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INTRODUCTION

ABSTRACT

Background: Clostridioides difficile infection (CDI) is a leading cause of antibiotic-
associated nosocomial diarrhea, with disease severity predominantly influenced by the
activity of toxin B (TcdB). Although TcdB-mediated inactivation of Rho family
GTPases is well established, the downstream consequences for cell-matrix adhesion
architecture remain poorly defined. Objective: This study examined how TcdB
variants with distinct substrate specificities (VPI10463, NAP1/RT027, and
NAP1v/RT019) disrupt focal adhesion organization and cytoskeletal integrity.
Results: Purified TcdB variants were standardized by functional equipotency and
applied to HeLa cells. While most structural adhesion proteins, including talin and
zyxin, demonstrated quantitative stability, plectin exhibited a selective and progressive
loss following exposure to RhoA-inactivating toxins. Concurrently, paxillin
phosphorylation was significantly diminished, and co-immunoprecipitation analyses
disclosed a substantial dissociation of paxillin from pivotal adhesion components, with
no indication of global proteolytic degradation. Morphological outcomes correlated
with toxin substrate specificity: RhoA-inactivating variants resulted in cell rounding,
while NAP1lv promoted an arborizing phenotype. Conclusion: Collectively, these
findings suggest that TcdB variants predominantly induce a biochemical disassembly
of focal adhesion complexes rather than widespread protein degradation. This adhesion
uncoupling mechanism may represent a molecular framework linking toxin specificity
to epithelial barrier disruption and could potentially be associated with differences in
clinical severity among CDI strains.
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Clostridioides difficile infection (CDI) has been identified as the primary cause of antibiotic-

associated nosocomial diarrhea on a global scale. This opportunistic anaerobic bacterium colonizes
the colon following dysbiosis of the intestinal microbiota, which is typically induced by broad-
spectrum antibiotic therapy. The pathogenesis of the disease is primarily mediated by toxins A
(TcdA) and B (TcdB). TedB is regarded as the principal determinant of toxicity and clinical severity.
It has been demonstrated that both toxins act as glycosyltransferases, which results in the inactivation
of Rho family GTPases (RhoA, Racl, and Cdc42). These GTPases are proteins that serve as central
regulators of the actin cytoskeleton and cellular architecture’.

In recent decades, the emergence of the hypervirulent NAP1/RT027 strain has substantially
altered the epidemiology of CDI. This strain has been associated with more severe outbreaks,
increased toxin production, and higher mortality rates®. A critical feature of these variants is their
substrate specificity: whereas conventional TcdB glycosylates RhoA, Racl, and Cdc42, the TcdB
variant associated with the NAP1/RT019 genotype lacks the ability to glycosylate RhoA.
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This molecular difference translates into distinct cytopathic phenotypes, whereby toxins that
inactivate RhoA induce pronounced cell rounding, whereas those that preserve RhoA activity
generate an arborizing phenotype characterized by filiform actin-rich protrusions®. These effects
demonstrate that toxin substrate specificity determines not only cellular morphology but also the
functional impact on epithelial integrity.

Intestinal epithelial homeostasis is tightly dependent on the integrity of cell-matrix adhesions,
which function as platforms for signaling and force transmission between the cell and its
microenvironment. Focal adhesions (FAs) link the actin cytoskeleton to the extracellular matrix
through multiprotein complexes organized around integrins, while adaptor proteins such as paxillin
coordinate the dynamic assembly of the adhesome®. Likewise, structural proteins such as talin, zyxin,
and plectin play key roles in the physical coupling of integrins to actin and intermediate filaments,
thereby contributing to mechanical stability, and epithelial barrier function >.

The relevance of investigating how C. difficile toxins affect cellular adhesions lies in the fact
that disruption of these proteins is directly linked to key pathological phenomena in vivo, including
increased intestinal permeability, inflammation, and the formation of mucosal lesions’. Determining
whether this disruption results from proteolytic degradation or from functional disassembly is critical
for the design of therapeutic interventions and may provide molecular explanations for the differences
in disease severity or recurrence observed among distinct clinical genotypes®.

The present study investigates the manner in which distinct TcdB variants (VPI 10463,
NAPI/RT027, and NAP1v/RTO019) disrupt cellular adhesions and cytoskeletal organization. A
comparative analysis of key structural and adaptor proteins is employed to determine the origin of
toxin-induced alterations, specifically whether they result from proteolytic degradation or functional
uncoupling of adhesion complexes. This strategy establishes a correlation between toxin substrate
specificity and the molecular and morphological changes underlying epithelial integrity loss in C.
difficile infection.

