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Abstract: Clostridioides difficile Infection (CDI) continues to be a major cause of antibiotic-
associated diarrhea and pseudomembranous colitis, fueled in large measure by virulence
factors TcdA and TedB. These giant glucosyltransferase toxins interfere with host cytoskele-
tal integrity and inflammatory signaling by inhibiting Rho GTPase; however, the detailed
structural dynamics, receptor selectivity, and subcellular trafficking mechanisms remain
in part unspecified. This review integrates recent insights from cryo-electron microscopy
(cryo-EM) and X-ray crystallography to describe the quaternary architecture of TcdA /B,
emphasizing conformational changes key to pore formation and endosomal escape. We
also examine the genomic heterogeneity of hypervirulent C. difficile strains (e.g., ribo-
type 027), correlating toxin gene polymorphisms (e.g., tcdC mutations) with increased
toxin production and virulence. Mechanistic explanations of toxin-driven inflammasome
activation and epithelial barrier dysfunction are situated within host immune evasion mech-
anisms, including microbiota-derived bile acid regulation of toxin stability. Subsequent
innovative therapeutic strategies, encompassing the utilization of engineered neutralizing
antibodies that specifically target the autoprocessing domain alongside structure-guided
small-molecule inhibitors, are subjected to a rigorous evaluation. By integrating struc-
tural biology, systems-level omics, and clinical epidemiology, this review establishes a
comprehensive framework for understanding C. difficile toxin pathogenesis and guiding
next-generation precision antimicrobials.

Keywords: C. difficile toxins; toxin structure—function; Rho GTPase glucosylation; host-pathogen
interactions; inflammasome activation; CRISPR-based therapeutics

1. Introduction

In the United States alone, CDI infects nearly half a million people annually and results
in approximately 29,000 deaths annually. Its most important determinants of virulence for
CDI pathogenesis are two large exotoxins: toxin A (TcdA) and toxin B (TedB). Toxins inhibit
host cell functions, resulting in inflammation, cellular damage, and the hallmark of CDI
syndrome [1].

The disturbance of gut microbiota by antibiotic exposure and proton pump inhibitors
(PPIs) is a major contributor to the pathogenesis of Clostridium difficile infection (CDI).
Antibiotics, especially clindamycin, fluoroquinolones, and cephalosporins, cause post-
antibiotic dysbiosis, which is defined as a reduction in microbial diversity, loss of protective
taxa, such as Bacteroidetes and Firmicutes, and overgrowth of opportunistic pathogens,
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such as Enterobacteriaceae. This perturbation impairs colonization resistance, providing an
optimal setting for C. difficile growth. Similarly, PPIs are responsible for microbiota dysbiosis
by elevating gastric pH, promoting survival of C. difficile spores, and causing microbial
predominance toward Firmicutes over Bacteroidetes, a community known to be permissive
to CDI. Leffler and Lamont et al. indicated that long-term PPI use leads to reduced
microbial diversity and an overabundance of oral bacteria in the gut, further making
individuals susceptible to infection. Due to the strong association between microbiota
imbalance and CDI, therapeutic interventions, such as fecal microbiota transplantation
(FMT) and probiotics, have been investigated to restore microbial balance and decrease
CDI recurrence. Thus, reducing unnecessary antibiotic and PPI consumption is vital in
preventing CDI as well as maintaining gut microbial homeostasis [2,3]. Structurally, TcdA
and TcdB are composed of several domains, such as an N-terminal glucosyltransferase
domain (GTD), a cysteine protease domain (CPD), a delivery or translocation domain, and
a C-terminal combined repetitive oligopeptides (CROPs) domain [4]. The GTD is central
to the inactivation of host Rho-family GTPases through a process of glucosylation, which
brings about disruption of actin cytoskeleton dynamics and, therefore, undermines cell
integrity. When they bind to host receptors, TcdA and TcdB are internalized by endocytosis
and translocate their enzymatic domains into the cytosol, where they alter Rho GTPases,
leading to the disassembly of actin filaments, disruption of tight junctions, and enhanced
epithelial permeability. These effects initiate an inflammatory cascade with the release of
cytokines and immune cell recruitment, which exacerbates tissue damage and contributes
to the characteristic symptoms of CD], such as diarrhea and pseudomembranous colitis.
The widespread destruction of epithelium and immune response eventually result in
complications, such as toxic megacolon and colonic perforation, in extreme cases, as shown
in (Figure 1) [5]. The activation of inositol hexakisphosphate (InsP6) enables the CPD to
instigate the release of the GTD into the host cytosol [6]. The delivery domain facilitates
translocation across endosomal membranes of enzymatic components, including the CROPs
domain involved in receptor binding and specificity. High-resolution data on these domains
have more recently been obtained through structural characterization. For instance, a cryo-
electron microscopy study of native TcdA has been resolved to a resolution of 2.8 A,
detailing the dynamic motion of the CROPs domain upon acidification of the environment,
required for optimal receptor binding and subsequent endocytosis [7]. Furthermore, the
structural and functional paradigms of Clostridioides difficile toxins A (TcdA) and B (TcdB)
have been elucidated by X-ray crystallography, electron microscopy (EM), and biochemical
assays. Both toxins are AB-type toxins comprising an N-terminal glucosyltransferase
domain (GTD) inhibiting host Rho-family GTPases and a C-terminal receptor-binding
domain composed of combined repetitive oligopeptides (CROPs) for host cell binding.
Structural analyses show that TcdA and TcdB are receptor-mediated endocytosed, followed
by pH-dependent pore formation to facilitate GTD translocation to the cytosol. Inositol
hexakisphosphate (InsP6) activation triggers autoproteolysis, releasing the GTD to induce
disruption of cytoskeletal integrity and epithelial barriers. Cryo-EM and SAXS studies
show modular toxin conformations with extensive structural rearrangements to facilitate
membrane insertion. These structural and functional paradigms of toxins are of utmost
significance in the development of targeted antitoxin therapies [8]. These observations form
the basis for the rational design of antitoxin modalities, such as neutralizing antibodies and
small-molecule inhibitors, that inhibit the suppression of the pathogenic activities of TcdA
and TedB in CDL
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Figure 1. Mechanism of action of TcdA and TedB, where toxins bind colonic epithelial receptors, enter
via acidic endosomes, and undergo pH-induced conformational changes, leading to pore formation,
GTD and APD translocation, cytoskeletal damage, and apoptosis induction.

1.1. CTD Toxin

CTD belongs to the family of bipartite ADP-ribosylating clostridial toxins having two
separate toxins components: CDTa (ezymatic ADP-ribosyltransferase), which modifies
actin, and CDTb, which binds to host cells and translocates CDTa into the cytosol. Around
17 to 23% of C. difficile’s strains are used to produce the toxins. CTD has two unit of
glucosylating toxins, toxin A (TcdA) and toxin B (TcdB), which are the main toxins along
with a third binary toxin [9]. TcdA, an enterotoxin, triggers intestinal inflammation and
elicits fluid secretion by compromising the integrity of the intestinal epithelial barrier
and recruiting neutrophils, which enhances the inflammatory response. Toxin B (TcdB), a
cytotoxin, causes cellular damage and initiates apoptosis by disrupting the cytoskeletal
architecture of host cells, leading to cellular death and widespread damage to the colonic
mucosa. In addition, C. difficile transferase (CDT), also known as a binary toxin, disrupts
the actin cytoskeleton, thus enhancing the pathogenic activity of hypervirulent strains by
promoting adherence to the intestinal epithelium and aiding in tissue invasion [10].

