tularensis zosynchronizovat jej tutek do cytoplazmy s aktivhym rozvratenim
signaliza¢nych drah PRR povazovana za vyznamnu bakteridlnu stratégiu, ktora umoznuje

F. tularensis Gspesne prezivat' v hostitel'ovi.
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6 Zaver

Ciel'om dizertatne) prace bolo objasnit’ priebeh bunkovej signalizacie riadenej
PRR potas skorej faze infekcie BMDMSs F. tularensis subsp. holarctica LVS
(F. tularensis LVS). Ziskané vysledky je mozné zhrnit' do nasledujicich zaverov:

e F. tularensis LVS je schopna stimulovat, ale zarovefi aj aktivne inhibovat’
signalizainé kaskady riadené TLR, RLR a CDS.

e Zamlibiciu tychto signalizaénych drah je zodpovedna schopnost’ F. tularensis
LVS potlacovat vzmk K63-polyubikvitinovych ret'azcov anasledne a
komplexov TRAF6 a TRAF3 (Obr. 6-1).

e Tento inhibitny efekt je zavisly od fagozomalneho uteku F. tularensis LVS
do cytosolu a/alebo pritomnosti funkéného T6SS.

¢ Pre mnhibiciu signalnych kaskad PRR je vyzadovana pritomnost’ Zivotaschopne)

baktérie.
Francisella
K63 Uk ' y\/\

Pro-inflammatory genes Type | IFNs

Obr. 6-1: Model bunkovej signalizicie riadenej PRR v makrofagoch infikovanych
F. tularensis subsp. holarctica LVS.
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8 uhrn

Francisella tularensis je vysoko infekény intracelularny patogén a povodca
ochorenia nazyvaného tularémia. Predpoklada sa, ze dolezitym aspektom jej virulencie je
schopnost’ rozvratit' imunitni odpoved’ hostitela utlmenim alebo naruSenim funkecii
buniek vrodenej imunity. Pociato¢né Stadium infekcie je charakterizované vyraznou
bakterialnou replikdciou bez spustenia signifikantnej prozapalovej odpovede, ktora hra
kl'a¢ovu tlohu v rozvoji efektivnej hostitel'skej obrany voci invadujucemu patogénu.

Ciel'om predlozenej dizertacnej prace bolo popisat’ priebeh bunkovej signalizacie
sprostredkovanej tzv. pattern recognition receptors (PRR) pocas skorej faze infekcie
primarnych kostne-dreniovych makrofagov baktériou Francisella tularensis subsp.
holarctica LVS (F. tularensis LVS). Ziskané data preukazali schopnost’ F. tularensis
LVS aktivovat, ale aj suCasne blokovat signalizatné drahy riadené tzv. Toll-like
receptors, RIG-I-like receptors a tzv. cytosolic DNA sensors. F. tularensis LVS
ovplyviiuje tieto kaskady inhibiciou K63-polyubikvitinacnych procesov ako aj tvorby
signaliza¢nych komplexov obsahujucich TRAF6 a TRAF3. Zavislost' supresivneho
efektu F. tularensis LVS na pritomnosti funkéného sekre¢ného systému typu 6 a/alebo
zivotaschopnej baktérie v cytoplazme hostitel'skej bunky bola preukdzand pouzitim
mutantnych kmenov s naruSenou schopnostou fagozomalneho tuniku AigiC/LVS a
AdsbA/LVS.

Vysledky dizertacnej prace poukazuji na schopnost’ F. tularensis LVS unikat’ do
cytoplazmy a zéaroven inhibovat’ viaceré signalizatné drahy riadené PRR, ¢o umoziiuje
baktérii proliferovat’ v hostitel'skej bunke bez spustenia vyraznej vrodenej imunitnej

odpovede.

KPacové slova: Francisella tularensis, pattern recognition receptors, inhibicia,
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komplexy TRAF6 a TRAF3

9 ummary

Francisella tularensis is a highly infectious intracellular pathogen and the
causative agent of the disease called tularemia. An important aspect of Francisella
tularensis virulence represents the capacity to subvert the host immune response by
inhibiting or disrupting of the innate immune cell functions. The initial stage of infection
is characterized by the massive bacterial replication without apparent inflammatory
response, which is crucial for the development of effective host defense against invading
pathogen.

The aim of this Ph.D. thesis was to describe the early pattern recognition receptors
(PRR) signaling response to Francisella tularensis subsp. holarctica LVS (F. tularensis
LVS) in primary bone marrow-derived macrophages. The obtained data show the capacity
of F. tularensis LVS to simultaneously activate and suppress Tolllike receptors, RIG-I-
like receptors, and cytosolic DNA sensors signaling pathways. F. tularensis LVS
modulates these PRR pathways by the suppression of K63-linked polyubiquitination
events and by the inhibition of the assembly of TRAF6 and TRAF3 signaling complexes.
The use of the mutant strains with the impaired phagosomal escape (4ig/C/LVS and
AdsbA/LVS) showed that the suppressive effect of F. tularensis LVS was dependent on
the functional type 6 secretion system and/or on the presence of viable bacteria in the host
cytoplasm.

The results of this Ph.D. thesis demonstrate that the ability of F. tularensis LVS
to escape into the cytoplasm and, concurrently, to inhibit multiple PRR signaling
pathways accounts for the capability of the bacterium to proliferate in the host cell without

triggering of the self-limiting innate immune response.
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TRAF3 complexes

10 ouhrn

Francisella tularensis je vysoce infekéni intracelularni patogen a pivodce
onemocnéni nazyvaného tularémie. Predpoklada se, ze dillezitym aspektem virulence je
schopnost rozvratit imunitni odpoveéd’ hostitele utlumenim nebo narusenim funkci bunék
vrozené imunity. Pocatecni stddium infekce je charakterizovano masivni bakteridlni
replikaci bez stimulace signifikantni prozanétlivé odpovédi, ktera hraje klicovou roli v
rozvoji efektivni hostitelské obrany namitené proti patogenu.

Cilem ptedlozené disertatni prace bylo popsat prib¢h bunécéné signalizace
zprostiedkované tzv. pattern recognition receptors (PRR) béhem casné faze infekce
primarnich kostné-dienovych makrofagh bakterii Francisella tularensis subsp. holarctica
LVS (F. tularensis LVS). Ziskana data prokazala schopnost F. tularensis LVS aktivovat,
ale také soucasn¢ blokovat signalizacni drahy tizené tzv. Toll-like receptors, RIG-I-like
receptors a tzv. cytosolic DNA sensors. F. tularensis LVS ovliviiuje tyto kaskady inhibici
K63-polyubikvitina¢nich procesi a tvorby signalizacnich komplexti obsahujicich TRAF6
a TRAF3. Zavislost supresivniho efektu F. tularensis LVS na sekre¢nim systému typu 6
a/nebo na viabilit¢ bakterie v cytoplazmé hostitelské bunky byla prokdzana pomoci
mutantnich kment 4iglC/LVS a AdsbA/LVS s naruSenou schopnosti fagozomalniho
uniku.

Vysledky disertacni prace ukazuji na schopnost F. tularensis LVS unikat do
cytoplazmy a zaroven inhibovat n¢kolik signaliza¢nich drah fizenych PRR, coz umoziuje

bakterii proliferovat v hostitelské bunice bez spusténi vyrazné vrozené imunitni odpovédi.
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Abstract Francisella tularensis is the causative agent of the
potentially lethal disease tularemia. Due to a low infectious
dose and ease of airborne transmission, Francisella is
classified as a category A biological agent. Despite the
possible risk to public health, there is no safe and fully
licensed vaccine. A potential vaccine candidate, an
attenuated live vaccine strain, does not fulfil the criteria for
general use. In this review, we will summarize existing and
new candidates for live attenuated and subunit vaccines.

Introduction—Francisella tularensis

Francisella tularensis (F. tularensis) is a non-motile,
gramnegative, facultative intracellular pathogen that is the
etiological agent of the potentially lethal disease tularemia
in both humans and animals. This species is considered a
biological weapon and classified as a category A
bioterrorism agent by the US Centers for Disease Control
and Prevention (Khan et al. 2000) due to its high infectivity,
potential airborne transmission and ability to cause severe
disease. During the Cold War, F. tularensis belonged to the
group of agents produced and stockpiled by the former
Soviet Union and the USA (reviewed in Dennis et al. 2001).
In 1970, the World Health Organization committee
categorized F. tularensis as a biological threat and estimated

* Jiri Stulik

" Department of Molecular Pathology and Biology, Faculty of Military

that the dispersal of 50 kg of its aerosolized virulent form
over an urban area with five million inhabitants would result
in 250,000 incapacitating causalities and 19,000
deaths(World Health Organization1970).Today’s major
concerns are the misuse of F. tularensis during possible
terrorist attacks.

F. tularensis belongs to the class y-Proteobacteria, family
Francisellaceae and genus Francisella (Forsman et al. 1994,
World Health Organization 2007). The species F. tularensis
is divided into three subspecies: tularensis, holarctica and
mediasiatica, which vary in their pathogenicity and
geographic distribution (Oyston 2008). F. tularensis subsp.
tularensis (classified as type A) is found predominantly in
North America and consists of two different genetic sub-
populations, Al and AII (Johansson et al. 2004), which are
characterized by the extreme virulence, as less than 10
bacteria can lead to lethal disease (reviewed in Tarnvik and
Berglund 2003). F. tularensis subsp. holarctica (type B)
occurs primarily in the Northern Hemisphere and causes a
milder form of tularemia. F. tularensis subsp. mediasiatica
was detected in Central Asia, and its virulence resembles the
holarctica subspecies. The species novicida, isolated in
North America and Australia, is rarely responsible for
human tularemia (reviewed
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in Pechous et al. 2009).

Natural hosts for F. tularensis include lagomorphs,
rodents, carnivores, ungulates, marsupials, amphibians,
birds, fish and invertebrates (Morner 1992). However,
despite the wide distribution of Francisella in numerous
wildlife species, its primary reservoirs remain unknown.
Natural infection can be transmitted to humans through
arthropod vectors, such as ticks, flies or mosquitoes, or by
direct contact during handling of infected animals, drinking
of contaminated water or inhaling of aerosols (Morner 1992;
Tarnvik and Berglund 2003).
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Tularemia

Tularemia is an acute febrile disease whose severity depends
on the route of infection and virulence of the strain (Ellis et
al. 2002). The incubation period normally ranges from 3 to
5 days; however, the period may be extended to up to 21
days. In the early phase of infection, tularemia is frequently
misdiagnosed because disease symptoms resemble flu
symptoms, such as high fever, body aches, and swollen
lymph nodes. Themost commonformoftularemia
isulceroglandular tularemia, which is usually spread through
vector-borne transmission (reviewed by Térnvik and
Berglund 2003). A painless ulcer develops at the site of
inoculation followed by enlargement of regional lymph
nodes (Ohara et al. 1991). The infrequent clinical form,
oculoglandular tularemia, occurs after direct contact of the
eye with the bacteria. Oropharyngeal tularemia, which is
accompanied by stomatitis and pharyngitis, results from
contaminated food or water intake (reviewed by Tarnvik and
Berglund 2003; World Health Organization 2007). The most
severe form is respiratory tularemia, which is caused by the
inhalation of aerosolized F. tularensis subsp. tularensis. The
mortality rate for respiratory tularemia ranges from 30 to 60
% without effective antibiotic therapy (reviewed by Tarnvik
and Berglund 2003). Treatment successfully resolves
infection when administered in the early phase of infection.
Antibiotics of choice are aminoglycosides, tetracyclines,
chloramphenicol and quinolones (reviewed by Dennis et al.
2001).

The human immune response to tularemia was described
in naturally infected patients or live vaccine strain (LVS)
vaccinated volunteers (Koskela and Herva 1982; Koskela
and Salminen 1985; Surcel et al. 1991; Sjostedt et al. 1992a;
Poquet et al. 1998; Ericsson et al. 1994). Considering that F.
tularensis is an intracellular pathogen, it was thought that a
cell-mediated immune response is required to clear
infection. CD4" and CD8" T cells are detectable 2 weeks
postinfection, as well as proinflammatory cytokines,
including interferon-y (IFN-y), TNF-a and interleukin 2 (IL-
2) (Koskela and Herva 1982; Surcel et al. 1991; Sjostedt et
al. 1992a). The cell-mediated response is long-lasting and
even inducible 30 years after the onset of disease (Ericsson
et al. 2001). In naturally infected individuals,
phosphoantigendirected Vy9/V62 T cells arise during the
first week after infection (Poquet et al. 1998). Human
peripheral blood cells show increased expression of IFN-y-
regulated genes within 2-3 days post-infection (Andersson
et al. 2006). In respect to humoral immunity, the production
of specific IgM, IgA and IgG antibodies reaches its highest
levels at 1-2 months and persists 0.5 to 11 years post-
infection (Koskela and Salminen 1985). Recent studies in
the murine model of tularemia showed that both components

of adaptive immunity are critical for the induction of full
protection against tularemia (Lavine et al. 2007; Cole et al.
2011; Kubelkova et al. 2012).

The current problem in tularemia prophylaxis is the lack
of a vaccine. The only available prophylactic tool is LVS,
which is not intended for public use due to its attenuation
background. It is therefore vital to develop a new vaccine
that will be safe and effective in inducing protective long-
lasting immune response against respiratory challenge with
the most virulent strain of F. tularensis. Currently, F.
tularensis vaccine development has focused on developing
live attenuated (Table 1) and subunit vaccines (Table 2).

Killed whole-cell vaccines

Killed whole-cell vaccines are composed of non-infectious
modified bacterial suspensions. The earliest tularemia
vaccine was developed using acetone extraction or
phenolization by Foshay et al. (1942). The vaccine protected
non-human primates against challenge with 740 CFU of F.
tularensis subsp. tularensis Schu S4 (Schu S4); however, it
caused symptoms of disease (Coriell et al. 1948) and was
not efficient to protect against highly virulent strains in
animal models (Foshay et al. 1942; Pechous et al. 2009).

Recent studies showed that protection induced by killed
whole-cell vaccines are enhanced through the use of
boosters and adjuvants. Eyles et al. (2008) found that
intramuscular (i.m.)-delivered, inactivated LVS vaccination
in conjunction with immune-stimulating complexes and
immunostimulatory CpG oligonucleotides had a protective
effect against aerosol challenge with F. tularensis subsp.
holarctica, but not against low-dose aerosol challenge with
Schu S4. Baron and co-workers (2007) determined that
inactivated LVS administered via the intranasal (i.n.) route
protected mice against i.n. infection with LVS, although
only in combination with IL-12 administration.

Live attenuated vaccines

The first anti-Francisella live attenuated vaccine was
generated from F. tularensis subsp. holarctica, which was
isolated in the former Soviet Union (Tigertt 1962). A sample
of the vaccine was provided to the US where multiple
passages of the strain led to the preparation of LVS
(Eigelsbach and Downs 1961). The results obtained from
vaccine trials in humans showed that LVS induced
protective immunity against a low-dose aerosol challenge
with Schu S4 (McCrumb 1961). However, LVS has not been
officially licensed by the Food and Drug Administration as
a human vaccine due to an unknown mechanism of
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attenuation, the instability of colony phenotype and the  (Hornick and Eigelsbach 1966; Hartley et al. 2006;
partial virulence after vaccination via the aerosol route  Petrosino et al. 2006).
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Francisella subunitvaccines

Table2
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Currently, live attenuated vaccines are prepared from live
organisms and take into account the balance between
attenuation and immunogenicity. Namely, over-attenuation
could lead to the loss of partial bacterial virulence and an
insufficient protective immune response. These types of
vaccines are constructedby deletinggenes involved in
metabolic and virulence pathways, which are also necessary
for F. tularensis intracellular replication and in vivo survival.

Mutations in genes involved in Francisella metabolic
pathways

Screening for genes involved in purine biosynthetic
pathways in the Schu S4 strain revealed novel candidates for
live attenuated vaccines (Prior et al. 2001). F. novicida
mutants ApurA, ApurCD and ApurM were attenuated in
mice; protection against challenge with a homologous wild-
type strain was not observed (Tempel et al. 2006; Quarry et
al. 2007). Mutant ApurF protected mice against
intraperitoneal (i.p.) challenge with F. novicida, but not
against the virulent Schu S4 strain (Quarry et al. 2007). In
another study, an attenuated LVS mutant lacking the purine
biosynthetic locus ApurMCD protected against LVS lethal
challenge (Pechous et al. 2006); however, a single dose of
this vaccine did not demonstrate a protective effect against
i.n. or intradermal (i.d.) Schu S4 infection. In contrast, i.n.
immunization with the Schu S4 mutant ApurMCD protected
against i.n. challenge with a parental strain; however, the
challenge’s outcome was influenced by the side effects of
immunization (Pechous et al. 2008). Targeted deletion of the
genes guaA and guaB in LVS leads to the attenuation in
mice and to the stimulation of a protective immune response
to i.p. challenge with a lethal dose of the parental strain
(Santiago et al. 2009). However, Schu S4 mutants were not
able to protect against the wild-type strain (Santiago et al.
2015).

The capsule synthesis gene (capB) encodes an
ATPdependent ligase that is involved in capsule
polysaccharide biosynthesis (Larsson et al. 2005). An LVS
mutant with a targeted deletion in capB is significantly
attenuated in mice, and its protective effect against i.n.
challenge with a dose 10fold greater than the LDso of Schu
S4 was 100 % (Jia et al. 2010). Jia and colleagues prepared
a vaccine regimen from a highly attenuated LVS mutant,
AcapB, which served as a primary immunogen, and
rLm/iglC, which is an attenuated recombinant Listeria
monocytogenes expressing F. tularensis protein IglC, which
was used as a booster. Mice vaccinated with AcapB and
rLm/iglC exhibited prolonged survival and mean time to
death with a challenge dose 10 times the LDso of aerosolized
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Mutations in genes from the Francisella pathogenicity
island

The Francisella pathogenicity island (FPI) is a B30 kb region
ofthe Francisella genome(MNano etal. 2004) thatis duplicated
inall F. tularensis subspecies except F. novicida (Larsson et
al 2009). The FPI contains the IglABCD operon, as well as
pdpABC, that is essential for virulence. The majority of FPI
proteins forms the type VI-like secretion system and is
required for phagosomal escape following intracellular
replication (Nano et al. 2004; Straskova et al. 2012}

In LVS, deletion of the iglC gene, which encodes a 23
kDa mtracellular growth locus protein, led to an mtracellular
macrophage growth defect and attepuation in mice
{Golovliov et al. 2003). The same mutation in F. novicida
provided protection against in infection with the parental
strain These effects were mediated by induction of Thi-
type cytokine and antibody response (Pammit et al 2008).
In contrary, AiglC of Schu 54 origin did not protect mice
against aerosol exposure to type A F. tularensis (Twine et al.
2005). Cong and colleagues (2009) prepared the AiglB
mutant of F. novicida U112, which protected mice against
pulmonary challenge with the virulent Schu S4 strain Ina
recent study, the F. novicida mutant AiglB, which expresses
the D1 domain of FIjB flagellin from Salmonella
typhimurum (S. typhimuriom) and is a potent Toll-like
receptor 5 (TLES) apgomist, was constructed. Oral
vaccination with the construct protected rats against
pulmonary challenge with Schu S4 (Cunningham et al
2014). In addition, the deletion of another FPI gene. iglH, in
the FSC200 strain established an attenmated phenotype that
protected mice against subcutaneous challenge with a fally
virulent, homologous wild-type strain (Straskova et al
2012); thus, these studies underline the potential of FPI
genes in the development of live attennated vaccines.

To survive, Francisella reacts to stinmuli from its
surroundings and, in response, regulates virulence factor
production. Several factors were identified to regulate FPI
gene expression and include the following: FevR, MglA,
P A and SspA (Charity et al. 2007; Mohapatra et al. 2007).
Delefion of either the mglA or pmrA genes in F. novicida
led to the attenuation of virulence in mice (Lauriano et al.
2004; Mohapatra et al. 2007), although only the ApmrA
mutant protected against challenge with the parental strain
but not the Schu 54 strain (Mohapatra et al. 2007).

Schu S4 compared fo immunization by AcapB or parental
strain alone. The use of a booster also invoked mcreased T
cell immumity and enhanced IFN-y secretion (Jia et al
2013).

Mutations in various Francisella genes

Lipopolysaccharide (LPS), which consists of lipid A, core
oligosaccharide and O-polysaccharide (O-PS) are the outer
membrane components of a majority of gram-negative
bacteria. In case of Francisella, these components are
designed to support the
pathogenichbehaviourofbacteria(OkanandKasper2013) Duet
othe umsual tetraacylated structure of lipid A (Vinogradov
et al. 2002), Francisella is able to evade detection by TLE4
{(Duefias et al. 2006). Attempts to mutate the LVS genes
whtA and wbtl, which are responsible for biosynthesis of O-
PS5, led to loss of OPS and the attenuation of the strain's
virulence in mice. Moreover, mutants were able to protect
against i p. challenge with the parental strain (Raynaud et al.
2007; Li et al. 2007). Consistent with previous studies, the
deletion of the gene wzy, which encodes O-PS polymerase,
in LVS caused the strain to be highly attenuated in mice and
demonstrated the protective effect of 1.n. vaccination against
in challenge with the parental sirain and virulent strain
Schu 54 (Kim et al. 2012).

Acid phosphatases are the enzymes required for
hydrolysis of phosphomonoesters, and they are the major
virulence factors because of their connection to intracellular
swrvival through repression of the oxidative burst in
phagosomes (Reilly et al. 1996). Mohapatra and colleagues
{2008) observed that the F. novicida quadrupole mutant,
which lacks genes acpA, acpB, acpC and hapA showed
impaired phosphatase activity, phagosomal escape and
intracellular survival in vitro and in mice, and its attenuated
phenotype provided protection against F.  novicida
challenge.

Another bacterial protein involved in elimination of
reactive oxygen infermediates is iron superoxide dismmitase,
which is encoded by the gene sodB. An LVS nmitant, sodB,
led to a significant attenuation of virulence in mice (Bakshi
et al. 2006) and provided greater protection when compared
to LV'S administration after in challenge with a lethal dose
of Schu 54 (Bakshi et al. 2008).

The role of EatG is fo catalyze bactericidal molecules,
mclhuding H20z and ONOO-. Intracellular growth of LVS or
the Schu 5S4 mutant AkatG was not affected, although
mutants showed enhanced susceptibility to HaO» during in
vitro analysis. The results from the 1. d. immunization study
demonstrated attenuation of the LVS mutant AkatG
compared to the homologous wild-type strain Howewver, no
differences were detected between the Schu 54 pmtant
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AkatG and corresponding wild-type strain (Lindgren et al.
2007).

The typelV pili (Tfp) are multifunctional,flexible
adhesive fibres expressed in many gram-negative bacteria
(Chakraborty et al. 2008). Genome analysis of Francisella
revealed genes required for the expression of Tfp system
(Larsson et al. 2005). The pilin PilA is considered a critical
virulence factor for the type B strain in the mouse model, as
its deletion results in attenuation and an inability of bacteria
to spread from the original site of infection (Forslund et al.
2006). Consistent with this finding, the mutation of other
Tfp components, such as PilF, PilT, PilES and PilE6 in the
LVS strain, led to the virulence attenuation (Chakraborty et
al. 2008; Ark and Mann 2011). Moreover, Forslund et al.
(2010) observed that mice infected with in-frame deletion
mutants of the genes pilA, pilCand pilQin Schu
S4strainexperienced a moderately delayed time to death.

In gram-negative bacteria, the formation of disulphide
bonds in many proteins (including virulence factors)
depends on the DsbA protein (Senitkova et al. 2011). A
mutant lacking the gene FTT 1103, which encodes a dsbA
homologue in Schu S4, was unable to escape phagosomes.
The strain was attenuated in mice and showed a protective
effect against i.n. Schu S4 challenge in BALB/c or C57BL/6
mice (Qin et al. 2009). Similar results were obtained for
BALB/c mice infected with the AdsbA mutant on the
FSC200 background
(Straskova et al. 2015).

Intradermal immunization with the deletion mutant of
chaperone ClpB in Schu S4 protected BALB/c mice against
respiratory challenge with a homologous wild-type strain
(Twine et al. 2012). Moreover, Golovliov et al. (2013)
observed that a Schu S4 mutant exhibited anenhanced
protective effect when compared to a mutant in F. tularensis
subsp. holarctica FSC200 (FSC200).

During the Francisella intracellular life cycle, the
expression of FTT 1676 and FTT 0369c genes is
upregulated (Wehrly et al. 2009). The genes encode a
glycosylated membrane lipoprotein (Balonova et al. 2012)
and the Sell-family tetratricopeptide repeat-containing
protein, respectively. Inactivation of both genes led to
attenuation in mice (Wehrly et al. 2009). Rockx-Brouwer et
al. found that i.d. inoculation with a low concentration of
both mutants were protective against i.n. or i.d. challenge
with Schu S4. However, the degree of protection correlated
with the replication ability of mutants in the host (Rockx-
Brouwer et al. 2012). In a recent study, F. novicida lacking
an orthologue of FTT 1676, transposon mutant FTN 0109,
displayed impaired intracellular growth. Authors observed a
complete protective effect against pulmonary infection with
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10 LDso of LVS in BALB/c mice, whereas intratracheal
challenge with 25 LDso of Schu S4 provided partial
protection of Fisher 344 rats against the same dose of LVS
(Cunningham et al. 2015).

Subunit vaccines

Subunit vaccines are considered a safe vaccine because of
their composition, which consists of synthesized or isolated
microbial antigens. Inthe caseof Francisella, there are
several bacterial structures that are considered potential
subunit vaccines. One bacterial structure is Francisella LPS,
which was able to induce some degree of protective immune
response. Intradermal treatment of mice with LPS isolated
from LVS provided protection against lethal challenge with
a homologous strain (Dreisbach et al. 2000), but not against
Schu S4 (Fulop et al. 2001). LPS purified from Schu S4 was
able to extend the time to death in mice, but it was not able
to protect against challenge with the parental strain (Prior et
al. 2003). The failure of LPS to evoke a fully protective
immune response probably results from its inability to
stimulate robust cell-mediated immunity. In theory, the poor
protection ability of LPS may be improved by adjuvant
systems that induce T cell immunity. Richard et al. explored
the immunogenic properties of synthetic nanoparticles
prepared from catanionic surfactant vesicles that were
activated by the incorporation of Francisella components.
Adjuvant-associated LPS from LVS was used as a vaccine.
Treated mice were protected against i.p. challenge with LVS
yet remained vulnerable to i.n. infection with Schu S4.
Authors enhanced effectiveness by incorporating
components from LVS or Schu S4 whole bacterial lysates.
However, they reached only partial protection against i.n.
challenge with Schu S4 (Richard et al. 2014).

The weak proinflammatory nature of LPS turned our
attention to Francisella immunogenic proteins. The partial
protective effect against lethal respiratory challenge with
LVS in mice was induced by Francisella heat shock protein
DnaK and surface lipoprotein Tul4 with co-administration
of GPIO100 in. as an adjuvant (Ashtekar et al. 2012).
Recently, Banik et al. prepared a multivalent subunit vaccine
by using tobacco mosaic virus as delivery system in
combination with Francisella proteins, Tul4, DnaK and
OmpA. Treated mice were protected against lethal LVS
infection (Banik et al. 2015). Tul4 served as a basis for a
subunit vaccine constructed from a replication-incompetent
adenovirus carrying a codonoptimized gene for its
expression, Ad-opt/Tul4. As a result, 60 % of mice were
protected against i.p. infection with LVS following an i.m.
immunization with a construct and two boosters (Kaur et al.
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2012). In another report, authors vaccinated using a
construct from an attenuated Aasd Acya Acrp S. typhimurium
mutant carrying Tul4. The construct provided partial
protection against intravenous challenge with LV'S (Sjostedt
et al. 1992b). Similar results were obtained by Golovliov et
al. (1995) who tested Tul4 in combination with
immunostimulating complexes.

Jia et al. used an approach which employed attenuated
rLm as a delivery vehicle that stably expressed various
Francisella proteins, including AcpA, Bfr, DnaK, GroEL,
KatG, Pld or IglC. However, only i.d. immunization with
IglC-producing rLm evoked sufficient protection against i.n.
lethal challenge with LVS or aerosolized Schu S4 (Jia et al.
2009).

Another candidate for a potential subunit vaccine, outer
membrane protein A (FopA), was utilized as a recombinant
protein incorporated into liposomes. Immunized mice
showed a specific antibody response, and they were
protected against a lethal i.n. and i.d. challenge with LVS,
but not with the type A strain. Passively transferred FopA-
immune serum to the naive mice protected against LVS
infection (Hickey et al. 2011).

Conclusions

A tularemia vaccine has to fulfil various criteria; it must be
safe and should be able to induce complete long-lasting
protective immunity in individuals of all ages and with
diverse levels of immunocompetence. The vaccine should
protect against respiratory tularemia invoked not only by the
most virulent type A strain Schu S4 but also by other less
virulent strains. Despite intensive research in this area, there
are still serious hurdles that impede the significant progress
in tularemia vaccine development. Currently, LVS strain
represent the most extensively studied vaccine candidate;
however, as it was already mentioned, it does not provide
sufficient protection against respiratory infection with
Francisella type A strains and the molecular basis of its
attenuation has not been clarified, as well. On the other side,
a plethora of new promising candidates for live attenuated
vaccines with defined gene deletion and good protective
efficacy against type A strains have been prepared.
Nevertheless, their experimental and clinical testing is in its
infancy. Additionally, they usually exhibit high variability
in their protective effects that is associated with the selection
of the vaccination strain, dose and route of administration.
The selection of proper animal model represents another
weak point in a vaccine development. Mice are generally
used for vaccination studies, but they are more sensitive to
primary pulmonary infection with Francisella tularensis

than humans; therefore, their usage for evaluation of basic
mechanisms of Francisella pathogenesis and immune
response to this microbe is not sufficient. It is necessary to
combine several animal models in order to confirm the
potential benefit of experimental vaccine for humans. Last
but not the least, the mechanism of vaccine-elicited immune
response has not been elucidated in a sufficient way up to
now. This knowledge is a prerequisite for the identification
of reliable correlates of post-vaccination protection.
Although live attenuated vaccines show promising
protective  effects, trends in prophylaxis
development, due to safety reasons, favour subunit vaccines
rather than the live attenuated strains. Because Francisella is
an intracellular pathogen, a Francisella subunit vaccine
needs to induce cell-based response. However, the
identification of Tcell specific epitopes is not trivial. One of
the most promising approaches is whole genome
immunoinformatic analysis, which detects immunogenic
Francisella peptides that bind to MHCI (Rotem et al. 2014;
Zvi et al. 2011). Alternatively, a protein array-based
approach can identify epitopes from MHCII complexes
from various serological targets (Valentino et al. 2011). It is

current

expected that these new Bomics” approaches can provide
novel peptides epitopes for the development of the effective
subunit vaccines.
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1 INTRODUCTION

The success of pathogens depends on their ability to elude the immune
system. Francisella tularensis, the etiological agent of the debilitating illness
tularaemia, is one of the most infectious bacteria known and is among the
top six potential bioterrorism agents, so-called Category A agents (Darling,
Catlett, Huebner, & Jarrett, 2002). The remarkable virulence of Francisella
is believed to be due to its capacity to invade and proliferate in the host
without evoking a self-limiting immune reaction (Bosio, 2011; Pechous,
McCarthy, & Zahrt, 2009; Steiner, Furuya, & Metzger, 2014).

