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Abstract

Environmental chemicals are a persistent and pervasive part of everyday life. A subset of 

environmental chemicals are xenoestrogens, compounds that bind to the estrogen receptor (ER) 

and drive estrogen-related processes. One such chemical, benzophenone-3 (BP3), is a common 

chemical in sunscreen. It is a potent UV protectant but also is quickly absorbed through the 

skin. While it has been approved by the FDA, there is a renewed interest in the safety of BP3, 

particularly in relation to breast cancer. The focus of this study was to examine the impact that 

BP3 has on triple negative breast cancer (TNBC) through alterations to cells in the immune 

microenvironment. In this study, we exposed female mice to one of two doses of BP3 before 
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injecting them with a TNBC cell line. Several immune endpoints were examined both in the 

primary tissues and from in vitro studies of T cell behavior. Our studies revealed that in the lung 

tumor microenvironment, exposure to BP3 not only increased the number of metastases, but also 

the total area of tumor coverage. We also found that BP3 caused alterations in immune populations 

in a tissue-dependent manner, particularly in T cells. Taken together, our data suggest that while 

BP3 may not directly affect the proliferation of TNBC, growth and metastasis of TNBC-derived 

tumors can be altered by BP3 exposures via the alterations in the immune populations of the tumor 

microenvironment.

1. Introduction

Among American women, breast cancer is the most commonly diagnosed cancer, and 

it is expected that in 2022, there will be approximately 281,550 new cases of invasive 

breast cancer (Breastcancer.org). Only a small portion of diagnosed breast cancers are 

linked to heritable factors, suggesting that there are other factors, possibly environmental, 

that contribute to cancer development and progression [1]. It has been well documented 

that higher levels of estrogen in the blood are linked to elevated breast cancer risk [1,2]. 

Estrogens can act directly on the breast via endocrine responsive ductal epithelium of the 

mammary tissue, or they can act indirectly via estrogen-responsive stromal cells, which in 

turn release growth factors, cytokines, and reactive oxygen species to impact or damage 

breast epithelial cells [3,4].

Numerous chemicals utilized in everyday products fall into a category termed endocrine 

disrupting chemicals (EDC) [5,6]. EDCs alter one or more hormone actions including many 

that act as hormone receptor agonists or antagonists [7]. Since the endocrine system is 

responsible for the function and coordination of many organs and other systems of the body 

including those responsible for metabolism, reproduction, bone health, stress responses, 

and the immune system [1,8]; the health impacts of these chemicals are a critical area 

of study. Several studies have demonstrated a link between exposure to EDCs and breast 

cancer risk [9–12]. For example, Bisphenol A (BPA) is a well-known example of a prevalent 

environmental EDC which has been shown to induce estrogenic effects on various cell types, 

including breast epithelial cells in vitro and in vivo [13].

Benzophenone-3 (BP3) is another EDC that has well-documented ubiquitous exposures 

in human populations [14]. BP3 is a potent UV filter that easily absorbs into the skin 

and dries without visible residue, which makes it a favored chemical in many sunscreens, 

cosmetics, and lip balms [15–18]. While the FDA approved BP3 for use in the early 1980s, 

a study by Matta et al. (2019) demonstrated that daily application of sunscreen, of which the 

allowable maximum content of BP3 is 6% by weight, to 75% of the body resulted in blood 

levels of BP3 that were significantly higher than the level deemed safe [19]. BP3 is also 

found in numerous other consumer products including fabrics, paints, and food packaging 

materials which all likely contribute to daily human exposures [20]. 97% of women had 

detectable levels of BP3 in their urine [21], demonstrating that it is a pervasive chemical. 

BP3 may react with other chemicals in the environment as well. For example, BP3 is 

reactive with chlorine and has been shown to produce a “hazardous” by-product that is able 
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to concentrate in swimming pools and wastewater treatment plants [22,23]. Coral reefs are 

biologically diverse and productive ecosystems which appear to be at particular risk for 

the effects of BP3. In a laboratory setting, high concentrations of BP3 in the water have 

been shown to be toxic to coral and are suspected to contribute to coral bleaching [23–25]. 

In animals, exposure to BP3 was able to alter the morphology of the mammary gland of 

parous mice, and the offspring of those dams also exhibited morphological changes to the 

mammary gland in adulthood [26,27]. Taken together these studies suggest that the impact 

of BP3 warrants further scrutiny due to the potential effects it may have on human and 

environmental health [9,24,25,28–32].

BP3 has weak agonistic effects on estrogen receptor positive (ER+) breast cancer cells 

through direct interaction with the ER or through modulation of enzymes responsible for 

the synthesis of estrogen [33,34]. However, the impact of BP3 on triple negative breast 

cancer has not yet been investigated because these cells do not express the ER. This is 

an overly reductionist view since many of the immune cells in the surrounding tumor 

microenvironment express hormone receptors, and modulation of these receptors can impact 

the behavior of these non-epithelial cell types. In particular, the immune compartment of 

the tumor microenvironment is known to be affected by estrogens. T lymphocytes express 

both nuclear ER isoforms (ERα and ERβ) [35]. These immune cells are a subset of the 

adaptive immune system that exhibit relative plasticity and can be polarized into several 

phenotypes, including but not limited to T helper cells, T regulatory cells, and cytotoxic 

T cells. Th2-polarized T lymphocytes release cytokines, including IL-4 and IL-13, and are 

required for mounting the response to extracellular pathogens and allergic responses [36,37]. 

Cytokines released from T cells act in an autocrine fashion to regulate their expansion 

and in a paracrine fashion to alter the behavior of macrophages toward a wound healing 

and anti-inflammatory M2 phenotype. Th2 cells express chemokine receptors, including 

CCR3, CCR4, and CCR8 to help them migrate toward sites of pathogen infection [38]. 

Th1-polarized T lymphocytes, on the other hand, secrete IFNγ, IL-2, and TNFα to expand 

cytotoxic T cell subsets and express the chemokine receptors CCR5 and CXCR3, which 

facilitate their migration toward sites of inflammation [39,40]. The balance between the 

T helper subsets and their impact on the expansion of other T cell subsets (cytotoxic T 

cells, Th17, and Th22) can contribute to differences in cancer susceptibility and progression 

[41,42]. Interestingly, exposure to estrogen modulates the levels of cytokine expression in 

CD4+ T helper lymphocytes, shifting them away from the Th1 response toward a more 

Th2-like response [43, 44]. The leading population of cells involved in the suppression of 

T cell activity are T regulatory (Treg) cells which are affected by the presence of estrogens. 

Specifically, estrogen can cause a rapid expansion of Foxp3+CD25+ Treg cells [45–47].

