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Abstract: Inflammation is the main driver of the tumor initiation and progression in colitis-associated
colorectal cancer (CAC). Recent findings have indicated that the signal transducer and activator of
transcription 6 (STAT6) plays a fundamental role in the early stages of CAC, and STAT6 knockout
(STAT6−/−) mice are highly resistant to CAC development. Regulatory T (Treg) cells play a major
role in coordinating immunomodulation in cancer; however, the role of STAT6 in the induction
and function of Treg cells is poorly understood. To clarify the contribution of STAT6 to CAC,
STAT6−/− and wild type (WT) mice were subjected to an AOM/DSS regimen, and the frequency of
peripheral and local Treg cells was determined during the progression of CAC. When STAT6 was
lacking, a remarkable reduction in tumor growth was observed, which was associated with decreased
inflammation and an increased number of CD4+CD25+Foxp3+ cells in the colon, circulation, and
spleen, including an over-expression of TGF-beta, IL-10, and Foxp3, compared to WT mice, during
the early stages of CAC development. Conversely, WT mice showed an inverse frequency of Treg
cells compared with STAT6−/− mice, which was followed by intestinal tumor formation. Increased
mucosal inflammation, histological damage, and tumorigenesis were restored to levels observed in
WT mice when an early inhibition/depletion of Treg cells was performed in STAT6−/− mice. Thus,
with STAT6 deficiency, an increased number of Treg cells induce resistance against tumorigenesis,
arresting tumor-promoting inflammation. We reported a direct role of STAT6 in the induction and
function of Treg cells during CAC development and suggest that STAT6 is a potential target for the
modulation of immune response in colitis and CAC.

Keywords: STAT6; colorectal cancer; regulatory T cells; colitis-associated-cancer

1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed neoplasm, with
the second highest cancer-associated mortality rate in the world [1]. In 2018, a total of
881,000 deaths associated with CRC were reported, and 1.8 million newly diagnosed cases
were registered worldwide [2]. Epidemiological studies suggest that chronic inflammatory
processes, such as ulcerative colitis (UC) and Crohn’s disease (CD), are associated with
the risk of developing colitis-associated colorectal cancer (CAC). The relationship between
inflammation-dysplasia and cancer in CAC has been well established, supporting the idea
that chronic inflammation is the main driving force associated with carcinogenesis [3,4].
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The signal transducer and activator of transcription 6 (STAT6) is a member of the
STAT family of proteins formed by seven transcription factors involved in cytokine-related
signaling [5] In particular, STAT6 participates in the cellular response to interleukin- (IL-)
4 and IL-13 and it is involved in the generation of CD4+ Th2 cells [5]. Recently, STAT6
signaling has been associated with the initiation of malignant transformation and tumor
establishment, and STAT6-phosphorylation has frequently been found in malignant cells
that regulate several genes crucial for the immune response and proliferation [6]. The
persistent activation of STAT6 has been observed in the development of prostate, breast,
and colon carcinomas [7–9]. Patients with colorectal cancer exhibit a significant STAT6
activity in the colonic epithelium, and STAT6 expression is associated with lower survival
rates, lymph node metastasis, changes in the epithelial barrier function, and alterations in
the inflammatory response [9–12].

Previously, we demonstrated that STAT6 plays important roles in the early stages of
CAC, and it modulates inflammatory responses, while controlling cell recruitment and
proliferation in the colon [13]. The induction of CAC in STAT6-deficient mice (STAT6−/−)
in an azoxymethane (AOM)/DSS model resulted in a reduced tumorigenicity, associated
with reduced inflammation, decreased concentrations of cyclooxygenase-2 (Cox-2) and
nuclear β-catenin protein in the colon, and decreased mRNA expression levels of IL-
17A and tumor necrosis factor-α (TNF-α) [13]. In addition, the number of circulating
inflammatory monocytes and granulocytes was decreased in STAT6−/− mice, suggesting
that immunoregulatory mechanisms are involved.

Regulatory T (Treg) cells play a major role in coordinating immunomodulation during
CRC [14]. Foxp3 is a transcription factor essential for the initiation and maintenance of the
Treg-suppressive phenotype. The infiltration of Treg cells in the colon has been positively
correlated with lymph node metastasis and increased degree of malignancy [15]. However,
recent studies have found that high densities of intra-tumoral Foxp3(+) T cells in an ear-
lier CRC stage showed a positive correlation with overall survival [16–19], and distinct
subpopulations of tumor-infiltrating Foxp3(+) T cells contribute in opposing ways to the
determination of CRC prognosis [20]. In an experimental CAC model, the frequency and
suppressive capacity of Treg cells and the expression of Tim-3, PD-1, and CD127 molecules
were increased in late-stage of CAC [21]. Conversely, in early CAC, a reduced percent-
age of Treg cells and decreased expression of molecules that correlate with suppression
were detected in the blood and spleen [21], suggesting that Treg cells could modify their
phenotype depending on the grade of alterations in CRC.

