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Abstract

Growing evidence demonstrates a strong correlation between obesity and an increased risk

of breast cancer, although the mechanisms involved have not been completely elucidated.

Some reports have described a crosstalk between adipocytes, cancer cells, and immune

cells within the tumor microenvironment, however, it is currently unknown whether obesity

can promote tumor growth by inducing systemic alterations of the immune cell homeostasis

in peripheral lymphoid organs and adipose tissue. Here, we used the E0771 breast cancer

cell line in a mouse model of diet-induced obesity to analyze the immune subpopulations

present in the tumors, visceral adipose tissue (VAT), and spleen of lean and obese mice.

Our results showed a significant reduction in the frequency of infiltrating CD8+ T cells and a

decreased M1/M2 macrophage ratio, indicative of the compromised anti-tumoral immune

response reported in obesity. Despite not finding differences in the percentage or numbers

of intratumoral Tregs, phenotypic analysis showed that they were enriched in CD39+, PD-1+

and CCR8+ cells, compared to the draining lymph nodes, confirming the highly immunosup-

pressive profile of infiltrating Tregs reported in established tumors. Analysis of peripheral T

lymphocytes showed that tumor development in obese mice was associated to a significant

increase in the percentage of peripheral Tregs, which supports the systemic immunosup-

pressive effect caused by the tumor. Interestingly, evaluation of immune subpopulations in

the VAT showed that the characteristic increase in the M1/M2 macrophage ratio reported in

obesity, was completely reversed in tumor-bearing mice, resembling the M2-polarized pro-

file found in the microenvironment of the growing tumor. Importantly, VAT Tregs, which are

commonly decreased in obese mice, were significantly increased in the presence of breast

tumors and displayed significantly higher levels of Foxp3, indicating a regulatory feedback

mechanism triggered by tumor growth. Altogether, our results identify a complex reciprocal

relationship between adipocytes, immune cells, and the tumor, which may modulate the

immune macroenvironment that promotes breast cancer development in obesity.
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Introduction

Breast cancer (BrCa) is the most prevalent cancer in women, with an estimated 2.26 million

new cases in 2019 and nearly 685,000 deaths worldwide (GLOBOCAN, 2020). It has been

reported that around 39% of the world adult population is obese (BMI� 30 kg/m2) or over-

weight (BMI 25.0–29.9 kg/m2). Indeed, obesity has become an emerging epidemic strongly

associated with several metabolic disorders, including diabetes, fatty liver, cardiovascular dis-

eases [1], and cancer [2]. Notably, obesity has been strongly correlated with poor prognosis,

diminished relapse-free survival, higher mortality, and increased risk of metastasis in BrCa

patients [3–5].

Obesity is a low-grade chronic inflammatory disease, associated with an excess of nutrient

storage in adipose tissue (AT), which results in local and systemic immune alterations [6]. Sev-

eral groups have described the mechanisms by which AT resident immune subpopulations are

affected by obesity. Resident M2 macrophages play an important anti-inflammatory role in

AT, contributing to the systemic metabolic homeostasis [7–9]. In obesity, nutrient excess

causes the hypertrophy and hyperplasia of adipocytes, leading to local hypoxia and a pro-

inflammatory milieu, which favors the induction of necrotic foci [10, 11]. This leads to the

polarization of M2 adipose tissue macrophages (ATM) into the M1 phenotype, which induce

the formation of “crown-like structures” (CLS), considered a distinctive feature of inflamma-

tion in AT [12, 13].

Other types of immune cells have been reported to be altered in fat AT. In homeostasis, AT

is abundantly infiltrated by anti-inflammatory cytokine-producing subpopulations such as

Tregs, T helper type 2 (TH2) cells, ILC2, and eosinophils. In obesity, these subpopulations are

displaced by pro-inflammatory cytokine-producing cells like T helper type 1 (TH1) cells, CD8

+ cytotoxic T cells, and NK cells, which are major producers of IFNγ [10, 14]. These changes

are mainly attributed to the overproduction of leptin within the AT, which precedes both the

accumulation and polarization of M1 macrophages [10].

Regarding the mechanisms underlying the increased susceptibility of BrCa in obese patients

[11, 15], fat adipocytes contribute to tumor development by the production of pro-inflamma-

tory adipokines, including IL-6, IL-1β, TNF-α, and leptin [16–19]. In addition, free fatty acids

(FFA) can promote the proliferation of cancer cells [20, 21]. Reciprocally, tumor cells can pro-

mote the de-differentiation of adipocytes and their conversion into cancer associated adipo-

cytes (CAAs), which in turn produce pro-inflammatory cytokines, proteases (e.g., PAI-1 [22],

MMP11 [23], and FFA). This inflammatory milieu enhances tumor invasiveness and metasta-

sis to secondary organs [19–21, 24, 25].

Alongside adipocytes, stromal cells and endothelial cells, immune cells are a prominent

component of the tumor microenvironment (TME). The profile of the infiltrating immune

cells evolves with the development of the tumoral mass [26]. In the early stages, innate and

adaptive immune cell subpopulations with cytotoxic activity (such as CD8+ T lymphocytes or

NK cells) are recruited to the tumor [27]. As the tumor progresses, cancer cells shape the

tumor infiltrate profile by secreting chemotactic factors such as CCL2 (which recruits myeloid

cells), and cytokines like TGF-β and IL-10 (which promote an immunosuppressive milieu),

favoring the continued growth of the tumor [28]. In this context, Tregs, M2-like TAM, and

myeloid-derived suppressor cells (MDSC) are highly enriched within the established tumor,

correlating with an impaired anti-tumoral response and poor prognosis in BrCa [29–32]. In

contrast, it is well accepted that the abundance of functional infiltrating cytotoxic T cells corre-

lates with good prognosis in cancer patients [33, 34].

All this evidence indicates a complex relationship between different cell types, both locally

and systemically, which requires further investigation. Here, we evaluated the systemic
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immune interactions that may modulate breast cancer development in obesity, with special

emphasis on the cellular subpopulations that may promote a sustained immunosuppressive

milieu characteristic of an established tumor.

Materials and methods

Mice

Experiments were performed with 4-week-old female C57BL/6 mice. All animals were bred

and maintained in the animal facility of the Instituto de Investigaciones Biomédicas (IIB,

UNAM, México), in specific pathogen-free conditions, according to the ethical guidelines. All

procedures were approved by the Comité para el Cuidado y Uso de Animales de Laboratorio

(CICUAL) of the Institute with protocol #228, that describe) methods of sacrifice (2) methods

of anesthesia and/or analgesia, and (2) efforts to alleviate suffering.

E0771 murine breast cancer cell line was kindly provided by Dr. Kolonin (University of

Texas, Health Science Center in Houston) [35].

Animal model of obesity

Four weeks-old female mice were divided into two groups. Obese and lean mice were fed with

60% fat (high fat diet, HFD) and 10% fat diet (normal fat diet, NFD), respectively for 15 weeks

(TestDiet1) and mice weight was monitored weekly. At week 12, blood samples were taken to

test blood glucose levels after 12 h of fasting and the percentage of blood leukocytes was deter-

mined by flow cytometry.

Breast cancer tumor model

Tumor implantation was performed as previously described. Briefly, 3x105 tumor cells were

resuspended in 1:1 PBS: Matrigel High Concentration (Corning) and subcutaneously injected

in the fourth fat pad of the mammary gland [35, 36]. Control mice were also administered

with saline solution. Three weeks after tumor implantation, mice were sacrificed, tumors were

sized, and organs were processed and analyzed by flow cytometry.

Processing of draining and peripheral lymph nodes and spleen

Lymph nodes and spleens were cut into small pieces and digested with 5 mg/mL collagenase

IV (Thermo Fisher) and 25 U/mL of DNase (Roche) in RPMI 1640 5% FBS, for 30 minutes at

37˚C. Then, tissues were mechanically disaggregated and filtered through a 100 μm nylon

mesh and washed with PBS 1X. Erythrocytes were lysed with ACK buffer for 3 minutes and

washed with PBS 1X. Isolated cells were washed and resuspended in PBS and maintained at

4˚C until phenotypic analysis by flow cytometry.

Tumor cell preparation

Tumors were weighed and measured to determine their volume (v ¼ 1

2
LxW2ð Þ) [37], subse-

quently incubated for 30 minutes at 37˚C with RPMI 1640 (Thermo Scientific) supplemented

with 5% FBS (BioWest), 5 mg/mL collagenase IV (Thermo Scientific), 25 U/mL DNase

(Roche), and mechanically disaggregated. The resulting cell suspension was filtered through a

100 μm cell strainer (Corning) and washed with PBS 1X. Erythrocytes were lysed with ACK

buffer for 3 minutes and washed with PBS 1X. For lymphocyte isolation, cell suspensions were

layered on standard Ficoll-Paque™ Plus (GE Healthcare) and then separated by density-gradi-

ent at 500 g. Isolated cells were washed and resuspended in PBS and kept at 4˚C until pheno-

type analysis by flow cytometry.
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Preparation of adipose tissue for immune cell infiltrate analysis

After euthanasia, we obtained VAT from the abdominal cavity. The adipose tissue was washed

with adipocyte buffer (AB) (0.14 M NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2

mM KH2PO4, 1 mM sodium pyruvate, 0.2% BSA, 20 mM HEPES, and 1% Anti/Anti (Thermo

Scientific), pH 7.4). VAT was incubated with RPMI 1640 supplemented with 1 mg/mL collage-

nase I (Thermo Scientific), 1.5% Bovine Serum Albumin (Sigma-Aldrich), 5 mM Glucose

(Sigma-Aldrich), 120 mM NaCl, 50 mM KCl, 1 mM CaCl2, and 100 mM HEPES (Sigma-

Aldrich) for 1 hour at 37˚C at 250 rpm. Digested tissue was washed twice with AB and centri-

fuged at 1800 rpm for 5 minutes. Cells were resuspended in PBS and kept at 4˚C until pheno-

type analysis by flow cytometry.