In this study, we investigated whether BP3 could alter the behavior of an ERα negative 

breast cancer cell line in vitro, as well as in vivo, where the tumor cells are surrounded by 

complex cell types, many of which express hormone receptors. We found that while primary 

tumor growth was not altered following BP3 exposure, the chemical did significantly impact 

the ability of 4T1 cells to establish metastases in the lung. This difference in lung metastatic 

involvement was associated with a decrease in infiltrating T cell populations and an increase 

in eosinophils within the lung lesions. Chemokine expression, which is important for cell 

trafficking, was also impacted by BP3 exposure in a tumor and tissue-specific fashion. Ex 
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vivo studies highlighted that exposure to BP3 decreased the activation-induced proliferation 

and cytokine secretion of CD4+T cells. The Treg phenotype was also destabilized by this 

exposure. Taken together these data reveal the potential for increased risk of breast cancer 

metastasis in women exposed to BP3.

2. Methods

2.1. Animals

This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol 

was approved by the Baystate Medical Center Institutional Animal Care and Use Committee 

(Permit Number: 1331754-4). 3-week-old BALB/c female mice were fed control chow (n 

= 20), or chow intended to deliver 3 mg/kg body weight/day BP3 (n = 20), or 70 mg/kg 

body weight/day BP3 (n = 20). BP3 was compounded into the rodent chow (10% kcal 

fat; D11012202; Research Diets, New Brunswick NJ). 2- hydroxy-4-methoxybenzophenone 

(BP3) was obtained from Sigma -Aldrich (#H36206). Mice were fed their assigned chow 

ad libitum from weaning through puberty to the end of the experiment. At 8 weeks of 

age, the animals were injected with the ER negative murine breast cancer line, 4T1, either 

intra-mammary into the 4th inguinal mammary fat pad (n = 10/treatment), or intravenously 

via the tail vein (n = 10/treatment). 4 × 10 [5] cells/100 μL were injected into each mouse. 

At 3 weeks post-injection, the intramammary injected mice were euthanized; at 2 weeks 

post-injection, the intravenously injected mice were euthanized. Mammary glands, primary 

tumors, intestines, spleens, and lungs were extracted from each mouse and snap frozen for 

later RNA extraction or fixed in 10% buffered formalin for histological analysis.

2.2. Immunohistochemistry

Tissues were fixed in 10% buffered formalin for 24 h at 4 °C, after which the tissues were 

moved to 70% ethanol for at least 24 h before processing. Tissues were processed in a Leica 

ASP300S processor before being embedded in paraffin. Tissue blocks were sectioned at a 

thickness of 4 μm and mounted on charged slides. Sections were deparaffinized in xylenes, 

rehydrated in ethanol, and rinsed in phosphate buffered saline (PBS). Immunohistochemistry 

(IHC) was performed on a DakoCytomation autostainer, using the envision HRP Detection 

system (Dako, Carpinteria, CA). Antigen retrieval was performed in a microwave at 98 

°C in 0.01 M citrate buffer. After cooling for 20 min, sections were rinsed in TBS and 

incubated with primary monoclonal antibodies (Table 1) for 30 min. After a subsequent 

wash in TBS, slides were incubated with corresponding secondary antibody (Table 1) for 20 

min. Immunoreactivity was visualized by incubation with the chromogen diaminobenzidine 

(DAB) for 5 min. Tissue sections were counterstained with hematoxylin, dehydrated through 

graded ethanol and xylenes, and then cover slips were applied. Images were captured with 

an Olympus BX41 light microscope using SPOT Software 5.1 (SPOT™ Imaging Solutions, 

Detroit, MI) [48].

2.3. Eosinophil staining

For identification of eosinophils, deparaffinized 4 μm sections were stained with Vital New 

Red [49]. Sections were visualized using a Nikon Eclipse 400 microscope and a SPOT 
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RT color camera with SPOT software (Diagnostic Instruments, Sterling Heights, MI). The 

number of eosinophils is expressed as cells per 40X visual field within tissue sections. For 

each sample, between 3 and 9 visual fields were quantitated.

2.4. MTS proliferation assay

4T1 cells were plated at a density of 1 × 10 [4] cells/well in a 96-well plate. Twenty-four 

hours later, the cells were exposed to BP3 treatment for 72 h. CellTiter 96 Aqueous One 

Solution MTS (Promega, Madison, WI) was used according to manufacturer’s instructions 

to detect alterations in the number of viable cells. The absorbance of each well was 

measured at 490 nm wavelength using an Enspire® multimode automated plate reader 

(PerkinElmer, Waltham, MA) [50].

2.5. Scratch wound

4T1 cells were seeded in 6 well plates and grown until they reached 80% confluence. Cells 

were treated with 30 μM BP3 or vehicle for 24 h, at which time a wound was made in the 

cell layer with a pipette tip. Images were taken at 0 h, 24 h, and 48 h. Closure of the wound 

was measured using ImageJ.

2.6. Transwell assay

4T1 cells were plated at a density of 5 × 10 [5] cells/well in a Transwell plate (Corning, 

Corning, NY) and were exposed to 30 μM BP3 for 24 h. For chamber assays, 4T1 

cells were grown to 70% confluence and pre-treated with either 0.1% DMSO or 30 μM 

BP3 for 2 weeks. The pretreated cells were trypsinized, centrifuged at 1000×g for 4 

min, and brought to a concentration of 4.3 × 10 [5] cells/mL in serum-free media in 

Transwell permeable supports (Corning) above media containing 10% FBS. Following a 

24-h incubation, Transwells were removed and fixed in 10% formalin for 10 min, stained 

with 10% Crystal Violet for 10 min, and rinsed with dH2O. Cells that did not migrate were 

removed from the upper surface by scrubbing with 1X PBS moistened cotton-tipped swab. 

The insert was removed from the chamber with a scalpel and mounted on a microscope slide 

with Cytoseal™XYL mounting media (Thermo Fisher Scientific, Waltham, MA). Images 

were captured with an Olympus BX41 light microscope using SPOT Software 5.1 (SPOT™ 

Imaging Solutions).

