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Abstract

Abstract

The contribution ofClostridium difficile toxin A and B (TcdA and TcdB) to cellular
intoxication has been extensively studied, butrtimpact on bacterial colonization remains
unclear. By setting-up two- and three-dimensioimal vitro models of polarized gut
epithelium, we investigated ho®. difficile infection is affected by host cell polarity and
whether TcdA and TcdB contribute to such eventgeda, we observed th&t. difficile
adhesion and penetration of the epithelial barsisubstantially enhanced in poorly polarized
or EGTA-treated cells, indicating that bacteria cbipreferentially to the basolateral cell
surface. In this context, we demonstrated thatlstial concentrations df. difficile TcdA
are able to alter cell polarity by causing redmition of plasma membrane components
between distinct surface domains. Taken togethes, data suggest that toxin-mediated
modulation of host cell organization may account flee capacity of this opportunistic
pathogen to gain access to basolateral receptadintg to a successful colonization of the

colonic mucosa.
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Chapter 1: Introduction

Discovery and development of antimicrobial agents wndoubtedly at the forefront of
research in the 20th century with one of the fast still most widely used antibiotics -
penicillin. Given its potent activity against vam® kinds of bacteria, penicillin was
immediately recognized and subsequently used d&®rageutic agent for the treatment of
many infectious diseases. However the collateralofical cost of this broad-spectrum
activity has been identified only recently. Unreieg rise in the occurrence of antimicrobial
resistance by many common human pathogens and adecrm the effectiveness of
vancomycin, which is seen as the last line of defeagainst many microorganisms, have
demonstrated the importance of the commensal mat@lior human health. For instance
destruction of intestinal microflora by antibiotreatment has been identified as the first and
essential step in the pathogenesis of infecticastthea caused Iylostridium difficile

C. difficile is a Gram-positive, obligate anaerobic, spore-fogrbacterium which has
recently emerged as a significant pathogen of tmdm gastrointestinal tract. While it is
found as a part of the commensal flora only in aB% of healthy adults, upon antibiotic
treatment it efficiently colonizes gut leading tobaoad range of disease manifestations
ranging from asymptomatic carriage, mild diarrhdedife-threating toxic megacolon and
pseudomembranous colitis (PMC). [1, 2]. AcquisitmfrC. difficile occurs by oral ingestion
of spores that resist the acidity of stomach armdhgete into vegetative bacteria in the small
intestine. Upon reaching colo&. difficile adheres and becomes pathogenic through
production of two potent toxins, TcdA and TcdB. Babxins belong to the family of large
clostridial glucosylating toxins and inactivate h@ Pases (including Rho, Rac, and Cdc42),
leading to alteration of the epithelial barrier,ndae to human intestinal mucosa, and

inflammation of the colon [3-6]. The high rate adcurrent disease, even after repeated
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antimicrobial treatments [7], suggests tRatdifficile has evolved mechanisms to persist in
the intestinal tract. This long-term establishmienlikely mediated by multiple colonization
strategies. While the effects of toxins on epithletells have been largely describadvitro,
little is known about how they might benefit ba@eduring the host colonization process.
The recognition of Rho family GTPases as mastanlaggrs of cell polarity in eukaryotes [8]
led us to hypothesize that toxin-mediated subvarsiothe epithelial polarity might serve as
an important strategy for bacterial settlemenhmgut.

In the present study, we postulate tiatdifficile TcdA is able to perturb epithelial
polarity by causing redistribution of plasma menmmgr@omponents between distinct surface
domains. As a consequence, subverted cell polarigbles bacteria to gain access to the
basolateral surface where they display a prefexkasisociation. Therefore, TcdA might play
an important role in the colonization of colonidteplium not only by disrupting its barrier

function but also by perturbing epithelial polaréigd promoting mucosal association.

1.1.Clostridium difficile: emergence of a significant human pathogen

1.1.1. Clinical characteristics and epidemiology ofC. difficile infection

The primary clinical manifestation @. difficile infection (CDI) is diarrhoea, accompanied
by fever and abdominal pain. Continuous accumuiatib C. difficile toxins in the human
colon induce a damage of the intestinal mucosa amdcute inflammatory response. A
sloughed-off layer of mucous, fibrin, dead epitheind leukocytes form characteristic
pseudomembraneous structures over the internacgudf the colon [9]. Prolonged infection
might lead to more serious complication namely daxiegacolon, in which abnormal colon
dilation is often accompanied by a paralysis of peeistaltic movements and the risk of
rupture [10]. Also a kidney failure might occurthre case of severe dehydration. Any of these

sequelae if left untreated can eventually resulpatient’s death. Recent reports reveal also
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the occurrence of a systemic disseminationCofdifficile toxins that leads to a severe
cardiovascular damage and consequently to deatif]l

With the widespread of overuse and/or inappropriete of antibioticsC. difficile
became endemic in hospitals and chronic-care tiasifworldwide. Nowadays it is recognized
as a major cause of up to 20-25% of cases of atitkassociated diarrhoea and almost 100%
of PMC [13]. Susceptibility to CDI results from thgerturbations of the normal gut
microflora induced by the exposure to almost aribastic and persists until the flora is fully
restored. This might occur even a long time afterénd of the therapeutic treatment.
High risk for CDI was evidenced for ampicillin (amiallin) and cephalosporins that are
widely prescribed and for whiclC. difficile exhibits a natural resistance [14-18]. The
emergence of antibiotic-resistant strain€oftifficile during the last three decades resulted in
a series of out-breaks of CDI [19]. For instaneaecommon use of clindamycin for the
treatment of colitis gave a rise to several epidsntiroughout the 1980’s and 1990’s caused
by clindamycin resistant strains [20]. These stgissessed trerm gene, which confers
resistance to macrolides, lincosamides and stremtdgs [20, 21]. Recently
fluoroquinolones have been the major class of aatohials implicated in CDI, since the
current epidemic strain exhibit high resistancéhis class of broad-spectrum antibiotics [19,
22, 23]. Fortunately, bacterial resistance to thwe fantibiotics primarily used for CDI
treatment, vancomycin and metronizadole, has narged so far, although a significant
increase in the amount of metronidazole requiredie patient recovery has been observed
[24]. In the search for additional treatment opsionther drugs have been tested, such as
rifaxamin, unfortunately resulting in a rapid acgjtion of resistance [25]. Please refer to the
review by Kelly and Lamont for the further detadls the clinical treatment of CDI and its

challenges [26].
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In the recent years, the epidemiology of CDI haanged dramatically, with increases
noted in the morbidity and mortality of diseaseNorth America, Canada and Europe. In
United States, national surveillance data indita#t the number of hospital discharges with
CDI listed as a primary diagnosis (which referpa&tients for whom CDI is responsible for
the hospitalization) or any diagnosis (which refiedischarged patients for whom CDI was
either a primary or a secondary diagnosis, inclgdiose patients who may have contracted
CDI during the current hospitalization, as well taese who acquired it by other means)

increased significantly between 2000 and 2003 (feidy [27].
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Figure 1. Rates of discharges from U.S. short-stay hospithfmatients withC. difficile-associated disease listed
as primary or as any diagnosis.
Source: McDonald LC, Owings M, Jernigan DB, 2006.

