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CXCR3 expression in regulatory T cells drives interactions with 
type I dendritic cells in tumors to restrict CD8+ T cell antitumor 
immunity
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Varsha Prakash,

Lawrence Feng,
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SUMMARY

Infiltration of regulatory T (Treg) cells, an immunosuppressive population of CD4+ T cells, into 

solid cancers represents a barrier to cancer immunotherapy. Chemokine receptors are critical for 

Treg cell recruitment and cell-cell interactions in inflamed tissues, including cancer, and thus are 

an ideal therapeutic target. Here, we show in multiple cancer models that CXCR3+ Treg cells 

were increased in tumors compared to lymphoid tissues, exhibited an activated phenotype, and 

interacted preferentially with CXCL9-producing BATF3+ dendritic cells (DC1s). Genetic ablation 

of CXCR3 in Treg cells disrupted DC1-Treg cell interactions and concomittantly increased DC-

CD8+ T cell interactions. Mechanistically, CXCR3 ablation in Treg cells increased tumor antigen-

specific cross-presentation by DC1s, increasing CD8+ T cell priming and reactivation in tumors. 

This ultimately impaired tumor progression, especially in combination with anti-PD-1 checkpoint 

blockade immunotherapy. Overall, CXCR3 is shown to be a critical chemokine receptor for Treg 

cell accumulation and immune suppression in tumors.
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eTOC Blurb:

Regulatory T (Treg) cell accumulation in tumors suppresses antitumor immunity, but the 

mechanisms are incompletely understood. Here, Moreno Ayala et al. show that CXCR3 expression 

on Treg cells puts them in close proximity to CXCL9-producting dendritic cells in tumors, where 

they suppress tumor antigens presentation and impede the anti-tumor CD8+ T cell response.

Graphical Abstract

INTRODUCTION

Cancer immunotherapies aim to stimulate the immune system to reject tumors. A significant 

obstacle to the success of cancer immunotherapy is immunosuppression within tumors. Treg 

cells are a subset of CD4+ T cells with suppressive activity and defined by the expression 

of the forkhead box transcription factor FOXP3. Although Treg cells maintain homeostatic 

frequencies of 5–10% in blood and lymphoid tissue, they will accumulate within tumors, 

often exceeding 50% of all T cells1–4. Higher frequencies of Treg cells within tumors are 

associated with worse outcomes for patients across many types of cancer5–8. Thus, Treg cell 

function within tumors is likely a barrier to successful immunotherapy.

A key unresolved question in the field is how Treg cells accumulate within tumors and how 

they suppress antitumor immune responses. Identifying molecules and pathways responsible 

for Treg cell accumulation and function in tumors may allow for targeting Treg cells in 

a tumor-specific manner, avoiding autoimmune toxicities associated with systemic Treg 
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cell ablation9. The expression of specific chemokine receptors on Treg cells supports their 

recruitment to, and cell-cell interactions within, inflamed environments10–14, and likely 

tumors6,15. I ntratumoral Treg cells can be distinguished from peripheral Treg cells and other 

effector T cells by high expression of the chemokine receptors CCR4 and CCR86,16–19. This 

has led to testing anti-CCR4 and anti-CCR8 antibodies for selective targeting of intratumoral 

Treg cells to prevent their accumulation in tumors, with promising results in mouse cancer 

models but tempered results in cancer patients20–22. However, the activity of anti-CCR4 and 

anti-CCR8 antibodies may be independent of the chemokine receptor’s role in promoting 

Treg accumulation or function in tumors and instead depend on these antibodies’ capacity to 

deplete intratumoral Treg cells23–27. Indeed, Treg-specific deletion of CCR8 did not impact 

Treg cell accumulation in tumors or prevent Treg-supported tumor progression28,29. CCR4 

and CCR8 expression are linked to a Th2-like Treg phenotype and are generally associated 

with Treg cells in organ tissues7,10. Thus, expression of these chemokine receptors on 

intratumoral Treg cells may be related to general tissue infiltration by Treg cells and not 

critical for antitumor immune control.

The chemokine receptor CXCR3 responds to the chemokines CXCL9, CXCL10, and 

CXCL11, which are induced by interferons and critical for immune cell control of 

cancer30,31. However, unlike CCR4 and CCR8, which are increased on Treg cells 

compared to effector T cells in tumors, CXCR3 is expressed on many effector cells in 

tumors, including CD4+ and CD8+ T cells and NK cells6. Intratumoral CXCR3+ CD8+ 

T cells are essential for tumor control, especially in the context of responsiveness to 

immunotherapy32–35. CXCR3 expression on CD8+ T cells is important for mediating 

interactions with dendritic cells (DCs) in tumors, particularly BATF3+ type 1 DCs 

(DC1s), which can produce CXCL9 and CXCL1032,36–38. Thus, CXCR3+ Treg cells 

may be particularly important for regulating these antitumor CD8+ T cells to impede the 

effectiveness of immunotherapy.

The transcription factor T-BET drives CXCR3 expression39–41. T-BET-deficiency in 

Treg cells abrogates CXCR3 expression and results in defective immune control in 

models of infection and autoimmunity, particularly in the control of IFN-γ-associated 

Th1 responses11,14,39,40. The expression of T-BET influences many properties of Treg 

cells, including their proliferation, maintenance, and suppressive activity, which all likely 

contribute to the defects observed in Treg cells lacking T-BET39,40,42,43. CXCR3+ Treg 

cells localize within specific niches in lymphoid and non-lymphoid tissues12,36,44,45, and 

T-BET-deficiency disrupts their localization. These results led to the hypothesis that CXCR3 

expression on Treg cells is critical for homing to and interacting with the CD4+ Th1 effector 

cells they regulate. However, the contribution of CXCR3 expression to Treg cell function 

has rarely been examined directly46,47, and thus far has not been shown to be critical for 

Treg suppression of antitumor CD8+ T cell immunity. CXCR3+ Treg cells are enriched in 

human ovarian and liver carcinomas48,49, and they are expanded in murine models of lung 

carcinoma and in patients with oral and non-small cell lung cancers50,51, consistent with a 

role for CXCR3+ Treg cells in regulating antitumor immunity.

Here we investigated the role of CXCR3 expression on Treg cells in promoting cancer 

progression. Genetic ablation of CXCR3 on Treg cells led to impaired tumor growth, 
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increased antitumor CD8+ T cells, and synergized with anti-PD-1 immunotherapy. 

Mechanistically, CXCR3 was required for Treg cells to co-localize with BATF3+ DC1s 

in tumors where they reduced DC1 cross-presentation of tumor antigen to antitumor CD8+ T 

cells, limiting antitumor immunity. Our results reveal that CXCR3 function has an opposing 

immunosuppressive activity due to its expression on Treg cells and highlight CXCR3+ Treg 

cells as a therapeutic target for promoting cancer immunotherapy.

RESULTS

CXCR3+ Treg cells are generated in response to tumors.