The innate immune detection of and responsiveness to microbes is
mediated by pattern recognition receptors (PRRs) that recognise conserved
microbe-associated molecular patterns (MAMPs). PRRs include the cell
surface or endosomal membrane-localised Toll-like receptors (TLRs) and
the cytoplasmic PRRs such as RIG-I-like receptors (RLRs) and cytosolic DNA
receptors (CDRs). Triggering of PRRs culminates in the transcriptional
induction of proinflammatory cytokines and type

The success of pathogens depends on their ability to circumvent immune defences. Francisella
tularensis is one of the most infectious bacteria known. The remarkable virulence of Francisella is
believed to be due to its capacity to evade or subvert the immune system, but how remains obscure.
Here, we show that Francisella triggers but concomitantly inhibits the Toll-like receptor, RIG-I-like
receptor, and cytoplasmic DNA pathways. Francisella subverts these pathways at least in part by
inhibiting K63-linked polyubiquitination and assembly of TRAF6 and TRAF3 complexes that control the
transcriptional responses of pattern recognition receptors. We show that this mode of inhibition
requires a functional type VI secretion system and/or the presence of live bacteria in the cytoplasm. The
ability of Francisella to enter the cytosol while simultaneously inhibiting multiple pattern recognition
receptor pathways may account for the notable capacity of this bacterium to invade and proliferate in
the host without evoking a self-limiting innate immune response.

| interferons (IFNs) that together coordinate antimicrobial immune
defences (Kumar, Kawai, and Akira, 2011).

In order to overcome the host barrier to infection, Francisella has been
shown to employ several mechanisms to evade detection by the innate
immune system. For example, Francisella expresses lipopolysaccharide
(LPS) with an atypical structure poorly recognised by TLR4 (Ancuta, Pedron,
Girard, Sandstrom, & Chaby, 1996; Huang et al., 2010; Phillips, Schilling,
McLendon, Apicella, & Gibson, 2004). Recently, Francisella has been
demonstrated to evadeTLR2-mediated inflammatory responses by
repressing the production of the TLR2 agonist lipoprotein (Jones, Sampson,
Nakaya, Pulendran, & Weiss, 2012; Okan et al., 2013; Sampson, Saroj,
Llewellyn, Tzeng, & Weiss, 2013). Moreover, in the cytoplasm, Francisella
has been suggested to limit the accessibility of microbeassociated
molecular patterns to cytosolic PRRs, which may explain the propensity of
cytotoxic bacterial mutants to elicit a higher innate immune response
(Peng, Broz, Jones, Joubert, & Monack, 2011).

In addition to these avoidance strategies, the ability of Francisella to
colonise the host without stirring a strong inflammatory response is in part
due to subversion of innate immune pathways. Active inhibi-
tion of innate immune signalling events including activation of the
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nuclear factor kappa B, signal transducers of transcription factor 1, IFN

regulatory factors 1 and 8 (IRF1 and IRF8), mitogen-activated protein kinase
(MAPK), and phosphatidylinositol 3-kinase/Akt pathways has been
reported (Cremer, Butchar, & Tridandapani, 2011; Ireland, Wang, Alinger,
Small, & Bosio, 2013; Roth, Gunn, Lafuse, & Satoskar, 2009; Telepnev,
Golovliov, Grundstrom, Tarnvik, & Sjostedt, 2003; Telepnev, Golovliov, &
Sjostedt, 2005). In spite of these insights, which PRR pathways are activated
or inhibited upon Francisella infection and how remain poorly understood.

Ubiquitination is a critical posttranslational modification that regulates
diverse  cellular  processes, including inflammatory responses.
Ubiquitination involves the conjugation of a single or multiple ubiquitins by
ubiquitin ligases onto proteins, that is, monoubiquitination and
polyubiquitination, respectively. During polyubiquitination, ubiquitins can
be attached onto each other either via the N terminal methionine or any of
its seven internal lysine residues (K6, K11, K27, K29, K33, K48, and K63). This
results in polyubiquitin chains of diverse structures that control the
signalling activity or stability of proteins. The best characterised are the K63-
linked polyubiquitin chains that control signal complex formation and the
K48-linked chains that target proteins for proteasomal degradation
(Kulathu & Komander, 2012).

Many pathogens well adapted to their host are known to activate PRR
signalling cascades and subsequently suppress them. In fact, increasing
evidence indicate that many pathogens do hijack the host ubiquitin system
to their advantage (Ashida, Kim, & Sasakawa, 2014). Here, we show that F.
tularensis live vaccine strain (LVS) triggers but concomitantly blocks the TLR,
RLR, and CDR pathways. The E3 ligases TRAF6 and TRAF3 complexes are
critical points of regulation for PRR pathways (Hacker et al., 2006; Panda,
Nilsson, & Gekara, 2015). Our data show that LVS inhibits K63-linked
polyubiquitination and assembly of TRAF6 and TRAF3 signalling complexes.
Analysis of LVS mutants suggests a role for the Francisella type VI secretion
system (T6SS) and/or cytoplasmic localization of bacteria in such inhibition.
The ability of Francisella to inactivate these key proximal PRR complexes
may account for the ability of this bacterium to inhibit multiple PRR
pathways simultaneously and hence infect host cells without eliciting strong

innate immune responses.

2 | RESULTS

2.1 | LVS weakly induces inflammatory responses via TLR,
RLR, and CDR pathways

Francisella has a complicated life cycle involving transition from the cell
surface to the endosomal compartment and finally into the cytosol.
Therefore, in theory, Francisella should be sensed by multiple PRR families.
TLRs, RLRs, and CDRs are the major PRR pathways for transcriptional
induction of innate immune mediators. How Francisella activates or
manipulates these PRR pathways is not well understood. Type | IFNs play a

key role in innate immune defences against Francisella (Henry, Brotcke,
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Weiss, Thompson, & Monack, 2007). To study type | IFN induction upon
Francisella infection and the specific PRR pathways involved, bone marrow-
derived macrophages (BMDMs) from IFN-B luciferase reporter mice
(IfnB*/28luc; Lienenklaus et al., 2009) that are proficient or deficient in
adaptor molecules for different PRR pathways including MYD88
(Myd88-/-IfnB*/2B1uc) for TLRs, IPS1 (MAVS; Ips1~/-IfnB*/261uc) for RLRs, STING
(Sting™-1fnB*/2#uc) for CDRs, and TRIF (Ticam1~/-IfnB*/21uc) for TLRs and CDRs
(Wang et al., 2016) were infected with F. tularensis LVS. IFN-B luciferase
measurements and quantitative real time polymerase chain reaction (qRT-
PCR) analysis of IfnB1 and Ifna4 activation in these knockout cells revealed

areduced response in Myd88~/-, Ips17-, and Ticam1~/- (Figures 1 and S1A,B).
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FIGURE 1 Infection of macrophages by Francisella results in a weak activation
of Toll-like receptor, RIG-I-like receptor, and cytoplasmic DNA receptor

pathways. (a—d) Bone marrow-derived macrophages
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(BMDMs) from IFN-B luciferase reporter (Ifnb*/281uc) or Myd88~/-Ifnb*/
AR-uc. (@) Ticam1-/-Ifnba/ag-uc, (b) Sting-/-Ifnb+/ag-uc, (c) and lps1-/-IfnB+A8
lie (d) mice infected with Francisella tularensis live vaccine strain (LVS;
multiplicity of infection 50) for indicated durations then analysed for IFN-B
luciferase response or by RT-PCR for Ifna4 transcripts (e—h). Results are
representative of two independent experiments. Data are shown as mean

+ SEM. **P < .01; ***P <.001

(two-way analysis of variance with Bonferroni posttest)
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Notably, for Sting™- cells, reduced IFN-B response was mainly at late time
points (8—12 hr postinfection), whereas at earlier time points, elevated IFN-
B response was observed in such cells (Figure 1c). The enhanced response
is probably due to a role for STING in negative regulation of TLRs (Sharma
et al., 2015). In brief, these findings illustrated that inflammatory response
to Francisella involves a coordinated activation of TLR, RLR, and CDR
pathways. This is consistent with previous observations (Cole et al., 2008).

To further investigate how Francisella modulates innate immune
responses, we compared LVS-induced responses with those by Listeria
monocytogenes (L. monocytogenes). L. monocytogenes is a facultative
intracellular bacterium that similarly activates TLR and RLR pathways but
mainly induces type | IFNs via the STING pathway (Abdullah et al., 2012;
Sauer et al., 2011; Witte et al., 2012). LVSinduced innate immune responses
were found to be very modest; at least 10-fold lower to that by L.
monocytogenes as determined by IFN-B luciferase and qRT-PCR assays
(Figures 2a—f and S1C,D). Viability assay and immunofluorescence
microscopy of infected BMDMs showed that the low LVS-induced response
was neither due to enhanced death (Figure 2b) nor low bacteria uptake by

LVSpreinfected BMDMs (Figure 2e—f).

2.2 | LVS blocks the TLR, RLR, and CDR pathways

Next, we wondered whether the repressed LVS-induced innate immune
response was due to two opposing effects: the low activation or the active
subversion of PRR pathways by Francisella. To test the latter, wild type or
IfnB+/28-ic BMDMs were preexposed to LVS or L. monocytogenes for 3 hr

before stimulation with defined ligands for different PRR pathways
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including, PamsCSKs (TLR2-MYD88 pathway; Dietrich et al., 2010), LPS
(TLR4-TICAM1 pathway; Fitzgerald et al., 2003; Hoebe et al., 2003) and
cyclic-di-GMP (STING pathway; Burdette et al., 2011). IFN-B luciferase and
gRT-PCR analysis revealed that LVS severely blocks the activation of all such
pathways. This was in contrasts to L. monocytogenes that led to an
enhanced activation of these pathways (Figure 3a—e). As noted above,
similar to LVS, L. monocytogenes activates TLR, RLR, and CDRs pathways
(Figures 2c and S1). To further study the inhibitory effects of Francisella on
these pathways, next we asked whether LVS could also attenuate the
induction of innate immune responses by

L. monocytogenes. Accordingly, preinfection of Ifn*/28\ BMDMs with LVS
impaired L. monocytogenes-induced IFN-B luciferase response (Figure 3f).
Similarly, qRT-PCR analysis confirmed that LVS could inhibit the induction of
Ifnb1 and Tnfa genes by LPS or L. monocytogenes (Figure S2A,B).

Vesicular stomatitis virus (VSV) is a model viral pathogen known to both
activate and suppress the induction of innate immune responses. VSV-AV2
is a natural VSV strain with a mutation in the M protein and hence can
mount a strong innate immune response mainly via the activation of the
RLR pathway (Kato et al., 2006; Stojdl et al., 2003). To further test the
inhibitory effects of LVS on the RLR pathway, IfnB*/2#1« BMDMSs preinfected
with LVS were stimulated with VSV-AV2. LVS severely blocked VSV-AV2-
induced IFN-B luciferase response. This was in clear contrast to L.
monocytogenes that promoted VSVAV2-induced responses (Figure 3g).
Together, these findings demonstrate that during infection, LVS actively
inhibits the TLR, RLR, and CDR pathways and that this phenomenon may

account for the restrained innate immune response elicited by LVS.
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Francisella actively subverts activation of Toll-like receptor, RIG-I-like receptor, and cytoplasmic DNA receptor pathways. (a,b) Ifnb*/2%-

were infected with live vaccine strain (LVS; multiplicity of infection [MOI] 50), or Listeria monocytogenes (L.m.; MOI 10) for indicated durations were
analysed for (a) IFN-B luciferase response and (b) cell viability (expressed as % relative to the untreated control). (c) IFN-B luciferase response in Ifnb*/28-1uc,
Myd88/-Ifnb*/A8!uc and Sting”-Ifnb*/2%1u hone marrow-derived macrophages (BMDMs) 8 hr after infection with LVS (MOI 50) or L. m. (MOI 10). (d—f) wild-
type BMDM s infected with LVS or L.m.-green fluorescent protein (GFP) for 8 hr then analysed for Ifnb1 transcripts by quantitative reverse transcription

polymerase chain reaction (d) or for intracellular bacteria by fluorescence microscopy (e). Bacteria were detected by immunostaining with rabbit anti-LVS
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2.3 | Bacterial viability is essential for Francisellamediated
inhibition of innate immune pathways

The above data indicate that the innate immune response elicited by
Francisella must be the net outcome of the simultaneous activation and
inhibition of PRR pathways. To gain more insights into how these distinct
effects counterbalance each other, we sought to understand the following:
(a) whether the viability of Francisella was essential for the activation or
inhibition of PRR signalling and (b) the nature of bacterial products
responsible for these two opposing effects. Compared to live LVS, heat-
inactivated, ultraviolet-inactivated LVS elicited a higher IFN-B luciferase
response (Figure S3A). Similarly, LVS lysed by sonication elicited a more
robust response compared to live LVS (Figure S3B). The enhanced
stimulatory potency of sonicated LVS was however sensitive to heat
inactivation or treatment with benzonase, an endonuclease that digests
both DNA and RNA (Figure S3B). This suggests that nucleic acids or heat-
sensitive TLR ligands such as lipoproteins (TLR2; Cole et al., 2007) are likely

the major PRR ligands via which extracellular LVS activates this response. In

elicit any response in Myd88~/-Ifn*2#!u BMDMs (Figure S3C). Next, we
tested the effect of sonicated LVS on TLR2, a major pathway known to be
involved in innate immune responsiveness to Francisella (Cole et al., 2007;
Katz, Zhang, Martin, Vogel, & Michalek, 2006). In contrast to the inhibitory
effects of live LVS, sonicated LVS was found to promote the induction of
IFN-B luciferase response by the TLR2 ligand PamsCSKa (Figure S3D). The
enhanced response elicited by sonicated bacteria is in part due to the
bioavailability of TLR ligands. Therefore, we tested structurally intact heat-
inactivated LVS (HI-LVS). Compared to live LVS, HI-LVS provoked a stronger
IFN-B luciferase response. Curiously, HI-LVS attenuated IFN-B luciferase
upon TLR2 stimulation (Figure S3E). This suggests that although bacterial
viability is important for Francisella-mediated subversion of PRR pathways,
other factors that do not depend on bacterial viability such as
bacteriaderived lipids (Crane, Ireland, Alinger, Small, & Bosio, 2013) may

contribute to observed innate immune suppression.



PUTZOVA ETAL.

MI—Wl LEY

2.4 | Francisella-mediated inhibition of PRR
pathways is associated with T6SS and/or bacterial

localization in the cytoplasm

Entry into the cytoplasm is an important hallmark for Francisella virulence.
The Francisella T6SS is essential for the intracellular bacterial growth (de
Bruin et al., 2011). IgIC and DsbA (FipB), key virulence factors of Francisella,
are essential for a functional T6SS (Qin et al.,, 2016; Ren, Champion, &
Huntley, 2014). Hence, defects in these proteins impair entry into and
replication of Francisella in the cytoplasm (Lindgren et al., 2004; Qin, Scott,
Thompson, & Mann, 2009; Straskova et al., 2009). To investigate the role of
the T6SS or entry into the cytoplasm on Francisella-mediated modulation
of PRR pathways, we tested AiglC/LVS and AdsbA/LVS mutants. Compared
to wild-type LVS, both AdsbA/LVS and AigIC/LVS strains elicited a higher
induction of inflammatory response (Figures 4 and S4). Enhanced
inflammatory response to these LVS mutants could be due to prolonged
retention in phagosome resulting in sustained triggering of TLRs (Cole et al.,
2010) and/or their inability to actively subvert PRRs signalling. To test the
latter, we asked whether AdsbA/LVS and AiglC/LVS could also inhibit
induction of inflammatory responses under costimulation settings. In
contrast to wild-type LVS, AdsbA/LVS and AiglC/LVS strains did not robustly
inhibit L. monocytogenes (Figure 4a—c), PamsCSKa4 (Figures 4d and S4A) or c-
di-GMP (Figures 4eand S4B). However we observed that AigIC/LVS-infected
BMDMs also exhibited slightly attenuated inflammatory induction by L.
monocytogenes, Pam3CSK4 or c-di-GMP. This indicates that although the
T6SS plays a major role in the suppression of innate immune pathways by
Francisella, other factors not dependent on bacterial presence in the
cytoplasm also contribute, albeit to a lesser extent.

To investigate whether observed subversion of innate immune
responses was due to reduced bacterial uptake in cells upon preexposure
to LVS, we monitored the intracellular load of bioluminescent L.
monocyogenes (L.m.-lux) in such cells. No significant loss of cell viability was

detected in LVS- and AigIC/LVS-infected cells. Importantly, in spite of the
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repressed inflammatory response, the intracellular load of L.m.-lux in such
cells was comparable to those in control cells not preexposed to LVS (Figure
S5A,B). Together these data demonstrate that the T6SS and/or entry into
the cytoplasm play a major role in Francisella-mediated subversion of PRR
pathways and that such effects are not due to cell death or diminished
phagocytosis.

2.5 | LVS blocks proximal polyubiquitination
and phosphorylation events in PRR pathways

Next, we sought to elucidate the signalling steps affected in
Francisellamediated subversion of PRR pathways. TRAF6 and TRAF3 are
critical points of convergence for many PRR pathways that control the
transcriptional induction of innate immune mediators. In response to PRR
triggering, TRAF6 and TRAF3 undergo K63-linked polyubiquitinaton,
enabling these molecules to act as scaffolds for the recruitment and
subsequent proximity-dependent activation of “downstream” signalling
molecules (Hacker et al., 2006; Panda et al., 2015). The molecules recruited
to the TRAF6 complex include the TAB2 and TAB3 adaptors and the TGF-
beta activated kinase 1 (TAK1) that controls the activation of MAPKs and
IKKat/B (inhibitor of nuclear factor kappa B kinase alpha or beta subunits)
leading to the induction of proinflammatory genes. TheTRAF3 complex on
the other hand recruits theTBK1 kinase that controls IRF3-driven induction
of type | IFN genes (schematically summarised in Figure 6a). To investigate
how Francisella modulates these signalling steps, BMDMs were infected
with wild-type LVS, AigIC/LVS or AdsbA/LVS then analysed for activated
(phosphorylated) forms of TAK1, p38 MAPK, IKKa/B, TBK1, IRF3, and the
accumulation of K63- and K48-linked polyubiquitin chains. Consistent with
the inhibitory effects (Figures 4; S4; S5; S6A,B; and S7), LVS, AigIC/LVS, or
AdsbA/LVS were found to elicit an enhanced accumulation of these
signalling molecules (Figures 5a and S6C). This demonstrates that
Francisella infection results in simultaneous activation and inhibition of

proximal PRR signalling events. These results are consistent with previous

reports showing that Francisella initially activates but
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FIGURE 4 Subversion of PRR-mediated induction of inflammatory responses by Francisella requires T6SS and/or bacterial localization of the cytosol. (a—c)
Wild-type bone marrow-derived macrophages (BMDMs) either infected with live vaccine strain (LVS) or AiglC/LVS or Listeria monocytogenes (L.m.) for 8 hr
or first preinfected with LVS or AigIC/LVS for 3 hr then stimulated with L.m. for an additional 5 hr were analysed by quantitative reverse transcription
polymerase chain reaction for the induction of proinflammatory cytokine genes Tnfa and 111b (a) or IFN-I genes Ifnb1 and Ifna4 (b), or by ELISA for secreted
TNF-a or IL-6 (c). (d,e) IFN-B luciferase response in Ifnb*/2%!« BMDM s infected for 8 hr with LVS or AdsbA/LVS or AiglC/LVS or preinfected with LVS or
AdsbA/LVS or AiglC/LVS for 3 hr then stimulated with PamsCSKs (d) or c-di-GMP (e) for an additional 5 hr. Results are representative of three independent

experiments. Data are shown as mean + SEM. *P < .05; **P <.01; ***P < .001 (Student's t test)
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FIGURE 5 Francisella attenuates K63-linked polyubiquitination and assembly of TRAF6 and TRAF3 complexes. (a,b) wild-type (WT) bone marrowderived
macrophages (BMDM:s) infected with live vaccine strain (LVS) or AigIC/LVS for indicated durations (a) or WT BMDMs preinfected with LVS or AiglC/LVS for 3
hr then stimulated with Listeria monocytogenes (L.m.) for indicated durations (b) then analysed by Western blotting for the phosphorylation of TAK1, IKKa/B,
p38 MAPK, TBK1, and IRF3 and accumulation of K63-linked polyubiquitin chains. As controls, total levels of TAK1, IKKa/B, p38 MAPK, TBK1, IRF3, TRAF6,
TRAF3, TAB2, TAB3, and a-tubulin were analysed. (c—f) TRAF6 and TRAF3 complexes were immunoprecipitated from WT BMDMs infected with LVS or
AiglC/LVS for indicated durations (c,d) or from WT BMDMs preinfected with LVS or AigIC/LVS for 3 hr then stimulated with L.m. for indicated durations (e,f).
Complexes were analysed by Western blotting for the presence of TAK1, IKKa/B, TBK1, IRF3, TAB2, TAB3, TRAF3, TRAF6, and K63-linked polyubiquitin chains.
Quantification of K63 polyubiquitination of TRAF6 and

TRAF3 are depicted in Figure S7. Results are representative of at least of two independent experiments
subsequently downregulates intracellular signalling (Telepnev et al., 2003; To more directly test Francisella-mediated inhibition of PRR pathways,

Telepnev et al., 2005). these signalling events were also monitored under

coinfection/costimulation settings. Indeed LVS inhibited L. monocytogenes-
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and PamsCSKs-induced activation of TAK1, p38 MAPK, IKKa/B, TBK1, and
IRF3 as well as the accumulation of K63-polyubiquitin chains in BMDMs. This
was in contrast with the AigIC/LVS or AdsbA/LVS strains that failed to or
modestly exerted such inhibitory effects (Figures 5b, S6D, and 6b). In sum,
these data demonstrate that LVS is an inhibitor of proximal PRR signalling
events and its suppressive effects are largely dependent on a functional

T6SS and/or entry of bacteria into the cytosol.

2.6 | LVS affects the polyubiquitination and
assembly of TRAF6 and TRAF3 complexes

Given the central importance of TRAF6 and TRAF3 in the propagation of
signals from multiple PRRs, next we evaluated whether Francisellamediated
subversion of PRR pathways involved blockage in the assembly of TRAF6
and TRAF3 complexes. Compared to wild-type LVS, AiglC/LVS induced

(a)

FIGURE6  Francisella subverts multiple PRR

pathways for proinflammatory and type | IFN

TRAF3 complex assembly and that this may account for its ability to

simultaneously block multiple PRR pathways.

3 DISCUSSION

In this study, we investigated how Francisella modulates the TLR, RLR, and
CDR pathways. By analysing macrophages from a variety of knockout mice,
we show that Francisella elicits weak induction of innate immune pathways
in a manner dependent on the presence of the MYD88, TRIF, IPS1, and
MAVS adaptors.

What are the mechanisms or Francisella ligands involved in the
activation of these pathways? Activation of MYD88-dependent responses is
possibly due to the activation of TLR2 by lipoproteins (Abplanalp, Morris,
Parida, Teale, & Berton, 2009) or TLR9 by DNA, whereas the STING-

TLRs, RLRs, CDRs

responses. (a) Proposed model for subversion of
PRRs by Francisella. (b) Francisella attenuates K63
polyubiquitination events in macrophages: Western
blot analysis of K63 polyubiquitination in wild-type
bone marrowderived macrophages that were
infected with LVS or L.m. for indicated durations or
preinfected with LVS for 3 hr then stimulated with
L.m. for indicated durations. Results are
representative of two independent experiments.
PRR = pattern recognition receptor; LVS = live
vaccine strain; L.

m. = Listeria monocytogenes; TLR = Toll-like
receptor; RLR = RIG-I-like receptor;

CDR = cytoplasmic DNA receptor
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higher K63-linked polyubiquitination and recruitment of TAB2, TAB3, and
TAK1 into the TRAF6 complex (Figure 5c¢) or TBK1 into the TRAF3 complex
(Figure 5d). Notably, when analysed under coinfection settings, LVS was
found to inhibit L. monocytogenes-induced K63-linked polyubiquitination
and recruitment of TAB2, TAB3 and TAK1 into the TRAF6 complex or TBK1
into the TRAF3 complex (Figures 5e,f and S7), in a manner dependent on

IgIC. These results demonstrate that LVS is an inhibitor of the TRAF6 and

dependent responses could be due to the recognition of bacterial DNA in
the cytoplasm by cGAS (Storek, Gertsvolf, Ohlson, & Monack, 2015). The
TRIF adaptor is traditionally known for its role in TLR3 and TLR4 signalling.
However, TRIF is also essential for optimal activation of the TLR2-MYD88
(Petnicki-Ocwieja et al., 2013) and cGAS-STING (Wang et al., 2016)
pathways. Similarly, in addition to its primary role in RNA-mediated

activation RLRs, it is conceivable that IPS1 adaptor could potentiate the
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activation of cGAS-STING pathways via RNA polymerase lll-dependent
sensing of cytoplasmic DNA (Chiu, Macmillan, & Chen, 2009).

Although it remains unclear whether the TRIF- and IPS1-dependent
inflammatory responses elicited by Francisella are due to the auxiliary role
of these adaptors in the MYD88 and STING pathways, it is apparent that
many PRR pathways are functionally interconnected and that the net
inflammatory response upon Francisella infection is the product of a
simultaneous or sequential activation of multiple PRR pathways. Thus, for a
pathogen well adapted to its host, the most effective means to overcome
the innate immune defences is a multipronged attack on diverse PRR
pathways. The data herein show that although able to trigger the TLR, RLR,
and CDR pathways, Francisella also actively blocks these pathways, and this
could be due to its ability to target focal points of regulation for PRR
pathways, the TRAF3 and TRAF6 complexes. In addition to these complexes,
Francisella possibly also impedes other signalling steps, for example,
upstream adaptors or receptors (Crane et al., 2013) or downstream at the
transcription level (Bauler, Chase, Wehrly, & Bosio, 2014; Ireland et al.,
2013; Walters et al., 2015). Hence, in spite of the productive infection and
high replication in macrophages, Francisella evokes only a weak innate
immune response much to its advantage.

The specific bacterial effectors responsible for innate immune
subversion are not clear. IgIC and DsbA are essential for the T6SS (Qin et al.,
2016) and are required for bacterial entry into the cytoplasm (Lindgren et
al., 2004; Qin et al., 2009). The fact that loss of IglC or DsbA severely impairs
the capacity of Francisella to block innate immune pathways suggests that
innate immune suppression by Francisella is dependent on bacterial
localization in the cytoplasm and/or that such inhibition is mediated by T6SS
effectors.

Although the specific virulence mechanisms involved in subversion on
immune pathways remain unclear, the present study demonstrates for the
first time that Francisella possesses factors that manipulate the host
ubiquitin system. Further, the results support the concept that the ability of
Francisella to blockimmune pathways may have occurred hand in hand with
the evolution of virulence factors that allow the bacteria to invade the
cytoplasm. The cytoplasm, a nutrient-rich milieu, is the ultimate target for
many pathogens. However, entry into the cytosol does not come without
additional risks for the pathogen; the cytoplasm is home to many PRRs
whose activation may spell doom for the invasive pathogens. Therefore, in
the absence of immune subversion, access to the cytoplasm can in fact be
counterintuitive to the pathogen. The capacity of Francisella to synchronise
its entry into the cytosol and the active subversion of innate immune

pathways may account for the notable success of Francisella as a pathogen.

4 | EXPERIMENTAL PROCEDURES

4.1 | Animals

The use of experimental animals was carried out according to the guidelines
set out by the Regional Animal Ethic Committee approval no. A107-11 or

A53-14. Sting”/-(C57BL/6J-Tmem173gt/); Sauer et al, 2011) and
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Ticam17/-(C57BL/6J-Ticam1Lps2/J; Hoebe et al., 2003) were from Jackson

Laboratory. Ifnb*/28-uc (Lienenklaus et al.,

2009) mice were provided by S. Weiss. Myd88~/- (Adachi et al., 1998) and
Ips-17~mice were from S. Akira's laboratory. Above mice were crossed with
each other at the Umea Transgene Core Facility to generate the following
mouse lines: Myd88-/-ifnb+/ap-luc, Ticam1-/-ifnb +/ap-luc, Sting-/-ifnb+/ap-luc, and

Ips-1-/- ifnb+/ag-luc as recently described (Hartlova et al., 2015).

4.2 | Antibodies and chemicals

Anti-IKKa/B, anti-p38 MAPK, anti-TAK1, anti-IRF3, anti-p-IRF3, and anti-K63-

linkage specific-polyubiquitin  antibody were from Cell

Technology. Anti-TRAF3, anti-TRAF6, anti-TAB2, anti-TAB3, Horseradish

Signaling

peroxidase (HRP)-conjugated goat antimouse IgG, and goat antirabbit 1gG
were from Santa Cruz. Anti-TBK1 and anti-pTBK1 antibodies were from
Abcam. Ultrapure LPS, cyclic diguanylate monophosphate (c-di-GMP), and

PamsCSKs were from InvivoGen.

4.3 | Bacterial and viral pathogens

Wild-type, AdsbA/LVS and AiglC/LVS, mutant strains of F. tularensis LVS
were grown in Chamberlain's medium; L. monocytogenes EGD-e, pPL2
lux/pHELP (Bron, Monk, Corr, Hill, & Gahan, 2006), and GFP (Fortinea et al.,
2000) strains were cultured in brain—heart infusion medium at 37 °C in 5%
CO2 atmosphere. For infections, all bacterial strains were grown to
exponential phase in a given bacterial medium corresponding to OD = 0.4
at 37 °C. Francisella was inactivated by heating at 95 °C for 10 min, by
sonication (8x for 15 s at Grade 4) or by overnight ultraviolet inactivation.
The efficiency of bacterial lysis was confirmed by lack of growth on
MclLeod's agar plate. Bacterial lysate was treated by 2.5 U/ul benzonase®

nuclease (Sigma-Aldrich) at 37 °C for 45 min.

VSV-AV2 has been described before (Stojdl et al., 2003).

4.4 | Preparation of BMDMs

To prepare BMDMs, bone marrow cells were isolated from mouse femurs
and tibias and cultivated in Iscove's modified Dulbecco's medium (Life
Technologies) supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific), 1% penicillin—streptomycin, and 20% (v/v) L929 cell-conditioned
medium at 37 °C in 5% COz atmosphere for 5 days.

45 | Infection of bone marrow-derived macrophages

BMDMs seeded into 6-, 12-, 24-, or 96-well plates at a density of 1.5 x 106,
7.5 x 105, 2.5 x 10°, or 5 x 10* per well, were infected with wild-type LVS,
AdsbA/LVS or AiglC/LVS, at a multiplicity of infection (MOI) of 50 and with
L. monocytogenes at MOI of 10. To synchronise entry of the bacteria to the
cells, plates were centrifuged at 400x g for 5 min. Thirty minutes
postinfection, cells were washed once with phosphate-buffered saline (PBS)
and cultured further in 50 pg/ml of gentamicin (Sigma-Aldrich) to kill
extracellular bacteria. After 60 min postinfection, the medium was replaced
and cells were cultured further in antibiotic-free Iscove's modified

Dulbecco's medium. BMDMs were stimulated with either c-di-GMP (20
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pg/ml), LPS (10 or 100 ng/ ml), PamsCSKs (100 ng/ml), L. monocytogenes
(MOI 10), VSV-AV2 (MOI 0.01) or F. tularensis LVS (MOI 50).