More recent statistics reveal even a fourfold iaseein the number of hospital discharges
with CDI between 1993 and 2009, increasing fromrexmately 85,700 cases in 1993 to
336,600 cases in 2009. Patients older than 65 yefrage have been most affected,

representing over two-thirds of all patients withist disease [28]. Nevertheless, CDI is
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increasingly recognized in patient populations mesly felt to be at low risk, including
children, healthy peripartum women, and other hgafteople with no recent healthcare
contact or antimicrobial exposure [29].

In parallel with the rising incidence of CDI, a sificant increase in the severity of the
disease has been observed, with greater numbersngblications and mortality related to
CDI. Reports of CDI outbreaks in hospitals in Queb€anada, and subsequently in the
United States, emerged, describing severe casesciassl with higher numbers of
colectomies, treatment failures, and deaths thaie weer reported before [19, 22, 30]. For
instance, in 2004, the mortality rate of nosocon@@l in Quebec hospitals was 6.9%,
compared to 1.5% among Canadian hospitals in 1397 31]. In United States, death
certificate data showed that mortality rates frorlGdncreased from 5.7 per million

population in 1999 to 23.7 per million in 2004 (Eig 2) [32].
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Figure 2. Yearly C. difficile-related mortality rates per million population,itéd States, 1999-2004. Source:
Redelings MD, Sorvillo F, Mascola L, 2007.
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The reasons for these variations in epidemiologyunte changes in antimicrobial use or
infection control practices, but also the emergesfa@new hypervirulent strain @. difficile,
namely BI/NAP1/027. This epidemic strain was fodade associated with the outbreaks in
Quebec and subsequently in Hueo[22, 23, 30]it is known to produce 16-fold higher
concentrations of toxin A and 23-fold higher cortcations of toxin Bin vitro than
toxinotype 0 strains [33]. Additionally it secretasother toxin called binary toxin, that may
be associated with more severe diarrhea [34]. Thwrethe extreme virulence of the
BI/NAP1/027 strain may result from a combinationdifferent factors that include increased

toxin A and B production, binary toxin, or othert ymknown determinants.

1.1.2. Toxins - major virulence factors ofC. difficile

The virulence ofC. difficile is conferred primarily by 2 large exotoxins, t0Xdn(308.0 kDa)
and B (269.6 kDa), encoded by their genedA andtcdB, which are located on a 21-kilobase
section of chromosomal DNA known as the pathoggnioicus paloc). Toxin-negativeC.
difficile strains are considered nonpathogenic. In additidoxins A and B, some strains also
produce a binary toxin, encoded bidA and ctdB, located outside thpaloc The role of
binary toxin in the pathogenesis Gf difficile remains unclear; however, its presence in
BI/NAP1/027 epidemic strains has raised concerosiaits synergism with toxins A and B in
causing severe colitis [26].

Belonging to the family of large clostridial toxin€. difficile toxins A and B are
single-chain proteins with three functional domaiey the C-terminally located receptor-
binding domain, (b) the middle hydrophobic domaiwnalved in membrane translocation and
(c) the N-terminal catalytic domain harbouring thlecosylotransferase activity (Figure 3)

[35].
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Figure 3. Structure of toxin A and B fror@. difficile. Toxins A and B consist of three major domains.
Source Jank, T., T. Giesemann, and K. Aktories7200

Both, TcdA and TcdB, catalyse the mono-O-glucosyfabf the Rho GTPases (Rho,
Rac, Cdc42 isoforms) at a threonine residue (TB@5/which is essential for their switch
from ‘inactive’, GDP-bound to ‘active’, GTP-boundlate [3]. Importantly, only in the ‘on’
(GTP) state, GTPases are able to recognize targtdips and generate a response until GTP
hydrolysis returns the switch to the ‘off’ statehdrproteins are involved in numerous signal
processes, including regulation of actin cytoskelet cell cycle progression, gene
transcription, proliferation and apoptosis. Thegoaplay essential roles in host—pathogen
interactions by participating in epithelial barridunctions, immune cell migration,
phagocytosis and cytokingroduction (Figure 4) [8, 36]. Therefore the inaation of Rho
proteins mediated by clostridial toxins might le&ml a series of sequelae, including
disaggregation of actin cytoskeleton, increasedsimal permeability, strongly enhanced

cytokine production, apoptosis and even cell death.
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Figure 4. Regulation of Rho GTPases and inhibition of theirdtion byC. difficile toxins.
Source: Jank, T., T. Giesemann, and K. Aktorie§720

Recently Rho family GTPases have been also recednas major evolutionarily
conserved regulators of polarity in eukaryotic £efrom yeast to mammals. Among G-
proteins, RhoA, Cdc42, and Racl, in particulary @ssential roles in establishing polarity in
different contexts, including asymmetric cell digis, wound healing, apical-basal polarity of
epithelial cells, and front—rear polarity of migraf cells [37-39]. Cell polarization, i.e., the
asymmetric distribution of subcellular structuresl @omponents, is known as critical for a

variety of biological processes in uni- and multidar organisms [40].
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1.2.Polarized epithelium — a specialized barrier againgpathogens

The polarized epithelium of human mucosa serve laariger against endogenous microflora
and as a first line of defence from the environmemd external pathogens. This barrier is
mainly composed by polarized epithelial cells, sgered immune cells, and secreted mucus.
Many pathogens have evolved different strategiesontler to circumvent this barrier,
including entering and passing through the cellgrossing through intercellular junctions
[41].