MATERIALS AND METHODS

Toxin purification

TcdB toxins were purified from culture supernatants of well-characterized C. difficile strains
using a sequential procedure that included dialysis for buffer exchange, ion-exchange
chromatography, and gel filtration, in order to obtain highly enriched preparations that were
comparable across variants. The strains used corresponded to VPI 10463 (conventional reference
strain, clade 1), NAP1/RT027 (hypervirulent epidemic strain, clade 2), and NAP1v/RTO019 (a clade
2 variant with altered substrate specificity)>’.

The concentration of purified toxins was determined by referencing a reference toxin B
(TedB—VPI 10463), which served as a standard. The absolute concentration was previously
established at 200 ng/uL through the use of Bradford Protein Assay (BioRad), with its reliability
confirmed by comparison with bovine serum albumin standards. Quantification of
TcdBs was performed by densitometric comparison on 7% SDS-PAGE gels stained with PageBlue
(Thermo), ensuring detection within the linear range. Band intensities were interpolated against a
standard curve generated using the reference toxin and analyzed with the ChemiDoc imaging system
(BioRad)’.

Given that TcdB variants exhibit intrinsic differences in enzymatic activity and substrate specificity,
particularly the inability of TcdB-NAP1v to glycosylate RhoA, the biological potency of the toxins
was standardized according to a functional equipotency concept, in order to ensure temporal
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comparability of the observed molecular effects regardless of the applied protein mass®. To this end,
the 50% cytopathic concentration (CPEso) was determined in HeLa cells and defined as the minimal
dose capable of inducing a cytopathic effect in 50% of the cell monolayer at a fixed time point, based
on morphological criteria such as cell rounding, arborization, and detachment from the culture
surface!®. After performing serial dilutions in 96-well plates and monitoring the kinetics of the
cytopathic effect over 6 hours, a dose of 50 ng per well was determined to achieve the CPEso precisely
at 4 hours of exposure, thereby enabling detailed analysis of early molecular events preceding
complete cellular collapse'!.

Cell culture and toxin exposure

HeLa cell cultures were maintained in DMEM/F12 medium supplemented with 10% fetal
bovine serum (Sigma) until reaching approximately 90% confluence in 6-well plates. For intoxication
assays, cells were incubated at 37 °C in a humidified atmosphere containing 5% CO- and exposed to
50 ng of the corresponding TcdB variant (VPI, NAP1, or NAP1v)®. The intoxication status was
monitored by light microscopy using the following criteria: loss of fusiform morphology, appearance
of cytoplasmic projections, cell rounding, and ultimately detachment from the culture surface. A
particular focus was placed on the distinction between the cell rounding phenotype observed with
TcdB-NAP1 and the arborizing effect, defined by the presence of dendritic-like protrusions, observed
with TcdB-NAPIv'2. The toxin concentration of 50 ng/well was selected based on functional
equipotency as previously characterized. This dose was shown to reach the CPE50 at 4 h of exposure
in HeLa cells, providing a consistent biological effect to analyze the early molecular disassembly of
focal adhesions prior to complete cell detachment.

Preparation of cell lysates

HeLa cells were washed with sterile PBS and lysed using 2% SDS lysis buffer supplemented
with a complete EDTA-free protease inhibitor cocktail (Roche) and a phosphoSTOP phosphatase
inhibitor cocktail (Roche). As with the experimental HeLa samples, both the negative control (HeLa
cells treated with buffer only at 0 h) and the positive control (HeLa cells intoxicated with functional
toxin) were lysed under the same conditions'>. Lysate integrity was verified by total protein
quantification using the DC Protein Assay kit (Bio-Rad) and by 10% SDS-PAGE analysis with
staining performed for each HeLa cell lysate .

Detection of focal adhesion (FA) proteins

For Western blot analyses, samples containing 50 ug of protein from HeLa cell lysates were
prepared. The required volume of each lysate was calculated based on prior protein quantification,
and the mixtures were adjusted with reducing loading buffer. HeLa cell samples were then boiled
and centrifuged at 14,000 rpm. Proteins were resolved by 10% SDS-PAGE and transferred onto
PVDF membranes®'>.

