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RESUMEN

Estuding reciantes han demosrado que 1cdB es el principal factor de virulancia de
Clostridium difficiie y cus las varaciores en vinlencia que se sresentan entre las
distintas copas, podrian estar relacionado con esla ioxina, ta Como en & Casn de
la cepa epidémica NAP1 y lee cepas gue presenan una TodB vardante. Sin
embargo, no se conoce oon sxastitud cud! es sl pape! que Bensn astas distntas
Tet3s sobre el potencal patdpero de las copas. Por tanto, en esle trabajo se
analizaron cuabo toxinas distintas (TodBuaps, TodBuaps, TeEBawups ¥ TodBosiodea)
con el fin de diluciéar sl pape. de! panel de sustrztos modficadas por estas
proteinas an la patogénesis de C. difficiie. Por medio de ensayos de glicosilacion
se tetermind el espectro de GTPasas modificadds y se deteminaion los efecios
celulzres inducidas por las distintas Ted3s en téminos de efecto ciiopdtico (CPE),
muerte celu.ar y sctvacion inmune. Asimizmo, se evalud ol potancial gatogénico
asociaca 4 cada TeeB por medic de!l ensayo ce ass ligada en raton. Por medio do
ansayos i vitro v ex vivo se determind que TodBaas+ o5 capaz de glicosiiar un
panal més ampiic de sustratos, Cuta loxina as capaz de glicosilar a las GTPasas
Rno v Ras, migntras que Tot 3yenme: S0l maodifica a RhoA, Racl y Cdod42, y
TedBuapy ¥ TedBuaps glicosilan 2 Raz1 y R-Ras. Una comparacion da la cindtica
de estas proteiras en distintas 'neas celulzres roveld de manera indirecta, que la
tasa de entrada a .as céulas eucariolas es similar para fzdas las toxines a pesar
ae cue 8610 TetBwn: ¥ TodByapsy comparten Jos dominios de unidn al receptor v
da autoprocesamianio. En cambio, el fipo ae CPE causado por cada toxina se
asacia a un dominio ghicosiltransferaga (GTD} similar. Aunado a asto, los eventos
biclogisos ascciados a la intoxicacidn parscon relacionarse con el panal de
sustratos glicosilados por caca toxina., Los daios obtenidos sugieren cuc RhoA
detamnina e. tipo de CPE Inducido ya gue las toxinas que modifican asta GTPasa
indugen un CPE artiorizante, miertras TodBrapsw ¥ TedBuase inducen un efects
varan:e. Asmismo, la via de muete celuar inducida comoe resuliade de e
glicositacién de Ras por TodBuasty ¥y TotBuass, parece ser distinta a a via
apoptitica inducica por las otries dos toxinas. For otrs lade, a inaciivacion de
Rhoa por TodBuso ¥ TouBymines parecs estar relacionadz con 'a activacon de
macrofagos y 1a liberacién de TNF-u, Finalmente en un modeio in vivo, Tod Suapy
es capaz c¢e 'nduclr probablements debido al mayor pane ds GT=asas
modificadas, ung mayor activacion inmune caracterzada por a lberadon de ll€ e
1R y disrupcicn cel epitalio, los cugles son evenics asociados = un prondsteo
nagativo da e enfermedad. Por oo 1ado, la intoxicacitn con TodBuae-, resulld en
inayor congesiitn vascuar y fusidn de vellosidades. En conclusiGn, nuostros
resultados sugieren que la viulenca aumentada y el potencial patogenico
asoc'adn a TodB, doscritn para las cepas como NAP1 y cepas loxina A negativas
que po-an TodB varante, podrian esiar ascoiados a diferencias en la glicosilacion
de GTPasas por sus TeaBs,
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ABSTRACT

Recent studies have shown that TedD s the major vituence factor of Closiidium
difficlie and <nat variations in viruleace seen ameng straing could be relatec to this
toxin, such 28 in the case of the epidemic NAP1 isolates ana the strains that harber
a variant T=dB. However, ine reistive contribution of distingt TodBs on the
pechogenic potental of difforant strains is nul dearly understooc. In this context,
we used a panel of four C. difficile TedBs 1o address the impact of variations in
substrate modification on C. difficile pathogenesis: TedBuam, TeaBuasy, TodBrasy
and TodBypmes. Glucosyialon assays were parformed in order o determine the
panel of modifiec CTPases and tha cellular effecs induced by sach TedB were
#eseused n teitns of ovtopathic effect (CPE). cell death and immuna activation.
Furthermors, the pathogenic polential associated to each Tod2 was determired n
the ileal woop mouse moede.. in vitro and ex vivo assays reveaed that TedBys is
able to glucosylate a broader panel of substrates as this wxin glucosylates both
Rho and Ras STPases, whereas 1odH.spaams only modifies RhoA, Ract and
Cdzdd2, and TodBuasy and TodBuas modify Racl and R-Ras. Through a
comgarison of the kinetice of intoxication on ciferent ce!l line, we ndiractly show
‘hat the rate of toxin Jptake s similar for all toxins even ¥ only TedBuyap: and
| e yssy Share the raceptor-binc'ng and sutoprocessing domains, whereas the
inc of CPE caused by cach toxda is associated to a similar glucceyitransferase
domain {570} In line with this, the pana! of substrates targeled by eacn toxin
seems to comelate with the biclogical events induced upon Intexication. Cur slucy
indicates thal RhoA seams to dictate the type of CPE induced as toking that mncify
this 51 =ase induce an artorizing CPL, while TodBuyasqy and TedByaps induce a
variant sffect. Furthernore, varant toxins appecar to cause other mechaniisms
different from apoplotic avents due to Ras glucosylation, whie RhoA ‘nactivation
by TodByapq and TedByesnaes seem to correlate with macrophage acivation acd
I'NF-a relezse. Finally, we show in 2n iy vivo moce! that TedBuapq is able 1o
induce, probably as result of the oxtendad panel of GTP4s8s gucosylated, a
suongel immune activation with reisass of 116 and I1-13 and epithedal disruption,
which are importanl halleaks of fatal outcome of dissase. On the sther hand,
intoxication with TedBuspy, resuted in a greater vascular congesdon and wvillss
fusior. Overall, cur results suggest that the increased virulence énd the pathogenic
potentiz! associated to TodB, described for strains such as NAPT and TodA-
negative straing, could bs asscoiatec o dfferences in CTPase modification by
these "odBs.
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LLST OF ABBREVIATIONS

Arf: ADP-ribosylation Tacior

Lnl: Clostridium difficile infection

CPE: Cytopathic sffact

CR0Ps: Combine:d ropatitive oligopaptides
GAP;: G Pass activating proteins

E0i: Guan'nz nucleotide dissociation inhibitors
GEF: Guanine rudeotide exchange factor
GTD: Clucosyransferaze coman

L2 Intereukin

LPE: Inosithexalsophesphais-6

LETe: Large clostricial toxins

LPS: | papalyssccharide

MPO: Mislopecoxidase

#xB: Nuclesr factor kappa-ighi-chain-erhancer of activated B sclls
Paloc: Pathogenicity locus

#l: Phosghatidylinositol

PK: Proteinase K

Ras: Fas sarcoma oroteins

Rab: Eas-like proteins inbrain

Ran: Ras-like ruslea- proteins

fha: Ras horologues proteing

#-Has: Ras related proteins

Rap: Ras proximal proteins

THF: Numor necrosis factor



1. INTRODUCTION

1.1 Gereral characteristics of Clostridium difficile iInfaction

Clostridium difficile, a Gram posilive, spore forming anaerobe is the eading agent
of antibiotic associsted dlantea in nospitaized patents (7, 2} Some sirains of this
bacterium harbors mobile genetic elements and point mutations that confor
resistance to antivol'cs such as clindamycin, cephalospoines and fluoroquincles
(3, 4). Antibictic treatmeant modifies the balance of commensal reiercblota, allowing
the ingested C. difficiie spores to extensively germinate, colonize the gut and
secrete the large clostridial toxins (LCTs), causing the disease, The resuiting C.
difficile infaction (CDY) can leac to a vadety of dinlcal outeornes thal range from
mild diamea to potentially Tatal pseudomambranous colitis (5).

