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ABSTRACT

Clostridium difficile is a bacterial pathogen that is the leading cause of nosocomial antibiotic-associated diarrhea and
pseudomembranous colitis worldwide. The incidence, severity, mortality and healthcare costs associated with C. difficile
infection (CDI) are rising, making C. difficile a major threat to public health. Traditional treatments for CDI involve use of
antibiotics such as metronidazole and vancomycin, but disease recurrence occurs in about 30% of patients, highlighting the
need for new therapies. The pathogenesis of C. difficile is primarily mediated by the actions of two large clostridial
glucosylating toxins, toxin A (TcdA) and toxin B (TcdB). Some strains produce a third toxin, the binary toxin C. difficile
transferase, which can also contribute to C. difficile virulence and disease. These toxins act on the colonic epithelium and
immune cells and induce a complex cascade of cellular events that result in fluid secretion, inflammation and tissue
damage, which are the hallmark features of the disease. In this review, we summarize our current understanding of the
structure and mechanism of action of the C. difficile toxins and their role in disease.
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INTRODUCTION

Clostridium difficile is an anaerobic, spore-forming, Gram-positive
bacterium that was first described by Hall and O’Toole (1935).
While the bacterium (originally named Bacillus difficile) was iden-
tified as part of the normal intestinal flora of healthy new-born
infants, Hall and O’Toole noted that the organism was capable
of causing disease in animals, likely through the production of
soluble exotoxin(s). Clostridium difficile gained recognition as an
important human pathogen when it was identified as the etio-
logic agent of antibiotic-associated pseudomembranous colitis
(PMC) (Bartlett et al. 1978; George et al. 1978). PMC is a severe in-
flammatory disease of the colon, characterized by the formation
of pseudomembranes that are composed of necrotic epithelial
cells, fibrin, mucous and leukocytes. Since that discovery, it has

become clear that C. difficile can cause a spectrum of clinical con-
ditions in humans, collectively known as C. difficile infections
(CDI), which range from mild and possibly recurrent diarrhea
to life-threatening complications such as PMC, toxic megacolon
and colonic perforation (Martin, Monaghan and Wilcox 2016).
Clostridium difficile has become a major healthcare problem in
the USA with an estimated half a million infections and 29 000
deaths each year (Lessa et al. 2015).

Several molecular typing methods, including PCR ribotyp-
ing, restriction endonuclease analysis (REA), multilocus se-
quence typing and pulsed field gel electrophoresis (PFGE), have
been developed for C. difficile classification and epidemiolog-
ical analyses (Smits et al. 2016). Owing to the initial lack
of a globally standardized typing method for this genetically
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Table 1. Sequence comparisons of the large glucosylating toxins.

TcdA TcdB TcsH TcsL Tcna

C. difficile TcdA
TcdB 48 (68)
C. sordellii TcsH 78 (88) 48 (68)
Tesl. 48 (68) 76 (87) 49 (69)
C. novyi Tene  31(51) 31(51) 32(52) 31(51)
C. perfringens TpelL 42 (62) 40(61) 43(62) 41(62) 33(54)

Values represent the percent identities of amino acids (in parentheses are the
percent homologies)

heterogeneous species, C. difficile isolates were often referred to
by multiple typing designations. For example, PCR ribotype 027
strains that have been associated with outbreaks in many coun-
tries are often indicated as REA group BI/PFGE type NAP1/PCR
ribotype 027 (BI/NAP1/027) (He et al. 2013). While PCR ribotyp-
ing has gained widespread acceptance for typing C. difficile and
an internationally standardized, high-resolution ribotyping pro-
tocol has been recently validated (Fawley et al. 2015), more and
more whole genome sequences are becoming available as the
cost of this technology gets less expensive. Recently, Lawson
et al. (2016) proposed that Clostridium difficile should be reclas-
sified as Clostridioides difficile based on phenotypic, chemotaxo-
nomic and phylogenetic analyses. This nomenclature has been
adopted by the National Center for Biotechnology Information.

Clostridium difficile transmission occurs via the fecal-oral
route, primarily in the form of spores. The spores traverse the
acidic pH of the stomach and germinate in the small intestine
in response to certain primary bile acids (Sorg and Sonenshein
2008; Giel et al. 2010). The metabolically active vegetative cells
colonize and infect the colon following antibiotic-induced dys-
biosis of the gut microbiota (Theriot and Young 2015; Smits et al.
2016). While antibiotic exposure, hospitalization, advanced age
and immunocompromised status increase the risk for disease,
reports of community-acquired infections in otherwise healthy
young adults who were not exposed to prior antibiotics are not
uncommon (Khanna and Pardi 2012). Although several virulence
factors contribute to C. difficile adherence and colonization, the
symptoms of CDI correlate with the production of two exotox-
ins: toxin A (TcdA) and toxin B (TcdB) (Awad et al. 2014). TcdA
and TcdB are 308 and 270 kDa proteins, respectively. The toxins
belong to the family of large clostridial toxins (LCTs), which are
a group of homologous, high molecular weight proteins that fur-
ther include the lethal and hemorrhagic toxins from C. sordellii
(TesL and TcsH, respectively), a-toxin from C. novyi (Tcne) and a
cytotoxin from C. perfringens (TpeL) (Table 1). The LCTs are gly-
cosyltransferases that inactivate specific Rho and Ras GTPases,
leading to the disruption of host cell function. Some C. difficile
strains, including the epidemic PCR ribotypes 027 and 078, pro-
duce a third toxin named C. difficile transferase (CDT; or binary
toxin). CDT is an actin-specific ADP-ribosyltransferase that is
homologous to iota toxin from C. perfringens (Barth et al. 2004)
and is thought to enhance C. difficile virulence and disease sever-
ity. In this review, we focus on the role of these three toxins in
mediating the symptoms associated with CDI. We provide a brief
introduction to the genetics and expression of these toxins and
their roles in human disease and animal infection models. We
then describe the toxins at a molecular and mechanistic level in
an effort to relate cellular functions to physiological outcomes.
Finally, we provide a brief overview of some toxin-based ther-
apeutic strategies and conclude with key questions for future
study.
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Figure. 1. Organization of toxin genes. (A) Schematic representation of the
pathogenicity locus (PaLoc). Toxin-encoding genes, tcdA and tcdB, are indicated
by blue arrows; regulatory genes are shown in light green (tcdR; positive) or red
(tcdC; negative); and holin-encoding gene tcdE is shown in dark green. The direc-
tion of the arrows reflects the direction of transcription. TcdR positively regulates
its own expression as well as the expression of tcdA and tcdB (indicated by brown
arrows). TedC is an anti-sigma factor that negatively regulates toxin expression
by interfering with TcdR function. TcdE is involved in the secretion of toxins.
(B) Schematic representation of the binary toxin locus (CdtLoc). CDT-encoding
genes, cdtA and cdtB, are shown in blue. The regulatory gene cdtR is shown in
light green. CdtR positively regulates the transcription of cdtA and cdtB.

OVERVIEW OF TOXIN GENETICS, EXPRESSION
AND SECRETION

The genes encoding TcdA (tcdA) and TcdB (tcdB) are located
within a 19.6-kb chromosomal region termed the pathogenic-
ity locus (PaLoc) (Fig. 1A) (Hammond and Johnson 1995; Braun
et al. 1996). In non-toxigenic strains, the PaLoc is replaced by a
75-115 nucleotide non-coding sequence or a 7.2-kb sequence of
unknown function (Braun et al. 1996; Elliott et al. 2009; Dingle
et al. 2011; Monot et al. 2015). Non-toxigenic Clostridium difficile
strains, however, can acquire the PaLoc from toxigenic strains
through horizontal gene transfer, resulting in the conversion of
non-toxigenic strains to toxin producers (Brouwer et al. 2013).
Changes in the toxin coding region within the PaLoc, includ-
ing single nucleotide polymorphisms, insertions or deletions,
have been used to classify naturally occurring C. difficile isolates
(Rupnik et al. 1998). Based on a comparison to a reference strain
VPI10463, 34 C. difficile toxinotypes have been defined, highlight-
ing the heterogeneity of the toxin coding region among C. difficile
isolates (Rupnik and Janezic 2016).

In addition to the toxins, the Paloc in most pathogenic
strains encodes three proteins, TcdR, TcdC and TcdE, which
are thought to regulate toxin production and secretion (Fig. 1A)
(Bouillaut et al. 2015; Monot et al. 2015; Smits et al. 2016). TcdR
is a member of the extracytoplasmic function family of al-
ternative sigma factors and plays a critical role in activat-
ing the expression of tcdA and tcdB (Moncrief, Barroso and
Wilkins 1997; Mani and Dupuy 2001). Additionally, TcdR pos-
itively regulates its own expression (Mani et al. 2002). While
there have been conflicting reports on the role of TcdC in toxin
production, several studies suggest that TcdC functions as an
anti-sigma factor that negatively regulates toxin expression
(Matamouros, England and Dupuy 2007; Carter et al. 2011). The
role of TcdE has also been controversial (Govind and Dupuy 2012;
Olling et al. 2012). The protein shares homology with the bac-
teriophage holin proteins, which are involved in the release of
progeny phages from the host bacterium (Tan, Wee and Song
2001). TcdA and TcdB do not possess any recognizable secre-
tion signal, and toxin export does not require bacterial cell



lysis (Mukherjee et al. 2002). These observations have led to the
suggestion that the toxins might be exported from the bacte-
rial cell by a non-classic secretion pathway involving holin pro-
teins. Several published studies now support this hypothesis
(Govind and Dupuy 2012; Govind, Fitzwater and Nichols 2015;
Monot et al. 2015).

Clostridium difficile cells grown in rich media typically ex-
press TcdA and TcdB during the stationary phase (Hundsberger
et al. 1997; Dupuy and Sonenshein 1998; Darkoh et al. 2015). The
toxin expression has been reported to be influenced by several
environmental stimuli, including temperature (Karlsson et al.
2003), subinhibitory concentrations of certain antibiotics (Naka-
mura et al. 1982; Freeman et al. 2007; Chilton et al. 2012; Al-
dape et al. 2013), quorum signaling (Darkoh et al. 2015), short-
chain fatty acids such as butyric acid (Karlsson et al. 2000), the
presence of a rapidly metabolizable carbon source (Dupuy and
Sonenshein 1998) and certain amino acids (Karasawa et al. 1997;
Karlsson, Burman and Akerlund 1999; Karlsson et al. 2000). The
presence of a rapidly metabolizable carbon source such as glu-
cose in the local environment of the bacterium inhibits toxin
production via the carbon catabolite control protein A (CcpA)
(Antunes et al. 2012). Branched chain amino acids inhibit toxin
production via the global transcriptional regulator CodY (Dineen
et al. 2007; Bouillaut et al. 2015). Finally, factors involved in the
regulation of motility and sporulation have also been reported
to modulate the production of TcdA and TcdB (Underwood et al.
2009; Saujet et al. 2011; Aubry et al. 2012; El Meouche et al. 2013;
Mackin et al. 2013; Martin et al. 2013; McKee et al. 2013; Edwards,
Tamayo and McBride 2016).

The binary toxin CDT, produced by some C. difficile strains,
is encoded by two genes, cdtA and cdtB, which are located on a
6.2-kb chromosomal region (distinct from the PalLoc) named the
Cdt locus or CdtLoc (Fig. 1B) (Perelle et al. 1997; Carter et al. 2007).
CDT-negative toxigenic strains typically contain a 2-kb deletion
within the CdtLoc (Stare, Delmee and Rupnik 2007). The CdtLoc
also contains a third gene, cdtR, which encodes an orphan LytTR
family response regulator (Carter et al. 2007). CdtR positively reg-
ulates CDT production and, in epidemic ribotype 027 strains, it
also upregulates TcdA and TcdB production (Carter et al. 2007;
Lyon et al. 2016). The environmental signals that regulate CDT
production and the mechanism of toxin secretion are not yet
known.

ROLE OF TcdA, TcdB AND CDT TOXINS IN
DISEASE

The individual role and relative importance of TcdA and TcdB
in disease pathogenesis has been a topic of active investiga-
tion. TcdA was initially thought to be the key virulence factor
in Clostridium difficile pathogenesis based on animal studies per-
formed using purified toxins. The addition of TcdA to rabbit ileal
loops and colon recapitulated the hallmark features of CDI in-
cluding inflammation, increased mucosal permeability, fluid se-
cretion and tissue damage (Lyerly et al. 1982; Mitchell et al. 1986).
TcdB had no effect in these studies. Similarly, when given intra-
gastrically to hamsters and mice, TcdA caused inflammation,
diarrhea and eventual death, whereas TcdB caused no symp-
toms in these animals (Lyerly et al. 1985). TcdB was capable of
causing death in hamsters, however, if prior intestinal damage
was present or if sublethal doses of TcdA were co-administered
(Lyerly et al. 1985). These findings suggested that TcdA and
TcdB might act synergistically. It was proposed that TcdA acts
first and disrupts epithelial integrity, which then allows TcdB to
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enter and mediate toxic effects within the host. Additional evi-
dence supporting the importance of TcdA in disease pathogene-
sis comes from studies showing that passive immunization with
antibodies against TcdA and active immunization with TcdA
toxoids or peptides provided protection against CDI in hamsters
(Kim, Iaconis and Rolfe 1987; Lyerly et al. 1990; Babcock et al.
2006). Furthermore, a strong humoral immune response against
TcdA has been shown to correlate with reduced disease severity
and recurrence in humans (Warny et al. 1994; Kyne et al. 2000,
2001).

