
Oral administration of a recombinant cholera toxin
B subunit promotes mucosal healing in the colon
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Cholera toxin B subunit (CTB) is a component of a licensed oral cholera vaccine. However, CTB has pleiotropic

immunomodulatory effectswhose impacts on thegut are not fully understood.Here,we found that oral administration in

mice of a plant-made recombinant CTB (CTBp) significantly increased several immune cell populations in the colon

lamina propria. Global gene expression analysis revealed that CTBp had more pronounced impacts on the colon than

the small intestine, with significant activation of TGFb-mediatedpathways in the colon epithelium. The clinical relevance

ofCTBp-induced impactsoncolonicmucosawasexamined. Inahumancolonepithelialmodel usingCaco2cells,CTBp,

but not the non-GM1-bindingmutant G33D-CTBp, induced TGFb-mediatedwound healing. In a dextran sodium sulfate

(DSS) acute colitis mouse model, oral administration of CTBp protected against colon mucosal damage as manifested

by mitigated body weight loss, decreased histopathological scores, and blunted escalation of inflammatory cytokine

levels while inducing wound healing-related genes. Furthermore, biweekly oral administration of CTBp significantly

reduced disease severity and tumorigenesis in the azoxymethane/DSS model of ulcerative colitis and colon cancer.

Altogether, these results demonstrate CTBp’s ability to enhance mucosal healing in the colon, highlighting its potential

application in ulcerative colitis therapy besides cholera vaccination.

Cholera toxin B subunit (CTB) is the non-toxic, GM1-
ganglioside-binding subunit of cholera toxin (CT).1 CTB is
currently used in the World Health Organization-prequalified
oral cholera vaccine Dukoral, due to its capacity to induce CT-
neutralizing antibodies.2 Because of its strong mucosal
immunogenicity, CTB is often utilized as an adjuvant or a
molecular scaffold in vaccine development.3 Additionally,
previous studies suggested that CTB induces anti-inflamma-
tory activities under immunopathological conditions.4 In a
Phase I/II clinical trial, oral administration of CTB, chemically
cross-linked to a peptide from the human 60 kDa heat shock
protein, alleviated uveitis of Behcet’s disease.5 Orally adminis-
tered CTB was also shown to blunt the intestinal inflammation
of Crohn’s disease.6,7 However, a comprehensive investigation
of CTB’s effect on the gastrointestinal (GI) tract has not been
performed, thus leading to some debate on the protein’s

utilization in controlling the diseases of interest. The objective
of this study is to characterize the impacts of orally
administered CTB on the GI tract in detail, thereby attempting
to fill the gap in our knowledge and facilitate the clinical
applications of one of the most potent mucosal immunomo-
dulators known to date.

To this end, we utilized a variant of CTB produced in
Nicotiana benthamiana plants (CTBp), because the protein
can be efficiently manufactured at scale, while showing
GM1-binding affinity, physicochemical stability and oral
immunogenicity for anti-toxin antibody induction comparable
to original CTB.8,9 Thus, CTBp provides a viable alternative to
the vaccine antigen included in Dukoral and potentially
facilitates other clinical applications as described above.
We first characterized the global impacts of CTBp oral
administration on the small intestine and colon by elucidating
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changes in their immune cell populations and gene
expression profiles. The results led us to hypothesize that
CTBp might induce TGFb-mediated mucosal wound
healing, which was subsequently demonstrated in an
in vitro human colon epithelial model using the Caco2 cell
line. To examine the clinical relevance of these findings, we
employed a dextran sulfate sodium (DSS) mouse model of
intestinal wounding and ulcerative colitis, another major form
of inflammatory bowel disease (IBD) along with Crohn’s
disease, to which CTB’s influences have not been reported
before. Furthermore, as mucosal healing potentially lowers
colorectal cancer risk in ulcerative colitis,10 we investigated the
effect of CTBp treatment on ulcerative colitis-associated
tumorigenesis in the azoxymethane (AOM)/DSS model.
Our data point to the potential utility of CTBp as an oral
therapy for ulcerative colitis in addition to mass vaccination
against cholera.

RESULTS

Colon lamina propria leukocyte profile is significantly
altered by CTBp oral administration

Using flow cytometry, we characterized the immune cell
populations of the lamina propria of small intestine and colon,
Peyer’s patches and spleen in mice two weeks after CTBp oral
administration. The analysis revealed that subsets of innate
immune cell populations in the lamina propria of colon
(Figure 1) significantly increased; both M1 (CD80þ ) and M2
(CD206þ ) subpopulations of macrophages (F4/80þ ), as well
as natural killer (NK) cells (CD49bþ ) were statistically
significantly increased when compared with the control
PBS group (Figure 1a and b). The increase of these cell
types was associatedwith a relative decrease in B cells within the
CD45þ cell population. Additionally, Th2, CD25þ FoxPþ

T-regulatory (Treg) and Th17 cells were increased within the
CD4þ cell population in the colon of CTBp-administered
group (Figure 1c). Increased macrophage infiltration into
colon lamina propria on CTBp administration was confirmed
by immunohistochemistry analysis (Figure 1d). Despite this,
there was no abnormality or inflammation noted in the colon
mucosa (data not shown). Meanwhile, such a major shift in
immune cell profiles was not observed in the small intestine
lamina propria, Peyer’s patches or spleen (Supplementary
Figure S1), indicating compartmentalized impacts of orally
administered CTBp on immune cells in different regions of the
GI tract.

