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Abstract 

Colorectal cancer (CRC) is the third most common cancer in the world and the 

second cause of death related to cancer. Regulatory T cell (Treg) infiltration is 

enriched in several tumor types including CRC and correlates with suppression of 

the anti-tumor immune response. In the large intestine, thymic Tregs (tTregs Helios+) 

and peripheral Tregs (pTregs Helios−) coexist and maintain intestinal homeostasis 

under steady state conditions. The recruitment of Treg cells to the intestine is orches-

trated by the CCR9/CCL25 axis, which is potentiated under inflammatory condi-

tions. Interestingly, the balance between cytotoxic CD8+ T cells and Tregs within the 

tumor microenvironment is critical for antitumor immunity and cancer progression. 

An elevated CD8+/Treg ratio has been associated with improved clinical outcomes 

in various cancers, including CRC. Therefore, here we investigate the potential role 

of chemokine receptor CCR9 on CD8+/Treg ratio and the effect of the recruitment of 

Treg subpopulations (Helios+ and Helios−) into the tumor microenvironment using the 

AOM/DSS induced colitis-associated colorectal cancer murine model. Our findings 

reveal that CCR9 deficiency leads to distinct alterations in the CRC microenviron-

ment, characterized by decreased intratumoral Tregs Helios+. Also, the lack of the 

receptor leads to an improvement of the antitumor immune response, increasing 

the CD8+/Treg ratio within the tumor immune infiltrate. These results underscore 

the importance of CCR9 in shaping the immune microenvironment during CRC 

development.
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Introduction

Colorectal cancer (CRC) is the leading cause of cancer-related deaths among men 
and women in developing countries [1]. Several risk factors, such as diet, genetic 
predisposition and chronic inflammation have been strongly linked to CRC develop-
ment [2–4]. It is well documented that chronic colonic inflammation due to ulcerative 
colitis or Crohn’s disease increases the risk of developing colorectal cancer. The 
relationship between inflammation and cancer is multifaceted, involving various 
types of inflammatory cells and molecules. Inflammatory cells play a crucial role in 
shaping the tumor microenvironment, through the secretion of growth factors, angio-
genic mediators, chemokines, cytokines, etc., that contribute to the survival, growth 
and enhanced invasiveness of tumor cells [5].

The evolution of cancer is highly dependent on the tumor microenvironment, 
where certain tumor-infiltrating immune cells hold prognostic value. Among these, 
CD8+ T-cells and regulatory T cells (Tregs) play pivotal roles in either promoting 
anti-tumor immunity or facilitating immune escape, respectively, making them crucial 
for understanding the immune microenvironment within the tumor [6,7]. CD8+ T-cells 
are the main cells responsible for the antitumor response. These cells recognize 
antigens presented by MHC-I on the surface of tumor cells and, upon recognition, 
induce apoptosis in tumor cells through the release of perforins and granzymes. 
Additionally, CD8+ T-cells produce cytokines such as IFN-γ and TNF-α, which 
enhance antitumor activity by inhibiting tumor cell proliferation and increasing the 
expression of MHC-I on tumor cells. The presence of CD8+ T-cells is associated with 
improved prognosis in many types of cancer, including CRC [8]. On the other hand, 
Tregs are a subpopulation of CD4+ T cells characterized by the expression of the 
transcription factor FoxP3, which is essential for their development and function [9]. 
These cells play multiple roles in modulating immune responses, mainly suppressing 
the activation, function, and proliferation of other immune cells, including T cells, B 
cells, and antigen-presenting cells. Among their main functions are the suppression 
of autoimmune responses, the maintenance of tolerance to self and exogenous 
antigens and the regulation of inflammatory responses [10].

The intestinal tract constitutes a specially tolerogenic milieu, involving several 
mechanisms that maintain tolerance towards both microbiota-derived and dietary 
antigens, under homeostatic conditions [11]. In the large bowel, two subpopulations 
of Tregs have been identified: thymic Tregs (tTreg CD4+ FoxP3+ Helios+) that arise in 
the thymus and recognize preferentially self-antigens, and peripheral Treg (pTregs 
CD4+ FoxP3+ Helios−) that are generated in the periphery from naïve T cells and 
recognize antigens from diet and commensal microbiota promoted by the intestinal 
milieu, which is highly enriched in TGF-β and Retinoic acid [11–13].