Preparation of peripheral blood cells for immune cell analysis

After 12 weeks of HFD or NFD feeding, blood samples were collected by submandibular vein

puncture in a heparinized tube. Erythrocytes were lysed with ACK for 3 minutes, washed with

PBS 1X, and centrifuged at 1800 rpm for 5 minutes. Cells were resuspended in PBS and main-

tained at 4˚C until phenotype analysis by flow cytometry.

Flow cytometry analysis

For flow cytometry analysis of lymph nodes (LN), spleen (SP), tumors, and AT, the following

antibodies and buffers were used: CD3-PE, CD4-BV510, CD8-PeCy7, F4/80-APC,

MHCII-AF488, CD206-BV605 CCR8-BV421, CD39-PeCy7, NRP1-PE and PD1-BV711 from

Biolegend; CD25-PeCy5.5 from Thermo Scientific and CD11b-VF450 from Tonbo. For intra-

cellular analysis, we used anti-Foxp3-APC (Tonbo) and Helios-FITC (Biolegend), using the

Foxp3/Transcription Factor Staining Buffer Kit (Tonbo) for fixation and permeabilization of

the cells.

All cells were initially stained with viability dye Zombie-NIR (Biolegend) and samples were

acquired in an Attune NxT1 Acoustic Focusing Cytometer (Thermo Scientific) and flow

cytometry data was analyzed using FlowJo 10.8.1 (Tree Star).

Statistical analysis

Data are presented as mean ± SEM. The statistical analysis was performed with PRISM 5 soft-

ware (GraphPad Software). The Kolmogorov–Smirnov test was used to evaluate the distribu-

tion of data sets. Statistical differences were analyzed by unpaired Student t-test, one-way

ANOVA, with Bonferroni and Dunn´s post hoc test. P values<0.05 were considered as statis-

tically significant. P values>0.05 and<0.1 were considered as trends.

Results

Decreased regulatory T cells and increased monocytes are observed in

peripheral blood of obese mice

Four-week-old C57BL/6 female mice were fed with either HFD or NFD, for twelve weeks

(Fig 1). Body weight from both mice groups was measured weekly, showing a significant

increase in the obese group compared to the control group, from the 5th to the 12th week of

diet intake (Fig 1B). Glucose levels from HFD mice were significantly increased at 12 weeks

compared to NFD mice (Fig 1C), not reaching the hyperglycemia reported in diabetic mice

[38]. As previously reported, obesity resulted in a significant decrease in the percentage of cir-

culating CD4+CD25+Foxp3+ regulatory T cells (Fig 1D) but a decreased proportion of
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peripheral blood monocytes (F4/80+ CD11b+ and CD11b+) (Fig 1E) compared to lean controls

[39, 40].

Obesity promotes tumor growth in a breast cancer mouse model

We used the tumoral cell line E0771, to analyze the effect of obesity on the immune response

to breast cancer. For this, cells were implanted in the mammary fat pad of obese or non-obese

mice and allowed tumor growth for three weeks (Fig 2A). At the endpoint, mice, tumors, and

adipose tissue were weighed and tumor volume calculated. As expected, HFD resulted in a sig-

nificant increase in mouse and VAT weight compared to lean mice (Fig 2B and 2C) [35]. VAT

was reduced in HFD tumor bearing mice (S2 Fig), possibly as a result of enhanced fatty acid

consumption by the growing tumor. Interestingly, tumor volume and weight were signifi-

cantly increased in obese mice in comparison with lean mice (Fig 2D and 2F). The same trend

was observed when we analyzed mouse weight (excluding the tumor) versus tumor volume

Fig 1. Decreased regulatory T cells and increased monocytes are observed in peripheral blood of obese mice. A) Representative images of lean (left) and obese

(right) mice fed with NFD and HFD diet, respectively. B) Body weight of mice fed with NFD (circles) or HFD (triangles) was measured weekly for 12 weeks. C) At this

time, blood glucose levels were measured in lean (white bar) and obese (dark bar) mice after a 12-hour fasting. Hyperglycemia is indicated with a dotted line. D)

Representative contour plots (upper panels) and frequencies (lower panel) of CD4+ CD25+ Foxp3+ regulatory T cells found in peripheral blood of lean (left plot, white

bar) and obese (right plot, dark bar) mice analyzed by flow cytometry after 12 weeks of diet intake. Quadrants were established based on the FMO values obtained for

each marker E) Representative dot plots (upper panels) and percentages (lower panels) of CD11b+ F4/80+ monocytes and CD11b+ cells found in peripheral blood of

lean (left plot, white bars) and obese (right plot, dark bars) mice at 12 weeks of diet intake. Data are expressed as Mean ± SEM of three independent experiments (total

of n = 12 mice). Statistical significance was determined by two-way ANOVA and paired two-tailed Student’s t-test. �p�0.05, ��p�0.001, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g001
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(S1 Fig) showing that tumor progression is promoted by obesity, as previously reported [41],

indicating a restrained anti-tumoral immune response.

Intratumoral regulatory T cells are not affected by obesity

It has been shown that increased intratumoral Tregs correlates with cancer progression in sev-

eral models, including colorectal cancer, melanoma, and breast cancer [42, 43]. Therefore, we

decided to evaluate the impact of obesity on tumor immune cell infiltration. A significant

increase in the percentage of intratumoral CD4+ T cells was observed in obese mice compared

to lean mice (Fig 3A; lower panel), despite there being no changes in the percentages of CD3+

cells (Fig 3A; upper panel). However, when we analyzed CD4+ T cell subpopulations, we

found no significant differences in the percentages (Fig 3B) and numbers (per gram of tumor)

(Fig 3C) of intratumoral Tregs in obese mice, compared to lean mice. This is in accordance

with the lack of correlation between CD4+CD25+ Foxp3+ infiltrating Tregs and the tumor

volume both in lean and obese mice (S3 Fig). In addition, Foxp3 expression in intratumoral

Tregs from obese mice was not significantly different from that of lean mice (Fig 3B, lower

panel). As expected, the majority of Tregs infiltrating breast cancer tumors are of thymic origin

[44], which characteristically express Helios (a transcription factor associated with tTregs that

promotes Foxp3 expression and stability). Accordingly, we found an increase in Helios+ Tregs

Fig 2. Increased tumor growth in mice fed with HFD. A) Schematic diagram of the obesity-breast cancer model used. Mice were fed for 12 weeks with HFD or NFD

and then were implanted with E0771 cells. Three weeks after implantation, tumors and adipose tissue were analyzed B) Mouse weight, C) adipose tissue weight D)

tumor volume, and E) tumor weight, were measured in lean (circles) and obese (squares) mice 3 weeks after tumor implantation. F) Representative images of tumors

(left) and spleens (right) from lean (top) and obese (bottom) mice taken 3 weeks after tumor implantation. Data are expressed as Mean ± SEM of four independent

experiments. Statistical significance was determined by paired two-tailed Student’s t-test. �p�0.05, ��p�0.001, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g002
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infiltrating the tumor, compared to draining lymph nodes, although this effect was not signifi-

cantly different between lean and obese mice (Fig 3D).

Intratumoral Tregs from BrCa patients have been shown to display a distinctive phenotype

in comparison with peripheral Tregs, characterized by the upregulation of CD39, CCR8, and

PD-1 [29]. Therefore, we next evaluated these markers in both intratumoral and draining

lymph node (DLN) Tregs from either lean or obese mice. As shown in Fig 3E and 3G, the per-

centage of CD39+, CCR8+, and PD-1+ cells within the Helios+ Treg subpopulation were signif-

icantly increased in intratumoral Tregs compared to DLN Tregs. However, the upregulation

of these markers, typically associated with an increased suppressive function [45], was similarly

observed in obese and lean mice, indicating that this phenotype is not affected by obesity. In

Fig 3. High fat diet does not alter the frequency, number, or phenotype of intratumoral regulatory T cells. Representative dot plots (left) and frequencies (right) of

tumor infiltrating A) CD4+ T cells and B) CD4+ CD25+ Foxp3+ regulatory T cells in lean (upper plot, circles) and obese (lower plot, squares) mice 3 weeks after tumor

implantation. C) Numbers of intratumoral regulatory T cells per gram of tumor. Frequencies of D) Helios+, E) Helios+ CD39+, F) Helios+ CCR8+, G) Helios+ PD-1+,

and H) Helios+ NRP1+ intratumoral and DLN Tregs from lean (circles) and obese (squares) mice. Data are expressed as Mean ± SEM of three independent

experiments. Statistical significance was determined by two-tailed Student’s t-test and one-way ANOVA. � p�0.05, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g003
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contrast, the frequency of Neuropilin-1+ (NRP1) Helios+ Tregs was not significantly increased

within the tumor compared to DLN in either obese or lean mice (Fig 3H).