CXCR3 is associated with IFN-γ expression and CD8+ T cell responses against 

cancer32,33,52. Therefore, CXCR3 expression on Treg cells may also be important for 

controlling the cytotoxic T-cell response to cancer39,40,46. To test whether CXCR3 is 

expressed on Treg cells in response to tumors originating from different tissues, we 

inoculated mice with MC38 (colon carcinoma), EL4 (thymic lymphoma), and 9464D 

(neuroblastoma) and assessed Treg phenotypes. While the frequencies of Treg cells and 

CD8+ T cells varied across tumor types, we observed a positive correlation between the 

number of Treg cells and CD8+ T cells infiltrating all tumor models (Figures S1A–S1D), 

suggesting a positive relationship between Treg cells and CD8+ T cells in tumors. CXCR3 

expression on Treg cells increased with proximity to tumors, with negligible CXCR3 

expression in peripheral lymph nodes (pLN), but increased percentages of CXCR3+ Treg 

cells in tumor-draining lymph nodes (dLN) and tumors (Figures 1A–1B and S1E–S1F). We 

also observed elevated percentages of CXCR3+ cells among effector CD4+ T cells (eCD4: 

CD4+Foxp3−) and CD8+ T cells, mainly within tumors (Figures 1C–D and S1E–S1F). An 

evaluation of the dynamics of Treg cell frequency and CXCR3 expression during cancer 

progression revealed that the percentage Treg cells in tumors reached 40% of CD4+ T cells 

on day 14 and remained high, whereas in the dLN, Treg frequency increased later, beginning 

at day 14 and continuing throughout tumor progression (Figure 1E). However, in tumors and 

dLNs, CXCR3 expression on Treg cells peaked at day 14 and declined thereafter (Figure 

1E), which correlated with CXCR3+CD8+ T cell infiltration into tumors (Figure S1G). 

Therefore, CXCR3 expression on Treg cells may be important for regulating CXCR3+CD8+ 

T cell antitumor responses.

Next, we evaluated the differentiation and activation state of CD44+, antigen-experienced, 

CXCR3+ versus CXCR3− Treg cells in the dLN and tumor at the peak of Treg infiltration 

into tumors. CD69, a marker of recently activated Treg cells with a better capacity to 

maintain immune tolerance53, CD103, a marker that defines an effector/memory-like Treg 

population that can prevent allograft rejection54, and KLRG1, PD-1, and CTLA4, additional 

markers of effector Treg cells55,56, were all increased on CXCR3+ versus CXCR3− Treg 

cells (Figures 1F and G). CTLA4 and PD-1 expression are especially relevant because 

they are immunotherapeutic checkpoint targets and directly modulate Treg suppressive 

activity56–59. The high prevalence of CXCR3+ Treg cells in the tumors and their associated 

activation phenotype suggested they may play a role in cancer progression and warranted 

further investigation.
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Treg-specific CXCR3-deficiency impedes cancer.

To test whether there is a functional requirement for CXCR3 expression in Treg cell-

mediated control of antitumor T cell responses, we generated Treg-specific CXCR3-

deficient mice using an innovative strategy that takes advantage of X chromosome 

inactivation in female mice. Cxcr3, like Foxp3, is located on the X chromosome. Using 

a germline disrupted Cxcr3 allele combined with a Foxp3TM2-GFP reporter linked on one 

X chromosome and a Foxp3DTR-GFP allele on the other X chromosome, we generated 

Treg-specific Cxcr3KO mice by treatment with diphtheria toxin (DT) (Figures 2A, and 

S2A–S2B)32,35,60. Treg cells expressing the Foxp3DTR-GFP allele are readily distinguished 

from those expressing the Foxp3TM2-GFP allele because of the considerably brighter GFP 

fluorescence from the Foxp3TM2-GFP allele (Figure 2A). We began DT treatment one week 

before MC38 injection and then continued DT administration during tumor progression by 

dosing every other day (Figure 2B). Upon analysis of mice at the time of tumor inoculation 

(day 0, Figure 2B), we did not observe any difference in the frequencies or activation state 

of Treg, CD4+, or CD8+ T cell populations due to one week of DT treatment, and no 

systemic changes after three weeks of DT treatment, except for the expected reduction in 

CXCR3+ Treg cells (Figures S2C–S2I). However, we found that mice lacking CXCR3+ Treg 

cells with DT treatment exhibited delayed tumor growth in all three cancer models (MC38, 

EL4, and 9464D) compared to mice treated with PBS, which retained CXCR3+ Treg cells 

(Figure 2C). To rule out the possibility that DT-mediated Treg ablation impacted tumor 

growth rather than CXCR3-deficiency in Treg cells, we evaluated tumor growth in mice 

where CXCR3 was left intact on Treg cells. Depleting approximately half of the Treg cells 

with DT, while retaining CXCR3 in the remaining Treg cells, did not impact tumor growth 

(Figure 2D). Finally, to determine whether tumor growth was affected by Treg ablation in 

the context of CXCR3 heterozygous mice (Cxcr3+/−), we generated female mice wherein the 

Foxp3DTR-GFP allele was linked in cis with the Cxcr3KO allele such that DT treatment left 

CXCR3+ Treg cells intact in the context of Cxcr3+/− mice. Even in this scenario, there was 

no impact on tumor growth (Figure 2E). Altogether, these results reveal a critical role for 

CXCR3 expression on Treg cells in promoting cancer progression.

Enhanced CD8 tumor immunity with CXCR3-deficient Treg cells.

To investigate why CXCR3+ Treg cells are required to promote tumor progression, we first 

assessed the CD8+ T cell response within tumors. Across all tumor models, we found an 

increased frequency of intratumoral CD8+ T cells in mice with Cxcr3-deficient Treg cells 

(Figures 3A and S3A–S3B). Next, we followed the expansion of a tumor-specific CD8+ T 

cell population that responds to a cancer-associated endogenous retroviral peptide using the 

p15E/Kb tetramer stain61. We found an increase in these tumor-specific CD8+ T cells in 

the context of Cxcr3KO Treg cells, compared to CXCR3+ Treg-bearing mice, particularly 

within the tumor tissues (Figure 3B). In line with our previous results, we did not observe an 

increase in bulk CD8+ T cells or p15E-specific CD8+ T cells in tumors or lymphoid tissues 

using our DT strategy alone and CXCR3+ Treg cells were left intact (Figures S3C and 

S3D). Thus, loss of CXCR3 on Treg cells correlated with increased antitumor CD8+ T cell 

numbers in tumors. The importance of the enhanced CD8+ T cell response for tumor control 

in the absence of CXCR3+ Treg cells was supported by the fact that antibody-mediated 
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depletion of CD8+ T cells prevented the tumor growth control observed with Cxcr3KO Treg 

cells (Figure 3C).

While Cxcr3-deficiency in Treg cells increased CD8+ T cell infiltration into tumors, it did 

not lead to significantly increased activity of CD8+ T cells as assessed by IFN-γ and TNF-α 
production upon ex vivo restimulation (Figures 3D and S3E). Furthermore, in the context 

of Cxcr3KO Treg cells, tumor-infiltrating CD8+ T cells still expressed high levels of PD-1 

(Figure 3E), and tumor control was enhanced when Cxcr3KO Treg cell-bearing mice were 

treated with anti-PD-1 beginning at day 7 of tumor progression (Figure 3F)62. Together, 

these data suggest that CXCR3+ Treg cells promote cancer by inhibiting the accumulation of 

antitumor CD8+ T cells in tumors.

CXCR3 is required for Treg accumulation and activation in tumors.

CXCR3+ Treg cells accumulated in tumors and exhibited a heightened activation phenotype 

(Figure 1). Examination of intratumoral Treg frequency in the absence of CXCR3 revealed a 

modest reduction in Treg frequency within tumors (Figures 4A–4B and S4A–S4B). This was 

a consequence of Cxcr3-deficiency in Treg cells and not due to the DT treatment strategy, as 

intratumoral Treg frequency was unchanged in mice treated with DT that retained CXCR3+ 

Treg cells (Figure S4C). We also used our Cxcr3KO Treg cell strategy to evaluate CXCR3 

function in Treg cells in a genetically engineered model of sarcomagenesis (Figure S4D)63. 

