
The activation of Wnt signaling by a
STAT6-dependent macrophage phenotype
promotes mucosal repair in murine IBD
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The complete repair of the mucosa constitutes a key goal in inflammatory bowel disease (IBD) treatment. The Wnt

signaling pathwaymediatesmucosal repair andM2macrophages that coordinate efficient healing have been related to

Wnt ligand expression. Signal transducer and activator of transcription 6 (STAT6) mediates M2 polarization in vitro and

we hypothesize that a STAT6-dependent macrophage phenotype mediates mucosal repair in acute murine colitis by

activating theWnt signaling pathway.Our results reveal an impairedmucosal expressionofM2macrophage-associated

genes anddelayedwoundhealing inSTAT6� /� mice treatedwith 2,4,6-trinitrobenzenesulfonic acid (TNBS). Thesemice

also exhibited decreased mucosal expression of Wnt2b, Wnt7b, and Wnt10a, diminished protein levels of nuclear

b-catenin that is mainly located in crypts adjacent to damage, and reduced mRNA expression of two Wnt/b-catenin
target molecules Lgr5 and c-Myc when compared with wild-type (WT) mice. Murine peritoneal macrophages treated

with interleukin-4 (IL-4) and polarized toward an M2a phenotype overexpressed Wnt2b, Wnt7b, and Wnt10a in a

STAT6-dependentmanner. Administrationof aWnt agonist aswell as transferof properlypolarizedM2amacrophages to

STAT6� /� mice activated the Wnt signaling pathway in the damaged mucosa and accelerated wound healing. Our

results demonstrate that a STAT6-dependent macrophage phenotype promotes mucosal repair in TNBS-treated mice

through activation of the Wnt signaling pathway.

INTRODUCTION

Inflammatory bowel disease (IBD) is a disorder of the
gastrointestinal tract characterized by chronic inflammation
at the submucosal level and disruption of epithelial barrier
function. The complete repair of the epithelial layer is a key goal
of current IBD treatment, as it has been related to long-term
remission of this pathology.1–4 Regeneration of the mucosa
depends on a well-coordinated regulation between prolifera-
tion and differentiation into epithelial cell lineages of the
progenitor cells, a process that is controlled principally by the
Wnt signaling pathway.5–7 This pathway includes a group of
ligands that act as intercellular signalingmolecules that regulate
cellular fate in normal gut epithelium and in response to
epithelial injury. Upon binding to their receptors, canonical
Wnt ligands induce inactivation of glycogen synthase kinase-
3b and accumulation and nuclear translocation of b-catenin

where it engages DNA-bound T-cell factor transcription
factors.8–11

Macrophages constitute an essential element of inflamed
tissues, where they contribute to inflammatory injury and
coordinate tissue repair. This variety of roles is possible because
macrophages can adopt different functional phenotypes that
differ in the expression of surface proteins and the production
of cytokines.12–14 Two of the best characterized in vitro
phenotypes are a proinflammatory M1 phenotype that mediates
the defense of the host from microorganisms and the M2a
phenotype that expresses high levels of antiinflammatory
cytokines and scavenger molecules. M2a macrophages are
frequently termed ‘‘wound healing macrophages’’ as they
express factors that are important for tissue repair.15–17 Several
studies have reported that activated macrophages express Wnt
ligands,18–20 and we have recently demonstrated in cultured
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macrophages that M2a, but not M1, macrophages overexpress
the canonical Wnt ligands Wnt1 and Wnt3a.21

In contrast to that reported in vitro, infiltratingmacrophages
do not conform to defined M1 or M2 phenotypes during tissue
repair and adopt a continuum spectrum of functional
phenotypes depending on the microenvironment. Previous
studies that have analyzed the expression of M1 orM2markers
over time have reported the phenotypic transition of macro-
phages during skin and skeletalmuscle repair,15,16,22 but there is
limited information available regarding the switch during
intestinal repair. The transcription factor signal transducer and
activator of transcription 6 (STAT6) plays an essential role in
M2a polarization induced by treatment with interleukin (IL)-4
or IL-13 in vitro.23–25 As would be expected, this pathway also
promotes M2 macrophage polarization in vivo,26–28 although
an IL-4/STAT6-independent M2 polarization has also been
reported.17,29,30 In this study we aim to analyze the role of
STAT6 in regulating the macrophage phenotype in the mucosa
of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-treated mice and
the relevance of this pathway in intestinal repair. Our results
demonstrate that STAT6 mediates the expression of M2
markers as well asWnt2b,Wnt7b, andWnt10a in themucosa of
TNBS-treated mice and show that a STAT6-dependent
macrophage phenotype promotes mucosal repair through
the activation of the Wnt signaling pathway.

RESULTS

STAT6 deficiency delays wound healing in a murine model
of acute colitis

The role of STAT6 in the severity of colitis induced by TNBS
was analyzed in wild-type (WT) and STAT6� /� mice. The
STAT6� /� mice had a normal birth rate and similar weight
gain and intestinal histology to WT mice. Treatment of WT
mice with TNBS induced a loss of body weight, an increase in
the histological damage score, and a diminution in colon length
that peaked 2 days after treatment. Subsequently, mice began to
recover and, 6 days after treatment, reached similar values to
those of control animals in all these parameters. Changes in
body weight, histological damage score, and colon length in
STAT6� /� mice were similar 2 days after TNBS treatment.
However, the recovery of these mice was delayed, as significant
differences were observed with respect to WT mice in body
weight gain, histological damage, and colon length 4 and 6 days
after injury (Figure 1a–c). These results show that STAT6
deficiency significantly delays the functional recovery of mice
and colonic wound healing in acute colitis.

