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ABSTRACT
A comprehensive analysis of the molecular mechanism underlying colorectal tumor evaluated the 
development of colorectal cancer (CRC) and proposed targeting small molecular inhibitors. 
Nonetheless, the adoptive resistance of these therapies remains a challenge with respect to achieving 
an effective clinical response. Thus, identifying the molecular mechanisms guiding CRC growth is 
essential. The results of The Cancer Genome Atlas (TCGA) dataset analysis demonstrated a critical role 
of signal transducer and activator of transcription 3 (STAT3) pathway in tumor immune suppression via 
modulation of the recruitment of Treg cells and M2 type tumor-associated macrophages. The in vivo 
experiments elucidate that targeting STAT3 pathways markedly reduce the proportions of TAMs and 
Tregs by inhibiting tumor progression. These findings revealed crosstalk between Treg cells and M2 
macrophages, proving a potential therapeutic strategy for CRC therapy. Combinatorial treatment with 
STAT3 inhibitor and programmed death 1 (PD-1) antibody therapy effectively prevents CRC tumor 
growth in a mouse model with high anti-tumor immunity. In summary, targeting STAT3 disrupts the 
interaction between Treg cells and M2 macrophages and improves the anti-tumor response in CRC, 
thereby offering a promising strategy to treat patients with CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer 
and a major cause of cancer-related mortality worldwide1. 
Several mechanisms have been described with respect to 
cancer development2. The molecular pathways are activated 
through colorectal carcinogenesis, progress, and 
metastasis3. A comprehensive analysis of molecular 
mechanisms underlying colorectal tumors proposed several 
targeting small molecular inhibitors4. Although the devel-
opment of small molecular inhibitors has significantly 
improved the outcome of CRC cancer patients, adoptive 
resistance to these therapies remains a challenge in achiev-
ing an effective clinical response5. Thus, it is crucial to 
excavate the molecular mechanisms guiding CRC growth 
and develop new practical strategies to enhance the ther-
apeutical efficacy in these patients.

The tumor microenvironment is composed of tumor, 
stromal, and immune cells that modulate the growth and 
progression of tumors6,7. Reportedly, tumor immune 
microenvironment (TME) is closely related to CRC prog-
nosis, influenced by the composition and activity of 
immune cells8. Several studies have focused on the immu-
nosuppressive effect on immune cells such as T regulatory 
(Treg) cells, M2-type macrophages, and myeloid-derived 
suppressor cells (MDSCs)9–11. Moreover, the immune 
checkpoint expression and interaction among immune 

cells determined the immune response of TME12. In addi-
tion, various chemokines and cytokines in the TME mod-
ulate the proliferation and differentiation of immune cells, 
thereby contributing to the immune state of tumors13. The 
current studies have deciphered the interaction of 
immune cells with other cells14 . For instance, cancer 
associated fibroblasts assembled a physical barrier and 
restricted CD8+ T cells recruitment by secreting various 
chemokines and cytokines15. However, the correlation 
among suppressive immunes such as macrophages is yet 
to be elucidated in CRC.

Tumor-associated macrophages (TAMs) are the most pro-
minent immune cells, exhibiting different subtypes, such as 
M2 macrophages, in regulating TME by various microenvir-
onment signals16,17 and have been shown to regulate CRC 
tumor cells in tumor metastases18. Noteworthy, CRC cells 
derived IL-6 stimulated M2 macrophage polarization, in turn 
promoting the migration of CRC cells19. Interestingly, cancer 
cells undergo IL-4 excretion by extracellular matrix (ECM), 
which promotes macrophage proliferation, modulating the 
CRC metastasis20. The interaction between cancer cells and 
macrophages is modulated by the pathways, which in turn 
proposes a potential small molecular inhibitor in CRC 
therapies21. Moreover, cancer associated fibroblast (CAFs) 
also regulate the recruitment of macrophages and promote 
the differentiation into protumorigenic macrophages via 
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various regulatory molecules, thereby inducing immune sup-
pression in the TME22. Additionally, CAFs and M2 macro-
phages present a positive interaction through SDF-1/CXCR4 
axis for progression23. Thus, an in-depth understanding 
between TAMs and other suppressive immune cells would 
explain the mechanisms of macrophages and further reveal 
the potential molecular targets for CRC therapy.