The role of Treg cells has been widely studied in cancer progression, as they 
emerge as key regulators of antitumor immunity. Indeed, these cells are highly 
enriched within the microenvironment of growing tumors, and their presence cor-
relates with a poor prognosis in many cancer types [7,14–16]. During CRC devel-
opment, CD8+ T cells and highly suppressive Tregs (mostly tTregs) are recruited 
within the tumor microenvironment [17,18]. However, the specific role of Treg cells 
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in CRC remains controversial. In this context, it has been established that the CD8+/Treg cell ratio, may serve as a quan-
titative measure of the balance between anti-tumor and pro-tumor immune activity: a higher CD8+/Treg cell ratio indicates 
an immune microenvironment that favors the tumor clearance while a lower ratio indicates a predominance of immune 
suppression which promotes tumor progression [19,20].

The recruitment of immune cells both under homeostatic or pathological conditions is finely orchestrated by several 
cell trafficking mechanisms, including homing molecules like integrins and chemokines [21–24]. The chemokine receptor 
CCR9 in the gastrointestinal tract is primarily expressed in the small intestine, where it plays a pivotal role in recruiting var-
ious immune cells by interacting with its ligand CCL25. However, in the colon, CCR9 and its ligand are expressed during 
inflammatory processes, actively participating in the recruitment of diverse immune cells [25–27]. Indeed, Wurbel et al. 
showed that although under homeostatic conditions CCR9 expression was not observed in the colon, it was induced in a 
DSS colitis model, particularly in plasmacytoid dendritic cells and intraepithelial T lymphocytes [28].

Studies in patients with CRC describe that tumor-infiltrating immune cells exhibit a distinct pattern of chemokine 
receptors compared to healthy tissue. Among these receptors, it has been identified that the chemokine receptor CCR9 
is expressed differentially in the tumor and non-tumor areas, showing a decreased percentage of CCR9+ CD8+ T cells in 
CRC compared to normal tissue [29]. However, it is unknown the potential role of CCR9 on Treg recruitment during CRC 
development.

This study investigates the potential role of CCR9 in the recruitment of immune cells known to be crucial during CRC 
progression (CD8+ T cells versus Tregs), using the Colitis-Associated Colorectal Cancer mice model. Our results reveal 
that CCR9 controls the immune microenvironment of colorectal cancer differentially affecting both CD8+ T cells and 
Tregs, and that its absence results in an increase in the CD8+/Treg cell ratio, which promotes an enhanced anti-tumoral 
response.

Materials and methods

Mice

The C57BL/6 CCR9-deficient mice were generated and kindly provided by Wurbel et al. through the deletion of exon 
3 of the CCR9 gene, which encodes 362 of the 369 amino acids, using homologous recombination. The deletion was 
confirmed by PCR and Southern blot analysis. The CCR9-deficient mice are viable, fertile, and exhibit no morphological 
alterations or developmental abnormalities [30]. To carry out the CRC model in the Balb/c strain, C57BL/6 CCR9-deficient 
mice were backcrossed with Balb/c mice and animals from the F10 generation were used for experiments. CCR9+/− and 
CCR9−/− mice were housed and bred under specific pathogen-free conditions in the animal facility unit of Instituto de 
Investigaciones Biomédicas, Universidad Nacional Autónoma de México, (UNAM). This study was performed in strict 
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Biomedical 
Research Institute (protocol ID 124).

Experimental AOM/DSS induced colitis-associated colorectal cancer murine model

Experiments were conducted using mice aged between six to ten weeks, weighing up to 22 grams. The animals were 
divided into three experimental groups: Control group (CTRL), Colitis group (DSS), and Colitis-Associated Colorectal 
Cancer group (AOM/DSS). The Colitis-Associated Colorectal Cancer model was initiated with a single intraperitoneal 
of 10 mg/kg of azoxymethane (Sigma-Aldrich), one week later, DSS treatment was initiated by providing 2% DSS (36–
40 kDa, Affymetrix) in drinking water for 7 days, followed by a 7-day period with normal water. This cycle was repeated 
three times. After the third cycle, mice were given normal water for the remaining period to the endpoint. The study dura-
tion was 60 days, during which tumors formed in the large intestine of 100% of the animals without dramatic weight loss 
or signs of pain or suffering. Body weight was assessed three times per week, and the final analysis was performed on 
day 60. Throughout the study, the health and behavior of the animals were monitored daily by the animal facility staff to 
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minimize suffering. To alleviate suffering, the following humane endpoints were established: a marked decrease in activity, 
aggressiveness, changes in grooming behavior, reduced body temperature, abnormal posture, and a drastic weight loss 
exceeding 15% of body weight. If any animal met the criteria for a humane endpoint, euthanasia was performed within 30 
minutes [31].

