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SUMMARY

This study identified an unexpected function of Clostridium
difficile toxin autoprocessing that regulates in vivo inflam-
matory activities of C difficile toxin A and toxin B. The dif-
ferential autoprocessing mediated by the cysteine proteases
of the 2 toxins plays a role on the regulation of their major
bioactivities.

BACKGROUND & AIMS: Clostridium difficile toxin A (TcdA) and
C difficile toxin toxin B (TcdB), the major virulence factors of
the bacterium, cause intestinal tissue damage and inflamma-
tion. Although the 2 toxins are homologous and share a similar
domain structure, TcdA is generally more inflammatory
whereas TcdB is more cytotoxic. The functional domain of the
toxins that govern the proinflammatory activities of the 2 toxins
is unknown.

METHODS: Here, we investigated toxin domain functions that
regulate the proinflammatory activity of C difficile toxins. By
using a mouse ilea loop model, human tissues, and immune
cells, we examined the inflammatory responses to a series of
chimeric toxins or toxin mutants deficient in specific domain
functions.

RESULTS: Blocking autoprocessing of TcdB by mutagenesis or
chemical inhibition, while reducing cytotoxicity of the toxin,
significantly enhanced its proinflammatory activities in the
animal model. Furthermore, a noncleavable mutant TcdB was
significantly more potent than the wild-type toxin in the in-
duction of proinflammatory cytokines in human colonic tissues
and immune cells.

CONCLUSIONS: In this study, we identified a novel mechanism
of regulating the biological activities of C difficile toxins in that
cysteine protease-mediated autoprocessing regulates toxins’
proinflammatory activities. Our findings provide new insight
into the pathogenesis of C difficile infection and the design of
therapeutics against the disease. (Cell Mol Gastroenterol Hepatol
2018;5:611–625; https://doi.org/10.1016/j.jcmgh.2018.01.022)

Keywords: C difficile; Toxins; Cysteine Protease; Autoprocessing;
Inflammation.

lostridium difficile, an anaerobic gram-positive,
C spore-forming bacterium that can induce fatal in-
testinal inflammatory disease, is the most prevalent cause of
antibiotic-associated diarrhea and pseudomembranous co-
litis in nosocomial settings.1 Two exotoxins, toxin A (TcdA)
and toxin B (TcdB), secreted by the bacterium, are primarily
responsible for the induction of disease because strains
lacking both toxins are avirulent.2 TcdA and TcdB are large
homologous single-chain proteins that contain at least 4
distinct domains3: an N-terminal glucosyltransferase
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domain (GTD), a cysteine protease domain (CPD), a putative
translocation domain, and a C-terminal receptor binding
domain (RBD). Although the exact method of toxin entry
into target cells remains elusive, a model of toxin action is
emerging3: after receptor-mediated endocytosis, which may
involve regions in both the translocation domain and
RBD,4,5 the CPD and GTD eventually are translocated into
the cytosol where cysteine protease self-cleaves and re-
leases GTD from the rest of the toxin. GTD inactivates Rho
guanosine triphosphatases, leading to the intoxication of
host cells. Thus, CPD plays a key role in the cytosolic de-
livery of GTD effectors. Autoprocessing-deficient TcdA or
TcdB mutants are still cytotoxic to host cells inducing cell
rounding, Rho guanosine triphosphatase glucosylation, and
apoptosis, but such activity is reduced compared with their
wild-type toxins.6,7

C difficile infection (CDI) is typified by diarrhea, intestinal
inflammation, and tissue damage, and in severe cases pseu-
domembranous colitis. Toxin-induced intestinal inflammation,
a hallmark of CDI, is characterized by the production of proin-
flammatory cytokines/chemokines, neutrophil infiltration, and
intestinal epithelial damage.8 Both TcdA and TcdB are proin-
flammatory; however, TcdB induces markedly weaker inflam-
matory responses than TcdA. TcdA elicited neutrophil influx,
extensive tissue damage, and fluid accumulation within a short
incubation period in various animal gut loopmodels.9–12 These
acute enterotoxic responses, key characteristics of pseudo-
membranous colitis, thus defined TcdA as a major virulence
factor in these earlier studies, although recent studies found
that isogenic strains that express only TcdB induced more se-
verediseases in animals than those that express onlyTcdA.13–15