In the last decade the prevalence and severty of C7l has increased in hospital
sattings and commurnity-onsat cases (B). This increase has been aftributed %o
spore persisience in the envirormenl and the emergenics of multdrug resisiance
strains and ore virdent isclates. The costs of healticare and the burcen
associatec to CDI have noreased as wel (7). Interastngly amaong the risks factors
reletad to CDI, high economic income of patents and healthcars access seem fo
be imporant (8).

1.2 Main virulence factors of C, difficile

The ma vinercs factors associated o CDI are twa large clostricial exotoxins,
TedA and TcdB. Virulent straing produce TedA and Ted or only TecB(3), These
toxing are encoded in a vathogenicity locus (Paloc) of 79.6 kb, which alsc
@ncodes for a halin-ike structlure (TodE), and two regulators of toxin gens
sxpression, TedC (putative negative regllator) asc 1odR (sigma factor) (Sig. 1) (9.
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The raquiation of twxin procuction involves several sigma faciors and has been

ralzted to fagellar gena expression, sporu.ation and catadolic reprassion (10-13).

Il 19.6 kb :
Paloc
L — e ———— L
tcdR ; tcdA
l 'l

Tedi ods TedE e - Tedc
positive bl negetive
segiilatar reguiater

Figure 1. C. difficiie Paloc organization. Taken from Voth and Ballard, 2005 (5).

TedA and Tced23 are composed of varous functional domains, “he carboxyl
sermital domzin is mesponsible for dalivering “he h-terminal glusosyitransferase
dornain (GTOD) inside tha cell, The C-domain shows a number of shod, homo 0goas
regions with reselitve cligopeptices (SROPs) ‘his recicn binds to host colivlar
racaplors. A translocation domain with sutoprocessing cysteine proteass function
is Tound between a hydrophobic regicn and the GTD. The GTD is compuosed of an

enzymatic catalytic domain ard a substrate recognition domain (14).

: 543 767 95&-i128 1852 2388
Hlucosyliransferase  Arbuaeiosrtiry  Ridophabic CRlFs
doirain dhosaiy regin

Figure 2. Organizational struchire of TodB. Taken from Belyi and Aktories, 2040

(15).



. difficds s order e sukeresto ool throloh cellyin smatisted shascptoss in
a dysamindenshcer procses (16, A dual ecapior bypothess for TodS has boen
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TrdA (18=27). Onea = the zcikic sndoseme, 16 ayc-cphooe rogion of the o
forns a pore in tha merbrans and e suispoicolylic dorraln sncouniers ity so-
racios mwsiohaisophosphate (1989) medising the reisnss of the ST o Lo
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CT2z2ees of tis Roo ard Ras “amiles sshyg JDP-glususe as 2 suowben, ko
thrannine residue Ioceted I e effecior Goman of hess protens (Fg.3) [(F5)
Conseglerty, impottart signaing patways in the ool am affeatst. Overse!l, ths
action of these okng resdin B Hdsgive cowiic AU socretion, ntacrmieton and
eoltn £ fssee rennests ()
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e
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Iigare 3. Texdn uplake and rechenism of action. Tasen from Sely ard Adturias,
20006 (15)



1.3 Oliser virclence factors of C. difficlie

A small group of toxigenic strains produce a third toxin known as binary toxin which
i5 encoded by genes located in the Cdiloc locus. The binary toxia is an actin ALP-
ribasylating toxin comoosed of an anzymatic ADP-nbosylransferase (C0OTa) and a
COTb that binds to the lipolysis-stmulated lipogrotein recopior and translocaizs the
CC7a into the cytosol (22). CD Tz ribosylates actin in an arginine residus, inducing
its dopolimerization ana aventually the comples cytosseleton is disassemblec.
Mutan: sarains that only encode for Binary toxin can incoce inflammation in the
hamuter mode! of COI (23). Moreovar, the binary toxin has bean rapored in strains
asscoiated with Increasec saverity of CDI and studies sugyest that this toxin Tavors
adhesion thiough modification of host microtubules (24) .

Other virulancs factors deserbed for C difficile include molecuss involved in
colonization and adhesion events, like the Sdayer proteins {25), the fibronectin
hinding protein FRpOE (26), fagellar proteins (27), the heat shock potgin Grok!
(28} and various nhycrolytic enzymes (29). The Siayars protaing have also besn
assodiated <o mmune activation conirbuting to the pathogenasis incucad by the
slucosylating toxins. Nevertheless, unlike for toxins, no varations botwoon
epidarnic and non-epkdem'c strains have been reported for thase virulance factors
(30}

1.4 The Rho sna Ras famlly of GTPasas

The amall GTPases are molecular swiches invalved in the regataton of numearous
cellular events such as motillty, organization of the actin cvtoskeeton, apoptosis,
cell cycla progression and membrane trafficking (15). These proteins are
qenomerc G oreteins thet switch from activated stale whan tound to GTF to
inactivated state it the C2P-bound conformation. GDP/GTP exchange is regulated
oy the guanine nucleotide exchangs factor (GEF) and GT# hydrolysis is activated



by GTFasa activarng proteine (GAP). In Shelr aclivaled slate, the CTPases inleract
with multiple effecto: moetules and conbrol diverse cellular activities [31).

The Raz superfamily of small GTPases is divided nto five familles: the Ras
sareoma proteins (Ras), the Ras homologues profains (Rho), the Ras-like proteing
in brain (Rab), the AD -dbosylation factor (Ar) anc the Ras-lke nuclear proteins
{Ran} (32]. Altemative solicing events and post-transiational modifications of thess
proteins dictate their cellular location and thus the signal transduction pathways
requlated (32). Rho CTPases are zlso reguisted oy guanine nucleotice
dissociation inhibto-g (G121} which maintain the inactive GTPass in the cytossl and
transport the aciive form 2 the target compartments {15). (Fig. 4)

AR

Sigure 4, Rho CT2ase regulation. Taken from Jank and Aktories, 2008 (14

The Rho CTPases ars mainly nvolved in actin cytosieleton regulation. Rac and
Cde42 induce actin polymenzation through the Arp2/3 complox and RhoA activaias
formirs such ag mDia, which interact with profilinfactn monomers prosnoting act
polymerzation. Ras s involved 'n membraneg rulfiing (53}, and Cded?2 ks involved e
filopedia formation (34). RnoA is associated to formation of focal adhesions and
stress fibers through the effector protein Rho kinase (35). These proteins zlso
reguiate the assembly of tight junctions via actin cytoskelston control (36].