If a study animal died before meeting the euthanasia criteria based on the humane endpoints, the event was doc-
umented, and the signs and symptoms observed prior to death were investigated. A necropsy was then performed to 
determine the cause of death and rule out unexpected or external factors, such as infections or failures in the experimen-
tal protocol. All the necessary adjustments to the protocol were made during the standardization phase, and the humane 
endpoints were also revised. The experimental protocol determined a sample size of six animals per treatment group. All 
animals were euthanized at the end of the study using a carbon dioxide (CO

2
) chamber, following a gradual fill rate to min-

imize distress and confirmatory checks to ensure death. The use of anesthesia or analgesia was not necessary during the 
euthanasia process, as CO₂ exposure is an approved method that does not require prior anesthesia. No animal died due 
to external or unexpected causes, and the survival rate at the end of the experimental protocol was 100%. The animals 
were housed in a controlled environment, with environmental enrichment provided, including toys and nesting materials to 
stimulate natural behaviors such as exploration, exercise, and social interaction, following institutional guidelines for hous-
ing conditions. All personnel involved in developing experimental protocols at the animal facility were rigorously trained in 
animal care and handling by the institution’s animal care staff. All findings were reported to the Institutional Animal Care 
and Use Committee (CICUAL).

Preparation of cell suspensions

Single-cell suspensions from colonic lamina propria were prepared according to the method previously described. Initially, 
large intestines were flushed and opened longitudinally to remove intraepithelial lymphocytes and epithelial cells from the 
lamina propria. Intestinal pieces were incubated with shaking at 150 rpm at 37°C for 30 minutes in calcium and magne-
sium free Hank’s balanced salt solution supplemented with 5% FBS, 5 mM EDTA (Sigma-Aldrich), 10mM HEPES, and 
2 mM DTT [32,33]. The suspension was discarded, and the remaining tissue was collected. The distal portion of the large 
intestine was dissected and fragmented into 1–2 mm pieces. Also, the distal fragments from AOM-treated mice were dis-
sected into tumor and peri-tumoral region. Tissues fragments were collagenase-digested with RPMI 1640 containing 10% 
FBS and 37 U/mL collagenase type IV from Clostridium (Sigma-Aldrich) for 35 minutes at 37°C with shaking at 400 rpm. 
Cells in suspension were collected by passage through a 100 μm cell strainer (BD Biosciences Ltd, Oxford, UK). The cell 
suspension was washed and resuspended in complete media containing 10% FCS and antibiotics (penicillin 50 U/ml, 
streptomycin 50 U/ml) and stored at 4°C until staining for flow cytometry [34].

Histological analysis and inflammatory score

Distal colon samples were dissected and washed with PBS, fixed in 10% formalin, and cryopreserved in an embedding 
medium for frozen tissues (Tissue-Plus; Fisher HealthCare). Cryostat sections of 4 mm were obtained and fixed for H&E 
staining. Inflammatory and hyperplasia scoring was conducted by a pathologist, blinded to the conditions, as follows: 
Inflammation was defined by the presence of infiltrating cells; 0 for no infiltrate; 1 for low infiltrate limited to submucosa; 
2 for significant inflammatory cells in submucosa limited to focal areas; 3 for infiltrate present in submucosa and colonic 
lamina propria; 4 for a large amount of infiltrate in submucosa, lamina propria, and surrounding areas. Crypts damage was 
defined as follows: 0 for none; 1 for minimal crypt damage; 2 for larger spaces between crypts, loss of goblet cells, some 
shortening of crypts; 3 for large areas without crypts, surrounded by normal crypts; 4 for no crypts. Ulceration score was 
defined as follows: 0 for none; 1 for some small, focal ulcers; 2 for frequent small ulcers; 3 for large areas lacking surface 
epithelium. Hyperplasia and goblet cells loss were defined as follows: 0 for normal crypts; 1 for elongated crypts and normal 
goblet cells present; 2 for multifocal areas with elongated crypts and normal goblet cells present; 3 for multifocal elongated 
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crypts and reduced goblet cells present; 4 for extensive areas with elongated crypts, crypts fusion, loss of structure and 
absent goblet cells [35,36]. Colonic mucosa adenocarcinomas were confirmed according to Boivin et al. criteria [37].