The expression of M2macrophage-associated genes in the
colonic mucosa of TNBS-treated mice is STAT6 dependent

Real-time PCR of the colonic mucosa of vehicle-treated mice
demonstrated that mRNA levels of M1macrophage-associated
genes (iNOS, Cd11c, CD86 and CCR7) and proinflammatory
cytokines (TNFa, IL-1b, and IL-6) did not significantly
differ between STAT6� /� and WT animals. Similar mRNA
expression of M2 macrophage-associated genes (CD206, ArgI,
Fizz1, and Ym1) and antiinflammatory cytokines (IL-10 and

IL-13)was also observed between STAT6� /� andWTanimals,
except for IL-4 that was significantly decreased in knockout
animals compared with WT mice (Supplementary Figure S1
online).

In WT mice, treatment with TNBS increased the mucosal
mRNAexpression of proinflammatory cytokines (TNFa, IL-1b,
and IL-6) and M1 markers (iNOS, CD11c, CD86, and CCR7),
although the magnitude and temporal pattern of expression
slightly differed between genes (Figure 2a,b). Expression of
TNFa, IL-1b, iNOS, and CD11c peaked 2 days after TNBS
treatment, whereas IL-6, CD86, and CCR7 peaked 4 days after
injury. Nonsignificant differences were detected between WT
and STAT6� /� animals, except for the expression of iNOS,
TNFa, and IL-6 that dropped in WT mice whereas it remained
high in STAT6� /� mice. The analysis of M2 markers and
antiinflammatory cytokines in WT animals showed an early
increase in themRNA expression ofYm1 andArgI, whereas the
expression ofCD206 peaked 4 days after injury and Fizz1, IL-10,
IL-4, and IL-13 did at day 6. Of interest, TNBS failed to induce
the expression of CD206, Fizz1, IL-10, IL-4, and IL-13 in
STAT6� /� mice and induced a lower expression of ArgI and
Ym1 in STAT6� /� than in WT mice (Figure 2a,b).

Immunohistochemical studies revealed the presence of
CCR7- and CD206-positive cells in the lamina propria of
the murine intestinal mucosa. A quantitative analysis indicated
that the number of CCR7-positive cells was higher in the
mucosa of TNBS- than vehicle-treated animals at 2 days after
injury. This number remained high at day 4 but fell at day 6,
with a similar number of positive cells being detected in treated
and control animals. Similar results were observed in STAT6� /�

mice 2 and 4 days after injury. However, the number of
CCR7-positive cells at 6 days after TNBS was significantly
higher in STAT6� /� than in WT mice (Figure 2c).

The number of CD206-positive cells in the mucosa of WT
mice was similar in vehicle- and TNBS-treated mice at 2 days
after injury, but a significant increase was observed at day 4 that
was maintained until 6 days after treatment. In contrast, the
number of CD206-positive cells in the mucosa of STAT6� /�

mice was not significantly increased by TNBS at any of the
time points analyzed (Figure 2c). As a whole, our results
demonstrate that STAT6 mediates the expression of M2, and
not M1, macrophage-associated genes in the damaged mucosa
of TNBS-treated mice.

STAT6 deficiency prevents the increase in the Wnt
signaling pathway detected in the mucosa of TNBS-treated
mice

The canonical Wnt/b-catenin signaling pathway plays an
essential role in mucosal regeneration following intestinal
injury. The study of mRNA expression of canonical Wnt
ligands in the mucosa of Balb/c mice revealed the presence of
Wnt2b, Wnt6, Wnt7b, Wnt10a, and Wnt10b, whereas Wnt1
andWnt3a were not detected (Figure 3a). All these genes were
also detected in cells of the lamina propria, whereas only
Wnt2b, Wnt6, and Wnt10b were expressed in intestinal
epithelial cells from the mucosa. The analysis of the basal
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Figure 1 Signal transducer and activator of transcription 6 (STAT6) deficiency delays wound healing in acute colitis induced by
2,4,6-trinitrobenzenesulfonic acid (TNBS). Wild-type (WT) and STAT6� /� mice were treated with intrarectal administration of TNBS (3.5mg per 20 g
mice) or vehicle (Vh) andwere killed 2, 4, and6daysafter treatment.Graphs show (a) bodyweight asapercentageof startingweight,measured daily after
TNBS administration; (b) colon length after killing. (c) Histological score analyzed according to the Wallace score parameters and representative
photographs of the mucosa after TNBS administration (original magnification �10). Points or bars in the graphs represent mean±s.e.m. of at least
12 animals per experimental group. Significant differences in relation to the respective vehicle-treated group are shown by *Po0.05, **Po0.01, and
***Po0.001 and from the TNBS-WT mice by #Po0.05, ##Po0.01, and ###Po0.001.