The mucosal barrier encountered®ydifficile during infection — colonic epithelium -
is comprised of one layer of epithelial cells wgpecialized and distinct apical (AP) and
basolateral (BL) surfaces, separated by tight jonst (TJs) [42, 43]. The apical and
basolateral membrane domains are distinguishedniyue compositions of proteins and
lipids, creating specific membrane domains wittidct roles in formation and maintenance
of the barrier function, as well as diverse physjital functions. The apical surface faces the
lumen of the cavity and contains transporters araymes that are specialized to interact with
the external environment. Whereas the basolatendhce faces adjoining cells and the
underlying basement membrane. The basolateral plagsn@mbrane contains many
transporters and receptors that are involved irufitake of nutrients and hormones from the
circulation (e.g., receptors for transferrin anaiHdensity lipoproteins) (Figure 5A). The TJs
located at the apical-most region of the lateralese define the boundary between the apical
and basolateral domains [44, 45] (Figure 5B). Thky pivotal roles in tissue integrity and
maintenance of cell polarity by acting like a ‘daa@d a ‘fence’. In particular, they aim to
regulate the paracellular passage of moleculed)dimg pathogens (gate function), and to
restrict the movement of plasma membrane componeetween apical and basolateral

regions (fence function) [42, 46].
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A

Apical plasma membrane

« regulation of nutrient and
water intake

+ regulated secretion

+ protection

¥ Paracellula
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Figure 5. Cell polarity of epithelial cells. (A) Schematicpresentation of the structural and functional polar
segregation of the apical and basolateral microenwmients created by the presence of tight junc(ibd)
membrane proteins. (B) Electron microscopic imaggsight junctions (TJs), adherens junctions (Adsg
desmosomes. TJs are located at the most apica phthe plasma membranes of intestinal epithekls,
whereas AJs and desmosomes are localized in the Imasal parts of the lateral membranes, as revbglddn-
section electron microscopic images (a) and fréemdure replica images (b). Bars, 100 nm.

Source: Tsukita, S., Y. Yamazaki, T. Katsuno, Amlaa, and S. Tsukita. 2008

1.3.1n vitro tissue culture systems to study pathogens interachs with

polarized epithelium

Our understanding of the interactions between pphe and the mucosal barrier has been
greatly aided by the use of epithelial cell linegluding dog kidney (MDCK) cells, Calu-3
and Caco-2 cells (derived from human lung and eakat adenocanciroma, respectively) that
when grownin vitro on transwell inserts form a single confluent mael and recapitulate
the development of polarized epithelium [47].

Transwell system allows cells to obtain nutrientsnf the basolateral medium and
therefore to form polarized epithelium with distingpical and basolateral surfaces and
functional TJs within the first days of their grédwtA fully polarized epithelium might be
obtained by the continuous culture. The advantag#ssin vitro system are:

- it allows a comparison of microbe interactionsimen the apical and basolateral surfaces,
- it enables studies of pathogen—epithelial int@éras with distinction for the processess of

bacterial adhesion and translocation of epithelidij (Figure 6A).
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All of the epithelial cell types mentioned abovencalso be grown as three-
dimensional (3D) cysts when embedded in extraellatrix [46] in order to resemble even
more closely organs of the human body. This 3Desysallows examination of pathogens
interactions with the basolateral cell surfaceha absence of the porous filter support [48,
49]. In summary,n vitro models of polarized epithelium provide powerfuatibrms to
analyze host—pathogen interactions at the mucadhisarface, which can then be further
validated in the animal studies.

For the purpose of this study we have employed Qacell line, that mimic natural
physiology and architecture of the colonic tissmevitro. When grown in the presence of
collagen Caco-2 cells form a polarized monolayehwiense junctional complexes in both,
two- and three-dimensional settings, representinggrg tight paracellular and trancellular
barrier. SinceC. difficile is an obligate anaerobic bacterium, our celluladet was optimized
for the use in the anaerobic cabinet, by estimategmaximum time of incubaction (1h for

2D and 2h for 3D cultures) using Live/Dead vialyistaining (Figure 6B).
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Studies of host-pathogen interactions:

¥ Adhesion / Apical interaction
¢ Translocation / Basal interaction

Figure 6 In vitro Caco-2 cells model of polarized epithelium and dfgimization for the use in anarobic
conditions. (A) Schematic representation of Cacméholayer grown in Transwell system and infectethwi
bacteria (B) Survival of 2D Caco-2 cells systememanaerobic conditions. Cell viability was detered using
a live/dead assay kit after 30 min, 1 h, 1.5 h ardof growth under anaerobic condition. All thélseemain
alive till 1 hour of incubation in anaerobic caliriave cells (green) and dead cells (red).

1.4. Pathogens subvert host cell polarity: an emergintheme

Recently an emerging theme in microbial pathogenissihe recognition that several human
mucosal pathogens, including viruses and bacten@loit or disrupt components of the
mucosal barrier in order to facilitate colonizatiom create a specialized niche for replication
where they are invisbile for the host immune systand/or to disseminate to distant tissues
or to a new host. Host cell polarity is a logicatget for pathogens, as its control requires
constant sensing of external cues.

Here we point out some of recently described exampf pathogenic bacteria that
modulate epithelial cell polarity in order to susstilly colonize humans and cause a disease.
For instance, an opportunistic human pathogseudomona aeruginosa able to transform
apical cell surface of polarized epithelium intsblateral membrane through subversion of
the PI3K/PIP3/Akt pathway, creating a local micraeonment that facilitates its colonization

and entry into the mucosal barrier [50].
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Enteropathogeni&scherichia coli a leading cause of diarrhea in children in theetiging
countries, induces relocalization of basolateredistricted proteins, such A%-integrin to the
apical cell surface providing the opprotunity foeir interactions with bacterial invasins, thus
driving internalization [51].

The disruption of epithelial barrier polarity by @g*a has also been reported to create a
nutrient-rich niche foHelicobacter pylorireplication at the apical surface, allowing growth
of microcolonies directly over the intercellulanptions [52].

Also several viruses, including adenovirus, papiwirus or human T-cell leukemia virus
type 1 have been shown to target and inactivateckéypolarity proteins leading to the loss
of polarity and disruption of cell junctions, thaight have a direct function in the pathology

of cancer [53]
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Aims of the study

This study aims to a better understanding of thetrdmution of TcdA and TcdB in the
pathogenesis dt. difficile infection with a specific emphasis on their ratecblonization of
polarized colonic epithelium.