2.7. RNA isolation and real-time PCR analysis

Total RNA was extracted from T cells and whole organs by lysis in Trizol (Invitrogen 

Waltham, MA) according to the manufacturer’s instructions. Whole organs were further 

processed using the Direct-zol RNA Kit (ZYMO Research, Irvine, CA) to further purify the 

RNA. Relative expression levels of mRNA were determined by quantitative real-time PCR 

(qRT-RCR) using the Mx3005P® real-time PCR system (Agilent, Santa Clara, CA) and all 

values were normalized to the amplification of β-actin (ACTB). The PCR primer sequences 

for human ACTB have been published previously [51] while other primer sequences were 

designed to cross exon junctions using NCBI primer-blast and are described in Table 2. The 

assays were performed using the 1-Step Brilliant® SYBRIII® Green qRT-PCR Master Mix 

Kit (Agilent) containing 200 nM forward primer, 200 nM reverse primer, and 20 ng total 
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RNA. The conditions for cDNA synthesis and target mRNA amplification were performed 

as follows: 1 cycle of 50 °C for 30 min; 1 cycle of 95 °C for 10 min; and 35 cycles 

each of 95 °C for 30 s, 55 °C for 1 min, and 72 °C for 30 s. Non-template controls and 

reverse-transcriptase absent controls were included to control for primer dimers and for 

genomic DNA amplification, respectively [52].

2.8. Protein analysis

To evaluate secreted protein levels from immune cells, supernatants were collected at 

the time of RNA isolation. Using the V-Plex, Proinflammatory Panel 1 (mouse) Kit 

(Catalog # K15048D) from Meso Scale Discovery (Rockville, MD), cytokine levels 

were measured according to manufacturer’s standards. Chemokines were analyzed using 

mouse CCL2 ELISA kit (#88-7391-22, Invitrogen), mouse MIP-1alpha (CCL3) ELISA kit 

(#88-56013-22, Invitrogen), and the TGFβ ELISA kit (#88-8350-00, Invitrogen) according 

to the manufacturer’s instructions.

2.9. Bone marrow derived macrophage (BMDM) cell culture

Femurs were harvested from BALB/c female mice, and bone marrow was harvested from 

the bone shaft through flushing with HBSS until the bone appeared pale white. Cells 

were treated with ACK buffer (NH4Cl, KHCO3, EDTA disodium) for 5 min at RT to 

lyse the red blood cells. Cells were spun down at 300×g for 5 min, the supernatant 

was removed, and cells were resuspended in DMEM media (Thermo Fisher Scientific), 

10% FBS (Sigma-Aldrich, St. Louis, MO), 2-mercaptoethanol (Sigma-Aldrich), antibiotic/

antimycotic (Thermo Fisher Scientific) before being passed over a 100 μm filter. Cells were 

plated in a 24-well plate at a density of 1 × 10 [6] cells/well in media containing 25 ng/mL 

MCSF (Stemcell Technologies, Vancouver, Canada). Cells were incubated at 37 °C with 5% 

CO2 for a minimum of 7 days replacing half of the volume of media every 3 days.

After 7 days, BMDM media was removed and conditioned media from 4T1 cells or 3T3 

cells was used at a 1:1 ratio with BMDM native media. Conditioned media was made by 

using native media for the cell line and leaving on the cells for 24 h, after which time the 

media was collected and the solids were spun out.

2.10. T cell culture

Spleens were resected from female BALB/c mice and were teased apart in PBS to release 

splenocytes. Cells were then treated with red blood cell lysis buffer (Sigma-Aldrich) 

according to manufacturer’s standards for 10 min at room temperature. CD4+ T cells or 

pan naïve T cells were isolated using negative selection kits according to manufacturer’s 

specifications (Invitrogen). Isolated T cells were cultured on plates coated with 3 μM/mL 

anti-CD3 (Invitrogen #16003185) and cultured in RPMI (Gibco) supplemented with 10% 

FBS (Sigma-Aldrich). recombinant IL-2 (10 ng/mL) (R&D Systems Catalog # 402-mL) and 

anti-CD28 (1:75 dilution of 1 μg/mL) (Invitrogen #16028182). Cells were cultured for 48 h 

and then cell number and viability were measured, conditioned media was collected, and the 

cells were put in Trizol for RNA isolation.
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To polarize toward T regulatory (Treg) cells, cells were cultured and activated as above, but 

the media was supplemented with retinoic acid (RA) (2 μg/mL) (Sigma-Aldrich) and TGF-β 
(20 ng/mL) (Abcam Ref# ab50036) for 96 h (adapted from Ozay et al., 2020) [53] before 

being stained for flow cytometry or put in Trizol for RNA isolation.

2.11. Conditioned media

To make conditioned media, immortal cell lines were grown to 80% confluence in 

the corresponding media. Cells were then trypsinized and plated in 10 cm plates at a 

concentration of 2 × 10 [6] cells and left to adhere for 24 h. Cells were then treated with 30 

μM BP3 or DMSO and left for 48 h at which time the media was removed, solids were spun 

out and the media was aliquoted and stored at −20 °C until use.

Primary immune cell lines were cultured as previously described. Cells were grown in 24 

well plates and fresh media was added ± 30 μM BP3 and cultured for 48 h before being 

collected, spun down and stored for later use. T regulatory cells were cultured as previously 

described for 96 h before conditioned media was collected.

2.12. Flow cytometry

T regs were cultured as described for 96 h, gently dissociated from the plate, and spun 

down at 5000 RPM for 10 min. Conditioned media was removed and saved for later use. 

Cells were fixed and permeabilized with the eBioscience FoxP3 fixation/permeabilization kit 

(Thermo Fisher Scientific #00-5521-00) according to manufacturer’s protocol. Cells were 

then taken up in flow buffer (1X PBS and 0.1% BSA), and stained with Foxp3 (Abcam Cat# 

ab218773), CD4 (AbCam Cat #ab269349), and CD25 (AbCam Cat# ab210330) for at least 

30 min on ice protected from light. Cells were spun down; the supernatant was removed, 

and cells were washed in flow buffer once before being resuspended in 100 μL flow buffer. 

Flow cytometry was run on the Amnis FlowSight imaging flow cytometer and analysis was 

performed using IDEAS 6.2 software.

2.13. Statistics

Graphpad Prism was used to compare group means using Student’s t-tests and results with P 

< 0.05 were considered significant.

3. Results

3.1. BP3 does not alter primary tumor growth, but does increase lung metastatic lesions

Many studies examining the impact of xenoestrogens on cancer growth focus on ER + breast 

cancer cell lines since proliferation of many mammary epithelial cells is driven by estrogen. 

However, the overall goal of this study was to establish whether BP3 could contribute 

to breast cancer growth or progression through its effects on immune cells of the tumor 

microenvironment. Therefore, we chose to study a breast cancer line which would not be 

directly affected by a xenoestrogen. 4T1 cells are a murine triple negative breast cancer 

(TNBC) cell line that do not express ERα. To first determine whether BP3 could affect 

breast cancer cell proliferation or migration via an ER independent pathway, 4T1 cells 

were treated with BP3 and analyzed for viability and migration. The impact of increasing 
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concentrations of BP3 (0, 0.3, 3, and 30 μM) on the proliferation/viability of 4T1 cells 

was measured after 72 h of treatment. There was no significant difference in the number 

of viable cells at any of the concentrations when compared to the control (Fig. 1A). The 

migratory behavior of the cells was also measured via scratch wound and Transwell assays. 