In contrast, TcdB did not show such acute enterotoxicity in
animal gut loop models9–12,16,17 even though TcdB was a more
potent cytotoxin than TcdA.2,18 In a more recent study using a
cecum injection model, TcdA but not TcdB could induce rapid
cecal inflammation.19 The precise mechanism controlling such
differential inflammatory activities of the 2 toxins is unknown.
In this study, we identified a previously unknown function of
CPD as an internal regulator of the proinflammatory activity of
C difficile toxins. By using a series of chimeric and enzyme-
deficient holotoxins in a well-established mouse ileal loop
model that clearly differentiates between responses to TcdA
and toTcdB,wedetermined thatCPD-mediatedautoprocessing
regulates the acute inflammatory responses to the 2 toxins.
Moreover, we validated this result in human intestinal tissues
and immune cells. Our finding thus provides new under-
standing of themolecularmechanism regulating C difficile toxin
biological functions and insight into the pathogenesis of CDI.

Materials and Methods
Generation of Chimeric, Mutant,
and Wild-Type Toxins

To study the domain functions of the 2 toxins, we
generated several chimeric toxins and mutant toxins defi-
cient of enzymatic activity. The gene encoding the RBD of
TcdB was amplified by polymerase chain reaction (PCR) and
inserted into plasmid pHis-TcdA to replace the RBD of TcdA
using XmaI/SpeI sites, generating the plasmid encoding
chimera TxA-Br, which is TcdA with the RBD replaced by
TcdB’s RBD. The primers used for generating TxA-
Br were as follows: forward: 5’-AATTACTAGTA
TAACCGGTTTTGTGACTGTAGGCGATG-3’ and reverse:
5’-ATATCCCGGGTTAGTGATGGTGATGGTGATGCGATCC-3’.

To generate the chimera TxA-Bgt, which is TcdA with
the GTD replaced by TcdB’s GTD, a unique BamHI site was
introduced into the position between GTD and CPD without
changing the sequence of amino acids in pHis-TcdB by
overlap PCR. The PCR product of TcdA without GTD was
substituted into plasmid pHis-TcdB using BamHI/AgeI
sites. The primer sets used for this construction were as
follows: TcdB-forward1: 5’-TTTGTTTATCCACCGAACTAAG-3’
sense, TcdB-reverse1: 5’-ACCAAGGGATCCTTCAAAATAATTCC-3’;
TcdB-forward2: 5’-TTATTTTGAAGGATCCCTTGGTGAAG-3’, TcdB-
reverse2: 5’-GCTGCACCTAAAC TTACAC-3’; TcdA-forward:
5’-TGGTGGATCCCTTTCTGAAGAC-3’, and TcdA-reverse:
5’-TGATTGGCTCCAATTCTTG-3’.

The CPD from TcdA was amplified, and TxB-ACPD (TcdB
with the CPD replaced by TcdA’s CPD) was generated by
replacing the CPD of TcdB with this specific PCR product using
restriction sites BamHI and Bpu10I, which are located at the
beginning and end of TcdB’s CPD. The primer sets used for this
construction were TcdA544 BamHI-forward: 50-GGATCCC
TTTCTGAAGACAATGGGGTAGAC-30, and Bpu10I-TxA-CPD-
reverse: 5’-AATTTGCTCAGGAATATTCTTGGACTTTGC-30.

TcdB-C698S was generated as previously described.20

The TcdB-L543A plasmid was a kind gift from Dr Aimee
Shen (Tufts University). GTD deficient TcdA (aTcdA) was
generated as previously described.21

The constructs carrying full-length wild-type, mutant,
and chimeric toxin genes were used to transform Bacillus
megaterium, and all holotoxins were expressed and purified
using the same methods described previously.21

Cell Lines and Cytotoxicity Assay
The African green monkey kidney Vero cell line was

obtained from American Type Culture Collection. Cells were
maintained in Dulbecco’s modified Eagle medium containing
10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mmol/L L-glutamine, and 1 mmol/L sodium
pyruvate. The cytotoxicity of toxins on cultured cells was
assessed by cell rounding assays. Vero cells, seeded in
96-well plates, were treated with either holotoxins or chi-
meras. Cell rounding was visualized by phase-contrast
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microscopy. Each holotoxin or chimera concentration
was tested in triplicate for overall cell rounding, and the
experiments were repeated 3 times.

Mice and Ileal Loop Experiment
CD1 female mice (age, 6–8 wk) were purchased from

Envigo (Frederick, MD) and housed in dedicated pathogen-
free facilities. The mice were handled and cared for accord-
ing to Institutional Animal Care and Use Committee guidelines.