Given the importance of TAMs in the immune suppressive 
state and CRC progression, we speculated that the crosstalk 
between M2 macrophages and Treg cells modulates immune 
suppression and promotes tumor growth. In this study, we 
found that M2 macrophages were significantly correlated with 
tumor infiltrating Treg cells in CRC. The TCGA datasets 
demonstrated that the STAT3 pathway plays a critical role in 
tumor immune suppression by modulating the recruitment of 
Treg cells and M2 macrophages. The in vivo experiments 
elucidate that targeting STAT3 pathways markedly reduced 
the proportions of TAMs and Tregs by inhibiting tumor pro-
gression. These findings revealed a crosstalk between Treg cells 
and M2 macrophages, proving a potential therapeutic strategy 
for CRC therapy.

Materials and methods

Materials and regents

Antibodies for immunohistochemical staining: anti-CD8α 
(D4W2Z, 98941), Foxp3 (D6O8R, 12653S), F4/80 (D2S9R, 
70076S), CD206 (E6T5J, 24595S) were obtained from Cell 
Signaling Technology (Danvers, MA). TUNEL Reagent Test 
Kit (11684795910) was purchased from Roche (Shanghai, 
China).

Antibodies for Flow Analysis: CD8α-PerCP-Cy5.5 (53–6.7, 
561109), CD25-BV510 (PC61, 563037), CD279 (PD-1)-BV605 
(RMP1–30, 748267), CD3-BV650 (145-2C11, 564378), IL-10- 
BV711 (JES5-16E3, 564081), IL-17A-BV786 (TC11-18H10, 
564171), CD45-BUV395 (30-F11, 565967), CD366 (Tim-3)- 
PE (5D12, 566346), STAT3-PE-CF594 (4/P-STAT3, 562673), 
CD4-PE-Cy7 (GK1.5, 563933), CD206-Alexa Fluor® 647 
(MR5D3,565250), F4/80-BV510 (T45-2342,743280) were all 
obtained from BD Bioscience (San Jose, CA, USA). Foxp3- 
Alexa Fluor® 647 (150D, 320014), TGF-β1-FITC (TW7-16B4, 
141414), Granzyme B-BV421(QA18A28, 396414) were pur-
chased from BioLegend (San Diego, CA, USA). Fixable viabi-
lity Dye eFluorTM 780 (65-0865-14) were purchased from 
eBioscienceTM (San Diego, CA, USA).

Cell culture

CRC cells CT26 were purchased from ATCC (Virginia, USA) 
and incubated in Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco, Waltham, USA) with 10% fetal bovine 
serum (FBS) (Gibco, Waltham, USA) and 1% penicillin/strep-
tomycin (Gibco, Waltham, USA).

Correlation of CRC infiltrated Tregs and M2 macrophages

Colon adenocarcinoma (COAD) (n = 458) and rectum adeno-
carcinoma (READ) (n = 166) data were downloaded from The 

Cancer Genome Atlas (TCGA) database using Tumor 
Immune Estimation Resource (TIMER2.0) (http://timer.cis 
trome.org). The correlation between tumor infiltrated Tregs 
and M2 macrophages) was estimated by their coding genes. 
The correlation of the Treg coding gene FOXP3 with M2 
macrophages was analyzed in both COAD and READ tumors. 
Similarly, M2 macrophages coding genes (CD163 and MRC1) 
were correlated with tumor infiltrated Treg cells in CRC 
patient cohorts. Moreover, the expression of cytokines includ-
ing IL-10 and TGF-β1 has been estimated both on tumor 
infiltrated Tregs and M2 macrophages in COAD and READ 
by using Gene Expression Profiling Interactive Analysis 
(GEPIA) online (http://gepia.cancer-pku.cn).

Differential expressed gene in the tumor tissues

To reveal the interaction between Tregs and M2 macrophages in 
CRC, we compared the differential expressed genes in the devel-
opment of CRC tumors from TCGA datasets (GSE146587). 
Genes presented according fold change > 1 and padj < 0.05 in 
the CRC tumors. Cytokines and chemokines were also analyzed 
in CRC tumor compared to normal tissues. Moreover, gene set 
enrichment analysis of cancer pathways was presented in nor-
mal tissues versus tumors using KEGG analysis.

Mouse model

All animal experiments were performed in accordance with 
the guidelines approved by the institutional Animal Care and 
Use Committee of Tongji University.