1.2. Regulation of Toxin Gene Loci (tcdA/tcdB)

C. difficile pathogenicity locus (PaLoc) controls its primary virulence factors, TcdA and
TedB, tightly. TedR, a transcription activator, regulates their production and TedC, a tran-
scription repressor that inhibits RNA polymerase activity [11]. In addition, environmental
factors, such as nutrient availability and temperature, also regulate toxin production, with
carbon sources, such as glucose, being reported to repress tcdA/tcdB transcription [12].
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More recent research has revealed a bimodal pattern of toxin gene expression in bac-
terial populations. Single-cell measurements with fluorescent reporters have revealed
that tcdA transcription separates into two distinct subpopulations—ON and OFF—a phe-
nomenon reported in many ribotypes [13]. Bimodality arises from a bistable regulatory
process and not phase variation, where the autoregulatory positive feedback loop of TcdR
provides a key switch. Random fluctuations in TcdR number dictate the selection of indi-
vidual cells to become involved in toxin production. Disruption of this feedback loop by
constitutive tcdR expression effectively eliminates bimodality, again highlighting the key
role of TedR in the emergence of bistable dynamics in gene expression [14].

Aside from TedR and TedC, global regulators, such as CodY and oD, also play a role in
toxin production. CodY, a nutrient-level-responsive repressor, is efficient in toxin inhibition
under abundant conditions but increases the ON/OFF ratio and overall toxin production
when it is not active [15]. On the other hand, oD, associated with flagellar phase variation,
induces tcdR transcription but not bistability. Even in strains with permanently fixed flgB
orientations (ON or OFF), bimodal tcdA expression persisted but with fluctuations in the
ON/OFF ratios, which indicates that oD is a modulator but not a strict regulator of bimodal
expression [16,17].

In contrast to past models that held that toxin formation and sporulation were nega-
tively related, current work has established that the two procedures can be run in parallel.
Microscopic visualization has confirmed that mother cells harboring spores can form tcdA
at the same time, thus abolishing the notion that toxin synthesis and sporulation are tem-
porally separated [13,18]. The discovery suggests that C. difficile can pursue virulence and
survival strategies simultaneously and, thus, optimize the survival potential while ensuring
transmission using the formation of spores. The toxin gene expression regulatory pliability
thus mimics the organism’s ability to adapt, meaning that various subpopulations pursue
either host association or survival within environmental niches [19].

Bistable regulation of tcd A /tcdB is an important adaptive process enabling C. difficile to
modulate toxin production according to changing environmental conditions. By integrating
global regulatory signals, metabolic signals, and phase variation determinants, C. difficile
can achieve a balance between persistence and pathogenicity [20]. Further exploration of
how host immune defense systems and interspecies interactions influence bimodal toxin
expression could yield insights into novel therapeutic approaches against this bistable
switch. The utilization of single-cell analytical tools to probe infection biology will certainly
be of ultimate importance in demystifying the stochastic and regulative aspects of C. difficile
pathogenesis [21].

1.3. Evolution of Hypervirulent Strains

The development of hypervirulent strains of C. difficile, especially ribotype 027, has
been driven by genetic mutation and recombination events within the PaLoc, a chromoso-
mal locus encoding for the production of the homologous toxins TcdA and TedB, which
are essential for virulence. The toxins are highly sequence-diverse, making it difficult
to devise diagnostics, therapeutics, and vaccines. Mansfield et al. (2020) [22] conducted
a phylogenomic analysis of 8839 C. difficile isolates and characterized 7 TedA subtypes
(A1-A7) and 12 TedB subtypes (B1-B12), thus providing a new toxin-based subtyping
paradigm. Although the diversity of Tcd A is mostly due to repeat expansions within its
C-terminal repetitive region, the diversification of TedB is marked by huge homologous
recombination in its sequence, reflecting divergent evolutionary pressures [22].

Clinical validation of the subtyping system in 351 isolates at Brigham and Women’s
Hospital showed that it could be used for stratifying TcdB to functional and antigenic
groups. Subtypes are equivalent to large phenotypic differences, such as cell-rounding
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ability, receptor specificity (e.g., recognition by frizzled protein), and susceptibility to
bezlotoxumab, the sole FDA-approved anti-TcdB monoclonal antibody [22].

Adding to these findings, Shen et al. (2020) [23] analyzed 3269 genomes, expanding
TcdB subtyping to 12 varieties (B1-B8) on >5.03% amino acid divergence. Hypervirulent
subtypes B1, B2, and B3 were most prevalent in clinical isolates, with enhanced toxicity in
murine models, which could be accountable for their association with severe human dis-
ease. Notably, TcdB subtypes had geographical variation: Bl and B2 were most prevalent in
North America, while B3 was prevalent in East Asia [23]. Subtype-specific functional varia-
tions were noted, e.g., reduced RhoA glucosylation in B3/B4 and reduced frizzled receptor
binding in B2, most likely due to recombination-driven changes in key domains. Further-
more, ermB-positive ribotype 027 strains, reported by Aptekorz et al. (2017) [24], were
multidrug-resistant (e.g., to erythromycin, clindamycin, and fluoroquinolones) and linked
to elevated fecal lactoferrin levels—a biomarker of intestinal inflammation—correlating
with more severe disease outcomes [24].

Phylogenetic discordance between C. difficile and TcdB subtype distribution reflects
repeated horizontal gene transfer or recombination in PaLoc [25]. Evolutionary analyses also
detected stronger positive selection in TedB compared with TcdA, owing to host—pathogen
arms races, with purifying selection preserving functional domains. These findings highlight
the importance of combined subtyping and genomic surveillance to counter the rising threat
of hypervirulent, multidrug-resistant strains and inform the design of next-generation
therapeutics [26].

1.4. Horizontal Gene Transfer and Recombination Events

Horizontal gene transfer (HGT) and recombination events play a crucial role in defin-
ing C. difficile’s genetic diversity and virulence, particularly through PaLoc dissemination
with the toxin genes tcdA and tcdB [27]. In a landmark report, Brouwer et al. demonstrated
that C. difficile strain 630Aerm’s PaLoc can be transferred to non-toxigenic strains by a
conjugation-like mechanism, converting the recipients into toxin producers. The observa-
tion has monumental clinical implications, since non-toxigenic strains are being considered
for therapeutic targeting in C. difficile-associated diarrhea (CDAD) [28]. The coexistence
of toxigenic and non-toxigenic strains in clinical settings offers opportunities for PaLoc
spread, potentially undermining treatment effectiveness. Frighteningly, PaLoc transfer is
followed by the co-transfer of conjugative transposons (CTns) with antibiotic resistance, as
seen in transconjugants PaLoc386 and PaLoc37, where Tn5397 (tetracycline resistance) and
PaLoc were co-transferred [29]. While CTns such as CTn1 and CTnb5 typically excise and
transfer autonomously, PaLoc itself lacks canonical mobile elements but instead transfers
on variable-sized DNA blocks. This process is analogous to high-frequency recombination
(Hfr)-mediated transfer, where integrated chromosomal oriT sites promote chromosomal
DNA mobilization. In C. difficile, CTns in the vicinity of the PaLoc (e.g., CTnl, CTn2, and
Tn5397) can act as facilitators of Hfr-like transfer, with homologous recombination integrat-
ing donor DNA into recipient genomes. Whole-genome analyses confirm that large DNA
block transfers have been the driving force for C. difficile genome evolution in the past, such
as in S-layer cassette recombination, to suggest broader HGT-mediated adaptability [30].

More support for toxin diversification through HGT is found in Monot et al. (2015) [31],
who isolated three clinical isolates (RA09-070, SA10-050, and CD10-165) with unusual toxin
profiles. RA(09-070 was TcdA positive and TcdB negative, and SA10-050 and CD10-165
were TcdA negative but TedB positive. Immunoassays and PCR assays failed to detect
these strains as they had considerable sequence divergence for tcdA and tcdB. Genome
sequencing showed non-conventional PalLoc arrangements: RA09-070 contained just tcdR
and tcdA, bookended by a prophage-borne bhlA /uvib gene product with a holin-like fold,
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whereas SA10-050 and CD10-165 had tcdR, tcdB, and tcdE followed by a phage endolysin
gene (cwlH). Remarkably, the PaLoc in these isolates was not inserted at non-canonical
loci, ending the dogma of a conserved PaLoc insertion site. For example, RA09-070's
PaLoc was found in a 51-bp intergenic location between spoVAE and CD630_07760, while
SA10-050 and CD10-165 showed PaLoc-CdtLoc collinearity, a novel genomic organization.
These results infer that HGT allows C. difficile to acquire and relocate toxin modules,
constructing hybrid PaLoc structures through the recombination of ancestral “mono-toxin”
loci [31].