The change in the colon immune cell profile made us
speculate a possible change in the gut microbiota. However, the
overall fecal microbiome profile showed no discernible shift at
the point when the immune cell profiles were analyzed
(Supplementary Figure S2). Bacteroidetes and Firmicutes
spp. dominated at the phylum level, which is typical for
C57BL/6J mice.11,12 There were significant changes at the
species level in 12 Operational Taxonomic Units of minor
subpopulations, with 11 belonging to the Clostridiales order
(Supplementary Figure S3).

CTBp oral administration has amore pronounced effect on
colon gene expression than small intestine

To further evaluate the impacts of orally administered CTBp on
the GI tract, we performed microarray analysis of transcripts
isolated from the small intestine and colon. The protein had
profound impacts on the gene expression profile of both upper
and lower GI tract (Figure 2 and Supplementary Figure S4).
However, while gene expression profiles in small intestine
samples clustered relatively tightly, colons from CTBp-treated
mice showed a completely separated pattern compared with the
control samples (Figure 2a). At a global level, 871 genes were
significantly altered in the colon betweenCTBp andPBS groups
(Po0.01; one-way ANOVA), while B5 fold less (that is, 184)
genes were significantly altered in the small intestine
(Figure 2b). Of these significantly altered genes, 539 were
induced and 332 were suppressed in the colon. By comparison,
the small intestine was fairly evenly split between induced and
suppressed genes, with 97 and 87 altered genes, respectively,
and there was no overlap with genes affected in the colon.

CTBp enhances TGFb-associated gene expression
pathways in the colon

A gene expression pathway analysis (MetaCore version 6.22
build 67265) revealed that extracellular matrix (ECM) remo-
deling and epithelial to mesenchymal transition (EMT)
pathways were among the most significantly induced pathways
in the colon upon CTBp oral administration. In particular,
TGFb-dependent pathways heavily populated the induced
pathways (Figure 2c). Indeed, when evaluating individual gene
expression from the microarray analysis Tgfb1, TgfbII receptor
and Smad4 were found to be significantly induced by CTBp
(Supplementary Figure S5), which is indicative of epithelial
wound healing activity.13,14 By contrast, such strong induction
of TGFb-related pathways was not observed in the small
intestine. Suppressed pathways in the colon epithelium
included several metabolic pathways, cystic fibrosis transmem-
brane conductance regulator (CFTR) pathways, and an
apoptosis associated pathway. Genes associated with lipid,
bile acid, pyruvate, and androstenedione and testosterone
metabolic pathways were significantly blunted by CTBp. To
confirm microarray data, quantitative real-time reverse-tran-
scription PCR (qRT-PCR) was performed on selected induced,
suppressed, or unaltered genes; a high agreement between
microarray and qRT-PCR results was obtained
(Supplementary Figure S6). Notably, several key genes in a
wound healing pathway, including Col1a1, Col1a2, Col3a1,
Col14a, Mmp2, Ctsk, Tagln, and Angpt1, were significantly
upregulated by CTBp oral administration (Supplementary
Figure S7).

CTBp enhances wound healing in human colonic epithelial
cells

To investigate the mucosal wound healing potential of CTBp
suggested by the gene expression analysis, we employed the
human colon epithelial cell line Caco2 model.15 As shown in
Figure 3a and b, CTBp (1.0 and 3.0 mM) significantly enhanced
wound closure, similarly to the TGFb1 control. Indeed,
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increased levels of TGFb1 and TGFb2 were noted 24 h post
wounding in the culture supernatant of CTBp treated cells
(Supplementary Figure S8), and co-incubation of CTBp with
an anti-TGFb1,2,3 neutralizing antibody completely inhibited
the wound healing activity (Figure 3c). Meanwhile, a non-
GM1-binding CTBp variant, which has Gly33-Asp
mutation,16,17 failed to promote wound healing (Supplemen-
tary Figure S9), indicating that epithelial cell-surface GM1-
ganglioside is required for CTBp’s wound healing activity.
Analysis of the culture supernatant at 48 h revealed that CTBp
and TGFb1 had an overall similar inflammation and wound
healing-related cytokine profile (Figure 3d); both produced
similar levels of epidermal growth factor (EGF), fibroblast
growth factor (FGF)-2, granulocyte-colony stimulating
factor (G-CSF), granulocyte macrophage colony-stimulating
factor (GM-CSF), interferon (IFN)-g, interleukin (IL)-10,
IL-1b, IL-5, IL-6, tumor necrosis factor (TNF)a and
vascular endothelial growth factor, in contrast to the PBS
control. A major exception was monocyte chemoattractant
protein-1, which was significantly elevated only in TGFb1-
treated cells.