Our results confirm that intratumoral regulatory T cells may have a more suppressive func-

tion, which may be imprinted by the tumor, although this phenotype does not appear to be

modified by obesity.

Decreased frequency of CD8+ infiltrating T cells and altered macrophage

polarization in tumors from obese mice

As obesity does not appear to have a clear impact on the intratumoral Tregs subpopulation, we

next evaluated other immune populations that are important in regulating the balance between

an effective anti-tumoral response and tumor escape. In this context, it is known that CD8+ T

lymphocytes [46, 47] play a key role in anti-tumoral responses and promote tumor progression

[48, 49]. As shown in Fig 4, a diminished percentage (Fig 4A) and slight decrease in the

Fig 4. Decreased frequency of CD8+ cells and M1/M2 macrophage ratio in obese mice might indicate an impaired anti-tumoral reponse. A) Percentages and B)

total numbers of tumor infiltrating CD8+ T cells from lean and obese mice. C) CD8+/Treg ratio found in tumors. D) Percentages of intratumoral CD11b+ F4/80+

macrophages. E) Percentages and F) total numbers of MHCII+ M1 and CD206+ M2 macrophages found in tumors of lean and obese mice. G) M1/M2 macrophage

ratio identified in tumors of lean and obese mice. Data are expressed as Mean ± SEM of three independent experiments. Statistical significance was determined by

paired two-tailed Student’s t-test and one-way ANOVA. �p�0.05, ��p�0.01, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g004
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number of CD8+ T cells per gram of tumor (Fig 4B) in obese mice compared to lean mice. Nota-

bly, the ratio between CD8+ T cells and Tregs (CD8+/Treg) infiltrating the tumor was signifi-

cantly decreased in obese mice compared to lean mice (Fig 4C), providing further evidence that

the anti-tumoral immune response may be compromised in obesity, favoring tumor escape.

Myeloid cells have been shown to modulate the TME favoring tumor growth and metastasis

[50]. Specifically, M1-like macrophages are known to be more predominant in the early stages,

while M2-like polarized macrophages are associated with late stages of tumor development.

Obesity has been shown to alter the myeloid subpopulations both in peripheral blood and AT.

Therefore, we hypothesized that the profile of macrophages infiltrating the tumor might be

modulated by this low-grade inflammatory process. Although the percentages of CD11b+ F4/

80+ present within the tumor were not significantly different between obese and lean mice

(Fig 4D), we observed a higher percentage (Fig 4E) and number (Fig 4F) of the M2 versus the

M1 macrophages, as it has been reported in other tumors [51, 52]. Accordingly, the M1/M2

ratio was significantly decreased (Fig 4G), indicating that obesity may promote an enhanced

immunosuppressive milieu that has been described to favor tumor growth [53]. However, we

found no significant correlation between the M1/M2 ratio and tumor volume in obese mice

(S4 Fig), suggesting that obesity may affect tumor development through other mechanisms

besides the alteration of the immune microenvironment.

In summary, our data show that obesity impairs the anti-tumoral immune response, which

is associated with a reduced CD8+ T cell infiltration and an alternative activation of

macrophages.

Effect of tumor growth on peripheral lymphocyte subpopulations

There is growing evidence that both obesity and tumor development have an impact in immune

cells, affecting systemic immune responses [26, 54]. Therefore, we next evaluated whether alter-

ations in peripheral immune subsets could be involved in the increased tumor growth observed

in obese versus lean mice. As previously reported [39, 55], obesity led to a decreased frequency

in CD3+ and regulatory T cells (Fig 5A and 5D) and an increase in the percentage of CD4+ T

cells (Fig 5B). In contrast to previous studies, we found a decreased percentage of peripheral

CD8+ T cells in obese mice. Interestingly, tumor development resulted in an increased percent-

age of CD8+ T cells and regulatory T cells in the spleen in both lean and obese mice (Fig 5C and

5D). Total Treg cells were also increased in numbers (Fig 5E) and expressed higher levels of

Foxp3 in comparison with Tregs from mice without tumors (Fig 5F). Further analysis of splenic

Tregs from tumor-bearing mice (Fig 5G and 5K) did not show an enrichment of the characteris-

tic tumor-infiltrating Treg subpopulations, which display a highly suppressive phenotype (Fig

3D and 3H). In contrast, no differences were observed in splenic macrophages from obese com-

pared to lean mice, with or without tumors (data shown).

Alteration of leukocyte infiltration in cancer-associated adipose tissue in

obese mice

Previous studies have described that CAAs (cancer-associated adipocytes) contribute to the

recruitment of several immune subpopulations to the TME and aid other immune cells

through the production of several metabolites and adipokines, which provide the metabolic

conditions required for their differentiation into tumor promoting cells [56]. Reciprocally,

tumor cells might potentially modulate immune cell populations infiltrating the AT, leading to

systemic alterations of the immune and/or metabolic homeostasis. When we analyzed lympho-

cyte AT subpopulations in obese mice, we found that CD3+ cells and Tregs were decreased

(Fig 6A and 6D), while CD4+ T cells were increased (Fig 6B), as previously reported [39, 55].
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Unexpectedly, contrary to previous studies [57], we found a decreased percentage in CD8+ T

cells in AT from obese mice (Fig 6C). Interestingly, tumor development by itself was able to

significantly decrease the percentage of VAT Tregs, to the same extent as that caused by obe-

sity. In contrast, the presence of tumors in obese mice resulted in a significant increase of VAT

Tregs, apparently counteracting the pro-inflammatory effect of obesity (Fig 6D). Notably,

VAT-Tregs from tumor bearing mice (both obese and lean) overexpressed Foxp3 (Fig 6E),

correlating with the enhanced suppressive function of tumor-associated Tregs [45, 58]. More-

over, Helios + VAT Tregs (Fig 6F) from obese mice and tumor-bearing mice were enriched in

CD39+ and PD-1+ cells, while no differences were observed in the expression of neither NRP-

1+ nor CCR8+ Tregs (Fig 6G and 6J).

Fig 5. Tumor growth increases the frequency and number of regulatory T cells in the spleen of obese mice without affecting their phenotype. A) Percentages of

CD3+ B) CD4+, C) CD8+, D) regulatory T cells, and E) total numbers of Tregs found in the spleen of tumor-bearing or control lean and obese mice. F) Foxp3

expression in splenic regulatory T cells. Percentages of G) Helios+, H) Helios+CD39+, I) Helios+CCR8+, J) Helios+PD-1+, and K) Helios+NRP1+ regulatory T cells in

the spleen of tumor-bearing or control lean and obese mice. Data are expressed as Mean ± SEM of three independent experiments. Statistical significance was

determined by one-way ANOVA. �p�0.05, ��p�0.01, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g005
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We next evaluated the effect of obesity and tumor development in AT macrophage subpop-

ulations. As previously reported [59], we found a significant increase in the percentage of infil-

trated macrophages in the AT of obese mice, while these cells were significantly decreased in

the presence of tumors, both in lean and obese mice (Fig 7A). As previously described [60, 61],

we observed an increment in the M1 (MHCII+) macrophages and a decrease in M2 (CD206+)

macrophages in VAT from obese mice compared to lean mice (Fig 7B and 7C). Interestingly,

Fig 6. Tumor growth alters VAT T cell subpopulations A) Percentages of CD3+ B) CD4+, and C) CD8+ lymphocytes present in VAT of tumor-bearing or control lean

and obese mice. D) Percentage and expression of Foxp3 E) in VAT Tregs from tumor-bearing or control lean and obese mice. F-J) Phenotypic analysis of Treg

markers. Percentage of F) Helios+ G) Helios+CD39+, H) Helios+CCR8+, I) Helios+PD-1+, and J) Helios+NRP1+ VAT Tregs from tumor-bearing or control lean and

obese mice. Data are expressed as Mean ± SEM of three independent experiments. Statistical significance was determined by one-way ANOVA. �p�0.05, ��p�0.01,
���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g006
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tumor development in obese mice decreased the characteristic high M1/M2 ratio of fat AT,

while promoting the increase of this ratio in lean mice (Fig 7D).

Discussion

There is growing evidence showing the association between obesity and cancer development;

however, the potential contribution of the systemic immune dysregulation caused by obesity

remains controversial. Here, we used an experimental mouse model of HFD-induced obesity

in C57/BL6 mice [62] to investigate whether local and/or systemic immune cell interactions

may be involved in breast cancer progression. In this model, gradual accumulation of adipose

tissue in the mesenteric depot begins at an early age and is accompanied by the metabolic alter-

ations characteristic of obesity, after 16 weeks of HFD intake. In our experiments, we evaluated

Fig 7. Tumor development alters the percentage and M1/M2 phenotype of VAT macrophages in obese mice. Percentages of A) CD11b+ F4/80+ B) MHCII+ M1,

and C) CD206+ M2 VAT macrophages and D) M1/M2 ratio found in VAT from tumor-bearing or control lean and obese mice. Data are expressed as Mean ± SEM of

three to four independent experiments. Statistical significance was determined by one-way ANOVA. �p�0.05, ��p�0.01, ���p�0.0001.

https://doi.org/10.1371/journal.pone.0266827.g007
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blood glucose levels to confirm that all mice included in the study were normoglycemic (<240

mg/dl), as previous reports have shown that obesity can be accompanied with diabetes devel-

opment [38].