The importance of TcdA in CDI has been questioned follow-
ing the detection of clinically significant C. difficile strains that
produce TcdB, but not TcdA (A~B*) (Drudy, Fanning and Kyne
2007; King, Mackin and Lyras 2015). In humans, these pathogenic
A~BT" strains cause the same spectrum of clinical illness that is
associated with A*B* C. difficile strains, ranging from mild di-
arrhea to the more severe outcomes such as PMC and death
(Drudy, Fanning and Kyne 2007). Interestingly, the majority of
the A~B* strains produce a modified form of TcdB, whose en-
zymatic domain shares homology and GTPase substrate speci-
ficity with TcsL of C. sordellii (Chaves-Olarte et al. 1999). It has
been proposed that this variant TcdB, which, like TcdA, is able
to modify Ras GTPases, might be able to carry out TcdA-specific
glucosylation events in the absence of TcdA (Chaves-Olarte et al.
2003). The observation that A"B* strains are virulent in infected
individuals indicates that TcdB is sufficient for pathology in hu-
mans. Consistent with this, TcdB has been shown to disrupt
epithelial integrity and cause tissue damage in human colon ex-
plants and in a chimeric mouse model where human intesti-
nal xenografts were transplanted into immunodeficient mice
(Riegler et al. 1995; Savidge et al. 2003). In the xenograft model,
challenge with either TcdA or TcdB elicited the hallmark fea-
tures of CDI such as increased mucosal permeability and fluid
secretion, cytokine production, neutrophil recruitment and tis-
sue damage (Savidge et al. 2003). Furthermore, recent phase III
clinical trials show that a monoclonal antibody that neutralizes
TcdB, bezlotoxumab, can reduce CDI recurrence in human pa-
tients (Wilcox et al. 2017). Overall, these studies indicate that
TcdB plays an important role in C. difficile pathogenesis in hu-
mans.

The roles of TcdA and TcdB in disease have also been inves-
tigated by using isogenic C. difficile strains with defined toxin
deletions in animal infection studies. In the first two stud-
ies, clindamycin-treated hamsters were infected with isogenic
derivatives of C. difficile strain 630, a low toxin producing clin-
ical isolate. In the first study, the wild-type strain (expressing
both toxins) and mutants producing only TcdB were virulent
and caused death in hamsters, but mutants producing only
TcdA did not cause death in 80% of the infected animals (Lyras
et al. 2009). These findings suggested that TcdB was the major
virulence factor of C. difficile. The second study supported the
importance of TcdB in C. difficile virulence by showing that a
mutant producing only TcdB was comparable to wild type in
its ability to cause fulminant disease and death in hamsters
(Kuehne et al. 2010). However, in contrast to the earlier study,
an isogenic mutant producing only TcdA also resulted in dis-
ease and death in hamsters, although the time course of death
was delayed compared to wild-type and TcdA~TcdB* strains
(Kuehne et al. 2010). This study also showed that an isogenic dou-
ble mutant that did not produce TcdA and TcdB was avirulent in
hamsters, consistent with the observation that naturally occur-
ring TcdA~TcdB~ C. difficile strains are typically non-pathogenic
in humans. Similar results were obtained in another study
performed by the same group, which used isogenic mutants
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generated from an epidemic PCR ribotype 027 strain, R20291
(Kuehne et al. 2014). The first three studies utilized the ham-
ster model of CDI and reported only survival or death of the
infected animals. A fourth study used both mouse and ham-
ster models of CDI, and performed detailed analyses of the tis-
sue pathology and the host responses following infection (Carter
et al. 2015). The wild-type and isogenic single and double toxin
knockout strains used in this study were generated from another
epidemic PCR ribotype 027 strain, M7404. Results from this study
showed that both TcdA and TcdB were capable of inducing host
innate immune and proinflammatory responses, but TcdB was
the driver of fulminant disease (Carter et al. 2015). Strains ex-
pressing TcdB (wild type and TcdA™TcdB*) caused significant
weightloss and severe systemic disease in both the mouse and
hamster models of infection. These findings are consistent with
previous observations that purified TcdB causes cardiovascular
damage and systemic disease in a zebrafish intoxication model
(Hamm, Voth and Ballard 2006), and that only anti-TcdB anti-
bodies prevent systemic disease in piglets infected with C. dif-
ficile (Steele et al. 2013). In sum, the infection and intoxication
studies show that while both TcdA and TcdB play a role in most
infections, TcdB may be more important in the severe aspects
of the disease.

The role of CDT toxin in disease pathogenesis has until re-
cently remained largely unexplored. Over the last decade, CDT-
expressing strains have become increasingly prevalent in the
hospital setting (Gerding et al. 2014). Strains that produce CDT
but not TcdA and TcdB (TcdA~TcdB~CDT™) have been isolated
from a few symptomatic patients, but the contribution of CDT
to disease is unclear (Geric et al. 2003; Androga et al. 2015;
Eckert et al. 2015). Several studies have reported that the produc-
tion of CDT in addition to TcdA and TcdB by C. difficile is associ-
ated with severe disease, higher mortality and an elevated risk of
recurrence in humans, suggesting that CDT may play an impor-
tant role in disease pathogenesis (Stubbs et al. 2000; McEllistrem
et al. 2005; Barbut et al. 2007; Bacci et al. 2011; Stewart, Berg and
Hegarty 2013). Recent in vitro and in vivo studies have shed light
on the mechanisms by which CDT may contribute to or enhance
C. difficile virulence. Rabbit ileal loops inoculated with super-
natants from TcdA~TcdB~CDT* clinical isolates showed signif-
icant fluid accumulation, suggesting that CDT could be entero-
toxic (Geric et al. 2006). Clindamycin-treated hamsters infected
with strains producing CDT, but not TcdA and TcdB, showed
some hemorrhage and inflammation in their small intestines
but did not develop diarrhea or other CDI symptoms, suggest-
ing that CDT alone may not be sufficient to cause C. difficile
disease (Geric et al. 2006; Kuehne et al. 2014). Kuehne et al. then
investigated whether CDT could influence the virulence of C.
difficile when TcdA or TcdB is present. They found that a mu-
tant strain that carried both TcdA and CDT (TcdA*TcdB~CDT),
generated from a PCR ribotype 027 isolate (R20291), was more
virulent in hamsters than an isogenic TcdA*TcdB~CDT~ deriva-
tive, suggesting that CDT may act in concert with TcdA to en-
hance pathogen virulence and disease (Kuehne et al. 2014). In
support of this hypothesis, purified CDT was found to activate
nuclear factor-«B (NF-«B) and induce robust proinflammatory
cytokine production in conjunction with TcdA and TcdB in in-
nate immune cells (Cowardin et al. 2016a). Infection studies in
mice show that CDT can also enhance C. difficile virulence by
suppressing a protective host eosinophilic response (Cowardin
et al. 2016a), or by promoting adherence and colonization of
the bacteria (Schwan et al. 2009, 2014). Collectively, these stud-
ies highlight the emerging understanding of the roles CDT may
play in disease.

STRUCTURE AND MECHANISM OF ACTION OF
TcdA AND TcdB

TcdA and TcdB are broadly classified as AB toxins, wherein a B
subunitis involved in the delivery of an enzymatic A subunit into
the cytosol of a target cell. The enzymatic A subunit of TcdA and
TcdB is an N-terminal glucosyltransferase domain (GTD) thatin-
activates members of the Rho family of small GTPases by glu-
cosylation. The B subunit is composed of three regions: a com-
bined repetitive oligopeptides (CROPS) domain, a delivery/pore-
forming domain and an autoprocessing domain (APD) (Fig. 2A).
The homologous proteins intoxicate host cells through a multi-
step mechanism that involves (i) receptor binding and endocy-
tosis, (ii) pore formation and translocation of the GTD across the
endosomal membrane, (iii) autoprocessing and release of GTD
into the cytosol, and (iv) glucosylation of host GTPases (Fig. 2B).
These steps are discussed in more detail below.

Cellular receptors and receptor-binding domains

Historically, receptor binding has been associated with the
CROPS domains located at the C-termini of TcdA and TcdB. The
CROPS region contains multiple 19-24 amino acid short repeats
(SRs) interspersed with four to seven long repeats (LRs) of 31
residues (von Eichel-Streiber and Sauerborn 1990; von Eichel-
Streiber et al. 1992). While a specific start site for the CROPS is
difficult to define, a recent analysis from the Melnyk lab suggests
that the CROPS from TcdB strain VPI10463 spans residues 1814—
2366 (Gupta et al. 2017). The corresponding start site in TcdA is
residue 1812, although the TcdA CROPS is longer in that it spans
residues 1812-2710 (Fig. 3A). By this analysis, the TcdA CROPS
domain contains 33 SRs and 7 LRs, and TcdB CROPS contains
21 SRs and 4 LRs. In 2005, a crystal structure of a fragment of
TcdA CROPS (residues 2582-2709) comprising four SRs and one
LR was determined (Ho et al. 2005). The five repeats form a beta-
solenoid fold with each repeat consisting of a beta-hairpin fol-
lowed by a loop of 7-10 amino acids in SRs and 18 amino acids
in LRs. The beta hairpins of adjacent SRs contact each other but
are rotated by 120°, resulting in a screw-like structure. In con-
trast, hydrogen-bonding interactions formed by the LR and the
preceding SR lead to a 90° screw-axis transformation. Using this
information, the Ng group constructed models of the complete
TcdA and TcdB CROPS domains, which predicted an extended
S-shaped structure for TcdA CROPS (Fig. 3B) and a horseshoe-
shaped structure for the shorter TcdB CROPS domain. Tertiary
structures predicted by this model were later confirmed by elec-
tron microscopy studies of the holotoxins (Fig. 3C) (Pruitt et al.
2010).

The idea that the CROPS domain can contribute to receptor
binding came from studies showing that the TcdA CROPS can
bind carbohydrates present in mammalian cell surface glyco-
conjugates (Krivan et al. 1986; von Eichel-Streiber and Sauerborn
1990; Tucker and Wilkins 1991; Pothoulakis et al. 1996; Teneberg
et al. 1996; Greco et al. 2006; Dingle et al. 2008; El-Hawiet et al.
2011). TcdA can bind to the human I, X and Y blood antigens
as well as a human glycosphingolipid, all of which have a core
B-Gal-(1,4)-8-GIcNAc structure (Tucker and Wilkins 1991,
Teneberg et al. 1996). TcdA was also shown to bind «-Gal-(1,3)-8-
Gal-(1,4)-B-GlcNAc, which is not present on human cells (Krivan
et al. 1986; Tucker and Wilkins 1991). The crystal structure of a
derivative of this trisaccharide in complex with a fragment of
TcdA CROPS revealed that the sugar binding occurs at the junc-
tions formed between LRs and SRs (Fig. 3D) (Greco et al. 2006).
TcdA, therefore, has seven putative sugar-binding sites, an
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Figure. 2. TcdA and TcdB primary structure and mechanism of action. (A) TcdA and TcdB are organized into four functional domains: the glycosyltransferase domain
(GTD; pink), the autoprocessing domain (APD; green), the delivery or pore-forming domain (blue) and the combined repetitive oligopeptides domain (CROPS; yellow).
(B) The four functional domains contribute to a multistep mechanism of intoxication. TcdA and TcdB bind different cell surface proteins or sugars on the colonic
epithelium (step 1) and are internalized by distinct endocytic pathways (step 2). The toxins reach acidified endosomes (step 3) and the low pH triggers a conformational
change in the toxin delivery domain, resulting in pore formation and translocation of the GTD (and likely the APD) into the cytosol (step 4). Inositol hexakisphosphate
(InsPs) binds and activates the APD, resulting in the cleavage and release of the GTD (step 5). The GTD inactivates Rho family proteins by transferring the glucose
moiety (orange squares) from UDP-glucose to the switch I region of the GTPase (step 6). Glucosylation disrupts GTPase signaling and leads to cytopathic ‘rounding’
effects and apoptotic cell death.

(A) (B) (C)
TcdB ke
CROPS

Figure. 3. Structure of the CROPS domain. (A) The CROPS domains of TcdA and TcdB consist of a series of short repeat (SR, yellow) sequences with interspersed long
repeat (LR, purple) sequences. (B) A model of the full TcdA CROPS based on a fragment structure (2F6E) is corroborated by (C) negative stain electron microscopy images
of TcdA (left) and TedB (right). (D) The crystal structure of a CROPS fragment from the TcdA C-terminus (2G7C) shows how trisaccharides (orange carbons) bind at the

vertices created at the intersection of an SR and LR.

observation that suggests a model wherein the toxin can
form multivalent, high-avidity interactions with glycosylated
receptors on the host cell. Whether TcdA binds multiple glycans
simultaneously on host cells and whether such high-avidity
interactions are important for toxin binding are not yet known.
Additional evidence supporting a role for the TcdA CROPS
domain in receptor binding includes observations that (i)
the isolated CROPS domain from TcdA can bind to host cells
(Frisch et al. 2003; Olling et al. 2011), (ii) excess TcdA CROPS
competes with holotoxin in cell binding and cytopathic assays
(Sauerborn, Leukel and von Eichel-Streiber 1997; Frisch et al.
2003; Olling et al. 2011), and (iii) the TcdA CROPS domain is
highly immunogenic, and antibodies against this domain can
block TcdA binding to cells and neutralize toxicity (Lyerly et al.
1986; Sauerborn, Leukel and von Eichel-Streiber 1997; Babcock
et al. 2006; Hussack et al. 2011; Leuzzi et al. 2013; Hernandez et al.
2017; Kroh et al. 2017).

Two cell surface proteins have been implicated as recep-
tors for TcdA. The first is sucrase-isomaltase (SI), which is a

glycoprotein located in the brush border of small intestines.
SI was shown to mediate the binding of TcdA to rabbit ileum
(Pothoulakis et al. 1996). Treatment with alpha-galactosidase in-
hibited binding of TcdA to SI, indicating that the toxin binds
glycosyl modification(s) on the protein. SI, however, is not ex-
pressed in many cells and tissues that are sensitive to TcdA, in-
cluding the human colonic epithelium (Pothoulakis et al. 1996;
Na et al. 2008). A subsequent study performed by the same group
identified glycoprotein 96 (gp96), a member of the heat shock
protein family, as a binding partner for TcdA in human colono-
cytes (Na et al. 2008). However, cells lacking gp96 are only par-
tially resistant to TcdA intoxication, suggesting that TcdA binds
additional receptor structures (Na et al. 2008). Interestingly, gp96
is predicted to have five N-linked glycosylation sites but the
identities of the glycan moieties are not known. It is possible
that TcdA binds the sugar moieties on gp96 rather than the pro-
tein itself, but this needs to be investigated.