The evolutionary origin of the PaLoc is also complemented by phage-derived regula-
tory motifs. Mehner-Breitfeld et al. (2018) [32] detected TcdE isoforms (TcdE-M25/M27)
with lambda phage holin-like folds, corroborating toxin secretion via non-lytic or lytic
routes. The N-terminal extension of non-lytic isoform TcdE-M1 also inhibits premature
lysis, modulating toxin release according to physiological conditions. PaLoc-encoded vesti-
gial phage endolysin tcdL, a pseudogene, is also likely to interact with TcdB, suggesting a
hijacked phage machinery for toxin export. Such strategies highlight how C. difficile exploits
mobile genetic elements to control virulence, synchronizing toxin secretion with bacterial
survival [32].

2. Structural Biology of TcdA/B: Cryo-EM-Derived Conformational
Dynamics, Receptor-Binding Domains, and Pore-Forming Motifs

2.1. Cryo-EM-Derived Conformational Dynamics of TedA and TcdB

Cryo-EM has revolutionized the structural description of the big clostridial toxins to
enable near-atomic resolution models to capture the dynamic nature of TcdA and TcdB in
different functional states [33].

Structural Organization and Domain Architecture

TedA and TedB share a modular domain structure composed of an N-terminal gluco-
syltransferase domain (GTD), an autoprocessing domain (APD), a delivery and receptor-
binding domain (DRBD), and a C-terminal combined repetitive oligopeptide (CROP)
domain. The high-resolution (2.8 A) cryo-EM structure of native TedA provided the first
detailed insights into how these domains interact in a neutral pH environment [34].The
study revealed that the CROP domain is highly flexible, undergoing significant positional
shifts upon environmental acidification, which likely facilitates its detachment prior to
membrane insertion.

Similarly, the structure of the full-length TedB complex with chondroitin sulfate proteo-
glycan 4 (CSPG4) at neutral pH demonstrated a more compact conformation with extensive
inter-domain contacts, particularly between the APD and DRBD [35]. CSPG4 is a critical
receptor for C. difficile toxin B (TcdB), which binds to a composite site comprising the CPD,
DRBD, hinge, and CROPs domains. Its junctional cell surface localization in epithelial
cells, particularly in the colon, is critical for binding TcdB and subsequent cell entry and
intoxication. This arrangement ensures structural stability before receptor engagement and
subsequent pH-driven conformational shifts [36].

2.2. pH-Induced Conformational Changes and Receptor Dissociation

Endosomal acidification is of primary significance in triggering the structural rearrange-
ments needed to activate the C. difficile toxins TcdA and TcdB. Cryo-EM analysis revealed
that CSPG4 leaves TedB at acidic pH by disrupting salt bridges and hydrophobic interactions,
yet frizzled protein binding is retained in part [35]. These findings indicate pH-dependent
conformational changes that regulate receptor interactions and, thus, toxin function.
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Further studies on the structural stability of TcdB2 highlight the importance of amino
acids 1769-1787 for receptor-binding activities. A deletion mutant of this region resulted
in spontaneous autoprocessing with substantial loss of cell binding but with retention of
enzymatic activity. Of note, even with the maintained enzymatic activity, the deletion
resulted in a greater than 10,000-fold loss of cytotoxicity. The mutant protein continued to
possess IP6-induced autoprocessing to an equivalent degree as full-length TcdB2. Structure
analysis suggests that the region of amino acids 1769-1787 might be a stabilizing factor,
influencing the structural conformation of the toxin and interaction with receptor-binding
domains [37].

Autoprocessing in TedB is initiated upon translocation into the cytosol of host cells,
where IP6 binding induces conformational change allowing autoprocessing of intramolecu-
lar substrate by the active protease domain (APD) [38]. While mechanistic details are yet
to be disclosed, certain hints indicate that the carboxy-terminal region of TedB is involved
in autoprocessing efficiency. Intriguing results were observed when the CROP domain of
Ted A was replaced with that of TedB, thus conferring increased resistance to IP6-induced
autoprocessing [39]. Single-copy deletion mutants of the initial 1056 amino acids of TcdA
were found to have increased autoprocessing relative to the full-length toxin. These find-
ings indicate that certain structural elements are involved in controlling the availability of
the protease domain in such a way that premature activation is prevented [37].

Three-dimensional structural analysis of TcdB1 and Tcd A shows that deletion of the
1769-1787 region could lead to structural instability. The region in both toxins is positioned
at the edge of a beta-sandwich fold converting into an alpha-helical turn, which would
rationally connect it to the beta-solenoid CROP domain [40]. The glucosyltransferase
domain (GTD) and APD positioning close to the region suggests that its deletion would
disrupt their conformational assembly, ultimately affecting autoprocessing. In keeping
with this, studies have shown that a synthetic peptide of the 1769-1787 region interacts
with the CROP domain, again demonstrating that the region is associated with structural
integrity and functional stability [41].

The deletion mutant TedB2A1769-1787 has an impressive inability to bind to its
known cellular receptors, CSPG4, PVRL3, and frizzled proteins [42]. However, the region
1769-1787 is not directly implicated in receptor interaction, and, therefore, the deletion
can alter proximal structural elements necessary for receptor binding. Structural studies
indicated that TedB binds to frizzled proteins via a tricomponent complex of a palmitoleic
acid lipid and the FZD-binding domain (TedB-FBD), which is outside the deleted region.
Similarly, CSPG4-binding sites in TcdB were found in the amino acids 1831-2366 region,
which is carboxy-terminal to the deleted region. Therefore, it is likely that the internal
deletion disrupts the structural conformation of proximal binding sites, preventing efficient
receptor binding [43].

Interestingly, the TcdB2 A1769-1787 mutant elicits a strong neutralizing antibody
response in mice, with potential application as a vaccine. Earlier studies demonstrated that
the 1753-1852 region of TcdB2 blocks exposure of neutralizing epitopes in the proximal
CROP domain. In contrast, that was not observed in TcdB1, demonstrating toxin variant
functional divergence. The failure of the deletion mutant to engage with cells can enable
improved antigen presentation by professional antigen-presenting cells, activating the
immune response for prolonged durations [44]. Further, the structural stability of defined
functional domains in the mutant offers a broad range of accessible epitopes, enhancing
its immunogenicity. Importantly, TcdB2A1769-1787 lacks detectable cytotoxicity, even
after administration at high doses in murine models. These findings suggest that some se-
quence elements function as structural locks, preventing premature activation and offering
potential strategies for antitoxin therapeutic design [37].
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2.3. Receptor-Binding Domains (RBDs) and Ligand Interactions

TedA and TedB exert their cytopathic effects through receptor-mediated endocytosis,
relying on their receptor-binding domains (RBDs) for host cell recognition and internal-
ization. Cryo-EM and biochemical studies have revealed that while TcdA primarily en-
gages carbohydrate moieties, TcdB exhibits a broader specificity, interacting with multiple
proteinaceous receptors, such as CSPG4, PVRL3, and frizzled proteins. These receptor
interactions play a crucial role in determining toxin tropism, host cell susceptibility, and
disease severity [45].

2.3.1. Ligand Specificity and Differential Receptor Utilization

TedB is extremely basic in its receptor usage, binding multiple host proteins to enter
cells. Cryo-EM structures of the TcdB with CSPG4 domain 1 (D1401-560) confirmed that
the receptor engages the autoprocessing and delivery domains of TcdB specifically through
the synergy of electrostatic and hydrophobic interactions. Follow-up studies have shown
that CSPG4 is also a shared receptor for TcdB1 and TedB2, the two largest isoform families
responsible for more than 70% of clinical isolates. Notably, CSPG4 is the sole receptor
for TedB2, which cannot bind frizzled proteins. The finding underscores the importance
of CSPG4 in TedB pathogenesis and the potential of TcdB-mediated damage to CSPG4-
expressing myofibroblasts as a contributor to disease progression.