Flow cytometry analysis

Cell suspensions from lamina propria, were stained with Zombie Aqua fixable dye and anti-CD8 PECy7 from Biolegend; 
anti-CD4 APC-Cy7 from Tonbo Biosciences and anti-CD25 PE-Cy5.5 from Thermo Fisher Scientific for 20 min at 4°C; 
For intracellular staining, cells were fixed and permeabilized (CAT Fix/Perm permeabilization kit, Tonbo Biosciences) and 
stained with anti-FoxP3 APC from Tonbo Biosciences and anti-Helios FITC from Biolegend 1h at room temperature and 
posterior intracellular staining for 30 min at 4°. Samples were run on an Attune Next (Thermo Fisher Scientific). Samples 
were acquired in an Attune Next Acoustic Focusing Flow Cytometer (Thermo Fisher Scientific) and analyzed using Flowjo 
10.0 software (BD Biosciences).

Statistical analysis

In vivo experiments were conducted twice. Data are presented as mean ± SD. Two-way ANOVA analysis of variance, 
followed by Sidak post hoc test, was used to analyze body weight loss data. The Mann-Whitney test was used to compare 
differences between two groups (CCR9+/− vs. CCR9−/−). A p value < 0.05 was considered significant. All statistical analyses 
were performed using GraphPad Prism version 8.0 for Windows (GraphPad software, San Diego, CA, USA).

Results

CRC development by AOM/DSS is favored by CCR9 expression

To understand the role of CCR9 in the CRC development, we first established the colitis-associated colorectal cancer 
model, using CCR9+/− and CCR9−/− mice administering AOM/DSS (Fig 1A). In the absence of CCR9, control mice experi-
enced a significantly reduced weight gain compared to CCR9+/- mice (Fig 1B). Both strains were susceptible to DSS and 
AOM/DSS as evidenced by body weight loss (Fig 1C, D).

To evaluate the effect of CCR9 on tumor growth, we isolated colon tissue from mice at the end of the experimental 
model (Day 60). Interestingly, although 100% of both CCR9+/− and CCR9−/− mice developed tumors after AOM/DSS treat-
ment at the distal region of the colon, as expected (Fig 1E) [38]. CCR9−/− mice showed a trend to develop less tumors than 
CCR9+/− mice (p=0.0693) (Fig 1E, F) and developed significantly less tumors of 2–3 mm in size (Fig 1F), indicating that 
expression CCR9 may favor colon cancer development.

Inflammatory damage is independent of CCR9 expression during CRC development in Balb/c mice

In this CRC model, inflammation plays an important role in the regulation of tumor development. Therefore, to examine 
the impact of CCR9 in this process, we assessed the inflammatory histological characteristics in the colon. Histopatho-
logical features during colon inflammation involve immune cell infiltration, epithelial hyperplasia with goblet cells loss, 
crypts damage, and ulcer formation [35,36]. Thus, we analyzed these histologic parameters in H&E sections (Fig 2A–F). 
The inflammatory score after DSS or AOM/DSS treatment were similar in both CCR9+/− and CCR9−/− mice, accompanied 
with the presence of tumors in the AOM/DSS groups (Fig 1G), our results suggest that CCR9 expression is dispensable 
for the features of inflammatory damage in this model. Also, colon shortening is a well-documented macroscopic sign of 
inflammation [35,39,40]. We observed a significant colon shortening in groups under DSS or AOM/DSS treatment, with no 
significant differences between CCR9+/− and CCR9−/− mice (Fig 2H).

Another feature of colonic inflammation is the increased weight in colonic tissue due to the recruitment of inflammatory 
cells and fluids, this weight gain is markedly higher in the AOM/DSS groups due to the presence of tumors. However, no 
discernible differences were observed when CCR9+/− and CCR9−/− groups are compared (Fig 2I).
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Fig 1.  CCR9 expression favors the development of CRC. Schematic representation of CRC induction protocol in Balb/c CCR9+/− and CCR9−/− mice, 
(A). Changes in body weight in control groups (B), DSS treated groups (C) and AOM/DSS treated groups (D). Representative images of large bowels 
harvested in CCR9+/− and CCR9−/− at day 60 after DSS or AOM/DSS treatment (E). Number of total tumors (E), and number of tumors by size in mm (F) 
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CCR9 deficiency increases the percentage of CD8+ effector T cells within the CRC tumors

Although no apparent differences in the inflammatory response were observed when comparing CRC tumors from 
CCR9+/− or CCR9−/− mice, it has been described that CD4+ and CD8+ T cells recruited to the colonic mucosa during CRC 
changes their chemokine receptor profile compared to unaffected mucosa. Interestingly, the authors showed a decrease 
in the percentage CCR9+ CD8+ cytotoxic T lymphocytes, although the functional relevance of this subpopulation was not 
evaluated [29]. To determine whether CCR9 is involved in the recruitment of CD4+ and CD8+ effector T cells during CRC 
development, we analyzed the cLP infiltrate under basal (CTRL), inflammatory (DSS) and cancer promoting conditions 
(AOM/DSS), using flow cytometry (Fig 3A). From the AOM/DSS treated cLP tissue mice, we isolated the tumor zone (T) 