STAT6 is implicated in the regulation of T cell proliferation and in the activity of Treg
cells through a direct interaction with the transcription factor, Foxp3. Mice expressing an ac-
tive form of STAT6 have reduced T cell numbers [22]. Indeed, in a model of TCR transgenic
mice, the absence of STAT6 impaired the generation of antigen-specific CD4+CD25+Foxp3+
cells, indicating the role of the STAT6 pathway in the induction of Foxp3 expression [23]. A
highly conserved STAT-binding site, located in the first intron of the FOXP3 gene, has been
reported [24], and a chromatin immunoprecipitation assay identified a silencing region
in the Foxp3 transcript, with a specific binding site for STAT6, preventing Foxp3 mRNA
expression [25]. In a murine model of allergic lung inflammation, STAT6−/− mice were
highly resistant to airway eosinophilia, which is correlated with a high number of Treg cells
in the lungs and spleens, compared to wild-type animals [26]. The depletion of Treg cells
partially restores airway inflammation and remodeling in STAT6−/− mice [26]. Together,
these findings suggest that STAT6 may play a critical role regulating the function of Treg
cells. Thus, the effects of STAT6 on Treg cells in CAC need to be further elucidated.

We have shown that STAT6 deficiency prevents tumorigenesis in an AOM/DSS mouse
model by reducing the infiltration of inflammatory cells and down-regulating inflammatory
mediators in a disease stage-dependent manner, and we have raised the possibility that
STAT6 could also play a yet undetermined function in the development of Treg cells in
CAC progression. In the present study, we evaluated the frequency of peripheral and local
Treg cells in the course of CAC during STAT6 deficiency and analyzed the effect of Treg
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cells depletion in the early stages of tumor progression. Interestingly, we found that tumor
growth was restored in STAT6−/− mice with the Treg cells reduction, and extensive chronic
inflammation was reestablished. Thus, the STAT6 pathway is critical for modulating the
activity of Treg cells in the early stages of CAC. With STAT6 deficiency, increased Treg
populations induce resistance against tumor-promoting inflammation, and tumorigenesis
is therefore stopped.

2. Results
2.1. The Absence of STAT6 Increases the Number of CD4+CD25+Foxp3+ Cells in Circulation and
Spleen during the Early Stages of CAC Development

Previously, we determined the role of STAT6 in the development of CAC using the
azoxymethane (AOM)/dextran sodium sulfate (DSS) model [13]. STAT6-deficient mice
display high resistance to CAC development. The reduced tumorigenicity was associated
with diminished inflammation, without changes in the number of goblet cells, and a
decreased mRNA expression of IL-17A and TNFα but increased IL-10 expression in early
CAC (Day-20), compared to WT mice [13]. Considering that the inflammation is the main
driver of tumor initiation in CAC, one potential mechanism contributing to the suppression
of the inflammatory response in STAT6−/− mice may be an increased recruitment of Treg
cells. Patients with more Foxp3+ cells in CAC tended to have a better prognosis [18]. To
test this hypothesis, we subjected WT and STAT6−/− mice to an AOM/DSS regimen and
analyzed the CAC progression at Day 20, Day 40 (early stages), and Day 68 (late stage of
tumor development, where adenoma-like lesions are observed) as an approximation of
different stages of tumor progression (Figure 1A). As expected, the WT mice displayed
both increased numbers of tumors as well as increased tumor load at Day 68 (9.6 ± 2.4),
whereas only 30% of STAT6–/– animals developed tumors, and they were scarce (0.6 ± 1.3,
p < 0.05) (Figure 1B). Next, we analyzed the kinetics of Treg cells (CD4+CD25+Foxp3+) at
Day 20, Day 40, and Day 68 after AOM injection by flow cytometry in blood and spleens
(Figure 1C,D). In the WT AOM/DSS animals, Treg cells were maintained at a similar
frequency as those in control animals in the blood and spleen at Day 20 and Day 40.
However, remarkably, a significant increase in the frequency of Treg cells was observed at
Day 68, compared to the control and STAT6−/− AOM/DSS mice (9.44 ± 0.1 vs. 19.85 ± 3.8,
p < 0.05; 12.7 ± 0.1 vs. 19.85 ± 3.8, p < 0.05) (Figure 1C–F). In contrast, we found an increased
Treg frequency in the blood and spleen of STAT6−/− AOM/DSS animals at Day 20 (early
stages of tumor development), compared to the control and WT AOM/DSS mice (17.5 ± 1
vs. 9.44 ± 0.1, p < 0.05; 17.5 ± 1 vs. 9.8 ± 3.3, p < 0.05) (Figure 1C–F). There was no difference
in the frequency of Treg cells between the STAT6−/− AOM/DSS, WT AOM/DSS, and
control mice at Day 40. However, at Day 68, the Treg cells frequency dropped in STAT6−/−

AOM/DSS animals to similar levels as those in control mice, which is consistent with
the fact that there was a lower tumor load (Figure 1C–F). Given that the secretion of
suppressive cytokines, such as TGF-β and IL-10, has been considered a mechanism used
by Treg cells to suppress the immune responses [14], we decided to evaluate whether
Treg cells isolated from spleens with early-stage CAC development (Day 20) may show a
different expression of these cytokines under STAT6 deficiency. As shown in Figure 1G,H,
at Day 20 of the CAC progression, we observed a higher expression of TGF-β and IL-10
cytokines in CD4+CD25+Foxp3+ cells (Figure 1H) from STAT6−/− AOM/DSS compared
to WT AOM/DSS mice. In addition, the frequency of CD4+ cells at Day 20 in the STAT6−/−

AOM/DSS and WT AOM/DSS animals was similar (Figure 1I). However, at this time, the
proportion of CD8+ cells was lower in the STAT6−/− AOM/DSS in comparison to the WT
AOM/DSS mice (Figure 1J). At Day 20, the number of CD4+CD25+Foxp3- cells was higher
in STAT6−/− AOM/DSS mice compared to WT AOM/DSS animals (Figure 1K).