The effect of obesity in peripheral immune cell subpopulations has been extensively docu-

mented [63]. Our data show that obesity results in an increase in circulating myeloid cells, spe-

cifically the CD11b+ F4/80+ monocyte subpopulation, similarly to previous reports [64]. This

increase correlates with the enhanced homing capacity and inflammatory phenotype observed

in VAT macrophages from diet-induced obese mice [40].

In addition, we observed a decrease in the percentage of circulating CD4+CD25+ Foxp3+

Treg and an increase in CD4+ T cells, which correlates with the immune dysregulation previ-

ously described in obese mice and humans [65, 66]. In this context, obesity was has been

shown to affect Treg mobilization by altering their phenotypic features, such as homing pat-

terns of VAT peripheral Tregs as seen by the enhanced expression of CCR7 in splenic Tregs

and their reduced VAT infiltration [39], which may establish an inflammatory state, impli-

cated in the intratumoral infiltration in HFD-fed animals, therefore promoting tumor growth.

Interestingly, the presence of tumors counteracted some of the immune alterations reported in

obesity, such as the decreased percentage of Tregs [67–69], which further supports the sys-

temic immunosuppression promoted by the tumor [70].

Several mechanisms have been proposed to explain the association of obesity with cancer

development both in mouse models [71–75] and in cancer patients [76]. Among them, a sys-

temic low-grade chronic inflammatory state that involves local and systemic alterations in

immune cells and their mediators [77], affecting the recruitment, phenotype and function of

specific subpopulations within the TME. In addition, increased expression of hs-CRP in

peripheral blood was associated with increased risk of cancer development [78].

Specifically, Tregs play a key role in suppressing the anti-tumoral immune response medi-

ated by NK and CD8+ T cells [79]. In this context, recent reports have clearly shown the effec-

tiveness of PD-1/PD-L1 checkpoint blockade in preventing anti-tumoral cytotoxic CD8+ T

cell exhaustion [80] and counteracting the suppressive function of infiltrating Tregs leading to

improved response to cancer therapy increase disease free survival [81]. However, in our

model, Tregs were not significantly increased in tumors from obese mice (Fig 3B and 3C), sim-

ilarly to what was observed in a previous study in melanoma [82]. However, we found a signifi-

cant decrease in the CD8+ T cell/Treg ratio, which is considered a poor prognosis parameter

in breast cancer [83, 84], suggesting that obesity promotes tumor progression by impairing the

local cytotoxic T cell response, rather than promoting the recruitment and/or expansion of

intratumoral Tregs.

Recent studies have shown that phenotypical and functional features of intratumoral Tregs

are biologically relevant for tumor progression [45, 85]. In addition to Foxp3, upregulated

expression of Helios [86, 87], PD-1 [88], CD39 [89, 90], Neuropilin-1 [91] and CCR8 [29] have

been strongly associated with impaired anti-tumoral responses in BrCa. Accordingly, intra-

tumoral Helios+ Tregs were enriched in CCR8+ CD39+ PD-1+ subpopulations compared to

DLN and splenic Tregs (Fig 3), both in obese and lean mice, further supporting the notion that

tumor progression is associated with an enhanced immunosuppressive milieu [92] but sug-

gests that obesity is not involved in the accumulation of intratumoral Tregs.

Growing evidence has shown that tumor growth is promoted by obesity through myeloid

cell differentiation and polarization. In addition to inducing an increase in the frequency of

circulating monocytes (Fig 1), obese AT contributes to the recruitment of macrophages into

the TME through the production of IL-1β, CCL2, and CXCL12 [93] and the release of proin-

flammatory molecules like free-DNA from necrotic adipocytes [94]. Moreover, AT has been

shown to be a major source of TAMs [95], which have a characteristic M2-like phenotype and
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impair cytotoxic anti-tumoral T cell responses, enhancing the immunosuppressive microenvi-

ronment [96]. Accordingly, we observed a lower M1/M2 ratio in obese mice tumors, which

also has been correlated with poor prognosis in obese cancer patients [97].

In addition to M2s, MDSCs have also been described to have an important role in tumor

progression. Interestingly, a recent study using our same cancer model reported that obesity-

associated MDSCs promote apoptosis of tumor infiltrating CD8+ T cells and are associated

with resistance to immunotherapy [98], demonstrating the complexity of the immune cell

interactions taking place within the tumor, which is currently the focus for the development of

new cancer immunotherapy treatments.

Obesity also affects the local and systemic production of immune cell mediators and adipo-

kines. In this context, obese AT shows an altered phenotype and function, which includes the

overproduction of leptin and the production of pro-inflammatory cytokines, including IL-6

and TNF-α, by adipocytes [99]. Leptin abundance has been associated with enhanced CD8+ T

and CD4+ Th1 cell proliferation, increased M1/M2 ratio [100, 101] within the fat AT and

reduced proliferation and maintenance of VAT Tregs [10]. In agreement, we found a signifi-

cant decrease in the percentage of CD4+ CD25+ Foxp3+ Tregs in AT of HFD-treated mice

(Fig 6D), as previously reported [102].

Concomitant with the effect exerted by obesity on the intratumoral microenvironment, we

hypothesized that the tumor could also induce significant changes in the immune cell infiltrate

within the AT, which might be biologically relevant. Notably, while VAT Tregs were signifi-

cantly increased in obese mice bearing tumors, M1/M2 ratio was diminished (Fig 7D), sug-

gesting that the tumor favors an anti-inflammatory milieu within AT. Conversely, tumor

growth in lean mice led to the opposite effect in the proportion of Tregs and M1/M2 macro-

phages, resembling the inflammatory profile observed in fat adipose tissue.

Altogether, our results indicate that obesity promotes BrCa tumor progression by enhanc-

ing macrophage recruitment, increasing M2 versus M1 macrophage differentiation and reduc-

ing anti-tumoral cytotoxic CD8+ T cell infiltration within the TME (Fig 8).

Fig 8. Schematic representation of the crosstalk communication between AT and the TME, through the modulation of local and systemic immune responses,

which generates a systemic immunosuppressive macroenvironment that promotes tumor growth.

https://doi.org/10.1371/journal.pone.0266827.g008
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Our model also demonstrates the existence of a crosstalk communication between AT and

the TME, through the modulation of local and systemic immune responses, which generates a

systemic immunosuppressive macroenvironment that continues to support cancer

progression.

In summary, our results uncover potential immune interactions established between the

adipose tissue and the tumor, which may underlie the reported association between obesity

and breast cancer progression.
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Writing – review & editing: Cynthia López-Pacheco, Naray A. Acevedo-Domı́nguez, Gloria

Soldevila.

References
1. Heymsfield S.B. and Wadden T.A., Mechanisms, Pathophysiology, and Management of Obesity. N

Engl J Med, 2017. 376(15): p. 1492. https://doi.org/10.1056/NEJMc1701944 PMID: 28402780

2. Avgerinos K.I., et al., Obesity and cancer risk: Emerging biological mechanisms and perspectives.

Metabolism, 2019. 92: p. 121–135. https://doi.org/10.1016/j.metabol.2018.11.001 PMID: 30445141

3. Wang J., et al., Associations of body mass index with cancer incidence among populations, genders,

and menopausal status: A systematic review and meta-analysis. Cancer Epidemiol, 2016. 42: p. 1–8.

https://doi.org/10.1016/j.canep.2016.02.010 PMID: 26946037

4. Engin A., Obesity-associated Breast Cancer: Analysis of risk factors. Adv Exp Med Biol, 2017. 960: p.

571–606. https://doi.org/10.1007/978-3-319-48382-5_25 PMID: 28585217

5. Evangelista G.C.M., et al., 4T1 Mammary Carcinoma Colonization of Metastatic Niches Is Accelerated

by Obesity. Front Oncol, 2019. 9: p. 685. https://doi.org/10.3389/fonc.2019.00685 PMID: 31616626

6. Andersen C.J., Murphy K.E., and Fernandez M.L., Impact of Obesity and Metabolic Syndrome on

Immunity. Adv Nutr, 2016. 7(1): p. 66–75. https://doi.org/10.3945/an.115.010207 PMID: 26773015

7. Mantovani A. and Sica A., Macrophages, innate immunity and cancer: balance, tolerance, and diver-

sity. Curr Opin Immunol, 2010. 22(2): p. 231–7. https://doi.org/10.1016/j.coi.2010.01.009 PMID:

20144856

8. Li P., et al., Functional heterogeneity of CD11c-positive adipose tissue macrophages in diet-induced

obese mice. J Biol Chem, 2010. 285(20): p. 15333–45. https://doi.org/10.1074/jbc.M110.100263

PMID: 20308074

9. Li Y., Yun K., and Mu R., A review on the biology and properties of adipose tissue macrophages

involved in adipose tissue physiological and pathophysiological processes. Lipids Health Dis, 2020.