Figure 2 Signal transducer and activator of transcription 6 (STAT6) regulates the expression of M2 macrophage-associated genes in the mucosa of
2,4,6-trinitrobenzenesulfonic acid (TNBS)-treated mice. Wild-type (WT) and STAT6� /� mice were treated with TNBS or vehicle (Vh) and were killed
2, 4, and 6 days (2d, 4d, and 6d) after treatment. (a) Graphs show relativemRNA expression levels of proinflammatory and antiinflammatory cytokines in
the mucosa vs. the housekeeping gene b-actin and represented as fold induction vs. vehicle WT group (horizontal dot line) (n¼6). (b) Graphs show
relativemRNA expression levels of M1markers (CD86,CCR7,CD11c, and iNOS) andM2markers (CD206,Ym1, Fizz1, andArgI) in themucosa vs. the
housekeeping gene b-actin and represented as fold induction vs. vehicleWTgroup (horizontal dot line) (n¼ 6). (c) Immunohistochemistry for CCR7- and
CD206-positive cells was performed in the mucosa 4 days after TNBS treatment and graphs show the quantification of these cells in a total area of
0.3mm2 (n¼ 6). (d) Representative photographs of CCR7 and CD206 immunostaining in WT mice (original magnification � 40). In all cases, bars
represent mean±s.e.m. Significant differences from the respective vehicle-treated group are shown by *Po0.05, **Po0.01, and ***Po0.001 and from
the TNBS-WT mice by #Po0.05, ##Po0.01, and ###Po0.001.
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expression of these genes in themucosa revealed nonsignificant
differences between WT and STAT6� /� mice. At 4 days after
TNBS administration to WT mice, we found an increased
expression ofWnt2b,Wnt7b, andWnt10a in both the mucosa
and cells of the lamina propria and an increased expression of
Wnt2b in epithelial cells. The expression ofWnt6 andWnt10b
was not significantly altered by TNBS treatment in any cell type
analyzed (Figure 3a). In STAT6� /� mice, treatment with
TNBS failed to significantly induce Wnt2b, Wnt7b, and
Wnt10a mRNA expression in both the mucosa and cells of
the lamina propria, whereas it significantly increased Wnt2b
expression in epithelial cells, as happened in WT mice.
(Figure 3a).

The analysis of the mRNA and protein expression of DKK1,
as well as the mRNA expression of SFRP1, the two negative
regulators of Wnt, revealed a significant increase in the
mucosa of TNBS-treated mice compared with that of vehicle-

treated mice. Nonsignificant differences in the expression of
these negative regulators were detected between WT and
STAT6� /� mice (Figure 3b,c).

Immunohistochemical studies revealed the presence of
b-catenin in epithelial cells of the mucosa of TNBS-treated
animals. Nuclear expression of this protein was mainly
observed in crypts adjacent to damage (Figure 4a).
Western blot quantification of the amount of nuclear
b-catenin revealed higher protein levels in the mucosa of
TNBS-treated mice than in that of vehicle animals 4 days after
injury (Figure 4b). Furthermore, TNBS also induce the mRNA
expression of two target genes, c-Myc and Lgr5, in WT mice
(Figure 4c). The increase in nuclear b-catenin induced by
TNBS was not observed in the mucosa of STAT6� /� mice, in
which a significant reduction in the mRNA expression of two
target genes, c-Myc and Lgr5, was also detected with respect to
WT mice (Figure 4c). These results show the activation of the

Figure 3 Signal transducer and activator of transcription 6 (STAT6) regulates the expression of Wnt ligands in cells of lamina propria. Wild-type (WT)
and STAT6� /� mice were treated with 2,4,6-trinitrobenzenesulfonic acid (TNBS) and were killed 4 days after treatment. (a) Representative photograph
showing the presence of canonicalWnt ligands in themucosa, lamina propria cells, or epithelial cells fromBalb/cmice (n¼3).Graphs showquantification
ofWnt2b,Wnt6,Wnt7b,Wnt10a, andWnt10bmRNA in the intestinal mucosa, lamina propria cells, and epithelial cells (n¼ 5). (b) Graphs show mRNA
expression levels ofDKK1 and SFRP1 in the mucosa 4 days after treatment with TNBS. (c) Graph shows protein expression of DKK1 in mucosa 4 days
after treatmentwithTNBS (n¼ 5). Photographof a representativewesternblot. In all cases, bars representmean±s.e.m. andsignificant differences from
the respective vehicle (Vh)-treated group are shown by *Po0.05, **Po0.01, and ***Po0.001 and from the TNBS-WTmice by #Po0.05, ##Po0.01, and
###Po0.001.
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Wnt signaling in the damaged mucosa of TNBS-treated WT
mice and reveal that this pathway is impaired in the damaged
mucosa of STAT6� /� animals.

Interestingly, analysis of nuclear b-catenin protein levels
and the number of CD206-positive cells in the mucosa
of WT and STAT6� /� mice treated with TNBS highlighted
a positive and significant correlation between these two
parameters (Figure 4d), leading us to suggest that M2
macrophages modulate the Wnt signaling pathway in
damaged mucosa.

STAT6 mediates Wnt ligands expression in M2a
macrophages

Peritoneal murine macrophages were obtained from WT
and STAT6� /� mice and polarized into M1 or M2a

macrophages in vitro by administration of lipopoly-
saccharideþ interferon-g (LPSþ IFN-g) or IL-4, respectively.
An increase in themRNA expression ofM1markers (iNOS and
CD86) and proinflammatory cytokines (TNFa, IL-1b, and IL-6)
was observed in macrophages from both WT and STAT6� /�

mice treated with LPSþ IFN-g. Administration of IL-4
enhanced the mRNA expression of CD206, ArgI, and IL-10
in macrophages from WT mice, but it was not observed in
macrophages obtained from STAT6� /� mice, reinforcing
previous evidence that STAT6 is required for in vitro M2a
polarization induced by IL-4 (Figure 5a,b).