By the use of two and three-dimensional Caco-2 reltlels, which resemble colonic tissue
and mimic natural infection under anaerobic condgi we have examined:

% the importance of host cell polarity for theisssaptibility toC. difficile infection,

s the effects of clostridial toxins on gate andceefunction of TJs and

s the influence of toxin A-mediated subversion ell polarity on bacterial ability to

colonize epithelium.
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Chapter 2: Results

2.1. Importance of the host cell polarity for their suseptibility to C.

difficile infection

2.1.1. Cell polarity significantly affects C. difficile ability to infect Caco-2 cells

To dissect the impact of the host cell polarity@ndifficile infection we employed a human
colon carcinoma cell line (Caco-2) that closelyerables the natural physiology and
architecture of human colonic tissirevitro [54, 55]. Caco-2 cells were grown on a porous
filter supportand subsequently infected with difficile 630 strain either at its apical (AP) or
basolateral (BL) side at increasing levels of datluifferentiation. The degree of epithelial
polarity was monitored by trans-epithelial eledticesistance (TEER) and dextran flux
measurements (Figure 7A). After one hour of incudpain anaerobic conditions the level of
bacterial adhesion was determined by CFU countisgshown in Fig. 1B bacteria adhere
almost equally (p=0.4) to non-polarized Caco-2c€lEER 10QQ2.cn¥) after infection from
the apical or basolateral side. On the contrary,obgerved a twenty times lower bacteria
binding (p<0.0001) to the apical surface of fullglarized Caco-2 cells (TEER 6@0.cm2)
compared to non-polarized cells. Overall, incregdavel of polarization paralleled a rise in
bacterial adhesion to the basolateral side of #gtls eand a significant drop in their ability to
infect the apical membrane of Caco-2 cells. Moredve difficile displayed a preferential
binding to the basolateral membrane, which was mak{23-fold higher bacteria binding to
BL cell surface compared to AP, p<0.0001) whenntimmolayer was infected after 21 days of
growth (Figure 7B). Together these data suggestiieaefficiency ofC. difficile infection of

epithelial cells is dependent on the state of tlldifferentiation.

22



Chapter 2: Results

A B
%007 - TEER 400 2507 O A
o 6001 // -300%»’ 2 200- BN BL
d / ° O 1504
S 400 % L 200 % S
nr P
= zoo- % 100 3, S o
Uk / % Lo 0 |_| M =
100 200 400 600
LA ) TEER (Q.cm?)

Figure 7. Cell polarization-state depende@t difficile infection of Caco-2 cells. (A) Kinetics of TEER dcan
dextran permeability during 21 days of Caco-2 mawets growth. (B) Caco-2 cells at different stagés
differentiation were infected either at apical (tghbars) or basolateral (black bar) side withdifficile 630
strain. After 1 hour of incubation the number oftesia adhering to epithelium was quantified byoogt
forming units (CFU) counting and expressed as CBU/Gells. Nonspecific background binding@f diffficile
to collagen-coated empty insert was subtracted Egperimental sample counts before analysis. Reatdt the
mean = SD from three independent experiments pagdrin triplicates.

To further prove this relationship, a fully polat: Caco-2 monolayer was exposed to
EGTA, a well-known calcium chelator able to disriggtadherin mediated cell-cell contact,
followed byC. difficile infection from the apical side. As expected, EGTgatment caused a
gradual and significant increase (from 2.6x0.6 #.813.7-fold increase compared to
untreated cells) in bacterial association with GAccell surfaces (Figure 8B), which was
consistent with the phenotype observed by confmoaging (Figure 8C). This result further
confirms the notion that host cell susceptibility@. difficile infection correlates with its
polarity status. Moreover, the EGTA-mediated atieraof epithelial barrier integrity was
found to promote an enhanced bacterial translatdtimugh Caco-2 monolayers, resulting in
3 to 10 times higher number of bacteria found togbete epithelium compared to those that

remained in close contact with Caco-2 cells (FigiBég.
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Figure 8. Increase irC. difficile capacity to colonize and penetrate epithelium @eduby EGTA treatment. (A)
Effect of EGTA on TEER and permeability to FITC-tlex (FD4) in Caco-2 monolayer. TEER is expressed a
the percentage of the baseline value (before EG&étrment). Each value represents the mean = SD.((BB
Fully polarized Caco-2 monolayers were preincubatéti 4 mM EGTA for the indicated times followed by
apical infection withC. difficile 630. After 1 hour of incubation the number of lesiet that adhered (white bar)
or translocated across (black bar) the epitheliums guantified by CFU counting and expressed as OFJ/
cells. Values are the mean + SD from three independxperiments performed in triplicatéB< 0.05; *P<
0.01; ** P< 0.001.(C) Maximum projection (extendédcus) images (MIPs) of adhere6t difficile 630
bacteria on control and EGTA-treated Caco-2 cBigeteria were labeled with an anti-whole bactegiais and
a secondary fluorescent antibody (green), cellatdin was stained phalloidin-Alexa Fluor 568 (re8gale bars
10 pm.
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2.1.2. 3D cyst model confirms the propensity ofC. difficile to target basolateral
membrane
To further demonstrate the preferential targetih@ adifficile to the basolateral surface of the
mucosal barrier, a 3D intestinal epithelial celltere system was employed [56]. Caco-2 cells
were grown in Matrigel to form hollow spheres catigig of a fully-polarized monolayer
surrounding a central lumen, with apical side fgdime lumen and basolateral side facing the
surrounding Matrigel (BL-side-out cysts). As illcetied in Figure 9A (lower panel), proteins
that are typically expressed at the intestinal bbrosrder (such as atypical protein kinase C,
aPKC) were observed to localize to the cell surfameg the lumen of the sphere. Staining of
zonula occludens-1 (ZO-1) was observed at the le¥dight junctions in the sub-apical
region of cells. This indicates that the Caco-2t eysdel recapitulates the organization of
human gut with structural cell polarity, as disgdyby enterocytes in the intestine.
Importantly, when an antibody against the extratail domain of integrif3l was added
during the growth, cysts with opposite polarity evéormed (AP-side-out cysts) (Figure 9A,
upper panel). These spheres, while less well orgdniwere fully polarized as BL-side-out
cysts. The use of Caco-2 cysts which selectivelyosg outward its apical or basolateral
membrane allowed us to compare bacterial intenastwith distinct cellular domaingC.
difficile infection of AP- and BL-out-cysts was carried doit two hours under anaerobic
conditions and was followed by qualitative and ditative examination of bacterial binding
to AP versus BL side (Figure 9B and C). As showrFigure 8B, a significantly higher
number of bacteria was found to adhere to BL-sigie-@mpared to AP-side-out cysts
(77.5+6 vs 11.6+1.9 bacteria/100 cells, respedtivpk 0.0001), suggesting that receptors
localized basolaterally are a preferential tarde€ odifficile during colonization of the human

gut.
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Figure 9. Adhesion ofC.difficile to Caco-2 AP-side-out and BL-side-out cysts. (ApFesentative single x-y confocal sections of Adesiut or BL-side-out Caco-2 cysts
visualized by differential interference contrasi@p or stained for DNA (blue), ZO-1 (red) and a kearof the apical membrane domain: aPKC (green);NBmber ofC.
difficile 630 bacteria bound (per 100 cells) to AP-sidevausus BL-side-out Caco-2 cyst. Quantification wasformed on 50 cysts for each type using Imarfsvsoe. Bars
indicate means and each dot represents an indiv@heo-2 cyst. The p-value is derived from the M&Whitney test; (C) Three dimensional reconstructbone representative
cyst for each type: AP and BL-side-out cysts wafedted withC. difficile 630 for 2 hours and stained for DNA (blue), atad) and bacteria (green) stained. Bar, 10 um.
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2.2. Effects of C. difficile toxins on the host cell polarity

