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ORIGINAL RESEARCH
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ABSTRACT
While regulatory T cells (Tregs) and macrophages have been recognized as key orchestrators of cancer- 
associated immunosuppression, their cellular crosstalk within tumors has been poorly characterized. Here, 
using spontaneous models for breast cancer, we demonstrate that tumor-associated macrophages (TAMs) 
contribute to the intratumoral accumulation of Tregs by promoting the conversion of conventional CD4+ T 
cells (Tconvs) into Tregs. Mechanistically, two processes were identified that independently contribute to 
this process. While TAM-derived TGF-β directly promotes the conversion of CD4+ Tconvs into Tregs in vitro, 
we additionally show that TAMs enhance PD-1 expression on CD4+ T cells. This indirectly contributes to 
the intratumoral accumulation of Tregs, as loss of PD-1 on CD4+ Tconvs abrogates intratumoral conversion 
of adoptively transferred CD4+ Tconvs into Tregs. Combined, this study provides insights into the complex 
immune cell crosstalk between CD4+ T cells and TAMs in the tumor microenvironment of breast cancer, 
and further highlights that therapeutic exploitation of macrophages may be an attractive immune 
intervention to limit the accumulation of Tregs in breast tumors.
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Introduction

An important barrier for effective anti-tumor immunity in breast 
cancer is cancer-associated immunosuppression.1–3 Within breast 
tumors, cancer cells and host cells including stromal cells, innate 
and adaptive immune cells, cooperate to limit the infiltration, 
proliferation, and function of T cells with anti-tumor capacity.4 

A key cell type involved in cancer-associated immunosuppression 
is the FOXP3+CD4+ regulatory T cell (Treg). Due to their immu-
nosuppressive nature, Tregs play an essential role in immune 
homeostasis, but can be hijacked by tumors. Clinical studies in 
the context of breast cancer have shown that elevated levels of 
intratumoral Tregs correlate with high tumor grade and poor 
survival.5,6 In line, preclinical data show that Tregs can interfere 
with anti-tumor immunity and immunotherapy response in 
mouse models for breast cancer.7–10 Molecular insights into how 
Tregs accumulate inside tumors may set the stage for the develop-
ment of novel therapeutic interventions aimed at reducing Treg 
numbers in breast tumors.

Functional, immunosuppressive Tregs can develop via two 
distinct routes. The main route is through a specialized thymic 
developmental program that selects single positive CD4+ thy-
mocytes with a high-affinity TCR recognizing tissue-restricted 
self-antigen. These Treg precursor cells further develop into 
mature, thymic-derived FOXP3+ Tregs (tTregs) under influence 

of cytokine stimulation of IL-2/IL-15,11 which coordinates the 
suppression of detrimental auto-immune responses directed 
toward self-antigen. In addition, peripherally induced Tregs 
(pTregs) can arise in the periphery through induction of 
FOXP3 in non-regulatory CD4+ conventional T cells 
(Tconvs).12 This latter process is mediated by TGF-β-induced 
SMAD3, which can bind an enhancer located in intron 2 
(CNS1) of FOXP3, leading to its expression.13,14 Preclinical 
research using CNS1−/− mice that lack these peripherally 
induced Tregs (pTregs) have demonstrated a vital role for these 
cells in preventing excessive immune responses in the gut, by 
providing tolerance to commensal microbiota.15,16

In addition to the indispensable role of TGF-β for the 
extrathymic differentiation of Tregs, this process can be fine- 
tuned by other factors, including PD-1 signaling.17 Signaling 
through PD-1 in CD4+ T cells can enhance TGF-β-mediated 
conversion of CD4+ Tconvs by inactivation of STAT1-mediated 
inhibition of FOXP3, or by improving the stability of FOXP3 in 
induced Tregs.18,19 While PD-1-mediated conversion of CD4+ 

Tconvs into Tregs is critical for the prevention of graft rejection 
in a mouse model for graft versus host disease (GvHD),18 the 
importance of PD-1 for the induction of Tregs within the tumor 
microenvironment, where PD-1 is often highly expressed on 
infiltrated T cells,20 is unclear.

CONTACT Karin E. de Visser k.d.visser@nki.nl Division of Tumor Biology & Immunology, Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands; 
Oncode Institute, Utrecht, The Netherlands; Department of Immunology, Leiden University Medical Center, Leiden, The Netherlands

Supplemental data for this article can be accessed on the publisher’s website

ONCOIMMUNOLOGY                                        
2022, VOL. 11, NO. 1, e2063225 (15 pages) 
https://doi.org/10.1080/2162402X.2022.2063225

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-4728-4886
http://orcid.org/0000-0002-0293-868X
https://doi.org/10.1080/2162402X.2022.2063225
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2022.2063225&domain=pdf&date_stamp=2022-04-15


Tregs have been shown to accumulate in murine tumor 
models through chemotaxis-mediated recruitment, most nota-
bly via CCL2, CCL4, CCL8, and CCL17,21–23 but emerging data 
suggest that intratumoral conversion of CD4+ Tconvs into Tregs 
may additionally increase the intratumoral presence of Tregs in 
breast cancer.24 However, the underlying immune cell cross-
talk that drives this process remains poorly understood. 
Interestingly, in vitro studies have shown that tumor-asso-
ciated myeloid cells, such as dendritic cells and macrophages, 
induce the conversion of conventional CD4+ T cells into 
Tregs,24–26 but the relevance of this crosstalk with myeloid 
cells in the context of spontaneous mammary tumors has not 
been characterized, despite the high abundance of particularly 
macrophages in human breast cancer.27

In the current study, we used the transgenic K14cre;Cdh1F/F; 
Trp53F/F (KEP) mouse model of invasive mammary tumori-
genesis 28 to investigate the functional significance of crosstalk 
between tumor-associated macrophages (TAMs) and CD4+ T 
cells in intratumoral accumulation of Tregs. We demonstrate 
that TAMs promote the intratumoral accumulation of immu-
nosuppressive Tregs by driving the conversion of CD4+ T cells 
into Tregs in vivo. In vitro studies showed that this process is 
dependent on TAM-derived TGF-β. In addition, we find that 
TAMs regulate PD-1 expression on intratumoral FOXP3− and 
FOXP3+CD4+ T cells. This facilitates Treg conversion as genetic 
ablation of PD-1 on conventional T cells reduces their conver-
sion into FOXP3+ Tregs in vivo. Combined, this study reveals a 
novel interaction between TAMs and conventional CD4+ T 
cells, that drives the intratumoral accumulation of Tregs in 
breast cancer, and thereby contributes to increased under-
standing of the immune interactions at play in breast cancer.

Results

Regulatory T cells accumulate in de novo KEP mammary 
tumors and correlate with tumor-associated 
macrophages.

To study immune cell crosstalk between Tregs and TAMs in a 
model that closely recapitulates human breast tumor forma-
tion, we made use of the transgenic KEP mouse model, which 
spontaneously develops mammary tumors at 6–8 months of 
age.28 Analysis of the infiltration of Tregs, identified by FOXP3 
staining, showed that Tregs are more abundant in end-stage 
KEP mammary tumors (225 mm2), as compared to healthy 
mammary gland (Figure 1a-b). The immunosuppressive 
potential of intratumoral Tregs was determined by assessing 
their ability to suppress the proliferation of CD3/CD28-stimu-
lated splenic CD4+ and CD8+ T cells ex vivo. T cell prolifera-
tion was significantly decreased in the presence of Tregs in an 
effector:target ratio-dependent manner (Figure 1c), indicating 
that Tregs isolated from mammary KEP tumors have potent 
suppressor activity.

