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 Introduction 

  Clostridium difficile  is a Gram-positive, spore-form-
ing, obligate anaerobe that is the leading cause of noso-
comial diarrhea worldwide  [1, 2] . The spectrum of disease 
caused by  C. difficile  ranges from mild diarrhea to pseu-
domembranous colitis, i.e. severe inflammation of the 
colonic lining.  C. difficile  infection (CDI) typically occurs 
in patients whose normal gut flora has been disrupted by 
antibiotic treatment. Suppression of the intestinal flora 
permits  C. difficile  to colonize the colon and produce the 
glucosylating toxins that are primarily responsible for the 
symptoms associated with CDI  [3] .

  Because  C. difficile  is naturally resistant to most anti-
biotics, CDIs are often difficult to treat  [4] . High relapse 
rates are frequently observed because  C. difficile  spores 
readily persist in hospital settings and are resistant to 
common disinfectants  [5] . Of the 1–3% of hospitalized 
patients receiving antibiotics who become infected with 
 C. difficile ,  about 25% will experience recurrent infec-
tions  [1] . Thus, CDI represents a significant problem in 
health care settings, costing US hospitals alone an esti-
mated USD 1–3 billion annually  [6, 7] .

  In the past decade, the severity, morbidity and fre-
quency of CDI have increased markedly. This rise corre-
sponds with the emergence of so-called hypervirulent 
 C. difficile  strains and the increased use of fluoroquino-
line antibiotics  [1] . Hypervirulent strains toxinotype III 
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 Abstract 

  Clostridium difficile  is a significant problem in hospital set-
tings as the most common cause of nosocomial diarrhea 
worldwide . C. difficile  infections (CDIs) are characterized by 
an acute intestinal inflammatory response with neutrophil 
infiltration. These symptoms are primarily caused by the glu-
cosylating toxins, TcdA and TcdB. In the past decade, the fre-
quency and severity of CDIs have increased markedly due to 
the emergence of so-called hypervirulent strains that over-
produce cytotoxic glucosylating toxins relative to historical 
strains. In addition, these strains produce a third toxin, bi-
nary toxin or  C. difficile  transferase (CDT), that may contribute 
to hypervirulence. Both the glucosylating toxins and CDT co-
valently modify target cell proteins to cause disassembly of 
the actin cytoskeleton and induce severe inflammation. This 
review summarizes our current knowledge of the mecha-
nisms by which glucosylating toxins and CDT disrupt target 
cell function, alter host physiology and stimulate immune 
responses.  Copyright © 2012 S. Karger AG, Basel 
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and ribotype 027 (B1/NAP1) cause CDI with higher rates 
of pseudomembranous colitis and mortality  [8] . Whereas 
027 strains accounted for less than 0.1% of strain types 
collected from 1984 to 1993, they accounted for approxi-
mately 50% of strains isolated from outbreaks from 2000 
to 2003. The increased virulence of this strain has been 
attributed to its natural fluoroquinoline resistance  [8] , 
higher sporulation rates  [9] , and approximately 20-fold 
increase in glucosylating toxin production relative to his-
torical  C. difficile  strains  [10] . NAP1/027 strains also pro-
duce glucosylating toxin variants that are more cytotoxic 
 [11, 12]  and encode a third toxin, binary toxin or  C. dif-
ficile  transferase (CDT), which may further enhance their 
pathogenicity relative to historical strains  [13] .

  The glucosylating toxins are primarily responsible for 
the colonic inflammation that characterizes  C. difficile -
associated disease. Although other surface proteins can 
contribute to the inflammatory response, this review fo-
cuses on recent advances in our understanding of how  C. 
difficile  toxins cause disease and their role in modulating 
innate immunity.