Fig 2.  Lack of CCR9 does not affect the inflammatory features in the colon after DSS or AOM/DSS treatment. Representative H&E staining of 
colonic tissue from CCR9+/− (A, C, E) and CCR9−/− mice (B, D, F) from control, DSS and AOM/DSS treatments (10X-magnification). Inflammatory score 
(G), colon lengths (in mm) (E), colon weight (in grams), from CCR9+/− and CCR9−/− mice after treatments (F). Representative data shown from 2 indepen-
dent experiments, n = 5–6 animals per group. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.1371/journal.pone.0321930.g002

after AOM/DSS treatment. Representative data shown from 2 independent experiments, n = 5–6 animals per group. Data are represented as mean ± 
SD. *p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.1371/journal.pone.0321930.g001

https://doi.org/10.1371/journal.pone.0321930.g002
https://doi.org/10.1371/journal.pone.0321930.g001
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and the peri-tumoral zone (PT). We found that in the absence of CCR9, there is a significant increase of CD8+ T cells 
recruited to both the tumor and peri-tumoral zone zones and therefore, with a concomitant decrease in the frequencies 
of CD4+ T cells, as expected. Interestingly, the frequencies of CD8+ vs CD4+ T cells were similarly affected in the cLP of 
control but not DSS treated mice.

These data suggest that CCR9 is involved in the migration of CD4+ and CD8+ effector T cells during CRC progression 
but does not appear to depend only on the inflammatory process within the cLP (Fig 3B,C). Remarkably, the CD4/CD8 
ratio, which indicates the immune state [41], is significantly lower in the tumor and peri-tumoral zone of CCR9−/−, suggest-
ing that CCR9 expression controls the immune balance in colon cancer, and showing an enrichment of CD8+ T cells when 
CCR9 is absent (Fig 3D).

Fig 3.  Loss of CCR9 increases CD8 + effector T cells within colorectal cancer tumors (CRC). Representative plots of CD4+ and CD8+ T cells (A), 
Frequencies of CD4+ cells (B), CD8+ cells (C) and CD4/CD8 ratio (D) in cLP, tumoral (T) and peri tumoral (PT) regions after treatments in CCR9+/− and 
CCR9−/− mice. CD4+ and CD8+ frequencies were calculated from total T cell events. Representative data shown from 2 independent experiments, n = 
3–6 animals per group. Data are represented as mean ± SD.*p < 0.05.

https://doi.org/10.1371/journal.pone.0321930.g003

https://doi.org/10.1371/journal.pone.0321930.g003
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CCR9 controls the recruitment of Tregs subpopulations (Helios+ and Helios−) during CRC

Our data showed the relevance of CD8+ T cell recruitment within the tumor microenvironment, however accumulating 
evidence has demonstrated the role of other immune cells in the balance between an efficient anti-tumoral response and 
cancer progression. Specifically, the increase of intratumoral CCR8+ Tregs has been associated with a poor prognosis in 
various cancers including CRC [42].

Tregs in colonic epithelia can be subdivided in two principal groups: Helios+ Tregs, also named tTreg (CD4+ FoxP3+ 
Helios+), and Helios− Tregs, also named pTregs (CD4+ FoxP3+ Helios−) [11,12]. Under homeostatic conditions pTregs com-
prise the majority of Tregs, while during CRC development tTregs increase dramatically [18]. However, the mechanisms 
that control these changes are not yet well understood. Therefore, we next investigated whether CCR9 may regulate the 
balance between tTregs and pTregs in the cLP during CRC development using flow cytometry. As shown in Fig 4A, the 
total frequency of Tregs (CD4+FoxP3+) in cLP of mice treated with DSS or AOM/DSS was significantly increased after DSS 

Fig 4.  CCR9 controls the recruitment of Treg subpopulations during CRC development. Representative plots showing Treg FoxP3+ Helios+ and 
Helios- subpopulations (gated from CD4+ cells) (A). Frequencies of Treg FoxP3+ cells (B), Treg FoxP3+ Helios+ cells (C) Treg FoxP3+ Helios- cells (D) in 
cLP, tumoral (T) and peri tumoral (PT) regions after treatments in CCR9+/− and CCR9−/− mice. Representative data shown from 2 independent experi-
ments, n = 3–6 animals per group. Data are represented as mean ± SD. *p < 0.05.

https://doi.org/10.1371/journal.pone.0321930.g004

https://doi.org/10.1371/journal.pone.0321930.g004
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or AOM/DSS treatment, as previously described [43–45]. Moreover, we did not find significant differences in Treg recruit-
ment between CCR9+/− and CCR9−/− mice (Fig 4 B).