The Ras GTPases control various signaling pathways when aclivated by
gxtracellular stimuid. These pathways inciude extracsiiula- signal-regulated kinases
(RafMCK/ERK), phosohatidylinositol 3-kinase (PI2K), mitcgen-activetec protein
kinases (MAPY) z2nd the nuclear factor-kapps B (NF-¢B) sathway (37). Thess
pathways regulate cell proliferation, z2ctin remodeling and apoptosis. The Ras
releted (R-Kas) GlPases rolude the R-Ras, R-Has? [TC21) and R-Ras3 (Rasiv)
woforms which are 70% identica., and the Ras proximal (Rap) group is composed
of the Rap1 and Rap2 isoicmms which are S0% identical (38). Both, [-Ras and Rap
proteins ane 2lsn nvolved in cyloskeelon control and mitogenesis (27).

1.5 Ce.lular affects Intuced by glusosyiating toxins

Regulation of actin polymerization is orchestrated by Rho GTPasas, hence the
maodification inducec by C. difficile woxins causes a redistribuiion of the actin
cytoskelston structure. This disrugtion leacs to morpho'sgical changes which result
in cell rounding and formation of neutrite likz retraction fibors as seen i cell
cullures (cytopathic arborizing effect) (38). Apoptotic cell death avenis have also
been associatea o the gucosylation of small GTPases. Activaion of caspass 3, 8
ant 9 with chromatin condensation a2nd nudleus fregmerniation have been
cescribed in cels traated with I'cdA and Tedg (5, 40). TedA and TedB alse induce
cytakine production by epithelial cells and monocyies In glucosyltransierass-
depsndent ard ~indapandent cvents (41-43).

Cell rounding and call dealh are temoorally distinel outcomes, whille call rounding is
seen at earlier imes of intoxication, cell death has bean raporled afler 24 hous
post intoxicatizn (D). It has been suggesied that the cytopathic efect migat be
more important than coll cozth sicce the consequencas of actin reorganizaton
relate to the pathogenrasis of CDI (5). One of these main events [s the disruption of
epithwelia tahl ‘unctiors (44). TedA reduces apithalial resistance within 8 hours of
intoxication (45). TedB induces cell rounding within 2 hours and modifications of
apical and basal F-actin have been associatad o the loss of occladin and 20-1 In



taht juncticns (44). These evens contnbute to the incroase in cpithelial
perreanilty, fluid sacration, and inflammatory response in CDIL Inmdcation then
leads to the relsase of intelukin-8 (I -8), Il -6 and tumor nasrosis facter (TNF)«
{46) by epithelhal cslis and macrephages, inducing nsutrsphil chemiotaxis (47) anc
pseucomembranous co'itls develovs when the inflamimalory process parsists (5).

.6 Hodo of Togl in discsss

Fravious studies showed that TodA alore could induce most o tha effests alicited
by C. difficile in the hamsier modal. On the contrary, and in spite of being one
thousand dmes more potent than TedA 43), TedB glone could nat induce these
effects in animals uniess it was sdministered with TedA. These observations
suggested that both toxinsg acted syneigistically (69) Howover, recont work
provides evidence thal TedB s necessary for C. Jifficie associaled disease gs
mulait strains that only sncode for TodA are nod vindlent (50) and virulent
creulating swains that do not produce TodA (TcdA-negative siraing) are fully
capable of causing disease (51). aterestingly, native toxin 8 gurifed from the atter
groug of strains irduces a differant CPE on cells and consequantly thesa prozins
fave been dectfed a5 varanl TodBs (57) Nosoouinial outbresks caused by
TedA-negatve strains have increasec In the last dscede (52) as well as the
severity of disease associated to this group of strains (53).

Cwveral, these facts suggest that ¢ fferences in TodB coud have an importani role
in C13] and could be a poss'ble factor that contbutes to the pathogeric ootantial of
different C. difficiie strains.

1.7 Enidemic strains of C. difficile

The spidemiz C. dificlie sirain NAPY0ZT has mpldly spregd and has been
responsiple for epicemic outbreaks worldwide (54-57). Furthemore, the increase
in severity and recurences o Cidl has been related to the emorgence of this group



of strains. Among the faciors that have been propused o sonirbuie o ths
virulence potential of NAP1 strains are fluoroquinolone  resistance, higher
spordation rates and incroased toxin productor (58—64), This grovo of strains
encoces for the bBinary toxin anc containe an 18-base pair deledor 2nd & point
mutation at positon 197 in the gene fcdC which might be related to toxin
cverprocuction (61). . addition, their Ted2 has 2 higher cylotaxic potency on call
linss as CHO celis and 373 fiorablasts, suggesting that tis o oF TedB could be
an addiional factor contibuting to the Increased pathogenesis Induced oy NAPY
straing (62, §3). The high toxicity cisplayed by tnis toxin is due to a more rapid cell
ety and efficient autoprocessing (62). These characteristice have baen linked o
structural differences of Tef8, particulady in the CROPs domain (53, 64).



2. SUSTIFICATION

The increase in severy and recurences of CDI has been relaled tv the
emergence of epidemic strains dke the NAPT stra'ns. Furthernors, the prevaience
and severfy of diseass associated to TocA-nsgative strains that harbor varian:
TcdBs are on the rise. Evidence suggests thal varnations in Toc2 sould contribute
to the difererces in the vinulensa potential of different C. Uificils. Nevertheless,
the contribution of differances in the enzvmalic actvily of cistnct TedBs on the
biniogical events induced upon intuxication has no: been explored. Lnder this
porspective, a parallel comnparison of the modifiec substrates ancd celluler effects
inducad by the TcdBs sacrsted by varous O ditficlle slrains such as NAP1 and
1 cdA-negative strains ie nccessary in order to outing the relationship between the
pathogenic potendal associated to TedE and tha parsl of glusasylated GiPases.
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4. OBJECTIVES

4.1 #ain objestive

7o determine the relationship between the pathogenic pelential assocated to
TcdE from different C. difficile strains and tne parel of small 51Pases
glucosy'ated by this toxin.

4.2 Specific objactives

i. T compare the pane! of GTPasss gucusylated in viro and ex vivo by Toda2
from C. difficile stains NAP1, NAP1y, V21 10463 and NASS,

2 To compare the offects induced by TzdB from C. difficile strains NAPT,
NAP1y, VP 10463 and NAFE on the evloskeleton (cytopathic effect), cell
death and inunune sctivation.

3. Io compare the pathogenic potential associated to a8 from C. difficle
st-ains NAD1, NAP1v and VP 10463 in the llezl loop mouse modsl.
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5. MATERIALS AND METHODS

5.1 C. difficile strzins and TedB scauence analysis

From a collection of C. difficile clinizal iso'ates obtainec at the |aboratorio de
Investigacion de Bacteriologia Anaarobia (1.18A) from the University of Costa Rica,
thres distinct strains wera chosen In order 1o ana'yze the impact of TedB on the
pathogenic polential. These reluded a NAP1 epidemic saain, a NAPT variant
strain (NAP1v) whose supernatant nduced & different cytopathic sffsct in cell
culture anc a NAZS strain (TsdA-negative strzin} (54, 64}, Thesa strains had boan
typed by oulsed fizlc gel slectroshoresis dnd whole-geoime secuences had baan
obained using sequencing-by-synthesis HiSeq plafform lllumina) (65). The VP
10463 strain, obtsined from cryopreservation conditions at 20 °C at LIBA, was
atso included as 2 reference and histonic strain of C. difficile toxin studies. For this
study, TcaB saquences were axtractad manually 2nd aligned with MAFFT (86) or
MUSCLE (67). Sequences were compared to TcdB from the reference strain VP,
0462 (Genbark number FNSL5876).