Efficacy of targeting STAT3 in vivo of CRC mouse model

Six-week-old BALB/c mice were purchased from Shanghai 
SLAC Animal Laboratory Co. Ltd. (Shanghai, China) and fed 
at the Animal Center of Tongji University. CT26 cells (1 × 106 

cells) were administered into the right limbs of BALB/c mice. 
Tumor size was determined on the indicated days using the 
formula (width)2 × length/2. After the tumor grew into 100  
mm3, mice were treated with different strategies and segre-
gated into four groups according to the tumor therapy 
received: phosphate-buffer saline (PBS), STAT3 inhibitor (5  
µM, MedChemExpress, New Jersey, USA), PD-1 mAb (10 µg/ 
mL, Bioxcell, Lebanon, NH, USA) or combinatorial treatment 
with STAT3 inhibitor (5 µM) and PD-1 mAb (10 µg/mL), 
a replicate for each treatment group for each day for intraper-
itoneal injection. At the endpoint of experiments, all mice were 
euthanized, and organs were harvested for flow cytometry and 
histopathological analysis.

Flow cytometry for peripheral blood

After treatment, mouse blood was obtained and treated with 
red blood cell (RBC) lysis buffer. Peripheral blood mononuc-
lear cells (PBMCs) were cultured in RPMI 1640 medium and 
then labeled with different antibodies at 4°C for extracellular 
and intercellular staining. Fixable viability Dye eFluorTM 780 
(Invitrogen, Waltham, MA, USA) was used to exclude dead 
cells from subsequent flow cytometric analysis. Cells were 
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resuspended in staining buffer and blocked with anti-mouse 
CD16/32 Fc block (BioLegend, clone 2.4G2,1:50) at 4°C for 15  
min. For extracellular staining, single cells were incubated with 
anti-mouse CD8α-PerCP-Cy5.5, CD25-BV510, PD-1-BV605, 
CD3-BV650, CD45-BUV395, Tim-3-PE, CD4-PE-Cy7, F4/80- 
BV510 with staining buffer at 4°C in the dark for 30 min. Then, 
the samples were fixed and permeabilized with a fix-perm 
buffer for 45 min, followed by intracellular staining (IL-10- 
BV711, IL-17A-BV786, STAT3-PE-CF594, Foxp3-Alexa 
Fluor® 647, TGF-β1-FITC, Granzyme B-BV421 and CD206- 
Alexa Fluor® 647). All buffer solutions were used in accordance 
with the manufacturer’s instructions (BD Bioscience). The 
CD4+ T cells, cytotoxic CD8+ T cells, Tregs and macrophages 
were analyzed via BD LSRFortessa.

Tumor single cell preparation and staining

Tumor specimens from BALB/c mice were minced and enzy-
matically digested in DMEM supplemented with Collagenase 
D (2 mg/mL, Sigma) and DNase I (0.5 mg/mL, Sigma) at 37°C 
for 45 min with sharking. The cell lysates were strained through 
a 70-μm cell strainer and resuspended in a staining buffer. For 
mice spleen, samples were minced and prepared through a 70- 
μm cell strainer. Then, fixable viability Dye eFluorTM 780 was 
used for flow cytometric analysis to exclude the debris. The cells 
were resuspended in a staining buffer and blocked with anti- 
mouse CD16/32 Fc block at 4°C for 15 min. The staining sus-
pensions of blood samples were prepared as described above.

Histopathological analysis

Tissue samples from colon tumors and other organs of mice 
were fixed with paraformaldehyde and embedded in paraffin. 
Samples were cut into 5-µm sections and stained with hematox-
ylin and eosin (H&E). Tumor-associated immune cells were 
analyzed with histopathological and immunohistochemical 
staining (IHC). The histopathological toxicity was assessed in 
the main organs, including the liver, heart, spleen, kidney, and 
lung. Tumor H&E and TdT-mediated dUTP Nick-End Labeling 
(TUNEL) staining were performed to determine the different 
treatments’ efficacies. Immunohistochemical staining including 
CD8, Foxp3, F4/80, and CD206 were performed for all CRC 
tissues. Images were obtained using NanoZoomer S210 
(Hamamatsu, Hamamatsu, Japan) under a 10X objective lens. 
The positive cells were quantitated and analyzed using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). 
Digitally scanned slices were imaged under 5× and 10× objective 
lenses. The statistical differences were calculated using ImageJ 
software after four treatments.