In addition to CSPG4, frizzled-class receptors (FZD1-FZD?) are also important binding
substrates of TedB [46]. Cryo-EM structures of TcdB with the cysteine-rich domain of
frizzled-2 (CRD2) showed a distinctive receptor interaction mode, where FZD2 binds to
the toxin at a distinct binding site from CSPG4 [35]. FZD2 binding was partially inhibited
by acidic pH, in contrast to CSPG4, suggesting differential receptor usage can modulate
endosomal trafficking and cytotoxicity [47].

Mutational analysis also provided a demonstration of the importance of specific
residues in receptor binding. Receptor affinity was decreased by 85-90% through ala-
nine substitutions for required binding residues (R1475A, D1506A, W1510A), effectively
abolishing CSPG4-dependent toxin internalization [48]. Furthermore, several structural
modules of TedB are involved in CSPG4 binding, including the CPD, DRBD, hinge, and
CROP domains. A multi-unit binding interface like this demonstrates the sophistication of
receptor binding and defines areas that are amenable to therapeutic targeting [49].

2.3.2. Role of Receptor-Binding Variants in Hypervirulence

Hypervirulent C. difficile strains also often harbor genetic polymorphisms in the TedB
receptor-binding domains (RBDs), which leads to enhanced receptor binding and altered
host tropism. Genome-wide screening of 3269 C. difficile strains identified four new TcdB
variants that harbored distinct mutations in the CSPG4 and frizzled-binding domains [23].
Functional assays revealed that hypervirulent ribotype 027 strains that harbored the TedB2
variant exhibited a 2.4-fold enhancement in the binding affinity for CSPG4, which correlated
with enhanced cytotoxicity against human colonic epithelial cells [50]. Bezlotoxumab, a
TedB monoclonal antibody, blocks CSPG4 binding allosterically and therefore offers a
therapeutic window for the blockade of toxin-induced damage. Sequence differences in the
bezlotoxumab-binding epitopes have, however, led to decreased efficacy against certain
TcdB isoforms, and, therefore, alternative therapeutic strategies are required [51].

One such promising strategy is the design of decoy receptors that are mimics of the
natural ligands of TcdB. Experiments have shown that recombinant Repeatl-Fc can inhibit
TcdB toxicity in cell-based assays and protect mice from lethal toxin exposure. Since CSPG4
and FZD receptors are independent in the pathogenesis induced by TcedB, a bispecific decoy
receptor with both Repeatl and the CRD of FZD proteins could provide broad protection
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against various TcdB variants. The evolutionary conservation of CSPG4 as a TedB receptor
indicates that such decoy molecules would be less prone to escape mutations, thereby
providing a sound therapeutic strategy to treat C. difficile infections [52].

Tissue Factor Pathway Inhibitor (TFPI) was found to be a key colonic crypt receptor
of C. difficile Toxin B (TcdB) of hypervirulent clade 2 strains. TFPI was found to be a major
host factor allowing TcdB4 entry into intestinal epithelial cells in a CRISPR-Cas9 screen.
Cryo-EM structural analysis found that TcdB4 specifically binds to the Kunitz-2 (K2) domain
of TFPI, similar to receptor-ligand binding with other large clostridial toxins. TFP1 is strongly
expressed in colonic glandular epithelium and, thus, was a prime candidate for TedB-induced
cytopathic effects. TFPI blockade greatly diminished TedB-induced colonic tissue injury
and should be an intriguing therapeutic target to treat hypervirulent C. difficile infection.
TedB is the main virulence factor of C. difficile, causing epithelial damage and disease. The
study segregated TcdB variants into an FZD-binding group (TcdB1, TedB3, TcdB5) and a
TFPI-binding group (TcdB2, TcdB4, TedB6, TedB7). Surprisingly, hypervirulent variants
TcdB2 and TedB4 bind TFPI but not FZD, explaining their increased pathogenicity. The study
identifies TFPI as a main mediator of C. difficile toxicity and therapeutic target candidate [53].

Together, these findings provide a mechanistic and structural rationale for the design
of next-generation therapeutics against the receptor-binding domains of TcdB. Unraveling
the interplay between receptor specificity, toxin evolution, and host susceptibility will be
pivotal in driving precision medicine approaches in the treatment of C. difficile infections.

2.4. Pore-Forming Motifs and Membrane Insertion Mechanisms

The cytotoxic effects of TcdA and TedB are contingent upon their ability to translocate
the glucosyltransferase domain (GTD) across the endosomal membrane into the host
cytosol. Translocation is facilitated by pH-dependent conformational transitions leading
to the formation of a transmembrane pore. Recent cryo-electron microscopy experiments
have shown the structural intricacies involved in such pore-forming motifs and membrane
insertion and their involvement, emphasizing the complexity of interactions between
domain rearrangement, pH-induced structural instability, and host lipids [52].

2.4.1. Receptor Binding and Endocytosis

The intoxication process begins with the specific binding of TcdA and TcdB to host cell
surface receptors. TedA is known to interact with glycans, glycoprotein 96 (gp96), sulfated
glycosaminoglycans (sGAGs), and members of the low-density lipoprotein receptor (LDLR)
family [54]. In contrast, TcdB targets receptors, such as (CSPG4), Nectin 3, and frizzled
proteins (FZD1, FZD2, FZD7). Following receptor engagement, the toxins are internalized
into the host cell via receptor-mediated endocytosis [55].

Once inside the endosome, the acidic environment induces significant conformational
changes in the toxins. These pH-dependent alterations are crucial for exposing hydrophobic
regions within the translocation domain, which were previously concealed at neutral pH.
The exposure of these hydrophobic segments facilitates their insertion into the endosomal
membrane, a critical step for subsequent pore formation [56].

2.4.2. Membrane Insertion and Pore Formation

The translocation domain of TcdA and TedB plays a pivotal role in membrane insertion
and pore formation. Studies have identified specific regions within this domain that are
essential for these processes. Mutations in residues clustered between amino acids 1035 and
1107 significantly impair the toxin’s ability to form pores, thereby reducing its cytotoxicity by
over 1000-fold. These findings highlight the importance of precise structural configurations
in the translocation domain for effective membrane insertion and pore formation [57].
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Following pore formation, the catalytic glucosyltransferase domain (GTD) and auto-
processing domain (APD) of the toxins translocate across the endosomal membrane into the
host cell cytosol. This translocation is facilitated by the transmembrane pores formed earlier.
Once in the cytosol, the APD undergoes autoprocessing, releasing the GTD. The liberated
GTD then glucosylates host GTPases, disrupting various cellular functions and leading to
cytopathic effects [58]. High-resolution cryo-electron microscopy studies have provided
deeper insights into the structural dynamics of TcdA and TcdB. These studies reveal that at
neutral pH, the receptor-binding domains, particularly the combined repetitive oligopep-
tides (CROPs), interact with the delivery and receptor-binding domains, maintaining a
conformation that prevents premature membrane interaction [59]. Upon acidification, the
CROPs undergo dynamic movements, facilitating the exposure of hydrophobic regions
necessary for membrane insertion and pore formation [34].

3. Molecular Pathogenesis: Endocytic Trafficking, Cytosolic Delivery
Mechanisms, and Rho GTPase Inactivation

3.1. Endocytic Trafficking of TcdA and TcdB

The internalization of TcdA and TcdB by the host cell is through a tightly controlled
process involving receptor-mediated endocytosis, vesicular transport, and pH-dependent
structural remodeling. The toxins employ more than one pathway for endocytosis to max-
imize uptake and translocation of their catalytic glucosyltransferase domain (GTD) into
the host cell cytoplasm. Recent studies involving cryo-electron microscopy, live-cell imag-
ing methods, and pharmacological inhibitors have provided detailed information on the
endocytic pathways employed by the toxins [60].