To investigate an association between Tregs and macrophages 
in breast tumors, we first characterized the infiltration of TAMs 
in end-stage KEP tumors. As we have published previously,30 

TAMs (CD11b+ F4/80high, Figure 1d) are the most abundant 
immune cell population observed in KEP tumors (Figure 1e), 
and orchestrate systemic immunosuppression via the release of 

IL-1β.29 In line with this immunosuppressive character, TAMs 
in KEP tumors are negatively enriched for IFN-y and IFN-α 
signaling compared to macrophages from healthy mammary 
glands, indicative of reduced immunostimulatory activity 
(Figure S1A). Analysis of mRNA expression levels of FOXP3 
(Tregs) and CSF1R (TAMs) in the human breast cancer cohort of 
The Cancer Genome Atlas using the Xena platform 31 revealed a 
positive correlation between FOXP3 and CSF1R (figure 1f). 
Likewise, this positive correlation between FOXP3 gene and 
CSF1R gene expression could be validated in a RNAseq dataset 
previously published by our lab, consisting of 120 tumors 
derived from 16 different GEMMs representing distinct subtypes 
of breast cancer 29 (Figure 1g), thereby showing that these 
correlations exist across species and tumor models, raising the 
question whether Tregs and TAMs functionally interact in breast 
tumors.

TAMs promote Treg accumulation in the tumor 
microenvironment by inducing the conversion of 
CD4+Tconvs into Tregs in vivo

To elucidate whether TAMs are causally involved in the accu-
mulation of Tregs in mammary tumors, we assessed the impact 
of macrophage depletion in tumor-bearing KEP mice on intra-
tumoral Tregs (Figure 2a). For this, a chimeric mouse IgG1 
antagonistic antibody (clone 2G2) that binds to mouse 
CSF1R with high affinity was used,32 which blocks the interac-
tion between CSF1 and CSF1R, thereby depleting macrophages 
which are dependent on CSF-1.30,33 Indeed, in line with pre-
vious findings,30 anti-CSF1R treatment strongly reduced the 
F4/80high CD11b+ macrophage population in KEP mammary 
tumors (Figure 2b). In parallel, a strong reduction in the 
frequency and absolute counts of FOXP3+ Tregs was observed 
in anti-CSF1R-treated mice compared to control-treated mice, 
which was limited to the TME, and not observed in other 
tissues (Figure 2c-d, S1B). The phenotype of the remaining 
Tregs, as assessed by their expression of CD103, ICOS, CD25, 
and CD69, was not altered upon anti-CSF1R treatment (Figure 
S1C). Of note, macrophage depletion did not significantly 
impact tumor burden or alter the frequency of conventional 
CD4+ or CD8+ T cells, (Figure S1D-E). Together, these data 
indicate that TAMs play a role in the accumulation of Tregs in 
mammary tumors.

We then set out to assess how TAMs promote the intratu-
moral accumulation of Tregs in KEP mammary tumors. Since 
we previously reported that Tregs in KEP tumors show limited 
expression of Ki-67, similar to Tregs in healthy mammary 
glands where TAMs are not present, it is unlikely that TAMs 
facilitate intratumoral Treg accumulation by enhancing their 
proliferation.8 Others have reported that macrophages can 
release chemokines such as CCL17 and CCL22 that contribute 
to recruitment of Tregs,25,34,35 however, we did not observe 
altered gene expression of these chemokines, or other chemo-
kines involved in Treg recruitment into tumors,36–39 in tumors 
treated with control antibody or anti-CSF1R (Figure S1F), 
suggesting that TAMs promote Treg accumulation in KEP 
mammary tumors via a different mechanism. We hypothesized 
that TAMs may promote Treg accumulation by inducing the 
conversion of CD4+ Tconvs into Tregs. To test this hypothesis, 
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gene expression profiles of Tregs isolated from end-stage mam-
mary tumors, WT mammary glands or WT spleen were com-
pared with the gene expression profiles of CD4+ Tconvs 
(CD4+CD25−) isolated from end-stage mammary tumors. 
Correlation analysis suggests that intratumoral Tregs are tran-
scriptionally more similar to intratumoral CD4+ Tconvs than to 
Tregs isolated from WT mammary gland or spleen (Figure 2e), 
perhaps suggesting that there might be a relationship between 
intratumoral Tregs and CD4+ Tconvs, that may arise through 
conversion of CD4+ Tconvs into Treg cells.

To test whether TAMs are functionally involved in conver-
sion of CD4+ Tconvs into Tregs, CD4+CD25− Tconvs isolated 
from spleen and lymph nodes of tumor-bearing mice were 
cultured with or without TAMs FACS-sorted from KEP 
tumors (Figure S1E). After 72 hours of co-culture, we found 
a significant increase in FOXP3 expression in CD4+CD25− 

Tconvs cultured with TAMs compared to CD4+CD25− Tconvs 
cultured without TAMs, indicating that TAMs have the poten-
tial to drive conversion of CD4+ Tconvs into Tregs under in vitro 
conditions (figure 2f-g, S1H). In these cultures, we also 

observed increased viability of CD4+ T cells co-cultured with 
TAMs, suggesting TAMs might also support CD4+ T cell 
survival (Figure S1I).

Next, we set out to investigate whether TAMs also mediate 
Tconv-Treg conversion in vivo, and thus might explain the 
observed reduction of intratumoral Tregs in anti-CSF1R-treated 
KEP mice (Figure 2b). CD4+ Tconvs (CD4+CD25−) cells were 
FACS-sorted from naïve mTmG mice, which have continuous 
and ubiquitous expression of TdTomato, allowing for their in 
vivo tracing. Following in vitro activation to improve CD4+ 

Tconvs homing into tumors, CD4+ Tconvs (~98% purity post 
activation, S1J) were adoptively transferred into KEP mice 
bearing de novo mammary tumors (Figure 2h). Analysis of 
tumor-bearing mice, 7 days after adoptive transfer, revealed 
that TdTomato+ cells could be retrieved from blood and multi-
ple tissues, including spleen, draining lymph nodes and tumors 
(Figure 2i). Transferred CD4+CD25− TdTomato+ cells in non- 
tumor tissues lowly expressed FOXP3 (~7% in draining lymph 
node, <5% in blood and spleen), whereas ~33% of transferred 
cells found in KEP tumors expressed FOXP3, indicating that 