As mentioned above, different Treg subsets are recruited in the colon mucosa under homeostatic or inflammatory/CRC 
conditions, therefore, we analyzed the proportion of Helios+ and Helios- Treg subpopulations during CRC development 
and investigated whether CCR9 could participate in this process. Our results show that the absence of CCR9 leads to a 
decrease of Helios+ Tregs (tTregs) in both intra-tumoral and peri-tumoral region, while in parallel the frequencies of Helios- 
Tregs (pTregs) were significantly increased (Fig 4C,D).

It has been reported that Tregs Helios+ express high levels of CD25, which allows them to respond to IL-2 signals in 
their microenvironment. CD25 expression is critical for the development and maintenance of Tregs, as its expression 
correlates with the suppressive activity. Therefore, we examined whether the lack of CCR9 was involved in the expression 
of CD25 in Treg Helios+ and Helios− subpopulations. As expected, most Tregs Helios+ express higher CD25 compared to 
Tregs Helios−, although we did not find significant differences between CCR9+/− and CCR9−/− mice, indicating that CCR9 
does not affect CD25 expression (S1 Fig).

In summary, CCR9 plays an important role in the balance of Tregs Helios+ and Helios− in cLP during CRC development, 
decreasing the frequencies of Tregs Helios+ that have been previously described to be highly suppressive in CRC [18].

The absence of CCR9 results in an increased intratumoral CD8+/Treg Ratio

It is well documented that the CD8+/Treg ratio indicates the balance between the anti and pro-tumoral immune response, 
which reflects the process called “cancer immune surveillance”. Thus, a higher CD8+/Treg ratio is associated with a more 
favorable prognosis, suggesting an enhanced anti-tumor immune response [46].

Our results demonstrate that the absence of CCR9 significantly increases the CD8+/Treg ratio in the tumor and peri-
tumoral space, indicating that CCR9 plays a fundamental role in modulating the anti-tumoral immune response in CRC 
(Fig 5A). Moreover, as the suppressive Helios+ Treg are the main subpopulation increased in CRC, we next evaluated the 
CD8+/ Treg Helios+ ratio in this model. Interestingly, we found that this ratio is significantly increased in the intratumoral 
space of CCR9−/− mice compared to CCR9+/- mice, indicating that the recruitment of Tregs Helios+ into the intratumoral 

Fig 5.  The absence of CCR9 results in an increased intratumoral CD8 +/Treg Ratio. CD8+/Treg Ratio (A) and CD8+/Treg Helios+ Ratio (B) in cLP, 
tumoral (T) and peri tumoral (PT) regions after treatments in CCR9+/− and CCR9−/− mice. Representative data shown from 2 independent experiments, n 
= 3–6 animals per group. Data are represented as mean ± SD. *p < 0.05.

https://doi.org/10.1371/journal.pone.0321930.g005

https://doi.org/10.1371/journal.pone.0321930.g005
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microenvironment is modulated by CCR9 (Fig 5B). These results suggest that CCR9 controls the antitumoral immune 
response through the modulation of the balance between Treg cell populations and CD8+ effector T cells.

Discussion

Colon cancer is the second cause of death related to cancer, and its incidence is rising, due to lifestyle and dietary 
changes, which results in microbiota alterations, dysbiosis, and a concomitant loss of colonic homeostasis [1]. Indeed, 
increased intestinal inflammation has been considered as a susceptibility factor in CRC development [47]. CCR9 is a key 
regulator of colon inflammation, contributing to the pathogenesis of inflammatory bowel disease (IBD) through the recruit-
ment of T cells into the colon mucosa. Additionally, the expression of the CCR9 ligand, CCL25, correlates with the severity 
of the disease [48–50]. On the other hand, Wurbel et al. reported an increased large bowel inflammation in the CCR9−/− 
B6 mice after DSS-induced chronic and acute colitis compared to wild-type mice [28,51]. In contrast, in our study, CCR9−/− 
Balb/c mice did not show significant differences in inflammatory signs after DSS treatment (Fig 2). This could be attribut-
able to differences in genetic background and susceptibility to DSS treatment between C57BL/6 and Balb/c mice, as well 
as to the different time of subpopulation analysis [52–54].