   C. difficile  Glucosylating Toxins 

 TcdA and TcdB are part of the large clostridial toxin 
family, which includes lethal toxin and hemorrhagic
 (C. sordellii) , TpeL  (C. perfringens) , and  � -toxin  (C. novyi)  
 [14] . Large clostridial toxins are multidomain toxins that 
transfer glycosyl residues to small Rho GTPases and 
cause cell rounding, inhibition of cell division and even-
tually cell death  [14] .

  The Glucosylating Toxins Are Inflammatory 
Enterotoxins 
 The glucosylating toxins are primarily responsible for 

the symptoms associated with CDI. In animal models, 
TcdA and TcdB are sufficient to cause all the symptoms 
of CDI, including intestinal injury, mucosal inflamma-
tion and marked neutrophil recruitment ( fig. 1 )  [15] . No-
tably, antibody-mediated neutralization of TcdA and/or 
TcdB is sufficient to alleviate disease symptoms  [16] , and 
high anti-TcdA antibody titers correlate with asymptom-
atic carriage and protection against recurrence  [17] .

  TcdA and TcdB covalently modify and inactivate the 
Rho family GTPases Rho, Rac and Cdc42  [3] , which play 
key roles in regulating signaling pathways. Glucosylation 
of Rho GTPases results in disaggregation of the actin cy-
toskeleton, cell rounding, cell death and loss of intestinal 
epithelium barrier function. The toxins also stimulate 

the release of proinflammatory cytokines (e.g. IL-1 � , 
TNF- � , IL-8) from epithelial cells and resident mucosal 
immune cells  [18–20]  ( fig. 1 ), which causes neutrophil in-
flux and leads to further destruction of the intestinal lin-
ing. Notably, neutrophil influx into the peripheral blood 
(leukocytosis) correlates with poor prognosis  [21] , sug-
gesting that an overzealous host inflammatory response 
is responsible for much of the pathology associated with 
CDI  [15] .

  Despite the knowledge that TcdA and TcdB function 
as inflammatory enterotoxins, little is known about the 
specific mechanisms by which they activate innate im-
munity and stimulate proinflammatory cytokine release. 
As with other bacterial toxins  [22] , purified TcdA and 
TcdB activate an ASC-containing inflammasome, which 
leads to the production of proinflammatory cytokines 
like IL-1 �   [23] . Accordingly, inhibition of inflammasome 
signaling by an IL-1 receptor antagonist (anakinra) pro-
tected mice from  C. difficile  toxin-induced intestinal in-
jury and mimicked the phenotype of administering toxin 
to ASC –/–  mice  [23] . These findings suggest that glucosyl-
ating toxin-induced activation of the inflammasome is 
largely responsible for the intestinal injury that charac-
terizes severe CDI.

  Glucosylating Toxins and Virulence 
 The relative importance of TcdA and TcdB during in-

fection has been a matter of debate for decades. Although 
these toxins share a common domain structure,  approx-
imately 66% sequence similarity and similar enzymatic 
activities, TcdA has an extended C-terminus, different 
cell tropism and is generally less potent in cell cytotoxic-
ity assays than TcdB ( fig. 2 )  [3, 24] . Nevertheless, in early 
rodent models of infection, TcdA caused intestinal in-
flammation more efficiently than TcdB  [3, 25] . Later 
studies using humanized mice, however, revealed that 
purified TcdB can recapitulate the intestinal pathology of 
CDI in humans  [20] , suggesting that the receptors for 
TcdB are poorly expressed in many animal models.

  Recent genetic analyses of isogenic toxin mutants con-
firmed that TcdB is essential for virulence in a hamster 
model of infection  [26, 27] . The requirement for TcdA 
during infection, however, remains controversial. While 
TcdA+, TcdB– mutants were less virulent in studies per-
formed by Lyras et al.  [27] , the equivalent mutants in 
studies performed by Kuehne et al.  [26]  were as virulent 
as wild-type. Differences in the hamster models of infec-
tion or in the parent strains may account for the discrep-
ancies observed between these two studies  [28] . Never-
theless, it should be noted that in the context of human 
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infection, TcdA+, TcdB– strains have never been isolated 
from patients with CDI, even though TcdA–, TcdB+ 
strains are routinely isolated from patients (frequency be-
tween 0.2 and 97% depending on location)  [29] . These 
isolates cause the same spectrum of disease as TcdA+, 
TcdB+ strains and often cause more severe disease symp-
toms than TcdA+, TcdB+ strains for reasons that remain 
unclear  [29] .