19(1): p. 164. https://doi.org/10.1186/s12944-020-01342-3 PMID: 32646451

10. Deng T., et al., Obesity, Inflammation, and Cancer. Annu Rev Pathol, 2016. 11: p. 421–49. https://doi.

org/10.1146/annurev-pathol-012615-044359 PMID: 27193454

11. Kolb R. and Zhang W., Obesity and Breast Cancer: A Case of Inflamed Adipose Tissue. Cancers

(Basel), 2020. 12(6). https://doi.org/10.3390/cancers12061686 PMID: 32630445

12. Cildir G., Akincilar S.C., and Tergaonkar V., Chronic adipose tissue inflammation: all immune cells on

the stage. Trends Mol Med, 2013. 19(8): p. 487–500. https://doi.org/10.1016/j.molmed.2013.05.001

PMID: 23746697

13. Faria S.S., et al., Obesity and Breast Cancer: The Role of Crown-Like Structures in Breast Adipose

Tissue in Tumor Progression, Prognosis, and Therapy. J Breast Cancer, 2020. 23(3): p. 233–245.

https://doi.org/10.4048/jbc.2020.23.e35 PMID: 32595986

14. Kammoun H.L., Kraakman M.J., and Febbraio M.A., Adipose tissue inflammation in glucose metabo-

lism. Rev Endocr Metab Disord, 2014. 15(1): p. 31–44. https://doi.org/10.1007/s11154-013-9274-4

PMID: 24048715

15. Agurs-Collins T., Ross S.A., and Dunn B.K., The Many Faces of Obesity and Its Influence on Breast

Cancer Risk. Front Oncol, 2019. 9: p. 765. https://doi.org/10.3389/fonc.2019.00765 PMID: 31555578

16. Iyengar N.M., Hudis C.A., and Dannenberg A.J., Obesity and cancer: local and systemic mechanisms.

Annu Rev Med, 2015. 66: p. 297–309. https://doi.org/10.1146/annurev-med-050913-022228 PMID:

25587653

PLOS ONE Obesity-induced immune modulation in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0266827 April 26, 2022 16 / 20

https://doi.org/10.1056/NEJMc1701944
http://www.ncbi.nlm.nih.gov/pubmed/28402780
https://doi.org/10.1016/j.metabol.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30445141
https://doi.org/10.1016/j.canep.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26946037
https://doi.org/10.1007/978-3-319-48382-5%5F25
http://www.ncbi.nlm.nih.gov/pubmed/28585217
https://doi.org/10.3389/fonc.2019.00685
http://www.ncbi.nlm.nih.gov/pubmed/31616626
https://doi.org/10.3945/an.115.010207
http://www.ncbi.nlm.nih.gov/pubmed/26773015
https://doi.org/10.1016/j.coi.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20144856
https://doi.org/10.1074/jbc.M110.100263
http://www.ncbi.nlm.nih.gov/pubmed/20308074
https://doi.org/10.1186/s12944-020-01342-3
http://www.ncbi.nlm.nih.gov/pubmed/32646451
https://doi.org/10.1146/annurev-pathol-012615-044359
https://doi.org/10.1146/annurev-pathol-012615-044359
http://www.ncbi.nlm.nih.gov/pubmed/27193454
https://doi.org/10.3390/cancers12061686
http://www.ncbi.nlm.nih.gov/pubmed/32630445
https://doi.org/10.1016/j.molmed.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23746697
https://doi.org/10.4048/jbc.2020.23.e35
http://www.ncbi.nlm.nih.gov/pubmed/32595986
https://doi.org/10.1007/s11154-013-9274-4
http://www.ncbi.nlm.nih.gov/pubmed/24048715
https://doi.org/10.3389/fonc.2019.00765
http://www.ncbi.nlm.nih.gov/pubmed/31555578
https://doi.org/10.1146/annurev-med-050913-022228
http://www.ncbi.nlm.nih.gov/pubmed/25587653
https://doi.org/10.1371/journal.pone.0266827


17. He J.Y., et al., Adipocyte-derived IL-6 and leptin promote breast Cancer metastasis via upregulation of

Lysyl Hydroxylase-2 expression. Cell Commun Signal, 2018. 16(1): p. 100. https://doi.org/10.1186/

s12964-018-0309-z PMID: 30563531

18. Wang F., et al., Mammary fat of breast cancer: gene expression profiling and functional characteriza-

tion. PLoS One, 2014. 9(10): p. e109742. https://doi.org/10.1371/journal.pone.0109742 PMID:

25291184

19. Dirat B., et al., Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast

cancer invasion. Cancer Res, 2011. 71(7): p. 2455–65. https://doi.org/10.1158/0008-5472.CAN-10-

3323 PMID: 21459803

20. Gershuni V.M., Ahima R.S., and Tchou J., Obesity and Breast Cancer: A Complex Relationship. Curr

Surg Rep, 2016. 4. https://doi.org/10.1007/s40137-016-0134-5 PMID: 29623246

21. Ando S., et al., Obesity, Leptin and Breast Cancer: Epidemiological Evidence and Proposed Mecha-

nisms. Cancers (Basel), 2019. 11(1).

22. Li S.J., et al., Adipocyte-Derived Leptin Promotes PAI-1 -Mediated Breast Cancer Metastasis in a

STAT3/miR-34a Dependent Manner. Cancers (Basel), 2020. 12(12).

23. Andarawewa K.L., et al., Stromelysin-3 is a potent negative regulator of adipogenesis participating to

cancer cell-adipocyte interaction/crosstalk at the tumor invasive front. Cancer Res, 2005. 65(23): p.

10862–71. https://doi.org/10.1158/0008-5472.CAN-05-1231 PMID: 16322233

24. Blucher C. and Stadler S.C., Obesity and Breast Cancer: Current Insights on the Role of Fatty Acids

and Lipid Metabolism in Promoting Breast Cancer Growth and Progression. Front Endocrinol (Lau-

sanne), 2017. 8: p. 293. https://doi.org/10.3389/fendo.2017.00293 PMID: 29163362

25. D’Esposito V., et al., Mammary Adipose Tissue Control of Breast Cancer Progression: Impact of Obe-

sity and Diabetes. Front Oncol, 2020. 10: p. 1554. https://doi.org/10.3389/fonc.2020.01554 PMID:

32850459

26. Mittal D., et al., New insights into cancer immunoediting and its three component phases—elimination,

equilibrium and escape. Curr Opin Immunol, 2014. 27: p. 16–25. https://doi.org/10.1016/j.coi.2014.

01.004 PMID: 24531241

27. Gonzalez H., Hagerling C., and Werb Z., Roles of the immune system in cancer: from tumor initiation

to metastatic progression. Genes Dev, 2018. 32(19–20): p. 1267–1284. https://doi.org/10.1101/gad.

314617.118 PMID: 30275043

28. Quail D.F. and Joyce J.A., Microenvironmental regulation of tumor progression and metastasis. Nat

Med, 2013. 19(11): p. 1423–37. https://doi.org/10.1038/nm.3394 PMID: 24202395

29. Plitas G., et al., Regulatory T Cells Exhibit Distinct Features in Human Breast Cancer. Immunity, 2016.

45(5): p. 1122–1134. https://doi.org/10.1016/j.immuni.2016.10.032 PMID: 27851913

30. Nunez N.G., et al., Tumor invasion in draining lymph nodes is associated with Treg accumulation in

breast cancer patients. Nat Commun, 2020. 11(1): p. 3272. https://doi.org/10.1038/s41467-020-

17046-2 PMID: 32601304

31. Sousa S., et al., Human breast cancer cells educate macrophages toward the M2 activation status.

Breast Cancer Res, 2015. 17: p. 101. https://doi.org/10.1186/s13058-015-0621-0 PMID: 26243145

32. Tiainen S., et al., Tumor microenvironment and breast cancer survival: combined effects of breast fat,

M2 macrophages and hyaluronan create a dismal prognosis. Breast Cancer Res Treat, 2020. 179(3):

p. 565–575. https://doi.org/10.1007/s10549-019-05491-7 PMID: 31720917

33. Kawai O., et al., Predominant infiltration of macrophages and CD8(+) T Cells in cancer nests is a signif-

icant predictor of survival in stage IV nonsmall cell lung cancer. Cancer, 2008. 113(6): p. 1387–95.

https://doi.org/10.1002/cncr.23712 PMID: 18671239

34. Mahmoud S.M., et al., Tumor-infiltrating CD8+ lymphocytes predict clinical outcome in breast cancer.

J Clin Oncol, 2011. 29(15): p. 1949–55. https://doi.org/10.1200/JCO.2010.30.5037 PMID: 21483002

35. Battle M., et al., Obesity induced a leptin-Notch signaling axis in breast cancer. Int J Cancer, 2014.

134(7): p. 1605–16. https://doi.org/10.1002/ijc.28496 PMID: 24114531

36. Margolis M., et al., Phospholipid makeup of the breast adipose tissue is impacted by obesity and mam-

mary cancer in the mouse: Results of a pilot study. Biochimie, 2015. 108: p. 133–9. https://doi.org/10.