Although control CCR9−/− Balb/c mice showed a delay in weight gain, this might be related to intrinsic defects in the 
intestine-associated lymphoid tissue in the small intestine. Previous studies have reported that CCR9−/− displayed a 
reduced number of antibody-secreting plasma cells and fail to mount a regular IgA response to oral antigens [55]. This fail-
ure may affect the maintenance of intestinal health, the induction of immune responses, and the tolerance to gut microbi-
ota and food antigens that could alter the nutritional state of the mice.

Several studies have reported the role of CCR9 in controlling inflammation in the colon. Wurbel et al. showed that the 
CCL25/CCR9 interaction is dispensable for the function of tTregs and the induction of pTregs in the colonic lamina pro-
pria (cLP) during chronic colitis induced by the transfer of CD45RB CD4+ T cells into either Rag1−/− or Rag1−/− CCL25−/− 
recipient mice [51]. Our results with DSS-treated mice are consistent with this report, as we did not find any differences 
between CCR9+/− and CCR9−/− mice.

Nevertheless, we need to consider that chronic inflammation and cancer are two distinct yet interrelated biological pro-
cesses. In the AOM/DSS model, inflammation promotes cancer development [38,47]. Once cancer is established, tumors 
create an immunosuppressive environment through the secretion of cytokines like TGF-β and IL-10, and the recruitment 
of Tregs [56]. Here, we demonstrate that in the absence of CCR9 during CRC, there is an increased proportion of Helios− 
Tregs (presumably pTregs) and a concomitant decrease in the frequencies of Helios+ Tregs (tTregs). The increased 
pTregs observed in CCR9−/− mice align with reports showing that the CCR9/CCL25 axis has a negative effect on pTreg 
development [57].

There is growing evidence showing that cancer progression is highly associated with the immune infiltrate recruited to 
the tumor, which is regulated by chemokines and their receptors [47]. In cLP the recruitment of CD8+ T cells and Tregs is 
orchestrated by different chemokine receptors that vary under homeostatic or pathological conditions, such as in cancer 
[58]. In CRC, it has been reported that several chemokine receptors regulate Treg (CCR8, CCR6, CCR4, CCR5 and 
CXCR4) and CD8+ T cell (CXCR5, CCR2 and CCR9) migration [29,42,59–62]. Although CCR9 has been mostly related 
to immune subpopulations recruited to the small intestine, both under homeostatic and inflammatory conditions [25], we 
cannot exclude the possibility that CCR9 could be involved in CRC, as this cancer is highly associated with inflammation, 
and CCR9−/− mice develop a severe colitis phenotype, potentially predisposing them to CRC development. Indeed, previ-
ous studies using CCR9−/− mice showed that IL-10 producing cells might control DSS-induced inflammation in the colon, 
suggesting that CCR9+ immune regulatory cells, including Tregs, could play a role in maintaining intestinal homeostasis 
[28,51,57].

Although some studies have used immunohistochemical analysis, which offers spatial information of the cell-cell 
interactions occurring within the tumor microenvironment, localization of immune subpopulations is not a static process 
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and may change during CRC progression. Furthermore, it encounters certain technical limitations in comparison to flow 
cytometry, particularly in the simultaneous analysis of multiple markers such as CD25, Foxp3, Helios, and CCRs. This 
is specially relevant since the tumor microenvironment is characterized by hypoxia, cytokine-mediated inflammation, and a 
unique metabolic milieu that modifies Treg function and induces a unique chemokine receptor profile [47,63,64]. It has been 
reported that Treg frequencies increase within CRC tumors when compared to unaffected tissues, and that intratumoral 
Tregs display a highly immune-suppressive phenotype (Helios+, PD-1high, CTLA-4high) compared to non-tumoral tissue Tregs 
[18]. In this context, intratumoral Tregs expressing CCR8 exhibit a profoundly suppressive phenotype characterized by PD-1 
dependency [42].Moreover, inhibition of CCR8 in Tregs results in an enhanced anti-tumoral immune response [65]. Given 
the role of CCR9 in controlling inflammatory processes in the colon, we hypothesized that CCR9 could also participate in the 
recruitment of the Treg subpopulations that modulate the development of CRC, Our findings demonstrate that the absence 
of CCR9 promotes the accumulation of Helios- Tregs and a decreased proportion of highly suppressive Helios+ Tregs within 
the tumor microenvironment. This alteration may contribute to a less immunosuppressive milieu and may potentially facili-
tate anti-tumor immunity. This could be further proven by performing a functional evaluation of these subpopulations using 
isolated Tregs from Foxp3 and Helios reporter mice that could be used in in vitro suppression assays.