5 7 Quantication of sacratad tox'nrs

Strars wers grownr in TYT broth (3% DBacie wypiose, 2% yeast exgiact, and 0.1%
tioylycolals, pt 6.8) for 24 hours, as described previously (85). After this pedod,
bacieria were removed by cantrifugatior at Z0000 ¥ g for 30 min. Proteins from
bacteral free supsmatants were ooncontrazed by  metnanolicholorcform
pracipitation (23). Pellels were zir driad and resuspanded 'n loading bufer (50 m
Tris-HCI pH 6.8, 1 % SDS, 0.07 % Bromophens| Blug, 5 % fE-marceptosthano! and
10 % glycerol), Proteins wera ther saparztec in 7.5% SDS-PAGE gels, transferac
to polyvinylidene diffuoride (FVYDF) memoranes and analyzec by Weslem bict with
monoclonal ant-TctA (TTC8) or ant-TodE 2CV) andibodies (tgcBIOM.CS).
Chemiluminescence signals emided aisr additon of a goat anti-mouse lgG-
horseradish paroxidase conjugate (invitrogen) and the Lami-Light Pius Westem
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pistting substrate (Rochs) wers recorded with 2 Chemidoc XRS documnsniation
systam (Bio-Rad).

4.3 Native toxin 8 surification

lcdA and TodB were obtained from supemnatants of strains grown in a dialysls
systern culhure for 72 hours in brain heart infusion broth and puiified as dascribed
previcusly (68). After this Uine, bacter'a were removed by centifugation at 20000 x
g for 30 min nd proteirs found in the supemabtant were precipizated with
ammonium sulfata (70 %), Proteins were loaced onto an aniun sxchanges DEAZ-
sephaross solumn pre-equiiibrated with 50 M NaCl pH 7.4, Toxins were eluted
with * M NaC. pk 7.4 at a fiow rate of 4 mLUimin. Toxins wers then purified by gel
fitration In a Superdex 220 10/300 column {GE Heaithcare), squifibrated with
Hepes buffer (20 nM Hopos, 50 nM NaCl, pt. 8.9) &t & flow rate of 0.5 mlfmin,
Toxn positive fractione were pooed and conceclratsd in Hepes buffer by
utrafliration with 2 100 kJa memorane. Proteins were guantified using the
Bradford method (B'o-Rad 30 Protein Assay, Bin-Rad) and purity was assessed
by SO5-PAGE and Coorassie staning. Fingl toxin idenlification was determined
through mass spectrometry (LC-MS-MS) and only TocB derived peplides were
Identifisd (no: showin).

5.4 Cytapathic sffect (CPE) produced by Tedls

Confiuent Hela calls and 373 fibroblasts (cultured in DMEM supplementad with
10% fetal bovine serurn ard 5% CO; at 37°C) grown in 12-mm glass slides were
treated with 0.2 n\V of TodBusoses, TotdBuaps, ToCBuap:, oF TedByasy, Aler the
CPE was acnieved in 100% of the cells, HelLa ceis were visualzad by light
microscope. Fibronlssts were fixed with 3.5 % of parafommaldenyde for 10 minuies
according to greviously described protocols (51). Then, cells were pameaoilized
with 0.5 % Trton X100 i PFE2S and treated wiln 0.5 gfinl fluorescein
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isathiocyanate-phalloidin (FITC) for 30 minutes. Cvtoske.eton modificaions were
avaluated by flucrescence microscopy.

5.5 In vitrs glucesyltranterase activity of Ted8s

The abilty of TedBs to gucosylate ciffersnl monomenc CTPases was performed
through a radioactive assay, 25 graviously described (18, 48). For this, 24.2 UM of
UOP{"Clalucose (250 mCifmmicl; PerkinElmer), 2 pM of previously purified
recombinant small STPases (62) and 10 nM of sach ledB were mixed iIn a
reaction bufeer (S0 mM Hepes pil 7.5, 100 mM KCI, 1 mM MnCls, 2 mM MgClz, 2nd
0.1 mgiml BSA). After 1 hour of incubation at 37 °C, the reaction was stopped with
lpading butfer and the proteins we e sepzrated by 10 % SDS-7AGE. Glucosylation
of small GTPases was analyzed by phosphormaging. 3and intensilies were
moasured with Image J software and were noimnalized o the Ract signal.

5.8 Cx vivo small GTPaze modification assays

The TedB abllity lo Inactivate simall GTPases was deiermined on confluent Hela
cells and RAW 284.7 maciophages grown in E-well plates (cultured in GMEM
supolemented with 10% fetal bovine serum and 5% CC; at 57°C). Cells were
intoxcated with 0.9 nM of the corresponding T'odB for the 'ndicated timas. After this
period, the cels were trestec as greviously cescribed (60). Cals wore washed with
PES and lysed with pradipitation buffer (1% Triton X-100, .1% S8, 0.3% Nonidet
P40, 500 mM NaCl, 10 mMm MgCl: v 50 mM Tr's, pH 7.2). Lysates were
cenirifuged at 20000 x o for 1 minute and 20 p! were separated as contrsl for total
amount of GTPases. Lysates were incubated with presviously punfisd GST fusion
effector proteins coupled to glutathicne- Sepharose baads (G9). ARer 1 “wour of
incubation at room temperature, activated proteins were pul.down by contrifugation
with the GST-RBD (Cded?), GST-RalGDS-RBD (Rap2A) anc GST-Raf RBLC (R-
Ras) {18, £9). Protsins were then rescived by E05-PAGCE and transferrad to PVDF
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membranes. RhoA and Rac1 proteins were detacted with monocional antibodies
tat do not recognized the gucosylaied 'sofonms, anti RhoA (ab54835, Absar)
and ant-Hact (clone 25A8, Millipore). The other activeted CTPases wers detecied
using ant-Cde42 antibodics (ab41429, Abcam), anti-RRas? (20156270, Abcam) or
ant-Rap2AtRap28+Rap2C  (2b732958, Abcam)] by Western  blotting.
Chemiluminescence signals emitted after addition o & geal antianouse or anti-
radbit lgG-horseredish peroxidase conjugate (Invitrogen) wers recorded s
previously descrbed. For grapnical representation, sang densities of R-Ras? and
Rap2A modifications were measured with Image J software and band intensities
were nommalized o the untraated cels signal. In Raw calls, actin was included as a
inading control (AZ086, Sigma-Aldrich).

5.7 Kinaties of intoxicslicn induced by TedBs

Caonfluan. HelLa cells, 5T3 fibreblasts and Chinese hamstor ovarian (CHO) ce'ls
grown in 96-well plates (cutured in DMEM supplemeniad with 10% fetal boving
serum ard 5% CO; at 37°C) were intoxicated with ths indicaled concenvalions of
eacn toxdin (Fig. 8, 9, 10). The percartage of round cells in sach wel was evaluated
avery hour for 4 perod of 12 hours anc then at 24 hours.