Figure 1. Characterization Tregs and TAMs in the TME of KEP tumors. (a) Representative image of immunohistochemical staining of FOXP3 in mammary tumors (225 
mm2) of KEP mice (top), or healthy mammary glands of WT littermates (bottom). Red arrows indicate FOXP3+ cells. (b) Quantification of data shown in (A). n = 3–5 mice/ 
group. Per sample, 5 times 40x fields of view were averaged. (c) Division index of CTV labeled CD4+CD25− and CD8+ splenic T cells isolated from WT mice, co-cultured 
with various numbers of CD4+CD25+ Tregs isolated from mammary tumors (225 mm2) of KEP mice in indicated ratios for 96 hours (data pooled from 3 independent 
experiments, mean ± SEM shown). (d) Representative dot plot depicting TAMs (CD11b+, F4/80high) gated on CD45+ cells in mammary (225 m2) tumors of KEP mice. (e) 
Frequencies of intratumoral CD45− and CD45+ immune cell subpopulations of total live cells in (225 m2) mammary tumors of KEP mice (n = 5). Percentage of TAMs 
(CD45+CD11b+F4/80high), neutrophils (CD45+CD11b+Ly6G+Ly6Cint), CD11b− lymphocytes (CD45+CD11b−), Ly6Chigh monocytes (CD45+CD11b+F4/80−Ly6G−Ly6C-
highSSC-alow), eosinophils (CD45+CD11b+F4/80low/intLy6G−SiglecF+SSC-Ahigh, other CD11b+ (% CD11b+ – % TAMs, neutrophils, Ly6Chigh monocytes, eosinophils) are 
quantified. (f) Scatter plot depicting correlation between FOXP3 versus CSF1R mRNA expression log2(norm_count+1) in tumors of the TCGA human breast cancer cohort 
(n = 1218 patient samples). (g) Scatter plot depicting correlation between Foxp3 versus Csf1r mRNA expression (normalized read counts) in mammary tumors obtained 
from 16 different GEMMs for mammary tumor formation, as previously described 29 (n = 145). Data in B,C,E depict mean ± SEM. P-values are determined by Mann- 
Whitney test (B) One-way ANOVA (C,E) Pearson’s correlation (F,G). * P < .05, ** P < .01, *** P < .001, **** P < .0001.
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Figure 2. TAMs promote the conversion of CD4+Tconvs into Tregs. (a) Schematic overview of study. KEP mice bearing 25 mm2 mammary tumors received weekly 
treatment of anti-CSF1R or control, until analysis at a cumulative tumor size of 225 mm2. (b) Frequency of F4/80highCD11b+ cells of CD45+ cells in mammary tumors of 
KEP mice treated with anti-CSF1R or control (n = 5 mice/group). (c) Frequency of FOXP3+ cells of CD4+ cells in mammary tumors of KEP mice treated with anti-CSF1R or 
control (n = 5 mice/group). (d) Immunohistochemical quantification of FOXP3+ cells in mammary tumors of mice treated with anti-CSF1R or control (n = 7 mice/group). 
(e) Correlation plot matrix plot showing Spearman coefficient between transcriptional profiles of Tregs and Tconvs (n = 3) isolated from indicated tissue of KEP mice 
bearing end-stage mammary tumors and healthy mammary glands of WT littermates (n = 4). (f) Representative dot plots of FOXP3 expression in live CD4+CD25− T cells 
isolated from spleens of tumor-bearing KEP mice after co-culture with, or without TAMs (CD3−F4/80high) for 72 hours. (g) Percentage of FOXP3+ cells in CD4+ Tconvs 

(CD45+CD3+CD4+CD25−) isolated from spleens of tumor-bearing KEP mice after co-culture with, or without TAMs (CD3−F4/80high) for 72 hours (data pooled from 3–4 
independent in vitro experiments). (h) Schematic overview of study. TdTomato+ CD4+CD25− T cells were FACS sorted from spleens of ROSAmT/mG mice, activated in vitro 
for 96 hours, and subsequently adoptively transferred into KEP mice bearing 25 mm2 mammary tumors that received weekly treatment of anti-CSF1R or control. 7 days 
later, mice were analyzed. (i) Representative dot plots depicting FOXP3 expression on adoptively transferred TdTomato+ CD4+ Tconvs in draining lymph nodes and 
tumors of control and anti-CSF1R-treated mice. (j) Frequencies of FOXP3+ cells within adoptively transferred TdTomato+ CD4+ Tconvs in draining lymph node, blood, 
spleen and tumors of control, and anti-CSF1R-treated mice (n = 4/mice group). Data in B-D, G, J depict mean ± SEM. P-values are determined by Student’s T test (B-D, G), 
Two-way ANOVA (J). * P < .05, ** P < .01, *** P < .001, **** P < .0001.
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TdTomato+ conventional CD4+ T cells undergo conversion 
into Tregs in vivo (Figure 2i-j). Strikingly, macrophage deple-
tion in parallel to adoptive transfer of FOXP3− CD4+ 

TdTomato+ cells into tumor-bearing KEP mice (Figure 2h) 
significantly reduced the frequency of FOXP3+ cells within 
the transferred TdTomato+ population in tumors but not in 
draining lymph nodes, spleen, or blood when compared to 
control antibody-treated mice (Figure 2j). Combined, these 
data indicate that TAMs promote the intratumoral accumula-
tion of Tregs, which can at least partly be explained through the 
potential of TAMs to drive the conversion of CD4+ Tconvs into 
Tregs.

TAM-mediated in vitro conversion of CD4+Tconvs into Tregs 

is mediated by TGF-β.

Next, we set out to explore the underlying mechanism of TAM- 
mediated induction of Tregs. We first focussed on the potential 
role of TAM-derived TGF-β, as TGF-β is well known to be 
indispensable for the conversion of CD4+ Tconvs into Tregs.14 

Gene set enrichment analysis (GSEA) of macrophages isolated 
from mammary tumors of KEP mice and healthy mammary 
glands of WT littermates using a previously published dataset 
40 revealed that TAMs are enriched (FDR < 0.05) for genes 
involved in TGF-β signaling, compared to macrophages from 
healthy mammary glands (Figure 3a). To test whether TAM- 
derived TGF-β might contribute to conversion of CD4+ Tconvs 
into Tregs, CD4+CD25− T cells isolated from spleen and lymph 
nodes were co-cultured with TAMs isolated from KEP tumors 
in the presence or absence of anti-TGF-β. Indeed, blockade of 
TGF-β significantly reduced TAM-mediated induction of Tregs, 
indicating that TAMs can promote the conversion of CD4+ 

Tconvs into Tregs in vitro in a TGF-β-dependent manner (Figure 
3b-c, S2A). This process did not require an antigen-specific 
interaction, as in vitro blockade of MHC-II did not modulate 
Treg induction (Figure S2B). Furthermore, in vitro exposure of 
splenic CD4+ Tconvs to conditioned medium obtained from 
TAMs did not induce FOXP3 (Figure S2C), suggesting close 
proximity of both CD4+ Tconvs and TAMs is required for TGF- 
β-mediated induction of FOXP3 in CD4+ Tconvs.

TAMs promote PD-1 expression on intratumoral CD4+ T 
cells

The peripheral conversion of CD4+ Tconvs into Treg cells is 
dependent on TGF-β, but can be additionally enhanced by 
various contact-dependent mechanisms, such as PD-1 signal-
ing, which has become clear from in vitro studies and studies 
using murine models for experimental colitis and experimental 
graft versus host disease.18,19,42 However, in breast cancer, it is 
largely unclear whether PD-1/PD-L1 signaling in tumors con-
tributes to the conversion of intratumoral CD4+ Tconvs into 
Tregs, even though high expression of PD-1 has been observed 
on intratumoral T cells in breast cancer patients.20 To gain 
insight into this, we analyzed PD-L1 expression in the TME 
and found that PD-L1 is most highly expressed by TAMs 
(Figure 4a-b). Furthermore, analysis of PD-1 expression on 
CD4+ T cells that were co-cultured with TAMs revealed that 
TAM-induced FOXP3+ Tregs have significantly higher expres-
sion of the co-inhibitory molecule PD-1 as compared to non- 
converted FOXP3− CD4+ T cells (Figure 4c), which was also 
observed in the context of anti-TGF-β (Figure S2D). 
Interestingly, by assessing the intratumoral distribution of 
TAMs, identified by Iba1 staining, Tregs, CD4+ T cells and 
PD-1, we identified that these populations can cluster together 
in KEP tumors (Figure S2E). Combined, these observations 
raise the question whether TAMs can modulate PD-1 expres-
sion on CD4+ T cells that convert into Tregs.