Then, FA proteins were detected by Western blot using polyclonal primary antibodies against
FAK, paxillin, zyxin, plectin, ZO-1, and talin, as well as antibodies specific for the phosphorylated
forms pTyrl18-paxillin, pTyr527-Src, and pSer142-zyxin (Thermo Fisher Scientific). A polyclonal
antibody against Src was also used (Cell Signaling). Subsequently, an HRP-conjugated anti-rabbit
IgG secondary antibody (Thermo Fisher Scientific) was applied, and signal detection was performed
by chemiluminescence using the Lumi-Light Western Blotting Substrate kit (Roche).
Chemiluminescent signals were documented using a ChemiDoc System (BioRad).
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Co-Immunoprecipitation (Co-IP) assays

Antibody coupling was performed by incubating a mouse monoclonal anti-paxillin antibody
with Dynabeads Protein G (DPG) (Thermo), according to the manufacturer’s instructions. Coupling
was confirmed by detection of the paxillin band by Western blot in immunoprecipitates from control
samples. Lysates incubated with DPG alone were used as negative control. Subsequently, HeLa cells
(control and NAPI-intoxicated for 3 h) were lysed using cold RIPA buffer supplemented with
protease and phosphatase inhibitors (Roche).

Lysates were centrifuged at 14,000 rpm for 15 min at 4 °C16. For pull-down assays, clarified
lysates were incubated with anti-paxillin—coupled DPG for 3 h at 4 °C. Beads were then washed with
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 0.15% Triton X-100. The precipitated proteins were
eluted by boiling in Laemmli sample buffer (Sigma) and subsequently resolved by SDS-PAGE for
protein detection by Western blotting!”18,

Image analysis

WB image analysis was performed using ImagelJ. For each target protein band intensity was
normalized to the intensity of the corresponding a-actin loading control band. Densitometric values
were reported in Table S1 and S2. Statistical comparisons were performed using one-way ANOVA
followed by Tukey’s multiple comparison test; p < 0.05 was considered statistically significant.

RESULTS
Biological activity and CPE

After monitoring the CPE in HeLa cells every 30 minutes over a 6-hour period, a dose of 50
ng per well was determined to be optimal for reaching the CPE precisely at 4 hours of exposure,
thereby enabling accurate characterization of intoxication progression.

Detection and integrity status of FA protein components following toxin exposure

The structural components analyzed, including talin, zyxin, ZO-1, and a-actinin, maintained
constant expression levels throughout the 0—4 h time course under all conditions evaluated. This
finding suggests that these components remain within the cell despite the cell rounding observed.

Nevertheless, among all focal adhesion proteins analyzed, plectin was the only one that
exhibited a progressive decrease in band intensity as exposure time increased, becoming barely
detectable from 2 h onward following treatment with TcdB-VPI and TcdB-NAP1. In addition, a late
reduction (3—4 h) in total paxillin band intensity was specifically observed upon exposure to the
reference VPI toxin (Fig. 1).
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Figure 1. Structural protein integrity in cell adhesions after TcdB variant intoxication. WB analysis of total HeLa cell
lysates intoxicated with TcdB-VPI, TcdB-NAPI1, and TcdB-NAP1v over 0, 30 min, 1, 2, 3, and 4 h. (A) Plectin
detection shows a progressive decrease in signal under RhoA-inactivating conditions. (B) ZO-1 detection remains
stable across all time points and conditions. (C) Talin detection is constant throughout intoxication, suggesting that
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structural focal adhesion components are not subject to massive degradation. a-actin was used as a loading control
(data not shown).

Furthermore, a significant decrease in the intensity of the phosphorylated paxillin (p-paxillin)
band was observed between 2 and 3 hours of intoxication with the RhoA-inactivating variants (VPI
and NAP1), while this marker remained stable in HeLa cells exposed to TcdB-NAP1v. Conversely,
other phosphorylated forms, such as P-Src and P-zyxin, exhibited no discernible alterations in their
banding patterns under any of the intoxication conditions.

Paxillin protein interactions by Co-1P

After 3 hours of intoxication with TcdB-NAP1, changes in the Co-IP pattern were observed,
as the bands corresponding to FAK, vinculin, talin, and zyxin showed reduced intensity or were
absent from the paxillin pull-down compared to untreated samples (Fig. 2). Thus, paxillin, vinculin,
and zyxin were detected in the total lysates, thereby confirming their presence under all conditions.
Conversely, the Co-IP fraction exhibited a significant decrease or absence of vinculin and zyxin
associated with paxillin following intoxication, suggesting a biochemical disassembly of focal
adhesion complexes.
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4

Figure 2. Paxillin interaction dissociation induced by TcdB-NAP1. Co-IP assay using paxillin to
capture associated proteins in HeLa cells. In control cells (0 h), paxillin co-precipitates with FAK,
vinculin, talin, and zyxin, indicating intact FA complexes. After 3 h of intoxication with TcdB-
NAPI1, paxillin interactions with these proteins are largely lost or markedly reduced in the
immunoprecipitates, while the proteins remain detectable in the total cell lysates.