In human CRC patients, tumoral tissue shows a significant decrease in the percentage of CCR9+ CD8+ T lymphocytes 
compared to non-tumoral tissue, suggesting that they may be biologically relevant for the anti-tumoral immune response 
[29]. The authors proposed a novel immune evasion mechanism used by tumor cells, where the manipulation ofchemo-
kine/chemokine receptor axis seems to represent a limiting mechanism for anti-tumoral immune response, as increased 
expression of CCL25 (CCR9 ligand) surrounding CRC epithelium and downregulation of intratumoral CCL25 prevent the 
entry of cytotoxic CCR9 CD8+ T cells into the tumor [29].

It is widely accepted that the anti-tumoral response is primarily associated with infiltrating CD8+ effector T cells, while 
the pro-tumoral response is strongly promoted by the presence of Treg cells. Indeed, it has been shown that the depletion 
of Treg cells within the tumor improves the response by CD8+ T cells [45]. Therefore, in many types of cancers the CD8+/
Treg ratio has been widely used as an immune score that represents the tumor microenvironment and that has proven 
to be very efficient in-patient prognosis and to predict the response to neoadjuvant chemotherapy [19,20]. In our study, 
the lack of CCR9−/− led to an increased CD8+/Treg cell ratio, indicating a stronger anti-tumoral immune response, which 
explains the reduced tumor number observed in these mice.

Our current findings contribute to the understanding of the complex immune microenvironment that takes place in CRC. 
However, we cannot rule out that the effects observed in the Tregs of CCR9−/− mice during CRC development may involve 
both CCR9-direct and indirect mechanisms. Previous reports have indicated that the absence of CCR9 alters the recruit-
ment of innate immune cells such as plasmacytoid dendritic cells (pDCs), neutrophils, conventional dendritic cells (cDCs), 
and macrophages [51]. All these cells have been reported in colon cancer and can affect Treg cell dynamics; for example, 
pDCs and cDCs can promote the induction and expansion of Tregs; macrophages, depending on their polarization state 
(M2 or M1), can either enhance or suppress Treg activity, respectively, and neutrophils, can recruit Tregs into tumors 
through CCL17 [66–68].

Our data demonstrate that CCR9 shapes the tumor microenvironment, affecting the recruitment of effector CD4+, CD8+ 
and Treg cells subsets. This was demonstrated by our results in the AOM/DSS model, where in CCR9−/− mice displayed 
a reduced number of tumors, which was associated with an increase in the intratumoral CD8+/Treg ratio, indicative of an 
enhanced immune response against tumors. However, it is important to recognize that other chemokine receptors may 
also play a role in this process. For example, it has been reported that chemokine receptors CCR2, CCR5, and CXCR5 
modulate the recruitment of CD8+ T cells, while CCR6 and CXCR4 are important for Treg recruitment in CRC [29,59,62]. 

Understanding the contribution of chemokine receptors, such as CCR9, in the immune response to tumors is crucial for 
developing therapeutic strategies to improve the patient’s outcomes. Furthermore, the role of CCR9 as a potential ther-
apeutic target in intestinal inflammation has also been established. Although pharmacological inhibitors of this receptor 
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have been tested, their efficacy has fallen short of expectations, as heterogeneous results have been reported in clinical 
trials [48,49]. Consequently, novel strategies to modulate CCR9 activity are required. It is essential to determine whether 
the use of CCR9 antagonists, in combination with established therapies, could decrease the recruitment of Treg cells to 
tumor sites while increasing CD8+ T cell infiltration. Moreover, the effectiveness of these inhibitors remains unexplored in 
the context of CRC, representing a promising approach for enhancing the anti tumor response. However, further studies 
are required to validate this hypothesis and to determine whether CCR9 expression could serve as a predictive marker for 
the response to neoadjuvant chemotherapy, with potential prognostic value in CRC patients.

Supporting Information

S1 Fig.  Helios-Positive Treg Cells express high levels of CD25 in a CCR9 independent way. Representative plots 
showing CD25 expression in Tregs FoxP3+ Helios+ and Helios− cells (A,B), frequencies of Tregs FoxP3+ Helios+ 
CD25+ cells (C), frequencies of Tregs FoxP3+ Helios− CD25+ cells (D) in cLP, tumoral (T) and peri tumoral (PT) 
regions after treatments in CCR9+/− and CCR9−/− mice. Representative data shown from 2 independent experi-
ments, n = 3–6 animals per group. Data are represented as mean ± SD.*p < 0.05. 
(TIF)
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