3.1.1. Receptor-Mediated Endocytosis and Receptor Specificity

C. difficile toxins, TcdA and TcdB, utilize distinct receptor-mediated pathways for cell
invasion. TcdA utilizes LRP1 to a significant degree as its major receptor, considering
the strong inhibition of toxin binding and internalization in LRP1 knockout fibroblasts.
LRP1, involved in the extracellular ligand clearance of molecules, such as lipoproteins,
coagulation factors, and matrix metalloproteinases, specifically binds TcdA through its
cluster Il and IV domains. This is in agreement with earlier work demonstrating that most
of the LRP1 ligands were associated with clusters II and IV. However, efforts to cross-link
the LRP1-Tcd A complex chemically were unsuccessful due to the rapid processing of LRP1.
Further findings indicate LRP1 was rapidly internalized into fibroblasts as well as into
Caco-2 cells and is in agreement with its function for facilitating TcdA uptake. Genetic
ablation of LRP1 decreases cellular uptake of TcdA as indicated by inhibited Rac/Cdc42
glucosylation, dephosphorylation of PAK, and actin depolymerization induced by toxins.
These findings collectively confirm the fact that TcdA is an LRP1 ligand, and it utilizes
LRP1 constitutive endocytosis to become internalized by cells [61].

Although LRP1 is a major receptor, TcdA also binds to other receptor structures. LRP1
knockout by genetic means decreases the binding of TedA to the cell surface by about
50%; however, this does not prevent TedA from binding to LRP1-null mouse embryonic
fibroblasts (MEFs), indicating alternative receptors. Potential candidates suggested are gp96,
Lewis I, X, and Y glycans, and sulfated glucosaminoglycans [62]. TcdA enters LRP1-/- MEFs
at high concentrations, suggesting the existence of other endocytic receptors, which may be
from the LDL receptor family. LRP1 also co-associates with other membrane proteins, such
as PDGF receptors, NMDA receptor subunits, TGFf receptors, Frizzled1, and integrins,
regulating their activity or their internalization. Of these, gp96, which co-associates with
LRP1, is proposed as a co-receptor [63]. Inhibition or down-regulation of gp96 partially
eliminates the biological activities of TcdA, suggesting it is involved. Experimental evidence,
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however, indicates that gp96 is not internalized and remains at the cell surface even in the
presence of TcdAl thus, it may be a non-endocytic receptor. It is consistent with a model in
which gp96 promotes TcdA binding to LRP1 but does not enhance its uptake. Instead, its
presence enhances its uptake through LRP1-mediated endocytosis [64].

Compared to TcdA, TedB has greater receptor specificity and binds to CSPG4, frizzled
(FZD) 1/2/7, and NECTINS3 [65]. Cryo-EM analysis demonstrates that TedB binding to
CSPG4 is mainly at the junction of its translocation and combined repetitive oligopeptide
(CROP) domains [66]. Mutational analysis identifies two important residues, Y1824 and
N1839, in this area, whose mutation significantly compromises TcdB intoxication of Vero
and CHO cells. These residues are vital for CSPG4 binding but are not required for
NECTINS or FZD7 binding, further supporting CSPG4 as a major receptor. Cells naturally
lacking CSPG4 or CSPG4 deletion using CRISPR/Cas9 are less susceptible to wild-type
and mutant TedB, highlighting its function in toxicity. Further experiments show that the
minimal functional region for CSPG4 binding involves three short repeats at the C-terminal
end of the translocation domain. Notably, although the CROP domain is important for
TedA receptor binding, TcdB’s CROP domain is not found to be crucial for its cellular
interaction [67]. Binding studies demonstrate that TcdB CROPs do not bind to cell surfaces
or competitively block TedB intoxication, indicating a profound difference in receptor
engagement mechanisms between TcdA and TcdB [68].

Structural-functional analysis of TcdA and TcdB receptor binding has wide therapeu-
tic implications for neutralization. Notably, bezlotoxumab, a monoclonal TedB antibody;,
efficiently inhibits CSPG4 binding and associated cytotoxicity. These observations are a
testament to the importance of receptor specificity in toxin pathogenesis and provide a
paradigm for the design of targeted therapeutics against CDI [69]. Nevertheless, identifica-
tion of TcdB’s endocytic receptor remains enigmatic despite rigorous efforts and, as such, is
a promising candidate for further investigation. The new two-receptor model hypothesizes
that the large clostridial glucosylating toxins employ a non-endocytic receptor for cell asso-
ciation in addition to an endocytic receptor for the internalization of the toxins into cells.
Mechanistic elucidation of these receptor-mediated pathways contains critical information
regarding the pathogenesis of C. difficile and, as such, potential sites of intervention [70].

3.1.2. Clathrin-Independent and PACSIN2-Dependent Endocytosis of Tcd A

The TedA internalization pathway is quite distinct from that of TedB, which is largely
clathrin-mediated endocytosis (CME). Saturating analyses using RNAi knockdown technolo-
gies and pharmacologic inhibitors have determined that Tcd A entry is clathrin-independent
but completely PACSIN2-dependent [71]. The endocytic regulatory protein is associated
with membrane curvature as well as with actin rearrangement, establishing its critical role
in the cell intoxication mechanism mediated by TcdA [72].

TcdA and TedB, being major virulence factors of C. difficile infection, depend on endo-
cytosis and translocation into acidified endosomal compartments inside host cells. Whereas
TedB’s CME dependence on inactivation of Racl and rounding of cells is established, the
endocytic process of TcdA was unclear until recent studies deciphered its PACSIN2 de-
pendence. Perturbation experiments through RNAi-based and pharmacological inhibition
demonstrated that TcdA internalization into Caco-2 cells is not CME dependent as CHC
depletion had no effect on Tcd A-induced cytotoxicity, and TedA did not colocalize with
clathrin markers [73].

Unlike earlier work indicating participation of CME in TcdA internalization, these ob-
servations are consistent with reports that inhibiting CME with chlorpromazine also affects
clathrin-independent functions [74]. Notably, removal of CHC from HT-29 cells did not
diminish Tcd A-dependent glucosylation of Racl, again indicating CME-independent inter-
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nalization of TedA. This discrepancy is testimony to the sophistication of TcdA endocytosis
and necessitates multiple experimental strategies.

Clathrin-independent endocytic routes are divided based on dynamin dependence.
Our research demonstrated that TcdA internalization is dynamin-dependent and that Cavl,
cavinl, and PACSIN2 are components that are absolutely essential. While Cav1 and cavinl
participate in caveolae formation, our imaging experiments failed to find colocalization of
Ted A with these proteins in Caco-2 or mouse embryonic fibroblast (MEF) cells, and, thus,
Ted A entry appears to be caveolae-independent. Surprisingly, Caco-2 cells are devoid of
the Cavl « isoform essential for functional caveolae, which could be the reason for this
finding [75].

PACSIN2 then becomes a dominant mediator of TcdA endocytosis, and knockdown
decreases TcdA internalization by 80%. Being a BAR domain protein, PACSIN2 creates
membrane curvature and dynamin recruitment for the vesicle scission, similar to the FEME
pathway via endophilinA2. In both Caco-2 and MEF cells, TcdA colocalizes with PACSIN2,
pointing to its indispensable role in the entry of the toxin and the resulting cytotoxicity [76].

The unique endocytic pathways used by TcdA and TedB can account for their relative
cytotoxicity, and the CME-dependent entry of TcdB allows for the generation of reactive
oxygen species, in contrast to TcdA. The pathway of TcdA through PACSIN2 can be
therapied, and the future lies in the determination of the receptor interactions and other
host proteins participating in this pathway.