Statistical analysis

GraphPad Prism v.9.3 software (San Diego, CA, USA) was 
performed to analyze the data. Two-tailed paired or 
unpaired Student’s t-test was used to estimate the differ-
ence between the two groups. Multiple-group comparisons 
were analyzed by one- or two-way ANOVA with multiple 
comparisons. Statistical significance is indicated as * p  
< .05, ** p < .01, *** p < .001, **** p < .0001.

Results

Positive correlation between tumor-infiltrated Tregs and 
M2 macrophages in human CRC cohorts

The tumor immune microenvironment (TIME) composes 
innate and adaptive immune cells with the tumor progres-
sion. The proportion of immunosuppressive cells such as 
Treg cells, MDSCs, and M2-type macrophages were signifi-
cantly increased in tumor development. The evaluation of 
COAD-TCGA dataset found that FOXP3 gene expression is 
correlated with tumor-associated M2 macrophages 
(Figure 1(a)). Similarly, a positive correlation was estab-
lished between M2 macrophages cell genes (CD163 and 
MRC1) with tumor-associated Tregs (Figure 1(a)). 
A similar trend was estimated in the READ cohorts, suggest-
ing that Tregs might regulate M2 macrophage infiltration 
into CRC tumors. Notably, anti-tumor immune response 
was determined by the composition of immune cells, as 
well as the chemokines and cytokines expression and inter-
action within the associated matrix24. In Figure 1b, we 
observed that cytokines IL-10 coding gene expression of 
IL-10 and TGF-β (TGF-β1) correlated with tumor infiltrated 
Tregs both in COAD and READ, revealing that the cyto-
kines are crucial for Tregs infiltration (Figure 1(b)). 
Moreover, we also found that M2 macrophages demon-
strated a high positive correlation with different cytokines 
IL-10 and TGF-β in human CRC cohorts (Figure 1(b)). 
These results indicated that Tregs and M2 macrophages 
have strong connection in colorectal cancer.

Crosstalk between tumor infiltrated Tregs and M2 
macrophages

To reveal the interaction between Tregs and M2 macrophages 
in CRC, we compared the differential expressed genes in the 
development of CRC tumors from TCGA datasets. As shown 
in Figure 2a, Tregs coding foxp3 and macrophage coding gene 
CD163 were up-regulated in tumor tissues compared to nor-
mal tissues. Treg and Macrophages related cytokines and che-
mokines such as TGF-β1, IL-6, IL-1β, CCL3 and CXCL2 were 
also enhanced in the development of colorectal cancer 
(Figure 2(a)). Moreover, we found that cytokine and cytokine 
receptor and JAK-STAT3 signaling pathways regulated the 
TME in tumor progression (Figure 2(b)). Subsequently, we 
observed that tumor-associated Tregs are correlated with 
STAT3 expression in COAD and READ cohorts with coeffi-
cients of 0.525 and 0.615, respectively (Figure 2(c)). M2 
macrophages also demonstrated a positive correlation with 
STAT3 levels in the CRC TME (Figure 2(c)). Since TGF-β 
and IL-10 cytokines were secreted both in Tregs and M2 
Macrophages, we aimed to explore the regulation of STAT3 
in cytokine secretion. Strikingly, STAT3 emerges as a regulator 
of TGF-β and IL-10 expression via a positive interaction of 
marker genes TGF-β1 and IL-10 in COAD TME (Figure 2d). 
On the other hand, a significant connection was detected 
between TGF-β1 and IL-10 with immune suppressive Treg 
cells in READ patients (Figure 2d). These results indicated 
that STAT3 serves as a crosstalk between Tregs and M2 macro-
phages in CRC progression.
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Targeting STAT3 reduced the recruitment of Tregs and M2 
macrophages in CRC mouse model

Herein, we established a CRC mouse model to elucidate the 
therapeutic effect on STAT3 in vivo. While using a STAT3 
inhibitor Stattic, we found that the proportion of Treg cells 
both in spleen and tumor samples significantly decreased by 
analyzing flow TSNE data (Figure 3(a–b)). Moreover, spleen 
associated CD8+ T cells were enhanced in STAT3 inhibitor 

treatment group (Figure 3(a)), and abundant cells were 
recruited into tumors after STAT3 pathway inhibition 
(Figure 3(b)), implying an excellent anti-tumor anti- 
immunity in CRC mouse tumors. To characterize the infiltra-
tion of immune cells and the efficacy of STAT3 inhibitor 
(Stattic), we performed tumor H&E and IHC (Figure 3(c– 
d)). Briefly, after STAT3 treatment, tumor cell necrosis and 
apoptosis accumulated in CRC tumors (Figure 3(c)). To map 