  Structure and Function of C. difficile-Glucosylating 
Toxins 
 Like other large clostridial toxin members, TcdA (308 

kDa) and TcdB (270 kDa) have an ABCD domain struc-
ture ( fig.  2 a)  [30] . The N-terminal glucosyltransferase 
(Glc) domain comprises the ‘A’ activity domain (aa 1–543, 
TcdB), the C-terminal receptor binding domain makes 
up the ‘B’ binding domain (aa 1,851–2,366, TcdB), the 

cysteine protease domain (CPD) comprises the ‘C’ cut-
ting domain (aa 544–797, TcdB) and an internal hydro-
phobic region makes up the ‘D’ delivery domain (aa 800–
1,850, TcdB).

  During intoxication, the C-terminal receptor-bind-
ing domain binds to unknown carbohydrate receptors 
on the target cell surface, and the toxin is internalized via 
receptor-mediated endocytosis ( fig. 2 b). Acidification of 
the endosome causes conformational changes in the tox-
in, which allows the hydrophobic D domain to insert into 
the endosomal membrane and form a pore; this pore 
translocates the N-terminal Glc domain and internal 
CPD. The CPD is thought to bind inositol hexakisphos-
phate (InsP 6 ) in the cytosol, which subsequently acti-
vates toxin autoprocessing and releases the Glc domain 
into the target cell cytosol. The liberated Glc domain 
then modifies and inactivates Rho GTPases, which leads 
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  Fig. 1.  Pathogenesis of  Clostridium difficile . When  C. difficile  
spores are ingested, they are stimulated to germinate by bile salts 
(e.g. taurocholate) in the small intestine.  C. difficile  can produc-
tively colonize the colon of individuals whose normal intestinal 
flora has been disrupted (e.g. by antibiotic treatment). Coloniza-
tion likely depends upon adherence of the bacterium to the epi-
thelium, although little is known about the factors that mediate 
adherence. CDT-producing strains may increase their adherence 
to intestinal epithelial cells by inducing microtubule protrusions 
that trap  C. difficile . Glucosylating toxin-producing strains stim-
ulate inflammation of the colonic lining by inducing cytoskeletal 

changes that compromise the epithelial barrier and inflammatory 
cytokine production. Disruption of tight junctions allows the tox-
ins to cross the epithelium, where they can further induce inflam-
matory cytokine production in lymphocytes and mast cells. This 
leads to escalation of the inflammatory response due to neutro-
phil and lymphocyte influx, which can lead to pseudomembrane 
formation. Whether glucosylating toxins enter the bloodstream 
remains unclear, although in a zebrafish model of infection, the 
toxins can become systemic  [78] . During colonization of the host, 
 C. difficile  produces spores that are shed by the patient and facili-
tate transmission of  C. difficile  to susceptible hosts. 
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to the inflammation that characterizes  C. difficile -asso-
ciated disease  [3] .