Here, DT treatment began after sarcomas formed due to their 3–4 month latency period 

(Figure S4E). In this setting, we again observed increased intratumoral CD8+ T cells 

and reduced Treg cells with Cxcr3-deficiency (Figures S4F–S4H), highlighting the role of 

CXCR3 in Treg cells in a non-transplantable cancer model.

We also consistently observed reductions in PD-1 and CTLA4 co-inhibitory receptor 

expression on Cxcr3KO Treg cells throughout tumor progression, suggestive of reduced 

activation of intratumoral Treg cells that lack CXCR3 (Figures 4A and 4B). To 

determine whether CXCR3 expression supports Treg infiltration and activation within 

tumors, we compared Cxcr3+ versus Cxcr3KO Treg cells in a competitive setting using 

Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO female mice wherein both populations of 

Treg cells were present in the absence of DT (Figure S4I). In accordance with our previous 

results, the overall frequency of Treg cells was not changed between control and Cxcr3KO 

Treg cell populated mice. However, when we examined the proportion of each population 

of Treg cells that make up the total Treg pool, Cxcr3KO Treg cells made up a smaller 

proportion of Treg cells in the dLN and tumor compared to Cxcr3+ Treg cells from control 

mice (Figures S4J and S4K). Furthermore, PD-1 and CTLA4 expression were reduced 

in Cxcr3KO Treg cells within tumors in this competitive setting (Figures S4J and S4K). 

Therefore, Cxcr3KO Treg cells appear to be at a disadvantage in becoming activated within 

the tumor microenvironment.

To directly test whether Cxcr3-deficient Treg cells were impaired in their capacity to 

accumulate in tumor tissues, we performed adoptive transfer experiments of labeled Cxcr3+ 

versus Cxcr3KO Treg cells together into MC38 tumor-bearing mice and assessed their 

localization 24 hours later. To do this, we sorted naïve Treg cells from Cxcr3+ versus 

Cxcr3KO mice and differentiated them in vitro to become Th1-like (T-bet+) Treg cells by 
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treatment with IL-12 and IFN-γ after anti-CD3/anti-CD28 activation (Figure 4C). As seen 

in Figure 4D, the addition of IL-12 and IFN-γ generated CXCR3+T-BET+ Treg cells from 

wildtype mice and CXCR3–T-BET+ Treg cells from Cxcr3KO mice. This strategy ensured 

that cells were similar in differentiation and activation state, with the only difference being 

the expression of CXCR3 before co-transfer. This was important, as T-bet-deficiency in Treg 

cells disrupts Treg suppression of Th1 responses, but the specific role of CXCR3 in Treg 

function was never directly tested14,39,40. We harvested the dLN and tumors to compare 

the number of Treg cells of each type recovered in this competitive setting. We found that 

Cxcr3KO Treg cells were significantly enriched in the dLN but reduced compared to Cxcr3+ 

Treg cells within tumors (Figures 4E and 4F). These results suggest that CXCR3 expression 

on Treg cells is critical for their accumulation within MC38 tumors after migrating from the 

draining lymph nodes.

CXCR3 facilitates dendritic cell interaction in the tumor microenvironment.

As a chemokine receptor, Cxcr3-deficiency may be necessary for Treg accumulation 

in tumors, particularly due to CXCR3-mediated interactions with the specific cells 

they regulate within the tumor microenvironment. A major cell type that Treg cells 

interact with and regulate are DCs64–67. DCs are known to produce the CXCR3 ligands 

CXCL9 and CXCL10 in C57BL/6 mice32,68. Therefore, we hypothesized that CXCR3 in 

Treg cells functions by promoting Treg co-localization with DCs to regulate them. To 

evaluate interactions between Cxcr3+ versus Cxcr3KO Treg cells with DCs in situ, we 

crossed a CD11c-YFP allele into female Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO or 

Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3+ mice to identify Treg cells and CD11c+ DCs 

by confocal microscopy. We visualized tumor cells using MC38 cells transduced with 

Cyan Fluorescent Protein (MC38-CFP) and used fluorescent anti-CD8 antibody staining 

to track CD8+ T cells. Treatment of these tumor-bearing mice with DT allowed us to 

quantify interactions between Foxp3TM2-GFP-expressing Cxcr3+ versus Cxcr3KO Treg cells 

with CD11c+ cells, as well as CD8+ T cells with CD11c+ cells (Figure 5A). As we had 

seen by flow cytometry, confocal microscopic analysis revealed a reduction in Treg cells 

within tumors when Treg cells lacked CXCR3, as well as an increase in CD8+ cells, but 

this occurred without a change in total CD11c cells (Figures 5B, 5C, 5G, and 5H). To 

quantify our analysis, we assessed cell-cell interactions by counting cells in tight proximity 

in multiple z-stacks (Figures 5D–F). On a per-cell basis, Cxcr3-deficient Treg cells were less 

likely to be found interacting with a CD11c+ cell than were CXCR3-competent Treg cells 

(Figure 5G). With respect to CD8+ T cells, we found a significant increase in CD8+ cells 

and, on a per-cell basis, an increase in the likelihood of a CD8+ T cell interacting with a 

CD11c+ cell in the context of Cxcr3+ versus Cxcr3KO Treg cells (Figure 5H), indicative of 

an inverse relationship between Treg-CD11c and CD8-CD11c interactions. The Treg-CD11c 

interaction results were also recapitulated in a competitive setting where female mice of 

these genotypes were not treated with DT and Cxcr3+ Treg cells remained present in both 

settings (Figures S5A–S5D). However, as expected, the presence of wildtype Cxcr3+ Treg 

cells in this setting abrogated the increased CD8-CD11c interactions observed when all Treg 

cells were Cxcr3-deficient (Figure S5E). These results indicate that CXCR3 expression on 

Treg cells enhances their co-localization with CD11c cells in the tumor microenvironment. 

The consequence of these interactions may be to suppress CD11c-CD8 T cell interactions 
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within tumors. We performed flow cytometric analysis to determine whether Cxcr3+ Treg 

cells modulated the frequency of DCs or their expression of co-stimulatory molecules 

but did not find significant differences in total DC, DC1 (CD103+) or DC2 (CD11b+) 

in the tumor (Figure S5H–S5J) or dLN (Figure S5K–S5M), suggesting that Cxcr3+ Treg 

cells do not regulate the frequency or co-stimulatory capacity of DCs to mediate immune 

suppression.

Type 1 DCs are required for the preferential localization of CXCR3+ Treg cells in tumors.

The ligands for CXCR3 in C57BL/6 mice, CXCL9 and CXCL10 (CXCL11 is null), can be 

produced by conventional type 1 DCs (DC1), a CD11c+ population of cells defined by the 

expression of the transcription factor BATF337,69. Therefore, we first examined CXCL9 and 

CXCL10 expression on CD11c+ cells within tumors by immunofluorescence in MC38-CFP 

tumors from Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3+;CD11c-YFP female mice treated 

with DT as in Figure 5 (Figures 6A–6D). We found that most CXCL9+ cells were also 

CD11c-YFP+, and our analysis showed a strong positive correlation between the number 

of CXCL9+CD11c+ cells and wildtype Treg cells per field that was reduced in mice with 

Cxcr3KO Treg cells (Figure 6E). We did not observe a positive correlation between the 

number of CXCL10+CD11c+ (CXCL9-) cells and wildtype or Cxcr3KO Treg cells per field 

(Figure S6A). This suggests that CXCL9 is particularly important for the localization of 

CXCR3+ Treg cells.