Unlike the CROPS domain of TcdA, evidence for carbohy-
drate binding by TcdB CROPS is limited to one study conducted
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with an electrospray mass spectrometry binding assay (Dingle
et al. 2008). However, a role for TcdB CROPS in receptor bind-
ing is supported by the observation that bezlotoxumab, a TcdB-
neutralizing antibody targeting the CROPS domain, blocks toxin
binding to the host cell (Orth et al. 2014). In line with this, a recent
study identified chondroitin sulfate proteoglycan 4 (CSPG4) as a
receptor for TcdB (Yuan et al. 2015), and the binding interaction
was mapped to the N-terminus of the CROPS domain (Yuan et al.
2015; Tao et al. 2016). In the initial study that identified CSPG4
as a receptor, the Wei group showed that TcdBispo-2366, Ut not
TcdBagsz-2366, Was able to bind CSPG4 (Yuan et al. 2015). A more
recent study from the Dong group noted that while full-length
TcdB binds CSPG4, TcdBi.1530 does not (Tao et al. 2016). Taken to-
gether, these studies suggest that the 1831-1851 region within
the CROPS domain is important for TcdB binding to CSPG4. A
role for the N-terminus of CROPS in CSPG4 binding was recently
confirmed by a study performed by the Melnyk group (Gupta
et al. 2017). This study also showed that bezlotoxumab blocks
binding of CSPG4 to TcdB, suggesting a mechanism of neutral-
ization that involves direct receptor blockade. It is important to
note, however, that CSPG4 knockout cells are sensitive to high
concentrations of TcdB, and NG2 (the rodent homolog of CSPG4)
knockout mice succumb to disease induced by TcdB (Yuan
et al. 2015), highlighting the existence of additional receptors
for TcdB.

While the CROPS domain has historically been dubbed the
receptor-binding domain, several recent studies have demon-
strated that the receptor-binding function is not limited to this
region of the toxin (Barroso et al. 1994; Genisyuerek et al. 2011;
Olling et al. 2011; LaFrance et al. 2015; Manse and Baldwin
2015; Tao et al. 2016). Truncated toxins (TcdAj-1gs9, TcdA.1874,
TcdBi.1511 and TcdBi.1g30) lacking most or all of the CROPS do-
main can still bind, enter and perturb host cellular function
(Olling et al. 2011; Schorch et al. 2014; Tao et al. 2016). It appears
that the CROPS domain contributes to but is not essential for
host cell binding. Recently, Lambert and Baldwin (2016) reported
that the region comprising residues 1361-1874 in TcdA is capa-
ble of binding and entering the host cell. Interestingly, a study
by Olling et al. (2011) observed that the presence of TcdA holo-
toxin does not affect the binding of TcdA;.1574 to cells in compe-
tition assays. This finding implies that the full-length TcdA and
the truncated toxin lacking the majority of the CROPS domain
do not bind the same cellular receptors. It is possible that, in the
presence of the extended CROPS domain, the alternate receptor-
binding site is not accessible for interaction with a host receptor.
Similar to TcdA, additional binding in TcdB may be mediated by
the 300 to 350 residues preceding the CROPS domain. Studies
using truncated TcdB toxins show that TcdBi.1500 and TcdBi.1529
are unable to induce cytopathic effects in cells, but the first 1500
1550 residues of TcdB are sufficient for intoxication when teth-
ered with the diphtheria toxin receptor-binding domain (Barroso
et al. 1994; Genisyuerek et al. 2011).

After the identification of CSPG4 as a receptor for TcdB,
two other reports were published showing that NECTIN3 (also
termed poliovirus receptor-like protein (PVRL3)) and frizzled
proteins 1, 2 and 7 function as colonic epithelial receptors for
TcdB (LaFrance et al. 2015; Tao et al. 2016). Both NECTIN3 and
frizzled proteins bind TcdB outside the CROPS region (LaFrance
et al. 2015; Tao et al. 2016). It is, however, not known whether
NECTIN3 and frizzled proteins bind TcdB at distinct sites or
compete for binding to the toxin. NECTIN3 and frizzled pro-
teins are both expressed on the surface of the human colonic
epithelium (LaFrance et al. 2015; Tao et al. 2016), and NECTIN3
has been shown to co-stain with TcdB in tissues resected from

a Clostridium difficile-infected patient (LaFrance et al. 2015). In
contrast, CSPG4 is highly expressed in the intestinal subepithe-
lial myofibroblasts and is not detectable in the surface epithe-
lium (Terada et al. 2006; Tao et al. 2016). During infection, it is
likely that TcdB initially engages NECTIN3 and frizzled proteins
to enter and intoxicate the colonic epithelium. Upon damage to
the epithelium or loss of tight junctions, the toxin could gain
access to CSPG4 in the subepithelial myofibroblasts causing fur-
ther damage to the mucosa. More work needs to be done to char-
acterize the binding interactions between TcdB and its recep-
tors and to define the role each receptor plays in the context of
disease. In particular, frizzled receptors are key players in the
Wnt signaling pathway, which regulates self-renewal and pro-
liferation of colonic epithelial cells (Gregorieff and Clevers 2005;
MacDonald and He 2012). TcdB binding to frizzled receptors has
been shown to block Wnt signaling (Tao et al. 2016). The effect
of Wnt signaling inhibition on toxin-induced pathology during
infection is another important area for future study.

Cellular uptake of toxins

After binding to their receptors, TcdA and TcdB are endocytosed
into the host cell (Fig. 2B). Entry into the host cell is critical for the
delivery of the GTD and disruption of host cell function. TcdA
and TcdB have been shown to utilize a dynamin-dependent en-
try mechanism for host cell intoxication. Dynamin is a large
GTPase that typically facilitates scission and release of newly
formed endocytic structures from the plasma membrane into
the cytosol. Interfering with the expression or the function of dy-
namin GTPases, using genetic or pharmacological approaches,
prevents TcdA and TcdB entry and inhibits toxin-induced cellu-
lar effects in epithelial cells (Papatheodorou et al. 2010; Gerhard
et al. 2013; Chandrasekaran, Kenworthy and Lacy 2016).

Not all endocytic mechanisms, however, require the ac-
tivity of dynamin for vesicle release (Doherty and McMahon
2009; Howes, Mayor and Parton 2010). Of the entry pathways
that depend on dynamin for scission, only perturbations to
the clathrin-mediated endocytic pathway affected TcdB in-
toxication, indicating that this toxin predominantly uses the
clathrin route for entry (Papatheodorou et al. 2010; Chan-
drasekaran, Kenworthy and Lacy 2016). In contrast, TcdA uses
a clathrin-independent entry mechanism mediated by PACSIN2
(Chandrasekaran, Kenworthy and Lacy 2016). PACSIN2 (also
termed Syndapin II) is an F-BAR domain protein previously
shown to be important for caveolae-mediated endocytosis; it
contributes to the curvature of caveolae and the recruitment
of dynamin for caveolae fission (Hansen, Howard and Nichols
2011; Senju et al. 2011). Colocalization studies and analyses of
toxin uptake and toxin-induced cytopathic and cytotoxic effects
under specific knockdown conditions show that PACSIN2 medi-
ates entry of TcdA independent of the caveolae system (Chan-
drasekaran, Kenworthy and Lacy 2016). The observation that
PACSIN2 can function outside of the caveolae system suggests a
novel mechanism of entry, one for which TcdA is now a known
cargo. Consequently, TcdA could serve as a valuable cell biologi-
cal tool in furthering our understanding of this uncharacterized
host endocytic process.

Despite their homology, TcdA and TcdB utilize distinct endo-
cytic pathways to intoxicate epithelial cells. The entry mecha-
nism is often directed by the cell surface receptor. As discussed
above, TcdA and TcdB bind different cell surface proteins and
sugars, which may explain internalization by distinct endocytic
pathways. It is also possible that the mechanism of receptor
binding could affect the internalization process. For instance,



the CROPS domain of TcdA is thought to mediate high-avidity
interactions with the host cell surface, which could result in re-
ceptor clustering and endocytosis via mechanisms distinct from
that of TcdB.

Pore formation

Once the toxins are internalized, they are trafficked to acidi-
fied endosomal compartments within the cell (Florin and The-
lestam 1983). Toxic cellular effects induced by TcdA and TcdB
are inhibited by lysosomotropic agents and depend on the vac-
uolar H*-ATPase, indicating a requirement for low pH in toxin
action (Florin and Thelestam 1983; Florin and Thelestam 1986;
Henriques, Florin and Thelestam 1987; Qa’Dan, Spyres and Bal-
lard 2000; Olling et al. 2011). Other AB toxins that require low
pH for action, such as diphtheria and anthrax toxins, have been
shown to undergo conformational changes in an acidic environ-
ment that lead to the exposure of hydrophobic regions that sub-
sequently insert into the host membrane and form a pore (Col-
lier and Young 2003; Geny and Popoff 2006). Studies with C. dif-
ficile toxins A and B support a similar mode of action for these
toxins.

Early evidence for pH-dependent conformational change and
pore formation came from studies using TcdB. TcdB exhibited
differences in native tryptophan fluorescence and protease sus-
ceptibility between neutral and acidic pH conditions, suggesting
that the toxin undergoes structural changes at low pH. An in-
crease in fluorescence of the probe 2-(p-toluidinyl) naphthalene-
6-sulfonic acid, sodium salt (TNS) was also observed when TcdB
was exposed to pH 5.0 or lower, indicating the exposure of hy-
drophobic regions (Qa’Dan, Spyres and Ballard 2000). In addi-
tion to undergoing structural changes at acidic pH, TcdB was
shown to form pores in cell membranes and artificial lipid bi-
layers (Barth et al. 2001). TcdA also undergoes conformational
changes and forms pores at low pH (Giesemann et al. 2006; Pruitt
et al. 2010), but unlike TcdB, pore formation by TcdA requires
cholesterol (Giesemann et al. 2006).

Pore formation and translocation are thought to be medi-
ated by the central delivery domain (Fig. 2A). A crystallographic
structure of TcdAy.180; Was recently published, revealing a struc-
turally unique delivery domain (Chumbler et al. 2016b). The do-
main begins after a three-helix bundle (residues 767-841) at the
GTD-APD interface, and consists of a small globular subdomain
(residues 850-1025), an extended ‘hydrophobic helical stretch’
containing four «-helices (1026-1135) and a B-scaffold (1136-
1802) which ends at the base of the APD (Fig. 4A). Placement of
the TcdAy.1809 Structure into the EM maps of TcdA holotoxin at
neutral and low pH shows conformational flexibility at the junc-
tion between the APD, delivery domain and the CROPs region
(Fig. 4B and C).

The structure of the pore and the mechanism of pore forma-
tion by TcdA and TcdB have not yet been determined and remain
a priority in the field. The delivery domain of TcdA and TcdB
contain hydrophobic sequences (958-1130 in TcdA and 956-1128
in TcdB) that have been predicted to insert into the endoso-
mal membrane with acidic pH von Eichel-Streiber et al. 1992
(Mol Gen Genet). Mutational studies have shown that residues
within this hydrophobic region, comprising the globular subdo-
main and four «-helices, are important for TcdA and TcdB pore
formation (Genisyuerek et al. 2011; Zhang et al. 2014).

In the crystal structure of the TcdA delivery domain, the hy-
drophobic helices appear to wrap around the extended g-sheet
structures, which could help maintain solubility while keeping
them in a readily accessible conformation for subsequent mem-
brane insertion. Notably, the hydrophobic helical stretch con-
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Figure. 4. TcdA structure. (A) The crystal structure of residues 4-1802 from TcdA
(4R04) with the glucosyltransferase domain in pink and the autoprocessing do-
main in light green with its zinc atom depicted as an orange sphere. The de-
livery domain begins with a globular subdomain (sky blue), followed by an ex-
tended stretch of four hydrophobic a-helices (magenta). The «-helical stretch is
scaffolded by an extended array of g-sheets (yellow). (B) The TcdAs.1s0, struc-
ture docked into a 3D structure of the TcdA holotoxin obtained by negative stain
electron microscopy (EM) at neutral pH. (C) The TcdA4.150; structure docked into
a 3D structure of the TcdA holotoxin obtained by negative stain EM at acidic pH
indicates flexibility around the junction with the C-terminal CROPS domain.

tains a surface loop that is strictly conserved across the LCTs
(Fig. 4A). In both TcdA and TcdB, residues within this conserved
loop have been shown to be critical for pore formation and cyto-
toxicity (Zhang et al. 2014; Chumbler et al. 2016b). These findings
suggest that targeting the conserved surface loop with antibod-
ies or small molecules could provide a generalizable strategy for
blocking the toxicity of the LCTs.

Translocation and autoproteolysis

Although TcdA and TcdB have been shown to form pores in cel-
lular membranes, how these large, single polypeptide toxins de-
liver their effector domains to the host cytosol is not understood.
The enzymatic domains of other pore-forming AB type toxins,
such as diphtheria and anthrax toxin, have been shown to un-
fold at low pH, and the unfolding is thought be important for
the translocation of these domains across the pore (Collier and
Young 2003).