The study of mRNA expression of canonical Wnt ligands in
peritoneal macrophages from WT mice revealed the presence
of Wnt2b, Wnt7b, Wnt10a, and Wnt10b (Figure 5c).
Polarization of these cells toward an M2a and not M1

Figure 4 Signal transducer and activator of transcription 6 (STAT6) deficiency prevents the increase in the mucosal Wnt signaling pathway induced
by 2,4,6-trinitrobenzenesulfonic acid (TNBS). Wild-type (WT) and STAT6� /� mice were treated with TNBS and were killed 4 days after treatment.
(a) Representative photographs showing b-catenin immunostaining in paraffin-embedded colons (original magnifications � 10, �20, and � 40); n¼4).
(b)A representativewestern blot of nuclearb-catenin andnucleolin.Graphshows thequantificationof nuclearb-catenin normalizedwith nucleolin (n¼4).
(c) Graphs show the mRNA expression of two Wnt/b-catenin target genes, Lgr5 and c-Myc (n¼ 4). In all cases, bars represent mean±s.e.m. and
significant differences from the respective vehicle (Vh)-treated group are shown by *Po0.05 and **Po0.01 and from the TNBS-WT mice by #Po0.05,
##Po0.01, and ###Po0.001. (d) Graph shows a positive and significant correlation between the number of CD206-positive cells and nuclear b-catenin
protein levels normalized with nucleolin in the mucosa of TNBS-treated mice.
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phenotype was associated with increased mRNA expression
of Wnt2b, Wnt7b, and Wnt10a, whereas Wnt10b was not
significantly modified. The expression of these genes in
nonpolarized macrophages was not significantly different
between WT and STAT6� /� mice. However, no induction
of these genes was observed in STAT6� /� macrophages
treated with IL-4, showing that STAT6mediates the expression
of Wnt ligands associated with M2a macrophage polarization
(Figure 5c).

Macrophages obtained from WT mice and polarized
toward an M2a phenotype increased the nuclear b-catenin
expression in epithelial cells in coculture compared with
nonpolarized macrophages (Figure 5d). In contrast,
macrophages obtained from STAT6� /� mice did not
significantly modify nuclear b-catenin protein levels in
epithelial cells (Figure 5d). As a whole, the result
demonstrates that STAT6 mediates the expression of
canonical Wnt ligands in M2a macrophages that activate
Wnt signaling in intestinal epithelial cells.

Transfer of M2a macrophages activates Wnt signaling
pathway and accelerates wound healing in the mucosa of
STAT6� /� TNBS-treated mice

We next aimed to analyze whether the administration of M2a
macrophages may modulate mucosal Wnt signaling and
wound healing in STAT6� /� mice. First, in order to study
the importance of this pathway in mucosal healing, we
administered a Wnt agonist to TNBS-treated STAT6� /�

mice and the results showed an accelerated recovery of body
weight (Figure 6a), an enhancement of the colon length
(Figure 6b), and a reduction in the histological damage score at
4 days after TNBS (Figure 6c). All these changes paralleled with
a significant increase in nuclear b-catenin protein levels in the
colonic mucosa (Figure 6d) and suggest that activation of
mucosal Wnt signaling is associated with acceleration of
wound healing.

Finally, macrophages obtained from WT and STAT6� /�

mice and treated with IL-4 were administered intraperitoneally
to STAT6� /� mice at 2 days after TNBS treatment.

Figure 5 M2a macrophages overexpressed Wnt ligands through signal transducer and activator of transcription 6 (STAT6). Murine peritoneal
macrophages were obtained and polarized into M1 and M2a macrophages with lipopolysaccharideþ interferon-g (LPSþ IFN-g) or interleukin-4 (IL-4),
respectively. (a) Graphs showmRNAexpression of iNOS,CD86,CD206, andArgI inmacrophages (n¼4). (b) Graphs showmRNAexpression ofTNFa,
IL-1b, IL-6, and IL-10 in macrophages (n¼4). (c) Representative photograph showing the presence of canonicalWnt ligands in peritoneal macrophages
obtained frommice (n¼ 3). Graphs show the quantification ofWnt2b,Wnt7b, andWnt10amRNAexpression inmacrophages (n¼ 4). In all cases, results
were normalized with b-actin and are represented as fold induction vs. nonpolarizedmacrophages. Significant differences from respective nonpolarized
macrophages are shown by *Po0.05, **Po0.01, and ***Po0.001 and from M2a macrophages obtained from WT mice by #Po0.05 and ###Po0.001.
(d) Caco-2 cells were cocultured 24 h with peritoneal macrophages from WT and STAT6� /� mice polarized toward M2a macrophages and protein
expression of nuclear b-catenin in Caco-2 cells was analyzed. Results were normalized with nucleolin. A representative western blot is shown. Bars in
graphs representmean±s.e.m.Significant differences fromCaco-2 cells coculturedwith nonpolarizedmacrophages fromWTare shownby ***Po0.001
and from M2-macrophages from WT by ###Po0.001.
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Immunolocalization studies revealed the presence of these cells
in the colon, with no differences in the accumulation of either
cell type. As shown in Figure 7a, the rate of recovery in body
weight of mice receiving macrophages from WT animals
was higher than in those receiving macrophages from
STAT6� /� mice. Analysis of the mucosa at day 4 revealed
an increased colon length (Figure 7b), lower histological
damage score (Figure 7b,c), and decreased mRNA expression
of iNOS, TNFa, and IL-1b (Figure 7d) in mice receiving
macrophages from WT animals than in those receiving
macrophages from STAT6� /� mice. A quantitative
analysis showed that the exogenous administration of
macrophages obtained from WT mice significantly
increased nuclear protein levels of b-catenin compared with
administration of macrophages from STAT6� /� animals
(Figure 7e). In line with this, the mucosal mRNA expression of
Lgr5 and c-Myc was higher in the mucosa of mice treated
with macrophages from WT mice than in those receiving
macrophages from STAT6� /� mice (Figure 7f). As a
whole, these results suggest that the administration of M2a
macrophages, which signal through STAT6, accelerates the
mucosal repair in TNBS-treated STAT6� /� mice by the
activation of the Wnt signaling pathway.