  (I) Binding of Glucosylating Toxins to Cell 
Membranes 
 The C-terminal receptor binding domain of  C. difficile  

glucosylating toxins consists of combined repetitive
oligopeptides (CROPs) that can recognize carbohydrate 
structures such as Gal- � -(1,3)-Gal- � -(1,4)-GlcNAc on 
host epithelial cells  [30] . Multiple carbohydrate binding 
sites are present in both TcdA and TcdB receptor binding 
domains  [3, 31] , and recent mass spectrometry analyses 
indicate that both toxins can interact with human milk 

oligosaccharides  [32] . Although the receptors for gluco-
sylating toxins in humans are unknown, the crystal 
structure of a portion of the receptor binding domain of 
TcdA has been solved in complex with a synthetic deriv-
ative of a carbohydrate ligand  [33] . Extrapolation of the 
solved structure suggests that the C-terminal domain 
forms a  � -solenoid left-handed helix; this structure in-
creases the surface area of protein and is frequently ob-
served in bacterial cell-surface binding proteins  [33] . 
Consistent with this hypothesis, the cryoEM structure of 
TcdA by Pruitt et al.  [34]  indicates that the receptor bind-
ing region adopts an elongated, kinked-tail domain at 
neutral and low pH.
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  Fig. 2.   a  ABCD structure of glucosylating toxins TcdA and TcdB. 
Functional and structural domain boundaries are marked, with 
active site residues being indicated. A = ‘Activity’ domain of
Glc (blue); C = ‘cutting’ domain/autoprocessing CPD (pink); D = 
‘delivery’ domain/translocation domain (orange); B = ‘binding’ 
domain/receptor binding domain (grey). For the D domain, the 
minimal pore-forming region consists of residues 830–990, while 
residues 1–1,850 are sufficient to mediate intoxication of target 
cells. The B domain contains multiple repeat sequences (CROPs), 
which range in size from 21–50 residues and are repeated through-
out the C-terminus of the protein. The CROPs are more divergent 
and less frequent in TcdB than in TcdA. The dashed arrow indi-
cates a putative minor receptor binding domain (residues 1,500–

1,850) identified by deletion analyses  [38, 40] .  b  Intoxication of 
target cells by TcdA and TcdB. Binding of the B domain to un-
known receptors on target cells results in clathrin-dependent re-
ceptor-mediated endocytosis. During acidification of the endo-
some, conformational changes occur within the toxin that result 
in pore formation by the D domain and translocation of the A 
domain into the cytosol. Exposure of the C domain to InsP 6  (yel-
low) activates its protease function, resulting in toxin autopro-
cessing and release of the A domain into the cytosol. The A do-
main glucosylates Rho GTPases (Rho, Rac, Cdc42 family) on a 
conserved Thr residue, which prevents Rho GTPases from inter-
acting with their cognate effectors and sequesters them at the 
membrane. 
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  The greatest diversity in sequence between TcdA and 
TcdB is found in the C-terminal binding domain  [3] . Ac-
cordingly, the toxins are thought to bind different recep-
tors on target cells, with the receptor for TcdB likely being 
restricted to the basolateral membrane of some cell types 
 [1, 35] . Notably, heterogeneity in the C-terminal region is 
also observed between TcdB toxins produced by histori-
cal and hypervirulent strains  [11] . These differences may 
account for the observation that TcdB from hyperviru-
lent strains can intoxicate a broader range of cell types 
 [30, 36] .

  While the C-terminal domain is sufficient to induce 
clathrin-dependent receptor-mediated endocytosis  [37] , 
it is not absolutely required for receptor-mediated endo-
cytosis, since a CROP-deficient toxin can still enter tar-
gets cells albeit with reduced uptake kinetics  [38] . The 
CROP region may also function to hold the toxin in an 
inactive conformer at neutral pH, based on cryoEM anal-
yses of full-length toxin by Pruitt et al.  [34]  and target cell 
binding studies by Olling et al.  [38] .