To investigate a potential link between TAMs and PD-1 that 
may impact the conversion of CD4+ Tconvs into Tregs in vivo, we 
characterized PD-1 expression on FOXP3− and FOXP3+ CD4+ T 
cells in tumor-bearing KEP mice and WT littermates. This 
revealed that PD-1 was significantly increased on both CD4+ 

subtypes in mammary tumors as compared to healthy mammary 
glands of WT littermates (Figure 4d-e). Increased PD-1 expres-
sion in tumor-bearing KEP mice was specific to the TME, and 
not observed in blood, spleens, lungs or draining lymph nodes 
on Tregs and CD4+ Tconvs in KEP versus WT mice. Next, PD-1 
expression on T cells in KEP tumors treated with anti-CSF1R or 
control antibody was analyzed. Strikingly, macrophage depletion 
reduces PD-1 expression on both FOXP3− and FOXP3+ intra-
tumoral CD4+ T cells (figure 4f-g), but not on CD8+ T cells 

Figure 3. TAM-derived TGF-β promotes Tconv-Treg conversion. (a) GSEA comparing gene expression of KEP TAMs and WT mammary gland macrophages 40 with TGF- 
β signaling gene set from.41 Normalized enrichment score (NES) and false discovery rate (FDR) indicated. Data obtained using a previously published dataset.40 (b) 
Representative dot plot of FOXP3 expression in CD4+ Tconvs isolated from spleens of tumor-bearing KEP mice after co-culture with TAMs (CD3−F4/80high) and 50 µg/mL 
anti-TGF-β for 72 hours. (c) Percentage of FOXP3+ cells in CD4+ Tconvs (CD45+CD3+CD4+CD25−) isolated from spleens of tumor-bearing KEP mice after co-culture with 
TAMs (CD3−F4/80high) and 50 µg/mL anti-TGF-β for 72 hours (data pooled from 3–6 independent in vitro experiments). Data in C depict mean ± SEM. P-values 
determined by One-way ANOVA (C), * P < .05, ** P < .01, *** P < .001, **** P < .0001.
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(Figure S2F). To investigate whether PD-1 expression on intra-
tumoral conventional CD4+ T cells could be directly modulated 
by TAMs, PD-1neg and PD1pos CD4+CD25− T cells isolated from 
KEP tumors were cultured with or without FACS-sorted TAMs 
(Figure S1G, S2G). After 72 hours of culture, TAMs were found 
to significantly induce PD-1 on PD-1neg sorted cells (Figure 
S2H). PD-1 expression of PD-1pos sorted CD4+CD25− T cells 
was reduced to 64% after 72 hours, which was partially abrogated 

by addition of TAMs (Figure 4h), indicating that TAMs can 
induce and maintain PD-1 expression on intratumoral CD4+ T 
cells. In line with these findings, a positive correlation between 
CSF1R and PDCD1 was identified in both the TCGA breast 
cancer dataset (Figure 4i),31 and our GEMM RNAseq dataset 
(Figure 4j).29 Together, these data indicate that TAMs can posi-
tively regulate PD-1 expression on CD4+ T cells in breast 
tumors.

Figure 4. TAMs modulate PD-1 expression of CD4+ T cells. (a) Representative histogram depicting PD-L1 expression on indicated cell populations in mammary 
tumors (225 m2) of KEP mice. (b) Quantification of PD-L1 MFI in indicated populations depicted in A (n = 3 mice/group). (c) Quantification of PD-1 expression in FOXP3− 

and FOXP3+ sorted CD4+ Tconvs isolated from spleens of tumor-bearing KEP mice that were co-cultured with TAMs for 72 h with 300 U/mL IL-2 and 20 ng/mL M-CSF. 
Data pooled from 8 independent in vitro experiments. (d-e) Frequencies of PD-1 expression gated on FOXP3− (d) and FOXP3+ (e) CD4+ T cells in indicated tissues of KEP 
mice bearing (225 m2) mammary tumors versus WT littermates (n = 3–8 mice/group). (f-g) Frequency of PD-1+ cells of CD4+FOXP3− (f) CD4+FOXP3+ (g) T cells in 
mammary tumors of mice treated with anti-CSF1R or control (n = 5 mice/group). (h) Quantification of PD-1 expression in PD-1posCD4+CD25− T cells isolated from KEP 
mammary tumors cultured with CD45+ F4/80high macrophages for 72 h with 300 U/mL, IL-2 and 20 ng/mL M-CSF. Data pooled from 2–3 independent in vitro 
experiments. (i) Scatter plot depicting correlation between PDCD1 versus CSF1R mRNA expression log2(norm_count+1) in tumors of the TCGA human breast cohort 
(n = 1218 patient samples). (j) Scatter plot depicting correlation between Pdcd1 versus Csf1r mRNA expression (normalized read counts) in mammary tumors obtained 
from 16 different GEMMs for mammary tumor formation, as previously described 29 (n = 145). Data in B-H depict mean ± SEM. P-values determined by unpaired 
Student’s t-test (F-G), Wilcoxon signed rank test (C), Two-way ANOVA (D,E), One-way ANOVA (B,H), Pearson’s Correlation (I,J),* P < .05, ** P < .01, *** P < .001, **** P 
< .0001.
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PD-1 expression on CD4+ Tconvs contributes to their 
intratumoral conversion into Tregs, independent of tumor- 
associated macrophages

Our findings show that TAMs promote the intratumoral con-
version of CD4+ Tconvs in Tregs via release of TGF-β (Figure 2), 
and also promote PD-1 expression on intratumoral CD4+ T 
cells (figure 4f-g). To gain insight into the hypothesis that 
increased PD-1 signaling might promote the conversion of 
intratumoral CD4+ Tconvs into Tregs in vivo, we first explored 
the relationship between PD-1 and FOXP3 in the TME of 
breast cancer. Analysis of PDCD1 and FOXP3 gene expression 
in the TCGA breast cancer cohort 31 and our previously 
described breast cancer GEMM RNAseq dataset 29 identified 
a positive correlation between these two genes (Figure 5a-b). In 
addition, PD-1 protein expression on intratumoral CD4+ 

Tconvs positively correlates with Treg accumulation in KEP 
tumors (Figure 5c), further suggesting that PD-1 expression 
on CD4+ Tconvs might be linked to Treg accumulation.

Next, we set out to investigate whether PD-1 plays a func-
tional role in the conversion of CD4+ Tconvs into Tregs in vivo. 
For this, we first treated tumor-bearing KEP mice with PD-L1 
blocking antibodies until end-stage tumor size was reached, 
but we did not find an effect on intratumoral Treg accumulation 
(Figure S3A). Notably, previous studies have shown that anti-
body-mediated blockade of PD-1/PD-L1 signaling can reinvi-
gorate PD1+ Tregs, thereby inducing their proliferation.43–46 To 
circumvent this potential confounding mechanism of anti-
body-induced Treg proliferation as a result of broadly targeting 
PD-1/PD-L1 signaling, we next applied an approach specifi-
cally targeting CD4+ Tconvs instead. For this, a CRISPR-Cas9- 
based approach was used to edit PD-1 in CD4+ Tconvs isolated 
from splenocytes of ROSAGFP-CAS9 mice, which have constitu-
tive and ubiquitous expression of CAS9.47 CD4+CD25− were 
purified from splenocytes by magnetic bead isolation, reaching 
a purity of 98% CD4+CD25− FOXP3− cells of total live cells 
(Figure S3B). Following in vitro activation for 48 hours using 
CD3/CD28 coated beads, CD4+ Tconvs were transduced with a 
modified pRubic retroviral vector encoding mCherry and a 
guideRNA targeting exon 2 of PDCD1, or control vector. 
Successful editing of the PDCD1 gene in pRubic-sgPD-1 trans-
duced CD4+ Tconvs was confirmed by TIDE analysis 48 on 
pRubic-sgPD-1 and pRubic-Ctrl transduced cells (Figure 
S3C). In line, PD-1 protein expression was strongly reduced 
on pRubic-sgPD-1 CD4+ Tconvs as compared to pRubic-Ctrl 
CD4+ Tconvs, analyzed 4 days after transduction (Figure 5d-e). 
To evaluate the function of PD-1 in the intratumoral conver-
sion of CD4+ Tconvs into Tregs in vivo, CD4+ Tconvs were 
transduced with pRubic-sgPD-1 and pRubic-Ctrl and adop-
tively transferred into mice bearing orthotopically injected 
KEP cell-line tumors (figure 5f). Of note, PD-1 was lowly 
expressed on both pRubic-sgPD-1 and pRubic-Ctrl CD4+ 