In 2003, Pfiefer and colleagues demonstrated that TcdB is
proteolytically processed within the host cell, and only the
N-terminal GTD domain was released into the cytosol upon
translocation. Imaging and fractionation assays showed that the
remainder of the toxin localized to endosomes (Pfeifer et al.
2003). The cleavage occurs after a conserved leucine residue (542
in TcdA and 543 in TcdB), and results in the release of the GTD
into the cytosol (Rupnik et al. 2005; Kreimeyer et al. 2011). Rupnik
et al. also observed that the cleavage reaction in vitro occurred at
neutral pH and required the addition of host cell cytosol. Sub-
sequently, Reineke et al. (2007) demonstrated that protein-free
cytosolic extracts also induced toxin cleavage, and they iden-
tified inositol hexakisphosphate (InsPs) as the inducer of this
autocatalytic cleavage event. InsPg is a highly charged molecule
that is abundant (10-60 M) within mammalian cells (Irvine and
Schell 2001). In vitro experiments show efficient autoprocessing
of toxins at InsPs concentrations of 1-10 uM (Egerer et al. 2007;
Pruitt et al. 2009), and support the idea that InsP¢ can induce au-
tocatalytic cleavage of the toxins in vivo. The domain adjacent to
the GTD in TcdA and TcdB shares sequence homology with the
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Figure. 5. The autoprocessing domain (APD) undergoes a significant conforma-
tional change upon binding to InsPs. The crystal structures of the TcdA APD in
the (A) absence (4R04) and (B) presence of InsPg (3HO6) reveal significant changes
in the central g-flap structure (blue) and the C-terminal sequence that follows
(teal). The structure of the APD in the context of TcdAs.1g0, revealed the unex-
pected requirement for zinc (orange sphere) in TcdA and TcdB autoprocessing
activity. Other key residues include Asp 589, His 655 and Cys 700 (side chains de-
picted with orange carbon atoms). His 759 is located at the tip of the g-flap and
is bound to the zinc in the absence of InsPs. It moves significantly upon InsPg
binding.

cysteine protease domain of the MARTX family of toxins, which
is also activated by InsPs (reviewed in Egerer and Satchell 2010
and Shen 2010). This APD was subsequently shown to induce the
InsPs-dependent cleavage and release of the GTD (Egerer et al.
2007).

The APD has been described as a cysteine protease. The ac-
tive site of the TcdA and TcdB APD has three conserved residues:
a cysteine, a histidine and an aspartate (Fig. 5). Individual muta-
tion of these residues (D589, H655 or C700 in TcdA; D587, H653
or C698 in TcdB) inhibits autoprocessing (Egerer et al. 2007; Pruitt
et al. 2009). However, a recent report has shown that the con-
served cysteine and histidine residues of TcdA and TcdB help
to coordinate a zinc ion that is essential for autoprocessing ac-
tivity (Chumbler et al. 2016b). What serves as the nucleophile in
this reaction is currently unclear, and warrants the use of the
term autoprotease, instead of cysteine protease, when referring
to this domain.

Crystal structures of the APD in the presence of InsPg re-
veal that InsPs binds a positively charged pocket that is sep-
arated from the active site by a structure termed the ‘g-flap’
(Lupardus et al. 2008; Pruitt et al. 2009; Puri et al. 2010). Binding of
InsPs was shown to induce significant conformational changes
by NMR and these changes were thought to be linked to pro-
tease activation (Pruitt et al. 2009). Through mutational analyses
Shen et al. (2011) showed that this ‘B-flap’ structure transduces
the allosteric change induced by InsPs binding to the active site.
Comparisons of the InsPg-bound isolated TcdA APD structure
with that of the APD from TcdAs.1502 (crystallized in the absence
of InsPg) reveal that the g-flap (residues 746-765) rotates ~90°,
and there is significant repositioning of the subsequent residues
(766-802) following InsPg binding (Fig. 5) (Chumbler et al. 2016b).
One effect of this structural change is an increase in positively
charged residues at the InsPs-binding site. InsPg binding also re-
sults in a 19 A movement of H759, located at the tip of the g-
flap (also involved in zinc binding), out of the active site (Fig. 5).
Mutation of H759 (or H757 in TcdB) leads to autoprocessing that
is no longer dependent on InsPs concentration (Chumbler et al.
2016b), suggesting that this residue in the g-flap is a key regula-
tor of InsPg-induced allostery in TcdA and TcdB.

While TcdA and TcdB APDs share the same mechanism of
InsPg-induced activation, cleavage is not equivalent between
these two toxins. In vitro, TcdB holotoxin is more sensitive than

TcdA to InsPs-induced cleavage (Kreimeyer et al. 2011). Struc-
tural and biochemical studies indicate that autoprocessing of
TcdA is repressed in the context of the holotoxin due to inter-
domain interactions between CROPS and the N-terminus (Olling
et al. 2014; Zhang et al. 2015; Chumbler et al. 2016b). This CROPS-
mediated repression is alleviated upon acidification of the toxin-
containing medium (Olling et al. 2014).

Mechanisms that modulate autoprocessing activity of the
toxins can affect their virulence properties in the host. A study
by Savidge et al. (2011) demonstrated that C. difficle toxins are
S-nitrosylated at the conserved cysteine of the APD by the
infected host, which inhibits the autoprocessing activity of
the toxins in an InsP¢-dependent manner and reduces viru-
lence. Nevertheless, it is important to note that autoprocessing-
deficient mutants of TcdA and TcdB are still able to inactivate
some of their GTPase substrates and cause cytopathic effects in
cells, albeit with delayed kinetics (Kreimeyer et al. 2011; Chum-
bler et al. 2012; Li et al. 2013). In an in vivo intoxication study,
virulence of a TcdB autoprocessing mutant is attenuated but
not abolished (Li et al. 2015). While autoprocessing can affect
toxin potency by regulating the rate at which host cells targets
are modified, it is not essential for the cytopathic and cytotoxic
effects mediated by TcdA and TcdB. Interestingly, a study of
the autoprocessing mutant of TcsL (a homologous glucosylat-
ing toxin from C. sordellii) showed that this mutant, which is less
toxic, can inactivate Rac but is impaired in its ability to glucosy-
late Ras GTPase (Craven and Lacy 2016). Rac has been reported
to cycle to the endosomes where it is activated before trafficking
back to the membrane, whereas Ras is trafficked to and remains
at the plasma membrane (Apolloni et al. 2000; Palamidessi et al.
2008). In autoprocessing mutants, the GTD remains tethered to
the endosomes and can access substrates that encounter the
endosome. These findings suggest that the importance of au-
toprocessing in mediating toxin virulence in the host may vary
depending on the localization of the GTD substrates.

Glucosylation and substrates

TcdA and TcdB encode a 63-kDa GTD at the N-terminus, which
inactivates small GTPases from the Rho family Aktories and
Barbieri 2005; Jank et al. 2007a (Glycobiology). GTPases targeted
by TcdA, TcdB and other LCTs are listed in Table 2. GTPases are
molecular switches that cycle between active GTP-bound and in-
active GDP-bound states. This GTPase cycle is regulated by three
classes of proteins: (i) guanine nucleotide exchange factors or
GEFs, which activate the GTPases by exchanging GDP for GTP; (ii)
GTPase activating proteins or GAPs, which facilitate the inactiva-
tion of the GTPases by stimulating their GTP hydrolyzing activ-
ity; and (iii) guanine nucleotide dissociation inhibitors or GDIs,
which extract the GTPases from the membrane and maintain
the inactive GDP-bound form in the cytosol. In their active state,
Rho family GTPases can interact with a wide range of effector
molecules such as kinases, phosphatases, lipases and scaffold-
ing proteins to regulate many cellular functions including as-
sembly and organization of the actin cytoskeleton (Bishop and
Hall 2000; Etienne-Manneville and Hall 2002; Raaijmakers and
Bos 2009).

GTPases in their GDP-bound, membrane-associated form are
the preferred substrates for the LCTs (Just et al. 1995a; Genth,
Aktories and Just 1999). The toxins modify their targets through
monoglucosylation of the conserved threonine in the switch I re-
gion of the GTPase (Just et al. 1995a,b). This threonine residue is
involved in coordination of the Mg?* ion required for GTP bind-
ing (Thara et al. 1998), and conformational changes in the switch



Table 2. Substrate specificity of the large glucosylating toxins.
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Organism Toxin Strain Targets Reference

C. difficile TcdA  VPI10463? Rho, Rac, cdc42, Rap Chaves-Olarte et al. (1997)

C. difficile TcdB VPI104632 Rho, Rac, cdc42 Just et al. (1995); Chaves-Olarte et al. (1997)
1470P Rac, cdc42, Rap, Ral, R-Ras Chaves-Olarte et al. (1999)
8864¢ Rac, cdc42, Rap, Ral, R-Ras Muller, von Eichel-Streiber and Moos (1999); Mehlig et al. (2001)
Cc344 Rho, Rac, cdc42, Rap, Ral, R-Ras Mehlig et al. (2001)
NAP1/RT027¢ RhoA, Rac, cdc42, Rap, R-Ras Quesada-Gomez et al. (2016)
NAP1y/RT019 Rac, cdc42, Rap, R-Ras Quesada-Gomez et al. (2016)

C. sordellii TcsL VPI9048 Rac, cdc42, Rap, Ras Hofmann et al. (1996); Genth et al. (2014)
IP 82 Rac, Rap, Ral, Ras Popoff et al. (1996); Genth et al. (2014)
6018 Rac, Rap, Ral, Ras Hofmann et al. (1996)

C. sordellii TcsH VPI9048 Rho, Rac, cdc42, Ras Genth et al. (1996, 2014)

C. novyi Tcno 590, 19402 Rho, Rac, cdc42 Selzer et al. (1996); Genth et al. (2014)

C. perfringens ~ TpeL MC18 Rac, Rap, Ral, Ras Nagahama et al. (2011)

aReference strain.

>This strain has a nonsense mutation in the tcdA gene, which introduces a stop codon at amino acid position 47; classified as TcdA negative (von Eichel-Streiber et al.

1999).

¢This strain has a 5.9-kb deletion in the 3’ end of the tcdA region; classified as TcdA negative (Soehn et al. 1998).
dThis strain has an insertion of ~2 kb in the tcdA gene that does not hinder expression of a fully active toxin (Braun et al. 1996).

¢ Epidemic strain.

I region subsequent to GTP binding affects interactions with
regulatory proteins and effectors (Bishop and Hall 2000; Schae-
fer, Reinhard and Hordijk 2014). Consequently, glucosylation of
the GTPases by the LCTs inhibits nucleotide exchange by GEFs
(Herrmann et al. 1998), GAP-stimulated GTPase activity (Sehr
et al. 1998), GDI binding and cytosol-membrane cycling (Genth,
Aktories and Just 1999) and interaction with effector proteins
(Herrmann et al. 1998; Sehr et al. 1998; Geyer et al. 2003). The
above-mentioned glucosylation-induced effects disrupt GTPase
signaling and have been linked to the cytopathic and cytotoxic
effects observed with these toxins (discussed in the next sec-
tion).

The LCTs use either uridine diphosphate (UDP)-glucose or
UDP-GlcNac as the co-substrate for GTPase modification. Gluco-
sylating toxins from C. difficile (TcdA/B) and C. sordellii (TcsH/L)
use UDP-glucose as the glycosyl donor (Just et al. 1995a,b, 1996;
Popoff et al. 1996; Genth et al. 2014). TpeL from C. perfringens
can use either UDP-glucose or UDP-GIcNAc (Nagahama et al.
2011), and «-toxin (Tcne) from C. novyi uses UDP-GIcNAc as the
sugar source (Selzer et al. 1996). Mutational studies show that
two amino acids near the catalytic cleft dictate the co-substrate
specificity of the LCTs. TcdA, TcdB and TcsL have isoleucine and
glutamine in equivalent positions (I1e*3/GIn3®> in TcdB and TcsL;
11e382/GIn3®* in TcdA), whereas TpeL and Tcne have amino acids
with smaller side chains at one or both positions (Ala*®3/GIn®
in TpeL and Ser®®>/Ala% Tcna), which can accommodate bulkier
UDP-GIcNAc into the catalytic pocket. Replacing the bulky side
chains with smaller groups and vice versa changes the donor
substrate specificity (Jank et al. 2005; Nagahama et al. 2011).

Crystal structures of the GTDs from TcdA, TcdB, TcsL and
Tcna have been determined and have helped our understand-
ing of the enzymatic mechanism (Reinert et al. 2005; Ziegler et al.
2008; D’'Urzo et al. 2012; Pruitt et al. 2012; Alvin and Lacy 2017). At
the core of the structure is a Rossman fold, which is similar to
that of the glucosyltransferase type A (GT-A) family of enzymes
(Fig. 6) (Unligil and Rini 2000; Reinert et al. 2005). Within this core
is an Asp-X-Asp (DXD) motif, which is conserved in all LCTs and
other GT-A members, and is essential for the enzymatic activ-
ity (Busch et al. 1998; Wiggins and Munro 1998). The DXD mo-

Figure. 6. The glucosyltransferase domain. The crystal structure of the TcdB
glucosyltransferase domain (2BVL) with hydrolyzed UDP-glucose (yellow carbon
atoms) bound in the core GT-A fold (light pink). The side chains of key catalytic
residues (Trp 102, Asp 286, Asp 288 and Trp 520; aqua carbon atoms) are indi-
cated along with the manganese atom (orange sphere). Residues that have been
implicated in GTPase substrate recognition include Glu 449, Arg 455, Asp 461,
Lys 463 and Glu 472 (green carbon atoms). The membrane localization domain
corresponds to the four e-helices at the base of the structure (in purple) with the
Phe 17 and Arg 18 residues implicated in membrane binding indicated with blue
carbon atoms.

tif (Asp?®/ Asp?®” in TcdA and Asp?®%/ Asp?®® in TcdB) is impor-
tant for the coordination of the manganese cofactor, and the first
Asp residue of the DXD motif also binds the 3’-hydroxyl group
of the UDP-ribose and the glucose. UDP binding involves addi-
tional residues that are conserved, including two tryptophans
(Trp®?/Trp®® in TcdA and Trp%%/Trp°?° in TcdB) that stabilize the



732 | FEMS Microbiology Reviews, 2017, Vol. 41, No. 6

uracil ring of the UDP by aromatic stacking or by binding the gly-
cosidic oxygen. Mutation of these conserved residues results in
significantly attenuated glycosyltransferase activity (Busch et al.
2000; Jank et al. 2007Db).