We next examined whether Cxcr3-deficiency in Treg cells impacted the number of CD11c+ 

cells in tumors or their production of CXCR3 ligands. We did not observe any differences 

in the abundance of CXCL10+CD11c+ or CXCL9+CD11c+ cells in the context of Cxcr3KO 

compared to Cxcr3+ Treg-bearing mice (Figure S6B). We also did not find significant 

changes in CXCL9 or CXCL10 protein in explanted tumors from Cxcr3KO compared to 

Cxcr3+ Treg-bearing mice (Figure 6F). However, we found that tumor-bearing Batf3−/− 

mice, which lack DC1s, exhibited a near complete loss of CXCL9 production, whereas 

CXCL10 was unaffected (Figures 6G and S6C–S6D). This may suggest that BATF3+ DC1s 

produce CXCL9, which is required for interacting with CXCR3+ Treg cells in tumors.

To focus our analysis on DC1s, we used anti-XCR1 immunofluorescence staining 

to specifically mark DC1s while co-staining for CXCL9 in MC38-CFP tumors 

from Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO compared to Foxp3DTR-GFP;Cxcr3KO/
Foxp3TM2-GFP;Cxcr3+ mice treated with DT (Figure 6H). We found that CXCL9+ cells were 

almost uniformly XCR1+, indicative that DC1s produce CXCL9 (Figure 6I). Furthermore, 

we failed to detect CXCL9+ cells (or XCR1+ cells) in tumors from Batf3−/− mice (Figure 

S6E). While we did not observe significant differences between the total number of DCs in 

mice with Cxcr3KO versus Cxcr3+ Treg cells (Figure S6F), we did observe a reduction in 

Treg-XCR1 interactions (Figure 6J–6K). Finally, CXCL9+XCR1+ cell frequency was also 

increased in mice with Cxcr3+ compared to Cxcr3KO Treg cells (Figure S6G), implicating 

CXCL9 modulation in the setting of Cxcr3KO Treg cells.

T cell secretion of IFN-γ induces the production of CXCL9 in DCs and myeloid cells47,70. 

To determine whether this is the mechanism of CXCL9 induction in DCs and myeloid cells 

in MC38 tumors, we inoculated tumors in Batf3−/− or wildtype mice treated with PBS, 
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anti-CD8 depleting, or anti-IFN-γ blocking antibodies and measured CXCL9 secretion from 

tumors. We found that CXCL9 was reduced in the absence of DC1s or with anti-CD8 or 

anti-IFN-γ treatment (Figure 6L). Flow cytometry revealed decreased CXCL9 production 

specifically in DC1s with antibody treatments (Figures 6M, 6N, and S6H–S6J). These 

results suggest that the IFN-γ production from CD8+ T cells may be responsible for 

CXCL9 production in DC1s, and this may instigate CXCR3+ Treg interaction with DC1s. 

Nevertheless, comparisons of mice with Cxcr3+ versus Cxcr3KO Treg cells did not reveal 

significant differences in CXCL9 production by DC1s, DC2s, or other myeloid cells by flow 

cytometry (Figures 6O and S6K). Finally, we noted no change in CXCR3 expression from 

Treg cells or CD8+ T cells in dLN or tumors of Batf3−/− compared to wildtype mice (Figure 

S6L), indicating that DC1s were not required for CXCR3 expression in T cells47,70, but that 

CXCR3 on Treg cells is required to properly engage and regulate DC1s.

To directly test whether CXCR3+ Treg cells required BATF3+ DC1s for preferential 

accumulation in tumors, we again utilized adoptive co-transfer experiments of labeled 

CXCR3+ versus CXCR3KO Treg cells generated in vitro but transferred the Treg cells into 

wildtype or Batf3−/− recipient mice and assessed their localization after 24 hours (Figure 

6P). As demonstrated previously (Figure 4), CXCR3+ Treg cells accumulated in tumors 

better than CXCR3KO Treg cells when transferred to wildtype mice (Figure 6Q). However, 

the preferential localization of CXCR3+ Treg cells in tumors was abolished when transferred 

into Batf3−/− mice that lacked DC1s, whereas dLN localization was unaffected by the lack 

of DC1s (Figure 6Q). This suggests that CXCL9 production from BATF3+ DC1s is required 

for the preferential localization of CXCR3+ Treg cells within MC38 tumors.

Lack of CXCR3+ Treg cells boosts DC1 cross-presentation.

Our results suggest that DC1s are responsible for the accumulation of CXCR3+ Treg cells 

in tumors. DC1s are capable of cross-presenting tumor antigens on MHC class I (MHCI). 

This capability is thought to explain why DC1s are critical for eliciting strong CD8+ T cell 

responses against cancer71. Therefore, we hypothesized that CXCR3+ Treg cells regulate 

DC1s capacity to stimulate antitumor CD8+ T cell responses. To test this hypothesis, 

we inoculated Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO female mice, pre-treated with 

DT, with MHC I-deficient (B2m−/−) MC38 tumor cells that expressed ovalbumin (MC38-

OVA-B2m−/−). This model was used to ensure that the OVA peptide SIINFEKEL could not 

be directly presented by the cancer cells and only cross-presented by antigen-presenting 

cells (Figure 7A). We then tracked OVA-specific antitumor CD8+ T cell responses using 

SIIN/Kb tetramers (Figure 7A). We found a significant increase in SIIN/Kb+CD8+ T cells 

within tumors and dLN in the context of Cxcr3KO Treg cells (Figure 7B, 7C, and S7A–S7B). 

However, in Foxp3DTR-GFPCxcr3KO/Foxp3TM2-GFP;Cxcr3+ control female mice treated with 

DT, where CXCR3+ Treg cells remained, we did not observe an increase in SIIN/Kb+CD8+ 

T cells within tumors or dLN of these mice (Figures 7D and S7B). Finally, we observed a 

significant reduction of SIIN/Kb+CD8+ T cells within tumors from Batf3−/− mice (Figures 

7E and S7C).

However, the increased number of SIIN/Kb+CD8+ T cells was only an indirect measure 

of cross-presentation by DCs. Therefore, we used an antibody (25D1.16) that binds to 
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SIIN-loaded H-2Kb molecules to directly monitor tumor antigen cross-presentation on 

antigen presenting cells by flow cytometry (Figure 7A). We found that only DC1s and 

no other antigen presenting cell measured (DC2s, macrophages, monocytes, pDCs) in 

Cxcr3KO Treg-bearing mice exhibited increased SIIN/H-2Kb (Figures 7F, 7G, and S7D–

S7E). Finally, by treating Cxcr3KO Treg cell mice with anti-CD8 depleting antibodies, we 

found that DC1 frequencies and tumor antigen cross-presentation were not altered (Figures 

S7F–S7H), suggesting that CD8+ T cell tumor infiltration was not directly responsible for 

increased tumor antigen cross-presentation by DC1s. Altogether, these results demonstrate 

that co-localization of CXCR3+ Treg cells with DC1s limits DC1 cross-presentation of 

tumor antigens, impeding antitumor CD8+ T cell control of cancer progression.