3.1.3. Endosomal Acidification and Toxin Translocation

The internalization of TcdA and TcdB by receptor-mediated endocytosis leads to tar-
geting acidic endosomal compartments, where low pH induces the conformational changes
necessary for membrane insertion and subsequent trafficking into the cytosol [77]. Am-
broxol (Ax), an inhibitor of endosomal acidification, has been demonstrated to significantly
reduce toxin-induced morphological changes and Racl glucosylation. Ax significantly in-
hibited cell rounding induced by toxins and conferred protection upon intestinal epithelial
cells from the cytotoxic repercussions. Furthermore, Ax directly attenuated the intracellular
enzymatic activity of the glucosyltransferase domain (GTD) of the toxins, independent of
its influence on endosomal pH, thus further impairing the functionality of the toxins [78].
Bafilomycin A1 also inhibits endosomal acidification and prevents the translocation of the
C. difficile toxins A (TcdA) and B (TcdB) into the cytosol. The inhibition inhibits conforma-
tional changes required for pore formation and toxin activation and, thus, protects host
cells against TedB-induced rounding and cytotoxicity Live-cell imaging has demonstrated
that translocation of TcedB approximately 10 min after endocytosis corresponds to a rapid
drop in endosomal pH, and cryo-EM analysis performed under acidic conditions shows
TedB in its open -hairpin conformation characteristic of its membrane insertion state [79].

The pH-dependent activation through communication between the structural and
functional elements highlights the complexity of C. difficile toxin translocation. A close
understanding of such processes may indeed permit the design of therapeutic interven-
tions aimed at endosomal acidification, thereby preventing the cytotoxic activity of such
pathogenic bacterial toxins.

3.2. Cytosolic Delivery and Autoprocessing Mechanisms

C. difficile toxins, TcdA and TedB, employ a sophisticated multistep process to infiltrate
host cells and disrupt cellular functions. This process encompasses receptor binding,
endocytosis, pore formation, translocation, autoprocessing, and subsequent glucosylation
of host GTPases [80].
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The initial phase involves the toxins binding to specific cell surface receptors. Tcd A
primarily interacts with glycan structures and proteins, such as sucrase-isomaltase and
glycoprotein 96 (gp96), on the colonic epithelium. Additionally, sulfated glycosamino-
glycans (sGAGs) and low-density lipoprotein receptors (LDLRs) have been identified as
mediators for TcdA entry, suggesting that Tcd A may engage multiple receptors to facilitate
high-affinity cell entry. In contrast, TcdB targets receptors, including chondroitin sulfate
proteoglycan 4 (CSPG4), frizzled proteins (FZD1, FZD2, FZD7), and poliovirus receptor-like
3 (PVRL3). These interactions are crucial for the internalization of the toxins via receptor-
mediated endocytosis [8]. These changes facilitate the insertion of hydrophobic regions into
the endosomal membrane, leading to pore formation. Notably, Tcd A requires cholesterol-
rich membranes for effective pore formation, whereas TcdB does not have this requirement.
The formed pores allow the translocation of the N-terminal glucosyltransferase domain
(GTD) and the autoprotease domain (APD) into the host cell cytosol [54].

Once translocated, the APD undergoes activation by inositol hexakisphosphate (InsP6),
a cytosolic cofactor. Activation causes an autoprocessing reaction that cleaves and releases
the GTD into the cytosol. Released GTD glucosylates Rho-family GTPases RhoA, Racl, and
Cdc42 at the conserved threonine residue. Modification causes inactivation of the GTPases,
leading to cytoskeletal perturbations of the actin cytoskeleton, alterations in cell shape,
barrier dysfunction, and eventual cell death [81].

3.3. Rho GTPase Inactivation by TcdA and TcdB

The cytotoxicity of C. difficile toxins TcdA and TcdB is mainly induced by Rho GTPase
inactivation, which has crucial functions in controlling the organization of actin cytoskele-
ton, cell division, and immunomodulation signaling pathways. Toxins are involved in a
glucosyltransferase reaction with irreversible inactivation of Rho-family GTPases, subse-
quently triggering a cascade of cellular aberrations. Recent structural and biochemistry
studies have elucidated the enzymic mechanism of the glucosylation and its profound
effects on host cell physiology [82].

Both TedA and TcdB employ uridine diphosphate glucose (UDP-GlIc) as a substrate for
the catalysis of transferring a glucose moiety to a conserved threonine residue at the switch
I region of Rho GTPases. Crystallographic investigations at high resolution have indicated
that TedB functions in a substitution nucleophilic internal manner, with nucleophilic attack
and departure of the leaving group on the same face of the glucose ring [83]. Kinetic
isotope effect analyses have further verified that glucosylation reaction is associated with a
transition state of oxocarbenium phosphate ion pair, with dissociation of UDP being prior
to threonine attack. Comparative structure analysis carried out between the two toxins has
demonstrated that Tcd A is able to work on a wider range of substrates, including both the
Rho- and Rap-family of GTPases, whereas TcdB preferentially modifies RhoA, Racl, and
Cdc42. Crucially, the glucosyltransferase domain of Ted A is found to be more catalytically
active after autoproteolysis, pointing toward cytosolic activation as part of optimization of
enzymatic action [84].

Inactivation of the Rho GTPase through TcdA and TedB significantly interferes with
pivotal cellular processes. GDP/GTP cycling disruption interferes with the organization
of the actin filaments, which leads to the depolymerization of the actin and cell rounding
before eventual detachment [85]. Comparative studies between hypervirulent TedB strains
reported higher affinity toward Racl corresponding with increased cytotoxicity. Addi-
tionally, disturbance of RhoA has adverse effects on tight junctions found in epithelium,
causing barrier dysfunction [86]. Experiments from human colonic organoids disclosed
a significant fall in trans-epithelial electrical resistance (TEER) after Rac1l glucosylation,
indicating heightened permeability. Additionally, suppression of Rac1 inhibits expression
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of cyclin D1 and causes G1-S phase arrest of the colonic epithelial cell cycle and is corre-
lated with extended inactivation, which ultimately impairs repairing of epithelial layers in
models using mice [87].

TedA and TedB act on the Rho-family GTPases (RhoA, Racl, and Cdc42) with sim-
ilar activities; TcdA, however, is more effective in modifying RhoA, and TcdB is faster
in modifying Racl. Although the two toxins have 51% sequence identity within their
glucosyltransferase domains, both toxins employ similar strategies for the recognition of
substrate, as inferred from structural alignments of their complexes with GTPases. This
highlights their differential activities while acting on identical substrates [38].

Targeting the Rho GTPase inactivation process has tremendous therapeutic potential.
Small molecule inhibitors, including Ambroxol, as mentioned earlier, have been reported
to suppress TcdA /B enzymatic activity and decrease levels of Racl glucosylation by a
significant amount. Human «-defensin-6 sequesters Tcd A and TcdB into inactive complexes,
preventing Rho-GTPase glucosylation and protecting epithelial barriers. This mechanism,
alongside CRISPR/Cas9-mediated RhoA and Racl knockout, highlights the therapeutic
potential of targeting host factors to mitigate toxin-induced injuries [89].

4. Microbiota-Mediated Resistance to C. difficile Infection

The gut microbiota plays a crucial role in protecting against CDI through a mech-
anism known as colonization resistance. Disruptions in microbiota composition, often
due to antibiotic use, increase susceptibility to C. difficile colonization and toxin-mediated
colonic damage. Recent studies have highlighted specific bacterial taxa, metabolic path-
ways, and immune interactions that contribute to microbiota-mediated resistance against
C. difficile [90].

4.1. Role of Microbiota in Colonization Resistance

The gut microbiota plays a role in preventing CDI through a multi-component process
of nutrient competition, production of antimicrobial metabolites, and immune system
modulation of the host [91]. A healthy and dense microbial community is a natural defense
against enteric pathogens. Disturbances by antibiotics, diet, or gastrointestinal disease can
break this defense, thus increasing the risk of CDI by creating an environment conducive to
C. difficile colonization and toxin production [92].

Antibiotic exposure is a major risk factor for CDI since it reduces the gut microbial
diversity, especially within the Firmicutes and Bacteroidetes phyla, thus changing the gut
metabolic environment in a way that promotes the development of C. difficile. Various
studies have shown that about 60% of individuals with community-associated CDI had
a history of antibiotic exposure [93]. In mouse models, Schubert et al. pointed out that
interactions among various populations of bacteria are involved in colonization resistance,
and this emphasizes the role played by microbial diversity. CDI patients have lower levels
of protective bacteria, such as Bacteroidetes, Prevotella, and Bifidobacteria, and higher
levels of Lactobacillaceae and Enterobacteriaceae [94].