1016/j.biochi.2014.11.009 PMID: 25450252

37. Tomayko M.M. and Reynolds C.P., Determination of subcutaneous tumor size in athymic (nude) mice.

Cancer Chemother Pharmacol, 1989. 24(3): p. 148–54. https://doi.org/10.1007/BF00300234 PMID:

2544306

38. Surwit R.S., et al., Diet-induced type II diabetes in C57BL/6J mice. Diabetes, 1988. 37(9): p. 1163–7.

https://doi.org/10.2337/diab.37.9.1163 PMID: 3044882

PLOS ONE Obesity-induced immune modulation in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0266827 April 26, 2022 17 / 20

https://doi.org/10.1186/s12964-018-0309-z
https://doi.org/10.1186/s12964-018-0309-z
http://www.ncbi.nlm.nih.gov/pubmed/30563531
https://doi.org/10.1371/journal.pone.0109742
http://www.ncbi.nlm.nih.gov/pubmed/25291184
https://doi.org/10.1158/0008-5472.CAN-10-3323
https://doi.org/10.1158/0008-5472.CAN-10-3323
http://www.ncbi.nlm.nih.gov/pubmed/21459803
https://doi.org/10.1007/s40137-016-0134-5
http://www.ncbi.nlm.nih.gov/pubmed/29623246
https://doi.org/10.1158/0008-5472.CAN-05-1231
http://www.ncbi.nlm.nih.gov/pubmed/16322233
https://doi.org/10.3389/fendo.2017.00293
http://www.ncbi.nlm.nih.gov/pubmed/29163362
https://doi.org/10.3389/fonc.2020.01554
http://www.ncbi.nlm.nih.gov/pubmed/32850459
https://doi.org/10.1016/j.coi.2014.01.004
https://doi.org/10.1016/j.coi.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24531241
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1101/gad.314617.118
http://www.ncbi.nlm.nih.gov/pubmed/30275043
https://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
https://doi.org/10.1016/j.immuni.2016.10.032
http://www.ncbi.nlm.nih.gov/pubmed/27851913
https://doi.org/10.1038/s41467-020-17046-2
https://doi.org/10.1038/s41467-020-17046-2
http://www.ncbi.nlm.nih.gov/pubmed/32601304
https://doi.org/10.1186/s13058-015-0621-0
http://www.ncbi.nlm.nih.gov/pubmed/26243145
https://doi.org/10.1007/s10549-019-05491-7
http://www.ncbi.nlm.nih.gov/pubmed/31720917
https://doi.org/10.1002/cncr.23712
http://www.ncbi.nlm.nih.gov/pubmed/18671239
https://doi.org/10.1200/JCO.2010.30.5037
http://www.ncbi.nlm.nih.gov/pubmed/21483002
https://doi.org/10.1002/ijc.28496
http://www.ncbi.nlm.nih.gov/pubmed/24114531
https://doi.org/10.1016/j.biochi.2014.11.009
https://doi.org/10.1016/j.biochi.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25450252
https://doi.org/10.1007/BF00300234
http://www.ncbi.nlm.nih.gov/pubmed/2544306
https://doi.org/10.2337/diab.37.9.1163
http://www.ncbi.nlm.nih.gov/pubmed/3044882
https://doi.org/10.1371/journal.pone.0266827


39. Deiuliis J., et al., Visceral adipose inflammation in obesity is associated with critical alterations in tregu-

latory cell numbers. PLoS One, 2011. 6(1): p. e16376. https://doi.org/10.1371/journal.pone.0016376

PMID: 21298111

40. McFarlin B.K., et al., Comparison of blood monocytes and adipose tissue macrophages in a mouse

model diet-induced weight gain. Comp Med, 2012. 62(6): p. 462–5. PMID: 23561878

41. Gu J.W., et al., Postmenopausal obesity promotes tumor angiogenesis and breast cancer progression

in mice. Cancer Biol Ther, 2011. 11(10): p. 910–7. https://doi.org/10.4161/cbt.11.10.15473 PMID:

21451264

42. Mittal S., Brown N.J., and Holen I., The breast tumor microenvironment: role in cancer development,

progression and response to therapy. Expert Rev Mol Diagn, 2018. 18(3): p. 227–243. https://doi.org/

10.1080/14737159.2018.1439382 PMID: 29424261

43. Olson O.C., Quail D.F., and Joyce J.A., Obesity and the tumor microenvironment. Science, 2017. 358

(6367): p. 1130–1131. https://doi.org/10.1126/science.aao5801 PMID: 29191893

44. Deng G., Tumor-infiltrating regulatory T cells: origins and features. Am J Clin Exp Immunol, 2018. 7

(5): p. 81–87. PMID: 30498624

45. Yano H., et al., Intratumoral regulatory T cells: markers, subsets and their impact on anti-tumor immu-

nity. Immunology, 2019. 157(3): p. 232–247. https://doi.org/10.1111/imm.13067 PMID: 31087644

46. Kado T., et al., Linkage of CD8(+) T cell exhaustion with high-fat diet-induced tumourigenesis. Sci

Rep, 2019. 9(1): p. 12284. https://doi.org/10.1038/s41598-019-48678-0 PMID: 31439906

47. Huang Y., et al., CD4+ and CD8+ T cells have opposing roles in breast cancer progression and out-

come. Oncotarget, 2015. 6(19): p. 17462–78. https://doi.org/10.18632/oncotarget.3958 PMID:

25968569

48. He Q.F., et al., CD8+ T-cell exhaustion in cancer: mechanisms and new area for cancer immunother-

apy. Brief Funct Genomics, 2019. 18(2): p. 99–106. https://doi.org/10.1093/bfgp/ely006 PMID:

29554204

49. Raskov H., et al., Cytotoxic CD8(+) T cells in cancer and cancer immunotherapy. Br J Cancer, 2021.

124(2): p. 359–367. https://doi.org/10.1038/s41416-020-01048-4 PMID: 32929195

50. Vitale I., et al., Macrophages and Metabolism in the Tumor Microenvironment. Cell Metab, 2019. 30

(1): p. 36–50. https://doi.org/10.1016/j.cmet.2019.06.001 PMID: 31269428

51. Martinez V.G., et al., BMP4 Induces M2 Macrophage Polarization and Favors Tumor Progression in

Bladder Cancer. Clin Cancer Res, 2017. 23(23): p. 7388–7399. https://doi.org/10.1158/1078-0432.

CCR-17-1004 PMID: 28928159

52. Pinto M.L., et al., The Two Faces of Tumor-Associated Macrophages and Their Clinical Significance in

Colorectal Cancer. Front Immunol, 2019. 10: p. 1875. https://doi.org/10.3389/fimmu.2019.01875

PMID: 31481956

53. Boutilier A.J. and Elsawa S.F., Macrophage Polarization States in the Tumor Microenvironment. Int J

Mol Sci, 2021. 22(13). https://doi.org/10.3390/ijms22136995 PMID: 34209703

54. Maurizi G., et al., Adipocytes properties and crosstalk with immune system in obesity-related inflam-

mation. J Cell Physiol, 2018. 233(1): p. 88–97. https://doi.org/10.1002/jcp.25855 PMID: 28181253

55. Feuerer M., et al., Lean, but not obese, fat is enriched for a unique population of regulatory T cells that

affect metabolic parameters. Nat Med, 2009. 15(8): p. 930–9. https://doi.org/10.1038/nm.2002 PMID:

19633656

56. Wu Q., et al., Cancer-associated adipocytes as immunomodulators in cancer. Biomark Res, 2021. 9

(1): p. 2. https://doi.org/10.1186/s40364-020-00257-6 PMID: 33413697

57. Kiran S., et al., High Fat Diet-Induced CD8(+) T Cells in Adipose Tissue Mediate Macrophages to Sus-

tain Low-Grade Chronic Inflammation. Front Immunol, 2021. 12: p. 680944. https://doi.org/10.3389/

fimmu.2021.680944 PMID: 34248964

58. Jie H.B., et al., Intratumoral regulatory T cells upregulate immunosuppressive molecules in head and

neck cancer patients. Br J Cancer, 2013. 109(10): p. 2629–35. https://doi.org/10.1038/bjc.2013.645

PMID: 24169351

59. Castoldi A., et al., The Macrophage Switch in Obesity Development. Front Immunol, 2015. 6: p. 637.

https://doi.org/10.3389/fimmu.2015.00637 PMID: 26779183

60. Fujisaka S., et al., Regulatory mechanisms for adipose tissue M1 and M2 macrophages in diet-induced

obese mice. Diabetes, 2009. 58(11): p. 2574–82. https://doi.org/10.2337/db08-1475 PMID: 19690061

61. Serbulea V., et al., Macrophage phenotype and bioenergetics are controlled by oxidized phospholipids

identified in lean and obese adipose tissue. Proc Natl Acad Sci U S A, 2018. 115(27): p. E6254–