CTBp mitigates DSS-induced acute colonic injury and
inflammation

We next explored if the in vitro mucosal healing activity of
CTBp could be translated into a therapeutic effect in vivo. We
employed a well-established mouse DSS colitis model, which
induces injury and severe inflammation in the distal colon.18 In
an initial study, PBS or 30 mg CTBp was orally administered
twice at a 2 week interval to mice before DSS exposure
(Supplementary Figure S10). As shown in Figure 4a,
CTBp significantly blunted the weight loss induced by DSS.
Histopathological examination on hematoxylin and eosin
(H&E)-stained distal colon tissue at 6 days post DSS expo-
sure revealed that CTBp treatment prevented the aberrant loss
of crypts and ulceration that were noted in the untreated
control group; although shortening of basal crypts and mild
inflammatory infiltrates were observed, the epithelial surface
remained intact (Figure 4b, c and Supplementary Figure S11).
Despite the significantly less damage and inflammation in
the colon of CTBp-administered mice, the numbers of macro-
phages infiltrated into the colon mucosa were similar between
CTBp-treated and untreated groups, and significantly higher
than that of the non-DSS-exposed control group (Figure 4d
and e), which might reflect the involvement of macrophages
in the healing of the damaged tissue.19 Moreover, CTBp
administration appeared to prevent fibrosis in the colon
according to Masson’s trichrome stain, while fibrosis was
evident in theDSS-exposed vehicle control-administered group
(Figure 4f). Consistent with this, the major fibrotic genes
Col1a1 and Tgfb1 (refs 20, 21) were significantly increased in
the colon tissue of the DSS-exposed vehicle control-adminis-
tered mice; CTBp treatment, on the other hand, showed lower
levels of these transcripts (Figure 4g).

We also investigated CTBp’s effect immediately after DSS
exposure. At this maximum injury/inflammatory point, CTBp

administration again significantly reduced the mucosal
damage, characterized by shortened yet visible basal crypts,
relatively mild inflammatory infiltrates in the mucosa and
submucosa, and retention of the epithelial cell surface.
Meanwhile, daily oral administration of 100 mg mesalamine
during the DSS exposure, which simulates a current treatment
for ulcerative colitis in humans,22 showed similar protection
observed in the CTBp-dosed group (Figure 5a and Supple-
mentary Figure S12). In qRT-PCR analysis, CTBp treatment
was shown to blunt the escalation of representative inflam-
matory marker expression, including Il1b, Il33, Il6 and Infg
(Figure 5b). Tgfb1, on the other hand, showed a significant
increase in both CTBp-treated and vehicle control-adminis-
teredmice followingDSS exposure. Analysis of solublemarkers
in the distal colon also showed that CTBp administration
blunted the significant increase of major inflammatory
proteins, including IL-1b, IL-3, IL-4, IL-5, IFNg, IL-6, and
GM-CSF (Figure 5c). Of note, CTBp administration did not
increase IL-10 either at the gene expression or protein levels,
despite that IL-10 has previously been linked to the potential
anti-inflammatory activity of CTB.23,24

Since CTBp ‘vaccination’ was effective in DSS-induced acute
colitis, we next examined the protein’s therapeutic dosing
effect. As shown in Figure 6, protection was evident as CTBp
was dosed twice at the late phase of the DSS exposure (Day 3
and 6), when the onset of colonic epithelial damage had already
taken place.25 This demonstrates that the protein does not
require pre-emptive dosing for protection against DSS-induced
colon epithelial insult. Conversely, CTBp’s mucosal protective
activity can take effect relatively quickly against ongoing
epithelial damage and inflammation. A dose-ranging study
(0.1–30 mg per dose� 2) showed that the most effective dose of
CTBp in this therapeutic regimen was as low as two 1 mg per
dose. Interestingly, the efficacy did not follow a dose-dependent
pattern; 3, 10, and 30 mg were less effective than 1mg, according
to disease activity index (DAI) scores. Nevertheless, the highest
dose still prevented the shortening of the colon length, showed a
significantly lower inflammation score than the untreated
control, and reduced epithelial damage and ulceration in the
distal colon tissue, suggesting no adverse effects at this
dose (Figure 6a–d). Consistent with the histopathological
findings, analysis of distal colon tissue lysates showed that
CTBp significantly suppressed pro-inflammatory cytokines/
chemokines (Figure 6e). Notably, a qRT-PCR array analysis
revealed that CTBp significantly upregulated genes associated
with wound healing (for example, epithelial repair,
angiogenesis, microbial clearance), including Ctsg, (ref. 26)
Angpt1, (ref. 27) Tagln,28 Itga1 (refs 27, 29) and Egf (refs 27, 29)
(Figure 6f).

CTBp oral administration can protect against chronic
colitis and colon tumor development in anAOM/DSSmodel

The significant protection seen in the acute colitis/colon injury
model prompted us to investigate if CTBp could also be
effective in an AOM/DSS mouse model of chronic colitis and
colon cancer. CTBp (3 or 10 mg) was given at the end of the first
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DSS exposure period followed by three additional doses every
two weeks for a total of four doses (Supplementary Figure
S13). As shown in Figure 7, CTBp administration (3 mg)

significantly decreased the DAI score immediately following
the first dose and more dramatically during the third DSS
exposure period (Figure 7a). Such a clear effect was not
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observed with the higher dose (10 mg) of CTBp. However,
tumorigenesis was significantly reduced at both dose levels
(Figure 7c). Tumor growth also appeared to be limited by
CTBp, as indicated by the decreased number of grade 3–5
tumors and total tumor grade in CTBp-administered groups
(Figure 7c and d). Of note, CTBp administration (10 mg)
without DSS exposure did not induce any sign of intestinal
damage or tumor growth (Figure 7a,c,d).