4.6 | Immunofluorescence staining

BMDMs seeded on glass coverslips at a density of 2.5 x 10° cells per well
were infected with F. tularensis LVS (MOI 50) or

L. monocytogenes-GFP (MOI 10) as described above for 8 hr. Following
infection, cells were washed with PBS and fixed with 4% paraformaldehyde.
Fixed cells were permeabilized with 0.2% Triton X-100, blocked with 3%
BSA/PBS and incubated with polyclonal rabbit antiF. tularensis serum and
antirabbit Alexa Fluor 488 antibody. Cells were stained with DAPI, washed
with PBS, and mounted onto microscope slides and imaged by fluorescence

microscopy.

4.7 | Invitro luciferase assay

Cells were lysed in 30-pl lysis buffer containing 0.2% (v/v) Triton-X100 and
10% (v/v) glycerol in PBS. Twenty-five microlitres of each lysate was mixed
with 50 pl of Luciferase Assay Reagent (Promega), and luciferase activity
was measured using TECAN Infinite M1000 PRO multimode microplate
reader. Relative luminescence units were normalised to protein
concentration and expressed as fold change in relation to unstimulated

wild-type values.

4.8 | Bacterial uptake

Cells were lysed in 50-pl lysis buffer containing 0.2% (v/v) Triton-X100 and
10% (v/v) glycerol in PBS. Luminescence was measured using TECAN Infinite
M1000 PRO multimode microplate reader. Relative luminescence units

were expressed as fold change in relation to unstimulated wild-type values.

49 | Immunoblot analysis

Samples were separated by 10% SDS-PAGE and transferred onto
Polyvinylidene difluoride (PVDF) or nitrocellulose membranes (GE
Healthcare). Membranes were blocked for 1 hr with 1X RotiBlock (Roth) and
subsequently incubated with different primary antibodies overnight. After
incubation with HRP-labelled secondary antibodies, proteins were detected
using Enhanced chemiluminescence (ECL) reagents and X-ray films.
Immunoprecipitation and immunoblot analyses were performed as

detailed in our recent study (Panda et al., 2015).

4.10 |
reaction

Quantitative real-time polymerase chain

RNA was isolated from cells using RNeasy kit from Qiagen. One microgram
of total RNA was reverse transcribed using oligo (dT) primers (New England
Biolabs). gRT-PCR analysis was performed and analysed using ABI Prism

7500 Fast RT-PCR System (Applied Biosystems). The results were

normalised to the housekeeping genes and expressed as fold change
relative to RNA samples from control or mock-treated cells/mice using the
comparative CT method (aact). All Tagman gene expression data are
presented as the expression relative to 18S rRNA reference gene (RN18S1).
The following TagMan Gene Expression Assays were used (Applied

Biosystems): Ifnbl (Mm00439552_s1), Ifnad (MmO00833969 s1), Tnfa

(MmO00443258_m1), Illb  (Mm  00434228_m1), and Rn18S1
(MmO03928990_g1).
411 | Cell viability assay

Cell viability was tested by CytoTox-ONE Homogenous Membrane Integrity
Assay (Promega). Fluorescence was measured using TECAN Infinite M1000
PRO multimode microplate reader. Cell viability (%) was expressed as a

percentage relative to the untreated control.

4,12 | Statistical analysis

The data are presented as mean with standard error of the mean (+SEM).
Statistical analysis was performed using one-way analysis of variance with
Bonferroni posttest or Mann-Whitney test using GraphPad Prism 5
software.
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V7 znam DNA vy%oetfieni mutaci C282Y,
H63D a S65C v HFE genu
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SOUHRN

V-chodisko. Hereditarni hemochromatéza je pomirni dasté didiané onemocniini, pro které je charakteristické zv-%oené vstfiebavani leleza a jeho
nasledné ukladani do dUlefit"ch organU tila. Cilem préace je urdit vskyt mutaci C282Y, H63D a S65C ve skupini pacientU s podezfienim na hereditarni
hemochromatézu a ziskané v’sledky porovnat se zdravou deskou populaci.

Metody. Soubor pacientU se skladal z 95 muiU a 45 fen (median viiku 55 rokU, rozsah 20-83 rokU). Soubor zdravch osob (kontrolni skupina) tvofiilo
167 dobrovolnikU (65 muiU a 102 fen, median viku 25 rokU, rozsah 18-62 rokU). Geneticka anal“za mutaci v HFE genu byla provedena pomoci
metody PCR/RFLP.

Vsledky. Frekvence rizikov™ch alel v souboru pacientU byly: 18,2 % pro mutaci C282Y; 17,5 % pro H63D a 1,8 % pro S65C. Frekvence rizikov'ch
alel v kontrolnim souboru byly: 5,7 % pro mutaci C282Y; 12,3 % pro H63D a 0,6 % pro S65C.

Zaviiry. Vsledky sviidai o trojnasobni vy%o%oim v skytu mutace C282Y ve skupinti pacientU s podezfienim na hereditarni hemochromatézu oproti
kontrolni skupinti (18,2 % vs. 5,7 %). V skyt mutaci H63D a S65C se v obou porovnavan™ch souborech statisticky neli%oil. Klidova slova:
hemochromatéza, HFE gen, C282Y, H63D, S65C, PCR/RFLP.

SUMMARY

Drastikova M, Beranek M, Hegerova J, Putzova D. The importance of DNA analysis of C282Y, H63D and S65C mutations in the HFE gene
Background. Hereditary hemochromatosis is a relatively common genetic disease characterized by increased iron absorption and deposition in major
organs of the body. The aim of this study was to determine the prevalence of C282Y, H63D and S65C mutations in the HFE gene in patients suspected
of hereditary hemochromatosis and to compare it with healthy subjects (control group).

Methods. The group of patients consisted of 95 males and 45 females (median age 55 years, range 20 to 83 years). The control group was represented
by 167 volunteers of Caucasian origin (65 males and 102 females, median age 25 years, range 18 to 62 years). The PCR/RFLP genetic analysis was
used to detect mutations in the HFE gene.

Results. Allelic frequencies of C282Y, H63D, and S65C in the patients group were 18.2 %, 17.5 %, and 1.8 %, respectively. The frequencies of the
alleles in the control group were 5.7 % (C282Y), 12.3 % (H63D), and 0.6 % (S65C).

Conclusions. Our results show significant differences in the frequency of C282Y mutation between the patients suspected of hereditary hemochromatosis
and the control group (18.2 % vs 5.7 %). Prevalences of H63D and S65C mutations in the both groups were not statistically significant.

Key words: hemochromatosis, HFE gene, C282Y, H63D, S65C, PCR/RFLP.
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UVOD

Hereditarni (vrozena) hemochromatéza (HH) je dédicné
onemocnéni charakterizované zvySenou absorpci Zeleza v
tenkém stfevé a jeho naslednym ukladanim do jater,
myokardu, pankreatu, hypofyzy, kloubl a pokozky.
Nadmérna akumulace Zeleza v jatrech ma vliv na aktivaci
hvézdicovitych bunék (Ito buriky, hepatic stellate cells) a jejich
preménu v buriky podobné myofibroblastim (myofibroblast —
like cells), které ve zvySené mife produkuji kolagen I., Ill. a IV.
typu (1, 2). Hypersekrece kolagenu muze vést k jaterni
fibréze. Pfi HH jsou rovnéz ve zvySené mife Fentonovou
reakci tvofeny hydroxylové radikaly, které vlivem oxida¢niho
stresu pfispivaji k nekréze hepatocytd a k rozvoji
hepatocelularniho karcinomu (3-5).
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Prevalence HH v kavkazské populaci je pfiblizné 1 : 200—
500 (6, 7), coz ji Fadi mezi nejcastéjSi geneticky podminéna
onemocnéni, ale téZ  mezi choroby  vyrazné
spoddiagnostikované®. Hereditarni hemochromatéza se déli
do péti zakladnich podtypt HH1-HH5. Podtyp HH1, ktery
pfedstavuje  nejbézngjSi formu hemochromatozy, je
podminén mutacemi v HFE genu. Ostatni podtypy souviseji s
genetickymi polymorfismy v genech kodujicich hemojuvelin,
hepcidin, transferinovy receptor 2, feroportin, transferin,
ceruloplazmin a H-fetézce feritinu, avsak jejich frekvence ani
klinické projevy nejsou v porovnani s HH1 tak vyznamné (8,

9).

HFE gen, poprvé popsany v roce 1996, se nachazi na
kratkém raménku 6. chromozomu (6p21.3). Patfi do rodiny
hlavniho histokompatibilniho komplexu s vysokou homologii
ke genim HLAI. tfidy. Koédovany HFE protein ma 343
aminokyselin. Je tvofen tfemi extracelularnimi doménami a1—
3. Doména a3 se u zdravych osob nekovalentné vaze s R,-
mikroglobulinem a vznikly heterodimer je transportovan na
povrch bunék, kde obsazuje receptor pro transferin (10).
Transferin nesouci Zelezo mGze vytésnit HFE protein z této
vazby, ¢imz je zprostfedkovan signal o dostatecné saturaci
organismu Zelezem. Uvolnény HFE protein nasledné
moduluje expresi hepcidinu,



ktery degradaci feroportinu snizuje pfenos Zeleza z
enterocytl, hepatocytll a makrofagl do krevniho obéhu (11).

Nejcastéjsi pfi¢inou HH1 v kavkazské populaci je mutace
C282Y ve 4. exonu HFE genu. Substituci cysteinu za tyrosin
v pozici 282. aminokyseliny dochazi ke ztraté jednoho ze &tyr
disulfidickych mulstkd v HFE proteinu. Tato zména
konformace ovliviiuje jeho afinitu k Rz-mikroglobulinu a
transport na povrch bunék, a v disledku toho i vy$$i absorpci
Zeleza z gastrointestinalniho traktu.

Druhou vyznamnou genetickou zménou v HFE genu je
mutace H63D vedouci k substituci histidinu za aspartat. Tato
mutace neovliviiuje tvorbu heterodimeru HFE s B,-
mikroglobulinem, proto jsou jeji klinické pfiznaky mirné nebo
se nemusi projevit vibec. Mechanismus, jakym dochazi ke
zvySenému vstifebavani zeleza, neni u této mutace dosud
presné popsan. Treti nejcastéjSi mutaci v HFE genu je S65C
podmiriujici substituci serinu za cystein v HFE proteinu. Ani
zde neni role mutace v patogenezi HH zcela objasnéna.

Autozomalné recesivni pfenos HH znamena, Ze k jejim
fenotypovym projevim mulze dochazet jen v pfipadé
pfitomnosti mutace na obou alelach. Postizené osoby Ize
molekularné geneticky charakterizovat bud' jako homozygoty
pro jeden typ mutace (nejCastéji s genotypem 282Y/282Y)
nebo smiSené heterozygoty (2—-6 % pFipadt HH) (12, 13).

Hemochromatdza patfi k tzv. stfadavym onemocnénim. Ke
kumulaci Zeleza dochazi celozivotné a prvni projevy HH se
manifestuji mezi 40. a 50. rokem Zivota. Klinické pfiznaky
choroby nejsou  specifické, objevuje se Unava,
hepatomegalie, svalové a kloubni bolesti, v pokrocilejSich
stadiich srde¢ni arytmie, hypogonadismus, diabetes mellitus,
jaterni cirhdza a hepatocelularni karcinom. Projevy jsou
mnohdy komplikovany jinym onemocnénim (steatézou jater,
alkoholismem, poruchou krvetvorby, metabolickym
syndromem apod.).

Pro diagnostiku HH se provadi klinické vySetfeni, fyzikalni
vySetfeni a biochemicka analyza zahrnujici zejména urceni
saturace transferinu, stanoveni koncentrace feritinu,
sérového Zeleza a Zeleza v jaterni tkani. Nedilnou souc&asti
diagnostického procesu je také molekularné geneticka
analyza jako prostfedek pro vyhledani samotné pfFiciny
choroby a odhalujici dalsi rizikové jedince v rodiné probanda.
Bez laboratorni diagnostiky mohou byt nespecifické projevy
HH snadno prehlédnuty a choroba muize zlstat dlouhodobé
nelécena.

Cilem této studie bylo zjistit, jaky je vyskyt mutaci C282Y,
H63D a S65C u souboru pacientl hepatologickych poraden s
pfiznaky akumulace Zeleza a porovnat jej s vyskytem
zminénych mutaci ve zdravé populaci.

SOUBOR NEMOCN CH A POUIITE METODY

Do studie bylo zafazeno 140 pacientl (vySetfovany soubor)
z 12 zdravotnickych center zabyvajicich se chorobami jater a
poruchami metabolismu Zeleza. Pro molekularné genetickou
analyzu byly pouzity DNAvzorky 95 muzll a 45 Zen s
medianem veéku 55 rok( (rozsah 20-83 roku). Soubor
zdravych osob (kontrolni soubor) tvofilo 167 dobrovolniki (65
muzu, 102 zen, median 25 roku, rozsah 18—62 rok(), od nichz
byl ziskan Informovany souhlas k DNA analyze. Studie byla
provedena se svolenim Etické komise Fakultni nemocnice
Hradec Kralové.

Izolace DNA (QlAamp Blood Mini Kit, Qiagen, Némecko)
byla u pacientl provedena z 200 pl nesrazlivé krve (K3EDTA)
a u dobrovolnikd z bukalniho stéru (FlogSwabs, Copan Flock
Technologies, Italie). Pro amplifikaci byla pouzita
polymerazova fetézova reakce (PCR). Reakéni smés pro

amplifikaci exonu 2 HFE genu (25 pl) obsahovala 100 ng
DNA, 10krat koncentrovany PCR pufr s 15mM roztokem
MgCl, (TaKaRa, Japonsko), 200 uM dNTPs, 0,4 uM primert
— F: 5-ACA TGG TTG AGG CCT GTT GC 3 a R: 5-GCC
ACA TCT GGC TTG AAA TT-3' (Generi Biotech, CR)a 1,5U
HS Taq polymerazy (TaKaRa). Smés pro exon 4 se liSila
pouze sekvencemi pouzitych primert — F: 5- CTG GAT AAC
CTT GGC TGT ACC CCC -3 a R: 5’- CAG ATC CTC ATC
TCA CTG -3'. Teplotni profil PCR reakce pro oba Useky genu
se skladal z 5 minutové Uvodni denaturace pfi 95 °C, poté
nasledovalo 30 cykld PCR (denaturace 30 s pii 94 °C,
annealing 30 s pfi 50 °C a elongace 30 s pfi 72 °C) v
termocykléru Veriti™ 96-Well Thermal Cycler, Applied
Biosystems, USA.

Restrikéni smés se skladala z 10 pl PCR produktu, 1 pl

restrikéniho pufru a 1 pl pfislusného restrikéniho enzymu (vSe
New England Biolabs, USA): Rsal pro detekci mutace C282Y,
Bcll pro H63D a Hinfl pro S65C. Inkubace probihala 16 hodin
pfi 37 °C (Rsal a Hinfl) nebo pfi 50 °C (Bcll). Analyza
restrikénich fragmentl (RFLP) byla provedena na 3%
agarézovém gelu s ethidiumbromidem. Pfitomnost wild-type
alely C282 potvrzovaly restrikéni fragmenty o velikostech 171
a 18 bp, zatimco pro mutovanou alelu 282Y svédcCily
fragmenty 142 bp, 29 bp a 18 bp. V pfipadé mutace 63D
dochazelo k zaniku rozpoznavaciho mista pro Bcll, a proto byl
po restrikci na gelu viditelny jeden fragment o délce
odpovidajici PCR produktu (208 bp). Naopak, fragmenty o
délkach 138 bp a 70 bp identifikovaly wild-type alelu H63.
Obdobné pfi vySetfeni mutace S65C svédcil fragment dlouhy
208 bp o pfitomnosti mutantni alely 65C, fragmenty 147 bp a
61 bp identifikovaly wildtype alelu S65.



V SLEDKY

Ve vySetfovaném souboru bylo nalezeno 18 homozygotl
pro mutaci C282Y (12,9 %) a deset heterozygotu (7,1 %) pro
tuto mutaci. U mutace H63D bylo detekovano sedm
homozygotll (5,0 %) a 32 heterozygoti (22,9 %).
Heterozygotni forma mutace S65C byla prokazana u ftfi
pacientl (2,1 %) a nebyl nalezen zadny homozygot pro S65C.
Smisena heterozygozita byla zjisté€na u péti pacientt (3,5 %),
z toho u tfi osob (2,1 %) se Tab. 2. Frekvence rizikovych alel HFE

DISKUZE

Od roku 1996, kdy byl poprvé popsan HFE gen, byla
publikovana cela fada praci zabyvajicich se mapovanim
vyskytu mutaci v tomto genu. Jejich vysledky se shoduji v
konstatovani, ze majoritni podil (80-90 %) na rozvoji HH ma
mutace C282Y, zejména je-li pfitomna v homozygotni formé
(14, 15). Na druhou stranu je tfeba poznamenat, Ze
penetrance C282Y neni kompletni a choroba se manifestuje
jen u ¢asti homozygotl (u 50 % muzl a 25 % Zen) (16).

Tab. 1. Frekvence genotypl HFE genu ve vySetfovaném a kontrolnim souboru

Genotyp VysSetrovany soubor Kontrolni soubor
pocet osob % pocet osob %
homozygot 282Y/282Y 18 12,9 0 0,0
heterozygot 282Y/wt 10 71 16 9,6
smiSeny heterozygot 282Y/63D 3 21 3 1,8
smiSeny heterozygot 282Y/65C 2 1,4 0 0,0
homozygot 63D/63D 7 5,0 3 1,8
heterozygot 63D/wt 32 22,9 32 19,2
heterozygot 65C/wt 3 21 2 1,2
homozygot wt/wt 65 46,5 111 66,4
celkem 140 100,0 167 100,0
wt — wild type
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enu ve vySetfovaném a kontrolnim souboru
Frekvence rizikové alely (%)

Cc282Y H63D S65C
Vysetiovany soubor 18,2 17,5 1,8
Kontrolni soubor 5,7 12,3 0,6

jednalo kombinaci alel 282Y/63D a u dvou osob (1,4 %) o
kombinaci 282Y/65C (tab. 1).

V kontrolnim souboru jsme prokazali 16 heterozygotl pro
mutaci C282Y (9,6 %), 32 heterozygotd pro H63D (19,2 %),
dale tfi homozygoty pro H63D (1,8 %), dva heterozygoty pro
S65C (1,2 %). U tfi dobrovolnikd (1,8 %) byla zjiSténa
kombinace alel 282Y/63D (smiSena heterozygozita). V
souboru nebyli nalezeni zadni homozygoti pro mutace C282Y
ani S65C.

Celkova frekvence vSech rizikovych alel ve vySetfovaném
souboru byla 37,5 % (18,2 % pro C282Y, 17,5 % pro H63D a
1,8 % pro S65C), tedy dvojnasobna nez v kontrolnim souboru:
18,6 % (5,7 % pro C282Y, 12,3 % pro H63D a 0,6 % pro
S65C) (tab. 2).

Ve vySetfovaném souboru bylo nalezeno celkem 30 osob s
jednim z genotypUt podmiriujicich mozné klinické pfiznaky HH
(homozygoti 282Y/282Y, 63D/63D, smiSeni heterozygoti
282Y/63D a 282Y/65C); v kontrolni skupiné dosahl jejich
pocCet Sesti. Predikce rizika HH ve vySetfovaném souboru
pacientll hepatologickych ambulanci byla vice nez
sedminasobna oproti souboru kontrolnimu (odds ratio 7,32; p
< 0,001; 95% konfidencni interval: 3,27—-16,39 %).
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Z provedenych populaénich studii vyplyva, Zze nejvySssi
frekvence rizikové alely 282Y se nachazeji v severozapadni
Evropé, predevsim v Irsku (14 %) a Velké Britanii (8 %). V
severni &asti Evropy (Norsko, Svédsko, Dansko) se frekvence
alely 282Y pohybuji mezi 5,7-7,5 %. Neni znamo, zda byla
tato mutace rozSifena do ostatnich oblasti Evropy
starovékymi Kelty nebo skandinavskymi mofeplavci, Vikingy
(17, 18). Ve stfedni Evropé je frekvence 282Y 3,4-4,0 %. Ve
statech jihovychodni Evropy (Bosna a Hercegovina,
Rumunsko, Srbsko, Makedonie) jeji vyskyt klesa na 1,0-2,2
% (19). Mimo evropsky kontinent se tato mutace objevuje
vzacné.

V nasi studii bylo zastoupeni rizikové alely 282Y v kontrolni
skupiné& vy$$i neZ publikovali Cimburova a kol. (5,7 % vs. 3,4
%) v roce 2005 (20). NaSe vysledky mohly byt zatizeny
chybou vyplyvajici z menSiho poctu vySetfenych osob (n =
167).

Vysledky analyzy alely 282Y ve vySetfovaném souboru (n
= 140) prokazaly jeji trojnasobné vysSi vyskyt u pacientu
hepatologickych ambulanci (18,2 %) oproti zdravé populaci.
Celkem zde bylo nalezeno 18 homozygotl pro mutaci C282Y.

Jak jiz bylo zminéno, mutace C282Y je povazovana za
nejrizikovéjsi mutaci z hlediska HH. Nékteré studie udavaji,
Ze podil homozygotl ve skupiné HH muze byt az 96% (21,
22). U heterozygotd pro C282Y dochazi ke klinické
manifestaci HH jen ojedinéle. SpiSe se ukazuje, Ze mutace
muze u heterozygott akcelerovat organové poskozeni jiné
primarni etiologie (napf. chronicka hepatitida C, steatéza
jater, hepatitida, alkoholismus apod.).

Frekvence mutace H63D se v evropské populaci pohybuje
mezi 10 a 20 %. Nejvyssi vyskyt byl popsan v Baskicku (30
%), Bulharsku, Spanélsku a Portugalsku (> 20 %). U néas je
jeji vyskyt okolo 15 % (16). Frekvence mutace S65C se v
kavkazské populaci pohybuje od 0,5 % (jihovychodni Italie)
do 3 % (Svédsko, populace Saami) (23, 24). V Ceské
republice je frekvence S65C okolo 1 % (16). V nasem
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kontrolnim souboru jsme nalezli dva heterozygoty pro mutaci
S65C a frekvence alely 65C byla 0,6 %.

Je znamo, Ze u homozygotd pro H63D a smiSenych
heterozygott 282Y/63D nebo 282Y/65C byvaji pfiznaky HH
mirné&jsi. Vyskyt mutaci H63D (17,5 %) a S65C (1,8 %) v nasi
vySetfované skupiné se vyznamné neliSil od frekvence
zjisténé v kontrolnim souboru i vySe zminénych populacnich
odhadu. Mezi heterozygoty pro S65C byla jedna Zena ve véku
30 let s normalnim biochemickym nalezem a 3 muzi se
zvySenou sérovou koncentraci Zeleza. Laboratorni nalez vak
nemusi byt zpGsoben pfitomnosti mutace S65C.

U zbyvajicich 65 pacientt z vySetfovaného souboru (46,5
%) nebyly prokazany mutace C282Y, H63D ani S65C v HFE
genu. U téchto osob miiZze byt pfetizeni organismu Zelezem
zplsobeno dal$imi mutacemi gend, jejichz produkty se
podileji na absorpci, transportu nebo ukladani zeleza. K
rozvoji pfiznakd hemochromatézy pfispivaji také nevhodné
stravovaci navyky, pfitomnost toxin( v organismu, obezita,
HCV infekce anebo dlouhodobé zvySeny pfijem alkoholu (u
muzu vice nez 60 g/den a u Zen 40 g/den). Alkohol nejen
inhibuje transkripci hepcidinu, ale v disledku oxida¢niho
stresu organismu také zvySuje expresi transferinového
receptoru 1 (5, 25).

Velké mnozstvi faktort negenetického charakteru, které se
objevuje v etiopatogenezi HH je jednim z dlivodu, pro¢ nelze
zavést ploSny populacéni screening mutaci v HFE genu. Spise
je preferovan tzv. selektivni screening osob v rizikovych
skupinach (16). PFfi diagnostice hemochromatézy je
doporu€ovano kombinovat molekularné geneticka vySetreni s
paletou biochemickych testd zahrnujicich ureni saturace
transferinu, volné vazebné kapacity séra pro zelezo,
stanoveni feritinu a Zeleza v séru, pfipadné v jaterni tkani
(26). Biochemické markery i pfes svou nizsi specifinost a
zavislost na fadé faktorl (vék, dieta, stravovaci navyky,
menstruace a jiné ztraty krve) mohou také vyznamné pomoci
pfi monitorovani ucinnosti navrzenych terapeutickych a
dietnich postupu.

ZAVuR

Hereditarni hemochromatéza je znacné rozSifenym
genetickym onemocnénim. K ureni diagnézy HH se
pouzivaji biochemicka a molekularné geneticka vysetieni.
Vzhledem k tomu, Ze se v nasem staté neprovadi populaéni
screening mutaci v HFE genu, je nezbytné cilené vyhledavat
rizikové jedince pro toto onemocnéni. Jednu z rizikovych
skupin pFedstavuji pacienti hepatologickych ambulanci se
znamkami pretizeni organismu Zelezem. Jak ukazala nase
studie, u téchto osob se vyskytuje mutace C282Y
nékolikanasobné Castéji nez ve zdravé populaci. Pro
potvrzeni nebo vylou¢eni HH u téchto osob (a jejich rodinnych
pFislusnik() by mélo byt vzdy provedeno molekularné
genetické vysetfeni HFE genu.

Zkratky

Bcll — Bacillus caldolyticus

DNA — deoxyribonucleic acid (deoxyribonukleova kyselina)

dNTPs - deoxynucleotide triphosphates (deoxynukleotid
trifosfaty)

HCV — hepatitis C virus (virus hepatitidy C)

HH — hereditary hemochromatosis
(vrozena (hereditarni) hemochromatéza)

Hinfl — Haemophilus influenzae

HLA — human leukocyte antigen

(hlavni histokompatibilni komplex)
HS Taq — hot start Thermus aquaticus

K3EDTA — ethylene diamine tetraacetic acid trisodium salt

PCR — polymerase chain reaction
(polymerazova fetézova reakce)
RFLP  —restriction fragment length polymorphism
(polymorfizmus délky restrikénich fragmentu)
Rsal — Rhodopseudomonas sphaeroides
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Francisella tularensis is a highly infectious bacterium that causes the potentially lethal disease tularemia. This extremely
virulent bacterium is able to replicate in the cytosolic compartments of infected macrophages. To invade macrophages and to
cope with their intracellular environment, Francisella requires multiple virulence factors, which are still being identified.
Proteins containing tetratricopeptide repeat (TPR)-like domains seem to be promising targets to investigate, since these
proteins have been reported to be directly involved in virulence-associated functions of bacterial pathogens. Here, we studied
the role of the FTS 0201, FTS 0778, and FTS_1680 genes, which encode putative TPR-like proteins in Francisella tularensis
subsp. holarctica

FSC200. Mutants defective in protein expression were prepared by TargeTron insertion mutagenesis. We found that the locus
FTS 1680 and its ortholog FTT 0166c¢ in the highly virulent Francisella tularensis type A strain SchuS4 are required for
proper intracellular replication, full virulence in mice, and heat stress tolerance. Additionally, the F7S_1680-encoded protein
was identified as a membrane-associated protein required for full cytopathogenicity in macrophages. Our study thus identifies

FTS_1680/
FTT_0166c¢ as a new virulence factor in Francisella tularensis.

rancisella tularensis is a facultative intracellular bacterium that

causes the potentially lethal disease tularemia. F. tularensis can
infect a wide range of animal species, including humans. F.
tularensis can be transmitted to humans through a number of
routes; the most common is via the bite of an infected insect or
another arthropod vector. The spectrum of human illness can range
from the ulceroglandular form to the more serious pneumonic or
typhoidalformoftularemia(1).Theriskofserioushumaninfection is
associated mainly with two subspecies, the highly virulent F.
tularensis subsp. tularensis (type A) and the less virulent F.
tularensis subsp. holarctica (type B). Documented use of F.
tularensis as a biological weapon in World War II and concerns
over construction of antibiotic-resistant F. tularensis strains have
led to an enhanced interest in unveiling mechanisms of virulence
which may serve as promising targets for the development of
treatments or effective prophylaxis in case of its misuse (2).

F.  tularensis infects multiple cell types, including
nonphagocytic and phagocytic cells (1, 2). Following entry into
phagocytic host cells, Francisella is found in phagosomes that are
characterized by the presence of early (EEA-1) and late (LAMP-1)
endosomal markers (3). However, the bacterium subsequently
modulates the fusion of the Francisella-containing phagosome
with degradative lysosomes and escapes into the cytosol, where it
replicates. Within 24 to 48 h after infection, Francisella reenters
LAMP-1-positive endocytic compartments referred to as
Francisella-containing autophagic vacuoles (3, 4).

Previous studies have identified a wide array of genes required
by F. tularensis for adaptation to intracellular environments and/or
evasion of phagocytic cell defense mechanisms. These include
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genes located in a 34-kb Francisella pathogenicity island (FPI),
genes responsible for the presence of a noninflammatory
lipopolysaccharide, protective capsule, and siderophores, and
genes encoding proteins involved in resistance to various stress
conditions (5-12).

Of the other candidates, tetratricopeptide repeat (TPR)- or
SELI1-like (SLR) structural motif-containing proteins seem to be
promising targets for more detailed studies. The TPR and SLR
motifs share similar -helical conformations but differ in consensus
sequence, length, and superhelical topology (13). Despite this
distinction, both motifs represent elegant modules for the assembly
of various multiprotein complexes via mediating protein-protein
interactions (13, 14); thus, such proteins are often involved in
numerous cellular processes in both eukaryotic and prokaryotic
organisms (14, 15). Several F. tularensis proteins with predicted
TPR/SLR motifs have already been shown to be required for the
fully expressed virulent phenotype. These proteins include the
hypothetical SLR-containing protein DipA, the putative TPR-
containing protein FTT 1244c¢ from F. tularensis subsp. tularensis
SchuS4 (4), and the putative TPR-containing proteins PilF and
FTL 0205 from Francisella subsp. holarctica LVS (16, 17).