In addition to the common GT-A family fold, LCTs have four
a-helical subdomains. The N-terminal subdomain, also called
the membrane localization domain (MLD), is a four-helix bun-
dle formed by the first ~90 residues of the GTD (Fig. 6). The
MLD has been shown to target the GTD to the cytosolic leaflets
of cell membranes (such as the plasma membrane), where
the enzyme can access its membrane-bound GTPase substrates
(Mesmin et al. 2004; Geissler, Tungekar and Satchell 2010; Varela
Chavez et al. 2015). Mutation of conserved residues (particularly
Phe17/Argl8) extending from the tip of the MLD four-helix bun-
dle has been shown to impair localization of the TcdB and TcsL
GTDs to membrane lipids in vitro and in cells (Geissler, Ahrens
and Satchell 2012; Varela Chavez et al. 2016). Additionally, MLD
mutants of TcsL are defective in their ability to glucosylate GT-
Pase substrates and cause cytotoxicity (Craven and Lacy 2016;
Varela Chavez et al. 2016), suggesting that localization to mem-
branes is important for GTD-dependent cellular effects of LCTs.

The role of the other a-helical subdomains is not known but
they have been proposed to be involved in substrate binding
(Reinert et al. 2005). Specificity for Rho and Ras substrates varies
among the LCTs (Table 2), but the molecular basis for these dif-
ferences is not fully understood. In general, TcdB (from refer-
ence strains) and Tcno exclusively modify Rho subfamily pro-
teins, while TcdA and TcsH can also modify Ras GTPases (albeit
to a lesser extent). TpeL and TcsL modify Ras GTPases and Rac
but not Rho. Through mutagenesis and generation of chimeric
GTDs, Jank et al. identified several charged residues located
near the sugar binding pocket (Glu**°, Arg*>, Asp*?, Lys*3 and
Glu*’?) that are important for substrate modification by TcdB and
demonstrated that helix 17 contributes to RhoA recognition by
TcdB (Fig. 6) (Jank et al. 2007b). Interestingly, TcdB from reference
(VPI10463) and variant (1470, 8864, C34 and NAP1/RT027) strains
shows significant differences in the GTPase substrate specificity
(Table 2). TcdB sequences from variant strains have accumu-
lated several mutations on the proposed substrate-binding sur-
face compared to the classical TcdB, which likely contributes to
recognition of Ras GTPases in addition to the Rho subfamily pro-
teins (Reinert et al. 2005). Of these variants strains, 1470 and 8864
lack functional TcdA and are classified as TcdA-TcdB+ (Soehn
et al. 1998; von Eichel-Streiber et al. 1999). TcdB isoforms from
TcdA-TcdB+ strains have GTPase substrate specificity similar to
that of TesL in that they modify Ras and Rac but not Rho GTPases
(Table 2). It has been proposed that these GTD variants may have
arisen to compensate for the lack of functional TcdA, but the im-
pact of the broader substrate specificity observed with TcdA is
unclear.

CELLULAR EFFECTS OF TcdA AND TcdB

TcdA and TcdB disrupt the epithelial tight junctions and induce
epithelial cell death, thereby causing direct injury to the colonic
epithelium. Additionally, the toxins stimulate colonic epithe-
lial cells to release proinflammatory cytokines and neutrophil
chemoattractants, which lead to an acute innate inflammatory
response with neutrophil recruitment, a key characteristic of the
clinical pathophysiology of CDI (Fig. 7) (Voth and Ballard 2005;
Kelly and Kyne 2011). An impaired barrier in association with an
active inflammation leads to increased intestinal and vascular
permeability, and likely promotes fluid secretion. The loss of a
protective barrier may also permit entry of toxins and/or bac-
teria into the lamina propria, resulting in further intestinal in-

flammation (Fig. 7) (Feltis et al. 2000). Prolonged exposure of the
mucosal innate immune system to proinflammatory mediators
can amplify the tissue damage, and may lead to severe disease
outcomes (Steiner et al. 1997; El Feghaly et al. 2013; Yu et al. 2017).
Disruption of the epithelial barrier, an intense inflammatory re-
sponse with neutrophil infiltration into the lumen and associ-
ated tissue damage are thought to contribute to the formation
of pseudomembrane, which is observed in severe cases of CDI
(Pothoulakis and Lamont 2001; Voth and Ballard 2005; Sun and
Hirota 2015). The toxin-induced cellular effects and their under-
lying mechanisms are discussed below.

Glucosylation-dependent cytopathic and cytotoxic
effects in epithelial cells

Rho GTPases regulate the assembly and organization of the actin
cytoskeleton. RhoA induces the assembly of focal adhesions and
actin stress fibers, whereas Racl and Cdc42 induce the forma-
tion of actin-rich surface protrusions lamellipodia and filopo-
dia, respectively (Nobes and Hall 1995; Etienne-Manneville and
Hall 2002). Additionally, Rho GTPases are important for the es-
tablishment of epithelial cell morphology and polarity (Etienne-
Manneville and Hall 2002). Consequently, GTPase inactivation by
TcdA and TcdB results in the loss of the cytoskeletal structure,
disassembly of focal adhesions and disruption of tight junctions
(Hecht et al. 1988, 1992; Moore et al. 1990; Riegler et al. 1995;
May et al. 2013). In tissue culture cells, these effects result in
the characteristic cell rounding phenotype (also termed the cy-
topathic effect). The glucosylation-dependent cytopathic effect
is thought to play an important role in the context of disease;
toxin-induced disruption of tight junctions could result in im-
paired barrier function, increased intestinal permeability and in-
flammation.

GTPase inactivation by TcdA and TcdB also affects cell cycle
progression. Intoxication by TcdA and TcdB is associated with
reduced expression of cyclin D1, which is required for progres-
sion through the G1 phase of the cell cycle, resulting in G1-S
arrest (Welsh et al. 2001; D’Auria et al. 2012). Additionally, Racl
has been shown to promote the activation of the mitotic kinase
Aurora A and cyclin B/cyclin-dependent kinase (Cdk) I complex,
which are required for mitotic entry, through its effector pro-
tein p21-activated kinase (PAK) (Ando et al. 2007; May et al. 2014).
Consequently, inactivation of Rac1 by C. difficile toxins delays ac-
tivation of Aurora A and the CyclinB/Cdk1 complex in G2 phase
and results in delayed G2-M transition (Kim et al. 2005a; Ando
et al. 2007; Nottrott et al. 2007; Gerhard et al. 2008; D’Auria et al.
2012; May et al. 2014). Finally, RhoA inactivation by these tox-
ins inhibits contractile ring formation and subsequent cytokine-
sis, resulting in the formation of binucleated cells (Huelsenbeck
et al. 2009). Thus, the toxins are capable of interfering with host
cell proliferation by inactivating GTPases that regulate various
stages of the cell cycle.

In addition to the cytopathic effect, inactivation of Rho GT-
Pases by TcdA and TcdB can promote epithelial cell death (re-
ferred to as a cytotoxic effect). In tissue culture models, the
glucosylation-dependent cell death induced by TcdA and TcdB
is evident after 18-48 h of intoxication and occurs by an apop-
totic mechanism, with intoxicated cells exhibiting hallmark fea-
tures including cell shrinkage, phosphatidylserine externaliza-
tion, caspase activation and DNA fragmentation (Fiorentini et al.
1998; Brito et al. 2002, 2005; Qa’Dan et al. 2002; Carneiro et al.
2006; Nottrott et al. 2007; Gerhard et al. 2008; Chumbler et al.
2016a). Apoptosis can occur via caspase-dependent and inde-
pendent mechanisms (Broker, Kruyt and Giaccone 2005; Chipuk
and Green 2006; Pradelli, Beneteau and Ricci 2010; Tait and Green
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Figure. 7. Cellular effects of C. difficile toxins. The toxins act on colonic epithelial cells and immune cells to induce inflammation and tissue damage. TcdA and TcdB
disrupt the tight junctions and induce epithelial cell death, causing direct damage to the colonic epithelium. Additionally, the toxins stimulate epithelial cells to release
inflammatory mediators that recruit neutrophils to the colonic mucosa. TcdA and TcdB can also enter the lamina propria following the disruption of the epithelial
barrier and directly stimulate macrophages, dendritic cells, and mast cells to release inflammatory mediators, which further contribute to inflammation and neutrophil
recruitment. Intoxication also results in the activation of enteric neurons and increased production of substance P (SP). SP can induce mast cell degranulation and
can stimulate the lamina propria macrophages to release inflammatory cytokines. Prolonged intestinal inflammation can amplify tissue damage and contribute to
neutrophil infiltration into the lumen, a key clinical feature of pseudomembranous colitis. The binary toxin CDT, expressed by some C. difficile strains, also induces
cytopathic effects that lead to disruption of the tight junctions. Additionally, CDT can suppress a protective host eosinophilic response in the colon and can act
synergistically with TcdA and TcdB to increase proinflammatory cytokine production by innate immune cells. Finally, CDT also contributes to C. difficile virulence by
inducing the formation of microtubule-based cell protrusions that increase adherence of the bacteria.

2010). Investigations with TcdA and TcdB show that the tox-
ins induce the activation of executioner caspases 3 and 7 in a
variety of cell lines (Brito et al. 2002; Qa'Dan et al. 2002; Kim
et al. 2005a; Carneiro et al. 2006; Matarrese et al. 2007; Nottrott
et al. 2007; Gerhard et al. 2008; Matte et al. 2009; Chumbler et al.
2016a). Activation of executioner caspases can occur via a death
receptor-dependent extrinsic pathway (involving caspase 8) or
by a mitochondria-dependent intrinsic pathway (involving cas-
pase 9). TcdA and TcdB have been shown to induce mitochon-
drial outer membrane permeabilization (MOMP), cytochrome c
release and activation of caspase 9, and TcdA has also been
shown to activate caspase 8 (Brito et al. 2002; Carneiro et al. 2006;
Matarrese et al. 2007; Nottrott et al. 2007; Gerhard et al. 2008;
Matte et al. 2009). Although the toxin treatment induces caspase
activation, the role of caspases in the apoptotic cell death caused

by TcdA and TcdB is currently unclear. Experiments using cas-
pase inhibitors and glucosyltransferase-deficient mutants have
yielded conflicting results with both caspase-dependent and
independent apoptotic mechanisms having been reported for
TcdA and TcdB (Brito et al. 2002; Qa’Dan et al. 2002; Matarrese
etal. 2007; Nottrott et al. 2007; Gerhard et al. 2008; Matte et al. 2009;
Chumbler et al. 2016a). It is important to note that MOMP, which
is regulated by pro- and anti-apoptotic B-cell lymphoma 2 (Bcl-
2) family members, can also promote apoptosis in a caspase-
independent manner (Pradelli, Beneteau and Ricci 2010). MOMP
can be induced by the cleavage and activation of Bid, a pro-
apoptotic Bcl-2 family protein. Bid can be cleaved by caspase 8 or
by non-caspase proteases such as cathepsins and calpains (Bro-
ker, Kruyt and Giaccone 2005; Tait and Green 2010). Interestingly,
intoxication by TcdA also results in the cleavage of Bid, which
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Figure. 8. TcdB-induced necrosis. At higher concentrations (100 pM and above), TcdB causes a necrotic form of cell death that does not require the autoprocessing
and glucosyltransferase activities of the toxin. TcdB induces necrosis by promoting the assembly of the NADPH oxidase (NOX) complex on endosomes (step 1). The
fully assembled NOX complex in the redox-active endosome mediates the transfer of an electron from NADPH to molecular oxygen, resulting in the generation of
superoxide (step 2) and production of reactive oxygen species (ROS) (step 3). High levels of ROS promote cellular necrosis likely though DNA damage, lipid peroxidation,

protein oxidation and/or mitochondrial dysfunction.

was inhibited by a cathepsin/calpain inhibitor but not by caspase
inhibitors, suggesting a role for Bid in the caspase-independent
apoptosis mechanism (Brito et al. 2002; Carneiro et al. 2006; Not-
trott et al. 2007).

Glucosylation-independent cytotoxic effects in
epithelial cells

TcdB has been shown to induce a bimodal cell death mecha-
nism that is dependent on the toxin concentration (Chumbler
et al. 2016a). While at lower concentrations, TcdB induces apop-
tosis in a glucosylation-dependent manner, at higher concen-
trations (100 pM or above), TcdB causes a necrotic form of cell
death that does not require either the autoprocessing or gluco-
syltransferase activities of the toxin (Chumbler et al. 2012, 2016a;
Farrow et al. 2013; Wohlan et al. 2014). The necrotic death can
be observed in both cell culture and colon explant models af-
ter 2-4 h of intoxication and is marked by rapid ATP depletion,
early breakdown of the plasma membrane and cellular leakage,
and chromatin condensation (Chumbler et al. 2012, 2016a; Far-
row et al. 2013; Wohlan et al. 2014). TcdB induces necrosis by trig-
gering an aberrant production of reactive oxygen species (ROS)
through the assembly of the NADPH oxidase (NOX) complex on
endosomes (Farrow et al. 2013; Wohlan et al. 2014; Chumbler
et al. 2016a) (Fig. 8). High levels of ROS promote cellular necrosis
likely though DNA damage, lipid peroxidation, protein oxidation
and/or mitochondrial dysfunction (Yu 1994; Temple, Perrone and
Dawes 2005; Daiber 2010). Interestingly, a TcdB mutant that is
defective in pore formation is unable to induce cell death even
at high nanomolar concentrations, suggesting that pore forma-
tion is important for the glucosylation-independent necrotic cell
death caused by TcdB (Zhang et al. 2014). Unlike TcdB, TcdA does

not trigger ROS production via the NOX complex and causes a
glucosylation-dependent apoptosis at all concentrations tested
(Chumbler et al. 2016a). The ability of TcdB, but not TcdA, to in-
duce a necrotic cell death may explain why both a wild-type
(TcdA*TcdB*) epidemic strain and an isogenic TcdA~TcdB* mu-
tant cause significantly more colonic tissue damage than an iso-
genic TcdA*TcdB~ mutant strain in animal models of infection
(Carter et al. 2015). The glucosylation-independent mechanism
of TcdB may play a similar role in the context of human dis-
ease; TcdB-induced necrosis likely contributes to the extensive
gut damage observed in patients with severe forms of CDI.