There was no significant difference in the ability of the 4T1 cells to migrate across a scratch 

when treated with 30 μM BP3 (Fig. 1B). However, exposure to 30 μM BP3 reduced the 

ability of the cells to cross a membrane toward a chemotactic factor (Fig. 1C). This suggests 

that while BP3 treatment does not cause changes in the proliferation/viability or motility of 

the cells, it may reduce migration via an ERα independent mechanism.

To address the question of whether exposure to BP3 could affect tumor growth in 
vivo, BALB/c female mice were fed chow containing vehicle or one of two different 

concentrations of BP3 intended to expose the animals to doses of 3 mg/kg body weight/day 

or 70 mg/kg body weight/day. These dosages were chosen because it is difficult to directly 

compare human exposures to mice due to the differences in the metabolic rates, therefore 

3 mg/kg body weight/day was chosen as it is the established NOAEL dosage [27,54], 

while the higher dosage (70 mg/kg body weight/day) results in urine concentrations of BP3 

metabolites in mice similar to those observed in the urine of humans with heavy topical 

application of sunscreen [55,56]. At 8 weeks of age, following 5 weeks of BP3 exposure 

via chow consumption, 4T1 tumor cells were injected into the mammary fat pad (IM) to 

examine primary tumor growth, or intravenously via the tail vein (IV) to examine metastatic 

seeding and growth in the lung. Animals were euthanized at 21- or 14-days post-injection, 

respectively (Fig. 1D).

The weight of the mice was monitored throughout the study, and there were no significant 

changes in the body weights across the treatment groups in either the IM or IV mice 

suggesting that the inclusion of the chemical in the chow did not alter the amount of food 

consumed by the mice (Fig. 1E). There were no significant differences in the volume of 

the primary tumors across the exposure groups (Fig. 1F). However, the lungs from the 

IV injected mice exposed to 70 mg/kg/day BP3 exhibited significantly more tumor foci 

compared to lungs from the control mice (Fig. 1G), as well as significantly more tumor 

coverage of the lungs (Fig. 1H). To determine whether a difference in the balance of 

apoptosis and proliferation could explain the increased tumor coverage, lung sections were 

stained with antibodies to detect Caspase-3 or Ki-67 respectively. No difference in apoptotic 

death was noted, however, there was a decrease in the number of positively stained Ki-67 

cells in the animals exposed to 70 mg/kg/day BP3 (Fig. 1I–K).

3.2. BP3 affects infiltrating immune cell populations in a tissue-dependent fashion

The impact of BP3 exposure on metastatic establishment and not primary tumor growth 

indicated that there was either a tissue specific impact or a change in immune cell types that 

alter lung establishment and not mammary gland establishment. 4T1 progression and lung 

seeding has been shown to be impacted by myeloid cells, such as macrophages and dendritic 

cells, as well as T cell subsets [57,58]. To investigate the potential impact that BP3 has on 

the immune populations in and around the primary tumor and lung metastatic lesions, the 

tissues were stained with markers for innate and adaptive immune subtypes.
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Cells of the innate immune system, such as eosinophils, neutrophils, and macrophages, are 

the first line of defense against pathogens, but are also imperative for signaling to T and 

B cells to mount a more robust immune response. There was a significant increase in the 

number of eosinophils in the lung lesions from mice exposed to 70 mg/kg BW/day BP3 

(Fig. 2A) however there was no change in the number of neutrophils (NIMP-14 stained) 

cells in the lung metastases (Fig. 2A). There was no significant change in the number 

of macrophages in the lung metastases as indicated by F4/80 staining. The majority of 

the F4/80+ cells remained toward the edge of the metastases in all groups (Supplemental 

Fig. 1A). The expression of CD163, a marker of immunosuppressive M2c polarized 

macrophages [59], was similarly localized around the edge of the lesions. However, the 

expression of CD206 (which can identify dendritic cells, as well as macrophages) was 

seen throughout the lung lesions (Supplemental Fig. 1B). Interestingly, CD25 (IL2ra) the 

receptor for IL2 was localized throughout the metastases similarly to the CD206 staining 

(Supplemental Fig. 1C). Phenotypic analysis suggested that the majority of the CD25 

staining cells did not have a typical lymphocytic morphology and were likely a myeloid-

related cell type (Supplemental Fig. 1C).

The adaptive immune system (B cells and T cells) has been implicated in the control of 

4T1 progression [60,61]. CD45r was used to identify the B lymphocyte population in the 

lungs. No significant change was noted following exposure to either dose of BP3 (Fig. 

2A). Antibodies specific to classical markers for cytotoxic T cells (CD8), T helper (CD4), 

and T regs (Foxp3) were used to stain sections of the IV lungs. In the lung metastases, 

exposure to 70 mg/kg BW/day BP3 resulted in a significant decrease in the expression of 

all T cell markers (Fig. 2B). Contrary to our hypothesis that we would observe an increase 

in Tregs, we detected a particularly striking decrease in Foxp3 protein staining in the lung 

metastases of animals treated with 70 mg/kg BW/day BP3. This appeared to be due to 

a dramatic drop in protein expression because enhancement and alteration of the image 

analysis cut-off revealed that there were lighter Foxp3 staining cells in the background 

(Fig. 2C). To determine whether BP3 had a systemic impact on Foxp3 expression in the 

mouse, we examined the lymph nodes of the mammary glands, spleen, and gut associated 

lymph tissue (GALT) (Supplemental Fig. 2). Interestingly, we detected no change in Foxp3 

protein levels in the spleen following 70 mg/kg BW/day BP3 exposure, a decrease in Foxp3 

expression in the cells of the mammary gland lymph node similar to the lung, but an 

increase in the number of Foxp3 staining cells in the intestinal GALT (Supplemental Fig. 2A 

–C).