Additionally, phosphorylated paxillin (p-paxillin) was no longer detectable in the precipitated
complex after exposure to TcdB-NAP1. These results demonstrate that TcdB-NAP1 intoxication
induces the dissociation of proteins physically associated with paxillin (Fig. 3).
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Densitometric quantification of the WB bands confirmed these observations, revealing a
significant time-dependent reduction of proteins and phosphorylated proteins following exposure to
toxins TcdB-VPI and TcdB-NAP1, whereas no significant changes were detected in cells treated with
TcdB-NAP1v (Tables S1-S2, p < 0.05).
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Figure 3. Disruption of the paxillin interactome induced by TcdB toxins. Co-IP
assay using a monoclonal anti-Paxillin antibody coupled to Protein G beads in
HelLa cells, either untreated (0 h) or intoxicated for 3 hours with TcdB from NAP1,
NAP1v, and VPI strains.

TecdB-NAP1 TcdB-NAP1v

Figure 4. Differential cytopathic effects (CPE) induced by TcdB variants in HeLa cells. Representative
micrographs obtained by light microscopy after 4 hours of exposure to a standardized 50 ng/well dose. (Ctl)
Untreated control cells displaying normal fusiform morphology and confluence. (TcdB-NAP1) Cell
rounding phenotype (classical CPE). (TcdB-NAP1v) Arborizing phenotype characterized by cytoplasmic
projections (variant CPE).

DISCUSSION

A comprehensive understanding of C. difficile pathogenesis requires elucidating the physical
disassembly of cellular structures. A comparison of TcdB variants has been shown to reveal a direct
correlation between molecular substrate specificity and the observed cytopathic phenotype. TcdB-
VPI and TcdB-NAP1 have been shown to inactivate RhoA, Rac1, and Cdc42, while the TcdB-NAP1v
variant has been observed to lack the glycosylating capability of the other two'’.
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This functional divergence elucidates the basis for NAPIv’s propensity to induce an
arborizing phenotype, bearing resemblance to the effect of C. sordellii lethal toxin, in contrast to the
arborizing effect characteristic of the classical strains. These findings are consistent with previous
reports, as exposure to TcdB leads to disruption of cellular organization, similar to that described for
TcdA and TcdB provoke disassembly and condensation of the cytoskeleton in human colonic
epithelium 2%2!. In polarized epithelial cells, cytoskeletal depolymerization also leads to
disorganization of adherens junctions.

In this study, HeLa cells were utilized as the primary experimental model, a choice justified
by several technical and biological considerations. Although TcdB primarily targets the intestinal
epithelium, HeLa cells are a well-established standard in C. difficile toxicology due to their robust
and stable expression of key TcdB receptors, specifically CSPG4 and FZD' %247 CSPG4 has been
identified as a dominant receptor for clade 2 TcdB variants, such as those analyzed here, making
HeLa cells a highly sensitive and relevant system for dissecting early molecular events in the
adhesome.

The toxin concentration of 50 ng/well was selected based on previously published dose—
response and time-course characterizations of TcdB in HelLa cells reported previously'?, who
performed systematic toxin titrations and described comparable cytopathic kinetics in this cell line,
with visible CPE developing within hours at effective concentrations. After adapting those published
titration conditions to the toxin stocks and well format used in the present study, 50 ng/well was
established as an empirically effective concentration for the comparative experiments described here.

For instance, lethal toxins from C. sordellii have been shown to induce internalization of E-
cadherin/B-catenin complexes and disorganization of basolateral actin??. Therefore, the disruption of
actin filaments associated with adhesions signifies the disassembly of focal and adherent adhesion
complexes, thereby weakening cellular attachments. Structures such as focal adhesions, which

include adaptor proteins like talin, vinculin, a-actinin, and paxillin, are particularly compromised >
24

In this context, paxillin functions as a marker of focal adhesion status, and tyrosine
phosphorylation of paxillin typically indicates adhesions that are forming or undergoing dynamic
remodeling. While paxillin constitutes merely a single component of the adhesome, its role in cellular
adhesions is pivotal. Its phosphorylation can indirectly reflect the activity of Rho GTPases ***>%, In
the present study, paxillin was selected for analysis due to its established correlation with focal
adhesion assembly, though it should be noted that other pivotal proteins, such as FAK, vinculin, and
talin, may also be subject to alteration. The limitation of assessing only paxillin in the Co-IP
experiments was primarily technical and based on its role as the most sensitive indicator of focal
adhesion structure, rather than implying it is the only relevant target. A central finding is that the
collapse of focal adhesions does not result from massive proteolytic degradation of their components,
but rather from a systemic failure in their assembly and organization. The stability observed by
Western Blot for proteins such as talin, zyxin, and ZO-1 indicates that the structural components
remain within the cell.