The goal of this study was to determine whether the three
putativeTPR-likeproteinsFTS _0201,FTS_0778,andFTS_1680play
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TABLET1 Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Source and/or reference

E. coli strains
-Select Gold Efficiency

DHM1

Francisella strains

FdeoR endAl recAl relAl gyrA96 hsdR17 (rx mg) supE44 thi-1
phoA (lacZYA argF)U169 80lacZM 15

F=cya-854 recAl endAl gyr496 (Nal') thi-1 hsdR17 spoTl
rfbD1 ginV44(AS)

Bioline

BACTH system kit; Euromedex (46)

FSC200 F. tularensis subsp. holarctica, clinical isolate Francisella strain collection (18)
SchuS4 F. tularensis subsp. tularensis USAMRIID strain collection
inFTS 0201 FSC200 inFTS_0201 This study
inFTS 0778 FSC200 inFTS_0778 This study
inFTS 1680 FSC200 inFTS_1680 This study
inFTS_1680 complemented inFTS 1680 with pKK289FTS_1680 This study
inFTT 0166¢ SchuS4 inFTT 0166¢ This study
Plasmids
PCR4-TOPO Cloning vector, Amp"' Km" Invitrogen
pKEK1140 F. tularensis-specific TargeTron plasmid 20
pKEK1140/in0201 pKEK1140 with F7S 0201 inserted This study
pKEK1140/in0778 pKEK1140 with F7S 0778 inserted This study
pKEK1140/in1680 pKEK1140 with F7S 1680 inserted This study
pKEK1140/in0166¢ pKEK1140 with FTT 0166¢ inserted This study
pKK289¢gfp Ft ori, pl5a ori, Km', groES promoter 21
pKK289FTS 1680 pKK289 with intact F7S 1680 This study
pKNT25 BACTH system plasmid 46
pUTIS8 BACTH system plasmid 47
pUT18/1680 pUTI18 with intact FT.S 1680 This study
pKNT25/1670 pKNT25 with intact F7S 1670 This study
pKNT25/1167 pKNT25 with intact F7S 1167 This study
pKNT25/1166 pKNT25 with intact F7S 1166 This study
pKNT25/0277 pKNT25 with intact F7S 0277 This study
pKNT25/0263 pKNT25 with intact F7S 0263 This study

a role in Francisella tularensis subsp. holarctica FSC200
(FSC200) virulence. Using functional genomics, in vitro and in
vivo characterization, and proteomic studies, we discovered that
the product of the FTS 1680 gene is a membrane-associated
protein that
contributestothevirulencemechanismsofFrancisella.Wefoundthat
FTS_ 1680 was required for intracellular replication, full virulence
in mice, and heat stress tolerance. Additionally, we also tested
whether inactivation of FTT 0166¢, the ortholog of FTS 1680 in
F. tularensis subsp. tularensis SchuS4, would result in a similar
attenuated bacterial phenotype. We found that inactivation of
FTT _0166¢ protein expression prolonged survival of mice and
significantly decreased intracellular microbial replication within
macrophages.

MATERIALS AND METHODS

Bacterialstrains,plasmids,andgrowthconditions. The bacterial strains
and plasmids used in this study are listed in Table 1. F. tularensis subsp.
holarctica FSC200 (18), acquired from the Francisella strain collection
(FSC), was kindly provided by Ake Forsberg, Swedish Defense Research
Agency, Umed, Sweden. Wild-type FSC200 and the derived mutant strains
were grown on McLeod agar supplemented with bovine hemoglobin
(Becton Dickinson, Cockeysville, MD, USA) and IsoVitaleX (Becton
Dickinson, Cockeysville, MD, USA) at 37°C with 5% CO: or in liquid
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Chamberlain’s medium (19) at 30°C, 37°C, or 42°C. Wild-type and
mutantF. tularensissubsp.tularensisSchuS4weregrownonchocolateagaror
in liquid brain heart infusion broth supplemented with 1% IsoVitaleX
(BectonDickinson,Cockeysville, MD,USA)at30°Cand37°C.Escherichia
coli strains were cultivated on Luria-Bertani (LB) agar and in LB broth at
either 30°C or 37°C. When necessary, penicillin (100 U/ml), ampicillin
(100 g/ml), kanamycin (50 g/ml for E. coli and 20 g/ml for F. tularensis)
or 0.5 mM IPTG (isopropyl--p-thiogalactopyranoside) was used.
TargeTron insertional mutagenesis. The TargeTron gene knockout
system was employed to mutate the F7.S 0201, FTS 0784, FTS 1680, and
FTT 0166¢ genes as previously described (20). Target sites for insertion
and retargeting PCR primers (Table 2) were generated using the
TargeTron gene knockout system (Sigma-Aldrich, Steinheim, Germany),
and the resulting PCR product was digested (HindIII-BsrGI) and cloned
into the Francisella targeting vector pKEK 1140 (generously provided by
Karl Klose, University of Texas at San Antonio, San Antonio, TX) (20).
Prepared constructs were introduced into the FSC200 or SchuS4 strain by
electroporation. The presence of the TargeTron insertion was determined
using an intron-specific EBS wuniversal primer combined with a
genespecific primer. Intron insertion of the targeted gene was determined
using gene-specific primers that amplified across the insertion site. For the
FSC200 mutants, positive clones were incubated in Chamberlain’s
medium at 37°C overnight and then streaked on McLeod agar (without
kanamycin), with incubation at 37°C to remove the TargeTron
temperature-sensitive plasmid. For the SchuS4 mutants, positive clones
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were incubated in brain heart infusion broth supplemented with 1%
IsoVitaleX (Becton Dickinson, Cockeysville, MD, USA) overnight at
37°C and subsequently plated onto chocolate agar and maintained at 37°C.
The insertion mutants were confirmed using PCR with the gene-specific
primers.

Functional complementation. To create the F'7S_1680 complemented
strain, functional complementation was performed in trans. A DNA
fragment carrying the wild-type FT.S_1680 gene was PCR ampli-
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TABLE 2 Primers used in this study

Primer

Sequence (5=;3=)

FTS_0201 IBS
FTS_0201 EBSId
FTS_0201_EBS2
FTS_0201 F

FTS 0201 R
FTS_1680_IBS
FTS_1680_EBSId
FTS_1680_EBS2
FTS 1680 F
FTS_1680 R
FTS_1680 pKK289 F
FTS_1680 pKK289 R
FTS 0778 IBS
FTS_0778 EBSId
FTS_0778_EBS2
FTS 0778 F

FTS 0778 R
FTS_1681_IBS
FTS_ 1681 EBSId
FTS_1681 EBS2
FTS 1681 F
FTS_1681 R
FTS_ 1682 IBS
FTS_1682_EBSId
FTS_1682 EBS2
FTS_1682 F
FTS 1682 R

FTT 0166c_IBS-1
FTT_0166c_EBSId-1
FTT 0166¢c-Tf
FTT 0166¢c-Tr
FTS_1680 Fw
FTS_1680 Rev
FTS_1670_Fw
FTS_1670 Rev
FTS_1167 Fw
FTS_1167 Rev
FTS_1166_Fw
FTS 1166 Rev
FTS_0263_Fw
FTS_0263_Rev
FTS 0277 Fw
FTS 0277 Rev

AAAACTCGAGATAATTATCCTTAAAAAACAATTTAGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCAATTTAGATAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGGTTTTTTTCCGATAGAGGAAAGTGTCT
TAGTTTTCACGCTTGTCTCC

GACAAAAGACCAACAGGGC
AAAACTCGAGATAATTATCCTTAAACCCCAAATCAGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCAAATCATCTAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGGTTGGGTTCCGATAGAGGAAAGTGTCT
TATCCAAGAAACAAACTCAAG

TCAAAGGGTAGGCATTATC

GCATGTCATATGAAAAACTTATCCAAGAA
ACATGCGAATTCCTAGTTAGTATTGTTTATAAGTTGAC
AAAACTCGAGATAATTATCCTTAACAGCCAAAGACGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCAAAGACTATAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGATTGCTGTTCGATAGAGGAAAGTGTCT
GTTGGTGTGATTGGTAGTTGT

AGCAGCAGCAGTTGTAAGATA
AAAACTCGAGATAATTATCCTTAAAGAGCGTTGCGGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCGTTGCGCGTAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGGTTCTCTTCCGATAGAGGAAAGTGTCT
TTTTTGATTATGGTATTTCCG

GTAGCAATAACTCCACCAGCA
AAAACTCGAGATAATTATCCTTAGCTCCCGCAGTAGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCGCAGTAGTTAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGATTGGAGCTCGATAGAGGAAAGTGTCT
ACCATCAGTTTTTCTTTGCC

TACATTCCAGGTCTTTTCTTGA
AAAACTCGAGATAATTATCCTTAAACCCCAAATCAGTGCGCCCAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCAAATCATCTAACTTACCTTTCTTTGT
GTAATTCGCTAAGCCGCCATT

CTGAGAATGCAACTGAAACTGGG

GGATCCCAAAAAC TTATCCAAGAAACA
GGTACCCGGTTAGTATTGTTTATAAGTTGACT

GGATCCCGCTGCAAAACAAGTT TTATTTTC

GGTACCCGCATCATGCCAGGCATACCG

GGAT CCCGGAAAAATAATAGGTATAGATTTAG
GGTACCCGTTTTTTGTCGTCTTCAACATCC

GGATCCCAGTAAGCAAGAA AAAAGTAATGTA
GGTACCCGATTTTTTACTATAACAACTTTTGCA
GGATCCCTCAGAAAAAAAATATACTTTTGAAAC
GGTACCCGTCTGATATATTTATTCACAAGCTT
GGATCCCGCAGATTATTATTCTTTACTAGG
GGTACCCGAGCCCTAGGATTAAAATTCATTT

fied using FSC200 genomic DNA as a template, employing primers
1680_pKK289 F and 1680 pKK289 R (Table 2). The final PCR product
was sequenced and then cloned downstream of the GroES promoter by
replacing the green fluorescence protein-encoding gene in the shuttle
vector pKK289gfp (21). The resulting construct, designated
pKK289FTS_1680, was introduced into the mutant strain inFTS_1680 by
electroporation.

Macrophage culture and infection. Bone marrow cells were isolated
from femurs of 6- to 10-week-old BALB/c female mice and differentiated
to bone marrow macrophages (BMMs) in Dulbecco’s modified Eagle
medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine
serum, 10% L1929 cell-conditioned medium (as a source of macrophage
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colonystimulating factor [M-CSF]), 50 g/ml streptomycin, and 50 U/ml
penicillin for 6 to 7 days (22). Briefly, the BMMs were seeded at a
concentration of 5 107 cells per well in 24-well tissue culture plates. F.
tularensis bacteria were diluted into cell culture medium and used for
infection of BMMs at a 50:1 (bacteria/cell) multiplicity of infection (MOI).
Actual infection doses were determined by plating serial dilutions of the
culture inoculum. Tissue culture plates were centrifuged at 400 g for 5
min to start the infection and then incubated at 37°C for 30 min.
Extracellular bacteria were then killed by gentamicin treatment (5 g/ml)
for 30 min. At 1, 6, 12, and 24 h postinfection, the infected BMMs were
washed and then lysed with 0.1% sodium deoxycholate. Lysates were
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serially diluted and plated on McLeod agar to determine the number of
CFU in each well.

The murine monocyte-macrophage cell line J774.2 (ECACC reference
no. 85011428) was cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) (Gibco-BRL) at 37°C with 5% COz. Cells were
seeded into 24-well plates at a density of approximately 3 10 cells/well.
Cells were incubated overnight at 37°C with 5% CO: and subsequently
infected at an MOI of 500:1 with FSC200, inFTS 0201, inFTS 0784, or
inFTS 1680. Infection and proliferation were performed as described
above.

For the SchuS4 macrophage proliferation assay, J774.1 cells were
infected at an MOI of 100:1 with SchuS4 or inFTT 0166c¢. After 2 h, cells
were washed once with phosphate-buffered saline (PBS), and fresh
medium containing 25 g/ml gentamicin was added to kill the extracellular
bacteria. Cells were harvested at 4 and 24 h postinfection, and the number
of intracellular bacteria was enumerated by serial dilution and plating.

Mouse virulence studies. For survival studies, groups of five 6- to 8-
week-old female BALB/c mice were infected subcutaneously with 3 102
CFU/mouse of the wild-type FSC200 strain, the inFTS 1680 mutant, the
inFTS 1680 complemented strain, the inFTS 0201 mutant, or the
inFTS 0778 mutant. An additional group of mice (n 5) was infected
subcutaneously with 3 10° CFU/mouse of the inFTS 1680 mutant strain.
Intraperitoneal challenges were carried out only with the inFTS 1680
mutant (using doses of 3 102 or 3 10° CFU/mouse), the wild-
typeFSC200strain(3  102CFU/mouse),andtheinFTS_1680complemented
strain (3 10%> CFU/mouse). Control groups of mice were inoculated with
sterile saline only. The actual inoculation doses were confirmed by viable
plate counting. Following infection, mice were observed for signs of
illness or death daily for a total of 21 days.

Growth kinetic studies of the pathogen in mouse organs were
performed using groups of three BALB/c mice infected intraperitoneally
or subcutaneously with the wild-type strain FSC200, the inFTS 1680
complemented strain, or the inFTS_1680 mutant using a dose of 10 CFU/
mouse of each strain. At the indicated times postinfection, livers, spleens,
and lung tissues were recovered and homogenized in PBS, and the total
bacterial burdens in each organ were determined by dilution plating onto
McLeod agar plates.

For survival studies with the inFTT0166¢ mutant, groups of 6- to 8-
week-old BALB/c mice (n 10) were infected subcutaneously or
intranasally with increasing doses of wild-type SchuS4 or inFTT0166¢
mutant bacteria. Bacteria for the infection were taken from a freshly grown
chocolate agar plate incubated overnight at 37°C. The bacteria were
resuspended in sterile PBS to an optical density at 600 nm (ODeoo) of 0.25
(approximately 1.5 10° CFU/ml) and diluted to the desired dose. Inoculum
counts were verified by serial plating. Infected animals were monitored
several times each day for signs of illness or death.

Colocalization of F. tularensis with LAMP-1 in BMMs. To examine
the ability of the inFTS 1680 mutant to escape from the host cell
phagosomes (23), BMMs were infected as described above. At 1 h and 6
h postinfection, the BMMs were fixed with 3.8% paraformaldehyde for 30
min, followed by neutralization with 50 mM NH4Cl. After washing with
PBS, macrophage membranes were permeabilized with 0.2% Triton X-
100 for 15 min. For bacterial detection, purified rabbit polyclonal anti-
F.tularensisserumwasusedataconcentrationof1:3,000followedby detection
with Alexa Fluor 488-labeled goat anti-rabbit IgG (Invitrogen, Molecular
Probes, Eugene, OR, USA) at a dilution of 1:500. For the colocalization
studies, BMMs were then labeled using rat monoclonal antimouse LAMP-
1 antibody (1D4B; Santa Cruz Biotechnology, Santa Cruz, CA) at a
concentration of 1:100, followed by detection with Alexa Fluor 594-
labeled donkey anti-rat IgG (Invitrogen, Molecular Probes, Eugene,
OR,USA)atal:500dilution.Colocalizationofbacteriawith LAMP-1was
analyzed with a Nikon TE2000 confocal laser scanning microscope
equipped with NIS Elements AR software.
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Macrophage cytotoxicity assay. For cytotoxicity experiments, BMMs
were seeded in 96-well tissue culture plates at a concentration of 2 10*
cells/well and allowed to adhere overnight at 37°C with 5% CO.. The next
day, the BMMs were infected with bacterial cell suspensions at an MOI of
50:1. At 2 h, 24 h, and 48 h postinfection, the supernatant was collected
andassayedforthepresenceoflactatedehydrogenase(LDH)accordingto
manufacturer’s instructions (cytotoxicity detection kit; Roche Diagnostics,
Germany). Samples were measured with a Paradigm microplate reader
(Beckman Coulter) at an absorbance of 490 nm. As a positive control
(representing 100% cell lysis), uninfected BMMs were lysed with 0.1%
natrium deoxycholate. Sample absorbance values were expressed as a
percentage of the positive-control value.

Stress survival assay. F. tularensis strains were grown overnight at
37°C in 2.5 ml of Chamberlain’s medium supplemented with the
appropriate antibiotic when applicable. The cultures were diluted in fresh
Chamberlain’s medium to an ODeoo of 0.1. Five aliquots of each strain
(0.25 ml each) were transferred into 96-well plates and subjected to one of
the following stress conditions: pH 4.0, 4% NaCl, or iron depletion.
Samples were then incubated at 37°C or 42°C (in the case of heat stress)
for 24 h. Bacterial growth was determined by measuring the ODeoo every
10 min for 24 h. CFU were calculated at the end of the experiment to verify
the ODgoo measurement. For oxidative stress experiments, stationary-phase
bacteria from F. tularensis strain FSC200 or inFTS 1680 were diluted
1:10 into fresh Chamberlain’s medium and exposed to 0.03% H20x.
Samples were harvested at 0, 20, and 40 min postexposure and viable
bacteria enumerated by serial dilution on McLeod agar plates (5, 6).

For heat stress experiments with the inFTT 0166c mutant,
stationaryphase bacteria from F. tularensis strain SchuS4 or inFTT0166¢
were diluted 1:10 into fresh Chamberlain’s medium and exposed to heat
stress (42°C) for 50 and 100 min. Viable bacteria were enumerated by
serial dilution at the start of the experiment and at the indicated time points.

BACTH assay. We performed the bacterial adenylate cyclase two-
hybrid (BACTH) assay according to the manufacturer’s instructions
(BACTH system kit; Euromedex [reference no. EUKO0O01]). Briefly,
FTS 1680 protein was fused with the T18 adenylate cyclase subunit
(Nterminal fusion to T18). Targeted proteins GroEL (FTS 1670), DnaK
(FTS_1167), Dnal2 (FTS_0277), GrpE (FTS_1166), and HtpG
(FTS_0263) were fused to the T25 adenylate cyclase subunit (in-frame
fusion at the N-terminal end of T25). The plasmids and primers used in
this assay are listed in Tables 1 and 2, respectively. For each assay, E. coli
DHMI1 chemocompetent cells were transformed with 200 ng of each of the
plasmids carrying the T25 and T18 fusions. The bacteria were then spread
on LB plates containing 100 g/ml ampicillin and 50 g/ml kanamycin and
incubated for 2 days at 30°C. Several clones were inoculated into 3 ml of
LB containing 100 g/ml ampicillin, 50 g/ml kanamycin, and 0.5 mM IPTG
and incubated overnight at 30°C. The next day, 2 | of each culture was
dropped on MacConkey/maltose plates containing
appropriateantibioticsandIPTG. Theplateswerethenincubatedforseveral
days until a red coloration appeared. The empty pUTI8 and pKNT25
plasmids were used as negative controls. For a positive controls, pUT18
and pKNT25 plasmids carrying the ig/4 and ig/B genes, respectively, were
used. The IglA-IglB protein/protein interaction has been previously
demonstrated in F. tularensis (24).

Triton X-114 partitioning. Cell lysis of wild-type FSC200 and
inFTS_1680 mutant bacteria was performed using a French pressure cell
(16,000 Ib/in?). Fractions enriched in membrane proteins were collected
byultracentrifugationofthewhole-celllysateat1 15,000 gforlhat4°C. The
supernatant was discarded; the membrane pellet was resuspended in PBS
and recollected by ultracentrifugation. The final membrane
proteincontainingpelletwasresuspendedinice-
coldPTXbuffer(PBScontaining 350 mM NaCl, 2% Triton X-114, and
EDTA-free protease inhibitors) and incubated at 4°C with end-over-end
rotation. After 1 h, the sample was centrifuged (12,000 rpm, 4°C, 30 min),
and the supernatant was kept at 37°C for 10 min to initiate phase
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partitioning. Following centrifugation (14,000 rpm, 24°C, 10 min), the
upper aqueous layer was removed. An equal volume of PBS containing
350 mM NaCl was added to the organic phase. The phase separation was
repeated twice. The resulting detergent phase was resuspended in PBS, and
the protein content was quantified by a bicinchoninic acid assay (Sigma-
Aldrich, St. Louis, MO, USA).

2D gel electrophoresis. Detergent-phase proteins were repeatedly
precipitatedwithcoldacetonepriortotwo-dimensional(2D)electrophoresis.
The protein precipitate was resolubilized in a rehydration buffer containing
1% (wt/vol) ASB-14 surfactant. Isoelectric focusing, reduction, alkylation,
and SDS-PAGE were performed as described previously (25).

MS analysis and protein identification. The colloidal blue-stained
protein spots were excised from 2D gels and subjected to an in-gel tryptic
digestion according to a recently described procedure (25). The digestion

wasstoppedbyacidifyingthesamplestoapHof2to3withtrifluoroacetic
PROTEIN DEFINITION

177|178s GCGCTAATA - intron - GAGACAAAA

v
FTS_1680 hypothetical protein  — IR 212

repeated three times. All values were expressed as mean standard
deviation (SD) and analyzed for significance using Student’s two-tailed #
test in the statistical software GraphPad Prism 6. Differences were
considered statistically significant at a P value of 0.05. The 50% lethal
dose (LDso) determinations were calculated using probit analysis (26). The
mean time-to-death (TTD) comparisons were made using two-tailed ¢
tests. Survival curve comparisons were made using Kaplan-Meier survival
analysis with log rank comparisons. Survival rates were compared using
Fisher’s exact test with step-down Bonferroni correction. All statistical
analyses were done using SAS software (SAS Institute, Cary, NC).

RESULTS

SelectionofthetargetsforconstructionoftheTargeTroninsertion
mutants. To investigate the involvement of TPR-like-containing

B TR
] str

348(|349a CCAGATTTT - intron - GCTAAAGAG

v

FTS_0201 hypothetical protein

244

274|275s GTCGAAGAT - intron - TATCTTGGG

V4
FTS_0778 lipoprotein

o
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FIG1 Schematic presentation of the domain positions (predicted by the web-based tool TPRpred [27]) in proteins originating from the TPR and SLR families
with the TargeTron insertion sites. The TPR domains are depicted in dark gray, while the SEL1-like domains are highlighted in light gray. Accession numbers:
FTS 1680 hypothetical protein, YP_007012402.1; FTS 0201 hypothetical protein, YP_007011286.1; FTS 0778 lipoprotein, YP_007011730. DNA sequences

in
which the intron is inserted are shown.

acid.Thein-gel-digestedproteinswereanalyzedona4800matrix-assisted
laser desorption ionization—tandem time of flight (MALDI-TOF/TOF)
mass spectrometer (MS) (AB Sciex, Foster City, CA). Acquisition of MS
spectral data was performed in a mass range from m/z 800 to 4,000.
Internal calibration of mass spectra was conducted utilizing tryptic
autolytic peptides. Tandem mass spectra of the six most intense precursor
ions having a minimum S/N ratio of 100 were acquired using a 1-kV
MS/MS reflector in positive-ion mode. Data acquisition and processing
were carried out using 4000 Series Explorer software v3.5 (AB Sciex). The
mass spectral data obtained were analyzed using the F. tularensis OSU18
proteinsequencesdatabase(NC_008369.1)usingGPSExplorerSoftwarev3.6
(AB Sciex) with the Mascot search algorithm v2.2. Trypsin was selected
as the proteolytic enzyme, and one missed cleavage was allowed.
Carbamidomethylation of cysteine residues and methionine oxidation
were set as variable and fixed modifications, respectively. The mass
tolerances of the precursor and fragment ions were 100 ppm and 0.25 Da,
respectively. Proteins were considered identified with confidence when the
GPS protein score confidence interval (%) was equal to 100% and a
minimum of two peptide sequences per protein were identified.

Ethics statement. All mouse experiments were performed in
accordance with the guidelines of the Animal Care and Use Ethical
Committee of the FMHS, University of Defence, Czech Republic. The
research protocol was approved by this ethics committee under project no.
89-3/ 2013-3696. At USAMRIID, research was conducted under an
IACUCapproved protocol in compliance with the Animal Welfare Act and
other federal statutes and regulations relating to animals and experiments
involving animals. The facility where this research was conducted is
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International and adheres to principles stated in
the Guide for the Care and Use of Laboratory Animals, National Research
Council, 2011.

Statistical analysis. For each strain and time in an experiment, the
assay was performed in triplicate. Each experiment was independently
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proteins in FSC200 pathogenesis, several genes encoding proteins
from the TPR and SLR families were chosen as targets for
inactivation. Selection was performed using the web-based
prediction tool TPRpred (27). TPRpred is a profile-sequence
comparison method for predicting TPRs and closely related
solenoid structural motifs, pentatricopeptide repeats (PPRs), and
SEL1like repeats (SLRs). FTS 1680 (YP_007012402.1) contained
five predicted TPRs at positions 24 to 57, 59 to 92, 94 to 127, 130
to 163, and 164 to 197 (99.83% probability); FTS 0201
(YP_007011286.1) had two predicted TPRs at positions 78 to 111
and 114 to 147 (99.95% probability); and FTS 0778
(YP_007011730) had four SLRs at positions 90 to 125, 126 to 161,
499 to 534, and 537 to 572 (100.00% probability) (Fig. 1).
Disruption of FTS 0201 (TargeTron insertion site 347/348s; strain
inFTS 0201), FTS 0778 (TargeTron insertion site 273/274s;
strain inFTS_0778), and FTS 1680 (TargeTron insertion site
177/178s; strain inFTS_1680) (Fig. 1) was performed using
retargeted mobile group II introns as described previously (20).
FTS_1680 is required for efficient intracellular
proliferation in macrophage host cells. To explore the roles of
the three TPRlike proteins FTS 0201, FTS 0778, and FTS_ 1680
during intracellular growth and virulence, we performed in vitro
infection studies employing BMMs and macrophage-like cells
(J774.2) as host cells. Cells were infected with the FSC200 wild-
type strain or the inFTS 0201, inFTS 0778, or inFTS_ 1680
mutant strain, and numbers of intracellular bacteria were
determined at 1, 6, 12, and 24 h after infection. The replication
kinetics of the inFTS 0778 and inFTS 0201 mutant strains within
BMMs (Fig. 2A) and J774.2 cells (data not shown) were
indistinguishable from that of the wild-type strain. In contrast, the
ability of the inFTS 1680 mutant to replicate within BMMs and
J774.2 cells was significantly lower than that of the wild-type
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FSC200 strain (Fig. 2A and B). The difference in the intracellular
growth between the inFTS_ 1680 and wild-type FSC200 strains
was not due to an inherent growth defect, as both strains grew
similarly in Chamberlain’s
chemicallydefinedmedium(seeFig.8A).Astatisticallysignificant
difference in intracellular replication was observed for the
inFTS 1680 mutant at both 12 h and 24 h postinfection in BMMs
and also at 24 h postinfection within J774.2 cells.
Complementation of the inFTS 1680 strain resulted in partial
restoration of the wild type phenotype, indicating that FT.S 1680
contributes to F. tularensis intracellular replication. Importantly,
insertional mutagenesis in genes (F7S_1681 and FTS 1682) from
the predicted transcription unit containing F7S_1680 did not affect
intracellular proliferation (data not shown), supporting the finding
that the decreased proliferation observed with the inFTS 1680
mutant is solely a consequence of F7S_ 1680 disruption.
FTS_1680 is important for virulence in a murine model of

tularemia. To determine whether the FTS 0201, FTS 0778, or
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FIG2 FTS_1680 contributes to the intracellular survival in BMMs and J774.2
cells. The growth kinetics of the wild-type (filled circles), inFTS 1680 (filled
squares), inFTS 1680 complemented (filled triangles), inFTS 0201 (empty
squares), and inFTS 0778 (empty circles) strains inside murine bone
marrowderived macrophages (BMMs) (A) or J774.2 cells (B) are shown. The
number of intracellular bacteria was determined at 1, 6, 12, and 24 h
postinfection. Results are shown as the average log;o CFU per well SD for three
independent experiments performed in triplicate (n 9). Statistical significance
was analyzed using an unpaired # test; *, P 0.05; **, P 0.01; *** P 0.001
(comparing inFTS 1680 with the wild-type FSC200 strain). #, P 0.05
(comparing the complemented strain with inFTS_1680).

FTS_ 1680 protein contributes to the ability of F. tularensis to
cause disease in vivo, groups of five BALB/c mice were infected
subcutaneously with the wild-type FSC200 strain, the
inFTS 0201, inFTS_0778, or inFTS_ 1680 mutant strain, or the
inFTS 1680 complemented mutant strain. Mice were observed for
signs of illness for 21 days following infection. Mice infected with
either the inFTS 0201 or the inFTS 0778 mutant strain at a dose
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of 3 10> CFU/mouse succumbed to disease 5 days after infection,
comparable to the case for mice infected with a similar dose of the
wild-type strain. In contrast, all mice infected with the inFTS_1680
mutant strain survived the infection with both 3 10> CFU/mouse
(data not shown) and 3 10 CFU/mouse (Fig. 3A), although
symptoms of illness were observed at both doses. To further verify
the in vivo attenuation of the inFTS 1680 mutant strain, we also
used an intraperitoneal model of infection. Similar to the case for
the subcutaneous route, all mice infected with a dose of 3 10°
CFU/mouse of the inFTS 1680 mutant strain survived, although
symptoms of illness were observed as well (Fig. 3B). Additionally,
the inFTS_ 1680 complemented strain exhibited a 2- to 3-day delay
in TTD compared to the wild-type FSC200 strain. To exclude a
possible polar effect on downstream genes surrounding F7.S 1680,
we also determined the virulence phenotypes of the inFTS_ 1681
and inFTS_1682 mutant strains. Both mutants showed a level of
virulence comparable to that of wildtype FSC200 in mice (Fig.
3A). Altogether, these findings demonstrate the importance of the
product of the 7S 1680 gene for in vivo virulence of F. tularensis.
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FIG 3 FTS 1680 is important for virulence in murine model of tularemia.
Percent survival was determined from groups of five BALB/c mice infected
subcutaneously (s.c.) with the inFTS 1680 mutant at a dose of 3 10° CFU/
mouse, wild-type strain FSC200 (3 10? CFU), the inFTS_1680 complemented
strain (3 10° CFU), the inFTS 0201 mutant (3 ~ 10*> CFU), or the
inFTS 0778mutant(3  10°CFU)(A)orinfectedintraperitoneally(i.p.)with  the
inFTS_ 1680 mutant at a dose of 3 10%or 3 10° CFU/mouse, FSC200 (3 10>
CFU), or the inFTS_1680 complemented strain (3 10>CFU) (B).

The inFTS_1680 mutant exhibits a growth defect in mouse
organs. To investigate the ability of the inFTS 1680 mutant strain
to persist and disseminate in host tissues, groups of three BALB/c
mice were infected via the intraperitoneal route with a dose of 3
10°CFU/mouseofthewild-typestrainortheinF TS 1680mutant.
Bacterial burdens were assayed in lung, spleen, and liver tissue
homogenates at 2 h and at 1, 2, 3, 5, 7, 14, 21, 28, and 35 days
postinfection (Fig. 4A). Our results showed that when the
wildtypestrainwasadministeredviatheintraperitonealroute,bacteria
were detectable in the liver within 2 h after inoculation and in the
spleen and lungs on day 1 after infection. At 3 days postinfection,
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the number of bacteria rapidly increased in all organs, reaching
almost 10'° CFU in the liver, 10° CFU in the spleen, and 108 CFU
within the lungs. None of the mice infected with the wild-type
FSC200 strain survived longer than 5 days postinoculation, due to
the rapid progression of disease. Although the inFTS 1680 mutant
strain initially replicated in all organs studied, the bacterial
loadsbegantodeclineafter3daysandwerecompletelyeliminated

from the lungs (day 14), from the liver (day 21), and from the
spleen (day 35). When the subcutaneous route was used (Fig. 4B),
lower levels of bacteria were present in all examined organs but

intraperitoneal route of infection (Fig. 4A). These results
demonstrate that the inFTS 1680 mutant is able to infect mice and
to persist in infected organs, but it is unable to replicate effectively
inside host tissues. We also infected mice with the inFTS 1680
complemented strain. On days 1, 2, 3, and 5 postinfection, we
determined the number of bacteria in the lungs, liver, and spleen.
Although the organ burdens in mice infected with the
complemented strain did not reach the levels detected with the
wild-type FSC200, they were significantly higher than with the
inFTS 1680 mutant strain (Fig. 4A and B).

hemK prfA hemA
b
Okb 1kb

FTS_1680 FTS_1681 FTS_1682

FIG 5 Schematic size-scaled diagram of the organization of the genomic region surrounding F7.S_ 1680 in FSC200. The genomic region surrounding F7S 1680
is highly conserved between the various Francisella strains, including 3 consecutive genes in the same orientation (F7.S 1680, FTS 1681, and FTS 1682).
FTS 1680 encodes a hypothetical protein (212 amino acids), F7S 1681 is annotated to encode outer membrane protein assembly factor BamB (456 amino acids),
and FTS 1682 encodes the drug:H antiporter-1 (DHA1) family protein (393 amino acids) belonging to the subclass of the major facilitator superfamily (MFS).