Mice were fasted overnight before being deeply anes-
thetized with 100 mg/kg (body weight) ketamine and 10
mg/kg (body weight) xylazine. After a midline laparotomy,
one 1- to 2-cm ileal loop was ligated and injected with 10 mg
of wild-type, chimeric, or mutant toxins in 100 mL of
phosphate-buffered saline (PBS). Control loops were injec-
ted with 100 mL of PBS alone. In some groups, AWP1922 was
added to the toxin solution at a final concentration of 5
mmol/L before injection into mouse ilea. Carboxyte-
tramethylrhodamine (TAMRA)-labeled and nonfluorescent
AWP19 were gifts from Dr Aimee Shen (Tufts University)
and Dr Matthew Bogyo (Stanford School of Medicine). After
4 hours, the mice were euthanized and the ileal loops were
removed for subsequent analysis. To measure fluid accu-
mulation, the loop lengths and weights were measured, and
fluid secretion was assessed based on the ratio of loop
weight (mg) to loop length (cm). More than 5 mice were
included in each experimental group. The experiments were
repeated at least 3 times.

Myeloperoxidase Assay
To measure neutrophil myeloperoxidase (MPO) activity, a

portion of the resected ileum was freeze-dried and homoge-
nized in 1 mL of 50 mmol/L PBS containing 0.5% hexadecyl
trimethyl ammonium bromide and 5 mmol/L EDTA. The
tissues from each mouse were disrupted with both sonication
and freeze-thaw cycles. MPO activity in the centrifuged su-
pernatant was determined using tetramethylbenzidine (TMB)
peroxidase substrate (KPL, Gaithersburg, MD) followed by
measuring the absorbance of the samples at 450 nm using a
plate reader. MPO activity units were calculated according to
the standard curve generated using purified MPO from hu-
man leukocytes (Sigma, St. Louis, MO).

Reverse Transcription PCR Analysis of
Cytokine Production

Total RNA from the intestine was extracted by an RNeasy
Plus Mini kit (Qiagen, Hilden, Germany). The RNA was treated
further with RQ1 RNase-free DNase (Promega, Madison, WI)
to remove DNA contamination. The purified total RNA (1 mg)
was reverse-transcribed to obtain complementary DNA using
moloney murine leukemia virus (M-MLV) reverse transcrip-
tase (Invitrogen, Carlsbad, CA) with oligo (deoxythymidine)
for 1 hour at 37�C. PCR amplification was performed with the
following conditions for 30 cycles: 94�C for 30 seconds, 55�C
for 30 seconds, and 72�C for 30 seconds. All PCR reactions
were performed with GoTaq Green Master Mix (Promega,
Madison, MI). The following mouse-specific primer sets were
used: interleukin (IL)-1b primer sets (sense,
5’-CCCCAACTGGTACATCA-3’; antisense, 5’-AGGTAAGTGG
TTGCCC-3’); IL-6 primer sets (sense, 5’-ATGATGGATGCTAC-
CAAAC-3’; antisense, 5’-AGGCATAACGCACTAGG-3’); kerati-
nocyte chemoattractant (KC, also known as mouse
chemokine ligand 1 [CXCL1]) primer sets (sense,
5’-GAGCCTCTAACCAGTTCC-3’; antisense, 5’-GGCTATGACTT
CGGTTTG-3’); and glyceraldehyde-3-phosphate dehydroge-
nase primer sets (sense, 5’-CCAAGGAGTAAGAAACCC-3’;
antisense, 5’-GGTGCAGCGAACTTTATT-3’).
Histopathologic Analysis
Histopathologic analysis was performed to evaluate

mucosal damage induced by the toxins. Resected ileal loops
were fixed in 4% formaldehyde buffered with PBS, dehy-
drated through graded ethanol solutions, and embedded in
paraffin. The tissues were sectioned and stained with H&E
by the Electron Microscopy/Histology Laboratory
(Department of Pathology, University of Maryland Balti-
more). Overall damage was analyzed by a histologist who
was blinded to the identity of each sample. A score of 0 to
4 was given to reflect the level of inflammation and
epithelial damage: þ1 indicated some inflammatory cells
and/or some cellular debris in the lumen, extent of either
in the lumen was less than 25% of the space; þ2 indicated
greater than 25% of the space in the lumen was occupied
by inflammatory cells and necrotic cell debris, erosion and
edema might occur in villous epithelium and edema of
some villi; þ3 indicated more extensive loss of villous
epithelium (up to 50%) with necrosis and inflammation,
the remaining villi often were edematous and pale and red
blood cells were often packed in capillaries at the base of
the epithelium; and þ4 indicated extensive loss of villi
(>50%), necrosis, and prominent inflammation (usually
neutrophils), the lumen was sometimes occluded with
debris and inflammatory cells and disruption and inflam-
mation often goes all the way into the crypts with epithelial
cell degeneration.
Detection of the GTD in Toxin-Exposed Intestine
by Immunoprecipitation