Tconvs prior to adoptive transfer (Figure S3D). Analysis of 
tumors by flow cytometry 7 days after transfer showed similar 
infiltration of both sgPD-1, and sgEmpty mCherry+ CD4+ 

Tconvs cells (Figure S3E) but revealed that control CD4+ 

Tconvs upregulate PD-1 in the TME, which was not observed 
for PD-1 edited CD4+ Tconvs, confirming that successful editing 
of the PD-1 gene is maintained in vivo (Figure 5g). Strikingly, 

PD-1 edited CD4+ Tconvs showed reduced conversion into 
Tregs, as indicated by a significant lower expression of FOXP3 
as compared to control CD4+ Tconvs in tumors (Figure 5h). No 
differences were observed in PD-1 or FOXP3 expression in 
non-tumor tissues including blood, spleen, or draining LN or 
blood (S3F). Combined, these data confirm that PD-1 expres-
sion on conventional CD4+ T cells promotes intratumoral 
conversion into Tregs.

Finally, we studied whether TAMs are directly involved in 
promoting conversion of CD4+ Tconvs into Tregs via PD-1 
signaling, or whether this is primarily mediated by TGF-β. 
Despite high expression of PD-L1 by TAMs in the TME of 
KEP tumors (Figure 4a-b), blockade of PD-L1 in vitro did not 
reduce TAM-mediated conversion of CD4+ Tconvs into Tregs 
(Figure S3G) This indicates that TAMs can directly promote 
Treg conversion by release of TGF-β, but can also, in a distinct 
fashion, “prepare” CD4+ Tconvs for TAM-independent conver-
sion through induction of PD-1 (Figure 5i).

Discussion

High intratumoral infiltration of immunosuppressive Tregs is 
associated with poor prognosis of breast cancer patients.6 

Insights into the mechanisms underlying the intratumoral 
accumulation of Tregs may set the stage for the development 
of novel therapeutic interventions. In the current study, we 
demonstrate that TAMs play a critical role in the accumulation 
of immunosuppressive Tregs in primary mammary tumors of 
the preclinical KEP mouse model. By studying the fate of 
endogenous CD4+ T cells and adoptively transferred CD4+ 

Tconvs in spontaneous mammary tumors in the context of 
anti-CSF1R, we show that TAMs support the intratumoral 
conversion of CD4+ Tconvs into FOXP3+ Tregs in vivo. 
Mechanistically, two independent processes were identified 
that contribute to this process (Figure 5i). Firstly, in vitro co- 
culture studies with TAMs and CD4+ Tconvs revealed that 
TAM-derived TGF-β promotes the conversion of CD4+ 

Tconvs into Tregs. Secondly, analysis of CD4+ Tconvs in the 
context of anti-CSF1R revealed that TAMs promote PD-1 
expression on intratumoral CD4+ T cells. By studying adop-
tively transferred PD-1KO CD4+ Tconvs in mammary tumors in 
vivo, we demonstrate that PD-1KO CD4+ Tconvs have reduced 
potential to convert into Tregs in tumors in vivo, showing that 
PD-1 further augments the conversion of CD4+ Tconvs into 
Tregs. Combined, this study reveals the importance of TAMs 
for the intratumoral conversion of CD4+ Tconvs into immuno-
suppressive Tregs in de novo mammary tumors, highlighting the 
importance of myeloid-lymphoid immune cell crosstalk in the 
tumor microenvironment.

Despite their distinct precursors, distinguishing thymic 
derived-, from peripheral Tregs has been obscured by the lack 
of a protein-based marker to differentiate between tTregs and 
pTregs in vivo. Instead, their identification has relied on epige-
netic analysis of regions in the FOXP3 gene that are uniquely 
demethylated and accessible in tTregs but not pTregs, and ana-
lysis of TCR repertoire overlap in suspected pTregs with CD4+ 

Tconvs. Due to the complexity of these analyses, it has been 
poorly characterized whether conversion of FOXP3− CD4+ T 
cells in the tumor microenvironment (TME) substantially 

ONCOIMMUNOLOGY e2063225-7



Figure 5. PD-1 promotes intratumoral conversion of CD4+Tconvs into Tregs. (a) Scatter plot depicting correlation between FOXP3 versus PDCD1 mRNA expression 
log2(norm_count+1) in tumors of the TCGA human breast cohort (n = 1218 patient samples). (b) Scatter plot depicting correlation between Foxp3 versus Pdcd1 mRNA 
expression (normalized read counts) in mammary tumors obtained from 16 different GEMMs for breast cancer (n = 145). (c) Scatter plot depicting correlation between 
PD-1 expression on CD4+ Tconvs and % CD4+FOXP3+ of total T cells in KEP mammary tumors (n = 12 mice). (d) Representative dot plot of mCherry (left) and PD-1 (middle, 
right) expression in CD4+ Tconvs transduced with indicated pRubic vector, after 4 days of culture with IL-2. (e) Quantification of PD-1 expression on CD4+ Tconvs 

transduced with indicated pRubic vector (data pooled from 3 in vitro independent experiments). (f) Schematic overview of study. CD4+CD25− cells from ROSACAS9-GFP 

mice were purified, activated and transduced with pRubic-sgPD-1 or pRubic-Ctrl and adoptively transferred into mice bearing 25 mm2 KEP cell line tumors. After 7 days, 
mice were analyzed. (g) Quantification of PD-1 expression on CD4+ mCherry+ cells in KEP cell line tumors of mice receiving adoptive transfer of pRubic-sgPD-1 or 
pRubic-Ctrl CD4+ Tconvs (n = 3 mice/group). (h) Quantification of FOXP3 expression on CD4+ mCherry+ cells in KEP cell line tumors of mice receiving adoptive transfer of 
pRubic-sgPD-1 or pRubic-Ctrl CD4+ Tconvs (n = 3 mice/group). (i) Graphical representation describing findings presented in this study. TAMs can directly promote Treg 

conversion by release of TGF-β but can also, in a distinct fashion, “prepare” CD4+ Tconvs for conversion through induction of PD-1. Data in G,H depict mean ± SEM. P- 
values determined by Pearson’s correlation (A-C), Paired students T-test (E), Unpaired Student’s T Test (G-H). * P < .05, ** P < .01, *** P < .001, **** P < .0001.
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contributes to intratumoral accumulation of Tregs. 
Nonetheless, being able to differentiate tTregs from pTregs in 
tumors is important, as preclinical studies have suggested that 
pTregs have specific properties that may prove valuable for 
clinical exploitation to alleviate intratumoral immunosuppres-
sion. For example, pTregs have been shown to be unstable in 
inflammatory milieus that lack TGF-β, resulting in loss of 
FOXP3 and immunosuppressive function,49,50 suggesting that 
targeting TGF-β might affect pTregs. In addition, tTregs and 
CD4+ Tconvs, the precursor cells of pTregs, are recruited into 
tumors through different chemotactic signals,51 suggesting that 
independent therapeutic approaches are required to both block 
the intratumoral recruitment of tTregs, and the intratumoral 
conversion of pTregs. In the current study, we show that intra-
tumoral conversion of CD4+ Tconvs into Tregs in spontaneous 
KEP mammary tumors is supported by TAMs, suggesting that 
therapeutic targeting of TAMs may be an alternative approach 
to reducing intratumoral Tregs. One potential limitation of this 
study is that despite careful isolation of highly pure Tregs and 
Tconvs, cells were not isolated using a Foxp3-reporter system 
which would, by definition, be a more pure approach for 
isolation of Tconvs and Tregs. Important to note here is that 
anti-CSF1R treatment reduced intratumoral Tregs, but did not 
increase CD8+ T cells or impact tumor burden, despite the 
potent suppressor function of Tregs in vitro. This suggests that 
additional layers of immunosuppression may be present in the 
microenvironment of KEP mammary tumors. In line with this, 
previous research in our lab has shown that neutrophils addi-
tionally suppress anti-tumor immunity in the absence of 
TAMs.30 Thus, it is likely that combination strategies are 
necessary to alleviate the multiple immunosuppressive path-
ways at play in the tumor microenvironment. Although we 
have not deeply explored the anti-tumor effects of combination 
treatments in the current study, the fundamental insights 
gained from dissecting separate layers of intratumoral immu-
nosuppression could form the basis for novel treatment 
combinations.