DISCUSSION

This study demonstrates that a STAT6-dependentmacrophage
phenotype mediates mucosal repair in TNBS-treated mice
through the activation of the Wnt signaling pathway.

The experimental model of colitis induced by a single
administration of TNBS to Balb/c mice was characterized by
loss of body weight, distortion of mucosal architecture, and
dense infiltration of macrophages, similar characteristics to
those observed in human Crohn’s disease.31 These changes
peaked 2 days after injury and were followed by efficient tissue
repair and functional recovery. Our data demonstrate that the
absence of STAT6 delays regeneration of the mucosa and the
subsequent recovery of mice. These observations are in line
with previous studies showing exacerbation of chronic32 or
acute colitis33 in STAT6� /� mice, but contrast with those
reported by Rosen et al.,34 who observed amelioration of
oxazolone-induced colitis. This is an expected exception
because in this particular model, but not in the TNBS model,
colitis depends on IL-13 secretion and the consequent STAT6
activation,35–37 a pathway that has been described as a possible
pathogenic mechanism of human colitis, but irrelevant in
Crohn’s disease.38,39

Macrophages are essential to efficient healing as they
promote clearance of debris, cell proliferation, angiogenesis,
collagen deposition, and matrix remodeling.40–42 The diversity
of the roles played by macrophages is because of their ability to
assume a continuum spectrum of functional phenotypes.12,15,22

Our results reveal increased expression of both M1 and M2
markers and proinflammatory and antiinflammatory cytokines
in the damaged mucosa of WT mice treated with TNBS. The
early expression observed in iNOS and CD11c, as well as that
of two hallmark indicators of M2 activation (ArgI and Ym1),
suggests that macrophages in the inflammatory phase of
intestinal repair adopt a combination of M1 and M2 phenotypes
similar to that reported in other tissues.15,16,43 At 4 days after
TNBS, there was a reduction in the expression of iNOS, CD11c,
and Ym1 in parallel with a peak in the expression of CD86,
CCR7, CD206, and ArgI, and an increased expression of
antiinflammatory cytokines, suggesting a different phenotypic
profile than that observed in the inflammatory phase. At 6 days
after TNBS, when a functional and histological recovery was
observed in WTmice, low levels in M1- and sustained levels in
M2-macrophage-associated genes were recorded, pointing to
the fact that macrophages had been properly activated to repair
the mucosa. This assumption is supported by the different time
course of macrophage activation subject to STAT6 deficiency.
A higher expression of proinflammatory cytokines togetherwith a
lower expression of both M2 markers and antiinflammatory
cytokines coexisted with a delayed wound healing in
STAT6� /� mice. Interestingly, this defect was counteracted
by exogenous administration of effectively polarized M2a
macrophages obtained fromWTmice but not by macrophages
obtained from STAT6� /� mice in which M2a polarization
had failed. The beneficial effects of administration of M2a
macrophages to STAT6� /� mice were also evident in the
functional recovery of mice and the diminished mucosal

Figure 6 Treatment with a Wnt agonist accelerates wound healing
in TNBS-induced colitis in STAT6� /� mice. STAT6� /� mice treated with
TNBS received daily an intraperitoneal injection of a Wnt agonist
(5mg kg�1) until day 4. (a) Graph shows body weight as a percentage of
starting weight, measured daily after TNBS administration. (b, c) Graphs
show colon length after killing and histological score analyzed according
to the Wallace score parameters. Representative photographs of the
mucosa after TNBS administration (original magnification � 10).
(d) Graph shows quantification of nuclear b-catenin vs. nucleolin and
results are represented as fold induction. A representative western blot
showing nuclear b-catenin. In all cases, points or bars in graphs represent
mean±s.e.m. Significant differences in relation to vehicle (Vh)-treated
group are shown by *Po0.05 and **Po0.01. STAT6, signal transducer
and activator of transcription 6; TNBS, 2,4,6-trinitrobenzenesulfonic acid.
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expression of proinflammatorymarkers. As awhole, our results
indicate that a STAT6-dependent macrophage phenotype
mediates mucosal repair in TNBS-treated mice.

During tissue repair, the proliferation of numerous cell types
is a requirement of normal healing. In the gastrointestinal tract,
the Wnt signaling pathway mediates regeneration of the
mucosa by activating proliferation of the progenitor cells
located at the base of the crypts.10,11,44

Our results reveal in the mucosa of TNBS-treated mice an
accumulation of nuclear b-catenin, the central player in the
canonical Wnt pathway, and increased transcriptional
expression of twoWnt target genes, Lgr5 and c-Myc, indicating
that upregulation of the canonical Wnt pathway is an

injury-associated response.19 Of interest, nuclear b-catenin
was mainly located in crypts adjacent to injury, strongly
supporting that activation of Wnt signaling in epithelial cells
takes place to renew the damaged area.11,14 This is strongly
reinforced by results showing activation of Wnt signaling and
acceleration of mucosal healing with the administration of a
Wnt agonist to STAT6� /� mice that had exhibited a delayed
wound healing associated with a diminished activation of this
pathway.