Figure 1. Correlations between Tregs and M2 macrophages in colorectal cancer. (a) A positive correlation between Treg coding gene FOXP3 with M2 macrophage. M2 
macrophage coding genes CD163 and MRC1 presented high positive correlations with tumor infiltrated Tregs in both COAD (n=458) and READ (n=166). (b) Cytokines 
IL-10 coding gene IL-10 and TGF-β coding gene TGF-β1 demonstrated a high positive correlation neither in Tregs or M2 macrophages in CRC patients’ cohorts (COAD 
and READ).
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the immune hallmarks in the tumor, IHC results were ana-
lyzed in the inhibition of STAT3 pathway. Strikingly, a larger 
number of CD8+ T cells were infiltrated into tumor nests and 
exerted anti-tumor immunity via STAT3 inhibitor (Figure 3 
(c–d)). Consistent with flow cytometry results, tumor- 
associated Foxp3 Treg cells were depleted after the suppressed 
of STAT3 pathway in the CRC tumor mouse model (Figure 3 
(c–d)). Importantly, not only the target Treg cells but also M2 
types of tumor-associated macrophages were depleted by 
Stattic. In the crosstalk of Treg cells and macrophages, 
STAT3 regulates the recruitment of the two immune cells. 

The inhibition of STAT3 pathway decreased the level of M2 
macrophage marker CD206 with no alteration of F4/80 expres-
sion (Figure 3(c–d)). These results concluded that inhibition of 
STAT3 reshapes the immune TME and further ameliorates the 
anti-tumor immunity of CRC mouse model.

Targeting STAT3 enhanced anti-PD-1 therapeutic efficacy 
in the CRC mouse model

Previous studies highlighted that only 15% of MSI-H CRC 
patients responded adequately to PD-1 mAb with an improved 

Figure 2. Crosstalk between Tregs and M2 macrophages in colorectal cancer. (a) Volcano plot of differentially expressed genes of human RNA-sequencing data from 
TCGA dataset (GSE146587). Genes presented according fold change >1 and padj <0.05 in the CRC tumors. Treg coding gene FOXP3 and M2 macrophage coding gene 
CD163 were significantly upregulated in the tumors. Cytokines IL-6, TGFβ1 and IL1β and chemokines CXCL2 and CCL3 that were markedly increased in CRC tumor. (b) 
Gene set enrichment analysis of cancer pathways were presented in normal tissues versus tumors using KEGG analysis. Cytokine and cytokine receptor and JAK-STAT3 
signaling pathways regulated the TME in tumor progression. (c) Positive correlation between STAT3 with Treg or M2 macrophage both in COAD and READ cohorts. (d) 
Cytokines IL-10 and TGF-β coding gene IL-10 and TGF-β1 presented high positive correlations with tumor infiltrated Tregs and M2 macrophage in COAD and READ by 
Gene Expression Profiling Interactive Analysis (GEPIA).
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survival rate25. However, a larger number of CRC patients 
gained only a few benefits from anti-PD-1 treatment26. 
Thereby, it is crucial to develop new practical strategies to 
enhance ICB efficacy in CRC patients. To address this issue, 
we assessed the characteristics of a combination Stattic with 
PD-1 mAb in CRC mouse models (Figure 4(a)). First, we 
analyzed the impact of STAT3 inhibitor combined ICB on 
tumor growth in CRC (Figure 4(b)). Compared to the IgG 
control group, anti-PD-1 with or without Stattic inhibited 

tumor growth, but the combined therapy had a stronger inhi-
bitory effect compared with the monotherapy (Figure 4(b–c)). 
Consistently, the combination therapy suppressed tumor 
regression and increased the mice response to STAT3 inhibitor 
by markedly decreasing the relative tumor size compared to 
IgG control or anti-PD-1 monotherapy (Figure 4(d)). Finally, 
we performed H&E and TUNEL staining to confirm the com-
bination effect of Stattic and PD-1 mAb in mouse cancer 
tissues (Figure 4(e)). In agreement with tumor volume, 