5.8 Cel death assay

Corfluent Hel a calis grown in 24 well plates (cultured in DMEM supplemsnted with
0% fetal bovine scerum and 5% CO; at 37°C) were intoxicated with the indicated
concentrations of eack toxin {(Sig. 11) and Annexin V was used as & marker of
iniizl apoptotic evenis. Cylotoxicity was evauated after 8 hours and 24 hours of
treatment. Celis wers then harvested, washed in 1 X 288 and resuspandad in 130
pl. 7 X arnaxin binding buffer (Mclecular Probes, Invitrogen). Twe pl of Alaxs
Fluor 488 anncxin V and 1 pl. of 100 mgiml propicium iocide (Pl) working soluticn
(Molecuiar Probes, Invirogen) were added to the resuspsnded cells. After 15
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minutas, stained cells were analyzed by flow cytometry wsing a Cusva easyCyte
Mine (Millipore). The percantage of siained calls was determined with FLOW.LO,
| 1< Data analys’s software.

5.9 Determinalion of tumor necrosis factor alpha (THF-g) induction

Coifluent RAW 264.7 macrophages grown i 24-well plates (cullured in DMEM
supslementad with 16% fetal bovine serum and 5% CO; at 37°C) were intoxicated
with different concentations of the incicated TodB. Cells wers also treated with
5.5 n™ of TedBs that were elther inacivatad at 70°C for 10 minutes or reated with
* mg/ml proeinase K (70). Lipopolysaccharide (LPS) (10 pg/iinl) from T, colf was
used as a posilive control. The concentration of TNF-a in the supematants after &
hours and 24 hours was cetermined oy commaercial enzyme-Lnked immunosarbent
assay (ELISA) according = he instrucions of the manufadurer (eBoscience),

3.10 Musing ileal loop model

Animal expermental procedures were approved by the University of Costa Rlica
Animal Care ard Use Commitlee through CICUA 01-12 and CICUA 0713
according to Law 7451: Bicnostar do 103 animales, 26668-MICIT. Male Swiss mice
of 20 1o 25 g were subjected to fasting ovamignt and anesthetized with ketamine
{60 malkg of body weight) and xytszine (5 mgfxg) (Eremer Phamna). Through a
midine aparotomy, an ileal ocp of agproximately 4 cm was ligated, and 10 yg of
gach oxin or Hepes control solition were inected. Mice were sacrificed 4 hours
sfter imaxication. The nevirophi accumulation n Jeal tissue was evaluated through
determination of myeoperoxidase (MPD) aclivity with the odianisicine
dihydrochionide (Sigma) and H:Op assay (71). Tor this, 100 pg of fissue ware
macerated in HTAB (50 miM hexadecytinimelwlzmmonium bromide in KHPO,
buffer, oH 6.0). MPC achvity was determined at 450 nm, and calculated as the
enzyme aclivity that catalys’s the conversion of 1 urmol substrate into product in 4
minuie. The concentrations of the prorfammatory cyokines IL-1B, IL-6, and TN -
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¢ in ileal tissue were also cetormined (65). Tissues wers maceraled in 1 X P25
(pH 7.0) and coytokine concentration in homogendtes was dstermines by
cormmercizl =1 .SA accord.ng to the Instruclions of the manufacturer (eBicscience).
Intestinal sections were also fixed in formalin and stained with hematoxylin anc
assin for Kslopathoiogical evawation according to previous proiocols (/7). The
samples were evauatec for the severity of epithelial damace, vascular congestion,
and villus fusion using a histopathological scors (H3) scale ranging from 0
{abserce of allerations) to 3 (severs) (72). Al sampes were eveluated by an
independant pathologist at the Pathology Laboratory of the Escusla ce Medizina
Vetennara o the Naticnal University of Costa Rica.



fi. RESULTS

8.1 The type of cytopathic effect inducsd by TedBs s associaled to o similar
GT,

Four distinct strains were chosen in order to analyzs the impact of TedB o the
pathogenic polemial: a NAP1 epidemic srain, a NAP1 variant strain (NAP1Y)
whoee supematant induced a different cvtopathic effect in cel culiure, a NAPS
strzin (54, 84) and the VPI 10463 historc strain. Rath NAP1 isalztes and the VPI
104632 strain produce nigh amounts of TedA and TedB as obssrved when
assossed by Wastern Blot (Fig. SA). On the othar hane, e NAZS slraio doas not
produce high levels of Ted3 anc ne TodA was detecled. This result aiong with
whols genorne sequencing and Paloc analysis (data not showec) (54, 6<)
confimms that the NAPS strain is in fact a TodA-negative strala.

To sharasieriza the mophological effec:s inducec by TecB, native toxin from each
strain was obtained. After purification, toxr identificztion and purity ware ovaluated
by mass spectromely (data not showed) and Coomassie bluc staining (Fig. 58).
rala cells and 373 fibroblass were then intocxicatcd and the cytopathic affects
wera recorded. The dassic arborizing effect was ohsorved in calls treated with
TodBuapy and TedByp pes. Whereas colls intoxicated with TedBaapg and ToedBuyapyy
showed a disting cytopathic effect, cheracatisic of varian: TedBs. Cell rounding
and cetachment were induced by these foxing, bul thee was no evidence of
protrusion formation (Fig. 5C). Thase resuits ndicate that TodB from the NAP1y
strain was responsible for the vanant cylopatiic effect reportes eardier n the
suparnatant-treated cells (84).

Pravious phylogenotic analysis of the NAP1v strain ravealed that its Paloc s
tlosely related to that of apidemic NAP1 {(64). Eowever, TedByapy, dearly induces
&n effect similar to TedBuape. Thus, we cecided o compare the toxing at saquence
level using the sequence of TcdDyaness a8 refurence. This compadson showed
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that the primary sequence of the GTD is similar betwesn Toc Bz and 1 cdBupninees
(GE%}, but in TodBuaps, this region is more closely related o the corresponding
region of TedBueps (Fig. 5D). The dentity in the first 548 amino acid regic wes
between TodBuapsy and | cohaaes is 100 %, whereas that ootwoen TodBsgeq, and
TodBuap: i 80 %. Cn the other hand, in the CROPs domain, which corresponds to
aming asics 1645 to 2368, there is & 99 % idontity betwesn TodBuspee, and
TedBunars. Overall, TedBs that induce a similar CPE have a high (dentity at the GTD
level. In addition, the NAP1 toxins shars the CROPs regior, which s differant from
the comosponding domain of TodByp:pees and TodBraes.
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Figure 6. \n vitro g Lcosyltransfsrass activioy of TedBs. (A) 10 nM
of TodByusss and 1edBussyy were tested for thoir ability to glycosylate a panel of
recombinant GTPases using UDP-""Clalucoss as a oo-suostrate. _absled bands
were detected by phasphonimaging analysis. (8) The band infensities quantified by
densitometry. Each axperiment was normadized to Rac? signal. Mears & SEM of
three independant experiments are showed. P < 0.05 (One-way ANOVA with

Bonferroni's comrscton)
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To oconfirm thar in fact TedBuarie was able o alucosylate the Has family of
GTPases, pel cown essays in intuxicated HeLa cels were performed. For this
purpose, cehs were freated with TodBuses, TedBysiines, TCOBunm o TodBass.
Ract sompletsly disappsared in al imoxicated cels ater € hours of reatmert,
whereas Rhof was only modified by toxing that induce an arborizing effact (Fig.
7A). In this case, the antbody %o Rac and Rho used did not recognize the
glucosyiated form (64), therefore no loading control of tolal GTPase is shown.
Cdcd2 was only glucosylated by TodBuass o TedBuypigess at & nours but afte” 24
hours all four soxins inactivated this protsin (Fig. 7A). This difference indicates that
ever: though TedBusesy or TodBrass could madify Cded?, this GTPas: mignt not ba
& prefarred subsirate for variant toxins.