Probiotic treatments for the restoration of protective gut microbiota populations are
promising for the prevention and treatment of CDI. New evidence also indicates that
dietary components, including high-fat and low-fiber Western diets, play a role in adverse
effects on gut health by decreasing microbiota-accessible carbohydrates and SCFAs, which
are protective against CDI. Excessive dietary zinc and underlying conditions, including
inflammatory bowel disease (IBD), also contribute to gut microbiota dysbalances, enhancing
CDI risk and severity [95].
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Bile acids play a central role in modulating the composition of gut microbiota and
CDI pathogenesis. Antibiotic-altered microbiota results in elevated primary bile acids,
which activate C. difficile spore germination and growth and suppress secondary bile acids
inhibiting its growth [96]. FMT can restore secondary bile acids and microbial community
diversity and has therapeutic potential [97]. Secondary bile acid-producing bacteria, such
as Clostridium scindens, that are involved in deoxycholate (DCA) and lithocholate (LCA)
production have been targeted as major contributors to CDI resistance [98].

SCEFAs, such as acetate, propionate, and butyrate, derived from microbiota during
dietary fiber fermentation, keep the colon healthy and have immunomodulatory effects [99].
Research has demonstrated that butyrate improves intestinal epithelial barrier function
and suppresses inflammation, which is CDI protective. Acetate, via immune signaling,
improves antimicrobial function and repair of epithelium, further enhancing colonization
resistance [100].

Competition for nutrients is a key process through which gut microbiota suppresses the
growth of C. difficile. Commensal microbes restrict the supply of critical nutrients, including
amino acids and carbohydrates. For example, Bacteroides, the taiotaomicron, breaks down
sialic acid from mucosal carbohydrates, a nutrient that C. difficile uses. Reduction of such
bacterial counts by antibiotics raises the supply of nutrients for C. difficile. Commensal
bacteria that metabolize succinate reduce its supply, thus restricting the metabolism and
growth of C. difficile [101].

Direct competition by commensal bacteria, in the form of the production of antimi-
crobial compounds, is also important. Thuricin CD, a bacteriocin that is active against
C. difficile, is produced by Bacillus thuringiensis [99]. Growth of C. difficile is inhibited
by Lactobacillus reuteri through the production of reuterin, and the co-administration of
glycerol was found to enhance its activity. Combinatorial therapies involving antimicrobial
compounds, such as durancin from Enterococcus durans and reuterin, have been found to
demonstrate synergistic inhibitory activity against C. difficile in vitro. Gut microbiota, such
as C. scindens and Clostridium sordelli, also produce tryptophan-derived antibiotics that,
in combination with secondary bile acids, inhibit C. difficile [102].

Fecal microbiota studies have identified Bacteroides species as competitive and in-
hibitory bacteria that block colonization of C. difficile using host-derived nutrients that are
necessary for C. difficile growth [103]. Eradication of Bacteroides using antibiotic treatment
suppresses this defense mechanism, enhancing C. difficile growth. Therefore, maintaining
a dense gut microbiota is essential to provide effective colonization resistance against
C. difficile [104].

4.2. Fecal Microbiota Transplantation (FMT) as a Restorative Therapy

Fecal microbiota transplantation (FMT) (Figure 2) has been a highly effective treatment
approach to the re-establishment of gut microbial diversity and alleviation of C. difficile
infection, particularly in cases of recurrence [105]. The underlying mechanism of FMT is
the re-introduction of a healthy and diverse microbial community into the infected gut,
thus re-establishing colonization resistance to C. difficile [106]. CDI is frequently linked with
alterations in gut microbiota composition as a result of antibiotic administration, which
eliminates the populations of beneficial microbes and creates an environment conducive to
the overgrowth of C. difficile. Through the transfer of stool from a donor with a healthy gut
to a recipient, FMT allows for the re-establishment of a healthy gut microbiota, thus the
alleviation of the resistance to pathogen overgrowth and recurrence [107].
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Figure 2. Demonstrates the process and therapeutic mechanism of fecal microbiota transplantation
(FMT) in the recovery of gut microbiota homeostasis in C. difficile-infected patients. The left panel
(red) represents a C. difficile-infected gut, in which dysbiosis causes overgrowth of pathogenic bacteria.
This results in barrier dysfunction, release of inflammatory cytokines, and enhanced susceptibility
to bacterial and viral infections. The right panel (blue) represents a recovered microbiota after FMT,
in which normal gut microbes increase mucus secretion, colonization resistance, and production of
bacteriocins and SCFAs, suppressing overgrowth of pathogens and fortifying the intestinal barrier.

Clinical trials have demonstrated that FMT is far more effective than traditional
antibiotic therapy for the prevention of recurrent CDI [108]. While antibiotics, such as
vancomycin and fidaxomicin, can eliminate an active infection, they are powerless to
repair the underlying dysbiosis that makes patients susceptible to reinfection [109]. In
contrast, FMT repairs the important bacterial communities, most notably the Firmicutes
and Bacteroidetes phyla, necessary to maintain colonization resistance. Increasing evidence
demonstrates that patients receiving FMT have rapid and persistent restoration of their
microbiota, defined by a dramatic increase in bacterial diversity and metabolic activity
suppressing the growth of C. difficile [110]. Furthermore, FMT allows for the restoration of
metabolic end products, including short-chain fatty acids (SCFAs) and secondary bile acids,
needed to maintain gut homeostasis and suppress the germination of C. difficile spores and
toxin production [111].

The mechanisms of FMT efficacy go beyond the restoration of microbial diversity. FMT
restoration of beneficial bacteria assists in immune modulation, dampening inflammatory
reactions to CDI [112]. Research indicates that FMT restores host-microbiota interaction by
modulating cytokine response and improving mucosal barrier function [113]. FMT also
disturbs bile acid metabolism, transforming the composition from an antibiotic-altered
primary bile acid-dominant environment supporting C. difficile colonization to one rich in
secondary bile acids, which inhibit the growth of C. difficile. This metabolic transition is
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crucial in interrupting the cycle of recurrent infection and creating a gut environment that
is adverse to the growth of C. difficile [114].

Despite its success, FMT is not without its challenges. The standardization of donor
screening, stool preparation, and method of delivery are prime areas of research to deter-
mine safety and efficacy. There is also controversy regarding the best mode of delivery of
FMT, from colonoscopic infusion to nasogastric or nasoduodenal tubes and oral encapsu-
lated forms, each with varying levels of patient acceptability and success rates [115]. There
are also concerns regarding the long-term effect of FMT, such as potential alteration in
immune function or microbiota architecture beyond the treatment of CDI, which must be
answered [116].

As a substitute or adjunct strategy, scientists are developing well-characterized mi-
crobial consortia and next-generation probiotics that replicate the therapeutic benefits of
FMT but without the perils of direct stool transplantation [117]. These strategies aim to
selectively replace critical microbial processes without the FMT donor-to-donor hetero-
geneity. Developments in microbiome therapeutics, such as bacterial cocktails and artificial
microbiota preparations, have the potential to offer a more controlled and focused therapy
for CDI patients in the future.

5. Future Directions: Integrative Models for Toxin—-Host-Microbiome
Crosstalk and Translational Challenges

The intricate interplay between C. difficile toxins, host immune responses, and the
gut microbiome has emerged as a pivotal factor in understanding CDI pathogenesis and
advancing therapeutic strategies [118]. Follow-up studies will be anticipated to employ
integrative systems-level approaches, multi-omics, and computational modeling to uncover
these complex interactions and translate findings into clinically applicable tools. In this
section, the potential of these approaches is discussed, with a focus on current translational
hurdles and future research avenues to meet the unmet needs in the treatment of CDL

5.1. Systems Biology Approaches to Toxin—Host—Microbiome Crosstalk

A comprehensive understanding of CDI pathogenesis is an integrated study of C. dif-
ficile toxin remodulation of host metabolism, immune signaling, and microbiome organi-
zation. The advantages of multi-omics integration in revealing these processes have been
identified in recent research. [103] for instance, employed transcriptomics and metabolomics
to demonstrate how toxin-induced inflammation reprograms host tissue gene expression
and gut microbiota composition to create a microenvironment that is favorable for the
growth of C. difficile. Their research demonstrated how collagen degradation by matrix
metalloproteinase releases peptides to be utilized as a source of nutrition by C. difficile and
revealed a feedback process that sustains infection. These studies demonstrate the contri-
bution of systems biology to the identification of key molecular pathways and microbial
interactions that result in CDI development.