Figure 3. Anti-tumor immunity of STAT3 inhibitor in the CT26 mouse model. (a) tSNE map of spleen associated CD45+T cells, CD3+T cells, CD4+T cells, CD8+T cells and 
Treg cells after Stattic therapy. Spleen associated CD8+ T cells were enhanced in STAT3 inhibitor treatment group. (b) Tumor tSNE map of the analyzed tumor- 
associated CD45+T cells, CD3+T cells, CD4+T cells, CD8+T cells and Treg cells after Stattic treatment. (c) Tumor necrosis in tumor sections, as indicated through H&E 
staining. Apoptosis in tumor sections was examined through TUNEL staining. Immunohistochemical staining for CD8, Foxp3, F4/80 and CD206 in the tumor after STAT3 
inhibitor therapy. A larger number of CD8+ T cells were infiltrated into tumor nests and exerted anti-tumor immunity via STAT3 inhibitor. (d) Quantification of positive 
TUNEL cells, CD8+, Foxp3+, F4/80+ and CD206+ cells in the CRC mouse model after STAT3 inhibitor treatment. Tumor-associated Foxp3 Treg cells were depleted after 
the suppressed of STAT3 pathway.
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tumor cell necrosis and apoptosis were markedly increased in 
combined STAT3 inhibitor and PD-1 mAb treatment com-
pared to the anti-PD-1 sets, suggesting an excellent therapeutic 
effect on CRC tumors (Figure 4(f)). These data established 
a promising anti-cancer strategy by combination of Stattic 
with PD-1 mAb in CRC mice.

Combination Stattic with anti-PD-1 reshaped CRC tumor 
immune microenvironment

To further explore the TME of CRC after combination ther-
apy, we analyzed the tumor infiltrated immune cells by flow 
cytometry and found that combining Sttatic with anti-PD-1 
treatment increased the frequency of tumor infiltrated CD8+ 

and CD4+ T cells compared with single anti-PD-1 therapy 
(Figure 5(a–b)). A markedly enhanced proportion of tumor 
infiltrated CD8+ T cells were also found in combination group 
than IgG control ones (Figure 5(a)). Similarly, CD4+ T cells 
showed a slightly increased in combination with no signifi-
cance (Figure 5(b)). Meanwhile, a higher CD8+/CD4+ ratio 
was presented in colorectal cancer after combined Sttatic 
with anti-PD-1 treatment (Figure 5(c)). Expectedly, tumor 
infiltrated Treg cells were markedly decreased in the combina-
tion therapy when compared to control group (Figure 5(d)). 
Interestingly, combined Stattic and anti-PD-1 therapy did not 

change the infiltration of F4/80+ cells (Figure 5(e)). While, M2 
macrophages marker CD206 on F4/80+CD11b+ cells signifi-
cantly decreased in the Sttatic with anti-PD-1 treatment 
(Figure 5(f)). Thus, targeting STAT3 regulates the crosstalk 
between Treg cells and M2 macrophages and reactive tumor 
immunity and enhances anti-PD-1 therapy of CRC tumors.

To better understand the therapeutic effect in vivo, we 
analyzed the data using flow TSNE analysis. When using 
a STAT3 inhibitor Stattic with anti-PD-1 therapy, we found 
that the proportion of CD8+ T cells and CD4+ T cells in tumor 
infiltrated T cells map were significantly increased of flow 
TSNE data (Figure 6(a)). A slight decrease of Treg cells was 
also found in the combination group (Figure 6(a)). These 
results were consistent with above data (Figure 5(d)). 
A further comparison of molecular characteristics of immune 
cells was revealed in the three groups. The MFI level of TIM- 
3+CD8+T cells was decreased in the TME after combination 
therapy, indicating active CD8+T cells (Figure 6(b)). Given the 
critical role of IL-10 and TGF-β in tumor immune suppression 
by activated Treg and M2 macrophages, we analyzed the 
cytokine production in the TME. Strikingly, the production 
of IL-10 and TGF-β on Treg cells was reduced, and MFI 
expression of TGF-β on CD206 M2 macrophages was 
observed after combination therapy, suggesting an increased 
abundance of activated anti-tumor immunity (Figure 6(d–e)). 