Whole ligated intestinal lumina were flushed with icy
cold PBS 3 times after toxin exposure. Tissues were
homogenized in lysis buffer (250 mmol/L sucrose,
100 mmol/L KCl, 1 mmol/L phenylmethylsulfonyl fluoride,
and protease inhibitor cocktail; Sigma). The homogenates
were lysed further by sonication and freeze-thaw cycles.
After lysis, the centrifuged supernatants were pre-incubated
with 5D-Fc fusion antibody against the GTD of TcdB.23 The
antibody-GTD complex then was precipitated using Protein
A beads. The presence of the GTD on pull-down beads was
measured by Western blot with camelid single domain
(VHH) monoclonal antibody (clone E3-E-tag23) against the
GTD of TcdB and horseradish-peroxidase–conjugated goat
anti–E-Tag secondary antibody (Bethyl Laboratories, Inc,
Montgomery, TX).
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Inositol Hexakisphosphate–Induced
Autocleavage of Toxins

All toxin proteins were diluted in 20 mmol/L Tris (pH
8.0) buffer to a concentration of 10 mg/mL in a final
volume of 20 mL. Autoprocessing was initiated by the
addition of inositol hexakisphosphate (InsP6) at the indi-
cated final concentrations. After incubation at room
temperature for the indicated times, the reactions were
stopped by sodium dodecyl sulfate sample buffer and
analyzed by Western blot using monoclonal antibodies
against the 2 toxins.
Human Intestinal Epithelial Monolayer
A human ileocecal colorectal adenocarcinoma cell line

(HCT8) from American Type Culture Collection was
maintained in RPMI 1640 medium containing 10% fetal
bovine serum, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, 2 mmol/L L-glutamine, and 1 mmol/L sodium
pyruvate. HCT8 cells (2 X 104) were seeded into the apical
compartment of a Transwell culture chamber, attached,
and grown on the Transwell microporous filter. Cells were
cultured for approximately 10 days. On day 1, after
attachment, medium in apical and basal compartments
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was replaced with fresh medium to remove unattached
cells. Medium was replaced continuously every other day
to supplement nutrition. After approximately 10 to 14
days, when the transepithelial electrical resistance (TER)
reached 1200–1500 U, the monolayer was established
and ready for use. After the application of toxins, the TER
was measured at 0, 2, 7, and 24 hours and expressed as a
percentage of TER at time 0. The experiments were
repeated 3 times, and triplicate wells of monolayers were
assayed each time.
Human 3-Dimensional Organotypic
Intestinal Model

The 3-dimensional (3D) bioengineered model of the
human intestinal mucosa was established as described
previously.24 It comprised multiples cell types including
primary human lymphocytes, fibroblasts, and endothelial
cells, as well as HCT8 cells. Briefly, fibroblasts and endo-
thelial cells were embedded in a collagen-I extracellular
matrix enriched with additional gut basement membrane
proteins. Then, epithelial cells were added to the vessels
and cultured under microgravity conditions provided by
rotating-wall-vessel bioreactors. After 4 and 9 days (±1
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day), the lymphocytes were added to the culture. The
epithelial cells in this 3D model consisted of a human
adenocarcinoma enterocyte cell line HCT8 that was origi-
nally derived from the junction of the small and large
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the absence of epithelial cell–PBMC alloreactivity. The bio-
reactors consisted of a rotating vessel with a co-axial
oxygenator in the center. The oxygenator rotated concur-
rently with the outer wall of the vessel, thereby allowing
gas transfer while avoiding bubble formation and conse-
quent turbulence. These conditions resulted in laminar flow
and minimal shear force that models reduced gravity
(microgravity). Consequently, inside the culture vessel,
intercellular forces were more evident or more effective in
promoting cell differentiation. The experiments were
repeated twice, and triplicate wells were assessed for
cytokines.
PBMC Isolation
Human PBMCs were isolated from fresh blood of

healthy donors using Ficoll-Paque PLUS (GE Healthcare,
Uppsala, Sweden) according to the manufacturer’s in-
structions. PBMCs were frozen in liquid nitrogen at 3 �
106 cells per vial until use. Vials were rapidly thawed in a
37�C water bath and PBMCs were cultured in RPMI 1640
medium (Invitrogen) containing 10% complement-
inactivated fetal bovine serum (Invitrogen) and 100 U/
mL of penicillin and 100 mg/mL of streptomycin (Invi-
trogen) as described previously.25 Cell viability was >93%
by trypan blue staining. PBMCs were seeded in a 96-well
plate at 5 � 104 cells per well, and cultured with or
without TcdA, TcdB, or TcdB-L543A (100 ng/mL) for 24
hours in a 37�C incubator with 5% CO2. PBMCs from 2
healthy donors were used for this assay, and triplicate
wells were assessed for cytokines.