1 agreament with the in vitro experments, TooBaaps and TedBysyy were able to
partially gucosylate RapZA =t esdy hodeaton times (Fig. 7B}, Interestingy, at
late intoxication timas TodBwap Treated cells, the levels of acivated Rapz2A
increasec. The antibody used is targeted against RapZA-Rapiti-Rap’C,
suggesting an activation compensatory mechanism of RapZB andior Rap?C.
TodBuasy was the only toxin that could inactivaie the R-Ras? isoform after 6 hours
of ntoxication (Fig. 78), confimning its ability to modfy an extensive pane! of
GTPases. Furthoimors, TocBagey that did not glucosyiate Rap2A was abdle to
gluccsylate R-Ras?; which could mean that even if these toxins have a high level
of icentity at the GT2 doimzin, the targeted susstrates may vary.
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blotting. GTPasss wero dotocted using anti-Rhod, anti-Ract, anli-Cded2, anli-
RapZi-Rap2B-Rap?C and anfi-R-Ras? rospactively. Negative control sslis were
left untreatod. (B) The band intensitias of Rap2A and R-Ras? activation at 6 hours
post irtoxication wers guactified by densitomery. Each experiment was
nommalized to the untreated cells control, Emor bars mark the SEM from the mean.
P o« 045, compared to the groups without asierisk (Ons-way ANCVA with
Honforroni's comaction).

£i.3 TodBs have similar cytotoxic polencics

n oreer to address whether the cytolioxic potency s cependent of tha pareal of
glucosyated GTFases, the kinelics of cell rounding induced by Ihis group of toxins
was determired in varous cell Lnes. Cells were intoxicatec with cifferant
concentrations of each toxin and the cytopathic affect was evaluated across lime.
n Hela cslis the cylotoxic potency of 'ed3uar; was lower than that obsorved for
other toxing (Fig. 8); in 373 fibroblasts this observation was also true at low toxic
concentratiors (Fig. 9). Thase resulls inftizlly lsad to the icea tha: that the type of
cytopathic effect could be related to this cifference. However, 1cdBuas, TodBuesy
and TodByuyues present simiiar cytoloxic kinetic patlers in all cel Iincs (Fig.8, S,
10). Furthermare, the sensitivity to zll toxias varad within cell lings, in agreement
with other studies that suggest tat cellular ressptor donsitios could account for call
ne sensitivity (74).
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Next, we decided to study the cyltotoxic activity through a coil ceath assay. For this
purpose, Hola cells were tredted with the diffsrent TedBDs and coll dealh was
avalugted gl an sadier Ume of Intoxicalion and aRer 24 hours of treatment. Cells
were tegied with picomolar concentratons of toxins since nanomolar
concentrations activata cosll death pathways that ze independer: of e
cluscsyltransferass activity of these proteins (75). After B houss of lreatment, the
parcent of cell death induced by zll toxdns was low, with less than 10% of the ceds
being stained {Fig. 1A and B}, The number of cells stained with anexin V, was not
statisticaly different from the percent of positive unteated control cells.
Interastingly aftsr 24 hours of intoxication, the number of positive ceils was
saalulically Fighe when cells ware tredted with 10 pM of TedBuerqy 2ndd 100 oM of
TedBuasqy and TeoBuess (Fic. 71C &nc D). Furthermors, more than 20% o cells
intoxicated for 24 hours with the varant toxing were positive for anexin ViPI,
suggesting that rmemaorane integrity could have been affectad. On the otber hand,
TedBusry did not induce more cell deeth that the other toxins in spite of
glucosylating more GTPases (Fig. 11). Overall, these rasulis indicate that Tod@
doas nol induce high levels of call death in Hal 2 cells; nevertheless, vaqiant Todbs
seem to tigger coll death pathways that might oe different from the ones induseo
tiy TedBuap and TCdBysipun,
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4 TNF-a resgse oy macrophages s velated lo the panel of glucosylated
GlPases

Studies by Sun et al. indicate Tat secreticn of TNF-a by macrophages is
associated with the glucosyloransforase activiy of TedA {42). In order to tost
whether this was aso true for TedB, Raw murns macrophages wers treated with
native toxin, heat-inactivated TodB or TodB treged with prowinase K. For al
toxins, inactivation of their activity aoolished their abllity to induce TNF-o releass
{Fig. 12A), confirming that either the glucosyltransferase actvity or at 'east the
holotoxin conformation is needed for the release of TH 7-a by TodD. The production
af this cytokine is dependent of ‘oxir concentration as well. When cells were
treated with differant concentrations of azch toxdin, all toxins induced & higher level
of secretion at 500 pM (Fig. 12B). Interestingly, TNF-¢t release was h'gher when
mactophages were Teatec for € hours with TedBuyse: or TedBup-naes (Fig. 134).
After 24 hours al. 2oxins Ihouced simllar TNIM-¢ cuncentrations (Fig. 13A). TNFa
production was not determinec at higher concentrations of foxins since this
conditton induces in vitro csll lysis (¢ata nct shown), which has boon ieparted as a
glucosytransferase-ndependan: process in macrophayges (74).

Since the enzymatic 2ctivity seems to be neaded for the release of TNF=a by TedB,
we decided lo evaluate the glacosylation of GTlPases gt 6 hours ard 24 hours
using the antibodies thal do not recagnize the glucosylated isofomms. indeed, Ract
was guucosylated at § hours by all toxins as no hand was delectec when assessed
by Weslem ool RhoA was modifisd a2s expected only by TedBuae: and
TooBypass, but in this case the signal conmesoonding to cells trealed wilh
TodBuasiy and IodBysss was graater than that of the untreated macrcphages at 6
haouwrs and thern at 24 bours (Fig. 138), indicating that RhcA s probatly being
adtivated or overcxpressed across time as 8 result of intoxication. Theze
observetions suggest that the pane. of gusasyizied GTPases coud ba re'ated to
THF- ¢ relsase in this cell {ns.
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6.5 TedByepy induces a stronger immuna activation and ilea. damage

The role of TedB on the pathogenic potentizl was evaluated in the murine lleal looo
madel. In this case, lodBy.p; Was nol evaluated as there were limitations in the
amount of toxin concentration neasdad for this assay. The pro-inflammatory
response wes measured by MPO aclivity and L€ and IL-1B rcieasc after
treatment with TcdBuspy, TCdBuapsy and TedBupnass. Overall, TedBuyes Inciced &
stronger immune aciivadon. TodByas« caused an incresse it MPO activity
compared to the other toxing and the control group (Fig. 14A), and Be levels of | -
€ in lleal loops treated with TecByas were significantly higher than those of the
control (Fig. 14B). The concentration of IL-18 also incrsasaed Ly three fold in
TetSy.p troated tissues compared 1o ToedBuapsy and the coatrol (Fig. 14C).
Disruption of ‘leal tissue was also evaluated, and once again, the epithealial damage
was higher when loops were treated with TedBraps.
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7. BISCUSSION

It has been shown that TodB is esseatial for C. difficile virulence and its
giucosyltiransferase activity is required for purified toxin lo cause symptoms that
rasemble CLO! (B0, 76, 77). In additor, previous reports “ave concluded that
variations in TedB cou'd be an imporznt facto” for the increased virulance of the
MNAPY strains (78, 79) and *hat differences not only in sequence, but aso in
subswate gluccsyladon are responsible for the varations of the CPE induced by
| zdA-negative straing (88). Ir line with these studies, we dacicec "o cormpars the
activities of four disinct TedBs that vary throughout thair domains anc pessess a
differenl panel of modifed substrates. Throsgh this parel of purifed toxing, we
evaluated the role of siructural differences on the biolcgical activities inducec and
assessed he relevance of the modification of different GTPases on the pathegenic
potential associated to TedB fom vanous . difficile strains.