2.2.1. TcdA and TcdB modulate the gate function of coloniepithelium

Having established that host cell polarity mighflueance the capacity o€. difficile to
colonize and penetrate colonic epithelium, we deteed whether its toxins, known to
disrupt epithelial barrier integrity [57-60hre also able to modulate the epithelial fence
function. Alteration of the TJs gate function ind@&2 monolayers pre-exposed to sub-toxic
concentrations of TcdA and TcdB ranging between @000 ng/ml (as determined by
measurement of ATP in metabolically active cellsaswconfirmed by detecting the
paracellular passage of fluorescently labeled 4 kieatran (FD4). In accordance with
previously published observations [57-60] a doswtdependent increase in paracellular
permeability for non-ionic molecules was observedbixin-treated cells (Figure 10A and B).
Intriguingly, the extent of this enhancement dérsignificantly between TcdA and TcdB,

amounting to 8-25-fold versus and 3-12-fold, resipety, after 24 hours of exposure.
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Figure 10. Effect of TcdA and TcdB on gate function of tight junctionisl$) determined by the paracellular

passage of non-ionic tracer. Fully polarized Cacoells were exposed for indicated time to different
concentrations of TcdA (A) or TcdB (B) and paragit flux of 4 kDa FITC-dextran was measured and
reported as the mean Papp values of three monslayer
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2.2.2. TcdA, but not TcdB, is able to modify the fence funtion of colonic epithelium

Then we examined whethg. difficile toxins may influence the polarity of colonic muaos
by perturbing the distribution of plasma membrameponents between distinct surface
domains. At first, diffusion of fluorescently laleel sphingomyelin, a lipid component of
plasma membrane, was visualized by confocal imagimgcontrol and toxin-treated
monolayers. As expected, in control cells the fsoent lipid complex added apically was
found to easily intercalate and diffuse within guteaflet of the bilayer giving an evident
staining of the apical membrane. On the contrapgnuEGTA (positive control) or TcdA
treatment, diffusion of the lipid was no longer ilied, leading to lateral and basolateral
membrane labeling, as shown in confocal z-sect{figure 11A). Slight staining of lateral
membranes was also detected in cells treated widlB T500 and 1000 ng/ml), presumably as
a result of lipid diffusion in solution across dipted TJs. These data suggest that, beside the
mutual effect of toxins on cellular permeabilityltegation in TJs fence function is
predominantly induced by TcdA. To further examimés tspecific modulation of cellular
organization, changes in the polarized distributioh plasma membrane proteins in
monolayers exposed 0B.difficile toxins were assessed by immunofluorescence stgpfin
apical (atypical protein kinase C, aPKC) and basodh proteins (E-cadherin). Additionally
Z0O-1 labeling was simultaneously performed to rétba precise localization of TJs. As
shown in Figure 11B, Caco-2 monolayers exposed@dA or TcdA displayed a significant
displacement of cell membrane constituents, inalgidexpansion of aPKC to lateral cell
membranes and E-cadherin staining localized allratdhe cells. Also the distribution of ZO-
1 was evidently altered. No changes in the distiochposition of plasma membrane proteins
were observed in response to TcdB. Together thiesergations demonstrate that sub-toxic
concentrations of TcdA, but not TcdB, are ableffech both barrier function (gate function)

of the epithelium, as well as to subvert cell ppyaffence function).
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Figure 11. Effect of TcdA and TcdB on the fence function of tight junec (TJs). Fully polarized Caco-2 monolayers wegatéd with indicated concentrations of toxins or
with 4mM EGTA for 30 minutes or incubated in comtneedium. The membrane distribution of the fluosrgcmarkers was determined by z sectioning by aatfimicroscopy.
(A) Bodipy FL-C5-sphingomyelin/BSA complex diffusioassay. Fluorescent lipid/BSA was loaded to thieahpsurface. Arrows indicate lateral membranenstg. (B)
Distribution of plasma membrane proteins specific &pical (aPKC, white) or basolateral (E-cadhegreen) membrane. TcdA and EGTA treated monolagérsy
compromised apicobasal polarity. The arrowheadstaaihe mislocalized membrane proteins whereastegding indicates localization of ZO-1 in TJ regidNuclei are stained

(blue). Bar,

10 pm.
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2.2.3. TcdA subversion of host cell polarity is not due t@poptosis

Since C. difficile toxins are known to induce apoptosis in many cslfses, we wanted
exclude the possibility that TcdA effect on epitakpolarity may be triggered by apoptosis.
Thus in order to evaluate the presence of apoptefis in ours assays a double staining of
activated caspase-3 and TUNEL was performed (FigRr9. Caspase-3 cleavage is an early
event that initiates apoptosis whereas nuclear Didgmentation detected by TUNEL assay
is observed at the very late states of cellulattdebhe percentage of active caspase-3 and
TUNEL-positive cells in monolayers treated withfeient concentrations of TcdA or TcdB
for 16 hours (the maximum incubation time usechis study) was determined and compared
with the positive and negative controls (Figure LZBells incubated with 2 um staurosporine
for 8 hours were used as a positive control showiigdp rates of apoptosis (23£0.5% of
TUNEL-positive cells, 21+6% of active caspase-3Hpas cells). In contrast in untreated
cultures less than 1% of cells were TUNEL or actoaspase-3-positive (0.5+0.3% of
TUNEL- and 0.2+0.1% of active caspase-3-positiiselreatment withC. difficile toxins

in concentrations between 100 and 1000 ng/ml didnuuce a significant increase in Caco-2
apoptosis rates, even after prolonged incubatiomogheof 16 hours. Therefore we can
conclude that TcdA-induced depolarization of Cacoells is not a secondary effect of

apoptosis.
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Figure 12. Effect of sub-lethal concentrations 6f difficile toxins on Caco-2 apoptosis. (A) Assessment of
Caco-2 cells apoptosis by TUNEL assay (green) amdunostaining for cleaved caspase-3 (red) aftatrtrent

with 1000 ng/ml of TcdA or TcdB for 16 hours or 2p8taurosporine (STS) for 8 hours (as a positivarotn
Merged microphotographs demonstrate the simulta@oesence of active caspase-3 and fragmented DNA i
apoptotic cells. Nuclei were stained with Hoeclidti€). Bar, 10 um. (B) Quantification of TUNEL aadtive
caspase-3 positive cells using ImageJ softwareudgalare the mean from three independent experiments
performed in triplicate.**P <0.01; ***P < 0.001.
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2.3. Influence of TcdA-mediated subversion of cell polaty on C. difficile