DISCUSSION

Treg cell accumulation in cancer correlates with worse prognoses. Mechanisms that reduce 

the number of intratumoral Treg cells are effective in controlling cancer progression in 

preclinical mouse cancer models without inducing systemic toxicity3,26,72–74. While these 

methods target distinctive features of intratumoral Treg cells or highly activated Treg cells, 

targeting the mechanisms that drive the accumulation of Treg cells in tumors or their 

localization with cell-interacting partners is feasible and may represent a complementary 

strategy to treat Treg-infiltrated tumors. This study investigated the role of the CXCR3 

chemokine receptor in mediating Treg cell support of cancer progression. We found that 

Cxcr3-deficiency in Treg cells, while not impacting systemic immune homeostasis, did 

unleash stronger CD8+ T cell responses against multiple types of cancer, leading to 

slower cancer progression. We revealed that CXCR3 expression on Treg cells guides their 

interaction with BATF3+ DC1s within tumors to suppress DC1 priming of CD8+ T cells 

in the tumor dLN or their reactivation directly in tumors by impeding tumor antigen cross-

presentation. While CXCR3 is not exclusively expressed on Treg cells within tumors, we 

showed that it is critical for Treg cell suppression of antitumor CD8+ T cells and thus is 

functionally relevant for immunosuppression by Treg cells in the context of cancer.

A critical role for CXCR3 in Treg cell function has been proposed previously. However, 

CXCR3 function has only been inferred by assessing Treg activity in the absence of the 

transcription factor T-BET, which directly induces CXCR3 expression. While T-BET-driven 

expression of CXCR3 has been proposed to guide Treg localization to sites of IFN-γ-

driven inflammation and to specifically inhibit Th1 effector CD4+ T cell responses75,76, 

the hypothesis has not been directly tested. A recent study showed that Th1-like Treg 

cells control CD8+ T cell priming in the tumor dLN, but it appeared to be independent 

of CXCR3 function47. Only in the setting of autoimmunity of the kidney (crescentic 

glomerulonephritis), using Foxp3-driven CRE-specific deletion of T-betfl/fl or Cxcr3fl/fl 

alleles, was it definitively shown that CXCR3 alone was required for Treg cell recruitment 

to the kidney to reduce the severity of autoimmunity42,46. In our present work, we utilized 

a novel strategy that takes advantage of X chromosome inactivation to generate mice with 

Treg-specific Cxcr3-deficiency to show that CXCR3 expression alone is required for Treg 

interactions with DC1s to control CD8+ T cell responses against cancer. Collectively, 

our study reveals that an IFN-induced chemokine (CXCL9) has both stimulatory and 

suppressive actitivity due to interactions with CXCR3 on both CD8+ T cells and Treg cells.
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CXCR3+ Treg cells have been found enriched in a multitude of human and mouse 

cancers48–51, implicating CXCR3+ Treg cells as a target for cancer immunotherapy. Here, 

we found that CXCR3 was increased on Treg cells in tumor-draining lymph nodes 

and, most prominently, within tumors, where CXCR3+ Treg cells constituted a highly 

activated population of antigen-experienced cells. However, many reports suggest that 

other chemokine receptors are instrumental for Treg function in cancer. Indeed, CCR4 

was the first chemokine receptor described to be highly expressed on intratumoral Treg 

cells6,21,26, and was shown to be critical for Treg accumulation in tumors16,77,78. This led 

to clinical trials using an anti-CCR4 antibody, Mogamulizumab, which depleted Treg cells 

and increased tumor-specific CD8+ T cells in adult T-cell leukemia-lymphoma patients26,79. 

More recently, CCR8 was found increased on Treg cells from breast cancer tissue19, as 

well as other types of cancer18. Antibody-mediated depletion of CCR8+ Treg cells, as 

was also shown with CCR4 antibodies, now constitutes a promising strategy to treat 

cancer23,25,28. However, CCR8 expression on Treg cells was found to be dispensable for 

Treg cell accumulation in tumors and their suppression of antitumor immune responses28,29. 

Therefore, the critical chemokine receptors expressed on Treg cells needed to control the 

immune response to cancer have not been fully defined by prior studies.

In addition, while targeting individual chemokine receptors such as CCR416,77, 

CCR825,28,29, or CXCR3 (in this study) can reduce intratumoral Treg cell infiltration 

and slow tumor growth, these approaches have not been as effective as methods that 

more dramatically deplete intratumoral Treg cells3,72,73,80. This may suggest that dynamic 

expression of multiple chemokine receptors is involved in Treg accumulation in cancer 

and thus the examination of specific chemokine receptors in isolation is incomplete. 

Furthermore, co-expression of CXCR3 and other chemokine receptors, such as CCR4 or 

CCR8, has been observed13,81,82, and we also observed co-expression of other chemokine 

receptors in concert with CXCR3 on Treg cells in tumors (not shown). Therefore, while a 

single chemokine receptor may not be sufficient for Treg cell recruitment and function in 

tumors, our results do indicate that CXCR3 expression on Treg cells is required for their full 

suppressive function in many cancers.

Tumors are highly organized pseudo-organs. It is now appreciated that the spatial 

organization of its heterogeneous cells and components are a crucial feature of tumor 

biology83–87. Chemokines may act like a “zip code” to guide immune cells to specific 

niches for cell-cell interactions and immune activation88. In general, Th1 responses in cancer 

patients, characterized by IFN signaling, are associated with a better prognosis89. CXCR3 

ligands, namely CXCL9 and CXCL10, are induced by IFN. Human tumors lacking CXCR3 

ligands have reduced CD8+ T cell infiltration90. Several studies have pointed to CXCR3 

ligand expression from DCs as critical for orchestrating the immune response to cancer, and 

particularly important for the efficacy of immunotherapy32,37,91. Moreover, a subset of DCs, 

the type I conventional DCs (DC1s), distinguished by their expression of the transcription 

factor BATF3, have been shown to take up tumor antigens within tumors and transport them 

to the draining lymph nodes to mediate the priming of antitumor CD8+ T cell responses92,93. 

However, these same DC1s are likely targets of suppressive mechanisms that promote tumor 

escape, in particular, they may be targeted by Treg cells that can modulate the potency of 

their antigen presenting activity94. Here, we found extensive interactions between Treg cells 
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and XCR1+ DC1s, which produced the bulk of CXCL9 released in tumors and depended on 

CXCR3 expression on Treg cells to interact. The dynamics of CXCR3 expression on Treg 

cells during tumor progression also mirrored the expression pattern on CD8+ T cells, and in 

the absence of CXCR3+ Treg cells, CD8+ T cell interactions with XCR1+ cells in tumors 

were increased. Thus, competition between CXCR3+ Treg cells and CD8+ T cells for access 

to DC1s in tumors and draining lymph nodes may underlie Treg-mediated control of CD8+ 

T cell responses to cancer. Ultimately, the functional consequence of these DC1-CXCR3+ 

Treg cell interactions was reduced tumor antigen cross-presentation by DC1s in tumors and 

dLN.

Altogether, we demonstrated a novel role for CXCR3 expression on Treg cells in the 

context of cancer. Cxcr3-deficiency on Treg cells allowed for decoupling of Treg-DC1 

interactions. The most relevant consequence was increased accumulation of tumor antigen-

specific CD8+ T cells due to increased access to, and activation by, DC1s. The efficacy 

of checkpoint blockade was also enhanced by Cxcr3-deficiency in Treg cells. Therefore, 

successful immunotherapies that increase IFN/CXCL9 production must consider disrupting 

the recruitment of CXCR3+ Treg cells. Total CXCR3 blockade is challenged by its role 

in other immune cells that express CXCR3, such as T cells and NK cells, that fight 

cancer. Targeting epigenetic modulators, such as Ezh2, may counteract these challenges 

by both reprogramming Treg functionality while also increasing CXCL9 and CXCL10 

expression from tumor cells3,95,96. Alternatively, specifically targeting CXCR3+ Treg cells 

could be achieved using bi-specific antibodies that target a Treg-specific receptor, such 

as CTLA-4 or CD25, and a CXCR3 antibody that is activated specifically in the tumor 

microenvironment97,98. Here we have clarified a critical mechanism underlying Treg 

accumulation across multiple tumor types and have shown that blocking CXCR3 function in 

Treg cells has therapeutic potential by promoting antitumor CD8+ T cell immunity.