To further characterize the protection of 3 mg CTBp in the
AOM/DSS model, we evaluated markers associated with

inflammation and cancer development in the colon tissue
two weeks following the final DSS exposure. Both DSS-exposed
groups showed an increased level of Infg, Tgfb1, Foxp3, Il10,
Nlrp3, Csf2, and Tnfa. However, CTBp administration resulted
in a significant increase inTgfb1, Foxp3 and Ifng compared with
healthy mice (Figure 7e). Analysis of soluble markers showed
that, although IL-1b had declined to a baseline level at this
point, several inflammatorymarkers still showed a significantly
higher level in the DSS-exposed, vehicle control-administered
group compared with healthy mice, including TNFa, IL-1a,

Figure 1 CTBp significantly alters the immune cell profile in the colon. Animals (female C57BL/6J, 8-week old) were orally administered PBS or CTBp
twice, at a two-week interval and two weeks later the mice were sacrificed. Colon lamina propria leukocytes were isolated and stained for surface and
internal markers specific for immune cell subtypes. CD4þ and CD8þ cells gated on T lymphocyte subpopulation (CD45þCD3þ ). Additionally, CD45þ

cells were further divided into B (CD19þ ), macrophage (F4/80þ ), dendritic (CD11cþ ) and natural killer (CD49bþ ) subpopulations. Dot plots are
representative samples fromeach group. Data presented asmean±standard error of themean (s.e.m.) of at least four biological replicates comprised of
two pooled mice each. Unpaired t test was performed with *Po0.05 compared with PBS group. (a) Innate immune cell populations in the colon lamina
propria. (b) M1 (CD80þ ) andM2 (CD206þ ) macrophage (F4/80þ ) populations in the colon lamina propria. (c) Adaptive immune cell populations in the
colon lamina propria. (d) Immunohistochemistry analysis ofmacrophage (F4/80þ ) cells in the distal colon lamina propria isolated frommice 2weeks post
second CTBp oral administration. Paraffin embedded colon sections were incubated with F4/80 primary antibody (1:100 dilution) and a biotinylated
secondary antibody. After addition of a horseradish peroxidase (HRP) and 3,30-diaminobenzidine tetrahydrochloride (DAB) solution, positive cells were
counted in 10 high power fields per section and averaged for each colon.Mean±s.e.m. is shown. Unpaired t test was performedwith *Po0.05 compared
with PBS group. Animals per group: PBS (n¼ 6) and 30mg CTBp (n¼ 7).

Figure 2 TGFb-dependent pathways are significantly altered by CTBp in the colon. PBS or CTBp was administered twice to mice (female C57BL/6J,
8-week old) at a two-week interval. Two weeks after the final dose animals were sacrificed and the small intestine and colon were removed for RNA
purification. Total RNA was amplified and labeled, and then whole transcript expression analysis was performed. (a) Heat map showing differentially
expressed genes in the small intestine (SI) and colon (COL) following PBS or CTBp administration. (b) Number of significantly altered genes in the colon
and small intestine following PBS or CTBp administration. Significance was determined atPo0.01. (c) Tenmost significantly enhanced and suppressed
pathways by CTBp administration in the colon as determined byMetaCore ontologies enrichment analysis usingPo0.01 and a fold-change ofo�1.2 or
41.2.
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keratinocyte chemoattractant, chemokine (C–X–C motif)
ligand 9 (Figure 7f). CTBp administration blunted the
elevation of these markers, most notably IL-1a, which is a
key factor to exacerbate gut inflammation.30 Notably, CTBp-
treatment completely blocked the AOM/DSS-induced decrease
of IFNg and IL-2 levels, which could be linked to the reduced
tumorigenesis in this group.31,32

DISCUSSION

Oral administration of CTB leads to a robust antibody response
and an anti-inflammatory effect.3,4 The former represents the
protein’s most well-known biological activity, which has

been exploited in cholera prevention.2 On the other hand,
the utilization of CTB’s anti-inflammatory activity in
inflammatory disease therapy is yet to be achieved, in part
due to its obscure underlying mechanisms. The present study
revealed that oral administration of CTBp exhibits previously
unidentified impacts on the distal part of the GI tract;
modification of the immune cell profile and upregulation
of TGFb pathways in the colon (Figure 1 and 2), which
subsequently lead us to discover that CTBp promotes mucosal
healing in the colon (Figures 3–7). Although CTB was
previously shown to upregulate TGFb in immune cells4,33

and blunt intestinal inflammation of Crohn’s disease,6,7 the

Figure 3 CTBpenhanceswound healing in a humancolon epithelialmodel. Caco2 cellswere grown to confluence and scratchedwith a pipette tip. Cells
were then incubatedwith PBS, TGFb1, anti-TGFb1,2,3 antibody, and/or CTBp. The in vitrowound closurewas recorded over 48 h and � 4magnification
images were acquired with a EVOSfl by Advanced Microscopy Group and mean percentage closure was determined by Image J software.
(a) Photomicrographs of wounded Caco2 cells. (b) Analysis of in vitro wound closure after 24 and 48h by wound area measurement. (c) Analysis of
in vitro wound closure after 24 h by wound area measurement after incubation with PBS or an anti-TGFb1,2,3 antibody coincubated with 1.0 mM CTBp
or 0.2 nM TGFb1. (d) Protein concentrations in Caco2 cell supernatants. Means±s.e.m. of four independent experiments are shown (b, c, d).
One-wayANOVAwith Bonferroni’smultiple comparison testswas used to compare all pairs of groups (b, c,d). Significantly different pairs are highlighted
with asterisks (*Po0.05, **Po0.01 and ***Po0.001).
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present studies demonstrated for the first time that orally
administered CTB can facilitate mucosal wound healing in the
colon.