Figure 4. Anti-tumor response of Stattic and PD-1 mAb in the CT26 mouse model. (a) Schematical mechanism of the interaction of tumor-associated Treg and 
macrophages in the CRC tumor. IL-10 activating its receptor leads to STAT3 phosphorylation, promoting cell proliferation both in Treg and macrophage. TGF-β interacts 
with its receptor with subsequent PI3K and STAT3 activation. These two pathways promote proliferation and activation of Tregs and macrophages indicate alternative 
target upon inhibition of STAT3 in the CRC treatment. (b) Tumor growth volume curve of CT26 tumors after treatment with PD-1 mAb, and combinatorial Stattic and 
PD-1 mAb therapy. The combined therapy had a stronger anti-tumor effect compared with the monotherapy (n = 5; **** indicated p < .0001, ** indicated p < .01). (c) 
Fold changes of tumor volume at different therapies in CRC tumors (n = 5; **** indicated p < .0001, ** indicated p < .01). The combination therapy suppressed tumor 
regression and increased the mice response. (d) Fold changes of tumor volume at experiment endpoint after combination therapy with Stattic and PD-1 mAb 
compared with control or PD-1 mAb in CT26 mouse model (n = 5; **indicated p < .01, * indicated p < .05). (e,f) Tumor necrosis in tumor sections, as indicated through 
H&E staining. Apoptosis in tumor sections was examined through TUNEL staining. Quantification of apoptotic cells were presented in the combination therapy with 
Stattic and PD-1 mAb (n = 5; *** indicated p < .001, * indicated p < .05).
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Furthermore, systemic toxicity was conducted in different 
therapeutic groups, wherein we did not find any significant 
damage in the main organs, including the heart, liver, spleen, 
lung and kidney (Figure 6(f)). Finally, we concluded that 
combined PD-1 mAb and STAT3 inhibitor decreased the 
number of suppressive immune cells in CRC tumors asso-
ciated with increased anti-PD-1 efficacy.

Discussion

Recently, progress has been made in understanding the cancer 
cell intrinsic mechanisms in cancer development27. Numerous 
publications have described how malignant cells in the TME 
regulate tumor progression and metastasis by interactions 
between cancer cells and other cells8. Researchers have focused 

on the cellular and molecular characteristics of the interaction 
of cells in the CRC TME28. Cancer associated fibroblasts 
assembled a physical barrier and restricted CD8+ T cells 
recruitment by secreting different chemokines and 
cytokines15. Presently, the TAMs regulate CRC tumor cells in 
tumor metastases18. Noteworthy, CRC cells derived IL-6 sti-
mulated M2 macrophage polarization, in turn promoting the 
migration of CRC cells19. However, the correlation among 
suppressive immune cells, such as macrophages, is poorly 
known in CRC. An in-depth understanding between TAMs 
and other suppressive immune cells elucidates the mechanisms 
effectuated by macrophages and further reveals the potential 
molecular targets for CRC therapy. In the present study, 
a positive correlation was established between CRC infiltrated 
Tregs and M2 macrophages. Next, we investigated the efficacy 

Figure 5. Stattic enhanced the immune response of PD-1 mAb therapy in the CT-26 mouse model. (a) Contour images and quantification of tumor infiltrated 
CD8+T cells in the CRC mouse model. (b) Tumor-associated CD4+ T cells were presented and quantified by flow analysis. (c) Analysis of the ratio of CD8+T cells to 
CD4+T cells in the tumors after combinatorial Stattic and PD-1 mAb therapy. (d) Percentages of CD4+Foxp3+ cells from CT26 tumors upon combinatorial Stattic and PD- 
1 mAb therapy compared to control groups. (e) CD11b+F4/80+ cells in the tumor after combinatorial Stattic and PD-1 mAb therapy. (f) Quantification of M2 
macrophages marker CD206 positive cells from tumors after different therapies. Significance is indicated as * p < .05 or ** p < .01.

8 L. HUANG ET AL.



Figure 6. Immune response of tumor microenvironment after combinatorial STAT3 inhibitor and PD-1 mAb therapy in the CT26 mouse model. (a) tSNE analysis for CD45+ 

T cells, CD3+ T cells, CD4+ T cells, CD8+ T cells and Treg cells in the tumor after combinatorial Stattic and PD-1 mAb therapy. (b-c) Represented contour images (b) and 
quantification of Tim-3 (c) in Treg cells after combinatorial Stattic and PD-1 mAb therapy in CRC tumor. (d-e) Quantification of MFI for TGF-β both in Tregs and M2 macrophages 
in CRC mouse model after different treatment. (f) No significant organ toxicity was assessed through H&E staining of samples of the heart, liver, spleen, lung, and kidneys in 
mouse after treatment.
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of STAT3 inhibitor and the altered tumor-infiltrated Tregs and 
M2 macrophages by targeting STAT3 in a CRC mouse model. 
The current results demonstrated that targeting STAT3 
enhances the anti-tumor efficacy of anti-PD-1 by decreasing 
Tregs and M2 macrophages infiltration, which increased anti- 
tumor immunity.