  (II) Translocation of Glucosylating Toxins across the 
Endosomal Membrane 
 During glucosylating toxin entry into cells, endosom-

al acidification triggers dramatic rearrangements within 
the toxins that allow the central hydrophobic translo-
cation domain to insert into the endosomal membrane 
 [39] . This delivery domain (approx. 800–1,850 aa;  fig. 2 ) 
is thought to form a pore that translocates the Glc domain 
into the target cell cytosol. Recent deletion and biochem-
ical analyses indicate that residues 830–990 constitute the 
minimal pore-forming region for the toxins, with Glu970 
and Glu976 acting as potential pH sensors for pore for-
mation  [40] . These studies also indicated that residues 
1–1,500 are sufficient for toxin activity, i.e. translocation, 
autoprocessing and Glc function  [40] . The authors fur-
ther proposed that residues 1,500–1,850 of the delivery 
domain constitute a minor receptor binding domain, 
since a truncated toxin lacking the CROP sequences in 
the C-terminal receptor binding domain (TcdB residues 
1–1,851) can still intoxicate cells with reduced kinetics 
 [38, 40] .

  The translocation region is believed to function as a 
pH sensor for pore formation  [24, 30] . Pruitt et al.  [34] 
 directly visualized pH-inducible changes in TcdA using 
cryoEM. At low pH, the ‘head-like’ delivery domain ex-
tends away from the ‘tail-like’ binding domain, and the 
Glc domain loses structural stability. At neutral pH, the 
delivery domain appears ‘locked’ in a non-pore-forming 
state, while low pH relieves this inhibition. Intriguingly, 

TcdB produced by hypervirulent strains (TcdB HV ) un-
dergoes pH-dependent hydrophobic transitions at a high-
er pH than TcdB produced by historical strains (TcdB hist ) 
 [11] . These pH-inducible structural changes correlate 
with more rapid kinetics of entry, providing a poten - 
tial explanation for why TcdB HV  is more cytotoxic than 
TcdB hist .

  (III) Autoprocessing of Glucosylating Toxins in 
Target Cells 
 Upon translocation of the Glc domain into the target 

cell cytosol, the CPD autoproteolytically cleaves the tox-
in at a conserved Leu residue to release the Glc domain 
from the endosomal membrane  [41] . The CPD is part of 
the C80 family of proteases (MEROPS peptidase classi-
fication  [42] ), which are site-specific cysteine proteases 
(catalytic Cys-His dyad) that autoprocess the multi-
domain glucosylating toxin and MARTX toxin family 
members in cis  [43, 44] . The closest structural homologs 
of bacterial CPDs are the caspases, with which they share 
similar mechanisms of substrate recognition and cataly-
sis  [45] . Bacterial CPDs are unique in that they act as 
biosensors for the eukaryotic cell environment, since 
they are allosterically activated by the eukaryotic-specif-
ic small molecule InsP 6   [43, 44] . Although the crystal 
structures of both TcdA CPD and TcdB CPD have been 
solved bound to InsP 6   [46–48] , the molecular details of 
this allosteric activation event remain unknown due to 
the absence of an apo-structure. Nevertheless, we recent-
ly showed that a conserved  � -flap region in TcdB CPD 
acts as a mechanical couple between the InsP 6  binding 
and active sites  [48] .

  CPD-mediated autoprocessing is necessary for opti-
mal glucosylating toxin function  [41, 49] , and chemical 
inhibition of TcdB CPD reduces toxin function in cells 
 [47] . Interestingly, the CPD of TcdB HV  autoprocesses 
more rapidly than the CPD of TcdB hist  [Lanis et al., un-
publ. results], a property that may accelerate the kinetics 
of intoxication for TcdB HV  relative to TcdB hist   [11] .

  (IV) Glucosylation of Rho GTPases 
 Autoprocessing of glucosylating toxins by the CPD re-

leases the N-terminal 543-aa Glc domain into the cytosol 
of target cells  [50] . This irreversible event presumably al-
lows the Glc domain to more efficiently interact with its 
Rho GTPase substrates. Rho GTPases hydrolyze GTP 
and toggle between GTP- and GDP-bound forms. They 
function as molecular switches and regulate diverse cel-
lular processes from actin dynamics, proliferation, apo-
ptosis and gene expression  [51] .
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  The Glc domain transfers UDP-glucose to a conserved 
Thr37 in the switch region of Rho GTPases to directly in-
terfere with GTP-GDP switching. This posttranslational 
modification prevents membrane cycling of Rho GTPases 
 [52]  and blocks their binding to downstream effector pro-
teins  [53] . As a result, glucosylated Rho GTPases effec-
tively function like dominant-negative Rho GTPases  [54] . 
The net result of Rho GTPase glucosyla tion is actin cyto-
skeletal disassembly, cell rounding and cell death.