ability to colonize epithelium

2.3.1. TcdA-mediated subversion of cell polarity facilitats C. difficile adhesion and
translocation of Caco-2 monolayer
Since our results suggested that cell polarity avdeterrent t&. difficile colonization of the
host cell surface, and that TcdA was able to dher epithelial function, we asked whether
this activity could play a beneficial role in edtabment of C. difficile infection. Being
unable to compar€. difficile wild-type and toxin mutant strains in our infectiassay
because of drastically limited time of Caco-2 swaViin anaerobic condition (less than 2
hours), we tested the effect of purified toxins @ndifficile capacity to infect human cells.
Briefly, fully polarized Caco-2 monolayers were {ggosed to different concentrations of
TcdA or TcdB for 16 hours followed by incubationtvC. difficile 630 at the apical side. In
order to monitor toxin action in oum vitro assay, FITC-dextran was added simultaneously to
the inner chamber of the Transwell system (Fig&)1As a result striking differences were
observed in the ability of. difficile 630 strain to colonize cells mtro in the presence or
absence of TcdA (Figure 13B and C). Statisticaliynificant increase in bacterial adhesion
rates were noticed in Caco-2 monolayers pre-exptis&0 ng/ml and 1000 ng/ml of TcdA
(2.6+0.2 and 5.3+0.2-fold, respectively). The iefhge of the highest concentration tested on
the number of adherent bacteria was comparabléacetfect promoted by 30 minutes of
EGTA treatment (44.4+5 bacteria/100 cells in totgmted monolayers versus 40.7+7
bacteria/100 cells in EGTA-exposed monolayers). elwv, as shown in Figure 13B,
bacterial translocation is only slightly enhancedshb-toxic doses of TcdA without reaching

the levels observed upon EGTA treatment (Figure)11B
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Figure 13. Effect of TcdA on 63QC. difficile colonization of colonic mucosa (A) Effect of Tca epithelial
polarity determined by TEER and dextran flux meaments. TEER is expressed as the percentage of the
baseline value (before TcdA treatment). Each vadpeesents the mean + SD (n=3). (B) Fully polari@edo-2
monolayers were preincubated with indicated comatiohs of TcdA for 16 hours followed by apicaleafion

with C. difficile 630 strain. After 1 hour of incubation the numloérbacteria that adhered (white bar) or
translocated across (black bar) the epithelium quatified by CFU counting and expressed as CFULHDS.
Values are the mean + SD from three independerdrarpnts performed in triplicates. **P<0.01; **P<{D1.

(C) MIPs of adherent. difficile bacteria on control and TcdA-treated Caco-2 c8teria were labeled with

an anti-whole bacteria serum and a secondary feerg antibody (green) and cellular actin was ethin
phalloidin-Alexa Fluor 568 (red). Scale bars 10 um.
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Similar results were obtained by incubating celih\Z. difficile R20291 (Stoke Mandeville),
characterized as an epidemic and hypervirulentinst(Bigure 14), indicating that this

phenotype is not strain specific.
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Figure 14. Effect of TcdA on R2029XC. difficile colonization of colonic mucosa. Fully polarized cG&
monolayers were preincubated with indicated comaginhs of TcdA for 16 hours followed by apicalédafion
with C. difficile R20291 (Stoke Mandeville). After 1 hour of incubatthe number of bacteria that adhered
(white bar) or translocated across (black bar)gpithelium was quantified by CFU counting and espesl as
CFU/100 cells + SD. Values are the mean + SD fromd independent experiments performed in tripeat

*P<0.05; *P<0.001.

Strikingly, no differences in bacterial adhesionwi®en control and TcdA-treated cells were
observed when only partially polarized (4-days-addnolayers were infected confirming

again that epithelial polarity is an important &trgf C. difficile pathogenesis (Figure 15).
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Figure 15. Effect of TcdA onC. difficile colonization of partially polarized Caco-2 cell8) Effect of TcdA on
epithelial polarity determined by TEER and dextflax measurements. TEER is expressed as the pagzof
the baseline value (before TcdA treatment). Eadhevaepresents the mean + SD (n=3). (B) Four dé&ys-o
Caco-2 monolayers were preincubated with indicatmucentrations of TcdA for 16 hours followed by cabi
infection withC. difficile 630 strain. After 1 hour of incubation the numbébacteria that adhered (white bar)
or translocated across (black bar) the epitheliuas wuantified by CFU counting and expressed as O/
cells + SD. Values are the mean + SD from threeprthdent experiments performed in triplicates. ORK;
***P<0.001.

Moreover, polarized monolayer exposure to TcdB watsable to facilitate colonization of
Caco-2 cells (Figure 16), in line with the evidertloat this toxin is not able to interfere with

polarization status.
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Figure 16. Effect of TcdB on 63. difficile. colonization of colonic mucosa (A) Effect of TcdB epithelial
polarity determined by TEER and dextran flux meaments. TEER is expressed as the percentage of the
baseline value (before TcdB treatment). Each vedpeesents the mean + SD (n=3). (B) Fully polari@edo-2
monolayers were preincubated with indicated comatiohs of TcdB for 16 hours followed by apicalenfion

with C. difficile 630 strain. After 1 hour of incubation the numloérbacteria that adhered (white bar) or
translocated across (black bar) the epitheliumguasntified by CFU counting and expressed as CFUEEUS +

SD. Values are the mean + SD from three independsperiments performed in triplicates.**P<0.1
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Chapter 3: Discussion

An important aspect in the understanding of miabpathogenesis is the recognition of the
different strategies evolved by bacteria and visuse circumvent or disrupt the mucosal
barrier in order to facilitate colonization andftissemination to distal tissues. These can be
achieved by a specific pathogen-mediated subversiothe host cell organization and
functions [61]. In particular, a number of mucogathogens, includingPseudomonas
aeruginosaHelicobacter pyloriand enteropathogenkescherichia coli have been shown to
directly target various components of the polarggulation network [51, 52, 62]. The data
reported in this study postulate that this scenamrdy also apply t&. difficile infection with
TcdA playing a major role in the alteration of éeiial cell polarity, leading to increased

adhesion to the host cell surface.