However, the loss of physical interaction revealed by Co-IP for paxillin shows that these
elements undergo redistribution from the cell periphery. In the case of ZO-1, its displacement from
the lateral membrane toward the cytosol occurs in parallel with actin disorganization. The retention
of talin, which directly links integrin tails to the cytoskeleton, and zyxin as intact bands in the WB,
despite their disappearance from the paxillin pull-down, reinforces the notion that the toxin induces
a decoupling of the physical anchors between integrins and the cytoskeleton?’.
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Moreover, the differential behavior observed in the two conditions yielded distinct
phenotypes. The variant toxin induced an arborizing cytopathic effect, characterized by thin actin
extensions, whereas the other caused classical cell rounding without prominent protrusions. This
morphological contrast aligns with previous studies showing that certain TcdB variants that do not
glucosylate RhoA produce an arborized phenotype, while those that inactivate RhoA lead to complete
rounding %%, Our assays showed that the strain with intact RhoA generated actin protrusions, whereas
the other caused fiber collapse, indicating that RhoA inactivation underlies the rounded morphology.
This morphological difference underscores that the toxin’s substrate specificity, specifically which
GTPase it inactivates, determines the resulting cellular phenotype %°.

The disruption of these adhesion complexes has functional consequences for the cell.
Specifically, the loss of FAK—Paxillin signaling and the disorganization of the actin and intermediate
filament network accentuate cell rounding. Furthermore, these changes may facilitate processes such
as epithelial barrier destabilization or cell motility. The results of this study suggest a decrease in
adhesion-associated signals, indicating that adaptor proteins within these complexes are affected '**°.

The changes observed in paxillin are consistent with a biochemical disassembly of cell—
matrix adhesion complexes rather than a direct structural rupture !2. Therefore, in addition to
protein disruption, biochemical disassembly of integrin—actin junctions was evident, leaving the cell
unable to maintain its normal adherent structure. The selection of NAP1 as the sole variant for the
Co-IP assays is justified by the mechanistic redundancy observed among RhoA -inactivating toxins.
Since VPI and NAP1 induce the same negative signaling cascade on the paxillin interactome, the Co-
IP results obtained with NAP1 provide a valid molecular framework for both. In contrast, the NAP1v
variant, by not glucosylating RhoA, preserves the basal signaling of focal adhesions, making its
analysis by Co-IP unnecessary for validating the proposed disassembly model, which appears to be
a signature exclusive to variants that collapse RhoA activity.

In contrast to the other proteins, plectin exhibited a distinctive quantitative decrease, as
evidenced by the quantitative analysis. This protein is indispensable for anchoring intermediate
filaments to focal adhesions, thereby playing a pivotal role in cell motility and invasion. Its loss
suggests that the toxins undermine cellular integrity in a multidimensional manner, potentially
affecting both microfilaments and intermediate filaments®®. It can be hypothesized that the
degradation of plectin is mediated by calpains activated by calcium flux. Calpain-2 is known to
regulate FAK proteolysis in a Src phosphorylation—dependent manner 3,

The capacity of NAPI to disrupt adhesion complexes, in conjunction with its enhanced
autoproteolysis, suggests a potential correlation with the clinical severity of the condition. The
disintegration of focal adhesions undermines their function in transmitting force or tension to
adhesion sites, resulting in diarrhea and subjecting the epithelium to inflammation .

CONCLUSION

This study appears to support the model in which clostridial toxins induce actin
depolymerization and the collapse of cellular adhesions through the inactivation of Rho GTPases>®.
Although altered paxillin phosphorylation may not be the primary cause of this disruption, it serves
as a marker of the disruption and reflects the state of the adhesome after signaling is interrupted*’. In
the context of C. difficile infection, these findings suggest that the toxins selectively disrupt focal
adhesions, compromising epithelial integrity beyond the visible morphological changes.

Finally, the functional disruption of key cell-matrix adhesion complexes suggests a potential
mechanism for cell detachment and mucosal damage, which are hallmarks of C. difficile-associated
colitis. Additionally, the observed differences between conventional and variant toxins highlight how
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substrate specificity influences the extent of epithelial injury and may affect the severity of the
disease.
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