To determine whether exposure to BP3 resulted in similar changes in immune 

populations (decreased T cell numbers and increased eosinophils) in the primary tumor, 

immunohistochemical analysis was extended to these tissues. Similar to the lung metastases, 

an elevation of eosinophils was noted in the primary tumors of animals treated with 70 

mg/kg BW/day BP3. However, BP3 exposure had no effect on the expression of CD4 in the 

primary tumors. In fact, there were very few positively staining cells infiltrating within the 

primary tumors (Fig. 2D). There was no effect on the numbers of FoxP3 staining cells in 

the primary tumors, however, CD8 was significantly increased by exposure to the highest 

concentration of BP3 (Fig. 2D).
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Taken together, these data suggest that BP3 is driving a microenvironment which supports 

the accumulation of eosinophils and suppresses T cell infiltration or expansion specifically 

within the lung tissue. Furthermore, BP3 exposure contributes to a tissue-dependent 

difference on either Foxp3 expression in T regs or trafficking of Treg cells to specific areas.

3.3. BP3 affects chemokine gene expression in vivo

Previous studies on endothelial cell lines have suggested that chemokines such as CCL2 

(MCP1) are a critical target of BP3 (TOXNET link). Therefore, we sought to determine 

whether altered chemokine signaling resulted in the observed changes in immune cell 

trafficking. RNA was isolated from both the IV and IM lungs as well as the primary tumor 

from the IM injected animals and chemokine expression was examined by qRT-PCR. We 

observed a significant upregulation of Ccl2 and Ccl3(Mip1alpha) expression in the lungs of 

animals exposed to 70 mg/kg BW/day BP3 (Fig. 3A). This upregulation was not seen in the 

lungs of mice that did not have 4T1 metastatic lesions (IM lungs) nor was it observed in the 

primary tumors from mice treated with 70 mg/kg BW/day BP3 which suggests that Ccl2 and 

Ccl3 chemokine upregulation is dependent upon both BP3 and crosstalk between the tumor 

and lung parenchyma (Fig. 3A). Interestingly, Ccl4 (MIP1beta) and Ccl5 (Rantes) were both 

downregulated in the lung tissue in a BP3 and tumor-dependent fashion.

CCl2 high, CCL5 low breast tumors are often associated with a Th2-like response and an 

increase in expression of the Th2 trafficking cytokine, Ccl22 [62]. Therefore, we examined 

lungs to determine whether Ccl22 was also elevated in response to 70 mg/kg BW/day 

BP3. CCL22 is often expressed by myeloid cells and is involved in the recruitment of T 

regulatory cells and an immunosuppressive environment [63,64]. In both the IV lungs and 

the primary tumors of animals exposed to 70 mg/kg BW/day BP3 there was a significant 

increase in the expression of Ccl22. There was no effect on gene expression in the IM lungs 

(BP3 on normal lung tissue) (Fig. 3A), which indicates that a BP3 and tumor interaction 

is important for the expression of this chemokine. Immunohistochemical staining of tissues 

with CCL22 specific antibodies demonstrated that the highest expressing cells were found 

in lymph nodes (Supplemental Fig. 3) consistent with its expression on myeloid/dendritic 

cells. Consistent with an immunosuppressive environment, the expression of indoleamine 

2,3-dioxygenase (Ido-1) was also upregulated in the lungs of animals with 4T1 tumors and 

treated with BP3 regardless of tumor status (Fig. 3A). Furthermore, there was no significant 

change in Ido-1 expression in the primary tumor (Fig. 3A).

Since Ccl2 and Ccl3 upregulation appeared to be lung- and tumor-specific, we wanted 

to determine which cells might be expressing the chemokines and whether a crosstalk 

mechanism between cells is important for their dynamic secretion. The impact of BP3 on 

CCL2 and CCL3 protein secretion was examined in 4T1 tumor cells, bone marrow-derived 

macrophages (BMDM), BMDM cultured with conditioned medium (CM) from 4T1 cells, 

and BMDM cultured with CM from a fibroblast line (3T3). ELISA data demonstrated 

that while BMDM and 4T1 alone secreted low levels of CCL2 when BMDMs were 

cultured with conditioned 4T1 medium, there was a significant increase in the level of 

CCL2 protein released from macrophages treated with CM (Fig. 3B). Exposure to BP3 

significantly reduced the secreted levels of CCL2 when BMDMs were exposed to 4T1 
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CM. Conversely, our fibroblast cell line (3T3) secreted high levels of CCL2 without any 

treatment and BP3 induced a trend upwards (p = 0.08) in CCL2 expression (Fig. 3B). The 

results of the BMDMs cultured in 3T3 CM demonstrated a similar significant increase in 

CCL2 expression, however it is unclear whether the CCL2 was derived from the 3T3 cells 

themselves or was induced by 3T3 CM (Fig. 3B). Analysis of CCL3 secretion suggested a 

slightly different pattern, in that CCL3 was secreted at low levels from all of the cells alone, 

but BMDMs treated with 4T1 conditioned media or 3T3 conditioned media exhibited a 

significant elevation in CCL3 secretion (Fig. 3C). BP3 treatment of fibroblasts produced CM 

that significantly impaired CCL3 secretion from BMDMs (Fig. 3C). Taken together, these 

results support an impact of BP3 on CCL2 and CCL3, which is dependent on the cellular 

crosstalk.

3.4. BP3 affects T cell activation

Considering the observed decrease in T cell numbers and markers despite the elevated 

expression of chemokines in the lung tissues that are associated with increased Th2 cells, 

we wanted to determine if the reduction in T cells was due to an impairment in T cell 

expansion or in polarization of T cells. Since T cells are known to express ER and T cell 

activity is driven by changes in estrogen levels, we chose to examine the direct effect of 

BP3 exposure on activation-induced proliferation and the expression of Th1/Th2 cytokines 

and Treg polarization. CD4+ T cells were purified from mouse spleens and the T cells 

were activated with anti-CD3/CD28 in the presence of IL-2. Anti-CD3/CD28 activation 

induced the enlargement and proliferation of the T cells along with cytokine expression (Fig. 

4). However, the addition of 30 μM BP3 during T cell activation suppressed lymphoblast 

formation and reduced overall T cell numbers (Fig. 4A). An assessment of viability after 

exposure to 30 μM BP3 suggested that BP3 did not affect viability, indicating that the 

decrease in the number of T cells was due to reduction in T cell proliferation (Fig. 4A). 

RNA and supernatants were collected from the cells to determine whether BP3 altered the 

production of cytokines. At the RNA level, a significant reduction in Il2 expression was 

noted, but there was no significant change in the mRNA levels of Ifng or Il4, which are 

associated with Th1 and Th2 T cell subtypes, respectively (Fig. 4B). Interestingly, analysis 

of protein secretion demonstrated that exposure to 30 μM BP3 caused overall decreases in 

cytokine secretion (Fig. 4C). We were not able to confirm the reduction of IL-2 protein 

levels due to its addition to the media during cell culture.