Regulation of theWnt signaling pathway is complex andmay
occur at multiple levels, including the ligand/receptor,
translocation of b-catenin, and transcriptional activation.9

Our results showed an increase in the expression of canonical

Figure 7 Transfer of M2a macrophages accelerate wound healing in STAT6� /� 2,4,6-trinitrobenzenesulfonic acid (TNBS)-treated mice through
the activation of the Wnt signaling pathway. Peritoneal macrophages from wild-type (WT) and from STAT6� /� mice were polarized toward M2a
macrophageswith interleukin-4 (IL-4) and injected intraperitoneally (i.p.; 2� 106macrophages) 2days after TNBSadministration.Micewere killed 2 days
aftermacrophage injection. (a)Graph showsbodyweight asapercentageof startingweightmeasured daily after TNBSadministration (n¼ 5). (b)Graphs
show colon length and histological score 2 days aftermacrophage injection (n¼ 5). (c) Representative photographs of themucosa of TNBS-treatedmice
that receivedmacrophages (original magnification � 10). (d) Graphs showmRNA expression of iNOS, TNFa, and IL-1b in the mucosa of mice receiving
macrophages. Results were normalized with b-actin and are represented as fold induction vs. expression in the group of mice treated with macrophages
obtained from STAT6� /� mice. (e) Graph shows the densitometry quantification of nuclear b-catenin normalized with nucleolin (n¼ 5) and a
representativewestern blot is also shown. (f)Graphs show theexpressionof c-MycandLgr5normalizedwithb-actin and representedas fold induction vs.
expression in mice receiving macrophages obtained from STAT6� /� mice (n¼5). In all cases, bars in graphs represent mean±s.e.m. and significant
differences from the group of mice treated with macrophages obtained from STAT6� /� mice are shown by *Po0.05, **Po0.01, and ***Po0.001.
STAT6, signal transducer and activator of transcription 6.
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Wnt ligands in the mucosa of TNBS-treated mice. We also
detected an enhanced expression of negative regulators of Wnt
that have been reported to be expressed during intestinal
inflammation.45Of interest, data revealed that the expression of
Wnt ligands, but not that of the Wnt inhibitors, is mediated by
STAT6, pointing to upregulation of Wnt ligands expression in
the activation of mucosal Wnt signaling. In response to injury,
these ligands were upregulated in both cells of the lamina propria
and epithelial cells. However, this regulation was dependent on

STAT6 only in cells of the lamina propria, suggesting that
differences detected in mucosal levels of b-catenin between
WT and STAT6 knockoutmice are because of the expression of
Wnt ligands in cells other than epithelial cells.

Macrophages have been related with the expression of Wnt
ligands,21 and it has been reported that activated macrophages
promote Wnt signaling in epithelial cells in the kidney and
stomach, as well as in cocultured intestinal epithelial
cells.19,21,46,47 The present study extends these observations

Table 1 Primary antibodies used for both immunohistochemical studies and western blot analysis

Antibody Immunohistochemistry Western blot

Antigen retrieval Antibody dilution Antibody dilution

CCR7 Sodium citrate buffer, pH¼ 6, 97 1C, 20min 1:200

CD206 Sodium citrate buffer, pH¼ 6, 97 1C, 20min 1:200

b-Catenin (Sigma-Aldrich) Sodium citrate buffer, pH¼ 6, 97 1C, 20min 1:200 1:2,500

Nucleolin (Sigma-Aldrich) 1:5,000

DKK1 (Sigma-Aldrich) 1:1,000

b-Actin (Sigma-Aldrich) 1:10,000

Table 2 Primer sequences of specific PCR products for each gene analyzed

Mouse gene Sense (50–30) Antisense (50–30) Length (bp)