Limitations of the study

While our study provides insight into the mechanism of CXCR3 function in mediating Treg 

promotion of cancer, the therapeutic potential of targeting CXCR3 in established tumors is 

untested. Here we showed that the removal of wildtype Treg cells in the context of Cxcr3KO 

Treg cells in established sarcomas from genetically engineered mice led to decreased 

frequencies of Treg cells and increased frequencies of CD8+ T cells (Figures S4D–H), but 

we did not measure the impact on tumor growth. This was due to the rapid growth rate of 

tumors, which only allowed for one week of treatment with DT before a humane endpoint. 

Optimization of these experiments will be needed for further investigation. Nevertheless, 

our model to generate Cxcr3KO Treg cells, wherein we must ablate wildtype Treg cells, is 

problematic and unrealistic for testing the therapeutic efficacy of targeting CXCR3 on Treg 

cells. Alternative strategies to those employed here will be needed to address the therapeutic 

potential of targeting CXCR3 on Treg cells in established tumors.
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STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Michel DuPage (dupage@berkeley.edu).

Materials availability—MC38-OVA-B2m−/− were generated in this study. All will be 

made available from the lead contact upon request.

Data and code availability—Any additional information required to reanalyze the data 

reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

In vivo animal studies—All the mouse experiments used comparisons between 

littermates or age-matched control mice. Foxp3DTR-GFP mice express human diphtheria 

toxin receptor and EGFP genes from the Foxp3 locus without disrupting expression of the 

endogenous Foxp3 gene65. These mice were kindly provided by Dr. Rudensky (Memorial 

Sloan Kettering Institute). Foxp3TM2-GFP mice were provided by Dr. Chatila (Boston 

Children’s)99. CXCR3KO mice were obtained from Jackson laboratories (JAX:005796), 

this strain was originally created and characterized by Deltagen, Inc. For diphtheria toxin 

treatments, female mice were treated with a dose 1μg i.p. every other day up to three 

times per week. For tumor studies, syngeneic C57BL/6 mice were inoculated with 1×105 

MC38-GFP cells engineered to express luciferase and GFP3, 2×105 EL4 cells, or 2×106 

9464D100 cells in 100 μL of PBS subcutaneously. Tumor measurements were performed 

blindly across the entire experiment by a single operator measuring three dimensions of the 

tumor with calipers three times per week. All the experiments were conducted according to 

the Institutional Animal Care and Use Committee guidelines of the University of California, 

Berkeley.

Cell lines—MC38 and MC38 expressing ovalbumin (OVA) were kindly provide by Dr. 

Bluestone101. MC38 cell lines were also engineered to express luciferase and GFP3. EL4 

cells were obtained from Cell Culture core at UC Berkeley. 9464D were kindly provided 

by Dr. Weiss (UCSF)100. MC38-B2m-deficient cell lines were generated in this study using 

B2m-specific guides cloned into PX458 (see below)102. All cell lines were maintained in 

DMEM (GIBCO) supplemented with 10% FBS, sodium pyruvate (GIBCO), 10mM HEPES 

(GIBCO), and penicillin-streptomycin (GIBCO). Tumor cells were grown at 37°C with 5% 

CO2.

METHOD DETAILS

MC38-B2m−/− Generation—To generate MC38-B2m-deficient cell lines we employed 

B2m-specific guides cloned into PX458102. CRISPR-Cas9 guide sequence for B2m: 

AGTCGTCAGCATGGCTCGCT. Briefly, to generate knockout cell lines, plasmids 

were transiently transfected using LipoD293™ In Vitro DNA Transfection Reagent 

(SignaGen Laboratories). GFP+ (from PX458 transfection) cells were sorted one day after 

nucleofection to ensure that all cells in culture received the Cas9 plasmid. One-week later, 
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cells were stained with MHC Class I (H-2Kb) (Clone AF6–88.5.5.3, Biolegend) MHC I 

negative cells were sorted using a FACS Aria cell sorter. MHC IKO cells were sorted again 

the following week to >98% purity.

Murine Lymphocyte Isolation—Resected tumors and lung tissues were minced to 

1 mm3 fragments and digested in RPMI media supplemented with 4-(2-hydroxyethyl)-1-

piperazi-neethanesulfonic acid (HEPES), 20 mg/mL DNase I (Roche), and 125 U/mL 

collagenase D (Roche) using an orbital shaker for ~45 min at 37°C. Cells from 

lymphoid organs were prepared by mechanical disruption between frosted slides. All 

the cell suspensions were passed through 40 μm filters before cell staining or in vitro 
stimulation. Cytokine staining was performed with 3–5×106 cells after 210 min of in vitro 
stimulation in Opti-MEM media supplemented with Brefeldin A (eBioscience), 10 ng/ml 

phorbol 12-myristate 13-acetate (PMA) (Sigma), and 0.25 μM ionomycin (Sigma). Fixation/

permeabilization of cells was conducted for intracellular staining using the eBioscience 

Foxp3 fixation/permeabilization kit (BioLegend) or Tonbo Foxp3 / Transcription Factor 

Staining Buffer Kit. In some experiments, e.g. representative staining of in vitro 

differentiated cells prior to adoptive transfer, cells were fixed with 2% PFA in ice for 10 

minutes.

Flow Cytometry—Flow cytometry was performed on an BD LSR Fortessa X20 (BD 

Biosciences), LSRFortessa (BD Biosciences) or Cytek Aurora, and datasets were analyzed 

using FlowJo software (Tree Star). Single cell suspensions were prepared in ice-cold FACS 

buffer (PBS with 2mM EDTA and 1% FBS) and subjected to red blood cell lysis using 

ACK buffer (150mM NH4Cl, 10mM KHCO3, 0.1mM Na2EDTA, pH7.3). Dead cells were 

stained with Live/Dead Fixable Blue or Aqua Dead Cell Stain kit (Molecular Probes) 

in PBS for 20 minutes at 4°C. Cell surface antigens were stained for 1 hour at 4°C 

using a mixture of fluorophore-conjugated antibodies. Surface marker stains for murine 

samples were carried out with anti-mouse CD3 (17A2, BioLegend), anti-mouse CD4 (RM4–

5, BioLegend), anti-mouse CD8a (53–6.7, BioLegend), anti-CD25 (PC61, BioLegend), 

anti-mouse CD44 (IM7, BioLeged), anti-mouse CD45 (30-F11, BioLegend), anti-mouse 

CD103 (2E7, BioLegend), anti-mouse CXCR3 (CXCR3–173, BioLegend), anti-mouse 

KLRG1 (2F1, BioLegend), anti-mouse PD1 (RMP1–30, BioLegend), anti-mouse MHCI 

((H-2Kb, AF6–88.5.5.3, BioLegend)), anti-mouse MHCII (M5/114.15.2, BioLegend), 

anti-H-2Kb MuLV p15E Tetramer-KSPWFTTL (MBL), anti-Kb-A2/SIINFEKEL tetramer 

(NIH tetramer core), OVA257–264 (SIINFEKL) peptide bound to H-2Kb (25-D1.16, 

BioLegend), anti-XCR1 (ZET, BioLegend) in PBS, 2% FBS, for 1 hour at 4°C. Cells were 

fixed using the eBioscience Foxp3/Transcription Factor staining buffer set (eBioscience), 

prior to intracellular staining. Intracellular staining was performed using anti-mouse 