We next evaluated the expression of transcription factors associated with T cell polarization 

in the activated CD4+ T cell population. We observed a significant increase in the expression 

of Bcl6, a transcriptional repressor that is inhibited by IL-2 [65] (Fig. 4D). However, there 

was no significant change in the levels of Th1 or Th2 associated transcription factors, Tbx21 
or Gata3, respectively [66,67] (Fig. 4D). These data indicate that in vitro BP3 generally 

suppresses T cell activation. To examine pathways that are required for T cell activation, 

we analyzed gene expression of metabolic markers associated with glycolysis, cell cycle, 

and exhaustion. Expression of Hk2 and Pkm, two genes involved in the activation-induced 

glycolysis program, were increased as expected following T cell activation, and were 

not significantly affected by BP3. However, Ldha expression was significantly reduced 

following exposure to BP3. We did not observe a change in either of the T cell exhaustion 
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markers (Lag3, Pdcd1), which suggests that BP3 does not affect T cell exhaustion in vitro. 

Lastly, we found that there were no significant changes in p21 (Cdkna1) gene expression, 

which indicates that BP3 does not arrest growth or drive cells into quiescence (Fig. 4D).

3.5. BP3 suppresses the polarization of T regs in vitro

We suspected that the reduction in Foxp3 protein expression may also be the result of 

a decrease in T cell polarization toward this phenotype. To examine the impact of BP3 

on inducible Tregs (iTregs), retinoic acid and TGF-β were included with the IL-2 and 

antibodies to the TCR complex when stimulating CD4+ cells. A time course was performed 

to measure the level of CD25+ and Foxp3+ induction by flow cytometry as a measure of 

Treg cell polarization (Fig. 5A). CD4 cells were able to polarize to iTregs in the presence of 

30 μM BP3, however the stability of the CD25high FoxP3high Treg phenotype was lost by 96 

h post-treatment (Fig. 5A). We observed the expected increase over time in the secretion of 

the immunosuppressive cytokine, IL-10, but the presence of BP3 dampened that expression 

(Fig. 5B). Interestingly, by 96 h the impact of BP3 on IL-10 was diminished. A reduction 

in the expansion of Tregs was noted in the cells exposed to BP3, similar to the reduction 

noted in activated T cells (Fig. 5C). ELISA assays demonstrated that TGF-β secretion 

was upregulated when the cells were polarized toward the T reg phenotype, however BP3 

dramatically reduced the secretion of the TGF-β (Fig. 5D). As expected, the secretion of 

both Th1-associated cytokines (IFNγ and TNFα) and Th2-associated cytokines (IL4 and 

IL6) were significantly reduced in polarized Tregs, however BP3 further suppressed IFNγ 
and TNFα (Fig. 5E). No reversal of cytokine suppression was noted in the cells exposed 

to BP3. We examined other Treg-associated gene expression following exposure to BP3. 

Upon Treg polarization (+TGFβ +RA), there was an expected decrease in the levels of IL-2 

mRNA, which was not affected by BP3 (Fig. 5F). BP3 caused no significant change in the 

expression of Nrp1, which is required for Treg stability [68], but there was an upward trend 

in the expression of Ido1 (Fig. 5F). Taken together, these data suggest that a concentration 

of 30 μM BP3 can suppress the proliferation of Treg cells and reduce the secretion of some 

Treg-associated cytokines.

4. Discussion

Previous studies have shown that there are potential health risks following exposure to 

BP3 [69–71]. However, the majority of studies look at this endocrine disruptor in tumors 

that express an estrogen receptor [27,72]. The work described in this study demonstrates 

that exposure to 70 mg/kg BW/day BP3 in mice from 3 weeks of age onwards facilitates 

the seeding and growth of a triple negative breast cancer cell line in the lung but does 

not significantly impact the growth of primary tumors. The increase in lung metastatic 

coverage is associated with an increase in the number of eosinophils and a decrease in 

lymphocytes, particularly cytotoxic and Treg cells. Analysis of chemokines responsible for 

trafficking myeloid and T cell subsets demonstrated that there was a tissue and tumor 

specific interaction with BP3. In vitro studies confirmed the complex crosstalk between 

cell types leading to changes in the expression of chemokines CCL2 and CCL3, and also 

confirmed a direct effect of BP3 on the activation of iTreg cell proliferation and cytokine 

secretion. While epidermal exposure was not measured, there is evidence to suggest that 
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in humans, coverage of 75% of the body surface area in sunscreen yielded plasma levels 

of BP3 exceeding 0.5 ng/mL which is the threshold of toxicological concern, a concept 

adopted by the FDA where a substance can migrate from packaging into food. In the Matta 

et al. study, they found that the mean maximum plasma levels reached 258.1 ng/mL BP3 19. 

Our initial findings of alterations in the tumor metastasis and immune populations provide 

insight into the effects of BP3 exposure and have opened the door to further investigation as 

to the impacts of other routes of exposure.

Triple negative breast cancer is difficult to treat and frequently highly invasive [73]. 

The metastasis of this tumor type is often facilitated by stromal cells from the tumor 

microenvironment [74–77]. Metastatic seeding of 4T1 tumor cells is facilitated by immune 

cell types, such as M2 and alveolar macrophages, myeloid-derived suppressor cells and 

Treg cells [75,78–80]. These cells help to promote tumor cell migration, as well as a 

more immunosuppressive microenvironment. The tumor cells are trafficked to the tissue via 

expression of various chemokines interacting with specific cell surface receptors. Our results 

suggest that BP3 exposure alters the lung microenvironment to impact the accumulation of 

immune cells in the vicinity of 4T1 tumor lesions. Specifically, we demonstrate that BP3 

results in increased eosinophils and decreased T lymphocytes in these lesions. Interestingly, 

it had been previously shown that 4T1 lung metastases exhibit a high lymphocyte to 

granulocyte ratio in the early stage of lung metastatic development, but over time evolves 

toward a very high granulocyte to lymphocyte ratio [81]. Thus, it is conceivable that BP3 

exposure either accelerates this natural tumor progression in the immune landscape or alters 

the initial events involved in tumor formation.

Signals critical for chemotactic tissue transitions were examined in the lungs and tumors 

from mice exposed to BP3. Several chemokines demonstrated clear shifts in expression 

patterns, which could explain the alterations we observed in cell infiltration. The expression 

of Ccl2, Ccl3 and Ccl22 increased in the lungs of animals with 4T1 lesions following 

BP3 exposure, while Ccl4 and Ccl5 expression decreased in the BP3 exposed group. 