In the mouse acute colitis model, CTBp oral administration
significantly reduced ulceration in colon epithelia (Figures
4–6), which is indicative of enhanced mucosal healing.10,34 The
escalation of inflammatory markers was blunted, while Tgfb1
expression significantly increased (Figures 5b and c). Given
that CTBp-induced TGFb-mediated wound healing in Caco2
colon epithelial cells via GM1-ganglioside binding (Figure 3
and Supplementary Figure S9) and previous studies demon-

strated that epithelial cell-derived TGFb promotes colon
mucosal healing,14,35 it is strongly suggested that CTBp’s
mucosal healing effect in theDSSmodel is primarily ascribed to
epithelia-derived TGFb. A recent study showed that CFTR
regulation of GM1 is involved in airway epithelial wound
healing.36 Meanwhile, we showed that oral administration of
CTBp upregulated a pathway related to sphingolipid transport
and recycling, while down-regulating CFTR-related pathways
in the colon (Figure 2c). Thus, our findings point to a potential
mechanistic link between CFTR, GM1, and TGFb signaling in
CTBp-induced colon mucosal healing.

Figure 4 Oral administration of CTBp blunts DSS-induced colonic epithelial damage. Mice (female C57BL/6J, 8-week old) were orally administered
PBS or CTBp twice at a two-week interval. Immediately after the second administration DSS exposure began and continued for 8 days. Colon tissues
were isolated after a 6-day recovery for analyses. Mean±s.e.m. is shown for each group. Animals per group: PBS (n¼ 6), 30 mg CTBpþDSS¼ (n¼8),
and PBSþDSS (n¼ 8). (a) Percent change of body weights. Animals were weighed daily and just prior to the initiation of DSS exposure. Percent change
was based on the initial bodyweight. **Po0.01 betweenDSS-exposed,CTBp andPBS-administered groups; two-wayANOVAwith Bonferroni’smultiple
comparison tests. (b) Colon inflammation scoring. Paraffin embedded tissue sections were scored after staining with Hematoxylin and Eosin
(H&E). Scoring was based on 0–4 scale. (c) Representative � 4(left) and � 20 (right) photomicrographs of colons from treatment groups. (d, e)
Immunohistochemistry staining of F4/80þ cells in distal colon tissue. Means±s.e.m. of positive cells from 10 individual microscope fields per sample
(d) and representative photographs (e) are shown. (f) Representative photomicrographs of colons following Masson’s Trichrome Stain. (g) qRT-PCR
analysis of cytokine gene expression in mouse colon tissue. Mean±s.e.m. is shown for each group (N¼ 5). For (b, d, g), one-way ANOVA with
Bonferroni’s multiple comparison tests was used to compare all pairs of groups. Significantly different pairs are highlighted with asterisks (*Po0.05,
**Po0.01, and ***Po0.001).
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TGFb has multifaceted functions including pivotal roles in
gut homeostasis and intestinal wound healing.29,37 A recent
study by Oshima et al.38 has shown that the suppression of

TGFb signaling in an injured and inflamed mucosa leads to
invasive tumor development in the colon, showing that TGFb-
mediated mucosal repair plays a key role in colitis-associated
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colon tumor prevention. This is in line with our findings in the
AOM/DSS study (Figure 7). However, TGFb1 is also known to
be elevated in collagenous colitis and connected to increased
collagen deposition and fibrosis, indicating the dual nature of
this cytokine in mucosal remodeling.37 In this regard, the fact
that CTBp administration prevented fibrosis in the acute DSS
colitis study (Figures 4f and g) suggests that our CTBp dosing
regimen did not overstimulate TGFb signaling to a level causing
adverse effects. Indeed, Tgfb1 was high in the early
inflammatory phase (Figure 5b) and became lower in the
recovery phase (Figure 4g) in the CTBp-treatment group. The
apparent lack of dose dependence in CTBp-induced TGFb
levels and wound healing effects might be indicative of
hormesis, a biphasic dose response characterized by low-
dose stimulation and high-dose inhibition.39 Such responses
were observed with wound healing agents/stimulations,40 as
well as recombinant IL-10 and anti-TNFa monoclonal anti-
body in Crohn’s disease clinical studies.41,42 This may explain
why the higher doses of CTBp were not as effective as the lower
dose in the acute and chronic DSS studies (Figures 6 and 7).
Detailed investigation into CTBp’s dose-effect relationship is
warranted to define a therapeutic window for optimal mucosal
healing.