CTLA4 (UC10–4B9, BioLegend), anti-mouse Foxp3 (FJK-16S, eBioscience), anti-mouse 

T-bet (4B10, BioLegend), anti-mouse TNF-a (MP6-XT22, BioLegend), anti-mouse IFNg 

(XMG1.2, eBioscience), anti-CXCL9 (MIG-2F5.5, BioLegend), 1 hour, at 4°C, according to 

manufacturer’s instructions. Cells were re-suspended in FACS buffer and filtered through a 

70-μm nylon mesh before data acquisition. Datasets were analyzed using FlowJo software 

(Tree Star).
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In vivo antibody-mediated cell depletion or cytokine blockade—For tumor 

progression studies CD8 depletion was achieved by intraperitoneal injection of 250 μg 

per mouse of the anti-aCD8 monoclonal antibody clone YST-169.4 (BioXcell, Catalog # 

BE0117) two days prior to tumor inoculation, followed by additional doses every 6 days 

thereafter. For PD-1 depletion, intraperitoneal injection of 200 μg/mouse of clone RMP1–14 

(BioXcell, Catalog: BE0146) was done twice per week. For studies that involved myeloid 

compartment characterization, we used anti-mouse CD8b, 250 μg per mouse, clone 53–5.8 

for CD8 T cell depletions (Leinco Technologies, Catalog # C2832). IFN-γ blockade was 

achieved using anti-mouse IFN-γ, clone XMG1.2, 250 μg per mouse (Leinco Technologies, 

Catalog # I-1119). For CD8b and IFN-γ depletions, mice received the antibodies two days 

and one day prior to tumor inoculation, followed by additional doses every 6 days until the 

end of the experiment.

Genetically Engineered Model of Cancer (GEMM).—Foxp3DTR-GFP and 

Foxp3TM2-GFP;Cxcr3KO alleles were crossed to KrasLSL-G12D/+;p53fl/fl mice. Briefly, in 

accordance with previous published data63, we generated sarcomas in mice by intramuscular 

(leg) injection of 5×10^4 lentiviral particles expressing Cre recombinase (Lenti-Cre). 

Tumors were palpable 3–4 months after Lenti-Cre injection and four doses of DT was 

administrated every two days until the end of the experiment.

Cytokines measurements—Tumors from mice were dissected 15–20 days post tumor 

inoculation. One million cells were plated in 100–200 μl of OPTIMEM in a 96 well 

plate and incubated at 37 C for 4 hours. Supernatants were collected and ELISA was 

performed using Mouse CXCL9/MIG DuoSet ELISA (Catalog #: DY492, R&D Systems) 

or Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA (Catalog #: DY466, R&D Systems), 

following protocol’s instructions. For detection of CXCL9 by flow cytometry (MIG-2F5.5, 

BioLegend), we performed intracellular staining of single cell suspensions from tissues after 

a 4 hour incubation with BFA as done for cytokine production flow cytometry assays.

Adoptive transfer experiments—For in vitro T cell culture, spleens and lymph nodes 

were collected from Foxp3 reporter mice and enriched for CD4 T cells by negative 

selection using EasySep magnetic bead kit (STEMCELL Technologies. Naïve Tregs 

(CD4+CD8−CD62L+Foxp3GFP+ cells) were then sorted using an Aria Fusion sorter (BD 

Biosciences) with a 70μm nozzle. Tregs were activated with anti-CD3 and anti-CD28 coated 

beads (Dynabeads Mouse T-Activator CD3/CD28, Invitrogen) at a ratio of 1:3 (cell:bead) 

and kept at a concentration of 106 cells/ml in DMEM medium supplemented with 10% FBS, 

non-essential amino acids, sodium pyruvate, L-glutamine, HEPES, 55 μM β-ME and 2,000 

IU/ml recombinant human IL-2 (TECIM™, Hoffman-La Roche provided by NCI repository, 

Frederick National Laboratory for Cancer Research). For Th1 Treg differentiation, 48 hours 

after sorting, media was supplemented with 40 ng of recombinant mouse IFN-γ (Biolegend, 

Cat# 575304) and recombinant mouse IL-12 Protein (R&D Systems, 419-ML). 4×105-6×105 

WT and CXCR3KO Tregs were stained with ViaFluor 405 (Biotum) or CellTrace Far 

Red (Molecular Probes) dyes according to the manufacturer’s instructions. Dyes were 

interchanged between experiments to prevent bias in the results due to potential differences 

in staining. Tregs were co-transferred to WT or Batf3−/− MC38 tumor-bearing mice at 1:1 
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Tregs WT or CXCR3KO ratio by intravenous injection. 24 hours later, mice were euthanized, 

and tissues removed for flow cytometry analysis.

Tumor tissue cryo sectioning—Tumors were removed and fixed in 4% 

paraformaldehyde in ice in the dark for four hours, washed twice with PBS, then dehydrated 

in 10% sucrose, 20% sucrose, and 30% sucrose for at least 6 hours each at 4°C. Tumors 

were imbedded in OCT (Fisher) cut side-down and frozen in a slurry of dry ice and ethanol, 

then stored at −80°C until sectioning. Tumors were cut into 12-micron sections on a cryostat 

microtome (Leica Biosystems) onto SuperFrost Plus slides (Fisher Scientific) and stored at 

−80°C until used for immunofluorescence.

Immunofluorescence—Sections were permeabilized with tissue staining buffer (PBS 

with 0.3% Triton X-100, 0.1 M glycine, and 1% BSA) and blocked with tissue staining 

buffer plus 5% normal rat serum and FcγII/III CD16/32 antibody (2.4G2; BioLegend 

Catalog 101320), before staining with anti-CD8 alpha antibody (Clone YTS169.4, Abcam 

Catalog ab22378) ON, at 4°C, washed with PBS followed by incubation with IgG 

(H+L) Cross-Adsorbed Goat anti-Rat, DyLight™ 594, (Invitrogen, Catalog PISA510020) 

or a cocktail of CXCL10 goat antibody103 and CXCL9 Recombinant Rabbit Monoclonal 

Antibody (Clone: 11H1L14, Invitrogen Catalog 701117) followed by Alexa Fluor 647-

conjugated bovine anti-goat IgG (Jackson Immunoresearch) and Goat anti-Rabbit IgG 

(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 594 (Invitrogen 

Catalog A32740). Anti-XCR1-biotin staining was performed ON at 4C (1:50, Clone ZET, 

BioLegend Catalog 148212) followed by two hours incubation with Streptavidin-Alexa 

Fluor™ 647 Conjugate (1:100, Invitrogen, Catalog S32357). Stained tissue sections were 

mounted with Vectashield® Mounting Medium, (Vector Laboratories). Images were taken 

using Zeiss LSM 880 NLO OPO microscope. Imaging analysis was performed using Imaris 

software.

Statistical Methods—p values were obtained from unpaired two-tailed Student’s t tests 

for all statistical comparisons between two groups, and data were displayed as mean ± 

SEMs. Paired t tests were used in all adoptive transfer of Treg tracking experiments. For 

multiple comparisons, one-way ANOVA was used. For tumor growth curves, two-way 

ANOVA was used with Sidak’s multiple comparisons test performed at each time point or 

by multiple regression analysis p values are denoted in figures by *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• CXCR3 is elevated on Treg cells within draining lymph nodes and tumors

• CXCR3+ Treg cellss co-localize with CXCL9-producing type 1 DCs in 

tumors

• Disrupting CXCR3 in Tregs increases tumor antigen cross-presentation by 

DC1s in tumors

• Loss of CXCR3 in Treg cells boosts tumor CD8+ T cells and slows cancer 

progression
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Figure 1. CXCR3+ Treg cells are generated in response to tumors.
(A) Flow cytometric analysis of FOXP3 versus CXCR3 expression in live CD45+CD4+ T 

cells in tumor draining lymph node (dLN) and tumor (MC38).