Therefore, we detected an inverse frequency of Treg cells between WT AOM/DSS
and STAT6−/− AOM/DSS mice as CAC progressed (Figure 1L). At early stages of the
CAC induction, tumor-bearing WT mice only reached 9.8% of Treg cells, while STAT6−/−

AOM/DSS mice reached 17.5% at the same time point of analysis. However, as CAC
progressed, the percentage of Treg cells dropped significantly in the STAT6−/− AOM/DSS
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(12.7%) animals but was significantly increased in the WT AOM/DSS mice (19.85%)
(Figure 1L). These results suggest that STAT6 may influence the induction of Treg cells
in vivo in the initial stages of CAC development.

Figure 1. STAT6−/− animals display twice the percentage of CD4+CD25+Foxp3+ Treg cells during early colitis-associated
colorectal cancer (CAC) development. (A) Schematic time schedule of azoxymethane (AOM) and dextran sodium sulfate
(DSS) administration in WT and STAT6−/− mice. After the initial AOM injection (12.5 mg/kg), DSS was given in drinking
water for 7 days, followed by 14 days of regular drinking water. The mice were sacrificed on Day 20, Day 40 (early tumor
development), and Day 68 (late tumor development), after an AOM injection. (B) The number of colorectal tumors in the
WT and STAT6−/− mice 68 days after the AOM/DSS administration. The circulating and spleen cells were obtained from
the WT or STAT6−/− AOM/DSS-treated or control mice at the indicated time intervals and were analyzed for the expression
of Foxp3 and CD25 in living CD4+ cell populations by flow cytometry. Representative dot plots in total blood (C) and in
splenocytes (D). (E,F) The frequencies of CD4+CD25+Foxp3+ cells in the blood (E) and splenocytes (F). (G,H) IL-10 (G)
and TGF-β (H) expressions in CD4+CD25+Foxp3+ cells in the splenocytes of the WT or STAT6−/− AOM/DSS-treated
or control mice. Representative histogram plots are shown, as well as graphs showing the percentages of positive cell
populations. (I–K) The frequencies of total CD4+ cells (I), CD8+ T cells (J), and CD4+CD25+Foxp3- (activated cells) (K) in
the peripheral blood at Day 20. (L) The inverse frequency of Treg cells in the WT or STAT6−/− AOM/DSS-treated animals
as CAC progressed. The data are expressed as the mean ± SEM and are representative of two independent experiments
with at least three mice per group per day of the analysis. * p < 0.05, ** p < 0.01.

2.2. STAT6 Deficiency Increase the Accumulation of Treg Cells in the Colon in Early CAC

The defective colonic inflammatory response observed in the STAT6−/− AOM/DSS
mice at early stages of CAC, which is correlated with few tumor developments, led us to
examine the local recruitment of Treg cells. We analyzed the colonic protein expression
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of Foxp3 by immunohistochemistry during early and late stages of colon tumorigenesis.
Our analysis revealed a significant increased accumulation of Foxp3+ cells in the colon of
the STAT6−/− AOM/DSS mice, compared to the WT AOM/DSS animals, at Day 20 of the
CAC progression (27.8 ± 7.8 vs. 0.2 ± 0.05, p < 0.001) (Figure 2A,B). In contrast, during the
advanced stages of tumor development (Day 68), the Foxp3+ cells were significantly higher
in the tumor-bearing WT mice, compared to the STAT6−/− AOM/DSS animals, (30.6 ± 7.3
vs. 5.6 ± 4.2, p < 0.001) (Figure 2A,B). Colonic biopsies of the control mice showed barely
detectable Foxp3 staining (Figure 2A,B).

Figure 2. A more pronounced expression of the Foxp3 protein and mRNA in the colon of STAT6−/− AOM/DSS-treated
animals was observed during early CAC development. (A) A representative example of Foxp3 expression evaluated
immunohistochemically in intestinal biopsies from the WT or STAT6−/− AOM/DSS-treated or control mice at Day 20 and
Day 68 of the AOM/DSS administration. The sections of tissue were analyzed at 20× and 40× using an optical microscope
(B) The average percentages of Foxp3+ cells in the colon at Day 20. The quantification of Foxp3+ cells was performed
using ImageJ software v.1.48 by counting cells in 10 high-powered fields, with at least three slides per animal. (C–E) The
quantitative real-time PCR analysis of the colonic mRNA expression of Foxp3 (C), TGF-β (D), and IL-10 (E) in the WT
or STAT6−/− AOM/DSS-treated or control mice at Day 20 of the AOM administration. The data are expressed as the
mean ± SEM and are representative of two independent experiments, with at least three mice per group per day of the
analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, we analyzed the colonic mRNA expression of Foxp3. Similar to the immuno-
histochemistry results, the relative expression of Foxp3 was significantly higher in the
STAT6−/− AOM/DSS mice, compared to the WT AOM/DSS mice, at Day 20 (15 ± 6.4 vs.
0.9 ± 0.07, p < 0.05) (Figure 2C). No differences were observed in the Foxp3 expression at
Day 40 and Day 68 between the groups (Figure 2C).