It is of interest to note that CTBp-induced TGFb activation
in the colon epithelium was accompanied by a significant
increase of M1/M2 macrohpages and NK cells in the same
mucosa (Figures 1 and 2). CTB is known to alter the T cell
profile under various conditions and affect DC maturation
in vitro.4 However, the protein’s impacts on immune cells in
different regions of the GI tract, as shown in the present study,
are unprecedented. At this point, the mechanism by which
CTBp-induced such compartmentalized effects on GI tract
immune cells is not clear, and the gut microbiota was unlikely
the cause of the drastic changes in the colon (Supplementary
Figure S2 and S3). One possibility is that CTBp’s effects might
have remained longer in the colon, as epithelial turnover is
slower in the colon than the small intestine.43 Meanwhile, the
observation that CTBp concomitantly stimulated the activation
of TGFb signaling and the increase of the innate immune cells
in the colon leads us to postulate that the latter effect might also
play a role in the protein’s mucosal healing effects. In fact,
mucosal healing is a dynamic biological process involving a
number of mediators and cell types, including immune
cells.27,29 For example, NK cells play a major role in tissue
remodeling by clearing dead or dying cells.44 Macrophages can
remove bacteria that penetrate the epithelium and damaged

tissue and play an important role in enhancing wound
healing.19 Studies are currently underway to analyze the
pharmacokinetics and biodistribution of orally administered
CTBp in the GI tract and the potential interplay of epithelial
and immune cells in CTBp-induced colon mucosal healing.

Since DSS colitis is pathologically similar to ulcerative colitis
in humans,45 our data point to a possibility that CTBp is
effective against ulcerative colitis. In particular, mucosal
healing has recently become an important target for ulcerative
colitis therapy because it is associated with improved clinical
outcomes.10,29 It should be noted that only two low oral doses
of CTBp were as effective as mesalamine dosed daily during
the 8-day DSS exposure in the acute colitis model (Figure 5),
and biweekly dosing of CTBp also proved to be effective against
chronic colitis and reduced colitis-associated colon tumori-
genesis (Figure 7), highlighting the protein’s remarkable
therapeutic potential.

In summary, our work revealed a novel function of CTBp to
enhance colonic mucosal healing through TGFb pathways.
Although further investigations are required to carefully define
the dose-effect relationship inmucosal remodeling and efficacy
in other clinically relevant conditions such as Smad7 over-
expression,29 an efficient bioproduction system already
available for CTBp (ref. 8) should significantly facilitate the
protein’s preclinical and clinical investigations towards its
potential use to promote colonicmucosal health besides cholera
prevention.

METHODS

Animals. Eight-week-old C57BL/6J female mice were obtained from
Jackson Laboratories (BarHarbor,ME). Animal studieswere approved
by the University of Louisville’s Institutional Animal Care and Use
Committee.

Studydesign. For all animal experiments, five to nine mice per group,
randomly assigned, were used. For the characterization of the global
impacts of CTBp oral administration, animals were gavaged with PBS
or 30 mg CTBp twice at a 2-week interval after sodium bicarbonate
administration, as described previously.8 CTBp was produced in
N. benthamiana and purified to 495% homogeneity with an
endotoxin level of o1 endotoxin units per mg, as described pre-
viously.8 Two weeks after the second dose, mice were sacrificed, and
feces, colon, small intestine, spleen and Peyer’s patches were collected.
For the acute DSS ‘vaccination’ study, DSS exposure was initiated on
the day of the second dosing (Supplementary Figure S10), using a
modified method.46 Body weights were measured at the initiation of
DSS exposure as a baseline and every morning thereafter to determine
percent change. Animal DAI scores were determined daily as pre-
viously described.46 Animals received 4%DSS (M.W. 36,000 to 50,000;

Figure 5 CTBp significantly reduces colon inflammation induced byDSS exposure.Mice (female C57BL/6 J, 8-week old) were orally administered with
PBSorCTBpandexposed toDSSas inFigure 4. As a reference control, a group ofmicewere treatedwith oral administration of 100 mgmesalamine daily
during theDSS exposure. Colon tissues were isolated immediately after the DSSexposure for analyses. (a) Representative photomicrographs of colons
from the treatment groups and colon inflammation scoring.Paraffin embedded tissue sectionswere scored after stainingwithH&E.Scoringwasbasedon
0–4 scale. Mean±s.e.m. is shown for each group. Animals per group: PBS (n¼ 8), 30 mg CTBpþDSS (n¼ 8), mesalamineþDSS (n¼9) and
PBSþDSS (n¼ 7). (b) qRT-PCR analysis of cytokine gene expression in mouse colon tissue. Mean±s.e.m. is shown for each group (N¼ 5). (c)
Cytokine concentrations in colon tissue lysate.N¼5 per group. One-way ANOVA with Bonferroni’s multiple-comparison post-test (a) or Kruskal–Wallis
test with Dunn’s multiple-comparison post-test (b, c) were used to compare groups for all pairs. Significantly different pairs are highlighted with asterisks
(*Po0.05, **Po0.01, and ***Po0.001).
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Figure 6 Therapeutic dosing of CTBp is effective in ameliorating DSS-induced acute colitis. Mice (female C57BL/6 J, 8-week old) were exposed to 3%
DSS for seven days and orally administered with PBS or CTBp on the third and sixth day. Colon tissues were isolated after a two-day recovery for
analyses.N¼ 5 for PBSandN¼ 10 for all other groups. (a) Disease activity index (DAI) scores. Bodyweight loss, fecal consistency and occult bloodwere
scored at the time of sacrifice. (b) Colon length. (c) Colon inflammation scoring. Paraffin embedded tissue sections were scored after staining with H&E.
Scoring was based on 0–4 scale. Mean±s.e.m. is shown for each group (d) Representative � 4(top) and �20 (bottom) photomicrographs of H&E-
stained distal colon tissues fromeachgroup. (e) Cytokine concentrations in colon tissue lysate.N¼ 5per group. (f) qRT-PCRanalysis of gene expression
in mouse colon tissue. The graph shows P value vs. fold-change. Dots represent 2-fold upregulation (yellow), 2-fold down-regulation (blue), oro2-fold-
change (black). Values (right table) were calculated by the data analysis web portal at http://www.qiagen.com/geneglobe (N¼4). One-way ANOVAwith
Bonferroni’smultiple comparison testswas used to compare all CTBp treatment groups to PBSþDSScontrol group for (a,b, c) and all pairs of groups for
(e). Significantly different pairs are highlighted with asterisks (*Po0.05, **Po0.01, and ***Po0.001).
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MP Biomedicals, Santa Ana, CA) in drinking water for 8 days, and
allowed to recover 6 days during which the animals received normal
drinking water. For the therapeutic dose ranging study, mice were
orally administered with PBS or CTBp twice (day 3 and 6) during DSS
exposure. Animals were exposed to 3% DSS for 7 days and allowed
2-day recovery. For theAOM/DSS study (Supplementary Figure S13),
AOM(10mg kg� 1) was administered by intraperitoneal injection.DSS
exposure (2%) was initiated 1 week after the AOM injection for 7 days
and allowed to recover for 14 days. The DSS exposure and recovery
cycle was repeated 3 times and mice were sacrificed following the
third cycle.