TAMs make up an important part of breast tumors, which 
has both been observed in human breast cancers, as well as in 
preclinical models of breast cancer.27,40 It is important to 
realize that TAMs have high plasticity, characterized by diverse 
phenotypes, activation states and biological functions.52 

Despite this diversity, TAMs are often associated with suppres-
sion of anti-tumor immune responses, and poor prognosis in 
cancer.53 In line with this, preclinical research using the KEP 
model has shown that targeting macrophages with anti-CSF1R 
enhances chemotherapy efficacy of platinum-based drugs by 
unleashing type I interferon response.30 Interestingly, in vitro 
studies using human monocyte-derived macrophages reported 
that macrophages contribute to conversion of human CD4+ 

Tconvs into Tregs through their release of TGF-β.26 Vice versa, 
Tregs have also been shown to promote TAM infiltration in the 
context of indoleamine 2,3-dioxygenase-expressing murine 
B16 cell-line tumors.54 Furthermore, macrophages have been 
described to release a plethora of chemokines,52,55,56 including 
CCL4, CCL22, and CCL17 which have been implicated in the 
recruitment of Tregs in tumors.25 In light of this, we here 
investigated the importance of TAMs for intratumoral Treg 
accumulation in breast tumors in vivo. We show that TAMs 

play a pivotal role in the accumulation of Tregs in a transgenic 
mouse model for spontaneous mammary tumorigenesis. 
Mechanistically, we found that TAMs promote CD4+ Tconv 
conversion into Tregs via release of TGF-β, but also by enhan-
cing PD-1 expression on conventional CD4+ T cells. These data 
are in line with two recent studies that also identified a link 
between macrophages and Tregs in the context of non-small cell 
lung cancer (NSCLC). Lung tissue-resident macrophages 
(TRM) were found to promote Treg accumulation in a murine 
model for NSCLC.25 TRMs were shown to express high levels 
of Ccl17 and Tgfb1, which were hypothesized to contribute to 
the recruitment and expansion of Tregs in this model. Secondly, 
antiangiogenic therapy in NSCLC was shown to facilitate the 
infiltration of PD-1+ Tregs into the TME, which were further 
supported by TAMs that created a TGF-β rich environment.57

Previous studies have shown a role for PD-1 in the extra-
thymic differentiation of Tregs in non-tumor tissue.18,19,42,58,59 

In mice, PD-1 deficiency did not impact thymic development 
of Tregs, nor their suppressive potential in vitro, but PD-1 
deficiency on CD4+ Tconvs specifically reduced their differen-
tiation into Tregs in lymphopenic Rag−/− mice.58 In line, others 
showed that PD-L1-coated beads synergized with TGF-β to 
promote Treg conversion in vitro.42 Mechanistically, PD-1/ 
PD-L1 signaling in CD4+ T cells can promote Treg conversion 
by inactivation of STAT1-mediated inhibition of FOXP3, and 
by improving the stability of FOXP3 in induced Tregs.18,19 

Despite these findings, the role of PD-1-mediated induction 
of Tregs in the context of cancer has been unclear, whereas PD-1 
is highly expressed on intratumoral T cells in breast cancer 
patients.20 We here show that PD-1 expression on CD4+ T 
cells, is directly involved in intratumoral conversion of CD4+ 

Tconvs into Tregs in vivo. Importantly, we found that TAMs 
primarily support the initial step of PD-1-mediated Treg con-
version by inducing PD-1 on CD4+ Tconvs, but are not further 
supporting conversion of PD1+ CD4+ Tconvs via PD-L1 signal-
ing in vitro. Since we found PD-L1 to be widely expressed in 
the TME of KEP tumors, an important topic of future research 
is to identify which PD-L1+ cell type drives PD-1 mediated 
conversion in KEP tumors, and whether additional signals 
from these cells are facilitating this conversion process.

Since PD-1 blockade is becoming increasingly standardized 
for the treatment of cancers, future studies should further 
address whether therapeutic blockade of PD-1 indeed reduces 
Tconv-Treg conversion in human tumors, and its relevance for 
treatment efficacy. One important aspect to consider is that 
several recent studies have shown that blockade of PD-1 or PD- 
L1 leads to reinvigoration of Tregs thereby inducing their acti-
vation and proliferation, like observed on effector T cells.44–46 

This opposing effect of PD-1/PD-L1 blocking strategies, which 
decreases conversion of CD4+ Tconvs into Tregs, but increases 
proliferation of PD-1+ and PD-L1+ Tregs, further complicates 
clinical assessment of Treg conversion, and suggests that future 
PD-1 blocking strategies should be optimally targeted at CD4+ 

Tconvs, but not Tregs.
Taken together, this study reveals a novel relationship 

between TAMs, PD-1 expression on CD4+ T cells and Treg 
conversion in breast cancer. These data provide insight into 
the interdependency between different members of the TME 
that cooperate to establish immunosuppression, but also 
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highlight that therapeutic targeting of macrophages affects the 
immunosuppressive tumor microenvironment beyond macro-
phages itself, making it an attractive immune intervention 
strategy for cancer treatment.

Materials and methods

Mice

Mice were kept in individually ventilated cages at the animal 
laboratory facility of the Netherlands Cancer Institute under 
specific pathogen-free conditions. Food and water were pro-
vided ad libitum. All animal experiments were approved by the 
Netherlands Cancer Institute Animal Ethics Committee, and 
performed in accordance with institutional, national and 
European guidelines for Animal Care and Use. The study is 
compliant with all relevant ethical regulations regarding ani-
mal research.

The following genetically engineered mice have been used 
in this study: Keratin14 (K14)-cre;Cdh1F/F;Trp53F/F, ROSAmT/ 

mG, and ROSACAS9-GFP. The generation and characterization of 
Keratin14 (K14)-cre;Cdh1F/F;Trp53 F/F model for spontaneous 
mammary tumorigenesis has been described before.28 All 
mouse models were on FVB/n background, and genotyping 
was performed by PCR analysis on toe clips DNA as 
described.28 Starting at 6–7 weeks of age, female mice were 
monitored twice weekly for the development of spontaneous 
mammary tumor development in all mammary glands. Upon 
mammary tumor formation, perpendicular tumor diameters 
were measured twice weekly using a calliper. In KEP mice, sizes 
of individual mammary gland tumors in one animal were 
summed to determine cumulative tumor burden. End-stage 
was defined as cumulative tumor burden of 225 mm2. Age- 
matched WT littermates were used as controls.