To corroborate our findings in the peripheral blood and spleen, we analyzed the
gene expression in the colon of TGF-β and IL-10 cytokines that promote the suppressive
function of Treg cells. We observed a significant increase levels of TGF-β transcripts in
the colons of the STAT6−/− AOM/DSS mice, compared to the WT AOM/DSS mice, at
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Day 20 (2.4 ± 0.5 vs. 1.13 ± 0.71; p < 0.001) (Figure 2D). On the contrary, the expression of
TGF-β mRNA was increased in the colons of the tumor-bearing WT mice, compared to the
STAT6−/− AOM/DSS animals, at Day 68 of the CAC progression (2.1 ± 0.2 vs. 0.5 ± 0.4;
p < 0.01) (Figure 2D). At day 20, IL-10 levels were also increased in STAT6−/− AOM/DSS
mice compared to the WT AOM/DSS mice (4.7 ± 0.2 vs. 2.5 ± 0.5, p < 0.01) (Figure 2E).
Interestingly, we observed similar IL-10 mRNA transcripts in the colon of both the WT and
STAT6−/− AOM/DSS-treated mice during the advanced stages of tumor development
(Figure 2E). Taken together, our results demonstrate that STAT6 deficiency promotes the
development of Treg cells responses during early CAC.

2.3. Treg Cells Depletion during Early CAC Restores Tumor Development in
STAT6-Deficient Mice

We observed that the STAT6−/− mice had twice the Treg cells (CD4+CD25+Foxp3+)
in the peripheral blood and spleen than the WT mice during the initial stages of the
CAC development. In addition, an increased mRNA and protein Foxp3 expression was
observed at Day 20 in the STAT6−/− AOM/DSS colons, which are highly resistant to CAC
development. Thus, to investigate the interaction between Treg cells and STAT6 during
early CAC, we hypothesized that if the observed increase in Treg numbers was responsible
for the resistance of the STAT6−/− mice to tumor development, then the depletion of Treg
cells would restore inflammation and tumorigenesis to the levels observed in WT mice. To
test this hypothesis, we provided an AOM/DSS regimen to the STAT6−/− and WT mice
and at Days 10 and 15, the animals were treated with the PC61 clone of anti-mouse CD25
antibody (Figure 3A). The use of PC61 to deplete Treg cells has been shown previously [27].

Then, we evaluated the CAC progression for 77 days. We monitored the stool consis-
tency and changes in body weight and tumor development. As expected, the WT CAC
mice, treated or untreated with PC61 antibody, rapidly showed piloerection and clinical
signs of the disease (DAI) throughout the experiment (Figure 3B) and concomitant weight
loss (Figure 3C). Conversely, the STAT6–/– CAC mice did not have diarrhea or rectal bleed-
ing during the treatment, compared with the similarly treated WT animals (Figure 3B).
However, when the STAT6–/– animals received the PC61 antibody, they showed an in-
creased DAI score, particularly during late CAC development compared to the STAT6−/−

CAC mice (Figure 3B). In addition, STAT6−/− PC61 animals showed less body weight
loss when compared to the WT CAC and WT PC61 mice (Figure 3C). Interestingly, in the
necropsy on Day 77, only 30% of the STAT6–/– CAC mice developed tumors, whereas 100%
of the STAT6−/− PC61 animals displayed reddish polypoid tumors in the medial and distal
zones of the colon, macroscopic damage, and pathologic alterations, which were similar
to the lesions observed in the WT CAC mice (Figure 3D). Additionally, the tumor load in
the WT CAC, WT PC61, and STAT6−/− PC61 mice was similar (Figure 3E), demonstrating
that STAT6-deficient mice can be made susceptible to CAC development through the early
depletion of Treg cells.