Immune cell isolation. Lamina propria lymphocytes were isolated
from the colons and small intestines as previously described.47,48 The
intestinal tissueswere incubatedwith EDTAat 37 1Cand cut into small
pieces and incubated with collagenase at 37 1C. Splenocytes were
isolated by crushing the spleens on metal mesh and separating the
supernatant. Ammonium chloride potassium carbonate buffer was
added and following several washes the cells were filtered through a
70 mm cell strainer. Peyer’s patch were minced and incubated in
collagenase at 37 1C twice. After a secondwash the cells were combined
and filtered through a 70 mm cell strainer.

Flow cytometry. Immune cells from 2 mice were pooled for each
biological replicate with a total of at least 4 biological replicates per
group. Briefly, tubes containing 1� 106 cells were washed with Flow
Cytometry Staining Buffer (FCSB) 2 times. Fc Block was added to each
tube in FCSB for 10min. For CD4 cell populations, cells were
incubated with surface staining antibodies (anti-CD3-FITC, anti-
CD4-APC-Cy7, anti-CD25-PerCP) at 4 1C for 30min. After removing
excess antibodies, Fixation/Permeabilization Buffer (eBiosciences,
Inc.) was added and incubated overnight. Cells were washed and
incubated with Fc block. Internal cell antibodies (Gata3-PE, T-Bet-PE-
Cy7, FoxP3-APC, IL-17-eFlour450) were then added and incubated
for 30min at 4 1C. Finally, cells were washed and suspended in
FCSB. For other immune cell populations, surface staining antibodies
(CD19-APC, CD3-FITC, CD49b-PE, F4/80-PeCy7, CD11c-PerCP-
Cy5.5, CD8-APC-eFluor 780, and CD45-eFlour450 or CD45-APC-
Cy7, CD11b-PerCP-Cy5.5, CD11c-FITC, F4/80-APC, CD80-Pacific
Blue or isotype control, and GR1-PE) and internal cell antibodies
(CD206-PeCy7 or isotype control) were used. Events (1� 105) were
counted on a BD FACSCanto II and analyzed with the BD FACSDiva
Software v6.1.3.

RNA isolation. Sections from the small intestine and distal colon were
stored in RNAlater (Qiagen, Valencia, CA) at � 20 1C until RNA was
isolated. Colon tissue (B14mg)was placed inQIAzol lysis reagent and
homogenized. An RNeasy Microarray Tissue Kit from Qiagen was
used to purify theRNA from the tissue homogenate. RNAwas stored at
� 80 1C until use.

Microarray gene expression analysis. Total RNA was amplified and
labeled following the Affymetrix (Santa Clara, CA) standard protocol
for whole transcript expression analysis, followed by hybridization to
Affymetrix Mouse Gene 2.0 STs arrays. The arrays were processed
following the manufacturer recommended wash and stain protocol on
an Affymetrix FS-450 fluidics station and scanned on an Affymetrix
GeneChip 7G scanner using Command Console 3.3. The resulting.cel
files were imported into Partek Genomics Suite 6.6 and transcripts
were normalized at the gene level using RMA as normalization and
background correction method.49 Contrasts in a one-way ANOVA
were set up to compare the treatments of interest.

qRT-PCR. First strand cDNAwas obtained from reverse transcription
of 150 ng RNA using a SUPERSCRIPT VILO cDNA synthesis kit
(Life Technologies, Carlsbad, CA) according to the manufacturer’s
instructions. Template cDNA were added to a reaction mixture
containing 10 ml of 2�TaqMan Fast Advanced Master Mix (Life
Technologies) and endonuclease free water to 20 ml and loaded in

TaqMan Array Standard 96 well Plates (Applied Biosystems, Foster
City, CA). These plates contain pre-spotted individual TaqMan Gene
Expression probes for the detection of genes of interest as well
as the house keeping genes 18S, b-actin (ACTB), and GAPDH
(Supplementary Table S1). PCR amplification was carried out on a
7900HT Fast Real-Time PCR System (Applied Biosystems) with the
following conditions: 95 1C, 20min; 40 cycles (95 1C, 1min); 20min at
60 1C. The 7500 Software v2.0.6 (Applied Biosystems) was used to
determine the cycle threshold (Ct) for each reaction and derive the
expression ratios relative to control. Wound healing pathway analysis
was performed with a RT2 Profiler PCRMouseWoundHealing Array
(Qiagen,Manchester, UK) under the same conditions described above.