Cytokine Detection
Fresh supernatants from cell or tissue culture were

collected and cytokine assays were performed by using
human IL-8 enzyme-linked immunosorbent assay (cat.
431507; BioLegend), V-PLEX Cytokine Panel 1 (cat.
K15050D; MSD, Rockville, MD), and V-PLEX Proin-
flammatory Panel 1 Kits according to the manufacturers’
instructions (cat. K15050D and K15049D; MSD).

Statistical Analysis
Data were analyzed by Student t test using the Prism

statistical software program (GraphPad Software, Inc, La
Jolla, CA). Results are expressed as means ± SEM. The dif-
ference between the 2 groups was statistically significant if
P < .05. No randomization was used in this study.

Results
CPD Instead of RBD or GTD Differentiates
the Acute Enteric Inflammatory Responses to
TcdA and TcdB

To identify the domain that regulates the inflamma-
tory activity of TcdA and TcdB, we constructed functional
chimeric toxins TxA-Br, TxA-Bgt, and TxB-ACPD that
swapped domains between TcdA and TcdB (Figure 1). We
examined the acute inflammatory responses to these
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chimeric toxins in a mouse ileal loop model that clearly
differentiates the response to TcdA from the response to
TcdB (Figure 2). The lack of enterotoxic response in the
ileum induced by TcdB was not caused by proteolytic
degradation of TcdB in ilea because TcdB recovered from
gut lavage was full-length and cytotoxic (Figure 3 and
data not shown). Similar to wild-type TcdA, all chimeras
were fully enterotoxic in ligated ilea. Significant intestinal
exudate with average weight-to-length ratios ranging
from approximately 50 to 100, substantial MPO activity,
and high messenger RNA expression of proinflammatory
cytokines were observed in chimeric toxin-treated loops
(Figure 2A–C). On a microscopic level, the 3 chimeras
induced complete disruption of intestinal villi and
mucosal architecture in ilea, with considerable neutrophil
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influx and necrosis extending into the crypts (Figure 2D),
which was consistent with significantly higher histologic
scores compared with the PBS group (Figure 4). In
addition, a glucosyltransferase-deficient mutant TcdA
(aTcdA in Figure 1A), which is nontoxic when applied to
cultured cells or injected systemically into mice,21 failed
to induce any observable inflammatory responses or tis-
sue damage in mouse ilea (Figure 2). These data sug-
gested that although the glucosyltransferase activity is
required for the enterotoxic responses, the CPD is
prominently involved in regulating the acute inflamma-
tion caused by the toxins in mice.
Involvement of CPD Activity in the Enterotoxic
Activity of TcdB

The CPDs of the toxins harbor a cysteine protease that
mediates the toxins’ autoprocessing and releasing of their
GTDs in the presence of InsP6. Compared with TcdB, TxB-
ACPD and TcdA were less efficient in GTD release in the
presence of either 1 or 100 mmol/L of InsP6 (Figure 5). Thus,
we hypothesized that the cysteine protease activity of TcdB
may be associated with its enterotoxicity. Ligated gut loops
injected with cysteine protease-deficient mutant TcdB-
C698S6,20 developed significant fluid accumulation
(Figure 6A). The mutant TcdB-C698S, but not its wild type,
induced significantly increased MPO activity (Figure 6B) and
proinflammatory cytokine responses (Figure 6C). Further-
more, histology analysis showed that TcdB-C698S induced
severe edema, neutrophil infiltration, and shortening and/or
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damage of villi in the intestines (Figure 6D). The histopath-
ologic changes of TcdB-C698S–treated gut, as quantitated by
histology scoring, were significantly greater than TcdB and
PBS controls (Figure 4). Although TcdB-C698S lost its
cysteine protease activity and became less cytotoxic when
compared with wild type,6,20 it gained new function,
becoming more inflammatory.