Cytokine production by epithelial cells

In addition to disrupting the epithelial barrier and caus-
ing epithelial cell death, TcdA and TcdB trigger the release
of a variety of inflammatory mediators from epithelial cells
(Fig. 7). Chemokines that promote neutrophil recruitment to the
colonic mucosa, including interleukin-8 (IL-8), growth-related
oncogene-alpha and monocyte chemoattractant protein-1, are
released from human colonic epithelial cells upon intoxication
with TcdA and TcdB (Mahida et al. 1996; Branka et al. 1997; Kim
et al. 2002; Savidge et al. 2003; Bobo et al. 2013). Neutrophil infil-
tration has been shown to promote fluid secretion and enhance
mucosal inflammation and injury in animal intoxication stud-
ies and is considered a hallmark feature of C. difficile-associated
enterocolitis (Kelly et al. 1994a; Qiu et al. 1999; Kelly and Kyne
2011). TcdA and TcdB induce the secretion of neutrophil chemo-
tactic factors from epithelial cells through the activation of the
NF-«B signaling pathway and the mitogen-activated protein ki-
nase (MAPK) pathways, including p38 MAPK, c-Jun N-terminal
Kinase (JNK), and extracellular signal-regulated kinases (ERKs)



(He et al. 2002; Na et al. 2005; Kim et al. 2006; Lee et al. 2007;
Bobo et al. 2013; Hansen et al. 2013). These pathways result in
chemokine and cytokine production through the activation of
transcription factors NF-«B and activator protein-1.

TcdA and TcdB have been shown to stimulate IL-8 secretion
through both glucosylation-dependent and independent mech-
anisms. IL-8 release from HT-29 human colonic epithelial cells
is induced through the activation of p38 MAPK and its substrate
MAPK-activated protein kinase 2 (MK2) (Bobo et al. 2013). Toxin-
induced disruption of the actin cytoskeleton is thought to trigger
the p38/MK2-dependent response, suggesting that this mecha-
nism is glucosylation dependent (Bobo et al. 2013). Interestingly,
Bobo et al. observed that p38 MAPK and MK2 are activated in
the colons of mice and hamsters infected with C. difficile, sug-
gesting that this pathway might play an important role in the
toxin-induced cytokine production and intestinal inflammation
during CDI. TcdA has also been shown to cause mitochondrial
damage in HT-29 cells and trigger the generation of ROS, which
mediates NF-«B activation and downstream IL-8 expression (He
et al. 2000, 2002). Presumably, ROS production resulting from
TcdA-induced mitochondrial damage is not occurring at levels
comparable to that observed downstream of NOX activation by
TcdB in epithelial cells, and may explain the lack of a necrotic
phenotype with TcdA. Interestingly, He et al. showed that NF-
«B activation precedes Rho glucosylation by TcdA and can be
blocked by pretreatment of cells with an antioxidant, suggest-
ing that mitochondrial ROS generation drives a glucosylation-
independent mechanism of IL-8 production in TcdA-treated
HT-29 cells (He et al. 2002). In primary colonic epithelial cells,
TcdB has been shown to activate the ERK-MAP kinase path-
way and stimulate IL-8 release through transactivation of epi-
dermal growth factor receptor (EGFR) (Na et al. 2005). TcdB treat-
ment induces the release of transforming growth factor-alpha
(TGF-«) from human colonocytes in a matrix metalloproteinase-
dependent manner. The secreted TGF-« activates EGFR and the
ERK-MAP kinase pathway, and mediates IL-8 secretion in TcdB-
treated primary colonocytes (Na et al. 2005). Furthermore, Na
et al. reported that TGF-a release preceded GTPase glucosy-
lation, suggesting that this mechanism of IL-8 production by
TcdB is glucosylation independent. TcdB has also been shown
to induce NF-«B activation and IL-8 release from Caco-2 hu-
man epithelial cells by triggering cellular stress and damage.
The underlying mechanism involves activation of P2Y6, a G-
protein coupled receptor, by extracellular nucleotides that are
released from stressed and dying Caco-2 cells (Hansen et al.
2013). Interestingly, TcdA does not induce IL-8 release from
Caco-2 cells, indicating that the toxin-induced cytokine produc-
tion and the underlying mechanisms may vary depending on
the cell type (Mahida et al. 1996; Hansen et al. 2013). In addi-
tion to the production of neutrophil chemotactic factors, activa-
tion of p38 MAPK results in the induction of cyclooxygenase-2
and the release of prostaglandin E2 (PGE2), a known mediator
of intestinal inflammation (Kim et al. 2005b). PGE2 secretion was
stimulated by TcdA, but not TcdB, and involves mitogen- and
stress-activated protein kinase and transcription factors cAMP
response element-binding protein and activating transcription-
factor 1 (Kim et al. 2005b).

Effects on innate immune cells and the enteric nervous
system

Following the disruption of the colonic epithelial barrier, TcdA
and TcdB can enter the lamina propria and directly stimu-
late macrophages and dendritic cells to release inflammatory
mediators (Fig. 7). Monocytes and macrophages are a major
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source of inflammatory cytokines and secrete tumor necrosis
factor alpha (TNF-«), IL-18, IL-6, IL-8, PGE2 and leukotriene B4
upon exposure to TcdA and TcdB (Flegel et al. 1991; Linevsky et al.
1997; Melo Filho et al. 1997; Rocha et al. 1997; Souza et al. 1997;
Alcantara et al. 2001; Sun et al. 2009). Macrophage-derived IL-8,
TNF-« and IL-18 are thought to play an important role in the re-
cruitment of neutrophils into the colonic mucosa (Linevsky et al.
1997; Rocha et al. 1997; Souza et al. 1997; Warny et al. 2000). The
mechanisms that promote toxin-induced cytokine production in
macrophages are not fully understood. Sun et al. (2009) showed
that TcdA-induced secretion of TNF-« by murine macrophages
is dependent on the glucosyltransferase activity of the toxin.
TcdA has been shown to induce IL-8 secretion through the ac-
tivation of p38 and ERK MAP kinases, calmodulin and NF-«B
(Jefferson et al. 1999; Warny et al. 2000). Activation of the
apoptosis-associated speck-like protein (ASC)-containing in-
flammasome by TcdA and TcdB, and p38 and ERK MAP kinases
by TcdA have been shown to result in IL-1 release from human
and murine macrophages (Warny et al. 2000; Ng et al. 2010; Hirota
et al. 2012; Xu et al. 2014).

The mechanism by which TcdA triggers inflammasome ac-
tivation in macrophages remains to be elucidated. Ng et al.
(2010) reported that TcdA requires cellular entry and endoso-
mal acidification to induce inflammasome activation in dif-
ferentiated human THP-1 monocytes. Cowardin et al. (2016b)
observed reduced caspase-1 activation in THP-1 cells treated
with a glucosyltransferase-deficient mutant of TcdA, suggest-
ing that the inflammasome activation by TcdA is mediated, at
least in part, by the glucosyltransferase activity. Two mecha-
nisms have been reported for inflammasome activation by TcdB.
Ng et al. (2010) implicated the NOD-like receptor (NLR) fam-
ily pyrin domain containing 3 (NLRP3) inflammasome and pro-
posed a glucosylation-independent mechanism for inflamma-
some activation and IL-1p release by TcdB in mouse peritoneal
macrophages and differentiated THP-1 cells. In contrast, a re-
cent study by Xu et al. (2014) showed that TcdB-induced inflam-
masome activation and IL-18 release in differentiated THP-1
cells and mouse primary bone marrow-derived macrophages re-
quire the enzymatic activity of the toxin and pyrin. Pyrin is an
inflammasome sensor that responds to the inactivation of Rho
GTPases by bacterial toxins (Xu et al. 2014) and may also mediate
the glucosylation-dependent inflammasome activation by TcdA.

Intoxication of monocytes and macrophages by TcdA and
TcdB can also lead to cell death (Melo Filho et al. 1997; Mahida
et al. 1998; Warny and Kelly 1999; Warny et al. 2000; Ng et al. 2010;
Xu et al. 2014; D’Auria et al. 2015). In addition to stimulating IL-18
production, toxin-induced activation of the inflammasome and
MAP kinases have been shown to result in cell death by pyropto-
sis and necrosis, respectively (Warny et al. 2000; Ng et al. 2010; Xu
et al. 2014). TcdA and TcdB can also activate the ASC-containing
inflammasome in dendritic cells (Jafari et al. 2013; Cowardin
et al. 2015, 2016b). The IL-18 that is secreted in response to in-
flammasome activation can signal via the IL-1 receptor and en-
hance IL-23 production in dendritic cells (Cowardin et al. 2015).
IL-23 signaling has been shown to promote colonic neutrophil
recruitment and amplify intestinal inflammation, and is asso-
ciated with increased disease severity in mouse models of CDI
(Buonomo et al. 2013; McDermott et al. 2016). Additionally, IL-18
can stimulate the release of IL-6 and IL-8 from human colonic
epithelial cells and IL-8 from submucosal enteric neurons (Kelly
et al. 1994b; Ng et al. 2003; Tixier et al. 2005). Thus, IL-18 secreted
from activated lamina propria macrophages and dendritic cells
can propagate the inflammatory cascade through both autocrine
and paracrine signaling. In addition to IL-18, TcdA induces the
production of IL-6, CXCL1 (KC/murine IL-8 homolog) and CXCL2
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from murine bone marrow-derived dendritic cells (Lee et al. 2009;
Cowardin et al. 2016b). Both in vitro and in vivo intoxication stud-
ies suggest that TcdA-induced secretion of IL-18, IL-6 and CXCL1
requires the glucosyltransferase activity of the toxin (Cowardin
et al. 2016b).

In addition to macrophages and dendritic cells, intestinal
mast cells and neurons may also be involved in the innate in-
flammatory response to C. difficile toxins A and B (Fig. 7). Mast
cells can be directly activated by TcdA and TcdB, resulting in
degranulation and the release of inflammatory mediators, in-
cluding TNF-«, IL-8 and histamine (Kurose et al. 1994; Calderon
et al. 1998; Meyer et al. 2007). TcdB-induced mast cell degran-
ulation is mediated, in part, by a p38 MAP kinase-dependent
mechanism. Activation of p38 MAP kinase upregulates the pro-
duction of prostaglandins D2 and E2, which promote mast cell
degranulation through autocrine signaling (Meyer et al. 2007).
The mechanism underlying direct activation of mast cells by
TcdA is not known. Interestingly, administration of TcdA into
rat or mouse ileum has been shown to result in the activation
of intestinal neurons and increased production of substance P
(SP), a small peptide with proinflammatory properties secreted
by nerves and inflammatory cells (Mantyh et al. 1996b; Castagli-
uolo et al. 1997; Anton et al. 2004). SP signaling has been shown
to cause mast cell degranulation in ileal loops exposed to TcdA,
and provides an indirect mechanism by which TcdA can activate
mast cells (Castagliuolo et al. 1994, 1999; Pothoulakis et al. 1994;
Wershil, Castagliuolo and Pothoulakis 1998). Additionally, SP can
stimulate the lamina propria macrophages to release TNFe«, fur-
thering the intestinal inflammation (Castagliuolo et al. 1997).
The proinflammatory responses mediated by SP are thought to
contribute to the secretory and inflammatory effects of TcdA
(Castagliuolo et al. 1994, 1998; Pothoulakis et al. 1994; Mantyh
et al. 1996a; Kirkwood et al. 2001). The enteric nervous system
is also involved in TcdB-mediated inflammatory responses (Ne-
unlist et al. 2003). Tixier et al. (2005) showed that treatment
of intact human intestinal tissues and human intestinal mu-
cosa/submucosa co-cultures with TcdB results in IL-8 produc-
tion in submucosal enteric neurons, and suggested that the in-
teractions between mucosa and submucosa regulate IL-8 se-
cretion during TcdB-induced inflammation. TcdB has also been
shown to induce caspase-3 activation and apoptosis in enteric
glial cells via a mechanism involving NOX-mediated cytosolic
ROS generation and subsequent JNK activation (Fettucciari et al.
2017; Macchioni et al. 2017). Collectively, these studies highlight
the complexity of the innate immune responses triggered by C.
difficile toxins A and B.