2.4. Injection of PC61 Antibody during Early CAC in STAT6−/− Mice Promotes
Histological Damage

Previous studies have shown that the in vivo depletion of Treg cells by a single
injection of the PC61 antibody reaches its peak on Day 8 and remains for 12 days [27].
To validate the use of PC61, we tested the extent of the Treg cell depletion 5 and 71 days
after the PC61 antibody administration in the WT and STAT6−/− mice, according to the
schedule provided in Figure 3A. In the WT and STAT6−/− CAC-induced mice, around 70%
of the CD4+Foxp3+ cells express high levels of CD25, while the remaining cells expressed
low levels or no CD25 (Figure 4A, middle panel). In the peripheral blood, five days after the
PC61 administration, the CD4+CD25+Foxp3+ cells decreased significantly from 5.9 ± 1.2
to 0.86 ± 0.08, p < 0.05 in the WT CAC mice, and from 8.9 ± 1 to 1.2 ± 1, p < 0.05 in
the STAT6−/− CAC mice (Figure 4A,B). Thus, in response to the PC61 injection, around
75% of the CD4+CD25+Foxp3+ cells were depleted in the peripheral blood, while the
CD4+CD25-Foxp3+ cells persisted (Figure 4A, right panel).
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Figure 3. Depletion of Treg cells with anti-CD25 antibody (PC61) during early CAC restores tumor development in
STAT6−/− mice. (A) A schematic time schedule of the PC61 antibody administration in the WT and STAT6−/− mice
that received the AOM/DSS administration (CAC-induced mice). After 10 and 15 days, the groups of WT or STAT6−/−

CAC-induced mice were injected i.p. with 200 µg of PC61 antibody. The CAC progression was analyzed over 77 days.
(B–E) The disease activity index (DAI) (B), body weight loss (C), representative photographs of colons opened longitudinally,
showing macroscopic aspects (D), and number of tumors (E) on Day 77, after the AOM/DSS administration in the WT
CAC, WT PC61, STAT6−/− CAC, and STAT6−/− PC61 mice, are shown. The data are expressed as the mean ± SEM and
are representative of two independent experiments, with at least five mice per group. * p < 0.05, ** p < 0.01, **** p < 0.001.

Next, we decided to determine if the early depletion of Treg cells during CAC devel-
opment remained until Day 77, when late-stage tumorigenesis was observed. As shown in
Figure 4C,D, the WT CAC mice that did not receive the PC61 antibody showed a signifi-
cant increased frequency of CD4+CD25+Foxp3+ cells in the peripheral blood, compared
to the WT CTR mice (12.9 ± 0.2 vs. 8.7 ± 1.4; p < 0.05). However, the WT PC61 mice
had a slightly decreased in the frequencies of Treg cells, compared to the WT CTR mice
(12.9 ± 0.2 vs. 6.63 ± 0.6; p < 0.05). The STAT6−/− CAC mice had similar percentages
of Treg cells (8.7 ± 0.6) as the STAT6−/− CTR mice (9.11 ± 0.6) (Figure 4C,D). Interest-
ingly, in the STAT6−/− PC61 mice, there was a significant increase in the frequency of
CD4+CD25+Foxp3+ cells, compared to the STAT6−/− CAC mice (12.9 ± 0.2 vs. 8.7 ± 0.6;
p < 0.05). Additionally, the percentages of Treg cells in the STAT6−/− PC61 mice were
similar to those in the WT CAC mice, showing that the use of this antibody during the early
stages of carcinogenesis impacted the recruitment of Treg cells under STAT6 deficiency.
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Figure 4. Treatment with anti-CD25 antibody (PC61) during early CAC. The treatment of the mice is shown in Figure 3A.
At Day 25 and Day 77, different populations of circulating cells were analyzed by flow cytometry. (A) Representative dot
plots (A,C) and frequencies (B,D) of the CD4+CD25+Foxp3+ cells from the WT CAC or STAT6−/− CAC and PC61-treated
WT or STAT6−/− mice at Day 25 (A,B) or Day 77 (C,D) after the AOM/DSS administration. The data are expressed as the
mean ± SEM and are representative of two independent experiments, with at least three mice per group per day of the
analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, we analyzed the consequences of Treg cells depletion at the local level. Histo-
logical analysis revealed that the STAT6−/− PC61 mice displayed intense inflammatory
cell infiltration, accompanied by a worse structural integrity, compared to the STAT6−/−

CAC mice (Figure 5A). High-grade-dysplasia areas were alternated with normal areas
in the intestinal tissue of the STAT6−/− PC61 mice, which was like to the histological
damage observed in the WT CAC and WT PC61 mice (Figure 5A,B). Additionally, Foxp3+
cells were clearly observed in the intestine of the WT CAC mice during the late stages of
tumor progression (Day 76) (Figure 5C). However, colonic tissue from the WT PC61 mice
displayed a significantly lower Foxp3 expression at the same time (Figure 5D). In contrast,
the Foxp3+ cells were elevated in the colonic tumors of the STAT6−/− PC61 animals during
the late stages of CAC development, compared to the STAT6−/− CAC and WT PC61 mice
(Figure 5C,D). Taken together, our results suggest that the Treg cell populations in the tumor
microenvironment and peripheral organs prevent tumor progression in STAT6−/− mice.
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Figure 5. Treatment with anti-CD25 antibody (PC61) favors histological damage in STAT6−/−

mice. (A) H&E sections and the histological score (B) of the colons isolated from the WT CAC or
STAT6−/− CAC and PC61-treated WT or STAT6−/− mice at day 77 after the AOM administration.
(C) A representative example of Foxp3 expression evaluated immunohistochemically in intestinal
biopsies of the WT CAC, WT PC61 or STAT6−/− CAC, and STAT6−/− PC61 mice at day 77 after
the AOM administration. (D) The average percentages of Foxp3+ cells in the colon at day 77. The
quantification of Foxp3+ cells was performed using ImageJ software v.1.48 by counting cells in
10 high-powered fields in at least three slides per animal. The sections of tissue were analyzed at
20× and 40× using an optical microscope. The data are expressed as the mean ± SEM and are
representative of two independent experiments, with at least three mice per group per day of the
analysis. *** p < 0.001.