A - B 10.
10 Lungs Lungs
— * —
S 6 - FSC200 S 6 - FSC200
g ~ inFTS1680 complemeted E . ~— inFTS1680 complemetec
= 44 Q44
o - inFTS1680 ° -~ nFTS1680
8 2 8 2
3 T T T T T T T 1 c T T T T T T Ll 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time after i.p. infection (days) Time after s.c. infection (days)
104 *© 104
- - Spleen —_ Spleen
c 8 p = 8 p
L] o
2 2
o 6 L
S S
u w
Q 4 Q
o =3
oy —
g2 g
0 0
04— ; . r r —— R e o e e
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 4
Time after i.p. infection (days) Time after s.c. infection (days)
10 * 10+
Liver Liver
— * —
5 ° g °
2 -
o 6 o 6
2 2
C 4 Q 4
= =
g 2 8 2
cl T T T T T T T 1 04
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Time after i.p. infection (days)

Time after s.c. infection (days)

FIG4 The inFTS 1680 mutant exhibits reduced bacterial organ burdens. Bacterial burdens in the spleens, lungs, and livers of BALB/c mice infected
intraperitoneally (i.p.) (A) or subcutaneously (s.c.) (B) with 3 10> CFU/mouse of wild-type FSC200 (filled squares), inFTS_1680 (filled circles) or, inFTS 1680
complemented strain (filled triangles) are shown. The asterisks (*) indicate that all mice infected with the wild-type FSC200 or inFTS 1680 complemented strain
died after day 5. Results are shown as the average log;o CFU per organ SD at the indicated time points of infection.

bacteria persisted in all organs for a longer time than with the
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Description of the genomic locus surrounding F7S_1680.
The genomic region surrounding F7S 1680 is highly conserved
between the various Francisella strains, including 3 consecutive
genes in the same orientation (F7S 1680, FTS 1681, and
FTS 1682)(Fig.5).FTS 1680encodesahypotheticalprotein(212
amino acids), the FTS 1681 product is annotated as the outer
membrane protein assembly factor BamB (456 amino acids), and
FTS 1682 encodes a drug:H antiporter-1 (DHA1) family protein
(393 amino acids). Protein BLAST searches indicated that
FTS 1680 and FTS 1681 share 28% identity (query cover 93%; E
value 2el5) with YfgM (which contains TPR motifs) of E. coli K-
12 and 26% identity (query cover 94%; E value 6e48) with YfgL
of E. coli K-12. Proteins YfgM and YfgL are linked to temperature
tolerance (28), and very recently YfgM has been described as a
protein involved in the SecYEG system of E. coli (29). To exclude
possible polar effects on downstream genes, we evaluated levels of
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the mRNA transcripts of the genes surrounding FTS 1680.
Quantitative reverse transcription-PCR (qQRT-PCR) did not reveal
any significant effect of insertional inactivation of FTS 1680 on
expression of FTS 1681 and FTS 1682 (data not shown).
TheinFTS_1680mutantescapesintothehostcellcytosoltoa
lesserextentthanthewild-typeFSC200strain. The typical
Francisella intramacrophage infectious cycle includes successful
phagosomal escape and active multiplication in the host cell
cytosol. Based on the intracellular growth defect of the
inFTS 1680 mutant in BMMSs, we analyzed the ability of the
inFTS 1680 mutant to escape from the host cell phagosome using
a colocalization study with LAMP-1 as a marker of late
endosomes. As a positive control, we used the dsh4 mutant, which
has been previously shown to be unable to escape into the host
cytosol (30). The inFTS_1680 mutant exhibited almost the same
level of colocalization with LAMP-1 as the wild-type strain. The
percentage of colocalizationofthemutantwithLAMP-
Iwas31%atlhand35.3% at 6 h after infection. In comparison, the
colocalization of the wild-type FSC200 strain with LAMP-1 was
31.3% at 1 h and significantly declined to 23.5% at 6 h after
infection (Fig. 6). However, LAMP-1 colocalization of the wild-
type strain or the inFTS 1680 mutant did not reach the value
detected for the dsbA mutant strain (Fig. 6). Despite the observed
statistical difference in the number of wild-type versus mutant
bacteria in the phagosome at 6 h, it seems likely that the inability
of inFTS_1680 to fully proliferate in the cell cytosol is responsible
for attenuation rather than defects in phagosomal escape.
RoleofFTS_1680inF.tularensis-

inducedBMMcellcytotoxicity. To investigate the role of the
FTS_ 1680 protein in cellular cytopathogenic effects associated
with F. tularensis, we infected BMMs with the wild-type FSC200
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FIG 6 The inFTS 1680 mutant is able to escape from the phagosomes of
BMMs. Quantification of colocalization of LAMP-1 with wild-type (open
bars), inFTS_1680 mutant (striped bars) or dsh4 mutant (gray bars) bacteria is
shown. At each time point, 100 infected cells were examined from three
different coverslips. Results are presented as the mean of triplicate samples SD,
and the results shown are representative of three independent experiments.
Statistical significance was analyzed using an unpaired ¢ test. **, P 0.01
(comparing inFTS_1680 with the wild-type FSC200 strain); ###, P

0.001 (comparing inFTS 1680 with the dsbA mutant).
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FIG 7 Induction of cytotoxicity in BMMs. BMMs were infected with the
wildtype strain (gray bars) or the inFTS 1680 mutant strain (open bars). At 2
h, 24 h, and 48 h after infection, culture supernatants were collected and
assayed for LDH activity using the LDH cytotoxicity detection kit (Roche).
LDH activity is expressed as a percentage of the level for noninfected lysed
cells (positive lysis control). Results are presented as the means of
quadruplicate samples SD, and the results shown are representatives of three
separate experiments. Statistical significance was analyzed using an unpaired ¢
test, **, P 0.01.

strain or the inFTS 1680 mutant and measured the release of
lactate dehydrogenase (LDH) into the cell supernatant. After 2 h of
infection, the LDH level released from cells infected with the
inFTS 1680 mutant (approximately 4%) was comparable to the
LDH release detected in cells infected with the wild-type FSC200
strain (approximately 6%) (Fig. 7). After 24 h of infection, the
LDH levels increased to 5% and 11% for the inFTS 1680 and
parental FSC200 strains, respectively (Fig. 7). At 48 h
postinfection, the level of LDH release was 37% for the
inFTS 1680 mutant strain, which was significantly lower than the
LDH release detected for the wild-type FSC200 strain (54%) (Fig.
7). The LDH assay showed that the inFTS 1680 mutant strain
induces a time-dependent loss of host cell membrane integrity at
levels significantly lower than those of the wildtype strain.
FTS_1680 is involved in heat stress tolerance. Growth of the
InFTS 1680 mutant strain and the inFTS 1680 complemented
strain in broth at 37°C was comparable to that of the wild-type
FSC200 strain (Fig. 8A). To examine a possible involvement of the
FTS 1680 protein in stress tolerance, we monitored the growth of
the inFTS 1680, inFTS 1680 complemented, and wild-type
FSC200 strains under stress-inducing culture conditions. Under
heat stress conditions, the inFTS 1680 mutant strain grew
substantially more slowly than the wild-type strain (Fig. 8B).
Complementation of inFTS 1680 restored the growth of the
mutant to a level similar to that of the parental strain (Fig. 8B).
Conversely, the insertion mutants inFTS 1681 and inFTS 1682
grew similarly to FSC200 at 42°C (data not shown). This
demonstrates that the observed lower resistance to heat stress of
the inFTS 1680 mutant strain is solely due to the inactivation of
the FTS 1680 gene. Sensitivities of the inFTS 1680 mutant to low
pH (Fig. 8C), osmotic (Fig. 8D), iron depletion (Fig. 8E), and
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FIG8 FTS_ 1680 is required for heat stress tolerance. (A to E) Growth curves of F. tularensis strains FSC200 (black), inFTS_ 1680 (light gray), and complemented
inFTS 1680 (dark gray) (supplemented with kanamycin at 20 g/ml) in Chamberlain’s medium incubated at 37°C (A) or 42°C (B) or under the following stress
conditions: pH 4.0 (C), 4% NaCl (D), or iron depletion (E). Bacterial growth was determined by measuring the ODg in pentaplicate every 10 min for 24 h. CFU
were analyzed at the end of the experiment to verify ODggo measurement. (F) Oxidative stress experiments. Stationary-phase bacteria of F. tularensis strains
FSC200 (black) or inFTS 1680 (light gray) were diluted 1:10 in fresh Chamberlain’s medium and exposed to 0.03% H,0,. CFU were determined at the start of
the experiment and after 20 and 40 min. The results shown are representative of three independent experiments. Statistical significance was analyzed at the 24-h
time point using an unpaired ¢ test, **** P 0.0001 (comparing inFTS 1680 with the wild-type FSC200 strain); ####, P 0.0001 (comparing inFTS_1680 with

oxidative (Fig. 8F) stresses were comparable to those of the wild-
type strain, indicating that FTS 1680 is not required for tolerance
to these stress conditions.
Protein-

proteininteractionanalysisof FTS_1680withrepresentatives of
the heat shock proteins. Involvement of FTS 1680 in heat stress
tolerance and the predicted presence of TPR motifs suggest that
FTS 1680 may interact with heat shock proteins found in F.
tularensis. Using the BACTH assay, we tested FTS 1680
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interaction with GroEL (FTS 1670), DnaK (FTS 1167), DnaJ2
(FTS_0277), GrpE (FTS_1166), or HtpG (FTS_0263). Under our
experimental conditions, we were unable to detect an interaction
between FTS_ 1680 and any of the selected proteins.

FTS_1680 is detected in a lipoprotein-enriched membrane
fraction. The LipPred tool for prediction of lipoprotein signal
sequences (31) identified the protein FTS 1680 as a lipoprotein
with a
the complemented strain).
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prediction confidence of 0.99, based on the lipobox [LVI]
[ASTVI][GAS]Csequencevariations. Weverifiedthispredictionusin
gaTritonX-114phasepartitioning(32)followedbyaseparationof the
detergent-phase proteins by 2D SDS-PAGE. The quality of
fractionation was first verified by the immunodetection of proteins
with
aknownlocalization(outermembraneproteinFopA)andaffiliation to
the lipoprotein class of membrane proteins (lipoprotein DsbA) in
both aqueous and detergent phases (data not shown). The protein
FTS 1680 was repeatedly identified among the Triton X-114
phase partitioning of the membrane protein-enriched fraction of
FSC200 (Fig. 9A). The comparison of protein patterns of the
detergent-
enrichedfractionscollectedfromtheparentalFSC200andinFTS 168
0 mutantstrainsalsoconfirmedtheabsenceoftheproteinFTS 1680in
the mutant strain (Fig. 9A and B). This finding confirms membrane
association of the FTS 1680 protein and also supports its predicted

Effect of inactivation of the FTT _0166¢ gene, the FTS 1680
ortholog in the type A strain, on the phenotype of Francisella
tularensisstrainSchuS4.FTT_0166cisapredictedTPR-containing
proteinwithinthefullyvirulentF. tularensistype AstrainSchuS4.1t
shares 98% identity to FTS 1680 at the amino acid level. We
hypothesized that, similar to the case for FTS 1680, inactivation
of FTT 0166¢ may lead to an attenuated phenotype in the SchuS4
background. Using TargeTron mutagenesis, we created strain
inFTT_0166¢. This mutant strain carries an intron insertion at the
same position in the coding sequence as in inFTS 1680, 177/178s.
To investigate virulence of strain inFTT _0166¢ in an animal model
of tularemia, we infected mice subcutaneously with increasing
doses of the wild-type SchuS4 or inFTT_0166¢ mutant bacteria
and compared LDsps, survival rates, mean TTDs, and survival
curves. As shown in Table 3, we found no significant difference
between the wild-type and mutant strains in the calculated LDsg
(approximately 1 CFU) or survival rate. However, we did observe

acylation. that animals infected with the mutant strain survived
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FIG 9 (A) Representative 2D SDS-PAGE separation of a lipoprotein-enriched fraction obtained by Triton X-114 phase partitioning of F. tularensis subsp.
holarctica FSC200. Th&8protein encoded by FT7S 1680 was Slétectéddih a basic regldn of the broa@ nonlinear pH range 68 to0l198nd among thedfdkses 25 and
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FTS 1680 was not detected or identified in the neighboring spots.

756 0 45 050
Intranasal 0.1 90 6.0

1 70 6.0 0.00

7 0 6.0 0.00

74 0 5.0 0.00

741 0 5.0 0.00

1067 0 52 040 0.0092
NC¢

0.1 100 NC

1 90 6.0 NC

9 30 6.6 0.50 0.0398

89 10 6.0 0.00 0.0016

889 0 6.0 0.00 0.0016

“ The LDsowas 1 CFU for both inoculation routes.

b The LDsos were 1 CFU and 6 CFU for the subcutaneous and intranasal inoculation routes, respectively.

.
NC, not calculated.
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longerthanwild-typeSchuS4-infectedmice. Thisobservationwas

supported by a statistically significant increase in the TTD for
mutant infected animals across all doses (Table 3). Additionally,
comparisonofsurvivalcurvesyieldedalargersurvivalestimatefor the
inFTT_0166¢c-infected mice than for SchuS4-infected mice (P
0.0001). To examine whether the observed difference was
independent of route of administration, we repeated the
experiment, but this time animals were challenged by the intranasal

84

3 4 hours
@ 24 hours

=

ok
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logsg (CFU/mML)
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FIG10 The FTT 0166¢ gene is required for optimal intracellular replication
within J774.1 cells. The number of intracellular bacteria was determined at 4 h

route. Similar to the case for the subcutaneous route, animals
infected intranasally with the inFTT _0166c mutant had a
statistically significantly increased TTD and survival estimate
compared to the SchuS4-infected animals; however, we failed to
observe a statistically significant difference in LDs or survival
rates (Table 3).

Furtherwe hypothesized that, similar to the case for F7S_1680,
the inactivation of FTT_0166¢ in the fully virulent SchuS4 strain
may lead to a decreased ability to proliferate in macrophages.
Mouse macrophage-like J774.1 cells were infected with the
wildtype SchuS4 strain or the inFTT _0166¢c mutant strain and
assayed for intracellular replication at 4 and 24 h postinfection. No
significant difference was observed between CFU counts of
SchuS4 and inFTT 0166¢ at 4 h (Fig. 10). However, at 24 h, the
inFTT 0166¢ mutant exhibited a significant reduction in CFU
compared to SchuS4 (Fig. 10). These data demonstrated that
FTT_0166¢ is important for intracellular replication of the fully
virulent SchuS4 strain and corroborated the findings observed with
the inFTS 1680 mutant of FSC200 (Fig. 2A and B).

Resistance of the inFTT _0166¢ mutant to heat stress (42°) was
also tested, and we observed an average 1.5-log decrease in viable
numbers of mutant bacteria after 50 and 100 min compared to
thoseoftheparentalSchuS4strain(Fig.11).Takentogether,these data
demonstrated that FTT 0166c¢ is required for survival of SchuS4
under heat stress conditions and correlated with the findings
observed with the inFTS_1680 mutant of FSC200 (Fig. 8B).

DISCUSSION

In recent years, there have been several reports indicating that
TPR-containing proteins of bacterial pathogens are directly linked
to virulence-associated functions. The TPRs within class II
chaperones of Yersinia, Pseudomonas, Shigella, Salmonella
enterica, enteropathogenic Escherichia coli, and Chlamydia
muridarum (LerH, PcrH, IpgC, SicA, CesD, and SycD,
respectively)

havebeenshowntobekeyelementsforbindingthecognatetranslocator
s of type III secretion systems (TTSS) (33). Moreover, TPR
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(open bars) and 24 h (gray bars) postinfection. Data represent the average from
two independent experiments run in triplicate (n 6). Error bars indicate SD.
Statistical significance was analyzed using an unpaired # test, **** P 0.0001.
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FIG 11 FTT 0166¢ is required for growth under heat stress conditions.
Stationary-phase bacteria of F. tularensis strains SchuS4 (circles) or
inFTT 0166¢ (squares) were diluted 1:10 in fresh Chamberlain’s medium and
then exposed to heat stress (42°C). The bacteria were spread on chocolate agar
plates at 50 and 100 min, and viable bacteria were counted. Results are
presented as the average CFU/ml for three independent experiments. Statistical
significance was analyzed using an unpaired ¢ test. ***, P 0.001.

domains seem to be of high importance for another TPR-
containing protein, PilF, which participates in biogenesis of Tfp in
Pseudomonas (reviewed in reference 15). SLR-containing proteins
such as HepA from Helicobacter pylori, EnhC and LpnE from
Legionella pneumophila, AlgK from Pseudomonas aeruginosa,
and ExoR from both Sinorhizobium meliloti and Rhizobium
leguminosarum,MotXfromVibrioparahaemolyticus,andMerGfro
mPseudomonas strain K-62 have also been shown to play an
important role in bacterial pathogenesis (reviewed in reference 14).

F. tularensis is able to successfully survive and cause disease in
a host due to its unique strategy of intracellular survival. The
mechanisms of cell entry, rapid phagosomal escape, active
cytosolic multiplication, and dissemination following cell lysis are
still under investigation. Since TPR-like-containing proteins are
ubiquitous and fulfill many biological functions, we hypothesized
that TPR-like-containing proteins might also play a role in
Francisella virulence. Therefore, we created mutant strains with
intron insertions in genes F7S 0201, FTS 0778, and FTS 1680,
which encode TPR/SLR-containing proteins in F. tularensis
FSC200, and also in the gene FTT 0166¢ in F. tularensis SchuS4
(FTS_1680 ortholog). We subsequently investigated the effects of
these mutations on F. tularensis virulence. First, we analyzed the
abilities of the inFTS 0201, inFTS 0778, and inFTS 1680
mutants to replicate within mouse macrophages. Only the
iInFTS 1680 mutant exhibited a significant intracellular growth
defect in primary BMMs (Fig. 2A) and slightly restricted
replication in the J774.2 macrophage cell line (Fig. 2B). Although
we observed differences in the levels of intracellular replication
between these two cell lines, the inFTS 1680 mutant showed
significantly reduced replication in both cell lines, implying its
importance for optimal intracellular replication. Phenotypic
differences in intracellular proliferation within differing
phagocytic cell lines have been observed with other attenuated
Francisella mutants, as previously reported (5, 6, 34).

Based on the inFTS 1680 intracellular growth defect in mouse
macrophages, we also assayed intracellular growth of the
inFTT_0166¢ mutant in the J774 macrophage cell line. Similar to
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the case for the inFTS 1680 mutant, intracellular proliferation of
the inFTT_0166¢ mutant was also significantly reduced in these
cells. These results suggest that the proteins encoded by FTS_1680
and FTT _0166¢ are required for optimal intracellular proliferation
in both the type B and type A strains of Francisella, respectively.

TTD studies in BALB/c mice showed that the inFTS 0201 and
inFTS_0778 mutant strains were as virulent as the wild-type strain,
suggesting that both FTS 0201 and FTS_(0778 are not important
for virulence in the subcutaneous murine model of tularemia (Fig.
3A). In contrast to our studies with inFTS 0201, it has previously
been reported that intraperitoneal infection of BALB/c mice with a
disrupted FTL_0205 gene (FTS_0201 ortholog) in the F. tularensis
LVS strain revealed a strong attenuation (6). A possible
explanation for the discrepancy in the reported virulence between
the inFTS 0201 and inFTL 0205 mutant strains could be the
variable number of NKD repeats existing in these orthologs, the
clear differences in the challenge model, or simply that within the
FSC200 strain other virulence factors mitigate the effect of
FTS 0201 disruption, similarly to data published by Meibom et al.
(39).

TTD studies with the inFTS_ 1680 mutant showed an attenuated
phenotype. Importantly, 100% of mice infected subcutaneously
with as much as 3 10°CFU of the inFTS_1680 mutant all survived
infection. Importantly, all mice infected with either the wild-type
strain or inFTS_1680 complemented strain with a dose of 3 102
CFU became moribund at 5 to 7 days after infection. Since
virulence can vary significantly between subcutaneous and
intraperitoneal models of infection (36), we also tested the
inFTS 1680 and the inFTS 1680 complemented strains by the
intraperitoneal route of infection. Similar to our observations with
mice infected subcutaneously, all mice infected with the
inFTS 1680 mutant survived infection, whereas all mice infected
with the wild-type FSC200 or inFTS 1680 complemented strain
succumbed to infection. These results demonstrate that the
observed attenuation of the inFTS 1680 mutant occurs
independent of the route of exposure. Likewise, the SchuS4-
derived inFTT_0166¢ mutant also exhibited a route-independent
attenuated phenotype. However, compared to that of its FSC200
ortholog, the attenuation observed was weaker. Nevertheless, the
fact that a delay in TTD was observed across all doses for both
routes supports the conclusion that this gene plays a role in
virulence of the highly virulent type A strain. It is likely that the
observed difference in attenuation can be attributed to the
significant difference in virulence between the FSC200 and
SchuS4 strains (35). Taken together, our findings support the
hypothesis that F7S 1680 and its ortholog are needed for the full
virulence of both type A and type B strains.

To understand the in vivo attenuation of inFTS 1680, we
evaluated the ability of this mutant to persist and disseminate
within
selectedhostorgans. TheinFTS_1680mutantwasabletoreplicate — at
low levels in the liver, spleen, and lungs during the first days
postinfection; however, the viable number of mutant bacteria
declined with time. In contrast, the wild-type and complemented
inFTS 1680 mutant strains replicated to high numbers in all these
organs during the first days, after which no mice survived the
infection (Fig. 4). It appears in some cases that proliferation in
nonmacrophage cell types is sufficient to sustain F. tularensis
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pathogenesis (34). The rapid elimination of the inFTS 1680
mutant from the organs tested suggests that this strain may be
defective in replication within nonmacrophage cells as well, which
may also contribute to its attenuation.

Further, we investigated the intracellular fate of the
InFTS 1680 mutant inside BMMs by employing a LAMP-1
marker as an indicator of late endosomes. Our results showed that
the inFTS 1680 mutant is able to escape from the phagosome,
albeit at a frequency slightly lower than that of the wild-type
FSC200 (Fig. 6). However, it seems likely that the predominant
role of FTS 1680 might be to help Francisella to multiply to high
numbers within the cytosol. The inFTS_ 1680 mutant was able to
replicatewithinthecytosoliccompartment;however,itwasunableto
replicate to the high number observed for wild-type bacteria. This
suggests that FTS 1680 is required to maintain or support
highlevel replication within the cytosol. In this respect, FTS_1680
resembles virulence factors playing a specific role during
multiplication in the cytosol after phagosomal escape (reviewed in
reference 37), such as the Francisella SEL1-like protein DipA (4).
The DipA mutant does not proliferate within the cells, despite the
ability to escape from the phagosome, and is completely attenuated
in in vivo infection models (4). Additionally, we found that
theFTS_1680proteinalsocontributestoFSC200cytopathogenicity
(Fig. 7). As shown previously (38, 39), the inability to induce full
cytotoxicity might be associated with the observed defect in
cytosolic replication.

A common characteristic of TPR-like repeats is that they create
multiprotein complexes and mediate protein-protein interactions,
often functioning as cochaperones in particular of the heat shock
proteins (15). In the present work, the inFTS 1680 mutant showed
a loss of ability to resist heat stress. Therefore, we assayed protein-
protein interactions of FTS 1680 with some typical representatives
of the heat shock proteins by employing the BACTH system.
Unfortunately, we were unable to detect any interaction between
FTS 1680 and the targeted proteins. Although the BACTH system
is presented as useful for detection of protein interactions outside
the cytoplasm  (40), the results may be false
negativesincetransientinteractionsmaynotbedetected. Another
possibility could be a localization of the interaction in the
periplasmic space. This is a known obstacle for another bacterial
two-hybrid system (41), and it is not clear if it also is a
complication for analysis when employing the BACTH assay. We
attempted to explore a chaperone activity, but we were unable to
purify the native recombinant protein.

Interestingly, FTS 1680 also shows high similarity to YfgM
from E. coli, that was recently shown to interact with the SecYEG
translocon (29). YfgM might function in a periplasmic chaperone
network while playing a role in the (E)-dependent envelope
stressresponse(29).DirectinteractionwithSecAandSecEhasnot
beenobservedtodate;however,itcannotberuledout.Itisworthwhile to
note that both of these proteins influence replication of Francisella
in host organs (42), which parallels our in vivo observations.

In order to characterize FTS 1680 in more detail, we performed
proteomic characterization. FTS 1680 is predicted to be a
membrane protein, and to confirm this prediction, we exploited
Triton X-114 phase partitioning for isolation of Francisella
membrane-associated proteins. Based on our results, we can
conclude that FTS 1680 is a membrane protein. Taking LipPred
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tool prediction into account, it can be speculated that FTS 1680
might be modified with an acyl moiety that could simply function
as an anchor to the membrane, thus allowing FTS 1680 to
assemble membrane-associated protein complexes. From this point
of view, it is interesting that DipA was found to be on the surface
of theSchuS4strain,whereitformsamembrane-associatedcomplex
with the outer membrane protein FopA during intramacrophage
growth (43).

We should note that for both our in vitro and in vivo
experiments, we were unable to fully complement the observed
phenotype by supply the native gene in trans. Our approach of
creating insertion mutants by employing the TargeTron gene
knockout system for F. tularensis, which utilizes retargeted mobile
group II introns, raises the question of potential polar effects
influencing the observed phenotype. However, we feel that for
these studies this possibility is remote. In our study, we used trans-
complementation with a plasmid where the coding sequence is
cloned downstream of the GroES promoter (21). Lack of full
complementation may be attributable to expression differences
between the native and GroES promoters or other limitations
intrinsic to trans-complementation (44, 45). However, the wild-
type phenotype was almost fully restored in in vivo experiments
and when assessing heat stress tolerance. Moreover, other
experimental steps were performed in order to rule out potential
polar effects. qRT-PCR did not show any changes in FTL 1681,
FTL 1682, and FTL 1683 expression in the inFTS 1680 mutant.
Mutagenesis of FTL 1681 and FTL 1682 had no effect on the
proliferation, virulence phenotype, and ability to resist heat stress.
These observations support the conclusion that downstream genes,
which are most likely to exhibit polar effects, do not influence the
virulent phenotype. Thus, our observations might be the sole result
of inactivation of FTS_1680.

In conclusion, the present study investigating the involvement
of TPR-like proteins in the pathogenesis of F. tularensis identified
the locus FTS 1680/FTT 0166¢ as a novel virulence factor that is
required for proper intracellular replication of the microbe, heat
stress tolerance, and in vivo virulence. Furthermore, the F7S_1680-
encoded protein was identified as a membrane-associated protein
necessary for fully expressed cytopathogenicity. Thus,
FTS 1680/FTT _0166c, in addition to PilF, FTL 205, and DipA,
represents another protein from the TPR-like family that is
important for Francisella virulence. Identification of FTS 1680/
FTT _0166¢ protein interactions and elucidation of FTS_ 1680/
FTT 0166¢ functions could contribute to a deeper understanding
of the unique mechanisms behind F. tularensis intracellular
survival.
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One sentence summary: This work is focused on characterization of immune response during in vivo infection of two attenuated Francisella tularensis mutant (dsbA and ig/H) strains;

importantly, the dsb4 mutant, but not the ig/H mutant, induced an early innate inflammatory response leading to strong Th1-like antibody response. Editor: Ake Forsberg

ABSTRACT

Francisella tularensis subspecies tularensis is a highly virulent intracellular bacterial pathogen, causing the disease tularemia. However, a safe and
effective vaccine for routine application against F. fularensis has not yet been developed. We have recently constructed the deletion mutants for the
DsbA homolog protein (dsbA/FSC200) and a hypothetical protein IglH (ig/H/FSC200) in the type B F. tularensis subsp. holarctica FSC200 strain,
which exerted different protection capacity against parental virulent strain. In this study, we further investigated the immunological correlates for these
different levels of protection provided by dsbA/FSC200 and ig/H/FSC200 mutants. Our results show that dsbA/FSC200 mutant, but not ig/H/FSC200
mutant, induces an early innate inflammatory response leading to strong Th1-like antibody response. Furthermore, vaccination with dsbA/FSC200
mutant, but not with ig/H/FSC200, elicited protection against the subsequent challenge with type A SCHU S4 strain in mice. An immunoproteomic
approach was used to map a spectrum of antigens targeted by Th1-like specific antibodies, and more than 80 bacterial antigens, including novel ones,
were identified. Comparison of tularemic antigens recognized by the dsbA/FSC200 post-vaccination and the SCHU S4 post-challenge sera then
revealed the existence of 22 novel SCHU S4 specific antibody clones.

Keywords: tularemia; cytokines; antibody response; protection; immunoproteomics

INTRODUCTION infections after inhalation of aerosols containing as little as 10 bacteria of
subsp. tularensis, which may result in 30-60% mortality if untreated (Evans et

Tul, iai di d by the intracellular path ic bacteri
vlaremia is a severe disease caused by the iniraceliuiar pathogenic bacterium al. 1985). The potential risk of F. tularensis to be misused as a biological

Francisella tularensis (F. tularensis). Human infections are most commonl; . . . .
( ) Y weapon led to this bacterium being classified as a category A agent by Centers

acquired through direct contact with infected material (usually animals) or for Disease Control and Prevention, USA (Oyston, Sjostedt and Titball 2004).
through vectorborne transmission, such as bites by infected insects. By In general, tularemia is treated with antibiotics where streptomycin is
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1
infection through skin, the ulceroglandular tularemia form develops, which recommended as the drug of first choice with tetracyclines serving as potential
represents approximately 90% of all tularemia cases (Tarnvik and Berglund alternatives (Russell et al. 1998; Dennis et al. 2001; Johansson ez al. 2001).

2003). A more severe form of tularemia may be caused by respiratory However, the successful antibiotic therapy requires prompt diagnosis which is
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still a serious problem in some countries, and therefore, the development of a
safe vaccine is urgently needed. Currently, tularemia vaccine development
focuses on improvement of existing attenuated Francisella live vaccine strain
(LVS) or on construction of new attenuated mutant strains for genes that are
involved in pathogenic mechanisms of tularemic microbe (Marohn and
Barry2013).Comparedtothesetwoapproaches,designingasubunit
represents much more difficult task because of the current lack of knowledge
of suitable immunodominant antigens. Up to now, immunoproteomics
exploiting immune sera for identification of new immunoreactive antigens has
been the easiest way to acquire information about candidates for protective
antigens (Kilmury and Twine 2010).

vaccine

Previously, we constructed two attenuated type B F. tularensis strains, one
with deletion in gene encoding a homolog to the protein family of disulfide
oxidoreductases DsbA (FTS 1067) and the second one with deletion in gene

encoding the FPI protein IglH (FTS 0106/FTS _1134) (Straskova et al. 2009,
2012). Both mutants showed attenuated phenotype and protective potential
against subsequent challenge with parental
Europeanclinicalisolateofsubsp.holarcticastrain,denotedasFSC200 strain.
While immunization with dsbA/FSC200 led to complete protection of BALB/c
mice against the FSC200 strain challenge, administration of the ig/H/FSC200
mutant provided only partial dose-dependent protection with maximal

subcutaneous

protective effect when a dose of more than 3 x 107 CFUs was applied (Straskova
et al. 2009, 2012).