Intervention studies

Antibody treatments in tumor-bearing KEP mice were 
initiated at a tumor size of 25 mm2. Mice were randomly 
allocated to treatment groups and were intraperitoneally 
injected with chimeric (hamster/mouse) anti-CSF-1 R anti-
body (clone 2 G2, Roche Innovation Center Munich; single 
loading dose of 60 mg/kg followed by 30 mg per kg once a 
week); control antibody (IgG1, MOPC21, Roche Innovation 
Center Munich; single loading dose of 60 mg per kg followed 
by 30 mg per kg once a week); Rat anti-mouse PD-L1 (Clone 
10 F.9G2; 200 µg once a week). Treatments were discontinued 
at cumulative tumor burden of 225 mm2 unless indicated 
otherwise.

Flow cytometry analysis and cell sorting

Draining lymph nodes, spleens, tumors, and lungs were col-
lected in ice-cold PBS, and blood was collected in heparin- 
containing tubes. Draining lymph nodes, spleens, tumors were 
processed as previously described.60 Lungs were perfused with 
ice-cold PBS post mortem to flush blood. Next, lungs were cut 
into small pieces and mechanically chopped using the 
McIlwain tissue chopper. Lungs were enzymatically digested 

in 100 µg/mL Liberase Tm (Roche) under continuous rotation 
for 30 minutes at 37°C. Enzyme activity was neutralized by 
addition of cold DMEM/8% FCS and suspension was dispersed 
through a 70 μm cell strainer. Blood was obtained via cardiac 
puncture for end-stage analyses. Erythrocyte lysis for blood 
and lungs was performed using NH4Cl erythrocyte lysis buffer 
for 2 × 5 and 1 × 1 min, respectively. Single-cell suspensions 
were incubated in anti-CD16/32 (2.4G2, BD Biosciences) for 
5 minutes to block unspecific Fc receptor binding. Next, cells 
were incubated for 20 minutes with fluorochrome conjugated 
antibodies diluted in FACS buffer (2.5% FBS, 2 mM EDTA in 
PBS). For analysis of FOXP3, cells were fixed and permeabi-
lized after surface and live/dead staining using the FOXP3 
Transcription buffer set (Thermofisher), according to manu-
facturer’s instruction. Fixation, permeabilization and intracel-
lular FOXP3 staining was performed for 30 minutes. Single-cell 
suspensions of mice that received adoptive transfer of pRubic- 
mCherry CD4+ Tconvs were additionally fixed in 2% PFA 
(ThermoFisher) for 30 minutes, prior to fixation using the 
FOXP3 Transcription buffer set to enhance simultaneous 
detection of FOXP3 and mCherry as previously described.61 

Cell suspensions were analyzed on a BD LSR2 SORP or sorted 
on a FACS ARIA II (4 lasers), or FACS FUSION (5 lasers). 
Single-cell suspensions for cell sorting were prepared under 
sterile conditions. Sorting of CD4+ Tconvs (Live, 
CD45+CD3+CD4+CD25−PD-1pos/neg from indicated tissues 
and TAMs (Live, CD45+CD3−F4/80high) isolated from sponta-
neous mammary KEP tumors (>100 mm2) was performed as 
previously described.60 Gating strategies depicted in Figure 
S1 + 2. See supplementary table 1 for antibodies used.

mTmG CD4+ Tconvs adoptive transfer studies

For adoptive transfer studies, naïve CD4+ Tconvs (Live, 
CD3+CD4+CD25−CD44−) were FACS sorted from ROSAmT/ 

mG mice, and activated in vitro using CD3/CD28 dynabeads 
(ThermoFisher) in a 1:2 bead:cell and 300 U/mL IL-2 
(PeproTech) ratio in 24-wells plates. After 96 hours, 
Dynabeads were magnetically removed, cells were washed 
and resuspended in HBSS and intravenously injected into 
KEP mice bearing 25 mm2 mammary tumors (1.5–2.5*106 

cells/mouse). After 7 days, mice were sacrificed, single-cell 
suspensions were prepared and adoptively transferred cells 
were analyzed by flow cytometry as described above.

CD4+Tconvs – macrophage co-culture in vitro assays

3*103-1.0*104 CD4+ Tconvs (PD-1pos/neg as indicated for intra-
tumoral CD4+ Tconvs) obtained from indicated source were co- 
cultured with 1.5*104- 5.0*104 (1:5 T cell:TAM ratio) TAMs in 
a round bottom, tissue culture treated 96-wells plate in cIMDM 
supplemented with 300 U/mL IL-2 and 20 ng/mL M-CSF, and 
50 µg/mL anti-TGF-β, 50 µg/mL anti-PD-L1 or 100 µg/mL 
anti-MHC-II as indicated. After 72 hours, cells were washed 
with FACS buffer, and prepared for flow-cytometric analysis as 
described above. Conditioned medium was collected from 1 to 
2*105 TAMs cultured for 48 h in cIMDM supplemented with 
20 ng/mL M-CSF in flat-bottom, tissue culture treated 12-wells 
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plate. CD4+ Tconv culture with TAM conditioned medium were 
additionally supplemented with CD3/CD28 Dynabeads (1:5 
bead:cell ratio).

Cloning of pRubic-PD-1 retroviral vector

Transduction of CD4+ Tconvs isolated from splenocytes of 
ROSACAS9-GFP mice was carried out using a modified retroviral 
pRubic-T2A-Cas9-mCherry vector (https://www.addgene.org/ 
75347/) containing sgRNA targeting exon 2 of Pdcd1. sgRNA- 
PD-1 was assembled by annealing complementary oligonu-
cleotides 5’-CACCGCAGCTTGTCCAACTGGTCGG-3’ and 
5’-AAACCCGACCAGTTGGACAAGCTGC-3’, with BbsI 
overhangs. Annealed oligo’s were subsequently ligated into 
the BbsI-digested PxL vector, which provided U6 promotor 
and gRNA scaffold. Then, gRNA-PD-1, U6 promotor and 
gRNA scaffold were cloned into pRubic vector using BstBI 
isoschizomer SfuI and PacI, resulting in pRubic-PD-1 or con-
trol pRubic vector, without gRNA. Successful insertion of 
gRNA into pRubic backbone was confirmed by sanger sequen-
cing on purified DNA using hU6-Forward primer (5’- 
GAGGGCCTATTTCCCATGATT-3’).

Generation of pRubic Retrovirus

For generation of pRubic-retrovirus, 2*106 HEK cells were 
plated in 10cm2 dishes. 24 hours later, HEK cells were trans-
fected with 1.5 μg vector pRubic-PD-1/pRubic-empty vector, 
and 1.0 μg pCL-ECO vector, using X-tremeGENE 9 DNA 
Transfection Reagent (06365787001, Roche). Retroviral super-
natants were harvested after 48 and 72 hours. Viral particles 
were concentrated by spinning at 20,000 rpm for 2 hours at 4°C 
using the Avanti J-30I centrifuge (Beckman Coulter). pRubic- 
PD-1 and pRubic-empty retroviral titers were determined by 
using the qPCR Retrovirus Titration kit according to manu-
facturer’s instruction.

CD4+ Tconvs transduction and adoptive transfer

For adoptive transfer studies of pRubic transduced Tconvs, 
Tconvs were purified from single cell suspensions prepared 
from splenocytes of ROSACAS-GFP mice. To specifically purify 
Tconv from splenocytes, the magnetic-based EasySep CD4+ T 
cell isolation kit (StemCell Technologies) was used to obtain 
CD4+ T cells through negative selection. Next, enriched CD4+ 

T cells were used as input for the Miltenyi CD4+CD25+ reg-
ulatory T cell isolation kit (Miltenyi Biotec) to separate CD25+ 

from CD25− cells. Purity of negatively selected CD4+CD25− 

cells was confirmed by flow cytometry, and used for transduc-
tion. Retroviral transduction of Tconv was performed as pre-
viously described by Kurachi et al.47 In brief, Tconv cells were 
activated in vitro using CD3/CD28 dynabeads (1:5 bead:cell 
ratio) and 300 U/mL IL-2 for 48 hours. Activated cells were 
harvested and enriched using a 30–60% Percoll gradient, in 
which activated, blasting cells accumulate at the interface layer 
of the centrifuged Percoll gradient. Cells derived from the 
interface layer were washed, and transferred to a 96-wells 
plate coated with 20 µg/mL Retronectin (Takara) and supple-
mented with 600 U/mL of IL-2 and CD3/CD28 dynabeads (1:2 

bead:cell ratio) and retroviral vectors (100 multiplicity of infec-
tion, pRubic-mCherry-sgPD-1 and pRubic-mCherry-Ctrl). 
Cells were spin-transduced at 2000 g, 30°C for 60 minutes. 
After spin-transduction, cells were incubated at 37°C, 5% CO2 
overnight, and further used for in vitro analyses or adoptive 
transfer experiments.