To further confirm the role of CPD in enterotoxic activ-
ities, we used chemical inhibitor/substrate analog AWP19
that blocked CPD-mediated autoprocessing. AWP19 and its
nonfluorescent form binds to wild-type TcdB in a dose- and
time-dependent manner.22 AWP19 was able to inhibit the
release of GTD from TcdB after their co-injection into mouse
ileum, as determined by immunoprecipitation of GTD from
the toxin-exposed intestinal tissues (Figure 7A). In the
presence of CPD chemical inhibitor, the full-length TcdB was
not dramatically detected in the tissue lysis supernatant
(Figure 7A). The possible reason is that the majority of full-
length TcdB, upon binding the inhibitor, might be trapped in
the endosome fraction and tethered on the membrane.23

TcdB showed potent enterotoxic activity in the presence
of AWP19 whereas neither AWP19 nor TcdB alone induced
any observable fluid secretory responses in the ilea
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(Figure 7B). In the presence of the inhibitor, wild-type TcdB
induced significant neutrophil infiltration as measured by
MPO activity (Figure 7C). Proinflammatory cytokines were
up-regulated when the gut was treated with a combination
of TcdB and AWP19 (Figure 7D). Atrophied, blunt villi were
observed in ileal tissue sections treated with TcdB in the
presence of the inhibitor. Extensive edema occurred to villi,
resulting in empty epithelia. The area around the lymphoid
nodule also showed hemorrhage and cell necrosis
(Figure 7E). Consistent with the MPO activity assay,
numerous neutrophils infiltrated into intestinal lumen in
ilea exposed to TcdB in the presence of the inhibitor,
whereas the inhibitor alone and TcdB-alone groups showed
normal intestinal structure without neutrophil infiltration
(Figures 7C and E and 4). Therefore, the cysteine protease-
specific inhibitor AWP19 potentiated TcdB enterotoxic
activity and consequently induced severe ileitis in mice.
Autoprocessing of the TcdB Regulates Its
Enterotoxic Activity

To further understand the mechanism regulating enteric
responses to the toxin, we used a noncleavable TcdB mutant
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TcdB-L543A to determinewhether cysteine protease activity or
autoprocessing is involved in regulating the enterotoxic effects.
TcdB-L543A has an intact cysteine protease domain but is
unable to undergo autoprocessing and release of the GTD
fragment in response to InsP6 treatment.6 The point mutation
did not affect its cysteine protease activity because it bound
AWP19 in the presence of InsP6 (Figure 8). TcdB-
L543A–treated gut loops showed dramatic fluid accumulation,
with an average weight-to-length value of approximately 100
mg/cm (Figure 9A). Significantly increased MPO activity and
enhanced production of proinflammatory cytokines were
detected in TcdB-L543A–exposed tissues (Figure 9B and C).
Histopathologic examination of TcdB-L543A loops showed
inflamed intestinal epithelia with swollen and damaged villi,
and neutrophil influx (Figure 9D). The histology score of TcdB-
L543A–treated tissues was markedly higher than that of TcdB
or PBS-treated tissues (Figure 4). These data show that toxin
autoprocessing, rather than cysteine protease activity, is critical
for regulating the inflammatory response of TcdB inmouse ilea.

Noncleavable TcdB-L543A Is More
Proinflammatory in Human Intestinal Tissues
Than Wild-Type TcdB

Next, we examined whether the observations in the
mouse model were consistent in human tissues, such as
colonocytes and intestinal organoids. Because IL-8 is a
major proinflammatory cytokine produced by intestinal
epithelial cells in response to C difficile toxins,26–29 we first
evaluated the IL-8 production by polarized human colono-
cyte cell line HCT8 in Transwells. Although the reduction of
TER of the monolayer was comparable between TcdB-
L543A and TcdB (Figure 10), the mutant was significantly
more potent in inducing the expression of IL-8. HCT8
monolayers treated with TcdB-L543A or TcdA secreted twice
as much IL-8 than TcdB-treated monolayers (Figure 11A). We
then evaluated IL-8 production in intestinal organoids.
0       0.5AWP19 (μM)
+        + Insp6 (25μM)
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100kDa