Apart from experimental approaches, computational modeling has also been very
valuable as a predictive device for host—pathogen interaction and optimization of thera-
peutic intervention. A computational model, which comprised toxin expression pathways,
host cell apoptosis, and MAPK signaling, was constructed and showed that biomodulation
of toxin expression maximizes host survival greatly. These models provide not only mecha-
nistic insights but also a platform for theoretically assessing interventions, thus facilitating
the development of precision therapeutics [119].
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5.2. Translational Challenges in Therapeutic Development

Despite tremendous progress in toxin-targeted therapies, there are a number of barri-
ers to their application in a clinical setting. One of the greatest challenges is in reconstituting
the microbiome. While FMT has been highly effective in the management of recurrent CD],
long-term safety concerns, optimal donor selection criteria, and standardization of procedu-
ral protocols are still unknown. Moreover, variability in toxin expression among different
strains of C. difficile presents a considerable barrier. Hypervirulent bacteria, such as ribotype
027, have increased toxin expression and resistance to neutralizing techniques, further
complicating the development of therapeutic strategies [120]. Moreover, host responses
to toxins are based on genetic characteristics and the composition of the microbiome, ne-
cessitating personalized treatment. Experiments with gut epithelial models have shown
varying responses to C. difficile toxins according to the genetic makeup of the host and the
microbiome structure, highlighting the need for personalized therapeutic regimens [121].

5.3. Future Research Priorities

Future investigations pertaining to CDI must pioneer novel therapeutic strategies
whilst simultaneously addressing extant limitations (Table 1). Among the most imperative
domains is the formulation of targeted therapies that more effectively neutralize toxin
activity, including engineered antibodies and small-molecule inhibitors. These strategies
are designed to obstruct toxin-host interactions, mitigate cellular damage, and diminish
the severity of the disease. Instead of FMT, one could consider synthetic microbiome-based
therapy, which ensures a standardized and safer method for maintaining balance in the
gastrointestinal tract. Another vital domain encompasses the identification of predictive
biomarkers that facilitate the early detection of severe CDI, thereby enabling timely and tar-
geted therapeutic interventions. Advances in immunotherapy, such as bispecific antibodies
and toxin-targeting T-cell therapies, have the potential to further improve patient outcomes
by modulating the immune response and decreasing recurrence rates. The challenges
associated with the standardization of treatment, bioavailability, and delivery mechanisms
must be systematically addressed to enhance therapeutic efficacy. Through the integration
of precision medicine, biotechnology, and microbial therapeutics, forthcoming studies may
yield more effective, accessible, and sustainable solutions for combating CDI [122]. These
treatments could potentially augment current treatment while avoiding the limitations
inherent in current toxin-neutralization mechanisms, as mentioned in the table below.

Table 1. Targeted therapies against Clostridioides difficile toxins.

Targeted Toxin

Clinical

Therapy Domain Mechanism Advantages Relevance Limitation Reference
(TcdA/TcdB)
Neutralizes Standardization
Recombinant CROPs domain El\?lgliseggsﬁocf/ hypervirulent Phase IT needed, Limited [123]
sdAbs (TedB) bindin p RT027/RT078 efficacy against
& strains TcdA~B* strains
Enzymatic Masking CSPG4 High cost, only
Bezlotoxumab Domain (TedB)  binding J recurrence Approved IV route [124]
. Blocks Rho/
Glucosyltransferase DXD motif . - . Off-target effects
Inhibitors (TedA /TedB) Ras C}TPgse Oral bioavailability ~ Preclinical on host GTPases [125]
Inactivation
Highly specific, o
Bacteriophage C. difficle Selectively targets | bacterial burden Preclinical Lg:;iiifi fff, [126]
therapy cell lysis C. difficles cells without disrupting p

microbiota

phage resistance

| means decrease.
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6. Conclusions

Clostridioides difficile infection (CDI) is a major global healthcare problem, largely due
to the highly virulent toxins TcdA and TcdB. The current review consolidates an extensive
overview of their structural and functional features, such as receptor binding, endocytosis,
pH-dependent conformational changes, and immune modulatory functions within the host.
Advances in cryo-electron microscopy (cryo-EM) and X-ray crystallography have provided
richer structural insights into toxin dynamics and clear concepts, particularly in pore
formation and auto processing mechanisms, which can lead to new therapeutic strategies.
Genomic studies have also shed light on the evolutionary versatility of hypervirulent
strains, with horizontal gene transfer as the driving force for the diversification of toxins.

Therapeutic methods of targeting C. difficile toxins have come a long way, with neu-
tralizing antibodies, CRISPR gene editing, and microbiome restoration approaches being
the preferred front-runners. FMT has shown great promise in the context of recurrent CD],
and engineered probionts and synthetic microbiome preparations are the directions to look
out for in the future. Additionally, the role of gut microbiota in the control of toxin action
highlights the necessity of holistic treatment approaches that account for both pathogen
virulence and host resistance.

Despite these improvements, several obstacles remain, including toxin subtype hetero-
geneity, specificity of the host response, and the need for standardized microbiome therapy.
Future research will necessitate bridging the identification of predictive biomarkers of
the severity of CDI, refining further the development of immunotherapies, and using
computational modeling to inform the selection of the most therapeutic interventions. The
integration of structural biology, systems-level omics, and dynamics of host-microbiome
interactions enable the formulation of precision medicine strategies, better addressing CDL
Identification of the more profound mechanistic understandings of TcdA and TcdB will
play a pivotal role in the creation of novel targeted treatments and prevention approaches
for future application.
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Abbreviations

APD Adaptor Protein Domain

BAR Bin/Amphiphysin/Rvs (domain)

CD Clostridioides difficile

CDAD Clostridioides difficile-Associated Diarrhea
CDI Clostridioides difficile Infection

CDT Clostridioides difficile Transferase (binary toxin)
CHC Clathrin Heavy Chain

CHO Chinese Hamster Ovary (cells)

CME Clathrin-Mediated Endocytosis

CPD Cysteine Protease Domain

CRD Cysteine-Rich Domain

CROP Combined Repetitive Oligopeptides (domain)
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DCA Deoxycholic Acid
DNA Deoxyribonucleic Acid
DRBD Double RNA-Binding Domain
EM Electron Microscopy
FBD Frizzled Binding Domain
FDA Food and Drug Administration
FEME Fast Endophilin-Mediated Endocytosis
FMT Fecal Microbiota Transplantation
FZD Frizzled (protein family)
GDP Guanosine Diphosphate
GTD Glucosyltransferase Domain
GTP Guanosine Triphosphate
HGT Horizontal Gene Transfer
HT Human Toxin
IBD Inflammatory Bowel Disease
II Intrinsic Immunity
INDIA Indian National Drug Authority (possible context)
v Intravenous
LCA Lithocholic Acid
LDL Low-Density Lipoprotein
LDLR Low-Density Lipoprotein Receptor
MAPK Mitogen-Activated Protein Kinase
MEF Mouse Embryonic Fibroblast
NMDA N-Methyl-D-Aspartate (receptor)
OFF Inactive State
ON Active State
PAK p21-Activated Kinase
PCR Polymerase Chain Reaction
PDGF Platelet-Derived Growth Factor
RNA Ribonucleic Acid
TEER Trans-Epithelial Electrical Resistance
UDP Uridine Diphosphate
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