Qur ssquence analysis ard glucosyltransisrase sssays incicate that toxins that
possess a similar 1) induce the same cytonathic affect, but 4o ot share the
sama panel of madified STPasas. In tis waork we show that TodByasy is able t2
Qucosylats a broader panel of CTPases that includes the Rho and Ras family of
profeirs and we demonsirate by sx vvo acivation assays that this toxin can even
mocify different Ras iscforms like R-Ras2, on the contrary TcdBypssess only
maodifies RhoA, Racl and Cdcod42. In the same context, TedBuaqy and TotSuas
glucosyiate Raz1 and R-Ras like other varant ToedHs (69, but TotTheew 250
maodifies Rap2A ant 1 cdBaog glucosyates R-kasy.

Based on cur results, it is tempting o hypothesize that even though 85% of the
GTD is similar betweasn TodByapy and TedBysiass, and the surface residues which
have been assoclated to substrate specificity are identica, (84), acditional diverge:t
GTD residuss could be contributing to the differences in the pansl of glucosylated
GTPasas by thess two toxins, Other comperative analys's using recomoinant GIL
have shown that TedB fromm a honspideinic NAP1 strain does nol modify Ras
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famity of STPases, and even il it glucosylales RhoA, this GTPase was described
a5 & non-prefamed substrate (80). Hence, corforrmational states oresant in native
lox'ns that favor G Fase affinity, could accoun: rot only for the differences in
subsirzles modifed by similar STDs but alse for the varying results oblained with
recombinant toxins, Studies have reported that recombinant TodA has failed to
show ocll typo spocifc affocts that are induced by rative TadA (B1), suggesting
that the use of recombinar: versus nglive toxing must be recorsidered in 2.
difficile.

The higher cytotodcity of TedBuae n the systernic mouse intoxicat'on modsl has
besn atirbuted to a more afficient intracellular processing (82, 83). This wouid
mean that the CTD of TecBuasy would reach the cytosol before olber lwxdns snd
readiy access intramolacular substrates (82). Consicerng that cell rounding is one
of the inital ouicomes of GTPase glucosylation, we expected for both TodB e
and TedBuyesq wouid presant higher cytoloxic potancy compared to TedByesnees, a3
only the first two toxing share the regions detemmining receptor binding and
enfrance to the cell. Nevertheless, contrary to reports by Stabler et al. (63), our
resulis show that the kinetics of cell rounding induced by &l toxins is similer in the
cell lines avalusted. Hemarkably, recent unpublished dota fom our laporaiory
shows that the cytutoxic potences in Cace-2 cells are different betweoar TedByarg
and Ted 3xapsy, as the varant toxin does not induce complete cell rouncing after 24
hours of intoxcation even at high toxin concertrations. Overall, these results
suggest bat the autcprossssing ale might not necessadily dictze the cytotoxic
potency as had besa cisviowsly reporiad (84). Instead, we postulate tha: a
diffcrental panel of GTPases gucosyleied could aszcount for the differance
detactec in our expenmons.

I the case of TedBuaws, the siower kinet'cs might be due to limitations faced in the
tox'n punfication procass, as NAZS is not a loxin overproducer strain. Although
aqual amounts of toxn were used lo asssss this activity, degradation evenis during
ils purfication mmight have 'ed (o the loss of activity. This could also be the siluation
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fur pravious resuits as Stablor of al. compared the cylotoxic polency of TodByes: to
that of a C. difficllc 630 strain (B3} wnich coes not produce high amounts of toxin.

in agreement with the proposed hypothosis, vadations in GTPase modificaton by
similar GTD could also lead to different cellular “esponses. It seems ke TodBrass
induces RapZB andior Rap?C activation aiter 24 hours of intoxcation and tis
acivation could be 2 result of Rap2A gucosylation. Indeed, Rap?A is found in its
GT22 bounded state due to s low sensitivity to GAPs (85), thus, modifications of
this CTPase could activate compensatory mechanism via KapZB8 and Rap?(.
Ancther possibiliy for the activation of these proteins could be the R-Ras
modificeton, as Has and Rap proteins are sntagonists (237). Futhermore,
TodBuysesy possibly modifies al! Rap2 isoforms 25 o signal was detecad after 6
hours or 24 hours, whereas TooBuaes does not seemr to glucosyiate Rap2A.
Mdditioral studies have shown that A-ragative strains do glucosy.ate Rap24 (88),
50 Rap2A might 2clualy be glucosyated by TadByps 2nd ‘ke in the case of
TedBuasy, s inactivation could be leading to the aclivation of Rap?B andior
Rap?C even at sarly imes of intoxization. A datailed assessmant with monoclonal
antizodies against each isoform: wou'd allow us to confirn whether thess GTPases
are aclivated due to intoxication everts or if Rap2A simply remains activaled
because iUis not madified by TodBuapes.

As expecteq, the CPE induced conelates with the GTPases that are modified.
Previous resu.ts indiczte that the varant CPE attributed to TodB, which resembles
the effect of C. sordeilf lethal toxin Tosl (51), is associated to transient RhoA
activation and R-Ras glucosylation (59). R-Ras glucosyalion leads to integrn
mactivation and focal adhesions disassembly causing detacament of the rounded
cells (69). I'terestingly, our study suggests that R-Ras modification might not be
irvolvad in the variant CPE shrce TedBuas 's &ole to glucosylate R-Ras at similar
levels as | odbyspy anc after 24 hours al toxing glucosylate Cdea?2, whersas only
e arberizing inducing toxing glucosylate RhoA. Henwe, RhoA modification seems
o have an important rola in the type of CPFE inducea, v concordance with reports



that describe that glucosylation of this protein is ossentizl or classical CPE (86
ard none of the variant toxing, rcluding Tosl, modify this G 2ase (73). Clearly,
more studies that include othar bactsrial foxirs that modify RhoA, gre necessary in
orde- w0 elucicate the role of RhoA inactivation on the CPE induced by largs
clostridial toxins.