TNFa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 61

IL-1b GAAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA 117

IL-6 GAGTCCTTCAGAGAGATACAGAAAC TGGTCTTGGTCCTTAGCCAC 150

IL-10 GGACAACATACTGCTAACCGAC CCTGGGGCATCACTTCTACC 110

IL-4 GTACCAGGAGCCATATCCACG CGTTGCTGTGAGGACGTTTG 128

IL-13 GCCAAGATCTGTGTCTCTCCC ACTCCATACCATGCTGCCG 106

iNOS CGCTTGGGTCTTGTTCACTC GGTCATCTTGTATTGTTGGGCTG 222

CD11c TCTTCTGCTGTTGGGGTTTG CAGTTGCCTGTGTGATAGCC 204

ArgI GTGGGGAAAGCCAATGAAGAG TCAGGAGAAAGGACACAGGTTG 232

Ym1 AGAAGCAATCCTGAAGACACC GCATTCCAGCAAAGGCATAG 205

Fizz1 CGTGGAGAATAAGGTCAAGGAAC CAACGAGTAAGCACAGGCAG 212

CD86 GCACGGACTTGAACAACCAG CCTTTGTAAATGGGCACGGC 194

CD206 TGTGGAGCAGATGGAAGGTC TGTCGTAGTCAGTGGTGGTTC 201

CCR7 CTCTCCACCGCCTTTCCTG ACCTTTCCCCTACCTTTTTATTCCC 126

c-Myc CCTTTGGGCGTTGGAAACC GTCGCAGATGAAATAGGGCTG 115

Lgr5 TTCCACAGCAACAACATCAGG CGAGGCACCATTCAAAGTCAG 159

Wnt1 ACATAGCCTCCTCCACGAAC TGATTGCGAAGATGAACGCTG 276

Wnt2b AGCACCAGTTCCGTCACCAC AGCCACCCCAGTCAAAGTCC 240

Wnt3a TGGCTCCTCTCGGATACCTC ACAGAGAATGGGCTGAGTGC 125

Wnt6 CTGGGGGTTCGAGAATGTCAG GGAACAGGCTTGAGTGACCG 165

Wnt7b CGTGTTTCTCTGCTTTGGCG AGTTCTTGCCCGAAGACGG 258

Wnt10a GACCTGAGTAGGAGCTGTGTG GATGTCGTTGGGTGCTGAC 256

Wnt10b AACCCGACAGTTTCCCCAC TGAACAAAGCCAAGAACAGGAG 203

DKK1 GACCACAGCCATTTTCCTCG AGCCTTTCCGTTTGTGCTTG 268

SFRP1 AGGGGTCTGCTCATTTTGGG TGAAATCCTCACAGGTCCGC 292

b-Actin GCCAACCGTGAAAAGATGACC GAGGCATACAGGGACAGCAC 95
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and show that both the expression of Wnt ligands by M2a
macrophages and the activation of epithelial Wnt signaling by
cocultured M2a macrophages are STAT6 dependent. These
results help to explain the deficiency in Wnt signaling detected
in the mucosa of STAT6� /� mice and point to M2
macrophages as important modulators of Wnt signaling in
damaged mucosa. Strong evidence of the role played by M2a
macrophages in activating theWnt pathway comes from results
showing that the injection of M2a macrophages to STAT6� /�

mice increased the amount of nuclear b-catenin and mRNA
expression of two Wnt/b-catenin target genes and accelerated
wound repair in the mucosa of TNBS-treated mice. This acute
response, which seems to be required for wound healing,
needs to be balanced to avoid a mucosal dysfunction because of
the persistence of Wnt signaling associated with accumulation
of M2 macrophages, as seen in chronic ulcerative colitis
patients.21

In summary, our study demonstrates that a
STAT6-dependent macrophage phenotype promotes mucosal
repair in TNBS-treated mice through activation of the Wnt
signaling pathway. A better understanding of the reciprocal
regulation of macrophage phenotype and mucosal repair
following intestinal damagewould help to establish new cellular
approaches to IBD therapy.

METHODS

Mice. WT Balb/cj and STAT6� /� knockout (C.129S2-Stat6tm1Gru/J)
mice were purchased from The Jackson Laboratory (Bar Harbor, ME)
and kept under specific pathogen-free conditions. Experiments were
performed when mice were 7–8 weeks old. All protocols were
approved by the institutional animal care and use committees of the
University of Valencia (Valencia, Spain).

Induction and evaluation of colitis. TNBS colitis was induced by
intrarectal administration of 100 ml of TNBS (3.5mg per 20 g mice)
dissolved in 40% ethanol. Mice were anesthetized and a 16G catheter
was then carefully inserted through the anus into the colon. The
catheter was introduced 3 cm from the anus and mice were hung
upside down for 1min. Vehicle-treated mice received 100 ml of 0.9%
NaCl dissolved in 40% ethanol. Mice were weighed daily and were
killed by cervical dislocation on days 2, 4, and 6 after TNBS
administration. Colon length was measured and colon tissue was
frozen in liquid nitrogen for protein and RNA extraction and fixed in
4% paraformaldehyde acid and embedded in paraffin for immuno-
histochemistry experiments. Some mice were treated daily with aWnt
agonist (5mg kg� 1, CID 11210285 hydrochloride, Sigma-Aldrich,
St Louis, MO) or its vehicle (dimethyl sulfoxide 5%) intraperitoneally.
Histological analysis was performed on a scale of 0 to 10, taking into
account the parameters of the Ameho Criteria48 that are degree of
inflammatory infiltrate, the presence of erosion, ulceration or necrosis,
and the depth and surface extension of lesions.

Isolation of peritoneal macrophages and in vitro polarization. Mice
were killed and 10ml of cold phosphate-buffered saline was injected into
the peritoneal cavity. The fluid was then withdrawn and centrifuged
for 5min at 350 g at 4 1C. The pellet was resuspended in 1ml of
RPMI-1640 (HiClone, GE Healthcare Life Science, South Logan, UT)
supplemented with 2% penicillin–streptomycin and 10% bovine fetal
serum These cells were seeded in Petri dishes for 4 h at 37 1C.
Nonadherent cells were subsequently removed by washing with
phosphate-buffered saline and adherent macrophages were polarized
toward M1 macrophages with lipopolysaccharide (0.1 mgml� 1;

Escherichia coli 0111:B4) and interferon-g (20 ngml� 1) for 24 h or
toward M2a macrophages with IL-4 (20 ngml� 1) for 72 h.49

Macrophages were characterized by reverse transcription–PCR for
iNOS, CD86, ArgI, and CD206.

Transfer of M2a macrophages. M2a macrophages derived from
peritoneal macrophages were labeled with Vybrant Cell-Labeling
Solutions (Molecular Probes, Eugene, OR) according to the
manufacturer’s instructions. In brief, cells were removed by incubation
with TrypLE Express (Invitrogen, Waltham, MA) and EDTA (1mM)
inDulbecco’s phosphate-buffered saline at 37 1C for 30min. Theywere
then resuspended at a density of 1.0� 106 cells and incubated for
20min with Vybrant Cell-Labeling Solution. Cells were washed with
warm medium twice and 2.0� 106 macrophages were injected
intraperitoneally with a 19G needle 2 days after TNBS administration.
Mice were killed 2 days after macrophage injection.