  Although the enzymatic activity of the Glc domain 
has been well characterized, the molecular links between 
Rho GTPase glucosylation and cell death still have to be 
established. Glc activity is necessary to induce apoptosis 
in a wide variety of cell lines  [55–58]  but is dispensable 
for inducing inflammasome activation in mice  [23] . The 
Glc domain of TcdA may also induce  � -tubulin deacety-
lation by HDAC6 tubulin deacetylase  [59]  and thus re-
duce microtubule polymerization.

  The Glc domain shares a similar fold with type A fam-
ily Glcs and the catalytic DXD motif, which binds Mn 2 , 
UDP and glucose  [60] . Mutational analyses of the Glc do-
main have identified a number of residues required for 
enzyme activity, cosubstrate binding and substrate rec-
ognition, respectively  [35, 61] . TcdA and TcdB exclusively 
use the cosubstrate UDP-glucose; this substrate specific-
ity can be modulated by mutating cosubstrate interacting 
residues  [61] . The catalytic core of the Glc domain con-
sists of 234 residues, with the remaining residues forming 
helices that surround the core  [60] ; the 4 N-terminal
helices function as a membrane localization domain in 
green fluorescent protein fusion studies  [62] .

   C. difficile  Transferase 

  C. difficile  strains can also produce a third toxin called 
CDT or binary toxin  [1, 24] . CDT is an ADP-ribosyltrans-
ferase of the ADPRT family, which includes clostridial 
ADP-ribosylating toxins such as  C. perfringens  iota toxin 
and  C. botulinum  C2 toxin. ADPRT toxins are classical 
AB toxins, with an ADP-ribosyltransferase activity sub-
unit and a binding/translocation subunit (CDTa and 
CDTb, respectively;  fig. 3 a)  [63] . The binding subunit is 
activated by proteases at the target cell surface; proteo-
lytic cleavage allows the binding subunit to oligomerize 
and form a complex with the activity subunit ( fig.  3 b)  
[63] . The AB toxin complex then binds to unknown re-
ceptors on the target cells and enters via endocytosis. 
During endosomal acidification, the binding/transloca-
tion subunit forms a pore that delivers the activity do-

main into the cytosol. The activity domain subsequently 
ADP-ribosylates actin, which leads to disassembly of the 
actin cytoskeleton, cell rounding, loss of fluid and ulti-
mately cell death.

  CDT and Virulence 
 The biological significance of CDT during infection 

remains an open question. The genes encoding CDT, 
 cdtA  and  cdtB , are found in about 10% of clinical isolates 
 [1] , although they are conserved in NAP1/027 hyperviru-
lent strains and other clinical strains with increasing fre-
quency  [64] . In animal models of infection, TcdA – , TcdB –
 and CDT +  strains do not cause disease despite high rates 
of colonization, although their culture supernatants in-
duce massive edema in rabbit ileal loops  [65] . These find-
ings suggest that, although CDT is not sufficient to cause 
disease, it may enhance the pathogenesis of glucosylating 
toxin-positive strains. Consistent with this hypothesis, 
recent epidemiological analyses showed that patients in-
fected with strains producing CDT had 60% higher fatal-
ity rates than patients infected with CDT-deficient strains 
 [13] . Determining the specific contribution of CDT to 
pathogenesis will likely be facilitated by the recent devel-
opment of genetic knock-out tools for  C. difficile   [66] . It 
is worth noting, however, that the animal models gener-
ally used to evaluate the role of  C. difficile  do not fully 
recapitulate human disease and thus may underestimate 
the contribution of CDT to  C. difficile  pathogenesis  [28] .