E6263. https://doi.org/10.1073/pnas.1800544115 PMID: 29891687

PLOS ONE Obesity-induced immune modulation in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0266827 April 26, 2022 18 / 20

https://doi.org/10.1371/journal.pone.0016376
http://www.ncbi.nlm.nih.gov/pubmed/21298111
http://www.ncbi.nlm.nih.gov/pubmed/23561878
https://doi.org/10.4161/cbt.11.10.15473
http://www.ncbi.nlm.nih.gov/pubmed/21451264
https://doi.org/10.1080/14737159.2018.1439382
https://doi.org/10.1080/14737159.2018.1439382
http://www.ncbi.nlm.nih.gov/pubmed/29424261
https://doi.org/10.1126/science.aao5801
http://www.ncbi.nlm.nih.gov/pubmed/29191893
http://www.ncbi.nlm.nih.gov/pubmed/30498624
https://doi.org/10.1111/imm.13067
http://www.ncbi.nlm.nih.gov/pubmed/31087644
https://doi.org/10.1038/s41598-019-48678-0
http://www.ncbi.nlm.nih.gov/pubmed/31439906
https://doi.org/10.18632/oncotarget.3958
http://www.ncbi.nlm.nih.gov/pubmed/25968569
https://doi.org/10.1093/bfgp/ely006
http://www.ncbi.nlm.nih.gov/pubmed/29554204
https://doi.org/10.1038/s41416-020-01048-4
http://www.ncbi.nlm.nih.gov/pubmed/32929195
https://doi.org/10.1016/j.cmet.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31269428
https://doi.org/10.1158/1078-0432.CCR-17-1004
https://doi.org/10.1158/1078-0432.CCR-17-1004
http://www.ncbi.nlm.nih.gov/pubmed/28928159
https://doi.org/10.3389/fimmu.2019.01875
http://www.ncbi.nlm.nih.gov/pubmed/31481956
https://doi.org/10.3390/ijms22136995
http://www.ncbi.nlm.nih.gov/pubmed/34209703
https://doi.org/10.1002/jcp.25855
http://www.ncbi.nlm.nih.gov/pubmed/28181253
https://doi.org/10.1038/nm.2002
http://www.ncbi.nlm.nih.gov/pubmed/19633656
https://doi.org/10.1186/s40364-020-00257-6
http://www.ncbi.nlm.nih.gov/pubmed/33413697
https://doi.org/10.3389/fimmu.2021.680944
https://doi.org/10.3389/fimmu.2021.680944
http://www.ncbi.nlm.nih.gov/pubmed/34248964
https://doi.org/10.1038/bjc.2013.645
http://www.ncbi.nlm.nih.gov/pubmed/24169351
https://doi.org/10.3389/fimmu.2015.00637
http://www.ncbi.nlm.nih.gov/pubmed/26779183
https://doi.org/10.2337/db08-1475
http://www.ncbi.nlm.nih.gov/pubmed/19690061
https://doi.org/10.1073/pnas.1800544115
http://www.ncbi.nlm.nih.gov/pubmed/29891687
https://doi.org/10.1371/journal.pone.0266827


62. Collins S., et al., Genetic vulnerability to diet-induced obesity in the C57BL/6J mouse: physiological

and molecular characteristics. Physiol Behav, 2004. 81(2): p. 243–8. https://doi.org/10.1016/j.

physbeh.2004.02.006 PMID: 15159170

63. McLaughlin T., et al., Role of innate and adaptive immunity in obesity-associated metabolic disease. J

Clin Invest, 2017. 127(1): p. 5–13. https://doi.org/10.1172/JCI88876 PMID: 28045397

64. Fink L.N., et al., Pro-inflammatory macrophages increase in skeletal muscle of high fat-fed mice and

correlate with metabolic risk markers in humans. Obesity (Silver Spring), 2014. 22(3): p. 747–57.

https://doi.org/10.1002/oby.20615 PMID: 24030890

65. Wagner N.M., et al., Circulating regulatory T cells are reduced in obesity and may identify subjects at

increased metabolic and cardiovascular risk. Obesity (Silver Spring), 2013. 21(3): p. 461–8. https://

doi.org/10.1002/oby.20087 PMID: 23592653

66. Elisia I., et al., Exploratory examination of inflammation state, immune response and blood cell compo-

sition in a human obese cohort to identify potential markers predicting cancer risk. PLoS One, 2020.

15(2): p. e0228633. https://doi.org/10.1371/journal.pone.0228633 PMID: 32027700

67. De Rosa V., et al., A key role of leptin in the control of regulatory T cell proliferation. Immunity, 2007.

26(2): p. 241–55. https://doi.org/10.1016/j.immuni.2007.01.011 PMID: 17307705

68. Procaccini C., et al., Leptin-induced mTOR activation defines a specific molecular and transcriptional

signature controlling CD4+ effector T cell responses. J Immunol, 2012. 189(6): p. 2941–53. https://

doi.org/10.4049/jimmunol.1200935 PMID: 22904304

69. Margiotta D., et al., Relationship between leptin and regulatory T cells in systemic lupus erythemato-

sus: preliminary results. Eur Rev Med Pharmacol Sci, 2016. 20(4): p. 636–41. PMID: 26957264

70. Allen B.M., et al., Systemic dysfunction and plasticity of the immune macroenvironment in cancer mod-

els. Nat Med, 2020. 26(7): p. 1125–1134. https://doi.org/10.1038/s41591-020-0892-6 PMID:

32451499

71. Brandon E.L., et al., Obesity promotes melanoma tumor growth: role of leptin. Cancer Biol Ther, 2009.

8(19): p. 1871–9. https://doi.org/10.4161/cbt.8.19.9650 PMID: 19713740

72. Jung J.I., et al., High-fat diet-induced obesity increases lymphangiogenesis and lymph node metasta-

sis in the B16F10 melanoma allograft model: roles of adipocytes and M2-macrophages. Int J Cancer,

2015. 136(2): p. 258–70. https://doi.org/10.1002/ijc.28983 PMID: 24844408

73. Liu Y., et al., Obesity Contributes to Ovarian Cancer Metastatic Success through Increased Lipogene-

sis, Enhanced Vascularity, and Decreased Infiltration of M1 Macrophages. Cancer Res, 2015. 75(23):

p. 5046–57. https://doi.org/10.1158/0008-5472.CAN-15-0706 PMID: 26573796

74. Teraoka N., et al., High susceptibility to azoxymethane-induced colorectal carcinogenesis in obese

KK-Ay mice. Int J Cancer, 2011. 129(3): p. 528–35. https://doi.org/10.1002/ijc.25711 PMID:

20886595

75. Zyromski N.J., et al., Obesity potentiates the growth and dissemination of pancreatic cancer. Surgery,

2009. 146(2): p. 258–63. https://doi.org/10.1016/j.surg.2009.02.024 PMID: 19628082

76. Kolonin Mikhail G., L E.M L.D.a. J., Cancer as a Matter of Fat: The Crosstalk between AdiposeTissue

andTumors. Trends in Cancer, 2018. 4(5): p. 374–384. https://doi.org/10.1016/j.trecan.2018.03.004

PMID: 29709261

77. Lu J., et al., Adipose Tissue-Resident Immune Cells in Obesity and Type 2 Diabetes. Front Immunol,

2019. 10: p. 1173. https://doi.org/10.3389/fimmu.2019.01173 PMID: 31191541

78. Lee S., et al., High-sensitivity C-reactive protein and cancer. J Epidemiol, 2011. 21(3): p. 161–8.

https://doi.org/10.2188/jea.je20100128 PMID: 21368452

79. Facciabene A., Motz G.T., and Coukos G., T-regulatory cells: key players in tumor immune escape

and angiogenesis. Cancer Res, 2012. 72(9): p. 2162–71. https://doi.org/10.1158/0008-5472.CAN-11-

3687 PMID: 22549946

80. Budimir N., et al., Reversing T-cell Exhaustion in Cancer: Lessons Learned from PD-1/PD-L1 Immune

Checkpoint Blockade. Cancer Immunol Res, 2022. 10(2): p. 146–153. https://doi.org/10.1158/2326-

6066.CIR-21-0515 PMID: 34937730

81. Cai J., et al., The Role Of PD-1/PD-L1 Axis In Treg Development And Function: Implications For Can-

cer Immunotherapy. Onco Targets Ther, 2019. 12: p. 8437–8445. https://doi.org/10.2147/OTT.

S221340 PMID: 31686860

82. Wang Z., et al., Paradoxical effects of obesity on T cell function during tumor progression and PD-1

checkpoint blockade. Nat Med, 2019. 25(1): p. 141–151. https://doi.org/10.1038/s41591-018-0221-5

PMID: 30420753

83. Semeraro M., et al., The ratio of CD8(+)/FOXP3 T lymphocytes infiltrating breast tissues predicts the

relapse of ductal carcinoma in situ. Oncoimmunology, 2016. 5(10): p. e1218106. https://doi.org/10.

1080/2162402X.2016.1218106 PMID: 27853639

PLOS ONE Obesity-induced immune modulation in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0266827 April 26, 2022 19 / 20

https://doi.org/10.1016/j.physbeh.2004.02.006
https://doi.org/10.1016/j.physbeh.2004.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15159170
https://doi.org/10.1172/JCI88876
http://www.ncbi.nlm.nih.gov/pubmed/28045397
https://doi.org/10.1002/oby.20615
http://www.ncbi.nlm.nih.gov/pubmed/24030890
https://doi.org/10.1002/oby.20087
https://doi.org/10.1002/oby.20087
http://www.ncbi.nlm.nih.gov/pubmed/23592653
https://doi.org/10.1371/journal.pone.0228633
http://www.ncbi.nlm.nih.gov/pubmed/32027700
https://doi.org/10.1016/j.immuni.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17307705
https://doi.org/10.4049/jimmunol.1200935
https://doi.org/10.4049/jimmunol.1200935
http://www.ncbi.nlm.nih.gov/pubmed/22904304
http://www.ncbi.nlm.nih.gov/pubmed/26957264
https://doi.org/10.1038/s41591-020-0892-6
http://www.ncbi.nlm.nih.gov/pubmed/32451499
https://doi.org/10.4161/cbt.8.19.9650
http://www.ncbi.nlm.nih.gov/pubmed/19713740
https://doi.org/10.1002/ijc.28983
http://www.ncbi.nlm.nih.gov/pubmed/24844408
https://doi.org/10.1158/0008-5472.CAN-15-0706
http://www.ncbi.nlm.nih.gov/pubmed/26573796
https://doi.org/10.1002/ijc.25711
http://www.ncbi.nlm.nih.gov/pubmed/20886595
https://doi.org/10.1016/j.surg.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19628082
https://doi.org/10.1016/j.trecan.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29709261
https://doi.org/10.3389/fimmu.2019.01173
http://www.ncbi.nlm.nih.gov/pubmed/31191541
https://doi.org/10.2188/jea.je20100128
http://www.ncbi.nlm.nih.gov/pubmed/21368452
https://doi.org/10.1158/0008-5472.CAN-11-3687
https://doi.org/10.1158/0008-5472.CAN-11-3687
http://www.ncbi.nlm.nih.gov/pubmed/22549946
https://doi.org/10.1158/2326-6066.CIR-21-0515
https://doi.org/10.1158/2326-6066.CIR-21-0515
http://www.ncbi.nlm.nih.gov/pubmed/34937730
https://doi.org/10.2147/OTT.S221340
https://doi.org/10.2147/OTT.S221340
http://www.ncbi.nlm.nih.gov/pubmed/31686860
https://doi.org/10.1038/s41591-018-0221-5
http://www.ncbi.nlm.nih.gov/pubmed/30420753
https://doi.org/10.1080/2162402X.2016.1218106
https://doi.org/10.1080/2162402X.2016.1218106
http://www.ncbi.nlm.nih.gov/pubmed/27853639
https://doi.org/10.1371/journal.pone.0266827