Epithelial and lamina propria cell isolation. Mice were killed 4 days
after TNBS administration and fresh colons were removed andwashed
with Hanks’ balanced salt solution without Caþ 2 or Mgþ 2. Colons
were cut and incubated with 3mM EDTA and 2mM dithiothreitol
(1 h, 4 1C). Supernatant was collected and epithelial cells were obtained
after centrifugation (5min, 1,500 r.p.m.).47 Intestinal pieces were cut
and incubated with Collagenase IV (1mgml� 1, Life Technologies,
Carlsbad, CA) and DNAse (0.3mgml� 1, GE Healthcare, Milwaukee,
WI) for 30min at 37 1C. Mucosa was dissociated with a gentle MACS
dissociator (Miltenyi Biotec, Madrid, Spain) and filtered with 70 mm.
Lamina propria cells were collected after centrifugation (10min,
1,500 r.p.m).

Cell culture and coculture. Caco-2 cells (American Type Culture
Collection, Manassas, VA) were cultured in minimum essential
medium (Sigma-Aldrich) supplemented with 20% inactivated bovine
fetal serum, 100Uml� 1 penicillin, 100 mgml� 1 streptomycin,
2mM L-glutamine, 100mM sodium pyruvate, and 1% of non-essential
amino acids. These cells were cocultured with peritoneal macrophages
from WT and STAT6� /� mice using Transwell inserts (Corning,
Springfield, MA) with a 0.4mm porous membrane.21 Peritoneal
macrophages were seeded on the inserts and polarized toward the
M2 phenotype as described above. After polarization, the inserts
were placed on top of amonolayer of Caco-2 cells and were cocultured
for 24 h.

Protein extraction and western blot. Intestinal frozen tissues were
homogenized and nuclear and cytoplasm protein was extracted as
previously described.21 Nuclear protein from Caco-2 cells was
obtained by sonication of nuclear pellets followed by centrifugation.
Equal amounts of protein were loaded onto sodium dodecyl
sulfate–polyacrylamide gel electrophoresis gels. After electrophoresis,
membranes were blocked with 5% non-fat dry milk in TBS-T (20mM

Tris/HCl pH 7.2, 150mM NaCl, and 0.1% Tween-20) and incubated
overnight with different primary antibodies (Table 1). Later,
membranes were incubated with a peroxidase-conjugated
anti-mouse IgG (1:2,500; Thermo Scientific, Rockford, IL) or
anti-rabbit IgG (1:5,000; Thermo Scientific) followed by treatment
with supersignal west pico chemiluminescent substrate (Thermo
Scientific). Protein bands were detected by a LAS-3000 (Fujifilm,
Barcelona, Spain) and protein expression was quantified by means of
densitometry using Image Gauge Version 4.0 software (Fujifilm). Data
were normalized to b-actin for total and cytoplasm proteins or
nucleolin for nuclear proteins.

Immunohistochemistry. Intestinal tissues were fixed in 10%
paraformaldehyde and immunohistochemical studies were performed
in representative 5 mm sections of paraffin-embedded tissues. After
dehydration of the tissues, endogenous peroxidase activity was
suppressed by immersion in 0.3% hydrogen peroxide (15min), after
which antigen retrieval was performed. Following blocking with 5%
rabbit or goat serum for 30min, sections were incubated overnight
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(4 1C) with different primary antibodies (Table 1). Tissues were
incubated with anti-mouse IgG (1:200; Thermo Scientific) or anti-rabbit
IgG (1:200; Thermo Scientific) and 3,30-diaminobenzidine was
employed for signal development. All tissues were counterstained
with hematoxylin and the specificity of the immunostaining was
confirmed by the absence of staining in analogous tissue sections when
the primary or secondary antibodies were omitted. Quantification of
CCR7þ cells and CD206þ cells was performed in a total area of
0.3mm2.

RNA extraction and real-time PCR analysis. RNA extraction was
performed using Tripure Isolation reagent (Roche, Barcelona, Spain).
In short, tissues were homogenized by Ultraturrax (Sigma-Aldrich) in
750ml Trizol, and epithelial cells, cells from the lamina propria, or
peritoneal macrophages were suspended in 750 ml Trizol. Afterward,
200ml chloroform was added to the separation phase. RNA
precipitation was performed by adding 500 ml isopropanol, and RNA
pellets were washed twice with 70% ethanol. RNA was quantified with
Nanodrop (Thermo Scientific) and 1 mg of RNA was used to obtain
complementary DNA with the Prime Script RT reagent Kit (Takara
Biotechnology, Dalian, China). Real-time PCRwas performedwith the
Prime Script Reagent Kit Perfect Real Time (Takara Biotechnology) in
a thermo cycler Light Cycler (Roche Diagnostics, Mannheim,
Germany). Specific oligonucleotides were designed according to the
sequences shown inTable 2. Relative gene expression was expressed as
follows: change in expression (fold)¼ 2�D(DCT) where DCT¼CT
(target)�CT (housekeeping), and D(DCT)¼DCT (treated)�DCT
(control).b-Actinwas used as the housekeeping gene. PCRproducts of
Wnt ligands were loaded onto an agarose gel and bands were detected
by a LAS-3000 (Fujifilm).

Statistical analysis. Data were expressed as mean±s.e.m. and
compared by analysis of variance (one-way analysis of variance) with
Newman–Keuls post hoc correction for multiple comparisons or
unpaired Student’s t-test where appropriate. A P value of o0.05 was
considered to be statistically significant. Correlations were analyzed
using Spearman’s correlation coefficient.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

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