  Structure and Function of CDT 
 CDT is composed of two separate polypeptides, CdtA 

(49 kDa) and CdtB (99 kDa), which function as the activ-
ity domain and receptor binding/translocation domains, 
respectively  [24] . The structure of CDTa is similar to the 
enzymatic domain of  C. perfringens  Iota toxin, although 
they exhibit slight differences in their mode of ligand 
 recognition  [67] . Like other ADP-ribosylating toxins, the 
CDTa-CDTb complex induces cell rounding and cell 
death in Vero cells  [68, 69] , and the uptake of CDT into 
cells also requires endosomal acidification  [70] . Kaiser et 
al.  [70]  recently showed that the translocation of CDTa 
into the cytosol is dependent on the target cell proteins 
Hsp90 and cyclophilin, which directly interact with 
CDTa in vitro. Since similar results were obtained with 
 C. botulinum  C2 toxin, the authors propose a common 
Hsp90/cyclophilin A-dependent translocation mecha-
nism for ADPRT family members.

  Following the CDTb-mediated translocation of CDTa 
into the cytosol, CDTa ADP-ribosylates G-actin on Arg177 
 [24] . This modification blocks actin polymerization and 
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leads to dissolution of the actin cytoskeleton. CDT also 
induces the formation of dramatic ‘net-like’ microtubule 
protrusions (5–100  �  M ) on the surface of intestinal epi-
thelial cells  [71] . Formation of these microtubule protru-
sions, which are devoid of actin, preferentially occurs in 
cholesterol- and sphingolipid-rich lipid microdomains 
 [72] . These dynamic protrusions increased  C. difficile  ad-
herence to epithelial cells 5-fold in vitro and 4-fold in vivo 
in a murine model of infection, suggesting a mechanism 
by which CDT may promote colonization  [71] .

  Modulation of Immune Responses as a Therapeutic 

Strategy 

 Although prior antibiotic treatment is a major predis-
posing factor to CDI, the antibiotics metronidazole and 
vancomycin are usually used to treat it  [1, 4] . Because 
these therapies continue to suppress normal gut flora, 
CDIs recur in approximately 25% of cases. Since much of 
the pathology associated with CDI results from the acute 
host inflammatory response stimulated by the glucosyl-
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  Fig. 3.   a  CDT is comprised of 2 polypeptides, CDTa (ADP-ribo-
syltransferase, green) and CDTb (receptor binding domain,
grey). Signal peptide sequences of both polypeptides are shown. 
CDTb contains a propeptide whose proteolytic removal allows 
the activated binding domain (CDTb �  in  b ) to interact with as yet 
unidentified receptors on target cells.  b  Intoxication of target cells 
by CDT. Following proteolytic activation on the target cell sur-
face, the binding domain oligomerizes and binds to cell receptors. 
Binding results in receptor-mediated endocytosis. During acidi-

fication of the endosome, the binding domain undergoes confor-
mational rearrangements that result in pore formation and trans-
location of the ADP-ribosyltransferase domain into the target cell 
cytosol in an Hsp90-dependent manner. The ADP-ribosyltrans-
ferase domain ADP-ribosylates monomeric G-actin on Arg177, 
which blocks actin polymerization and ultimately leads to the dis-
solution of the actin cytoskeleton. CDTa also induces formation 
of microtubule projections, which may enhance the adherence of 
 C. difficile  to the intestinal epithelium.       
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ating toxins, it has been proposed that a combination of 
antibiotic and anti-inflammatory agents might be an ef-
fective treatment strategy  [15] . Consistent with this pro-
posal, a number of studies have shown that anti-inflam-
matory agents can reduce CDI severity in animal models 
of infection  [18] .