By the use of epithelial Caco-2 cells grown on Eraell inserts to mimic natural
architecture and tissue polaritg vitro, we found that the establishment Gf difficile
infection strongly depends on the state of celldiffierentiation, further reinforcing studies
previously undertaken by Cerquetti and colleag&H. [The use of the Transwell system
allowed us to precisely distinguish between baaktexilhesion and translocation rates and to
demonstrate that both processes are significamitameced in monolayers whose fence and
gate function are not fully established or havenbakered by calcium chelation. This is
consistent with the preferential tropism ©f difficile to the basal cell surface observed in 2
and 3D Caco-2 cell models. Taken together our figslisuggest th&. difficile might exploit

a nutrient-rich niche located directly beneatheap#helium to persist in the human colon.
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Although the effect of TcdA and TcdB, recognizednaain virulence factors of.
difficile, on the structure of cytoskeleton and the functibmJs has been a topic of an intense
study, the fundamental question of how they migitdiit bacteria during host colonization
remains unanswered [64, 65]. Moreover our currentlesstanding of the molecular
mechanism ofC. difficile toxins action is mainly based on thmevitro studies using highly
toxic concentrations that lead to increased paldaelpermeability and apoptotic or necrotic
cell death [58-60, 66-68]. Since toxin productionvitro usually ranges from 50 to 2000
ng/ml in 24 hours o€. difficile growth [69], it is likely that the local concertian of TcdA
and TcdB in the colon of. difficile-infected patients may reach similar levels. Basedhe
evidence reported in this study, we hypothesizé @hadifficile may initiate its association
with the colonic mucosa by producing low amountgaxin A that could facilitate the first
steps of colonization. Indeed, the alteration aispta membrane components distribution
between distinct surface domains of TcdA-treatedoc cells together with the previously
mentionedC. difficile preference for the basolateral membrane suggestsstibversion of
host cell polarity might act as a key mechanisnditeg to the increased bacterial binding.
This notion might also explain whg vivo adhesion of an avirulent non-toxinogenic strain is
facilitated by co-administration df. difficile toxins in hamster model [70]. In this context,
also the elevated rate of intestinal colonizationhealthy adults infected by toxigeni.
difficile suggest that minimal level of toxin production kbtacilitate the colonization state
without the occurrence of clinical symptoms [71]).7@n the contrary, toxin B beside its
expected influence on bacterial translocation rdtess not play role in the establishment of
the apical surface association consistent within@bility to modulate epithelial fence

function.

37



Chapter 3: Discussion

Segregation of apical and basolateral receptotheatpithelial cell surface, and the
compartmentalization of different cytoplasmic anémirane-associated signaling molecules,
is crucial for the regulation of an innate immuresponse to pathogens in polarized
epithelium and for prevention of unrestrained ool@nged inflammation. Under normal
healthy circumstances several toll-like receptof&Rs), such as TLR5, that recognize
pathogen-associated molecular patterns (PAMPs)aatidate innate immune pathways are
physically separated from the luminal content. Tdllsws epithelial cells to mount a rapid
pro-inflammatory response only if surface or semtetomponents from commensal or
pathogenic bacteria have breached the epithelialebd73]. Therefore, alterations in cell
polarity induced by C. difficile toxins may allowARIPs to access the BL surface and trigger
the production of inflammatory cytokines and chemek. Activation of different TLRs,
including TLR4 and TLR5, by sever@l. difficile components (ie, surface layer proteins and
flagellin) is known to play a pivotal role in det@ining the final outcome of infection [74,
75]. Notably, Yoshino and colleagues [75]recentlgmenstrated the contribution of
clostridial toxins in this process, showing thatdrhing of epithelial barrier function Y.
difficile toxin might lead to more severe inflammation pnesat the site of infection.
Therefore, as postulated in this study, modulatbrecell polarity by TcdA may not only
facilitate colonization of the gut mucosa, but nadgo play a role in landscaping the immune
response.

Taken together, our concept @h difficile pathogenesis that combines the current
knowledge with the results obtained in this studd aepicted in the diagram (Figure 16)
propose that different local levels ©f difficile toxins as well as the time of exposure might
serve as a fine tuning of cell epithelial barri@nging from mild alterations of its polarity, to
induction of acute inflammation, apoptotic signgliend cell death. This specific modulation

of mucosal organization and functions might faatBC. difficile settlement in the human gut
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and development of the chronic and persistent fioiecIn conclusion, we suggest TcdA-
mediated subversion of the epithelial polarity ascwel strategy used bg. difficile to

enhance its ability to reside in a very competigneironment of the human gut.
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Figure 17. Schematiaiagram illustrating the proposed model of the pg#dnesis ofC. difficile infection, that
have partly emerged from the experiments reporietlis study. Low levels of TcdA present locallythe gut
of C. difficile-infected individuals perturb epithelial polaritgading to exposure of toll-like (TLR) and other
basolaterally localized receptors to luminal baatand their products (pathogen-associated molepatterns,
PAMPSs). This promotes an increased colonizatiocotdnic mucosa and stimulates production of infleatony
cytokines at the sites of infection. Subsequenteimse in mucosal permeability, damage to the ingdst
epithelial tissue and bacterial dissemination léaddevelopment of acute and chronic inflammatidojdf
secretion and diarrhea.
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4.1. C.difficile strains and culture conditions

C. difficile strains 630 and B1/NAP1/027 R20291 were kindlyvigled by Nigel Minton
(University of Nottingham, Nottingham, UKgrains were grown on BHI-agar or in BHI-
broth (Bacto, USA) at 37°C in anaerobic conditiofsr infection studiesC. difficile strains

were grown in BHI-broth until an Qfgyof 0.5 (early exponential phase).

4.2. 2D and 3D cell cultures

The colon adenocarcinoma cell line Caco-2 (obtaifredh the American Type Culture
Collection) was cultured in DMEM/F12 (Invitrogen)mplemented with 10% heat-inactivated
FBS (Invitrogen), 20 mmol/L HEPES, 100 nmol/L nosestial amino acids and 1Q@/ml of
penicillin/streptomycin and used between passagebets 20-25. Cells were grown as 2D
monolayers on collagen-coated Transwell insertgni3pore size, BD Biosciences) at a
seeding density of fOcells/insert and supplemented with fresh mediaryeday. Unless
stated otherwise, cells were allowed to differdstidor 21 days. To disrupt calcium-
dependent intercellular junctions, monolayers weaasiently exposed to 4mM EGTA [76].
Cell polarity and tight junction barrier functioneve verified by TEER and dextran flux
measurements as described previously [77]. Foré&Dcalture, Caco-2 cells were grown as
cysts in Matrigel as described previously [56].