3. Discussion

STAT6 has important roles in the function and activation of immune cells. Here, we
showed that STAT6 deficiency is necessary for controlling tumor growth in a model of
CAC. Mechanistically, the absence of STAT6 resulted in an increased accumulation of
local and peripheral Treg cells and an overexpression of molecules associated with the
function of Treg cells during the initial stages of CAC. These data are in accordance with
our previous analyses, where the colons of STAT6−/− mice showed a reduction in cell
infiltration and decreased production of proinflammatory markers and cytokines in the
initial tumor stage [13]. An early depletion of Treg cells during CAC development in
STAT6−/− mice restores tumor growth, along with inflammatory infiltration in the colon.
These data identify STAT6 as a critical pathway for the induction and function of Treg cells
during CAC progression.

IL-4 and IL-13 are canonical inducers of STAT6 activation, when dimers of STAT6
become phosphorylated and are translocated to the nucleus, where they activate or repress
target genes. Phospho-STAT6 (p-STAT6) levels have been commonly detected in the colon of
patients with clinically detectable CD or UC, and tumoral p-STAT6 is positively correlated
to a clinical stage and poor prognosis of human CRC [9,12]. The STAT6 signaling pathway
favors the expression of anti-apoptotic proteins [11] and promotes the proliferation of
polyp epithelial cells in the colon [12]. Similarly, the persistent activation of STAT6 modifies
the expression of proteins involved in epithelial barrier permeability and interrupts tight
junction integrity, resulting in the recurrent exposure of luminal microbiota, favoring
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inflammation and CAC development [12,28]. While these findings suggest the intrinsic
importance of STAT6 in regulating tumor growth, our studies have found an important
role of STAT6 in non-tumor cells for controlling tumor growth. AOM/DSS administration
resulted in a significant decrease in inflammation and tumor development under STAT6
deficiency. In addition, in the STAT6−/− animals, we found a remarkable increase in the
frequency of Treg cells during early CAC, relative to the WT mice. The relationship between
STAT6 and immune cells was shown to be important in a model of oxazolone-induced
colitis, where T cells, macrophages, and natural killer T cells exhibit an increased STAT6
phosphorylation during colitis development [28]. Additionally, ApcMin/+Stat6−/− mice
developed few polyps, with a reduced proliferation at the small intestine and MDSCs
expansion, decreased PD-1 expression in CD4+ cells, and strong CD8-mediated cytotoxic
response [29].

Treg cells have an oncogenic role in tumor progression through the suppression of
antitumor immunity and prevention of an active cytotoxic process [30]. Chemokines and
cytokines are released in the tumor microenvironment (TME) by cancer cells and tumor
stroma-infiltrating cells, leading to the recruitment of Treg cells. In the TME of many
tumors, Treg cells suppress effector immune responses, overwhelming the anti-tumor
activity mediated by natural killer cells and cytotoxic CD8+ T cells. However, the role of
Treg cells in CRC is controversial. Some reports relate Foxp3+ cell infiltration with poor
clinical outcomes [31–33]. The colonic increase in Foxp3(+) cells is significantly higher in
patients with CRC, compared to healthy controls or patients with inflammatory bowel
disease [34], and Treg cells with a higher expression of several molecules that correlate with
suppression, such as Tim-3, LAG-3, TGF-β, IL-10, CD25, and CTLA-4, are observed in CRC
patients [32]. In contrast, a local accumulation and Foxp3 (+) cell density is associated with
an improved survival rate and is considered as a good independent prognostic biomarker
in the initial stage of colorectal cancers [19,35,36]. The role of Treg cells in CRC seems to
be dependent on the co-existence in the tumor tissue and the time of action of different
subsets of Foxp3-expressing cells. A study identified two types of Treg cells in CRC,
Foxp3hi Treg cells and Foxp3lo non-suppressive T cells [20]. The latter are characterized
by secreted inflammatory cytokines along with the instability of Foxp3 and the absence
of CD45RA expression, a naive T cell marker [20]. In the present study, we found that in
early CAC development, Treg cells were efficiently recruited in STAT6−/− colons, whereas
increasing Foxp3 (+) cells in the colon of WT mice were detected only in the late stages
of CAC. Interestingly, our previous results for WT mice showed that Treg cells from the
late stages of CAC displayed an activated phenotype by expressing PD1, CD127, and
Tim-3, along with an increased suppressive capacity in T-CD4+ and T-CD8+ cells. In
contrast, Treg cells from WT mice in early CAC were scant and less suppressive [21].
Due to the lack of STAT6−/− Foxp3EGFP reporter mice, we were not able to determine
the suppressive capacity of Treg cells in vitro that developed under STAT6 deficiency.
However, the immunohistological analyses and H&E staining showed that the STAT6−/−

CAC-induced mice displayed decreased inflammatory infiltrate, with less destruction of
the intestinal muscle and mucosa, supporting the idea that immunoregulatory mechanisms
are taking place. Furthermore, the significant decrease in CD8+ T cells and the positive
correlation between the frequency of Treg cells and the transcription levels of Foxp3,
TGF-beta, and IL-10 in STAT6−/− colons indicate that the latter are a consequence of the
modulating function of Treg cells during CAC progression.