84. Solis-Castillo L.A., et al., Tumor-infiltrating regulatory T cells, CD8/Treg ratio, and cancer stem cells

are correlated with lymph node metastasis in patients with early breast cancer. Breast Cancer, 2020.

27(5): p. 837–849. https://doi.org/10.1007/s12282-020-01079-y PMID: 32180141

85. Han S., et al., Turning the Tide Against Regulatory T Cells. Front Oncol, 2019. 9: p. 279. https://doi.

org/10.3389/fonc.2019.00279 PMID: 31058083

86. Kim H.J., et al., Stable inhibitory activity of regulatory T cells requires the transcription factor Helios.

Science, 2015. 350(6258): p. 334–9. https://doi.org/10.1126/science.aad0616 PMID: 26472910

87. Thornton A.M., et al., Expression of Helios, an Ikaros transcription factor family member, differentiates

thymic-derived from peripherally induced Foxp3+ T regulatory cells. J Immunol, 2010. 184(7): p.

3433–41. https://doi.org/10.4049/jimmunol.0904028 PMID: 20181882

88. Wong M., La Cava A., and Hahn B.H., Blockade of programmed death-1 in young (New Zealand Black

x New Zealand White)F1 mice promotes the suppressive capacity of CD4+ regulatory T cells protect-

ing from lupus-like disease. J Immunol, 2013. 190(11): p. 5402–10. https://doi.org/10.4049/jimmunol.

1202382 PMID: 23636058

89. Park Y.J., et al., IL-27 confers a protumorigenic activity of regulatory T cells via CD39. Proc Natl Acad

Sci U S A, 2019. 116(8): p. 3106–3111. https://doi.org/10.1073/pnas.1810254116 PMID: 30718407

90. Shi L., et al., Adenosine Generated by Regulatory T Cells Induces CD8(+) T Cell Exhaustion in Gastric

Cancer through A2aR Pathway. Biomed Res Int, 2019. 2019: p. 4093214. https://doi.org/10.1155/

2019/4093214 PMID: 31930120

91. Overacre-Delgoffe A.E., et al., Interferon-gamma Drives Treg Fragility to Promote Anti-tumor Immu-

nity. Cell, 2017. 169(6): p. 1130–1141 e11. https://doi.org/10.1016/j.cell.2017.05.005 PMID:

28552348

92. Labani-Motlagh A., Ashja-Mahdavi M., and Loskog A., The Tumor Microenvironment: A Milieu Hinder-

ing and Obstructing Antitumor Immune Responses. Front Immunol, 2020. 11: p. 940. https://doi.org/

10.3389/fimmu.2020.00940 PMID: 32499786

93. Arendt L.M., et al., Obesity promotes breast cancer by CCL2-mediated macrophage recruitment and

angiogenesis. Cancer Res, 2013. 73(19): p. 6080–93. https://doi.org/10.1158/0008-5472.CAN-13-

0926 PMID: 23959857

94. Nishimoto S., et al., Obesity-induced DNA released from adipocytes stimulates chronic adipose tissue

inflammation and insulin resistance. Sci Adv, 2016. 2(3): p. e1501332. https://doi.org/10.1126/sciadv.

1501332 PMID: 27051864

95. Mayi T.H., et al., Human adipose tissue macrophages display activation of cancer-related pathways. J

Biol Chem, 2012. 287(26): p. 21904–13. https://doi.org/10.1074/jbc.M111.315200 PMID: 22511784

96. Maimela N.R., Liu S., and Zhang Y., Fates of CD8+ T cells in Tumor Microenvironment. Comput Struct

Biotechnol J, 2019. 17: p. 1–13. https://doi.org/10.1016/j.csbj.2018.11.004 PMID: 30581539

97. Jayasingam S.D., et al., Evaluating the Polarization of Tumor-Associated Macrophages Into M1 and

M2 Phenotypes in Human Cancer Tissue: Technicalities and Challenges in Routine Clinical Practice.

Front Oncol, 2019. 9: p. 1512. https://doi.org/10.3389/fonc.2019.01512 PMID: 32039007

98. Gibson J.T., et al., Obesity-Associated Myeloid-Derived Suppressor Cells Promote Apoptosis of

Tumor-Infiltrating CD8 T Cells and Immunotherapy Resistance in Breast Cancer. Front Immunol,

2020. 11: p. 590794. https://doi.org/10.3389/fimmu.2020.590794 PMID: 33123173

99. Weisberg S.P., et al., Obesity is associated with macrophage accumulation in adipose tissue. J Clin

Invest, 2003. 112(12): p. 1796–808. https://doi.org/10.1172/JCI19246 PMID: 14679176

100. Lumeng C.N., Bodzin J.L., and Saltiel A.R., Obesity induces a phenotypic switch in adipose tissue

macrophage polarization. J Clin Invest, 2007. 117(1): p. 175–84. https://doi.org/10.1172/JCI29881

PMID: 17200717

101. Luo W., et al., Eccentric exercise and dietary restriction inhibits M1 macrophage polarization activated

by high-fat diet-induced obesity. Life Sci, 2020. 243: p. 117246. https://doi.org/10.1016/j.lfs.2019.

117246 PMID: 31904367

102. Berger S., et al., Lipodystrophy and obesity are associated with decreased number of T cells with regu-

latory function and pro-inflammatory macrophage phenotype. Int J Obes (Lond), 2017. 41(11): p.

1676–1684. https://doi.org/10.1038/ijo.2017.163 PMID: 28761130

PLOS ONE Obesity-induced immune modulation in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0266827 April 26, 2022 20 / 20

https://doi.org/10.1007/s12282-020-01079-y
http://www.ncbi.nlm.nih.gov/pubmed/32180141
https://doi.org/10.3389/fonc.2019.00279
https://doi.org/10.3389/fonc.2019.00279
http://www.ncbi.nlm.nih.gov/pubmed/31058083
https://doi.org/10.1126/science.aad0616
http://www.ncbi.nlm.nih.gov/pubmed/26472910
https://doi.org/10.4049/jimmunol.0904028
http://www.ncbi.nlm.nih.gov/pubmed/20181882
https://doi.org/10.4049/jimmunol.1202382
https://doi.org/10.4049/jimmunol.1202382
http://www.ncbi.nlm.nih.gov/pubmed/23636058
https://doi.org/10.1073/pnas.1810254116
http://www.ncbi.nlm.nih.gov/pubmed/30718407
https://doi.org/10.1155/2019/4093214
https://doi.org/10.1155/2019/4093214
http://www.ncbi.nlm.nih.gov/pubmed/31930120
https://doi.org/10.1016/j.cell.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28552348
https://doi.org/10.3389/fimmu.2020.00940
https://doi.org/10.3389/fimmu.2020.00940
http://www.ncbi.nlm.nih.gov/pubmed/32499786
https://doi.org/10.1158/0008-5472.CAN-13-0926
https://doi.org/10.1158/0008-5472.CAN-13-0926
http://www.ncbi.nlm.nih.gov/pubmed/23959857
https://doi.org/10.1126/sciadv.1501332
https://doi.org/10.1126/sciadv.1501332
http://www.ncbi.nlm.nih.gov/pubmed/27051864
https://doi.org/10.1074/jbc.M111.315200
http://www.ncbi.nlm.nih.gov/pubmed/22511784
https://doi.org/10.1016/j.csbj.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30581539
https://doi.org/10.3389/fonc.2019.01512
http://www.ncbi.nlm.nih.gov/pubmed/32039007
https://doi.org/10.3389/fimmu.2020.590794
http://www.ncbi.nlm.nih.gov/pubmed/33123173
https://doi.org/10.1172/JCI19246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1172/JCI29881
http://www.ncbi.nlm.nih.gov/pubmed/17200717
https://doi.org/10.1016/j.lfs.2019.117246
https://doi.org/10.1016/j.lfs.2019.117246
http://www.ncbi.nlm.nih.gov/pubmed/31904367
https://doi.org/10.1038/ijo.2017.163
http://www.ncbi.nlm.nih.gov/pubmed/28761130
https://doi.org/10.1371/journal.pone.0266827