Non-syncarcnized cultured cell Fnes are highly sensitive o the cytopathic effect
nduced by C. difficile toxing, out less sensitive to the activalon of spoptosis (40,
87, 88), as seen in our results. Nevartheless, we show thatl the percent of cel
desth induced is higher in cells treated for 24 hours with 100 pM of eacn variant
toxin, suggrsting that variations in cylotoxicity events coule also be related to the
modfied substrates, inainly Ras-Rho modifications. 't has beon reported that RhoA
clusnsylaton leads to RhoB activation which resulis in activation of apuplodc cell
weah (87, 83). On the other hand, R-Ras inactivalion can resait 'n ‘nhibiton of
ERK signaling pathways thal regulste cel survival and prolferaton (37) and Ras
glucosylation can lead to non-apoptotic mitcchondrial cell death pathways (37, 80).
These events could sxplain why varan: loxns seem o cause other mechanisms
different from apoptotic events, such as nscros’s. Under this perspactive, the
histopatholegical zlterations indused by TedByusy, in the lleal tissue reflect cistinct
cellular events, in which cell death pathways could accourt for the severity of Cil
associated to strains that harbor vardant TedBs (76, 91) (Fiy. 16). Altamativaly, the
ncrease in the perzen: of anexin V/P| posiive cells induced by TedByspqy and
TedHaapg could also just be a resulting event of the cytopathic effect. Cell
detachment coud afect membrane permeability and thus allow P erirance.
Fowaver, studies in ce'lls traated with TodA and EDTA show that cell cetachment
‘oods to apoptosis (92), which doas not seem to be the event induced by our
vanam: wxins, meaning thal probably the resulting offcct is associated to direst
pathways reguiated by Ras and Rho. Addidonal cell cealn assays will allow us to
confirn this observation.



a3

Marcovar, in Hela cails TedBuapy did nol display a higher cylotoxicity even ¥ 1t
glucosylaies numercus GTPases. Rho3 could be anothe: substrate raadiy
modified by this toxin as has been reported for other large clostridial wodns (73,
80), and lts glucosylation could result 2t jeast in the first 24 hours, In inkibiion of
cell ceath, indicating that earller biological effecis such as inflammation a2nd not
apoptotic death ara srodably more important in NAP1 induced cytotoxicizy.

The overall inflarnmatory reaction induced by large clostric’al toxns indicates that a
commaon mechanism such es the glucosyltransterase acivity may be responsible
for the outcomes i disease (93). Wamy et 2. have discussed that it 's like'y that
early glucosylation of Rho proleing car induce MAP Knase actvation resulting in
the release of IL8 by monocytes and epithelial cells {(43). 1 this work, we
deteminec that the glucosylransferase activity is possibly needed for the re.ease
of TNF-a by TodB. Another possibilly could be that the hololoxin conformation is
needed for the release of "NF-a b net the celalylic activity as has been cebated
for IL-1B secrstion (41). However, cur results show that differences in the
snzynatic activity also determine vanatons in immune activalion as RhoA
giucosylating foxins induced higher amounts of ThF-a than varart toxing at sariier
times of Intoxication. In fact, =hoB activation due to Rhod inhibiton coud leac to
MF-¢B activation and thus ThF-a producton (85, 94). Interestingly, variant toxing
induced slmilar lavels of ThNF-a after 24 hours of treatment, possibly as
consequence of an inciease in RhoA expression or activation due to modification
of other GTPzses. RhoA activation has also been reportad to increase INF-a as
MNF-xB translocation can be a PhoA dependent procass (895).

It is believed that tox'ns can reach the subepithelial milicy after tight juntion
disruption in CDI and thus encourtsr immune calis (38). Since monocyles are the
Initial cels recnuited (38), aciivation of these cells by toxing in a gluzosyltransferase
-dependent manner coud imp.y tha: the erzymatic sctivity has a direct effect on
reutophil infitration, wnich is one of the main characterstcs of
pseudomembranous culiis {3) (Fig. 18). To further explors this concept, TNF-c
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production and glucosyletion induced by different conceriralicns of toxin could be
evzluated at earlar Umes of infexicetion, esvecizlly since the procuction of TNF o
seems to comelate with loxin concentration. In this conlext, it is likaly that strains
that procuce high amounts of woxin and glucosylate RhoA could induce 4 higher
immuna resgonse. |n acdition, stucies with TcdBs that lack the giucosyltrensferass
activity and with othor basteral toxins that modify =hoA, can provide nsight nto
the impertance of RhocA-modification in cylokine production anc in £ difficile
induced inflammation,

Undoubtedly, porsistent diarrhea in CDI anc fata sulcome of disease corelates
with imtestingl infammalion (96), When we aasessed the pathogenic potontial of
TedBuapi, TetBaaps and TedBumiass 1 the lleal loop meodsl, we observed that
TedBwan induead 2 higher immune activaiior. It has seen shown that TodB is in
fact 2 potent inflammatory enterotoxin (46) and rocont transcripzomic anaysis in
the mouse model of C. difficile revealed that TedB from NAP1 is the major factor
incduzing nost innate immune and proinflammatory responses (76). Additionally, low
levels of sytokines invalved in suporession of inflammation have been reportad in
NAF1-infoctor misn (97). Eence, in agreement with our results it is reasonable to
suggest thal the inflammation processes induced by TodByas+ could contribute to
e bigh pathogen'c potential dessribec for NAPT straing, and these evants could
be related to (i} an extended pane! of GTPases bsing glucosylated 2nd the overal.
inactivation/activation mechanisms induced by this toxin and (i) the high amcunts
of toxin producton that could result in RhoA glucosylation and thus in high levels
TNF-a reease by macrophages. Futharnoe, tis increased inflammatory svenl
could also nave an imgact on the egithalial damage nduzad by TodBs ey a5 sean
In our model asd in other mouse models that describe epithselial disrupticn and
inflammatory cell irfiliration In cecal and colunic dssue (87) (Fig. ~6). Antibody
response {0 TedB has been zssociated with prolector from recurent CDI {88)
which highlights alorng with cur results, the role of TedB in NAP1 induced disease.
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In summary, our resulis suggest that the bioogice! events anc even the overal.
culcome of CDI coule se associated fo differences in GTPase maodification oy
TzdBs anc this study contributes to the understanding of the vaniations in virulence
seen between dfferent C. difficiile strains. Further sxperments that address the
roie of haiboring & variant toxir 'n . difiicile pathogenesis must bs considered and
the glucosyltransferase activity of these toxins musl be evaluatad in colonic ced
lines in ordar o deterning whather the reduced cytotoxic potency s cus ¢ a
differential penel of glucosylated sinstrates. Finslly, the analysis of the
consequences of  an  augmented inflammaiory process  and the
inactivation/actvation mechanisms of GTPases nduced by TedBuap: ars a privrity
for cur future ressarch. For this purposs, in vivo glusoyitransferase gssays In ezl
and colonic tssuey are already being assessad,
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8. CONCLUSIONS

s  TodBuee glucosylales a broader spectuim of simall GTPases: Rho and Ray
family of proteirs.

» Even if these toxins have a high leve. of identity at the GTD comain, the
targeted substrates may vary.

¢« The type of CPE induced by the different TodBs is aseociatsd to 3 common
GTD and RhoA seams to dictate the type of CPE induced.

@ The kinatizs of Intoxication suggests that the rate of toxin uptake is similar
for all toxins aven if only TedBuap, and TedByaz, share the recaptor-binding
a4 autogrocess ng domains.

s The percen: of cell death inducec by vanzant Ted2s is higher and these
toxing zcem to trigaer cell death pathways regulated by Ras and Rho that
imighl be different from the ones induced by the other toxins.

s I'NF-a reease by mecrophages is dependen: of toxin concentation and is
related 1o the pansl of glusosylated G Pasas, RhoA inactivation seems to
correlate with macrophage activation and TNF-a release at eadier times of
intoxication.

s TedByesy triggers a stronger pro inflammatory response, incduces high levels
of IL-6 and |L-" B & lsa! evel and induces significant lleal damags.

a  TodByusy, toos not induce a strong inflammatory response in ‘leal tissus,
but induces vassular congastion and villus fusior.

+ Gur presented datz supports the hypothaesis that the panel of substrates
tamgatec by eacn TedB seams to correlate with the bio.ogica. events induzsc
upon intedoation.
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