In this study, we investigated the immunological parameters which might
be responsible for differential protection capacity of the dsb4/FSC200 and the
iglH/FSC200 mutant strains. We found that the ability of in vivo induction of
early innate inflammatory response and the Th1-like antibody response clearly
differ between both mutants. Furthermore, we demonstrated that immune
response induced by the dsbA/FSC200 mutant is also sufficient for protection
against challenge with Francisella type A strain SCHU S4. Finally, using an
immunoproteomic approach, we defined the profile of Francisella membrane
proteins recognized by post-vaccination and post-challenge sera and their
comparison enabled the determination of novel immunoreactive SCHU S4
antigens.

MATERIALS AND METHODS
Animals

Female BALB/c mice were purchased from Velaz, s.r.o. (Unetice, Czech
Republic) and entered experiments at 6-8 weeks of age. All procedures using
mice were performed in accordance with guidelines of Animal Care and Use
Ethical Committee of the Faculty of Military Health Sciences, University of
Defence, Czech Republic. At USAMRIID, research was conducted under an
TACUC approved protocol in compliance with the Animal Welfare Act and
other federal statutes and regulations relating to animals and experiments
involving animals. The facility where this research was conducted is accredited
by the Association for Assessment and Accreditation of Laboratory Animal
Care International and adheres to principles stated in the Guide for the Care
and Use of Laboratory Animals, National Research Council, 2011.

Bacteria and culture conditions

Wild-typeF.tularensissubsp.tularensisSCHUS4strain(Collection of Animal
Pathogenic Microorganisms, No. 5600, Veterinary
ResearchlInstitute,Brno,CzechRepublicorUSAMRIIDstraincollection) and F.
tularensis subsp. holarctica FSC200 strain were used. Generation of mutant
strains with the in frame deletion of the ig/H gene in the FSC200 strain
(ig/lH/FSC200) and with the deletion of the dshb4 gene in FSC200
(dsbA/FSC200) strain has been described previously (Straskova et al. 2009,
2012). Bacterial stocks of each strain were grown on McLeod agar
supplemented with bovine hemoglobin (Becton Dickinson San Jose, CA) and
IsoVitalex (Becton Dickinson) for 24 h at 37-C and 5% CO, Before each
experiment, bacteria were grown for 24 h at 37-C and 5% CO, on McLeod agar
plates and thereafter suspended in PBS (phosphate-buffered saline, pH 7.4) to

an ODg = 1, which is approximately 3 x 10° bacteria mL-'. Studies involving
F. tularensis SCHU S4 strain were conducted at the BSL-3 facility at the
Faculty of Military Health Sciences following appropriate biosafety
requirements.

Animal infection, cytokine and antibody assays

For immunological assays, groups of BALB/c mice (n = 3) were
subcutaneously (s.c.) infected with 10> CFU/mouse of F. tularensis strain
FSC200 and with 107 CFU/mouse of the ig/H/FSC200 or the dsbA/FSC200
mutant strain. After 1, 3, 5, 7, 14, 21 and 28 days post-infection, mice were
killed and sera together with livers and spleens were collected. Blood was
obtained from vena cava and pooled for each strain from three mice per
treatment. Sera were then separated from blood, filtered through a 0.22pm filter
and stored at -80-C until needed. Individual livers and spleens were aseptically
removed from each mouse, homogenized in PBS and stored frozen at -20-C
until needed. Organ homogenates and sera samples were used undiluted and
analyzed for levels of cytokines and antibodies using Custom Quantibody
Array technology (RayBiotech, Inc., Norcross GA, USA) following the
manufacturer’s  protocol. The cytokine/antibody concentrations were
calculated against the standards using software H20 OV Q-Analyzer v8.10.4
(Raybiotech, Inc., Norcross, GA).

To determine bacterial burden in targeted organs, BALB/c mice (n = 3 for
each treatment) were infected with 10> CFU/ mouse of the F. tularensis
FSC200 parental strain or with 107 CFU/mouse of the dsbA/FSC200 mutant.
Control group of mice was inoculated with sterile saline solution only. After 1,
3, 5,7, 14, 21 and 28 days of infection, livers, spleens and lungs were
aseptically removed, homogenized in 2 mL of PBS, serially diluted and plated
on McLeod agar plates enriched with 100 U mL-' of penicillin to minimize
unwanted contamination. After 3 days of incubation at 37-C in 5% CO,, the
bacterial colonies were enumerated and CFUs per organ were calculated.

For in vivo subcutaneous protection studies, groups of BALB/c mice (n =
5) were s.c. inoculated with 10, 10%, 103, 10 10° and 107 CFU/mouse of the
dsbA/FSC200 mutant or with 107 CFU/mouse of the ig/H/FSC200 mutant
strain. After 3 weeks of immunization, mice were challenged s.c. with 107
CFU/mouse of virulent SCHU S4 strain. For intranasal protection studies,
groups of BALB/c mice (n = 10) were vaccinated intranasally (i.n.) with 10,



102, 103, 10%, 10° or 10° CFU/mouse of the dshA/FSC200 mutant. After 4
weeks, mice were challenged i.n. using 10> CFU/mouse of the F. tularensis
SCHU $4 strain. In both studies, mice were monitored daily for morbidity and
mortality. The study endpoint was euthanasia when moribund or survival to 21
days following exposure.

For immunoproteomic studies, BALB/c mice (n = 10) were s.c. vaccinated
with 107 CFU/mouse of the dshA/FSC200 mutant strain. After 21 days, five
dsbA/FSC200-vaccinated mice were killed to obtain sera. The remaining
dsbA/FSC200-immunized mice were further s.c. challenged with 10?
CFU/mouse of highly virulent SCHU S4 strain. After 21 days of infection, sera
were collected and stored at —80-C until needed.

Detergent-enriched fraction preparation

The detergent-enriched fraction was prepared using the Triton X-114 phase
separation similar to those described by Shimizu, Kida and Kuwano (2005).
Briefly, F. tularensis SCHU S4 was grown in chemically defined Chamberlain
medium until up to an ODgyoum of 0.8. Culture was then pelleted by
centrifugation and washed twice with cold PBS. The cell pellet was
resuspended in ice-cold PBS supplemented with proteases inhibitors cocktail
Complete EDTA-free (Roche, A.G., Switzerland) and disintegrated by French
Pressure Cell Press. Then, the whole cell lysate was ultracentrifuged at 100
000 x g for 1 h at 4-C to pellet membrane-associated proteins. Pellets were
resuspended in icecold PTX buffer (PBS supplemented with 350 mm NacCl,
2% Triton X-114, protease inhibitor mixture) and incubated at 4-C for 1 h
under end-over-end rotation. Samples were centrifuged at 12 000 rpm 4-C for
30 min, and the supernatants were kept at 37-C for 10 min to induce detergent
phase separation. Following centrifugation at 14 000 rpm for 10 min at room
temperature, the upper aqueous phase was discarded and replaced with the
same volume of PBS supplemented with 350 mm NaCl. This phase separation
was repeated three times, and the final detergent phase was resuspended in
PBS to the original volume. Protein concentration in the suspension was
measured with a BCA protein assay kit (Sigma-Aldrich, St. Louis, MO, USA).

Pilin protein-enriched fraction preparation

Francisella tularensis SCHU S4 was grown on McLeod plates for 48 h and
then the bacteria were harvested from the plates and suspended in PBS. The
supernatant enriched for the pili was acquired by vortexing the suspension at
the maximum speed for 2 min. The bacteria were pelleted by centrifugation at
13 000 rpm for 10 min and the supernatant was collected, which was then
heated at 65-C for 2 h to eliminate any remaining bacteria. The pili were left to
aggregate on an orbital shaker at 4.C for 18 h. The suspension was then
ultracentrifuged at 150 000 x g 4-C for 1 h, the pellets were resuspended in
PBS and the protein concentration was quantified using a BCA protein assay
kit (SigmaAldrich).

Two-dimensional polyacrylamide gel electrophoresis (2D
PAGE), Western Blotting and MALDI TOF/TOF protein
identification

Protein samples were precipitated with cold acetone, solubilized in ASB-D
buffer (7 M urea, 2 M thiourea, 40 mM Tris, 1% Triton X-100, 1% ASB-14,
0.5% bromphenol blue and 1.2% DeStreak) and separated using immobilized
pH gradient strips (IPG), nonlinear pH 3—10, 18 cm or linear pH 6-11, 18 cm
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(GE Healthcare, Uppsala, Sweden) using 150 or 200 pg of protein/gel for
western blots and 1 mg of protein/gel for Coomassie blue staining (Colloidal
Blue Stain Kit, Invitrogen). Following IEF, the IPG strips were equilibrated
for 15 min in equilibration buffer (2% SDS, 50 mM Tris-HCI (pH 8.8), 6 M
urea, 30% glycerol and 1% DTT) followed by a second 15 min equilibration
step (2% SDS, 50 mM Tris-HCI (pH 8.8), 6 M urea, 30% glycerol and 14%
iodoacetamide). Approximately 9-16% gels were used for second dimension
separations. Proteins from the gels were transferred onto BioTrace PVDF
membrane (Pall Corporation, Pensacola, FL) and subjected to immunoblotting
using the pooled sera either from the dsbA/FSC200 vaccinated or SCHU S4-
challenged immunized BALB/c mice. As a secondary antibody, the polyclonal
goat anti-mouse immunoglobulins/HRP(Dako, Denmark), which recognizes
IgG, IgA and IgM isotypes, was used. Chemiluminiscence detection was
performed using a BM chemiluminiscence blotting substrate POD according
to the manufacturer’s instructions (Roche Applied Science). For these
experiments, three biological replicates of detergent and pilin protein-enriched
fractions were prepared.

Alignments of immunoreactive spots on 2D blots with Coomassie blue-
stained gels were done manually.

Protein spots corresponding to immunoreactive spots on western blots
were excised from Coomassie blue-stained 2Dgels and in-gel tryptically
digested as described elsewhere (Balonova et al. 2010). The mass spectra were
recorded in positive MS and MS/MS modes on a 4800 MALDI-TOF/TOF
mass analyzer (AB Sciex, Forster City, CA). Internal calibration of mass
spectra was performed using tryptic autolytic peptides. Acquired data were
processed using GPS Explorer software version 3.6 (AB Sciex) cooperating
with the Mascot search algorithm version 2.2 and the search was done against
a Francisella tularensis SCHU S4 database (NC 006570.2). Trypsin was
selected as the proteolytic enzyme and one missed cleavage was allowed.
Carbamidomethylation of cysteine residues and methionine oxidation was set
as a variable and fixed modification, respectively. Proteins were considered
identified with the confidence when GPS protein score confidence interval was
100% and at least two peptides per protein were identified.

STATISTICS

Differences in cytokine levels were compared by two-way ANOVA followed
by Tukey’s multiple-comparison post-test as appropriate, using GraphPad
Prizm 5 software. In all cases, differences were considered significant at P <
0.05, where the group of wt FSC200 infected mice and the dsbA/FSC200
vaccinated mice were compared and the group of wt FSC200 strain and the
iglH/FSC200 mutant were compared. Each experiment was independently
repeated two times.

RESULTS

In vivo cytokine immune responses elicited in BALB/c mice after
dsbA/FSC200 and ig/H/FSC200 s.c. vaccination

To determine whether the dsbA/FSC200 mutant or the ig/H/FSC200 mutant
elicited different immune responses in BALB/c mice, the levels of IFN-y, IL-
10, IL-12, IL-17, TL-1B, IL-2, TIL-23, TL-4, IL-6 and TNF-a were measured in
spleens, livers and sera on days 1, 3, 5, 7, 14, 21 and 28 post-vaccination.

Immunization of BALB/c mice with the dsbA/FSC200 mutant led to
significantly upregulated levels of IFN-y and IL-12 in
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Figure 1. In vivo cytokine immune responses elicited in BALB/c mice spleens after dsbA/FSC200 and ig/H/FSC200 vaccination. Groups of BALB/c mice (n = 3) were s.c. inoculated either with 10?
CFU/mouse of wt FSC200 strain (circles) or with 10’ CFU/mouse of dsbA/FSC200 (triangles) or 10’ CFU/mouse of ig/H/FSC200 (squares) mutant strains. Individual spleen was removed at given time
interval and analyzed for cytokine levels using cytokine arrays. Statistical comparison was done between groups vaccinated with dsbA/FSC200 mutant and wt FSC200 strain and between groups vaccinated

with ig/H/FSC200 mutant and wt FSC200 strain. Results represent means * standard errors, where P < 0.05 was considered to be significant. The results shown are representatives of two separate
experiments.

spleen compared to the group infected with wt strain (Fig. 1; Fig. SI, 6 production increased significantly on day 3, which was maintained until day

Supporting Information). The increased levels of these cytokines started very 5 but then declined by day 7. Day 5 after dsbA/FSC200 immunization was also
early on day 3 after vaccination and persisted till day 14 (Fig. 1). Similarly, IL- characterized by steep production of IL-1B and TNF-a. In contrast to TNF-a,



the increased level of IL-1p in spleen declined more slowly and persisted till
day 21 (Fig. 1; Fig. SI, Supporting Information). Cytokine profile after 2
weeks of dsbA/FSC200 infection is associated with the peaks of IL-4 and IL-
23 production (Fig. 1). The immunization with the ig/H/FSC200 mutant
influenced expression of IFN-y, IL-2, IL-17, IL-10, IL-23 and IL-12 cytokines
in spleen; nevertheless, their levels appeared with a delay of more than 3 weeks
in comparison to the dsbA/FSC200 mutant (Fig. 1; Fig. S1, Supporting
Information).

Likewise in spleen, the dsbA/FSC200 mutant was also able to induce
strong upregulation of IFN-y, IL-1B and IL-12 levels in liver (Fig. 2; Fig. S2,
Supporting Information). The increased production of IL-6 was shifted to day
7 after infection in liver, and on day 7 also the upregulation of IL-17 production
occurred. Both dsbA/FSC200 and ig/H/FSC200 mutants then stimulated
secretion of IL-2 and IL-4 on day 7 in liver and TNF-a on day 14 after
immunization (Fig. 2; Fig. S2, Supporting Information).

Investigation of cytokine patterns in sera of vaccinated BALB/c mice
confirmed that the dsbA/FSC200 mutant can upregulate the early IFN-y, IL-12
and IL-6 responses (Fig. 3; Fig. S3, Supporting Information). Furthermore,
there was strong increase of IL-1B, IL-4, TNF-a and IL-10, but in these cases
the response was divided in two phases, one on day 5 and the second 3 weeks
after infection (Fig. 3; Fig. S3, Supporting Information). The complicated
kinetics exhibited production of IL-2 with three maxima on days 1, 5 and 14.
Late time responses are associated with increased levels of IL-17 and IL-23.
Like in spleen and liver, the ig/H/FSC200 mutant induced only a weak
inflammatory cytokine response in serum (Fig. 3; Fig. S3, Supporting
Information). The only exception was TNF-a production, but even in this case
the dsbA/FSC200 mutant was more efficient than the ig/H/FSC200 mutant
(Fig. 3; Fig. S3, Supporting Information).

As for infection with parental FSC200 strain, there was a distinct early
induction of IL-2, IL-23 and IL-4 in liver and of IFN-y, I1-6 and IL-17 in serum
(Figs 2 and 3). Although these mice succumbing to the infection within 5 days
after inoculation.

Humoral immune response in BALB/c mice after vaccination
with the dsbA/FSC200 and the ig/H/FSC200 mutant strains

As an additional correlate of in vivo protection, we measured the development
of humoral adaptive immune response. Groups of BALB/c mice (n = 3) were
s.c. inoculated with 107 CFU/mouse of dsbA/FSC200 or 107 CFU/mouse of
iglH/FSC200 mutant strains. The levels of IgM, IgG1, 1gG2a, IgG2b and IgA
antibodies were analyzed on days 1, 3, 5, 7, 14, 21 and 28 post-vaccination and
compared to antibody levels generated in uninfected mice and mice infected
with the parental FSC200 strain.

Mice vaccinated with the dsbA/FSC200 mutant showed an early increase
of all examined antibody classes except for [gG1 (Fig. 4; Fig. S4, Supporting
Information). The most pronounced
differencewasfoundintheproductionofigAandIgG2aantibodies  soon  after
dsbA/FSC200 vaccination (Fig. 4; Fig. S4, Supporting Information). It was
striking that production of both antibody classes exerted the same kinetics with
two peaks on days 5 and 21 post-vaccination (Fig. 4; Fig. S4, Supporting
Information).

Surprisingly, the antibody levels detected after the ig/H/FSC200 mutant
vaccination did not rise over the cut off levels of uninfected mice except for
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IgG1, where the concentration increased early at day 3 and later at day 21 post-
infection (Fig. 4; Fig. S4, Supporting Information).

Bacterial burdens in mice organs after the dsbA/FSC200 mutant
vaccination

The presence of mutant bacteria in mice organs without causing animal disease
is an efficient stimulus for the immune system. The groups of BALB/c mice (n
= 3) were infected s.c. with the dsb4/FSC200 mutant using a dose of 107
CFU/mouse. Mice tissues were then collected on days 1, 3, 5, 7, 14, 21 and 28
following infection, and bacterial numbers were determined in homogenates
of spleen, lungs and liver.

As shown in Fig. 5, the dsbA/FSC200 mutant strain was able to spread to
the spleen, liver and lungs of BALB/c mice after s.c. infection. The highest
level of recoverable bacteria was found in spleen and liver, where the CFUs
reached more than 10° within 5 days of infection (Fig. 5). Thereafter, the
mutant bacteria recovered from spleen and liver declined throughout the
remaining study period (Fig. 5). The mutant bacteria were completely
eliminated from liver samples within 21 days of infection and from spleen
within 28 days (Fig. 5). It is necessary to mention that bacterial burdens in
spleen and liver roughly followed level of cytokines and antibodies detected in
these organs. In contrast to the liver and spleen, significantly lower CFUs were
detected in lung tissue early after infection and bacteria were completely
eliminated within 1 week of infection (Fig. 5).

Protection of the dshA/FSC200 and the ig/H/FSC200 mutant
strains against F. tularensis SCHU S4 challenge

Based on previous data documenting protective potential of both mutants, we
decided to examine their ability to protect against the challenge with highly
virulent F. tularensis SCHU S4 strain. The dsbA/FSC200 or the ig/H/FSC200
immunized mice were s.c. challenged with 100 CFU ofSCHU S4 strain.
Miceimmunized with the ig/H/FSC200 mutant showed rapid signs of illness
and four mice died within 6-14 days post-challenge. The remaining mice
returned to health by day 21 (Table 1A). The group of mice inoculated with
the dsbA/FSC200 mutant survived the challenge with SCHU S4 strain without
any post-infection clinical signs of tularemia (Table 1A). The control group of
nonimmunized animals died on days 4-5 post-challenge (Table 1A).

Next, we titrated the immunization doses of the dsbA/FSC200 mutant to
find the lowest possible dose with protection capability. Therefore, mice were
s.c. inoculated with different doses of the dsbA/FSC200 mutant and after 3
weeks s.c. challenged with 100 CFU/mouse of SCHU S4 strain. We observed
that the complete protection of animals against the SCHU S4 infection can be
reached with doses of as low as 10* CFU/mouse (Table 1A). In addition, we
tested the intranasal protection ability of the dsb4/FSC200 mutant against the
in. SCHU S4 challenge. Mice were vaccinated with different doses of the
dsbA/FSC200 mutant strain, where none of mice showed sickness during 28
days of observation after immunization. Immunized mice were further infected
i.n. with 102 CFU/mouse of SCHU S4 strain. All mice in the groups vaccinated
with 10, 10?and 10° CFU/mouse died on day 4 post-challenge. Protection was
observed in the groups of animals vaccinated with 104, 10°

and 10° CFU/mouse, where two of ten, three of ten and five of ten mice
survived, respectively (Table 1B).
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Figure 2. In vivo cytokine immune responses elicited in BALB/c mice livers after dsbA/FSC200 and iglH/FSC200 vaccination. Groups of BALB/c mice (1 = 3) were s.c. inoculated either with 10>
CFU/mouse of FSC200 strain (circles) or with 107 CFU/mouse of dshA/FSC200 (triangles) or 107 CFU/mouse of ig/H/FSC200 (squares) mutant strains. At selected time intervals after infection, individual
livers were removed and further analyzed for cytokine levels using cytokine arrays. Statistical comparison was done between groups vaccinated with dsb4/FSC200 mutant and wt FSC200 strain and

between groups vaccinated with ig/H/FSC200 mutant and wt FSC200 strain. Results represent means + standard errors, where P < 0.05 was considered to be significant. The results shown are representatives
of two independent experiments.
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Figure 3. In vivo cytokine immune responses elicited in BALB/c mice sera after dshA/FSC200 and iglH/FSC200 vaccination. Groups of BALB/c mice (1 = 3) were s.c. inoculated either with 10> CFU/mouse
of FSC200 strain (circles) or with 10’ CFU/mouse of dshA/FSC200 (triangles) or 107 CFU/mouse of ig/H/FSC200 (squares) mutant strains. Mice were killed at given time interval after vaccination and

cytokine levels were determined in the serum using cytokine arrays. The results shown are representatives of two independent experiments.
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Figure 4. Humoral immune responses in BALB/c mice after dsbA/FSC200 and ig/H/FSC200 vaccination. Groups of BALB/c mice (1 = 3) were s.c. inoculated either with 102 CFU/mouse of FSC200 strain

(circles) or with 107 CFU/mouse of dshA/FSC200 (triangles) or 10’ CFU/mouse of ig/H/FSC200 (squares) mutant strains. Mice were killed at given time interval after vaccination and antibody levels were

determined in the serum using cytokine arrays. The results shown are representatives of two

separate experiments.

Our results show that the dsb4/FSC200 mutant is attenuated for s.c. and
i.n. infection of BALB/c mice. Moreover, the dsbA/FSC200 mutant has
protective ability against lethal dose of SCHU S4 strain in s.c. infection and is
able to partially protect against respiratory SCHU S4 challenge.

Mapping of dsbA/FSC200 post-vaccination and SCHU S4 post-
challenge immunoproteome

As we have shown, the protective response of the dsbA/FSC200 mutant strain
is accompanied by increased levels of IgA and IgG2a antibody production.
Thus, we decided to examine the profile of the antibody-recognized antigens
after s.c. vaccination with the dsbA/FSC200 mutant strain. Assuming that the
surface-exposed and membrane-associated proteins are crucial antibody
targets, detergent-enriched and pilin protein-enriched subproteomes were
analyzed using a classical immunoproteomic approach with sera pooled from
dsbA/FSC200 vaccinated BALB/c mice. Overall, we identified 63 antigens, 22
of which had not been previously described (Table 2; Table Sl1,

SupportingInformation)(Pelletier,RaoultandLaScola2009;Kilmury and Twine
2010; Fulton et al. 2011; Golovliov et al. 2013). It is interesting that most of
them, 19 antigens in total, were found in pilin protein-enriched subproteome
which seems to be a valuable source for antibody-inducing antigens. The group
of novel immunoreactive antigens covered the spectrum of enzymes, as well as
ribosomal and stress proteins. It is worth to mention acid phosphatase (FTT
0221), DipA (FTT 0369c), D-alanyl-Dalanine carboxypeptidase (FTT 1029),

IglE (FTT 1701/FTT 1346), PdpE (FTT 1710/FTT _1355), PilA orthologs
(FTT 0889c, FTT 0890c) and hypothetical proteins (FTT 0704, FTT 0903, FTT
1407c¢ and FTT 1653). Because dsbA/FSC200 vaccination helps mice to
survive SCHU $4 infection, we also collected sera from SCHU S4 challenged
mice to measure possible seroconversion to SCHU S4 specific antigens. In this
case, we identified 71 antigens recognized by SCHU S4 post-challenge sera
(Table S1, Supporting Information). Of them eight new antibody-binding
antigens not found in dsbA/FSC200 post-vaccination sera were
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Figure 5. Bacterial burdens in mice organs after dsb4A/FSC200 mutant vaccination. BALB/c mice
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represent means * standard errors of CFU counts. The data are representative of three independent

experiments.

discovered (Table 2). These antigens recognized uniquely by SCHU S4 post-
challenge sera also formed a functionally heterogeneous group involving
proteins with the known role in Francisella pathogenesis such as superoxide
dismutase Fe (FTT 0068), superoxide dismutase Cu-Zn (FTT 0879) and
hypothetical protein (FTT 0910).

DISCUSSION

So far, the development of safe and effective vaccine against tularemia is still
far from realization (Pechous, McCarthy and Zahrt 2009). Recently, a
hypothetical lipoprotein with high homology to the protein family of disulphide
oxidoreductases DsbA was identified as a new essential virulence factor of F.
tularensis. The dsbA deletion mutants in both type A and type B F. tularensis
strains were constructed and exerted pronounced attenuation in mouse
infection models (Qin et al. 2009; Straskova et al. 2009). Furthermore, an
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intranasal immunization with the dsh4 mutant in type A strain or subcutaneous
immunization with the dsh4 mutant in type B strain reliably protected against
the challenge with parental virulent strains (Qin et al. 2009; Straskova et al.
2009). Besides dsbA/FSC200 mutant strain, our laboratory has also constructed
the deletion mutant for the FPI protein encoded by ig/H gene in FSC200 strain.
However, compared to the dsbA/FSC200 mutant, its preventive effect was dose
dependent and complete protection against the wild-type parental strain was
only found after administration of the highest immunization dose of 3 x 107
CFU/mouse used (Straskova et al. 2009).

In this study, we explored the features of innate and adaptive immunity
induced by these two attenuated mutants with differential protective capacity.
In agreement with these findings, we were able to measure an early increase of
IFN-y and IL-6 in spleen and serum in the dsbA/FSC200 immunized BALB/c
mice. Higher levels of IFN-y but not IL-6 were also observed in liver samples.
The strong early inflammatory response to dsbA/FSC200 vaccination was
further corroborated by the increased levels of IL-12 and IL-1B in spleen, liver
and serum and TNF-a in spleen and serum. Furthermore, liver and serum
samples exhibited an increased response of IL-2 production after dsbA/FSC200
immunization. Furthermore, spleen tissue was also found to be a source of IL-
23 overproduction with a maximum on day 14 post-infection. The same time
interval of IL23 upregulation was observed for serum samples. Mice deficient
in IL-12p40 but not in IL-12p35 are susceptible to F. tularensis LVS infections
indicating that IL-12p70 is not necessary for bacteria elimination (Elkins et al.
2002). As the IL-23 is a complex of p40 subunit with a 19-kDa protein, it is
possible that only IL-23 can participate in the development of T-cell-mediated
bacterial clearance. Furthermore, IL-23 is an inducer of IL-17 production. As
for IL-17, we detected increased levels of this cytokine in liver tissue; however,
an even more pronounced expression was found in serum with maximum at
late time point (21 days post-infection). There is controversy about the role of
IL-17 in protection against respiratory challenge with SCHU S4. While
Skyberg et al. (2013) showed that IL-17 is inefficient for intratracheal infection
of mice with SCHU S4 strain, Golovliov ef al. (2013) demonstrated that
increased efficacy of FSC200 c/pB mutant strain in induction protective
response against SCHU S4 respiratory infection is associated with the
increased IL-17
pulmonaryproductionafterSCHUS4challenge. Asignificantupregulation of IL-4
expression was also observed in liver and spleen samples on days 7 and 14
post-infection, respectively. Mast cells were found to be major source of IL-4
capable to restrict intramacrophage growth of F. tularensis LVS (Thathiah et
al. 2011), and the production of this cytokine was dependent on mast cell TLR2
signaling (Rodriguez et al. 2012). In agreement with less efficient in vivo
protection of mice against parental virulent strain, the ig/H/FSC200 mutant
strain exerted, besides TNF-a level in serum, weak and delayed production of
inflammatory cytokines compared to the dsbA/FSC200. Recently, a similar
study was published in which four defined gene deletion mutants of SCHU S4
were examined for their abilities to induce protective responses against dermal
and respiratory challenge with SCHU S4 strain. Two of them, deletion mutants
for clpB and yglutamyl transpeptidase exhibited the most efficient protection
in both dermal and resiratory models. Likewise in our study, the protective
capacity of these two mutants correlated, among others, with the increased
levels of IFN y, TNF a in serum and IFN v,
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Table 1A. Survival of BALB/c mice following subcutancous immunization with the dsbA/FSC200 mutant or the ig/H/FSC200 mutant against SCHU S4 s.c. challenge.

s.c. dose CFU/mouse on day 0

Bacterial strain (vaccination dose)

s.c. dose of SCHU S4 CFU/mouse on
day 21 after vaccination (challenge

dose)
Nr. of deaths/total

0 (mock solution only)
dsbA/FSC200

10
10?
10?

10°

107

iglH/FSC200 107

10? 5/5
102 4/5
10? 4/5
102 1/5
10? 0/5
10? 0/5
102 0/5
102 4/5

BALB/c mice (n = 5) were immunized subcutaneously with the dsbA/FSC200 mutant or the ig/H/FSC200 mutant. Animals were challenged subcutaneously 3 weeks later with virulent SCHU S4 strain.

The mice were monitored daily for morbidity and mortality. The study endpoint was euthanasia when moribund or survival to 21 days following exposure.

Table 1B. Survival of BALB/c mice following intranasal immunization with the dsbA/FSC200 mutant against SCHU S4 i.n. challenge.

i.n. dose CFU/mouse on day 0

Bacterial strain (vaccination dose)

i.n. dose of SCHU S4 CFU/mouse on
day 28 after vaccination (challenge

dose)
Nr. of deaths/total

0 (mock solution only)
dsbA/FSC200 10

10?

10°

10*

10°

10°

10? 10/10
10? 10/10
10? 10/10
102 10/10
10? 8/10
102 7/10
10? 5/10

BALB/c mice (n = 10) were immunized i.n. with the dsbA/FSC200 mutant, animals were challenged i.n. 28 days later with virulent SCHU S4 strain. The mice were monitored daily for morbidity and

mortality. The study endpoint was euthanasia when moribund or survival to 21 days following exposure.

TNF a, IL-1B, IL-6, IL-17 in spleen (Ryden ef al. 2013). Generally, the
cytokine pattern induced by the dshbA/FSC200 mutant indicates the
development of a strong Thl protective response. This finding was further
supported by the array analysis of antibody induction in serum of mice
immunized with the dsbA/FSC200 and the ig/H/FSC200 mutants. We found
that dsbA/FSC200 vaccination induced all antibody classes; nevertheless, the
most robust response concerned the IgA and IgG2a production, which had two
maxima, of which the early one paralleled the traditional quick IgM antibody
secretion. Very recent publication demonstrated that IgA-deficient mice
exhibited enhanced susceptibility to pulmonary F. tularensis LVS infection.
Additionally, these mice had significantly reduced pulmonary levels of IFN-y
and IL-12. The decline in IFN-y amount reflects the diminished numbers of
CD4+ and CD8+ T cells in the lungs (Furuya et al. 2013). In contrast to

dsbA/FSC200, the ig/H/FSC200 infected mice only upregulated IgGl levels
typical for a Th2 response. Previously, we had observed that subcutaneous
vaccination of mice with dsb4/FSC200 can reliably protect mice against 4 x
10° CFU of the wild-type B isolate FSC200 (Straskova et al. 2009). In this
study, we looked at distribution and persistence of the dsbA/FSC200 microbes
in selected organs of vaccinated mice. We have shown that the bacterial
burdens following s.c. infection with the mutant strain were highest in spleen
followed by liver and lungs (Fig. 5). Importantly, the mutant bacteria were
eliminated from all analyzed organs during the time period of 4 weeks (Fig. 5).
This finding shows the ability of the host to mount the effective immune
response after the dsbA/FSC200 administration that even protects BALB/c
mice against subcutaneous and respiratory SCHU S4 challenge (Tables 1A and
1B).