Some authors have suggested that distinct subpopulations of tumor-infiltrating Foxp3
(+) T cells contribute in opposing ways to the determination of CRC prognosis [37,38].
During the early CAC development, epithelial tight junction dysfunction promotes en-
hanced gut permeability, resulting in the deregulation of the interactions between the
intestinal epithelial cells, immune cells, and gut microbiota. Continual exposure to luminal
microbiota leads to intestinal inflammation, characterized by the recruitment of innate
immune cells, the release of inflammatory mediators, and the subsequent generation and
expansion of T-helper 17 (Th17) cells [39]. The local increase of Treg cells in early CAC
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could suppress or prevent tumor formation through Th17 cell suppression. Here, we use
an anti-CD25 monoclonal antibody (PC61) to deplete Treg cells only during early CAC.
Interestingly, we observed histological damage and tumor growth recovery during STAT6
deficiency, supporting the idea that Treg cells developed in STAT6−/− mice are protective
against colon tumorigenesis. This finding seems to be compatible with that of a recent
study showing that the administration of the natural compound, Parthenolide, during
experimental colitis significantly relieved colon inflammation and improved the colitis
symptoms [40]. The protective effect of this molecule was associated with an increased
frequency of colonic Treg cells, a downregulation of the ratio of colonic Th17 cells, together
with a more abundant gut microbial diversity and flora composition [40]. One possible
reason for the protection observed in the STAT6−/− mice during CAC progression could
be the alterations in gut microbiota. Thus, this condition needs further research. Because
the balance between Th17/Treg cells and these regulatory factors is decisive in CAC pro-
gression, it could be interesting to determine if the tumor growth observed in STAT6−/−

mice after Treg depletion is Th17-mediated.
Depending on the grade of alteration during CRC progression, Treg cells may modify

their phenotype and exert different effects on cancer progression. Foxp3 (+) cells infiltrating
colorectal carcinomas could be associated with their capacity to suppress tumor-promoting
inflammatory immune response caused by infectious stimuli from bacterial translocation
through the mucosal barrier [41]. In a number of murine models, adoptively transferred
Treg cells prevent the onset of colitis or treat established colitis [42–44], and the in vitro ex-
pansion of Treg cells from the blood of patients with CD is considered as a feasible adoptive
cell therapy for this disease [45,46]. The significantly higher percentages of Treg cells found
in STAT6−/− CAC-induced colons, compared with those found in WT colons, suggest that
STAT6 limits Treg generation and recruitment by undetermined mechanisms. Addition-
ally, a previous study from our laboratory demonstrated that the number of circulating
CD11b+Ly6ChiCCR2+ monocytes and CD11b+Ly6ClowLy6G+ granulocytes was decreased
in a STAT6-dependent manner [13]. Additionally, a significant reduction in the expression
of the chemokines, CCL9 and CCL25, and the chemokine receptor, CXCR2, both involved
in the recruitment of inflammatory cells, was shown in STAT6−/− mice during CAC pro-
gression. CCR2 is responsible for the recruitment of Ly6Chi “inflammatory monocytes”
to peripheral sites of inflammation, where they display inflammatory, phagocytic, and
proteolytic functions [47]. Thus, the STAT6 pathway in Treg cells has an intricate outcome
and should be addressed in the context of an inflammatory environment. However, the
local increase of Foxp3 (+) cells could be used to suppress antitumor immunity in a final
phase of tumor formation. In our lab, when the Treg cells were depleted during the second
DSS cycle of experimental CAC in WT mice, a reduction of 50% of Treg cells resulted in a
better prognostic value, with a significant reduction in the tumor load [22]. In contrast, in
the present study, an earlier Treg depletion slightly increased the tumor load in WT mice.
All these results suggest that Treg cells have a dynamic behavior influenced by STAT6
during CAC development.

Recently, a study demonstrated that STAT6 plays a critical role in the generation of
Treg cells induced by B cells (Treg-of-B cells) [48]. STAT6 phosphorylation was associated
with the capacity of Treg-of-B cells to alleviate inflammation in an animal model of asthma
in vivo [48]. In accordance with our results, in an allergic disease model, a high number
of Treg cells in the lungs and spleens in STAT6−/− mice, compared to WT animals, were
associated with a decreased allergic response [26]. However, it would be interesting to
determine if the stability in the expression of Foxp3 and therefore the differentiation and
functional properties of Treg cells are modified in a STAT6-dependent manner. Furthermore,
the role of STAT6 in modulating different types of Treg cells (natural, induced, type 1 T
regulatory cells, and Treg-of-B cells) may be useful to develop new therapeutic strategies
for relieving CAC or CRC.
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In conclusion, STAT6 seems to play a central role in the regulation of the activity of Treg
cells, particularly during the initial stages of CAC development, through the modulation
of intense inflammatory responses.