Notably, macrophages are suppressive immune cells in the 
TME and regulate CRC tumor cells in tumor metastases18. 
Cancer associated fibroblasts produce M-CSF, IL-6, and 
CCL2 promoting macrophage polarization into M2 macro-
phages with higher CD163 expression22. Therefore, the sup-
pressive immune cells Tregs and M2 macrophages might 
interact in tumor progression. Human datasets provided 
a positive correlation between Tregs and M2 macrophages in 
both COAD and READ. Given the key role of cytokines in 
cell–cell interaction, we also screened the expression of IL-10 
and TGF-β genes. As expected, IL-10 and TGF-β presented 
a high correlation with tumor-infiltrated Tregs and M2 macro-
phages in human CRC cohorts. As key cytokines to Treg cell 
proliferation and differentiation, IL-10 is complicated by 
tumor-genesis and progression in multiple cancers21. While, 
we did not estimate the changes of tumor infiltrated Tregs and 
M2 macrophages after IL-10 and TGF-β blockade. Previous 
studies demonstrated that increased expression of IL-10 acti-
vates the PI3K and STAT3 pathway of Tregs in PD-1-resistant 
and radioresistant cancer29,30. IL-10 also regulated the polar-
ization and proliferation of macrophages in the development 
of TME by suppressing immunity31. Based on the previous and 
current data, we proposed that STAT3 regulates the inaction 
between Tregs and macrophages in CRC.

Aberrant JAK/STAT3 signaling has been identified as 
a crucial factor in tumor immunity involving tumor growth 
and metastasis32. JAK family proteins regulate various cellular 
cytokines receptors, such as the IL-6, IL-10, and interferon-γ 
(IFN-γ), by STAT3 phosphorylation and activation.33 In mel-
anoma, STAT3 phosphorylation activates the proliferation of 
tumor infiltrated Treg cells.30 Moreover, TAMs promote 
tumor progression and drug resistance by activating the JAK- 
STAT3 pathway34. Thus, potent STAT3 inhibitors have been 
developed and employed in multiple cancers. Based on the 
analysis of the correlation of STAT3 with tumor-infiltrated 
Treg cells and M2 macrophages, we hypothesized STAT3 as 
a crosstalk regulating the interaction between suppressive 
immune cells. Using STAT3 inhibitor, a high anti-tumor 
immunity was estimated by high infiltrated CD8+ T cells. 
Moreover, the proportion of CRC tumor-associated M2 
macrophages and Treg cells were reduced after using Stattic 
which resulted in high tumor therapeutic efficacy. These 
results showed that inhibition STAT3 remodeled the tumor 
immune microenvironment and further ameliorated the anti- 
tumor immunity in the CRC.

As only colorectal cancer responded worse to the treatment 
of PD-1 mAb, a strategy by enhancing ICB efficacy was 
needed. Combined STAT3 inhibitor with PD-1 mAb, tumor 
growth was significantly inhibited and rescued the suppressed 
immunologic tumor microenvironment. In our study, we 
found that combinatorial therapy significantly enhanced the 
tumor infiltrated CD8+ T cells and decreased the suppressive 
cells such as Tregs and macrophages. Moreover, the 

checkpoint Tim-3 expression on CD8+ T cells was significantly 
suppressed after using combined treatment. Decreased promo-
tion of Tim-3+CD8+ T cells indicated activated CD8+T cells in 
CRC tumor. These findings facilitated STAT3 as a promising 
target in cancer immunotherapy, while the influence of STAT3 
in other immune cells, such DCs, and MDSCs, has not been 
identified. Moreover, the combination of STAT3 inhibitors 
with other therapies, such as a vaccine, oncolytic adenovirus, 
and other ICB, could be explored further.

Taken together, the preset study showed that treatment 
with STAT3 inhibitor and anti-PD-1 therapy prevents tumor 
growth of CRC in a mouse model with high anti-tumor 
immunity. However, underlying mechanisms need to be elu-
cidated in future studies. Also, the potential synergism of the 
STAT3 inhibitor with other ICBs or immune agents need to be 
investigated. In summary, targeting STAT3 disrupts the inter-
action between Treg cells and M2 macrophages and improves 
the anti-tumor response in CRC, thereby providing 
a promising strategy to treat patients with CRC.
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