Caco2 wound healing assay. The Caco2 wound healing assay was
performed using a modified method.15 Briefly, the cells were
seeded and grown to confluence in 6 well plates (Thermo Scientific
Nunc Cell-Culture Treated, Roskilde, Denmark). The culture medium
was discarded, two 0.5–1.0mm across linear wounds were made per
well with a 200 mL sterile beveled pipette tip (USA Scientific, Enfield,
CT) and cells were washed with PBS. PBS, CTBp (0.3-3 mM), TGFb1
(0.2 nM), and/or an anti-TGFb1,2,3 antibody (3.85 nM; Abcam,
Cambridge, MA) were subsequently added in fresh serum-deprived
medium. Photomicrographs of the wounds were taken 0, 24, and 48 h
after the wounding at � 4 magnification. Quantification of the
remaining cell-free area to the initial wound area was measured using
the public domain software Image J (http://rsbweb.nih.gov), and
calculated as a mean percentage per well. The culture medium/
supernatants were collected from each well 48 h after wounding and
stored � 80 1C until analysis. The culture supernatants were analyzed
by a human Cytokine/Chemokine or TGFb1,2,3 Magnetic Bead Panel
(EMD Millipore, St. Charles, MO). The panel was analyzed with a
Milliplex MAP Kit on a MagPix with Luminex xMAP technology.

Immunohistochemistry. Colons were removed and washed with PBS.
A portion of the distal colon was fixed with paraformaldehyde
overnight and stored in 70% ethanol until paraffin embedding and
sectioning. Sections were deparaffinized with Citrisolv and rehydrated
through several ethanol washing steps ending with incubation in
distilled water. Antigen retrieval was performed overnight with a 2100
Retriever (ElectronMicroscopy Sciences) using a pH 8.0 buffer. Tissue
sections were blocked for endogenous peroxidase, avidin, biotin, and
serum from the animal in which the secondary antibody was raised.
Primary antibody (anti-F4/80; Abcam) was incubated with the tissue
sections for 2 h at room temperature. The Vectastain Elite ABC kit
(rabbit anti-goat; Vector Labs, Berlingame, CA) was used to label the
primary antibody. F4/80þ cells were visualized with the ImmPACT
DAB Substrate Kit (Vector Labs) and then dehydrated through an
ethanol gradient and finally incubated with Citrisolv. Sections were
scanned using a Aperio ScanScope CS (Leica Biosystems, Buffalo
Grove, IL) and positive cells were counted, in a blinded manner, in 10
representative sections (� 40 magnification) from each colon. The 10
sections were averaged and that was the score for each animal.

Histology. Colons were removed and washed with PBS. A portion of
the distal colon was fixed with paraformaldehyde overnight and
stored in 70% ethanol until paraffin embedding, sectioning and
routine H&E staining. Inflammation scoring was performed as
previously described.25 Tissue sections from 8 mice were scored
in a blinded manner and averaged for each group. Masson’s
Trichrome Stain was performed using a kit purchased from
Electron Microscopy Sciences (Masson’s Trichrome for Connective
Tissues).

Protein isolation and quantification. Distal colon tissue isolated at
sacrifice was snap frozen in liquid nitrogen and pulverized with a
Bessman Tissue Pulverizer and placed in T-PER (Thermo Scientific)
with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO).
Total protein was isolated by gravity centrifugation of tissue fragments
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followed by collection of the buffer containing isolated protein,
and storage at � 80 1C until analysis. Protein concentrations were
determined and normalized for all samples prior to loading on aMouse

Cytokine/Chemokine Magnetic Bead Panel (EMD Millipore). The
panel was analyzed with a Milliplex MAP Kit on a MagPix with
Luminex xMAP technology.
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Tumorscoring. Tumors were scored via endoscopic analysis of the full
length of the colon. Tumor scoringwas based on the following rubric: 0
for no tumor, 1 is a very small but detectable tumor, 2 the tumor covers
up to 1/8 colon circumference, 3 tumor covers 1/4 of colon cir-
cumference, 4 tumor covers up to 1/2 of colon, and 5 tumor covers
more than 1/2 of colon (Figure 7b).

Statistics. For all data, outliers were determined by statistical analysis
using the Grubb’s test (Po0.05) and excluded from further analysis.
Graphs were prepared and analyzed usingGraphpad Prism version 5.0
(Graphpad Software, La Jolla, CA). To compare two data sets, an
unpaired, two-tailed Student’s t test was used. To compare three or
more data sets, one-way ANOVA with Bonferroni’s multiple-com-
parison post-test or Kruskal–Wallis test with Dunn’s multiple-
comparison post-test were performed. For body weights and DAI
results, a two-way ANOVA with Bonferroni’s multiple-comparison
post-test was employed.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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