Interestingly, these changes were not observed in the primary tumors of BP3 exposed 

animals, suggesting a tissue specific interaction. Furthermore, 4T1 cells were also required 

for some of the observed changes suggesting both tissue and tumor interactions. This 

dependence upon local microenvironment is consistent with previous studies demonstrating 

differences in chemokine expression in 4T1 lesions [62,82]. CCL2 is a monocyte 

chemoattractant that can be secreted by many cell types, including tumor cells [83]. CCL2 

recruits macrophages expressing CCR2 to the tumor microenvironment (TME), where 

the microenvironment can further alter the behavior of the macrophages, often towards 

phenotypes that promote tumor growth [84]. Previous studies have demonstrated that 4T1 

lung metastases are associated with CCL2 expression, and cell-specific deletion experiments 

have indicated that CCL2 released from the stromal cells contribute to the metastatic 

seeding [84,85]. There are several instances of cross talk between tumor cells, macrophages 

and/or fibroblasts which ultimately fuel tumor progression. For example, CXCL1-induced 

CCL2 release from fibroblasts can promote cholesterol synthesis in 4T1 cells to encourage 

metastatic growth [86]. Furthermore, CCL2 crosstalk between cancer cells and fibroblasts 

results in increased breast cancer stem-like behaviors which can promote resistance to death 

[87]. Elevated CCL2 causes chemotaxis and retention of inflammatory macrophages via 
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secretion of CCL3 leading to enhancement of breast cancer lung metastatic involvement 

(Kitamura 2015) [88]. CCL3 is released from many cell types and interacts with CCR1, 

CCR4 and CCR5 on cell surfaces of T cells, macrophages, myeloid derived suppressor 

cells and eosinophils to help them move to sites of inflammation [89–91]. Previous studies 

have suggested that a shift in the balance towards high CCL2 and low CCL5 results in 

upregulation of CCL22 and an immunosuppressive tumor microenvironment [62]. CCL22 is 

also a chemotactic for eosinophils, particularly in the lungs, which aligns with the increase 

that we see in eosinophils [92,93]. This is consistent with this study where we observed an 

associated increase in Ccl22 in response to BP3.

The impact of BP3 on immunosuppression is suggested not only by the reduction in tumor 

infiltrating T cells, but also by the increase in Ccl22 in lymph nodes and CD25 on myeloid 

cells scattered throughout the lesions. Tolerogenic dendritic cells often express CD25, which 

is believed to act as an IL2 sink to rob T cells of a vital cytokine [94]. The increase in 

Ido-1 expression provides further support for this idea. IDO-1 is a metabolizing enzyme 

that catalyzes the first step of the kynurenine pathway which is known to promote tumor 

growth and contribute to tumor immune escape through the inhibition of T cell proliferation 

[95–97]. A recent study looking at 4T1 tumors demonstrated that IDO-1 expression was 

largely restricted to Gr-1+ myeloid vascular cells in the presence of IL-6 and IFNγ. IDO-1 

expression has been demonstrated to regulate the neovascularization of tumors [98]. This 

is interesting because a study examining the impact of BP3 on tumor initiation noted 

elevated tumor vascularization following BP3 exposure [56]. Increased Ido1 expression is 

also associated with tumor dormancy in some models [99]. It is tempting to speculate that 

the observed reduction in Ki-67 positive cells in the lung metastases of BP3 treated mice 

might be related to induction of tumor cell dormancy. Future studies will be required to 

determine the exact role of IDO-1 in BP3 treated 4T1 lung metastases.

One of the key immune cell types that are involved in cancer progression are T cells. CD4 

T cells that receive signals from neighboring tumor cells often transition to a more Th2-like 

phenotype [100,101]. In turn, the Th2 cells secrete cytokines (i.e., IL4, IL5) that regulate 

B cell activity and allergic changes, while inhibiting Th1 polarization critical for cancer 

prevention [102,103]. Additionally, CD4+ T cells can be polarized towards T regulatory 

cells (Tregs) in the presence of TGF-beta, which suppresses T cell activation/proliferation 

and facilitates immune escape leading to 4T1 lung metastases [57,61]. We observed a 

significant decline in the overall number of T cells in the animals exposed to 70 mg/kg 

BW/day BP3 consistent with an immune suppressive lung microenvironment, however, this 

included the Tregs as well. To examine the direct impact of BP3 on CD4 T lymphocytes, cell 

culture studies were performed under controlled conditions to examine activation-induced 

proliferation, cytokine production, and Treg polarization in the presence of TGF-β. Our cell 

culture data did not suggest a Th2 bias in cytokine production following activation, as we 

initially hypothesized. However, BP3 did suppress proliferation and cytokine secretion in 

general. While the T cells were able to polarize toward Foxp3+ CD25+ expressing cells, 

the phenotype appeared unstable. We suspect the presence of the lightly staining Foxp3+ 

cells in lung metastases of the animals that received 70 mg/kg BW/day BP3 is due to 

this instability. Interestingly, the impact of BP3 on Foxp3 was not a systemic effect. This 

suggests that in the lung metastases the effect of BP3 involved the contribution of both 
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the tissue and the tumor cells. It is well known that activation-induced T cell proliferation 

and cytokine production require IL2 signaling and metabolic changes (glycolysis) to drive 

the energy required for this activation [104]. Analysis of several glycolysis related gene 

transcripts demonstrated that BP3 did not impact the overall transcription of the glycolytic 

program, however the expression of lactate dehydrogenase A (Ldha) was significantly 

reduced following exposure to BP3. The LDHA enzyme is important for the conversion 

of lactate and pyruvate, and in CD8+ T cells, as well as NK cells, LDHA is critical for 

cytotoxic activity [105,106]. Future research will determine the impact of BP3 on LDHA in 
vivo and its contribution to the tumor microenvironment.