Figure 8. Binding of
AWP19 to TcdB-L543A in
the presence of InsP6.
TcdB or TcdB-L543A (0.1
mg/mL) was incubated with
the indicated doses of
AWP19 (labeled with
TAMRA) in 25 mmol/L
InsP6, in 20 mmol/L Tris
buffer (pH 8.0), at 37�C
for 1 hour. The reac-
tions were resolved by
sodium dodecyl sulfate–
polyacrylamide gel elec-
trophoresis. (A) Fluores-
cence was measured
using the G-Box Chemi
system (Synoptics Ltd,
Cambridge, UK). (B) To
show equal loading, pro-
teins then were visualized
on the gel by blue
staining. TAMRA, carbox-
ytetramethylrhodamine.
Cultured human 3D intestinal organoids were previously
reported to be structural and functional organotypic models
with multiple cell types including lymphocytes and differen-
tiated lineages of goblet and M cells.24 TcdB-L543A was
significantly more potent than wild-type TcdB in the induc-
tion of IL-8 by the intestinal organoids, although the level was
lower than that from TcdA-treated tissues (Figure 11B). In
addition to IL-8, the noncleavable mutant TcdB-L543A
induced higher expression of other proinflammatory cyto-
kines, such as IL-6, tumor necrosis factor-a, and IL-1b, than
TcdB in 3D organoids (Figure 12).
The Noncleavable TcdB-L543A Induces Human
PBMCs to Produce Proinflammatory Cytokines

Because immune cells likely contribute to the pathogen-
esis of CDI by producing cytokines/chemokine once they
encounter toxins that have passed through damaged intesti-
nal epithelia into the submucosal and systemic circulation, we
examined the cytokine production of human PMBCs in
response to the autoprocessing-deficient TcdB mutant. In
comparison with TcdB, TcdB-L543A more potently induced
11 cytokines in PBMCs of the 20 cytokines tested, including
IL-12p70, IL-13, IL-1b, IL-4, IL-6, IL-8, IL-7, IL-1a, IL-17, tu-
mor necrosis factor-a, and IL5 (Figures 13 and 14). There-
fore, the autoprocessing-deficient mutant TcdB-L543A was
more proinflammatory than wild-type TcdB in human im-
mune cells.

Discussion
The functions of the domains in regulating cytotoxicity of

the 2 toxins have been studied extensively,6,7,22,30,31 how-
ever, the underlying mechanism that regulates the proin-
flammatory activity of TcdA and TcdB remains elusive.
Earlier studies using ligated ileal loop models and more
recent studies using cecum or intrarectal toxin instillation
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have consistently shown that TcdA, but not TcdB, induced
rapid enterotoxic responses resembling some characteris-
tics of human CDI in multiple animal models.10–12,14,19,32–36

The molecular mechanism that governs such a differential
response is unknown, but several reports have shown that
the expression and distribution of toxin receptors on target
cells37,38 and host intestinal epithelia33 may account for the
different responses of the host to the 2 toxins. However, in
this study, we found that swapping TcdA’s RBD for that of
TcdB did not quell inflammation, but, more importantly, a
single point mutation in the CPD or in the cysteine auto-
cleavage site of TcdB (TcdB-C698S and TcdB-L543A,
respectively) significantly enhanced the toxin’s proin-
flammatory activity. Moreover, chemical inhibition of TcdB
autoprocessing converted wild-type TcdB into a proin-
flammatory enterotoxin in a mouse ileal loop model. These
results indicated that the receptor binding of the toxins to
host intestinal epithelia did not differentiate the inflamma-
tory activities of the toxins because these point mutations
within CPD and the chemicals are unlikely to affect TcdB-
receptor binding activity. In addition to receptor binding, we
examined glucosyltransferase (GT) activity. TcdB possesses a
more potent GT than that of TcdA, which contributes to its
stronger cytotoxicity.30 The acute intestinal inflammatory
responses induced by TcdA were dependent on the toxin’s
GT activity because GT-deficient aTcdA failed to induce any
measurable responses. However, the disparate potency in GT
activity between the 2 toxins cannot explain their difference in
proinflammatory activity because the TxA-Bgt and TxB-ACPD
chimeras that harbor GTD from TcdB were enterotoxigenic.
These data indicated that neither the receptor interaction of
the toxins with host intestinal epithelia nor the GT activity is
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likely the major factor that differentiates toxin-induced in-
flammatory responses.