Role of toxin-induced inflammation in Clostridium
difficile disease

The role of toxin-induced inflammation in disease is a topic
of active investigation. The effects of TcdA and TcdB on in-
nate immune cells and their contribution to the pathophysi-
ology of C. difficile disease have been primarily studied using
intoxication models. Evidence from in vivo intoxication stud-
ies suggests that toxin-induced inflammatory responses likely
play an important role in mediating C. difficile-associated di-
arrhea and colitis. Administration of drugs that inhibit the
release of inflammatory mediators such as leukotriene B4,
PGE2 and SP has been shown to reduce neutrophil recruit-
ment, fluid secretion, and mucosal damage in mice and rat
ileal loops treated with TcdA (Pothoulakis et al. 1993, 1994;
Wershil, Castagliuolo and Pothoulakis 1998; Warny et al. 2000;

Kim et al. 2005b). Depletion of mast cells or inhibition of neu-
trophil recruitment via an antibody against leukocyte adhe-
sion molecule CD18 also provided protection against TcdA-
induced enteritis (Kelly et al. 1994a; Wershil, Castagliuolo and
Pothoulakis 1998). Furthermore, blockade of MAP kinase or IL-
B signaling or preventing inflammasome activation through the
deletion of the adaptor protein ASC reduced TcdA- and TcdB-
induced inflammation and tissue damage in animal intoxica-
tion studies (Warny et al. 2000; Kim et al. 2005b; Chen et al.
2006; Ng et al. 2010; Hirota et al. 2012). It is important to note
that certain innate inflammatory responses, which enhance
fluid secretion and mucosal damage in ileal loop intoxication
studies, have protective roles during infection. Infection stud-
ies in mice show that ASC-mediated inflammasome signaling
and neutrophil recruitment to the site of infection are impor-
tant for containing luminal commensal bacteria and prevent-
ing systemic dissemination during CDI (Hasegawa et al. 2011,
2012; Jarchum et al. 2012). The studies also highlight the im-
portance of using infection models for understanding the pre-
cise roles played by immune cells and the innate inflamma-
tory responses in disease vs host defense. Although host in-
nate responses are important in the early defense against CDI, a
dysregulated inflammatory response that leads to continuous
recruitment of inflammatory cells and prolonged intestinal in-
flammation is likely pathogenic. Consistent with this notion,
elevated levels of inflammatory cytokines and fecal lactofer-
rin (a marker for fecal leukocytes and an indicator of in-
testinal inflammation) correlate with increased disease sever-
ity and poor outcomes in patients with CDI, while C. diffi-
cile bacterial burden does not (Steiner et al. 1997; El Feghaly
et al. 2013; Yu et al. 2017). Furthermore, IL-23, a proinflam-
matory cytokine that is capable of inducing sustained in-
testinal inflammation, is elevated in colon biopsies of pa-
tients with CDI and has been shown to promote disease in
mouse models of CDI (Buonomo et al. 2013). Mice lacking IL-
23 signaling through genetic knockout or monoclonal antibody-
mediated neutralization had reduced disease severity and
enhanced overall survival compared with wild-type controls,
suggesting a role for IL-23 in mediating C. difficile-associated coli-
tis (Buonomo et al. 2013). Future infection studies may help iden-
tify additional pathogenic inflammatory mechanisms and deter-
mine if modulating these signaling mechanisms could lead to
successful resolution of disease. Furthermore, infection studies
using C. difficile strains with defined toxin deletions will provide
a better understanding of the individual roles of TcdA and TcdB
in mediating pathogenic inflammation.

STRUCTURE AND MECHANISM OF
ACTION OF CDT

CDT belongs to a family of toxins, called binary toxins, which are
produced by certain pathogenic Clostridium and Bacillus species.
Other members of this family include Clostridium perfringens
iota toxin, C. spiroforme toxin (CST), C. botulinum C2 toxin, Bacil-
lus cereus vegetative insecticidal proteins (VIP), and B. anthracis
lethal and edema toxins (Barth et al. 2004). The binary toxins, like
the LCTs, are AB type toxins. However, unlike the LCTs, which
engage host cells as a contiguous polypeptide, binary toxins are
secreted as two separate protein components (A and B) that as-
sociate on the surface of host cells following receptor binding by
the B component (Barth et al. 2004; Simon, Aktories and Barbieri
2014). In addition to receptor binding and uptake, the B com-
ponent also mediates pore formation and translocation of an
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Figure. 9. The CDT binary toxin. (A) Schematic representation of the mechanism of action of CDT. CDT consists of an enzymatic component (CDTa; blue) and a
transport component (CDTb; yellow). The monomeric form of CDTb binds to its cell surface receptor, the lipolysis-stimulated lipoprotein receptor (LSR). Thereafter,
CDTb undergoes proteolytic activation and oligomerization on the cell surface. Alternatively, the monomeric form of CDTb may undergo proteolytic activation and
oligomer formation before binding to LSR. The oligomeric prepore binds CDTa, and the receptor-CDT complex is subsequently internalized into cells. As the endosome
matures, the acidic pH triggers conformational changes in CDTb, resulting in membrane insertion and formation of a pore through which CDTa is translocated into the
cytosol. Translocation of CDTa is facilitated by heat shock protein 70 (Hsp70), Hsp90 and cyclophilin A (CypA). In the cytosol, CDTa ADP-ribosylates actin at arginine-
177. ADP-ribosylation of actin results in the eventual breakdown of the actin cytoskeleton and cytopathic cell rounding, and the formation of microtubule-based
protrusions that enhance bacterial adherence. (B) The structure of the CDTa ADP-ribosyltransferase (2WN7). The N-terminal domain (purple) is responsible for binding
CDTb, while the C-terminal domain (light blue) is responsible for the enzymatic activity. The side chains of residues within the RSE motif are depicted with blue
carbons and are important for catalysis. Other residues important for binding of NAD (yellow carbons) are depicted with aqua carbons.

enzymatic A component into the cytosol (Gerding et al. 2014).
The enzyme moiety of CDT (CDTa) is an ADP-ribosyltransferase
that modifies actin, similar to that of iota toxin, CST, C2 toxin
and VIP (Barth et al. 2004). The individual components of CDT
(CDTa and CDTDb) are non-toxic, but when combined, they cause
toxic effects in host cells (Popoff and Boquet 1988; Barth et al.
2004; Sundriyal et al. 2010). The proposed mechanism of CDT in-
toxication is shown in Fig. 9A.

Receptor binding

The transport (or B) component of CDT (strain CD196), which is
involved in receptor binding, consists of 876 amino acids and has
a molecular mass of 98.8 kDa. The N-terminal 42 amino acids
of the transport component (CDTb) correspond to a signal pep-
tide, which is cleaved to release a precursor protein compris-
ing 834 amino acids (Perelle et al. 1997). As known for other bi-
nary toxins, the precursor form is proteolytically processed by
serine-type proteases to yield a mature, active protein (Perelle
et al. 1997; Barth et al. 2004). The cleavage likely occurs between
Lys167 and Leul68 in the precursor form (or Lys209 and Leu210
in the full length) and releases a propeptide (~20 kDa) and an
activated CDTDb (~75 kDa) (Perelle et al. 1997). Both the precursor
and mature forms of CDTb are able to interact with the cellular
receptor, indicating that the proteolytic activation of CDTb is not
a prerequisite for binding to the host cell (Papatheodorou et al.
2013).

To intoxicate host cells, CDTb engages lipolysis-stimulated
lipoprotein receptor (LSR) (Papatheodorou et al. 2011), a cell sur-
face receptor that is highly expressed in many tissues including
the small intestine and colon (Mesli et al. 2004). Notably, LSR was
also shown to function as the cellular receptor for C. perfringens
iota toxin and CST (Papatheodorou et al. 2011, 2012). The pre-

cursor form of CDTb shares 91% and 89% sequence homology
with the transport components of iota toxin (Ib) and C. spiroforme
toxin (Sb), respectively. Both Ib and Sb are capable of delivering
the enzyme component of CDT into the target cell, highlight-
ing the functional conservation between these transport com-
ponents (Popoff and Boquet 1988; Gulke et al. 2001). Cell-binding
studies using wild-type and truncated variants of Ib have shown
that the C-terminal residues 637 to 836 (precursor form) contain
the receptor-binding region of iota toxin (Marvaud et al. 2001).
The corresponding region in CDTb (residues 635-834 in the pre-
cursor form) was later tested and shown to bind the extracel-
lular Ig-like domain of LSR (Hemmasi et al. 2015). Furthermore,
by generating a series of truncations in this region, amino acids
715 to 824 of CDTb (precursor form) were shown to be sufficient
for interaction with the receptor (Hemmasi et al. 2015). Recently,
another cell surface protein, CD44, has been proposed to play
a role in CDT intoxication, but the role of CD44 in CDT binding
and/or uptake remains unclear (Wigelsworth et al. 2012).

Cellular uptake of CDT

Once bound to LSR, CDTb induces clustering and accumulation
of the receptor into lipid rafts (Papatheodorou et al. 2013). Based
on studies with iota toxin, a model for CDT uptake has been pro-
posed wherein the local accumulation of receptor-bound CDTb
monomers in lipid rafts promotes oligomerization of CDTb on
the cell surface, which is followed by binding of the enzymatic
component (CDTa) and internalization of this complex into cells
(Blocker et al. 2001; Hale et al. 2004; Nagahama et al. 2004). Al-
though proteolytic activation of the transport component is not
essential for receptor binding and clustering into lipid rafts, it
is required for oligomerization and subsequent intoxication of
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host cells (Perelle et al. 1997; Gibert et al. 2000; Stiles et al. 2002;
Barth et al. 2004; Sundriyal et al. 2010; Papatheodorou et al. 2013).

The mechanism of CDTb oligomerization is currently un-
known. Much of our understanding of this process comes from
studies with protective antigen (PA), the transport component
of anthrax toxin. PA is organized into four domains, as de-
fined by X-ray crystallography (Petosa et al. 1997). Domain 3
(residues 488-595) mediates oligomerization of PA and contains
a loop of critical residues (510-518) that contacts the neighbor-
ing monomer to stabilize the oligomeric structure (Mogridge,
Mourez and Collier 2001; Lacy et al. 2004). Domain 3 of PA shares
54% sequence homology with a region spanning residues 472-
576 in CDTb (precursor form). This region of CDTb may be
involved in oligomerization, a hypothesis that remains to be
tested.

The oligomer-receptor complex acts as a docking platform
for the enzymatic component. Studies with iota toxin show
that Ib oligomer, but not the monomer, binds the enzyme moi-
ety (Ia) (Nagahama et al. 2004), and the N-terminal 27 residues
of activated Ib are important for interaction with Ia (Marvaud
et al. 2001). Given the sequence and functional conservation be-
tween Ib and CDTD, it is likely that the N-terminus of activated
CDTDb serves as the docking site for CDTa. Following binding of
CDTa, the toxin-receptor complexes are internalized and trans-
ported to acidified endosomal compartments within cells. This
is deduced from the observation that bafilomycin Al, which
blocks endosomal acidification by specifically inhibiting the vac-
uolar H*-ATPase, protects epithelial cells from CDT intoxication
(Kaiser et al. 2011).

Pore formation and translocation

The finding that bafilomycin A1l inhibits CDT intoxication sug-
gests a requirement for low pH in toxin action. Acid activation
of surface-bound CDT was shown to be sufficient in allowing in-
toxication of host cells by CDTa, indicating that low pH is im-
portant for CDTa delivery into the cytosol (Kaiser et al. 2011).
The low pH of endosomes is proposed to trigger conformational
changes in the transport component that lead to membrane
insertion and formation of a transmembrane channel through
which CDTa can be translocated into the cytosol. Support for this
model comes from studies with anthrax toxin, C. botulinum C2
toxin and iota toxin (Collier and Young 2003; Knapp, Benz and
Popoff 2016).

The structure of the pore and the underlying mechanisms
involved in pore formation by the CDTb oligomer remain to
be elucidated. In PA, prepore-to-pore conversion involves pH-
dependent conformational changes in domain 2 (residues 259-
487) (Petosa et al. 1997; Benson et al. 1998; Qa'dan et al. 2005),
which shares 62% sequence homology with amino acids 255-
468 of CDTb (precursor form). Domain 2 of PA contains a large
amphipathic loop (residues 302-323) that forms a g-hairpin.
The B-hairpins assemble to generate a transmembrane g-barrel
pore, with hydrophobic residues facing the lipid and hydrophilic
residues facing the lumen of the channel (Petosa et al. 1997;
Benson et al. 1998; Qa’dan et al. 2005; Jiang et al. 2015). A similar
amphipathic stretch is present in Ib (amino acids 295-320 in the
precursor form) and CDTb (amino acids 293-318 in the precur-
sor form). The amphipathic sequence of Ib has been shown to be
involved in membrane insertion and channel formation (Knapp
et al. 2002, 2015).

Following pore formation, the enzymatic component is
translocated across the membrane into the host cytosol. Al-
though the mechanisms underlying CDTa translocation are not

fully understood, productive translocation of CDTa has been
shown to rely on host proteins, the chaperone heat shock
proteins 70 and 90 (Hsp70 and 90) and cyclophilin A (CypA),
a peptidyl-prolyl cis/trans isomerase (Kaiser et al. 2011; Ernst
et al. 2017). CDTa binds Hsp70, Hsp90 and CypA in vitro, and in-
hibitors of Hsp70, Hsp90 and CypA block pH-dependent mem-
brane translocation of CDTa and downstream cytopathic ef-
fects in cells (Kaiser et al. 2011; Ernst et al. 2015, 2017). The
Hsp70/Hsp90/CypA-dependent translocation mechanism is also
shared by iota toxin and C. botulinum C2 toxin (Haug et al. 2003;
Haug, Aktories and Barth 2004; Kaiser et al. 2009, 2011; Ernst et al.
2017).

Actin-ADP-ribosyltransferase

The enzyme component of CDT (strain CD196) consists of 463
amino acids and has a molecular mass of 53 kDa (Perelle et al.
1997; Chang and Song 2001). The N-terminal 43 amino acids
likely correspond to a signal peptide that is cleaved to release
a mature protein (CDTa) with a mass of ~48 kDa (Perelle et al.
1997). CDTa is an ADP-ribosyltransferase (ADPRT), which cat-
alyzes the transfer of ADP-ribose from nicotinamide adenine
dinucleotide (NAD) to Arg-177 of monomeric G-actin (Popoff et al.
1988; Schwan et al. 2009). The enzyme components of C. per-
fringens iota toxin and C. botulinum C2 toxin also ADP-ribosylate
actin at Arg-177 (Vandekerckhove et al. 1987, 1988).