4. Materials and Methods
4.1. Mice

Eight- to 10-week-old female BALB/c and STAT6−/− mice were purchased from
Harlan Laboratories (México City, México) and maintained in a pathogen-free environment
at the Facultad de Estudios Superiores Iztacala (FES-I), Universidad Nacional Autónoma
de México (UNAM) animal facilities. The animals were fed Purina Diet 5015 and water ad
libitum. All experimental procedures were in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health (USA) and were approved by the Committee on the Ethics of Animal Experiments
of the FES-I (UNAM).

4.2. CAC Induction

Mice received an intraperitoneal (i.p.) injection of 12.5 mg/kg azoxymethane (AOM)
(Sigma, Santa Cruz, CA, USA). Five days later, 2% dextran sulfate sodium (DSS, MW:
40000, (MP Biomedicals, Santa Ana, CA, USA)) in drinking water was administered ad
libitum for 7 days. Mice were then provided regular water for 14 days and subjected to
two more DSS cycles. To examine the early and late transformative stages in CAC, the
mice were slaughtered on day 20 and day 40 (early tumor development), and day 68 or
day 77 (late tumor development) after AOM injection. Throughout the experiment, mice
were monitored weekly for body weight, stool consistency or diarrhea, and presence of
blood in the rectum or stool. The disease activity score (DAI) was calculated as described
previously [49]. At the sacrifice, the colon was removed, weighed, and submitted for
macroscopic inspection.

4.3. Histological Analysis

Longitudinal sections from the large intestine were immediately fixed according
to previously described protocols [13]. Colon sections with a thickness of 5 µm were
stained with hematoxylin and eosin (H&E) to visualize morphology and inflammatory
changes were evaluated in 5 sections from each sample. For immunohistochemical staining,
sections were incubated overnight at 4 ◦C with primary antibodies against Foxp3 (GeneTex,
Irvine, CA, USA), and were then developed following a conventional technique. The
quantification of Foxp3 (+) cells was performed using ImageJ software v.1.48 by counting
cells in 10 high-powered fields, with at least three slides per animal.

4.4. Flow Cytometry

Single cell suspensions from spleens and the circulation were obtained during the
sacrifice and incubated with anti-CD4, anti-CD8 and anti-CD25 antibodies (BioLeg-end,
San Diego, CA, USA) or anti-LAP (TGF beta1) and anti-IL-10 (BD Biosciences, San Jose,
CA, USA) for 30 min (4 ◦C, in the dark). Then, cells were washed and incubated in
FOXP3 Fix/Perm Buffer Set (BioLeg-end, San Diego, CA, USA) for 30 min following the
manufacturer’s instructions and then stained with anti-Foxp3 antibody (Becton Dickinson,
San Jose, CA; USA). Cells were washed, resuspended in PBS, and analyzed on Attune™
NxT Flow Cytometer (ThermoFisher Scientific) cytometer. The flow data were analyzed
using flow cytometry analysis software (FlowJo; Tree Star, Inc., Ashland, OR, USA).

4.5. RNA Extraction and RT-PCR

Tissues were obtained and processed as previously described [17]. The RNA was pu-
rified using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
instructions. One microgram of RNA was used for first-strand cDNA synthesis with Rever-
tAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Rockford, IL, USA). A
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CFX96 Touch Real-Time PCR Detection System (Bio-Rad, México City, México) and a SYBR
Select Master Mix for CFX (Thermo Scientific, Rockford, IL, USA) were used for quantitative
real-time RT-PCR analysis. The relative expression levels for a target gene were normalized
by GAPDH. Primer sequences used in qRT-PCR analysis are: IL-10F (TGCTGCCTGCTCT-
TACTGAC), IL-10 R (GGGGCATCACTTCTACCAGG); TGF-β F (GCCCTTCCTGCTC-
CTCAT), TGF-β R (TTGGCATGGTAGCCCTTG); Foxp3 F (CCTTCTCCAGGACAGA),
Foxp3 R (GATCATGGCTGGGTTGT), and GAPDH F (TCACGCCACAGTTTCCCGGAG),
GAPDH R (CCTCAAGATCAGCAATGCCT).

4.6. Treg Depletion

WT and STAT6−/− mice were injected i.p. with 200 µg/mouse of InVivoMAb anti-
mouse CD25 (IL-2Rα) (clone PC-61.5.3) (BioXcell, West Lebanon, NH, USA) in 200 µL of
PBS at day 10 and 15 after AOM/DSS administration. CAC induction and progression
were analyzed as mentioned in Section 4.2.

4.7. Statistical Analysis

Data were analyzed by one-way analysis of variance followed by Tukey’s multiple
comparisons test or unpaired two-tailed t-tests depending on the number of groups using
GraphPad Prism 5 (San Diego, CA, USA). All statistical tests were performed consider-
ing 95% confidence intervals. The data are expressed as the mean ± S.E. * = p < 0.05,
** = p < 0.01.
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