Using comparative proteome analyses, we had already showed that there

Table 2. Novel immunoreactive SCHU S4 antigens.

11
thiol/disulfide oxidoreductase and chaperone function (Straskova et al. 2009;
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Detected by

dsbA/200 + SCHU
SCHU S4 gene Detected by
locus Protein name dsbA/200 serum S4 serum Antigen
FTT 0034+ NADH dehydrogenase I, D subunit X LP fraction
FTT 0068 Superoxide dismutase [Fe] X Pilin fraction
FTT 0080 Triosephosphate isomerase X Pilin fraction
FTT 0139 Transcription antitermination protein nusG X X Pilin fraction
FTT 0142 508 ribosomal protein L10 X X Pilin fraction
FTT 0339 308 ribosomal protein S8 X X Pilin fraction
FTT 0369¢ Hypothetical protein X X Pilin fraction
FTT 0372¢ AcetylCoA carboxylase beta subunit X X Pilin fraction
FTT 0624 ATP-dependent Clp protease subunit P X Pilin fraction
FTT 0704 Hypothetical protein X X Pilin fraction
FTT 0879 Superoxide dismutase (Cu-Zn) precursor X LP fraction
FTT 0889¢c Type IV pili fiber building block protein PilE X X LP fraction
FTT 0890c Type IV pili fiber building block protein PilA X X LP fraction
FTT 0903 Hypothetical protein X X Pilin fraction LP fraction
FTT 0910 Hypothetical protein X LP fraction
FTT 1241 Serine hydroxymethyltransferase X X Pilin fraction
FTT 1260 Hypothetical lipoprotein X LP fraction
FTT 1375 3-Oxoacyl-(acyl-carrier-protein) reductase X X Pilin fraction
FTT 1407¢ Hypothetical membrane protein X X Pilin fraction
FTT 1459¢ NAD-dependent epimerase X Pilin fraction
FTT 1701, Hypothetical protein X X Pilin fraction
FTT 1346
FTT 1710, Conserved hypothetical protein X X Pilin fraction
FTT 1355

«Criteria for identification not fulfilled (C.I. 92% and only one peptide per protein was identified), but the protein was identified repeatedly.

are differences in protein expression between type B and type A strains
(Hubalek et al. 2004; Pavkova et al. 2006). Nevertheless, the protective ability
of the dshbA/FSC200 mutant against type A strain indicates that some
immunoreactive antigens can be shared. Data from our present
immunoproteomic study confirmed that 14 antigens were recognized by both
types of immune sera (Table 2). On the other hand, seroconversion to SCHU
S4 unique response was reflected by production of antibodies against another
eight bacterial proteins (Table 2). Among identified proteins, DipA, FTT
1407c, PilA, PdpE, FTT 0903, IglE, acid phosphatase, superoxide dismutase
Fe and superoxide dismutase Cu-Zn represent potential or well-known
virulence factors (Weiss et al. 2007; Melillo et al. 2009; Akimana, Al-Khodor
and Abu Kwaik 2010; Forslund et al. 2010; Chong et al. 2013; Mohapatra et
al. 2013; Robertson et al. 2013). It was already described that IglE, PdpE
superoxide dismutase Fe and acid phosphatase can be secreted during
Francisella growth (Konecna et al. 2010; Broms et al. 2012). Additionally, we
observed that DipA and IgIE can accumulate in a membrane of the dsbA/LVS
mutant (Straskova et al. 2009) and unpublished observation. It might be that
these proteins are misfolded due to the loss of the DsbA protein, which has both

Schmidt ez al. 2013) and are, therefore, not delivered to proper location. This
situation can lead to the increased immunogenicity of these misfolded proteins.
Our results show that the dsbA/FSC200 mutant is able to mount strong Th1
type immune response in vivo that is even efficient against a subcutaneous and
intranasal challenge with type
A Francisella SCHU S4 strain. Moreover, identification of novel
immunoreactive antigens which are common or unique for the dsbA/FSC200
vaccination or the SCHU S4 challenge then contributes to the listof proteins
useful for a subunit vaccine design.

SUPPLEMENTARY DATA
Supplementary data are available at FEMSPD online.
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process. Although reasons of such unresponsiveness are
not fully understood, their impact on the priming of
immunity is well appreciated. Previous attempts to explain
the behavior of Francisella-infected DCs were
hypothesisdriven and focused on events at later stages of
infection. Here, we took an alternative unbiased approach
by applying methods of global phosphoproteomics to
analyze the dynamics of cell signaling in primary DCs
during the first hour of infection by Francisella tularensis.
Presented results show that the early response of DCs to
Francisella occurs in phases and that ERK and p38
signaling modules induced at the later stage are
differentially regulated by virulent and attenuated dsbA
strain. These findings imply that the temporal
orchestration of host proinflammatory pathways
represents the integral part of Francisella life-cycle inside

" The abbreviations used are: p.i., post infection; AMPK,
AMPactivated protein kinase; AP-1, activator protein 1; BMDC,
bone marrow-derived dendritic cell; CREB, cAMP-responsive
elementbinding protein; DC, dendritic cell; ERK, extracellular
signal-regulated kinase; GAP, GTPase-activating protein; GEF,
guanine nucleotide exchange factor; GM-CSF, granulocyte-

hijacked DCs. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000160, 81-94, 2018.

Francisella tularensis is a Gram-negative bacterium and
intracellular pathogen that is responsible for tularemia disease
(1). Although humans are not the primary hosts, Francisella
capacity to cause respiratory infections with the relatively high
mortality rates prompted the classification of the bacterium as
a potential biological weapon (2). The disease itself is
characterized by the delayed onset of the adaptive immunity
which is then followed by the hypercytokinemia (3). The
suboptimal host response comes as a consequence of
Francisella ability to avoid the activation of phagocytes in
which the bacterium replicates (4). Francisella initiates its
intracellular life cycle by the entry into the host cell where it
transiently resides within the phagosome. Following 30—60 min
post infection (p.i.)!, Francisella escapes from the vacuole into

macrophage colony-stimulating factor; GSK, glycogen synthase
kinase; HILIC, hydrophilic interaction chromatography; IFN-,
interferon-; IKK, inhibitor of NF-B kinase; JNK, c-Jun N-terminal
kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein
kinase; MAPKAPK, MAPK-activated protein kinase; MOI,
multiplicity of infection; mTOR, mammalian target of rapamycin;
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the host cell cytosol and it replicates there (5). Dendritic cells
(DCs), as professional phagocytes, are also susceptible to
Francisella infection. Like the situation in other host cells,
Francisellainfected DCs are not sufficiently stimulated, do not
produce proinflammatory cytokines and do not undergo the
classical process of maturation (6). Consequently, these DCs
have only a limited capacity to prime the adaptive response
and they serve rather as migrating bacterial reservoirs. The
weak immunostimulatory phenotype of infected DCs correlates
with Francisella tendency to evade the host proinflammatory
signaling. Francisella-mediated activation of nuclear factor

-light-chain-enhancer of activated B cells (NF-B) is dependent
on toll-like receptor 2 (TLR2)/myeloid differentiation primary
response protein 88 (MyD88) stimulation (7). However, the
bacterium can reduce the NF-B-driven gene expression either
through the modulation of phosphoinositide 3-kinase
(PIBK)/Akt pathway or by the rapid escape from the
phagosome (7, 8). In cytosol, the sensing of Francisella DNA
triggers stimulator of interferon genes (STING)-dependent
type | interferon (IFN) response which helps to orchestrate the
inflammasome assembly and caspase 1 activation (9, 10).
Nevertheless, although virulent Francisella stimulates in DCs
the expression of IFN-, the pyroptosis is suppressed (11).
Francisella manipulation of DC response therefore evolves in
time and follows the bacterial needs. From this perspective,
the early Francisella-DC interactions represent the crucial
phase which directs the future events of DC activation and
potentially shapes the adaptive immune response.

To better understand these early processes, we analyzed
the cell signaling dynamics of primary DC during the first hour
of Francisella infection by SILAC (stable isotope labeling by
amino acids in cell culture) based phosphoproteomic
approach. Our results reveal the existence of distinct phases
of protein phosphorylation in infected DCs. Although the initial
stage seems to relate to the general process of the bacterial
entry, the induction of extracellular signal-regulated kinase
(ERK) and p38 signaling during the later phase is regulated
differently by the used virulent and attenuated Francisella
strains.

EXPERIMENTAL PROCEDURES

Cultivation of Bacteria—All Francisella tularensis strains were
cultured on MclLeod agar enriched for bovine hemoglobin and
IsoVitalex (both Becton Dickinson, Franklin Lakes, NJ) at 37 °C.

Generation/SILAC Labeling of Bone Marrow-Derived DCs (BMDCs)
and J774.2 Cultivation—BMDCs were generated from bone marrow
progenitors isolated from femurs and tibias of 6- to 8-week-old female
C57BL/6 mice. Approximately 1 107 bone marrow cells were seeded

NF-B, nuclear factor -light-chain-enhancer of activated B cells;
p70S6K, p70 ribosomal S6 kinase; PAK, p21activated kinase;
PI3K, phosphoinositide 3-kinase; RSK, p90 ribosomal protein S6

on 10 cm tissue plastic Petri dish into 10 ml of RPMI 1640 media
containing 10% (v/v) fetal bovine serum (FBS; Sigma Aldrich, St. Louis,
MO) and penicillin/streptomycin and these were left at 37 °C in a
humidified atmosphere of 5% CO.. After overnight depletion of
adherent cells, suspension cells were seeded on a new dish in RPMI
1640, 10% FBS, and 5% (v/v) supernatant from Ag8653 cells
transfected by cDNA of murine granulocyte-macrophage
colonystimulating factor (GM-CSF). Cells were passaged every 2-3
days. Suspension cells were harvested on the day 9 of cultivation.
SILAC labeling of BMDCs was performed as previously described (12).
All experiments using mice were performed in accordance with
guidelines of the Animal Care and Use Ethical Committee of the
Faculty of Military Heath Sciences, University of Defense, Czech
Republic (project no. 50-6/2016—-684800). The murine macrophage-
like cell line J774.2 was obtained from the European Collection of Cell
Culture (EACC, ref No. 85011428). J774.2 were cultured in high
glucose DMEM containing 10% (v/v) FBS (Sigma Aldrich) and kept at
37 °C in a humidified atmosphere of 5% CO,. Cells were passaged
every 2-3 days.

Infections and Treatments—Unless otherwise noted, all infection
experiments were performed as described: harvested BMDCs were
seeded into fresh RPMI 1640 medium containing 10% FBS (or SILAC
medium with 10% dialyzed FBS in the case of proteomics experiments)
at 2.5 10° cells/ml. Infection was initiated by the addition of bacteria
suspended in the medium of the same composition followed by
thorough mixing. Multiplicity of infection (MOI) was 50. Infected cells
were kept at 37 °C/5% CO; and the infection was stopped by the
addition of excess of ice-cold PBS followed by centrifugation of
suspension at 4 °C. For 24 h infection intervals, BMDCs were seeded
at 2 108 cells/ml and MOI was 10. Cells treated by E. coli 055:B5
lipopolysaccharide (LPS; 500 ng/ml) were used as a positive control.
In experiments with killed Francisella, bacteria were first fixed by 3.7%
(w/v) paraformaldehyde (PFA) at 4 °C overnight and then used as an
infection agent at apparent MOl 100. For synchronization of BMDC
infection, bacterial suspension was mixed with the suspension of 7.5
10%cells (MOI 50) in flat-bottom falcon tube and immediately copelleted
in centrifuge (400 g, 5 min, RT). Following the centrifugation (¢ 0), cells
were kept at 37 °C/5% CO, for the indicated time p.i. Mock-infected
BMDCs were centrifuged without bacteria. When indicated, seeded
BMDCs were pretreated either by DMSO or by bafilomycin A1 or
SB203580 (both Sigma Aldrich) for 1 h at final concentrations of 100
nv or 10 ™M, respectively, followed by the addition of bacteria.
DMSO/inhibitors were present in the medium throughout the infection.
Adherent J774.2 cells were infected in 6-well plates (1 10° cells/well)
by cocentrifugation (400 g, 5 min, RT) with bacteria (MOI 50) and left
for 60 min at 37 °C/5% CO..

Cell Lysis and Protein Digestion—BMDC pellets were lysed by
sodium deoxycholate (SDC)-containing buffer as previously described
(13). Protein concentrations were measured using the Micro BCA kit
(Thermo Pierce, Waltham, MA) and the corresponding light and heavy
isotope-labeled lysates were mixed in a 1:1 ratio based on protein
content. Proteins were reduced by the addition of DTT (final
concentration 10 mm) for 1 h at 37 °C, followed by the alkylation with
iodoacetamide (IAA; final concentration 20 mm) for 30 min at room
temperature in the dark. The excess of IAA was quenched by the
addition of DTT to a final concentration of 20 mm and the reaction was
left to proceed for 15 min at room temperature. Proteins were digested
by trypsin (Promega, Madison, WI) at a ratio 50:1 (w/w) at 37 °C

kinase; SILAC, stable isotope labeling by amino acids in cell
culture; TLR, toll-like receptor.
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overnight. Digestion was stopped by the addition of TFA to a final
concentration of 1% (v/v) to precipitate SDC. Suspension was then
mixed with an equal volume of ethyl acetate, vortexed and centrifuged.
Upper organic phase was removed and the extraction process was
repeated four times to completely extract SDC (14). Water phase
containing peptides was then desalted on Discovery DSC-18 SPE
cartridges (500 mg/3 ml; Sigma Aldrich) and the eluate in 80%
ACN/0.1% TFA was vacuum-dried.

HPLC Fractionation—Fractionation of peptides was performed

using Alliance 2695 liquid chromatograph (Waters, Milford, MA). For
phosphoproteome analysis, BMDC digests were fractionated by
hydrophilic interaction chromatography (HILIC) (15). Peptide material
of 3 to 5 mg was injected onto TSKgel Amide-80 HR column (5 m,
4.6 250 mm) with guard column (5 m, 4.6 10 mm; both Tosoh
Bioscience, Tokyo, Japan) under conditions of 20% mobile phase A
(2% ACN/0.1% TFA) and 80% mobile phase B (98% ACN/0.1% TFA)
at flow rate of 0.5 ml/min. Peptide separation was performed by a linear
gradient formed by mobile phase A and mobile phase B, from 80 to
60% of mobile phase B in 40 min and from 60 to 0% of mobile phase
B in 5 min. Through the gradient elution window, 20 fractions were
manually collected into microcentrifuge tubes. For analysis of BMDC
proteome at 60 min p.i., 200-300 g of peptides were fractionated by
high-pH reversed phase liquid chromatography as previously
described (16) and 10 fractions were manually collected through the
gradient elution window. Prior LC-MS analysis, fractions 1 and 2 were
pooled with fractions 9 and 10, respectively.

Phosphopeptide Enrichment—Collected HILIC fractions were first
acidified by 2% (v/v) TFA solution containing 100 mm glutamic acid as
an excluder, followed by the addition of 1.5-2.5 mg of TiO, particles
(10 m, GL Sciences, Tokyo, Japan). Suspensions were then vor-
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texed for 20 min at room temperature and centrifuged. Pellets of TiO,
were sequentially washed in buffers A (65% ACN/2% TFA/100 mm
glutamic acid), B (65% ACN/0.5% TFA), and C (65% ACN/0.1% TFA).
TiOz-bonded phosphopeptides were eluted by vortexing particles for
10 min at room temperature in ammonia solution (pH 11) followed by
the acidification of supernatants by TFA to reach pH 2. Each HILIC
fraction was subjected to two identical cycles of the enrichment and
TiOz-eluates from the same fraction were pooled, desalted on 3M
Empore SPE cartridges (Sigma Aldrich) and the eluates in 65%
MeOH/0.1% TFA were vacuum-dried.

Liquid Chromatography-Mass Spectrometry—The Ultimate 3000
RSLCnano system connected through Nanospray Flex ion source with
Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA) were
used for instrumental analysis (17). For phosphoproteome analysis,
approximately one third of sample material from each phosphopeptide
fraction was introduced onto trap column (PepMap100 C18, 3 m, 0.075
20 mm) and then separated by running a linear gradient (0.1% FA in
water as phase A; 80% ACN, 20% water and 0.1% FA as phase B)
from 4 to 34% B in 48 min and from 34 to 55% B in 10 min, at a flow
rate of 300 nl/min, on analytical column (PepMap C18, 2 m, 0.075 150
mm). The full MS/Top10 setup was used for mass spectra acquisition.
The positive ion MS spectra from 350—-1750 m/z range were obtained
in the Orbitrap at a resolution of 70,000 (at m/z 200). Multiply charged
precursors ions with minimal threshold intensity of 5 10* counts and
not fragmented during previous 30 s were admitted for higher energy
collisional dissociation (HCD). Tandem mass spectra were acquired
with following settings; resolution at 17,500, AGC target value at 1 10°,
maximum ion injection time at 100 ms, and normalized collision energy
set to 27. Data acquisition was under control of Xcalibur software v3.0.
Proteome samples fractions were analyzed by the same
instrumentation using a linear gradient from 4 to 30% B in 88 min and
from 30 to 55% B in 25 min for separation. Mass spectrometer
operated in Top12 setup and collected MS spectra were in range of
350-1650 m/z. Intensity threshold for triggering MS/MS was 6 10*
counts. The rest of instrumental parameters were identical to those of
phosphoproteome analysis.

Phosphosite and Protein Identification and Quantification—
Phosphoproteome and proteome data sets were processed by
MaxQuant ver. 1.5.2.8 coupled with Andromeda search engine (18).
Data were searched against FASTA database consisting of reference
proteome for Mus musculus (UP000000589; June 16, 2015; 53,245
sequences) and Swiss-Prot TrEMBL database entry for Francisella
tularensis subsp. holartica FSC200 strain (January 27, 2015; 1424
sequences), both downloaded from Uniprot site. MaxQuant-
implemented database was used for the identification of contaminants.
False discovery rate (FDR) estimation of peptide identification was
based on targetdecoy approach using reverted search database as a
decoy. Phosphosite identification and quantification was performed
using these MaxQuant parameters: mass tolerance for the first search
20 ppm, for the second search from recalibrated spectra 4.5 ppm (with
individual mass error filtering enabled); maximum of 2 missed
cleavages; maximal charge per peptide z 7; minimal length of peptide
7 amino acids, maximal mass of peptide 4600 Da;
carbamidomethylation (C) as fixed and phosphorylation (STY),
oxidation (M) and acetylation (protein N-term) as variable modifications
with the maximum number of variable modifications per peptide set to
5. Trypsin with no cleavage restriction was set as a protease. Mass
tolerance for fragments in MS/MS was 20 ppm, taking the 12 most
intensive peaks per 100 Da for search (with enabled possibility of
cofragmented peptide identification). Minimal Andromeda score for
modified peptides was 40 and minimal delta score for modified
peptides was 6. FDR filtering on peptide spectrum match was 0.01 with
separate FDR filtering for each modification set to 0.01. For peptide

quantitation, Arg6 [*Ce] and Lys6 ['°C¢] were set as labels in heavy
channel (or in light channel for label-swap experiments to obtain
inverted H/L ratios) with requantify function enabled. Ratios for
individual phosphosites were derived from normalized ratios of the
least modified phosphopeptides in a given replicate. MaxQuant
parameters for processing of proteome data were identical except for
only oxidation (M) and acetylation (protein N-term) were allowed as
variable modifications. For protein quantitation, only protein groups
with at least one unique or razor peptide having SILAC ratio and only
those protein groups passing protein FDR filtering set to 0.01 were
considered (18). All hits identified in searches as contaminants were
filtered out.

Experimental Design and Statistical Rationale—SILAC experiments
were performed in biological triplicate for each time point and bacterial
strain used and the respective mock-treated BMDCs served as a
control. In two replicates, light BMDCs were infected and heavy cells
were mock-treated. In one replicate, SILAC groups were swapped
(supplemental Fig. S1). In total, 18 digests (three time points/two
bacterial strains/triplicate) were fractionated by HILIC. Aliquots of 6
digests (60 min p.i./two bacterial strains/triplicate) were also subjected
to proteome analysis. Significantly regulated phosphosites for each
triplicate (time point/bacterial strain) were found by global mean rank
test (GMRT) (19) wusing R package MeanRankTest
(https://www.evotec.com/MeanRankTest) with parametric FDR level
set to 0.05. Only those phosphosites quantified in all three replicates
of the given experimental condition were allowed for testing. With
respect to the obtained phosphoproteomic data, GMRT was chosen for
two reasons: (1) rank tests in general are advantageous for global
methods when fold changes are relatively low (20) and (2) GMRT was
shown to reliably control FDR even for small number of replicates (19).

Phosphosite Fuzzy c-means Clustering—Fuzzy c-means clustering
(21) of phosphosites with localization probability 0.75 (22, 23), which
were quantified in all three time points for WT-infected BMDC samples
with the relative standard deviation (RSD) 30%, was performed by
Mfuzz R package (24). For a given phosphosite, normalized logzratios
from replicates were first averaged and multiplied by 1 for each time
point and then normalized by Z-score. Fuzzifier was set to 3.65 (25)
and the number of clusters was 4. Human protein reference database
(HPRD) (26) kinase motifs enriched in phosphosite clusters were found
by Fisher exact test (Benjamini-Hochberg (BH) FDR level set to 0.05)
using Perseus software ver. 1.5.4.1 (27).

InnateDB Terms Enrichment and the Construction of Protein-Protein
Interaction Network—For the comparison of BMDC response induced
by WT and dsbA Francisella strains, normalized log,-ratios of
phosphosites quantified in all three replicates of WT-infected BMDCs
samples were tested by unpaired two sample Student’s t test against
those quantified in all three replicates of dsbA-infected BMDCs
samples of the same time interval. Phosphosites (and corresponding
phosphoproteins) having p  0.05 were further considered as
differentially regulated between BMDCs infected by WT and
dsbA. For InnateDB term analysis, phosphoproteins were first
annotated by Pathway analysis web-based tool from InnateDB
database (http://www.innatedb.com/) (28) and Fisher exact test was
then used to find enriched InnateDB Pathway name terms in the group
of differentially regulated phosphosites (BH FDR level set to 0.05).
Only terms containing at least 3 regulated phosphosites are reported.
In case in which the same group of phosphosites was annotated by
several similar enriched InnateDB terms, one representative term was
selected. Using the described approach, none InnateDB terms were
found enriched for 10 and 30 min p.i. For the construction of
proteinprotein interaction network, only proteins bearing phosphosites
differentially regulated between WT- and dsbA-infected
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BMDCs at 60 min p.i. were considered. Sequences were mapped to
murine protein sequences on STRING (v10) (29) using BLAST to
obtain database identifiers and best matches with at least 80% identity
were used. STRING interaction network containing interactions with
700 score was then loaded into Cytoscape ver 3.2.1 and only
differentially regulated phosphoproteins or proteins having at least two
differentially regulated neighbors (“connecting” nodes) were kept. The
emerging network was then reduced to contain smallest possible
number of “connecting” nodes while keeping all regulated
phosphoproteins in one network (i.e. removing “connecting” nodes with
relatively low number of neighbors). In cases where it could not be
decided, all equivalent nodes were kept.

Immunofluorescence Microscopy—Bacteria were incubated for 1 h
with 5 m 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester
(CFDA-SE) prior the infection. BMDCs were then infected as described
under Experimental Procedures, transferred to glass slide using
cytospin and fixed by 3.7% PFA. The excess of PFA was quenched by
50 mm NH4Cl and cells were permeabilized by 50 g/ml digitonin for 1
min. BMDCs were then stained for 20 min by Alexa Fluor 594
Phalloidin (6.6 m) and for 5 min by 4 ,6-diamidino-2phenylindole (DAPI,
300 nm) and mounted by Mowiol. Microscope slides were viewed by
fluorescence microscopy on Nikon Eclipse Ti (Nikon, Tokyo, Japan).
Percentage of infected cells was calculated as an average of 500
cross-sectional images per time point.

Transmission Electron Microscopy—Infected or uninfected cells
were quickly washed with So” rensen buffer (0.1 M sodium/potassium
phosphate buffer, pH 7.3; SB) at 37 °C, fixed with 2.5% glutaraldehyde
in SB for 2 h, washed with SB, embedded in blocks of 1% low-melting
point agarose (type VII, Sigma Aldrich), and postfixed with 1% OsO4
solution in SB for 2 h. The cells were dehydrated in series of ethanol
with increasing concentration, subsequently in propyleneoxide, and
embedded in Epon-Durcupan resin. Polymerized blocks were cut into
80 nm ultrathin sections, collected on 200 mesh size copper grids, and
stained with saturated aqueous solution of uranyl acetate for 4 min.
The sections were examined in FEI Morgagni 268 transmission
electron microscope operated at 80 kV. The images were captured
using Mega View Ill CCD camera (Olympus Soft Imaging Solutions,
Mu™ nster, Germany).

Flow Cytometry—Following 24 h of infection, suspension BMDCs
were harvested and stained by following antibodies: anti-
CD11cphycoerythrin (PE)-Cy7 (BD Pharmingen, San Jose, CA),
antiCD80-PE (Beckman Coulter, Brea, CA), anti-CD86-PE (Beckman
Coulter), and anti-I-A/I-E major histocompatibility complex Il (MHC 1)
conjugated with biotin (Novus Biologicals, Littleton, CO), respectively.
Anti-MHC 1l antibodies were then stained by streptavidin-FITC
(Invitrogen, Carlsbad, CA). Cells were fixed and before analysis on
CyAn ADP flow cytometer (Beckman Coulter) stained by propidium
iodide. Data acquisition and interpretation were performed using
Summit 4.3 software (Beckman Coulter).

ELISA—Quantification of cytokines in cell culture supernatants was
performed using DuoSet ELISA kits (R&D Systems, Minneapolis, MN)
according to manufacturer instructions.

Quantitative Real-time PCR—RNA was isolated from cells using
RNeasy kit from Qiagen. 1 g of total RNA was reverse transcribed
using oligo (dT) primers (New England Biolabs, Ipswich, MA).
Quantitative real-time PCR analysis was performed and analyzed
using ABI Prism 7500 Fast RT-PCR System (Applied Biosystems,
Foster City, CA). Data were normalized to the housekeeping gene 18S
rRNA (Rn18S1) and expressed as fold change relative to RNA
samples from mock-treated cells using the comparative Ct method (
Ct). The following TagMan Gene Expression Assays were used
(Applied Biosystems): 1110 (MmO01288386_m1), 1112b

(Mm01288989_m1),  Ifnb1 Rn18S1
(Mm03928990_g1).

Western Blot—Cell pellets were lysed in RIPA buffer containing
protease (Roche, Basel, Switzerland) and phosphatase (cocktail set Il,
Merck, Darmstadt, Germany) inhibitors. Denatured and reduced
proteins were separated by SDS-PAGE and transferred to PVDF
membranes. Blots were blocked by milk and incubated with primary
antibody overnight followed by secondary antibody conjugated with
horseradish peroxidase (Dako, Glostrup, Denmark). Bands were
visualized by ECL (Amersham Biosciences, Little Chalfont, United
Kingdom). Anti-actin and anti-tubulin antibodies were purchased from
Sigma Aldrich and Abcam (Cambridge, United Kingdom), respectively.
The rest of primary antibodies were obtained from Cell Signaling
(Danvers, MA).

(MmO00439552_s1), and

RESULTS

Francisella Induces Two Waves of Protein Phosphorylation
in BMDCs During the First Hour of Infection—SILAC-labeled
primary murine bone marrow-derived DCs (BMDCs) (12) were
infected by fully virulent Francisella tularensis subsp. holarctica
FSC200 strain (WT) in suspension without the synchronization
by centrifugation to avoid TLR2-MyD88-dependent NF-B
activation caused by a mechanical force (30). BMDCs were
lysed at 10, 30, and 60 min p.i. and the lysates were processed
and analyzed as described under Experimental Procedures
(supplemental Fig. S1). In total, 17,535 phosphosites from
Francisella-infected BMDC proteome were identified. From
these, more than 5000 were quantified in all replicates of each
experimental condition (time/bacterial strain; supplemental Fig.
S2 and supplemental Table S1). In general, Francisella-
induced phosphorylation events in BMDCs were most
apparent at 10 min p.i. (Fig. 1A). Consistently, the highest
number of phosphosites was classified as significantly
regulated at 10 min p.i. (Fig. 1B and supplemental Fig. S3).
Surprisingly, following the drop at 30 min p.i., there was a new
increase in BMDC protein phosphorylation at 60 min p.i. This
observation was not caused artificially by the variability of data.
Phosphoproteome samples were grouped together according
to the time p.i. in PCA (supplemental Fig. S4A). Although the
relatively small phosphorylation changes and suboptimal
SILAC labeling efficiency of primary BMDCs (12) led to the low
correlation of label swap replicates, there was no difference
between 30 and 60 min p.i. data sets in terms of the distribution
of RSDs for phosphosites SILAC ratios (supplemental Fig.
S4B). The increase in BMDC signaling at 60 min p.i. was also
not affected by the changes in protein expression or
degradation (supplemental Fig. S5). To further analyze
phosphorylation dynamics in infected BMDCs, fuzzy c-means
clustering was used to group reproducibly quantified
phosphosites according to their time profiles (Fig. 1C and 1D).
In line with results shown in Fig. 1B, cluster peaking at 10 min
p.i. (cluster A) contained the highest number of phosphosites
(Fig. 1C). To identify potentially involved kinases, clustered
phosphosites were searched for Human Protein Reference
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Database (HPRD) kinase motifs (Table I). Activities of several
kinases seemed to follow the profile of the largest phosphosite
cluster A; e.g. p70 ribosomal S6 kinase (p70S6K), Akt or p21-
activated kinase 2 (PAK2) (Table I). Importantly, activities of
these kinases were confirmed by Western blot (Fig. 1E). The
large part of phosphoproteins regulated at 10 min p.i. was
functionally linked to regulation of cytoskeleton and vesicular
transport  (supplemental Table S1). Among them,
GTPaseactivating proteins (GAPs) and guanine nucleotide
exchange
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Fic. 1. Protein phosphorylation induced in BMDCs during the first hour of infection by Francisella tularensis subsp. holarctica
FSC200 (WT) strain. SILAC-labeled BMDCs were infected with WT (MOI 50) for 10, 30, or 60 min (supplemental Fig. S1) and processed as
described under Experimental Procedures. A, Histograms of normalized SILAC log,-ratios (Mock/WT) of phosphosites from infected BMDCs.
Data collected from means of three biological replicates with RSD 30%. B, Count of significantly regulated phosphosites per given time p.i.
(Global Mean Rank Test, FDR 0.05). C, Count of phosphosites which were assigned to fuzzy c-means clusters. D, Fuzzy c-means clustered
phosphosites from infected BMDCs. E, Western blot analysis of selected kinases. Data are representative from biological duplicate.