TIDE analysis

The TIDE webtool 48 was used to assess Crispr-CAS9 editing 
efficiency of PDCD1 gene in pRubic transduced CD4+ Tconvs. 
After transduction, pRubic-sgPD-1 and pRubic-Ctrl trans-
duced CD4+ Tconvs were cultured in cIMDM supplemented 
with 300 U/ml of IL-2. After 96 hours, DNA was isolated 
using QIAamp DNA Micro kit (56304, QIAGEN) according 
to the manufacturer’s instructions followed by PCR amplifica-
tion of exon 2 of PDCD1 gene (forward 5’- 
TCAGTTATGCTGAAGGAAGAGC-3’, reverse 5’- 
GGCAGAGAGCCTAAGAGGTC-3’) using 2 μl 10x High 
Fidelity PCR Buffer (P/N 52045, Thermofisher), 0.6 μl 
(50 mM) MgSO4 (P/N 52044, Thermofisher), 0.4 μl (10 mM) 
dNTP mix (P/N y02256, Thermofisher), 0.25 μl Platinum Taq 
(DNA Polymerase High Fidelity; 11304–011, Thermofisher) 
and 1 μL of each primer. Amplified DNA was purified from 
an 1% agarose gel using Illustra GFX PCR DNA and Gel Band 
Purification kit. Next, DNA was sequenced by Sanger sequen-
cing (PDCD1 exon 2 forward primer 5’- 
TCAGTTATGCTGAAGGAAGAGC-3’ and samples were ana-
lyzed using the TIDE webtool using gRNA sequence targeting 
PDCD1 exon 2 (‘5-CAGCTTGTCCAACTGGTCGG-3’) 
(http://tide.nki.nl), using DNA from pRubic-Ctrl as control 
sample. Default parameters were used and decomposition win-
dow was set from 304–450bp.

Adoptive transfer of pRubic-mCherry transduced CD4+ 

Tconvs

For adoptive transfer, CD3/CD28 Dynabeads were magneti-
cally removed, cells were washed and resuspended in HBSS and 
intravenously injected into mice bearing 25 mm2 mammary 
tumors of orthotopically injected KEP cell-line (2*106 cells/ 
mouse). After 7 days, mice were sacrificed, single-cell suspen-
sions were prepared and adoptively transferred cells were ana-
lyzed by flow cytometry as described above.

The Cancer Genome Atlas (TCGA) and breast cancer GEMM 
gene expression correlation analysis

Gene expression data of FOXP3, PDCD1 and CSF1R (log2 
(norm_count+1)) were obtained from the TCGA breast cancer 
cohort (n = 1218, version 2017–10-13, accessible through 
https://tcga-xena-hub.s3.us-east 1.amazonaws.com/download/ 
TCGA.BRCA.sampleMap%2 FHiSeqV2.gz. Correlation analy-
sis was performed using University of California Santa Cruz’s 
XenaBrowser.net. Foxp3, Pdcd1 and Csf1r gene expression data 
from Breast cancer GEMMs were obtained and analyzed as 
previously described.29
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KEP TAM gene expression analysis

GSEA 62 was performed using GSEA software (v. 4.0.3) on 
mSigDB Hallmark gene sets 41 using normalized gene expres-
sion data of “WT-MG-KEP” and “TAM-KEP” datasets 
obtained from GSE126268, as previously described.40 

Permutations for each gene set was conducted 1000 times to 
obtain an empirical null distribution.

Immunohistochemistry

Immunohistochemical analyses were performed by the Animal 
Pathology facility at the Netherlands Cancer Institute. 
Formalin-fixed tissues were processed, sectioned, and stained 
as described.63 In brief, tissues were fixed for 24 h in 10% 
neutral buffered formalin and embedded in paraffin. Slides 
were digitally processed using the Panoramic P1000 slidescan-
ner, and analyzed in QuPath (V.03.0).

RNAseq of Tregs and CD4+ Tconvs

For transcriptome analysis of Tregs from end-stage (225 mm2) 
KEP tumors, WT mammary gland and spleen, single-cell sus-
pensions were prepared as described.8 A minimum of 70.000 
Tregs (Live, CD45+, CD3+, CD4+, CD25high) or CD4+ Tconvs 
(Live, CD45+, CD3+, CD4+, CD25−) were sorted in RLT buffer 
with 1% β-mercapto ethanol. Due to low abundance of Tregs in 
WT mammary glands, tissue of 3 mice was pooled for each WT 
Treg sample prior to sorting. Library preparation was per-
formed as previously described.64 Total RNA was extracted 
using RNAeasy mini kit (Qiagen). RNA quality and quantity 
control was performed using Agilent RNA 6000 Pico Kit and 
2100 Bioanalyzer System. RNA samples with an RNA Integrity 
Number > 8 were subjected to library preparation. The strand- 
specific reads (65bp single-end) were sequenced with the HiSeq 
2500 machine. Demultiplexing of the reads was performed 
with Illumina’s bcl2fastq. regDemultiplexed reads were aligned 
against the mouse reference genome (build 38) using TopHat 
(version 2.1.0, bowtie 1.1). TopHat was supplied with a known 
set of gene models (Ensembl version 77) and was guided to use 
the first-strand as the library-type. As additional parameters – 
prefilter-multihits and – no coverage were used. Normalized 
counts from DESeqDataSet from the DESeq2 package were 
subjected to calculate correlation among the samples by using 
‘cor’ function using spearman method in R language (ver-
sion 4.0.2).

Treg suppression assays

Treg-T cell suppression assays were performed as previously 
described.60 In brief, Tregs (Live, CD45+, CD3+, CD8− CD4+, 
CD25high) sorted from freshly isolated KEP mammary tumors 
(225 mm2) were activated overnight in IMDM containing 8% 
FCS, 100 IU/ml penicillin, 100 μg/ml streptomycin, 0.5% β-mer-
capto-ethanol, 300 U/mL IL-2, 1:5 bead:cell ratio CD3/CD28 
coated beads (Thermofisher). Per condition, 5.0*105 cells were 
seeded in 96-wells plate, which were further diluted to appropriate 
ratios (1:1–1:8). Responder cells (Live, CD45+, CD3+, CD4+, 

CD25− and Live, CD45+, CD3+, CD8+) were rested overnight. 
Next, responder cells were labeled with CellTraceViolet, and co- 
cultured with Tregs in cIMDM supplemented with CD3/CD28 
beads (1:5 bead cell ratio) for 96 hours (without exogenous IL-2).

Statistical analysis

Data analyses were performed using GraphPad Prism (version 
8). The statistical tests used are described in figure legends. All 
tests were performed two-tailed. P-values < 0.05 were consid-
ered statistically significant. Sample sizes for mouse interven-
tion experiments were pre-determined using G*Power 
software (version 3.1). Asterisks indicate statistically significant 
differences compared to WT. * P < .05, ** P < .01, *** P < .001, 
**** P < .0001.
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