Briefly, a cell:matrigel mix containing 5.8 x 4@ells/ml, 0.02 M HEPES, pH 7.4, 1 mg/ml
Collagen | (Sigma-Aldrich) and 40% Growth FactordBReed BD Matrigel™ Matrix was
plated on 8-well chamber slide (BD Biosciencesubated at 37°C, 5% CO2 for 1 hour to
solidify and overlaid with complete growth mediays®s were allowed to develop for 14-16
days at 37°C, 5% CO2, changing media every dayfomm BL-side-out cysts with AP
membrane facing the lumen and BL membrane facinmgosnding collagen. In order to
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produce the spheres with opposite polarity the-iategrin beta-1 antibody AlIB2 (1:100
dilution, Developmental Studies Hybridoma Bank, \émsity of lowa) was added for entire

culture period. Under these conditions, polarizédside-out cysts were formed.

4.3. Dextran permeability and membrane diffusion assays

These assays were performed as described else\i@reéBriefly, 2D Caco-2 cell cultures
were washed with ice-cold HBSS/HEPES buffer anelidb on the apical side with BV
solution of BODIPY-FL-C5-sphingomyelin/BSA complédolecular Probes) for 10 minutes
on ice. Inserts were rinsed with ice-cold HBSS/HER#ffer, incubated for 1 hour on ice and
immediately observed by confocal microscopy. Pdialee permeability was quantified
measuring the transepithelial flux of a 4 kDa flkswein isothiocyanate (FITC)-labeled
dextran (Sigma-Aldrich) [77] and expressed as agpgrermeability coefficient (Papp): Papp
(cm/s) = dQ / dt (1 / ACO), where dQ / dt is therpeability rate jtg/s), CO is the initial
concentration in the upper chambgg/fnl), and A is the surface area of the membrang)(c

[79].

4.4. Immunofluorescence microscopy

2D Caco-2 cultures pretreated with TcdA, TcdB, EGdrAmedium alone were rinsed with
Dulbecco’s phosphate-buffered saline (DPBS), fixedth 4% paraformaldehyde,
permeabilized and blocked with 3% [wt/vol] bovinerem albumin (blocking buffer) in
DPBS. Incubation with primary antibodies, includirgpbit anti-ZO-1 antibody (61-7300,
Invitrogen), mouse anti E-cadherin (33-4000, Irogen), and goat anti-PKCc¢ antibody (sc-
216-G, Santa Cruz Biotechnology), was performeldeeibvernight at 4°C or for 2 hour at
room temperature and followed by the treatment wWithappropriate Alexa fluor-conjugated

secondary antibody. Samples were mounted usingdaplGold Antifade Reagent with
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DAPI (Invitrogen) and analyzed by confocal micrgsgasing Zeiss LSM 710. Z-stacks 3D

reconstructions were performed by Imaris softw&i&P(ane Inc.).

4.5. Assessment of apoptosis by TUNEL assay and activaspase-3 staining

The effect of TcdA and TcdB on Caco-2 apoptosis assessed by immunostaining of active
caspase-3 and by the recombinant terminal deoxgatidyl transferase (rTdT) mediated
dUTP Nick End Labelling (TUNEL). Caco-2 cells grown transwell inserts were exposed
to different concentrations of TcdA or TcdB (10@M05 and 1000 ng/ml) for 16 hours.
Subsequently cells were stained by TUNEL assagddbrding to manufacturer’s instructions
(Invitrogen). For caspase-3 activation cells weoainterstained with anti-active caspase-3
rabbit polyclonal antibody (9661, Cell Signallingdhnologies), followed by the appropriate
Alexa fluor-conjugated secondary antibody. As aitpas control Caco-2 cells were treated
with 2 uM staurosporine (Sigma-Aldrich) for 8 hours. Cellere examined with a Zeiss LSM
710 confocal laser scanning microscope. Apoptosis guantified as the percentage of cells

showing TUNEL-positive nuclei and active-caspase-3.

4.6. C.difficile adhesion and translocation assay on 2D Caco-2 mdagers

2D Caco-2 cultures were transferred into anaercdilénet and washed once with pre-reduced
HBSS. Bacteria from exponential phase cultures vpedieted, resuspended in cell culture
medium and apically added to the monolayers forolirhDextran solution was applied
simultaneously to monitor monolayer integrity dgyimfection. Bacterial translocation was
determined by colony-forming unit (CFU) counting lodcteria recovered from the outer
chamber of the Transwell system. After extensivehirags and cells lysis with 1% saponin;
adherent bacteria were counted by plating apprigprdilutions on BHI-agar. Optimal

multiplicity of infection (MOI of 1:20) and maximunmcubation time of Caco-2 monolayers
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in anaerobic conditions were determined in thdahéxperiments (data not shown). To test
the effect of toxins on the capacity ©f difficile to infect epithelial cells, Caco-2 monolayers

were preincubated with TcdA or TcdB (100, 500, 1860ml) for 16 hours.

4.7. C.difficileinfection of 3D Caco-2 cysts

After treatment with 100 U/ml Collagenase VIl (Sig)mfor 15 minutes at 37°C to allow
bacterial access to the cells surface, cysts weeeted with 10 bacteria from exponential
phase cultures and incubated for 2 hours underraimaeconditions. Cultures were then
washed three times to remove unbound bacteriad fixeh 4% paraformaldehyde for 30
minutes at room temperature and blocked with blogkbuffer for 1 hour at room
temperature. Incubation with primary rabbit anti-ZGantibody (Invitrogen) and goat anti-
PKCc antibody (Santa Cruz) or an anti-whole baateerum was performed overnight at 4°C,
and was followed by the incubation with fluorophamnjugated secondary antibodies for 1
hour at room temperature. Finally, cysts were wdsheounted and analyzed by confocal
microscopy. Bacterial binding to 3D cysts was qifi@at using Imaris, as further described in

Supplementary data, on 3D reconstruction of imagesiired with Zen2009 software.

4.8. Quantification of C. difficile binding to 3D Caco-2 cysts

Imaris 3D analysis software was used to quantifgtdrégal adhesion to 3D cysts. Briefly,

image stacks obtained by confocal microscopy wenstructed with Imaris into 3D

“surface objects” for two microscopy channels,eofor fluorescently stained bacteria, the
other for DAPI-stained nuclei of Caco-2 cells. Tinember of “surface objects” for each

channel was determined using a “splitting touclobgects” option and size threshold criteria.
Any object above the minimal (for bacterial aggtegaor below the maximal (for the nuclei

of Caco-2 cells) size threshold was counted as Bdeysts were quantified for each type:
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AP- and BL-side-out. Results are expressed asuhwar ofC. difficile bound to 100 Caco-2

cells, where one sphere consists of 25-40 cells.

4.9. Statistical analyses

All experiments were performed at least three tinmegiplicates. Statistical analyses were

performed using the non-parametric Mann-Whitneyst. t
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