TABLE |

HPRD motifs enriched in phosphosite clusters from Fig. 1D. Motifs were found by Fisher exact test (BH FDR 0.05). Only those with enrichment
factor 1.2 are presented. None motif was found for cluster C

Cluster HPRD motif Enrichment factor FDR
A p70 Ribosomal S6 kinase 2.33 3.02107
Aurora-A kinase 1.97 6.8210*
Phosphorylase kinase 1.64 1.5010°
Akt kinase 1.57 3.8210*
MAPKAPK1 kinase 1.55 2.3910*
PAK2 kinase 1.53 2.6510°
PKC epsilon kinase 1.46 6.2110°
MAPKAPK2 kinase 1.30 7.8510°
14-3-3 domain binding motif 1.27 2.0510*
Calmodulin-dependent protein kinase | 1.21 1.3010°
B Growth associated histone HI kinase 1.48 2.3810°
ERK1,2 kinase 1.26 7.9610°
WW domain binding motif 1.21 3.3110*
GSK-3, ERK1, ERK2, CDK5 1.21 3.6810*
. Molecular & %‘WB?#FW§?88?B%8%° g7 ynase ! <10 Y 87
MP-activated protein kinase 1.70 1.4910?
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FiG. 2. Francisella dsbA mutant stimulates in vitro BMDC activation and maturation. BMDCs were infected by FSC200 WT, FSC200
dsbA or LVS at MOI 10 or treated by E. coli LPS (500 ng/ml) and left for 24 h. A, Flow cytometric analysis of cell surface expression

of MHC 1l, CD80 and CD86. Histograms are representative from biological triplicate. B, Concentrations of IL-12p40, IL-1 and IL-6 in culture
supernatants were determined by ELISA. Data are presented as means S.E. of independent replicates; n 3; *p 0.05 (Student’s ¢ test). C,

Electron micrographs of BMDCs infected by WT and

arrow indicates the damaged phagosomal membrane. Lengths of

dsbA at 60 min p.i. (MOI 50). Black arrow shows free bacteria in the cytosol. White

dsbA,

factors (GEFs) of Rac and Cdc42 GTPases (e.g. Arhgaps,
Arhgefs or Docks) represented the most notable examples.
GEFs activate Rac/Cdc42 and promote their binding to PAKSs,
which in turn stimulates PAK autophosphorylation and
activation. Such autophosphorylation of PAK1 (S204) and
PAK2 (S55 and S197) was indeed detected at 10 min p.i.,
therefore indirectly confirming previous kinase motif analysis
(Fig. 1D, 1E and Table I) and supporting the active role of Rho
GTPasePAK signaling in Francisella internalization. In contrast
to 10 min p.i., only few potential kinases could be associated
with

the second signaling maximum occurring 60 min p.i. (clusters
B and D in Fig. 1D and Table I, respectively). Although the
activity of AMP-activated protein kinase (AMPK) gradually
increased and peaked at 60 min p.i. (cluster D in Fig. 1D and
Fig. 1E), ERKs displayed more complex behavior as their

scale bars are 0.2 m and 0.1 m for micrographs showing WT and

kinase motif was enriched in phosphosite cluster displaying

maxima at 10 and 60 min p.i. (cluster B in Fig. 1D).
Francisella Mutant Lacking dsbA Gene May Serve As An

Avirulent Control to WT Strain in BMDCs—The identification

of DC signaling pathways regulated in response to

Francisella

respectively. Data are representative from biological triplicate.

virulent behavior could be facilitated by the confrontation of
results with experiments in which attenuated strain was used
as a control. Francisella strains lacking dsbA gene ( dsbA)
are attenuated in vivo and provide the protection against
subsequent challenge by parental strain (31-33). The
engagement of adaptive immunity suggests that dsbA

would represent suitable alternative to WT in terms of DC
response. To assess in vitro ability of dsbA to induce
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Fic. 3. BMDCs infected by WT maintain mTOR/p70S6K signaling at 60 min p.i. A, Time-dependent changes in phosphorylation of known

Akt targets in WT- and

dsbA-infected BMDCs. B, Time-dependent site phosphorylation in proteins connected to mTOR localization to

lysosome - all sites were significantly upregulated at 60 min p.i. only in WT-infected BMDCs (Global Mean Rank Test, FDR 0.05). Bar graphs
show the situation at 60 min p.i. for sites quantified only at this time point. Headings of graphs in (A) and (B) contain gene name/protein name,
Uniprot accession number and phosphosite position. SILAC-based phosphorylation changes are expressed as a mean S.E. (n 3) of normalized
fold change (FC, infected/mock) at respective time p.i.; *p 0.05 (Student’s t test applied on normalized SILAC log,-ratios). In graphs, “C”
designates no change (FC 1) and up- and downregulated phosphosites are represented by positive and negative FC values, respectively. C,
Western blot analysis of phosphosites connected to mTOR activity in infected BMDCs. Data are representative from biological duplicate.

BMDC maturation, cells were infected by FSC200 WT and
dsbA mutant of the same background and surface
expression of MHC Il, CD80 and CD86 was measured 24 h p.i.
by flow cytometry (Fig. 2A). For all presented maturation
markers,dsbA-infected BMDCs showed higher expressions
than cells infected by WT. Similarly, in vitro secretion of
proinflammatory cytokines IL-12p40, IL-1, and IL-6 was higher
in BMDCs infected by dsbA at 24 h p.i. (Fig. 2B). The
observed differences between strains were not skewed by
BMDC cell death (supplemental Fig. S6A). Note however, that
both WT and dsbA strains were relatively poor inducers of
BMDC cytokine secretion compared with Francisella Live
Vaccine Strain (LVS; Fig. 2B). Moreover, the viability of cells in
general (supplemental Fig. S6A) might further affect the
cytokine production because the levels of IL-12p40 secreted
by dsbA-infected BMDCs did not exceed those of
uninfected cells and the production in WT-infected BMDCs
was even lower (Fig. 2B). Consistently, the levels of IL-12p70
and IL-23 secreted by BMDCs infected with either WT or
dsbA were below the level of detection. To explore the
intracellular fate of bacterial strains, WT- and dsbA-
infected BMDCs were subjected to transmission electron

microscopy at 60 min p.i. Similarly to what was previously
reported (34), WT bacteria were located primarily in the cytosol
at this time p.i. (Fig. 2C). In contrast, the majority of dsbA
bacteria (60%) were surrounded by the damaged vacuolar
membrane (Fig. 2C) which suggested the intracellular
trafficking of dsbA in BMDCs differed from that of virulent
strain. Importantly, although the unsynchronized infection
reduced BMDC infectivity, the dynamics of WT and dsbA
host entry did not differ significantly (supplemental Fig. S6B).
Taken together, the results confirmed the attenuated nature of

dsbA in BMDCs in vitro and encouraged its use as an
avirulent control for phosphoproteomics experiments where
WT was an infection agent (supplemental Fig. S1).

Signaling of mTOR/p70S6K is Sustained 60 min p.i. in
WTinfected BMDCs—BMDCs infected by  dsbA mutant
were processed and analyzed for phosphoproteome changes
exactly as for WT-treated cells. Dominant feature of WT-
infected BMDCs was an early Akt activation (see above) (8).
To examine whether WT and dsbA mutant differed in
their ability to trigger Akt signaling, time profiles of several
identified Akt targets phosphorylated in both WT- and dsbA-
infected BMDCs at 10 min p.i. were compared (Fig. 3A,
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Fic. 4. Signaling in BMDCs infected by WT and dsbA starts to diverge at 60 min p.i. A, Means of normalized log,-ratios of phosphosites
quantified in all three biological replicates of SILAC experiment with RSD 30% per given time p.i. in WT-infected BMDCs were correlated with

the corresponding values of the same site in
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with Pearson coefficient (r) for the given time p.i. B, Innate DB terms enriched in the group of proteins differentially phosphorylated in WT- and
dsbA-infected BMDCs at 60 min p.i. (Fisher exact test; BH FDR 0.05). Only those terms containing at least 3 differentially regulated

supplemental Table S1). Phosphorylation trends of Tuberin
(Tsc2; T1465), proline-rich AKT1 substrate 1 (PRAS40; T247),
glycogen synthase kinase-3 (GSK-3; S9) or AMPK 1 (S496)
followed the predicted Akt activity (cluster A in Fig. 1D) similarly
in both WT-and dsbA-infected BMDCs. Importantly, these
proteins are responsible for the suppression of mammalian
target of rapamycin complex 1 (mTORC1) activity and Akt-
mediated phosphorylation release mTORC1 from their
inhibition (35— 38). This suggested that mTOR activity should
follow that of Akt in both WT-and dsbA-infected BMDCs
(Fig. 1D). However, several phosphosites associated with
mTOR signaling were found to be upregulated at 60 min p.i. in
BMDCs infected by WT (Fig. 3B, supplemental Table S1).
Although phosphorylation of MTOR on S1261 was shown to be
crucial for the induction of mTORC1 activity (39), functional
roles of phosphosites S278 on SH3 domain-binding protein 4
(SH3BP4) and S381 on RagC are unknown. Interestingly,
SH3BP4 negatively regulates mTORC1 activity on lysosome
lumen through binding of Rag complex via SH3BP4 region
containing S278 (40). Differential regulation of mMTOR between
WT- and dsbA-infected BMDCs at 60 min p.i. was confirmed by
Western blot (Fig. 3C). Independently of the bacterial strain
used, PRAS40 (T247) phosphorylation (compare with Fig. 3A)
and mTOR/p70S6K signaling were induced 10 min p.i.

However,
preserved
phosphosites are presented.

mTOR/p70S6K crosstalk at 60 min p.i. was

only in WT-infected BMDCs. These results suggest that in
contrast to BMDCs infected by dsbA, mTOR/p70S6K
signaling is maintained in WT-infected BMDCs at 60 min p.i.
and that this activity is Akt-independent.

Cell Signaling of BMDCs Infected by WT and dsbA
Starts to Diverge at 60 min p.i.—Observed differences in
mTOR  activity  prompted further  inspection of
phosphoproteomic data to search for system-wide variations in
WT- and dsbAinduced BMDC signaling. To determine
correlations in phosphoproteomes, phosphosites quantified in
the given time point p.i. in both WT- and dsbA-infected
BMDCs were plotted against each other in scatter plots (Fig.
4A). Phosphorylation changes induced by WT and  dsbA
invasion at 10 min p.i. correlated well. However, WT-infected
BMDCs showed more prominent protein phosphorylation with
increasing time p.i. (Fig. 4A). This behavior affected also
counts of regulated phosphosites (supplemental Fig. S3 and
supplemental Table S1). Although at 10 min p.i. the numbers
of significantly regulated phosphosites in BMDCs infected by
WT and dsbA were comparable, almost three times more
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phosphosites from WT-infected cells passed the significance
test when compared with dsbA at 60 min p.i. (supplemental
Fig. S3). Similarly, the numbers of phosphosites, which were
considered as differentially regulated between WT- and
dsbAinfected BMDCs (see Experimental Procedures), were
almost two times higher at 60 min p.i. (125 sites) than those at
10 or 30 min p.i. (70 and 56, respectively; supplemental Fig.
S7). Interestingly, the weak correlation of strain-specific
signaling temporally corresponded to the second wave of
protein phosphorylation at 60 min p.i. in WT-infected BMDCs
(Fig. 1B). BMDC signaling pathways engaged differentially by
WT and dsbA at 60 min p.i. were found by InnateDB terms
enrichment analysis (Fig. 4B). Taken together, WT and
dsbA induce similar patterns of protein phosphorylation in
BMDCs during the entry. BMDC cell signaling starts to diverge
in later time points p.i. and this is largely because of activation
of TLR- and mitogen-activated protein kinase (MAPK)-related
pathways in WT-infected cells.

ERKs and p38 Modules are Major Components of
WTinduced BMDC Signaling at 60 min p.i.—To explore
phosphoproteins differentially regulated at 60 min p.i. to a
greater depth, protein-protein interaction network was
constructed (supplemental Fig. S8). The assembly of the
network was subjected to two requirements: (1) the network

Procedures). Notably, the center of the network was formed by
a cluster of closely interacting nodes corresponding to MAPKs
and MAPK-activated protein kinases (MAPKAPKSs) (Fig. 5A).
The kinetics of phosphorylation for sites with available
quantitative data is shown in Fig. 5B. The phosphorylation
profiles of ERK2 and p38 in their activation loops (Y185 and
T180, respectively) suggested that these MAPKs are activated
at 60 min p.i. only in WT-infected BMDCs. Interestingly,
although the activation of p38 in WT-infected BMDCs peaked
at 60 min p.i., the phosphorylation of ERK2 was upregulated
also at 10 min p.i. in both WT- and dsbA-infected BMDCs. Of
note, the time profile of ERK2-activation phosphosite in WT-
infected BMDCs resembled the V-like shaped phosphosite
cluster B (Fig. 1D) for which ERKs kinase motif was enriched
(Table I). Although not passing the significance level for
differential regulation in WT- and  dsbA-infected BMDCs at
60 min p.i., phosphosite from the activation loop of ERK1
(Y205) followed the trend of ERK2 (Fig. 5B). These findings
confirmed ERKs as participants in both waves of WT-induced
signaling in BMDCs during the first hour of the infection.
Differential regulation of ERKs and p38 in WT- and dsbA-

infected BMDCs affected also the phosphorylation state of
MAPKAPKs acting downstream (Fig. 58 and 5C). ERK-
dependent phosphorylation of p90 ribosomal protein S6

should contain as many phosphoproteins differentially kinases (RSKs) RSK1 and RSK2 (S352 and T365,
A B mapkiErk2 Mapk3/ERK1 Mapk14/p38a ° Rpsbkad/Msk2  Mapk8ip3iJIP3
% v 187 _(P63085) 177 (Q63844) 177 (P47811), 3 (@s2289) (QgESNS)
K220 sy e 1T ves Y205 T180 N . .
o] T2
RpsGhad O Src b — AdshA e 5
To53 creb1 Mocp2 1 = % 5 WwT
YWhab  postkad | 2 * Wadsba
- £ cC -1.8
Stat1 O O 5
O“‘a“‘“ 4 Rpsbkal E o ] Time p.i. WT, AdsbA
Mapk1 [+ ] C 1 &
@ S D (min) 010 30 60 10 30 60
MEIB7 Maphaphc 512 — 1.1 —— C . T ] p-p38 L v =
Eifig2 @ S ol s 10 30 60 10 30 60 10 30 60 ¥ D ORI el
@) Neapd2 Kist| @ p-ERKs|.=.:z===='=
~~ 7 B RpsBka1/RSK1 RpsBka3/RSK2 Mapkapk2/MK2
RO /2187 *(P18653) 149 (P18654) 197 (P49138) * p_Rgmm
S s ; 2 352 T365 * T320
e £y g ] o z
Log,(WT-vs AdsbA- s N5 Y ] Total p38 =46
treated) ratios o 1
(abs. values) s i) | | Total ERKs[e====m=m =
0.70 ; o, @
oA T T * ¢ Total RSKT| S e e . -
0.05 ) 1 ] Tubulin] ‘e s s s ————
’ c — 1.2 — c — -
° 10 30 60 10 30 60 10 30 60 B-Actin| s - —

Time p.i. (min)

Fic. 5. ERK and p38 modules are induced in WT-infected BMDCs at 60 min p.i. A, Protein-protein interaction network constructed on

STRING background containing 80 proteins differentially phosphorylated in WT- and

dsbA-infected BMDCs at 60 min p.i. (large circles).

Magnified part shows MAPK interaction cluster. The color of large circles corresponds to the absolute value of the difference between means of

phosphosite normalized SILAC log-ratios in WT- and

dsbA-infected BMDCs at 60 min p.i. The whole network is in supplemental Fig. S8.

For details see Experimental procedures. B, Time-dependent and (C) 60 min p.i. changes in phosphorylation of MAPK-connected phosphosites

in WT- and

dsbA-infected BMDCs. See Fig. 3 legend for the description of the graphs. D, Western blot analysis of phosphosites

connected to MAPKSs activity in infected BMDCs. Data are representative from biological duplicate.

regulated in WT- and dsbA-infected BMDCs at 60 min p.i.
as possible and (2) unidentified proteins should also be
included to keep the network together (see Experimental

respectively) plays a crucial role in their activation (41, 42).
Similarly, p38-induced phosphorylation of MAP kinase-
activated protein kinase 2 (MAPKAPK2 or MK2) site T320 is a
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Fic. 6. p38-regulates the gene expression in WT-infected BMDCs. A, Time-dependent changes in phosphorylation of selected

phosphosites in WT- and

dsbA-infected BMDCs. B, Phosphorylation of IB- and CREB in WT- and

dsbA-infected BMDCs (MOI 50)

during the first hour of infection. C, Phosphorylation of Jun, CREB and p70S6K in WT-infected BMDCs at 60 min p.i. Cells were pretreated either
by DMSO or p38-inhibitor SB203580 for 60 min before infection. D, Stable expression of //72b and //70 mRNA in WT- and dsbA-

infected BMDCs (MOI 50) and in mock-treated cells during 4 h p.i. E, Stable expression of //12b and //170 mRNA at 2 h p.i. in WT-infected BMDCs.
Cells were pretreated either by DMSO or p38-inhibitor SB203580 for 60 min before infection. F, A model of phosphorylation-mediated early DC
signaling in response to infection by Francisella tularensis subsp. holarctica FSC200. For the description of graphs in (A), see Fig. 3 legend. The
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applied on Ct values from WT- and
are representative from biological duplicates.

part of MK2-activating cascade (43). Downstream of ERKs and
p38 lies also mitogen- and stress-activated kinase 2 (Msk2)
whose activity is positively regulated by phosphorylation of
T687 (44). As expected, all these sites were significantly more
phosphorylated in WT-infected BMDCs at 60 min p.i. (Fig. 5B
and 5C). Importantly, phosphorylation kinetics paralleled the
time profiles of phosphosites in activation loops of the
respective upstream MAPK (Fig. 5B). Although there was no
direct proof of c-Jun N-terminal kinases (JNKs) involvement in
WT-induced BMDC signaling at 60 min p.i.,, the
phosphorylation of JNK-interacting protein 3 (JIP3) (45) was
differentially regulated in WT- and dsbAinfected BMDCs at
this time p.i. (Fig. 5C). To confirm SILACbased results, the
activation states of ERKs, p38 and RSK1 were assessed by
Western blot (Fig. 5D). In line with phosphoproteomics data,
ERKs and RSK1 were activated in both WT- and dsbA-

infected BMDCs at 10 min p.i. However, in contrast to WT-

dsbA-infected BMDCs). In graphs, “C” designates no change (FC 1). Western blots

infected BMDCs, both kinases returned to their near-basal
states in dsbA-infected cells at 60 min p.i. As expected, the
induction of p38 at 60 min p.i. was observed only in BMDCs
infected by WT strain (Fig. 5D). The described MAPK activation
profiles were not biased by the efficiency or by the
synchronization of the infection (supplemental Fig. S9). WT-
specific induction of ERKs and p38 at 60 min p.i. raised a
question whether the altered host signaling could be related to
the increased presence of WT in the cytosol (Fig. 2C).
Bafilomycin A1 treatment is employed to block Francisella

phagosomal escape in host cells (46, 47). However,
bafilomycin A1 alone was a potent inducer of p38 in BMDCs
(supplemental Fig. S10A) which ruled out its use in this case.
Nevertheless, BMDCs treated by escape-negative (47)
paraformaldehyde (PFA)-killed bacteria showed a similar level
of ERK activation as in WT-infected cells and only p38 activity
was dependent on the viability of bacteria (supplemental Fig.
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S10B). Altogether, the results indicate that ERKs and p38 and
their downstream effectors RSK1, RSK2, Msk2 and MK2
represent major signaling modules specifically induced in WT-
infected cells at 60 min p.i. and that the induction of p38 branch
requires viable bacteria.

WT-induced p38 Signaling Regulates the Early Expression
of Pro- and Anti-inflammatory Cytokines in Infected BMDCs—
The induction of MAPK/MAPKAPK cascades in WT-infected
BMDCs suggested that these cells might also mobilize their
transcriptional machinery. Indeed, the observation of WTdriven
phosphorylation of proteins associated with inhibitor of NF-B
kinase (IKK) signaling indicated the upregulation of gene
expression. Tab2 protein, needed for IKK/ activation, was
phosphorylated (S450) in WT-infected BMDCs at 60 min p.i.
(supplemental Table S1). Similarly, a known substrate of both
canonical IKKs and IKK-related kinases (48) - Tank - was
phosphorylated on two residues (S107 and S258; Fig. 6A and
supplemental Table S1, respectively). Finally, IKK targets NF-
B inhibitor- (IB-; S18) (Fig. 6A), IB- (Fig. 6B) and Abin2 (S147)
(supplemental Table S1) were found to be phosphorylated in
WT-infected BMDCs at 30 min or 60 min p.i., respectively, and
these events are known to have a positive impact on NF-B-
dependent gene expression (49, 50). In addition, the
transcriptional activity of activator protein 1 (AP-1) was also
upregulated in BMDCs infected by WT as inferred from the
phosphorylation of Jun (S73) (Fig. 6A). The described situation
favored the expression of //12b in WTinfected BMDCs (Fig. 6D)
as the gene transcription is NF-Band AP-1-dependent (51, 52).
Notably, although the phosphorylation of Jun was p38-
independent (Fig. 6C), the expression of //12b relied on p38
activity (Fig. 6E) which suggests that WT-induced p38 might
support NF-B-dependent transcription (53). The early //12b
expression, followed by IL-12p40 secretion (1-6 h p.i.; Fig. 6D
and supplemental Fig. S11), contrasted with the situation at 24
h p.i., in which the levels of IL-12p40 produced by WT-infected
BMDCs were below those produced by dsbA-infected
cells (Fig. 2B and supplemental Fig. S11). The nature of the
attenuation of IL-12p40 production in WT-infected BMDCs
could not be explained based on the presented
phosphoproteomic data as these describe the very early
moments of the infection. Nevertheless, several lines of
evidence suggested that triggering of MAPK/MAPKAPK
signaling in WT-infected BMDCs at 60 min p.i. leads to the
activation of cAMP-responsive element-binding protein
(CREB) which is responsible for the transcription of genes with
immunosuppressive functions (54). First, InnateDB terms
connected to events in the nucleus (including “CREB
phosphorylation”) were found enriched in the group of proteins
differentially phosphorylated in WT- and dsbA-infected
BMDCs at 60 min p.i. (Fig. 4B). Second, although none of
CREB phosphosites were identified as regulated in
phosphoproteomic screen, CREB represented an interaction

hub in MAPK signaling cluster in the constructed protein-
protein interaction network (Fig. 5A). CREB-regulated
transcription coactivator 2 (TORC2) was phosphorylated in
WT-infected BMDCs at 60 min p.i. (supplemental Table S1)
at 2 position (S612) to calcineurin binding motif (55). Finally,
WT-induced MK2 and Msks MAPKAPKs (see above) can
phosphorylate the regulatory S133 CREB site (56, 57). In
line with the latter, CREB was phosphorylated in WT-
infected BMDCs at 60 min p.i. (Fig. 6B) in p38-dependent
manner (Fig. 6C). Notably, CREB was also phosphorylated
at 10 min p.i. in both WT- and dsbA-infected BMDCs
and the biphasic activation profile in WT-infected cells
implied the participation of either ERKs (Fig. 1D and 5B)
and/or Akt (see Discussion) in the process. The activation of
CREB in infected macrophages and DCs leads to the
expression of anti-inflammatory genes such as /70 (54).
Consistently with WT-induced CREB phosphorylation, the
increase in //70 mRNA was more prominent in WT-infected
BMDCs (Fig. 6D) and the stable expression relied on p38
activity (Fig. 6E). The dominant position of MAPK-regulated
transcription factors in BMDC transcriptional response to WT
might seem surprising considering the cytosolic localization
of bacteria at 60 min p.i. (Fig. 2C). Indeed, cytosolic
Francisella is known to induce expression of type | IFN-
related genes through the activation of interferon-regulatory
factor 3 (IRF3) by TANK-binding kinase 1 (TBK1) in STING-
dependent manner (9, 10, 58, 59). The interaction network
in supplemental Fig. S8 contained group of proteins
potentially involved in cytosolic sensing of bacteria
(supplemental Fig. S12A). However, the cluster was
relatively small and both participants identified in
phosphoproteomic screen, Tank (Fig. 6A) and Trafd1
(supplemental Fig. S12B), were also shown to participate in
the regulation of NF-B activity (Fig. 6B) (48, 60, 61). In line
with the inconclusive findings, the expression of Ifnb1 was
low in both WT- and dsbA-infected BMDCs when
compared with cells infected by LVS (supplemental Fig.
S12C). Taken together, these results show that signaling
cascades responsible for the activation of NF-B and CREB
in BMDCs are stimulated during the first hour of WT infection
and the induced early expression of both /112b and /10
genes depends on WT-activated p38 signaling.

DISCUSSION
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In this work, we explored phosphorylation signaling of DCs
during their early ( 1 h) interactions with either virulent
Francisella tularensis subsp. holarctica FSC200 (WT) or its
avirulentdsbA mutant. Such events are known to be
differentially regulated in host cells infected by virulent and
attenuated strains (7, 62—64) and they represent the initial point
of divergence in the activation and the immunogenic
development of DCs (6). We demonstrate here that virulent
Francisella triggers two distinct waves of DC protein
phosphorylation within the first hour of infection (Fig. 6F). The
initial phagocytosis-induced DC response (10 min p.i.) involves
Akt-mediated stimulation of mMTOR, the activation of ERK-RSK
module, and the regulation of Rac/Cdc42 GAPs and GEFs and
PAK autophosphorylation. The active role of ERKs and mTOR
in Francisella internalization was reported before (65, 66), but
this is the first study to show the involvement of PAKs in the
process. Their function however remains unclear because PAK
activation is associated with macropinocytic uptake (67) which
is not the primary mechanism of Francisella entry into
phagocytes (68). The initial DC response induced by the
bacterial engulfment rapidly declines at 30 min p.i. The notable
exception represents the upregulation of IKK signaling (e.g.
phosphorylation of IBs and Tank) which occurs more
prominently in DCs infected by WT bacterium. The difference
between strains becomes even more evident at 60 min p.i.
when WT induces the new wave of host proteome
phosphorylation. The most active components of this second
signaling peak are ERK1/ 2-RSK1/2 and p38-MK2 kinase
modules. The lower potency of dsbA to stimulate such
response represents an interesting feature of the invasion.
DsbA protein is TLR2 ligand (69) but it is unlikely that its loss
affected TLR-dependent MAPK activation because there is no
quantitative difference in the initial signaling response of DCs
to WT and dsbA. Rather, the existence of two
temporally separated host phosphorylation waves suggests
that infected DCs react to two distinct events. Considering the
bacterial uptake as the origin of the initial DC response, we
speculate that the second signaling wave detected at 60 min
p.i. might be functionally linked to the rapid escape of WT
bacteria into the cytosol. Two findings support this notion: (1)
only viable WT bacteria are able to trigger p38 activation and
(2) although the majority of dsbAcontaining
phagosomes lose their integrity at 60 min p.i., bacteria are still
surrounded by vacuolar membranes and therefore not fully
released. It is however impossible to conclude whether the
activation of p38/ERKs at 60 min p.i. results from the enhanced
cytosolic sensing of bacterial products, WT-specific rapid
disruption of phagosome, or the activity of unidentified bacterial
effector. In this light, it is interesting that components of
cytosolic DNA-sensing pathways are not among
phosphoproteins differentially regulated between WTand
dsbA-infected DCs. It was previously shown that dsbA of

LVS background stimulates the higher production of IFN- than
its WT counterpart (70). In contrast, the expression of /fnb1 in
DCs infected by FSC200 WT and  dsbA is lower than in LVS-
infected DCs and virtually indistinguishable from uninfected
cells. This suggests that the observed upregulation of MAPK
signaling in WT-infected BMDCs is unrelated to STING-
dependent cytosolic sensing of Francisella DNA (9, 10, 58, 59).
The activation of MAPKSs is a part of the host proinflammatory
response and it is usually associated rather with attenuated
Francisella strains (62, 63). For example, previous analysis of
host phosphoproteome showed that p38-target tristetraproline
(TPP) was phosphorylated in response to F. novicida [pcC
mutant and that this positively affected the stability of
proinflammatory transcripts (63). In contrast, we observe p38-
mediated TPP phosphorylation (S52; supplemental Table S1)
and p38-dependent //12b expression rather in DCs infected by
virulent strain. These contradictory findings might be explained
if we consider that the extent of MAPK activity induced by
virulent Francisella is assessed only relatively by the
comparison with attenuated bacteria. For illustration, mutants
defective in phagosomal escape are known to prolong the
stimulation of TLRs from within the phagosome (7) and the
comparison of these strains with WTs may lead to the
conclusion that virulent Francisella avoids MAPK activation.
Here, we employ dsbA as a reference. The mutant is
attenuated and provides protection in vivo (33). However, the
production of IL-1 in infected DCs suggests that dsbA
probably reaches the host cytosol. Such behavior would
explain the relatively low ability of dsbA to induce TLR-
dependent early MAPKs signaling when compared with
phagosome-residing mutants (7). On the other hand, different
kinetics of dsbA-driven phagosomal disruption and of
the cellular stress connected with the process might be
responsible for the apparently high MAPKs activity in WT-
infected DCs at 60 min p.i. Collectively, the presented
comparative study reveals that the early MAPKSs signaling in
Francisellainfected DCs is selectively engaged rather than
suppressed. The preservation of mMTOR activity observed at 60
min p.i. in WT-activated DCs probably helps to stimulate gene
transcription and to re-configure the cell metabolism (71).
Interestingly, although Akt mediated the suppression of mMTOR
inhibitors during the bacterial entry, mTOR activity at 60 min
p.i. was partially supported by p38 (Fig. 6C) and possibly also
by ERKs (66). The initial proinfammatory directing of WT-
infected DCs is however lost during Francisella-DC interaction
and, in contrast to dsbA-infected cells, DCs infected
by virulent bacteria are not activated or matured 24 h

p.i. Although the transient early activation of p38 and IB-
phosphorylation was in Francisella-infected cells observed
before (64), implications for bacterial virulence remain unclear.
It is known that the activation of p38 helps Francisella to
suppress the early cell death of the host (72, 73) and to
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downregulate MHC 1l (74). We propose that the positive
regulation of CREB transcription factor is another side effect of
p38 activation which favors Francisella-mediated host survival
and immunity bypass (54). It was previously shown that GSK-
3inhibition led to CREB activation and IL-10 production in LVS-
infected macrophages (75). Akt-mediated inhibition of GSK-3
could be indeed responsible for CREB induction at 10 min p.i.
observed in both WT- and dsbA-infected DCs. However,
phosphorylation of CREB at 60 min p.i. and the early
expression of //10 in DCs infected by WT was p38-dependent.
Although the levels of secreted IL-10 were below the limit of
detection, we speculate that p38-dependently produced IL-10
may through autocrine/ paracrine stimulation instruct DCs to
suppress the initial inflammation and to alter the maturation
(76). Taken together, our phosphoproteomic data show that
the very early DC response to Francisella is divided into
temporally separate phases which correspond to different
stages of bacterial infection. We report that cytosolic virulent
Francisella induces MAPKs and early gene expression and
that these processes are the earliest events regulated
differentially in DCs infected by WT and attenuated dsbA
strains of fully virulent FSC200 bacterial background. The
temporal orchestration of host proinfammatory pathways
therefore represents the integral part of Francisella life-cycle
inside hijacked DCs. In this regard, the detailed analysis of
earlyintermediate gene expression in cells exposed to the
bacterium may provide new insights into how DCs acquire their
unproductive phenotype.
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