CDTa shares 86%, 30% and 33% sequence identity with the
enzyme components of iota toxin (la), C2 toxin (C2I) and B. cereus
VIP2, respectively. Crystal structures of CDTa, Ia, C2I and VIP2
have been determined and reveal structural similarities among
these toxin components (Han et al. 1999; Tsuge et al. 2003; Schle-
berger et al. 2006; Sundriyal et al. 2009). Like other binary actin
ADPRTs, CDTa is a mixed «/B protein and is composed of two
domains that are linked by a loop. The domains are structurally
homologous and are thought to have arisen by gene duplica-
tion from a common ancestral ADPRT gene (Han et al. 1999).
In CDTa, the N-terminal domain spans residues 1-215 and the
C-terminal domain spans residues 224-420. Both domains are
composed of five a-helices and eight g-strands (Sundriyal et al.
2009). The N-domain is catalytically inactive and mediates in-
teraction of CDTa with the transport component, whereas the
C-domain possesses the ADPRT activity (Gulke et al. 2001).

The active site of CDTa has an RSE motif that is con-
served in many bacterial ADPRTs (Fig. 9B) (Simon, Aktories and
Barbieri 2014). The RSE motif consists of an arginine residue
(Arg®®?), a Ser-Thr-Ser motif (Ser®*°-Thr3#®-Ser®’) and a Glu-X-
Glu motif (Glu®®° and Glu®¥). Of these conserved residues, Arg®%?,
Ser3# Glu3®> and Glu3®’ have been shown to be critical for ADP-
ribosylation of actin by CDTa (Gulke et al. 2001). The crystal struc-
ture of CDTa in complex with NAD shows that Arg*®? and Ser%
(from the Ser-Thr-Ser motif) interact directly with the ligand
(Sundriyal et al. 2009). NAD binding involves additional residues
within the catalytic cleft that include GIn3%’, Asn®**? and Arg>>”°.
The first Glu residue of the Glu-X-Glu motif (Glu®*®°) has been
predicted to promote the transfer of ADP-ribose to the substrate
based on structural studies of actin-la complex (Tsuge et al.
2003). The second Glu residue (Glu®*?) forms a strong hydrogen
bond with Ser®® and likely promotes catalysis.

CELLULAR EFFECTS OF CDT INTOXICATION

CDT intoxication leads to multiple pathogenic cellular effects,
which include loss of the actin-based cytoskeleton of the host
cell, formation of microtubule (MT)-based cell protrusions that



increase pathogen adherence, enhanced production of inflam-
matory cytokines and suppression of innate immune cells
(Fig. 7). The CDT-induced cellular effects and the underlying
mechanisms are discussed below.

Destruction of the actin cytoskeleton of epithelial cells

Actin is a 43-kDa globular protein which under physiological
conditions polymerizes into helical filaments (F-actin) (Pollard
and Cooper 2009). Association of three globular-actin (G-actin)
monomers generates a filament nucleus, which is a prerequi-
site for polymerization. Actin filaments are polarized, with a
fast-growing (plus or barbed) end and a slow-growing (minus or
pointed) end. At steady state, there is a net polymerization at
the barbed end and a net depolymerization at the pointed end
(Wegner 1976; Pollard and Borisy 2003). Actin filaments con-
tribute to the mechanical structure and shape of cells, which are
critical for cellular function (Lanzetti 2007; Pollard and Cooper
2009).

ADP-ribosylation of G-actin at Arg-177 by CDT and other bi-
nary actin-ADPRTs changes the functional properties of actin.
ADP-ribosylated G-actin is unable to nucleate polymerization
or assemble into filaments (Aktories et al. 1986; Wegner and
Aktories 1988; Perieteanu et al. 2010). Additionally, ADP-
ribosylated G-actin acts like a capping protein and binds the
barbed end of non-modified F-actin and inhibits polymeriza-
tion (Wegner and Aktories 1988; Weigt et al. 1989). Actin depoly-
merization at the pointed end, however, is not affected. The G-
actin monomers released from the pointed end are substrates
for the toxin. Thus, ADP-ribosylation of actin inhibits G-actin
polymerization and promotes F-actin depolymerization, lead-
ing to the eventual breakdown of the actin cytoskeleton and the
generation of cytopathic cell rounding (Schwan et al. 2009; Pap-
atheodorou et al. 2011).

Formation of MT-based epithelial cell protrusions

ADP-ribosylation of G-actin by CDT also affects the MT system.
At moderate toxin concentrations (5 ng/mL CDTa + 10 ng/mL
CDTb and 20 ng/mL CDTa + 40 ng/mL CDTb), CDT induces the
formation of MT-based cell protrusions, which are 0.05-0.5 xm
in diameter and can extend up to a few hundred micrometers in
length (Schwan et al. 2009). Formation of MT-based protrusions
predominantly occurs in cholesterol- and sphingolipid-rich mi-
crodomains (or lipid rafts) and requires ADP-ribosylation of actin
(Schwan et al. 2009, 2011). Interestingly, the cellular protrusions
can be observed at time points where only a small fraction of
actin was modified by the toxin and the cell morphology was
not significantly altered, suggesting that complete depolymer-
ization of the actin cytoskeleton is not necessary for this process
(Schwan et al. 2009). ADP-ribosylation of actin is thought to pro-
mote the formation of MT-based protrusions by causing redistri-
bution of the MT capture proteins, which regulate MT plus-end
dynamics, from the cell cortex into the cell interior (Schwan et al.
2009). The protrusions induced by CDT create a dense mesh-
work at the cell surface and embed clostridia, thereby increasing
their adherence and colonization (Schwan et al. 2009). Addition-
ally, CDT-induced ADP-ribosylation of actin causes re-routing of
Rab11-positive vesicles containing fibronectin from the basolat-
eral to the apical side of epithelial cells, where the protrusions
are formed (Schwan et al. 2014). Fibronectin is then released at
the base and distal parts of MT protrusions. Secreted fibronectin
and the meshwork formed by protrusions together contribute to
increased adherence of the pathogenic bacteria. Notably, other
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binary actin-ADP-ribosylating toxins also induced the formation
of similar MT-based cellular protrusions, suggesting that this
may be a common strategy employed by this family of toxins to
promote pathogen adherence and virulence (Schwan et al. 2009).

Effects on immune cells

CDT enhances pathogenic host inflammation and subverts
the host immune response during infection, resulting in en-
hanced bacterial virulence and severe disease. CDT can activate
NF-«B in a RAW murine macrophage-derived cell line and can
act synergistically with TcdA and TcdB to increase proinflam-
matory cytokine production by bone marrow-derived dendritic
cells generated from C57BL6 mice (Cowardin et al. 2016a). CDT-
induced inflammatory cytokine production by innate immune
cells requires signaling via Toll-like Receptor 2 (TLR2). Recog-
nition of CDT by TLR2 was also shown to indirectly induce
apoptosis of eosinophils, thereby suppressing a CDT-specific
host eosinophilic response in the colon (Cowardin et al. 2016a).
Furthermore, adoptive transfer of TLR27~ bone marrow-derived
eosinophils (BM Eos), but not TLR2++ BM Eos, protected mice
against an epidemic, CDT-producing C. difficile strain, suggest-
ing that an eosinophilic response is protective during CDI and
that CDT-mediated TLR2 signaling on eosinophils suppresses
this protective response (Cowardin et al. 2016a).

THERAPEUTIC STRATEGIES THAT TARGET
THE TOXINS

Given that CDI is a toxin-mediated disease, there has been con-
siderable interest in developing toxin-based therapies to extend
the treatment and prevention options for CDI. The use of toxin-
centric, non-antibiotic therapeutic strategies could allow for the
recovery of the host microbiota while preventing toxin-induced
damage. Strategies that neutralize Clostridium difficile toxins in-
clude active and passive immunotherapies and small molecule-
based inhibition of toxin function. A brief overview of these ap-
proaches is provided below, but some of them are reviewed in
greater detail elsewhere (Hussack and Tanha 2016; Kociolek and
Gerding 2016; Martin and Wilcox 2016; Feher, Soriano and Mensa
2017).

Active vaccination

Inactivated toxoid and recombinant toxin-based vaccines are
promising approaches for CDI prevention, with three vaccine
candidates currently in phase II or III clinical trials. These in-
clude a toxoid-based vaccine containing formalin-inactivated
TcdA and TcdB from VPI10463 (called Cdiffense) developed by
Sanofi Pasteur (Phase III clinical trial identifier: NCT01887912),
a genetically modified and formalin-inactivated toxoid vaccine
developed by Pfizer (Phase II NCT02117570 and NCT02561195),
and a recombinant fusion protein of TcdA and TcdB C-terminal
domains (VLA84 or IC84) developed by Valneva Austria GmbH
(Phase 11 NCT02316470) (Martin and Wilcox 2016; Feher, Soriano
and Mensa 2017). In addition to protein-based vaccines, DNA-
based immunizations against C. difficile toxins have also gar-
nered interest (Gardiner et al. 2009; Jin et al. 2013; Baliban et al.
2014; Zhang et al. 2016). DNA vaccines encoding the C-terminal
CROPS domains of TcdA and TcdB are immunogenic and pro-
tect against disease in mice and hamster models of CDI (Baliban
et al. 2014; Zhang et al. 2016). The DNA- and protein-based vac-
cine formulations are typically administered intramuscularly.
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Orally administered mucosal CDI vaccine is another possibility,
potentially using Bacillus subtilis spores as a vehicle for mucosal
delivery of toxin-derived antigens (Permpoonpattana et al. 2011,
Hong et al. 2017).

Passive immunizations using antitoxin antibodies

The presence of circulating antitoxin antibodies or an ability to
mount a strong humoral immune response to toxins A and B
correlates with natural protection against severe or recurrent
CDI (Warny et al. 1994; Kyne et al. 2000, 2001; Leav et al. 2010;
Monaghan et al. 2013). Consequently, passive immunizations
with neutralizing antibodies that target different toxin domains
have been tested by numerous investigators for their efficacy in
treatment and prevention of CDI and subsequent recurrences
(Kociolek and Gerding 2016; Feher, Soriano and Mensa 2017).
Several human or humanized monoclonal antibodies and some
camelid single-domain antibodies have been shown to confer
significant protection against CDI in animal models, but the ma-
jority of them are not in clinical trials yet (Hussack and Tanha
2016; Feher, Soriano and Mensa 2017). One monoclonal TcdB-
neutralizing antibody, bezlotoxumab, recently completed phase
III clinical trials and was approved by the Food and Drug Ad-
ministration for use as a supportive therapy to prevent recur-
rent CDI in humans (Mullard 2016; Wilcox et al. 2017). Bezlo-
toxumab was shown to bind the C-terminal CROPs domain of
TcdB and neutralize toxicity in vitro by blocking cell surface
binding (Orth et al. 2014). It is important to note that two of
the three receptor binding sites in TcdB are located outside the
CROPS. It will be interesting to determine if antibodies that tar-
get other regions of the toxins, such as the GTD or the conserved
surface loop that is critical for pore formation, will be equally
or more efficacious in the prevention or treatment of CDI in
humans.

Small molecule-based inhibition of toxin function

The multistep mechanism of toxin action depicted in Fig. 2 pro-
vides several potential avenues for therapeutic development.
Screens for small molecules that inhibit toxin function have
identified several compounds, including those that can block
the enzymatic activities of the toxins (Bender et al. 2015; Tam
et al. 2015). One such small molecule, ebselen, reduced intesti-
nal pathology in mice infected with C. difficile strain 630 (Bender
et al. 2015). Ebselen has a well-characterized pharmacology pro-
file; is known to be clinically safe; and has been shown to have
anti-oxidative, anti-inflammatory and anti-microbial properties
(Thangamani, Younis and Seleem 2015a,b). It is unclear whether
these added functional properties of ebselen also contribute to
observed reduction in CDI pathology. Finally, investigations of
the mechanisms underlying aberrant NOX activation and unreg-
ulated ROS production by TcdB could also lead to identification
of additional targets and inhibitors of therapeutic value. The ob-
servation that N-acetylcysteine, an FDA approved antioxidant,
prevented TcdB-induced tissue damage in an explant model
suggests that such mechanism-based inhibitors might be effec-
tive in limiting toxin-mediated tissue damage during infection
(Farrow et al. 2013).

CONCLUDING REMARKS

In the last decade, significant progress has been made in elu-
cidating structural and molecular mechanisms of TcdA, TcdB
and CDT and in defining their role in disease. In this section,
we highlight some of the long-standing questions that remain

and new questions that have arisen from recent discoveries. Re-
ceptor binding is the first step in the intoxication mechanism.
While TcdB and CDT receptors are known, the epithelial cell re-
ceptor for TcdA has yet to be identified and represents an im-
portant question for future study. Three receptors have been
recently identified for TcdB but their relative contributions to
TcdB-mediated disease pathologies remain to be elucidated.
How the Clostridium difficile toxins deliver their effector domains
to the host cytosol is also not known. Understanding the mech-
anisms underlying pore formation and cargo translocation con-
tinue to be a priority in the field. While in vitro studies have iden-
tified the GTPase targets for TcdA, TcdB and TcdB variants, the
determinants of GTPase substrate specificity and its impact on
the observed pathologies are not known and need to be investi-
gated. Furthermore, the discovery that TcdB is capable of caus-
ing a necrotic cell death independent of its glucosyltransferase
activity also raises some exciting questions for future study. Elu-
cidating how TcdB is able to induce aberrant NOX activation and
ROS production could lead to identification of strategies that
block TecdB-induced tissue damage. Finally, most studies investi-
gating mechanism of action and cellular effects of C. difficile tox-
ins have been performed by intoxicating cells or animals with
individual toxins. We are just beginning to appreciate how the
three C. difficile toxins work synergistically to enhance pathology.
Future studies in this area will be critical toward understanding
C. difficile pathogenesis and will have important implications for
therapeutic development.
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