Taken together, our results support an impact of BP3 on lung metastasis through an 

undefined mechanism that likely involves cross-talk between lung stroma cells and immune 

populations. Our observations of BP3 immunosuppression are consistent with previous 

research showing that exposures to estrogenic EDCs like BP3 can result in suppressed 

immune responses or immune toxicity [107–110]. The in vivo impact appears to be tissue 

dependent, as the decrease in T cell populations is only seen in the lung tumor metastases 

and the mammary lymph nodes. Here we have demonstrated that following exposure to 

30 μM BP3 in vitro, proper T cell function is greatly inhibited. This work suggests that 

exposure to BP3 can facilitate growth of a triple negative breast cancer cell line in the lung 

and that this is associated with changes in the immune microenvironment. Future studies 

are required to understand the contribution of the specific cell populations and chemokine 

cascade, as well as whether there is a concern for women with TNBC following epidermal 

exposures to BP3.
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Fig. 1. BP3 induces 4T1 proliferation in vivo.
4T1s were treated directly with 30 μM BP3 and A. proliferation of 4T1 cancer cells was 

measured via MTS assay. Migration of the 4T1s was measured through B. scratch wound 

assay and C. transwell migration assay. D. Schematic of Balb/c mouse experiment. E. 
Tumor volume in mice injected with 4T1 in the mammary fat pad starting on day 7 post 

injection using the formula V = (W (2) * L)/2 where V is volume, W is tumor width, and L 

is length. F. Mice were weighed throughout the experiment, and the change in weight was 

calculated starting at time of injection. G. Tumor foci in IV lung sections from IV mice 

were counted upon staining with H&E. H. In the IV lung H&E sections, the percent tumor 

coverage was calculated via measurement of total tumor size divided by total lung area. I. IV 

lung sections were stained with Ki67, and the total number of positive cells in the metastasis 

were counted. J. Representative images of Ki67 staining in IV lung tumor metastases. K. IV 

lungs were stained with cleaved caspase 3 and total number of positive cells were counted in 

the metastases.
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Fig. 2. BP3 alters immune populations in a tissue specific manner.
A. Immunohistochemistry was performed on lungs from IV mice that were paraffine 

embedded, to observe immune populations. From left to right, Vital New Red for 

eosinophils, Nimp-14 for neutrophils, CD45r for B cells. Positively staining cells were 

counted in the metastases of the lung. B. Lungs from IV mice were stained with T cell 

markers (left to right) T helper cells, cytotoxic T cells, and Tregs. C. Representative images 

from the lung metastasis of the IV group staining with Foxp3. D. Tumor from IM mice were 

paraffin embedded, sectioned and stained for T cell markers.

Morin et al. Page 23

Adv Cancer Biol Metastasis. Author manuscript; available in PMC 2023 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. BP3 alters cytokine expression
A. RNA was harvested from sections of whole tissue from both IM and IV mice exposed 

to BP3. mRNA levels of the various cytokines were analyzed by qRT-PCR. All qRT-PCR 

results were performed with n = 5 and results were normalized to ATCB. B, C. Cells 

were exposed to 30 μM BP3 in vitro or exposed to conditioned media from cells that were 

exposed to BP3. Supernatant was collected and protein levels of CCL2 or CCL3 were 

measured via ELISA.
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Fig. 4. BP3 alters T cell expansion and cytokine expression in vitro
T cells were harvested from spleens of female 5-week Balb/c mice and activated via the 

presence of plate-bound CD3, CD28, and IL-2 in the media. A. Cell number, % viability, 

and cell diameter were quantified using the ChemoMetec NucleoCounter Nc-202. B. Gene 

expression of T cell activation genes was measured via qRT-PCR. All qRT = PCR reactions 

were run in biological triplicate and technical duplicate. C. T cell related cytokines were 

measured from the media of activated T cells exposed to 30 μM BP3 through the use 

of MSD. D. T cell activation, senescence, and exhaustion gene expression markers were 

interrogated through the use of qRT-PCR.
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Fig. 5. Exposure to BP3 reduces the normal activity of T regulatory cells
T cells were activated and then polarized or not to the Tregs through the addition of 

TGFb and retinoic acid. A. Cell expression of the surface markers, CD4 and CD25, and 

the transcription factor, Foxp3 were measured by flow cytometry. B. Supernatant from the 

Tregs in A. was taken to measure secreted levels of Il-10 protein. C. Activated T cells or 

Tregs±BP3 were counted using the ChemoMetec NucleoCounter Nc-202. D, E. Supernatant 

from activated T cells or Tregs±BP3 was taken to measure secreted protein levels. F. RNA 

was isolated from activated T cells or Tregs±BP3 and gene expression of Treg associated 
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genes was measured through qRT-PCR, all reactions were measured in biological triplicate, 

technical duplicate.
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Table 2

qRT-PCR Primers.

Gene Forward Reverse

Actb 5′ CTA AGG CCA ACC GTG AAA AG 3′ 5′ ACC AGA GGC ATA CAG GGA CA 3′

Ccl2 5′ CTG GAG AGC TAC AAG AGG AT 3′ 5′ TGA GCT TGG TGA CAA AAA 3′

Ccl3 5′ TCT GCG CTG ACT CCA AAG AG 3′ 5′ GTG GCT ACT TGG CAG CAA AC 3′

Ccl4 5′ CTG TGC AAA CCT AAC CCC GA 3′ 5′ AGG GTC AGA GCC CAT TGG T 3′

Ccl5 5′ CAG TCG TGT TTG TCA CTC GAA 3′ 5′ CCA TTT TCC CAG GAC CGA G 3′

Ccl22 5′ ACC TCT GAT GCA GGT CCC TAT 3′ 5′ CTC ACA GAG TGA CAG CCC AG 3′

Ido1 5′ CGT GCC TGG TTT TGA GGT TT 3′ 5′ GGT CCA CAA AGT CAC GCA TA 3′

Helios 5′ TGA CCC ACC TGT AAA GTG CT 3′ 5′ CTT CCA TAG GCG GTA CAT GGT 3′

Nrp1 5′ CTC TCC TTC CCG CAG ACA AC 3′ 5′ AAC ATT CGG GCC CTC TCT TG 3′

Pmk 5′ ATG CAG CAC CTG ATA GCT CG 3′ 5′ AGG TCT GTG GAG TGA CTG GA 3′

Hk2 5′ GTT TCT CTA TTT GGC CCC GAC 3′ 5′ AGA GAT ACT GGT CAA CCT TCT GC 3′

Il2ra 5′ TGG CAA CAC AGA TGG AGG A 3′ 5′ TGG CGT CTC AGA TTT GGC TT 3′

Gata3 5′ AGT ACA GCT CTG GAC TCT TC 3′ 5′ CTG CCT TCT GTG CTG GAT 3′

Cdkn1a 5′ GAT CCA CAG CGA TAT CCA GA 3′ 5′ AAG TCA AAG TTC CAC CGT TC 3′

Il4 5′ TGT ACC AGG AGC CAT ATC CA 3′ 5′ CTG TGG TGT TCT TCG TTG CT 3′

Il2 5′ TTG AGT GCC AAT TCG ATG AT 3′ 5′ TTG AGG GCT TGT TGA GAT GA 3′

Ifng 5′ CCT TTG GAC CCT CTG ACT T 3′ 5′ GTA ACA GCC AGA AAC AGC CA 3′

Il10 5′ TGA ATT CCC TGG GTG AGA AGC TGA 3′ 5′ TGG CCT TGT AGA CAC CTT CCT CTT 3′
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