Instead of receptor interaction or GT activity, we focused
on the CPD and autoprocessing. The CPDs from the 2 toxins
are highly homologous39: each cysteine protease targets an
intramolecular substrate and mediates InsP6-induced auto-
processing to release the GTD into host cytosol.40,41 How-
ever, TcdB is more susceptible to InsP6-induced
autocleavage than wild-type TcdA.7,39 The cleaved GTD
fragment from TcdB-intoxicated cells is readily
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Figure 12. Proinflammatory cytokines produced by 3D colo
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identifiable,6,42,43 whereas autocleavage of TcdA in host
cells has not yet been identified. Therefore, we used TcdB in
which CPD-mediated autoprocessing can be readily manip-
ulated through mutagenesis or with chemical inhibitors.
TcdB mutations at the CPD catalytic triad (TcdB-C698S) or
autocleavage site (TcdB-L543A), or chemical inhibition of
autoprocessing, blocked the release of the GTD and reduced
the cytotoxicity of the toxin,6,20,22,44 yet significantly
enhanced the toxin’s ability to stimulate acute inflammatory
responses in mouse intestine. The noncleavable mutant
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TcdB-L543A, with an intact functional CPD, showed signif-
icantly higher inflammatory activity than wild-type TcdB in
both human intestinal tissues and immune cells, and also in
animal intestines, showing that it is the autoprocessing,
rather than the intrinsic cysteine protease activity of the
toxins, that regulates the toxins’ proinflammatory activities.
It also is possible that the products of autoprocessing
regulate the inflammatory responses. The enhanced proin-
flammatory activity of TcdB-L543A is not likely owing to
structural alteration of the toxin because a chemical inhib-
itor of the cysteine protease that blocks TcdB autoprocess-
ing22,45 converted wild-type TcdB into a potent enterotoxin
in murine ileal loops, possibly keeping the full-length toxin
bound to the endosome membrane. Thus, data presented in
this work showed an unexpected function of CPD: regulation
of the proinflammatory activity of C difficile glucosylating
toxins. Because CPD activity clearly is associated with
cytotoxicity,6,7,22,46 CPD-mediated autoprocessing of the
toxins may act as a fine tuner of their biological activities, in
that it positively regulates toxins’ cytotoxicity, but nega-
tively regulates their acute proinflammatory activity.

Clinical studies analyzing various biomarkers of CDI
patients show the strong relationships between
intestinal inflammation and clinical disease severity and
outcome.8,47–49 Recently, Yacyshyn et al49 found that a
proinflammatory PBMC phenotype in patients correlated
with CDI recurrence, indicating a critical role of immune
cells in response to C difficile infection. Our data showed
that IL-8, a potent chemokine that recruits neutrophils, was
the dominant cytokine produced by human colonic tissues
in response to C difficile toxin treatment. The noncleavable
mutant TcdB-L543A, when compared with wild-type TcdB,
significantly up-regulated the production of several proin-
flammatory cytokines in human intestinal tissues as well as
human PBMCs, suggesting that the autoprocessing of the
toxins also may regulate the inflammatory response during
CDI manifestation in human beings.

Isogenic or clinical C difficile TcdA-Bþ strains were able
to infect hamsters and mice and induce similar disease
symptoms as those caused by TcdAþBþ strains,13,15,50–52

suggesting that TcdB, either independently or together
with other bacterial factors, causes intestinal inflammatory
disease in animals. Thus, TcdB is still an essential virulence
factor of CDI, although it fails to stimulate dramatic
inflammation in the murine gut loop model within 4 hours
of exposure. Recently, studies using cecum or intrarectal
toxin instillation showed that TcdB alone induced colitis,
although in a significantly slower fashion than TcdA.19,35,36
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Figure 14. Cytokines produced by human PBMCs after exposure to toxins. Human PBMCs were exposed to 100 ng/mL of
TcdA, TcdB, or TcdB-L543A for 24 hours. The culture supernatants were collected and assayed to detect cytokine expression.
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Thus, the delayed intestinal inflammation induced by puri-
fied TcdB may be caused by GT-dependent cytotoxicity of
epithelial cells, which in turn generates more tissue damage.
It is likely that the pathogenesis of CDI is mediated at least
by both the cytotoxic and proinflammatory activities of the 2
toxins and the disease outcomes may be affected by the
potency of these biological activities. Savidge et al20 and
Bender et al53 reported that treatment of animals with CPD
inhibitors led to the reduction of overall severity of CDI. It is
possible that early intestinal inflammatory responses,
augmented by using CPD inhibitors, are protective against
severe outcomes of CDI. Whether or not an inflammatory
response becomes pathogenic, leading to severe CDI, ulti-
mately may be dependent on the potency as well as the
kinetics of the response. In fact, a follow-up study by Beil-
hartz et al54 showed that the treatment efficacy of ebselen
against TcdB may not be by inhibition of autoprocessing but
by preventing GTD mediated effects. Nevertheless, our data
indicated that a therapeutic approach of directly targeting
cysteine protease activities may not be an optimal strategy.

In summary, our data show a novel mechanism: CPD-
mediated autoprocessing of C difficile toxins regulates
their proinflammatory activities. Thus, our study provides a
new understanding of the molecular mechanisms of the
pathogenesis of C difficile toxins and insights into designing
new therapeutics against CDI.
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