  Nevertheless, certain types of innate immune signal-
ing may actually prevent  C. difficile -induced immunopa-
thology. Jarchum et al.  [73]  recently demonstrated that 
administration of the TLR5-agonist  Salmonella -derived 
flagellin was protective against  C. difficile -induced coli-
tis. The authors proposed that TLR5 signaling induced by 
intestinal microbiota stimulates productive innate im-
mune responses that render mice resistant to CDI. This 
hypothesis is based on the observations that (1) antibi-
otic pretreatment sensitizes mice to CDI  [74] , (2) antibi-
otic pretreatment reduces TLR signaling in mice  [73]  and 
(3) mice defective in innate immune signaling (MyD88-
deficient) are more susceptible to CDI  [74] .

  Conclusions and Future Considerations 

  C. difficile  has become a significant public health 
threat in the past decade largely due to the emergence/
selection of hypervirulent strains that persist in health-
care-associated settings and cause more severe infec-
tions. These strains are now being associated with dis-
ease in healthy individuals who are not part of the
population considered to be at risk  [1] . A better under-
standing of how these new hypervirulent and historical 
strains colonize and cause disease will be critical to de-
veloping new therapies for ameliorating or preventing 
CDI. With the advent of new tools that permit the ge-
netic manipulation of  C. difficile   [66] , it will become 
possible to test the contribution of individual factors, 
such as the glucosylating toxins, to the pathogenesis of 
hypervirulent strains.

  Understanding the mechanisms by which the glu-
cosylating toxins produced by hypervirulent strains 
(Tcd HV ) are more cytotoxic than those produced by
historical strains (Tcd Hist ) will require a better under-
standing of the conformational rearrangements that
lead to toxin activation during entry into target cells. As 
Tcd HV  appears to be more conformationally flexible than 
Tcd Hist   [11] , it will be important to identify and character-
ize the structural components that contribute to this en-
hanced flexibility, particularly in response to pH. Such 
studies may facilitate the development of new classes of 
inhibitors that allosterically regulate the conformational 

dynamics of glucosylating toxins and prevent their prop-
er functioning  [75] .

  A recent report (publ. during revision of this manu-
script) has identified host S-nitrosylation as a previously 
unrecognized innate defense mechanism against  C. dif-
ficile   [76] . Using recently developed proteomic methods, 
Savidge et al.  [76]  demonstrated that the glucosylating 
toxins are S-nitrosylated during intoxication of mice and 
humans as part of the nitric oxide innate immune re-
sponse. Their results indicate that this posttranslational 
modification inactivates toxin function by targeting the 
CPD domain. The authors further demonstrated that 
treatment of mice with exogenous InsP 6  and S-nitrothi -
ols can actually protect mice from CDI, suggesting that 
enhancing nitrothiol-based innate immunity may repre-
sent a viable therapeutic approach. Understanding the 
precise mechanism by which S-nitrosylation modulates 
toxin function is an area ripe for investigation.

  Delineating how glucosylating toxins modulate other 
host innate immune responses, particularly how they 
stimulate the inflammasome, requires further investiga-
tion. While a link between between Rho GTPase signal-
ing and inflammasome activation has been noted, the 
molecular mechanism(s) relating these two processes re-
main unknown  [77] . Such analyses will be aided by the 
recent development of a more reliable murine model of 
CDI  [74] , which opens up the possibility for identifying 
host determinants that protect individuals or sensitize 
them to CDI. Lastly, future studies should also examine 
the role that host microbiota play in regulating innate im-
mune responses to CDI.

  Recent advances in genetic tools for  C. difficile  and 
improved animal models of infection will also permit the 
contribution of CDT to virulence to be determined. Fur-
ther studies are required to determine whether CDT 
serves as a marker for severe infection and/or enhances 
pathogenesis. These analyses will be aided by studies ex-
amining the precise effects of CDT on the intestinal epi-
thelium.
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