(B-D) Quantification of perecent CXCR3+ T cells in peripheral lymph node (pLN), dLN and 

tumor in Treg cells (B), eCD4+ (CD4+Foxp3−, C), and CD8+ T cells (D) on day 15 post 

MC38 tumor inoculation (n=16 pooled from four independent experiments).
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(E) Time course of Treg cell (Foxp3+CD25+/Live CD45+CD4+, left panel) and CXCR3+ 

Treg cell (right panel) frequency over the course of tumor growth in dLN (light purple) and 

tumor (dark purple) (n=3–4 mice/group, representative of two independent experiments).

(F-G) Left panel: Flow cytometric staining for CD44 versus CXCR3 in FOXP3+CD25+ 

of Live CD45+ cells in dLN (F) and MC38 tumors (G). Right panels: Quantification of 

specified proteins in CD44− (black), CD44+CXCR3− (blue), and CD44+CXCR3+ (red) Treg 

cells (n=4–5 mice pooled from two independent experiments).

Data represents mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 

from two-way ANOVA followed by Dunnet’s multiple comparisons test. Also see Figure S1.
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FIGURE 2. Treg-specific CXCR3-deficiency impedes cancer.
(A) Left: genotype of female mice depicting the allele configuration of Foxp3 and Cxcr3 
on the X chromosomes. Right: Schematic depicting the resulting Treg phenotypes from this 

genotype due to random X inactivation before and after DT treatment. Complementary flow 

cytometric analysis of CXCR3 versus Foxp3 GFP reporters in Live CD45+CD4+ cells from 

dLN before and after DT treatment is shown below schematic.

(B) Experimental strategy to deplete Foxp3DTR-GFP-expressing Treg cells in female mice 

with DT.
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(C-E) Left: genotype of female mice and representative flow cytometric analysis of 

CXCR3 versus Foxp3 GFP reporters in Live CD45+CD4+ cells from tumors with 

DT treatment. Right: tumor growth curves of MC38, EL4, and 9464D tumors in 

indicated mice treated with PBS or DT (n=7–8 mice/group, representative of three 

independent experiments for MC38 and two independent experiments for EL4 and 9464D). 

Results from Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO mice that generate Cxcr3KO 

Treg cells with DT (C). Results from Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3+ mice 

that maintain Cxcr3+ Treg cells with DT (D). Results from Foxp3DTR-GFP;Cxcr3KO/

Foxp3TM2-GFP;Cxcr3+ mice that maintain Cxcr3+ Treg cells with DT (E).

Data represents mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and not 

significant (n.s.) from two-way ANOVA with Sidak’s multiple comparisons. Also see Figure 

S2.
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Figure 3. Enhanced CD8 tumor immunity with Cxcr3KO Treg cells.
(A-B) Quantification of total intratumoral CD8+ T cells from Foxp3DTR-GFP;Cxcr3+/
Foxp3TM2-GFP; Cxcr3KO female mice harboring Cxcr3+ (+PBS, black) or Cxcr3KO (+DT, 

red) Treg cells in MC38 tumors (day 28) (n=6–8 per group, data pooled from two 

independent experiments).

(B) Tumor-specific p15E-reactive CD8+ T cells were measured from indicated organs (day 

15, MC38) (n=4–5 mice per group, data representative of two independent experiments). 

Mice without tumors (naïve) served as a negative control for p15E/Kb tetramer stain (grey). 

Ayala et al. Page 29

Immunity. Author manuscript; available in PMC 2024 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Representative flow cytometric analysis of intratumoral pE15 tetramer stain in PBS and DT 

treated mice (right panel).

(C) Growth of MC38 tumors in control females (+PBS, black), control females treated with 

anti-CD8 depleting antibody (+PBS +α-CD8, green), Cxcr3KO Treg cell females (+DT, red), 

or Cxcr3KO Treg cell females treated with an anti-CD8 depleting antibody (+DT +α-CD8, 

blue) (n=8 mice per group, representative of two independent experiments). Representative 

flow cytometric analysis of CD4+ and CD8+ cells in spleens of control or anti-CD8 treated 

groups (right panel).

(D) IFN-γ+TNFa+CD8+ of Live CD45+ in tumors (day 15, MC38) from indicated mice after 

no stimulation (no stim) or stimulation with PMA and Ionomycin (P+I) ex vivo (n=4–5 per 

group).

(E) PD-1 expression on intratumoral CD8+ T cells (day 28, MC38) (data pooled from three 

independent experiments).

(F) Growth of MC38 tumors in mice with Cxcr3+ (+PBS, black) or Cxcr3KO Treg cells 

(+DT, red), or treated with anti-PD-1 in mice with Cxcr3+ (+α-PD-1, purple) or Cxcr3KO 

Treg cells (+DT+α-PD-1, green) (n=6–7 mice per group).

Data represent mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 from two-way ANOVA 

followed by Dunnet’s multiple comparisons test, two-way ANOVA with Sidak’s multiple 

comparisons, or student’s t tests. Tumor growth assessed using multiple regression analyses. 

Also see Figure S3.
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Figure 4. CXCR3 is required for Treg accumulation and activation in tumors.
(A-B) Quantification of intratumoral Treg cell frequency or their PD-1 and CTLA-4 

expression from Foxp3DTR-GFP;Cxcr3+/Foxp3TM2-GFP;Cxcr3KO female mice harboring 

Cxcr3+ (+PBS, black) or Cxcr3KO (+DT, red) Treg cells at day 15 (A) or day 28 (B) of 

MC38 tumor progression (n=7 mice per group, pooled from two independent experiments).

(C) Schematic describing the generation of CXCR3+ and Cxcr3ΔTregcells by in vitro 
differentiation, fluorescent dye-labeling, and co-transfer into MC38 tumor-bearing mice for 

localization analysis.

(D) Analysis of Treg cells for CXCR3 and T-BET expression prior to adoptive transfer.
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(E) Representative flow cytometry plots from dLN and MC38 tumors for transferred Cxcr3+ 

and Cxcr3KO Treg cells.

(F) Absolute number of Cxcr3+ (black) or Cxcr3KO Treg cells (red) cells recovered. Lines 

connect Treg cells collected from the same mouse (data pooled from three independent 

experiments).

Data represents mean ± SEM; *p < 0.05, **p < 0.01 by unpaired (or paired analysis in F) 

Student’s t tests. Also see Figure S4.
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Figure 5. CXCR3 expression on Tregs facilitates CD11c+ cell interaction in tumors.
(A) Genotype of female mice and schematic depicting the resulting Treg phenotypes after 

DT treatment. Mice were treated with DT beginning 7 days prior to tumor inoculation and 

throughout tumor progression.

(B-C) Representative confocal microscopy images from WT (B) and KO (C) mice as 

described in (A) at 15 days of tumor progression showing MC38-CFP (blue), CD11c-

YFP (yellow), Foxp3TM2-GFP (green), and CD8+ (red) cells. Arrowheads point to cell-cell 
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interactions between Tregs and CD11c+ cells (representative of 60–70 images analyzed from 

3 mice per group pooled from 3 independent experiment). Scale bar = 50 μm.

(D-F) High magnification examples of counted cell-cell interactions between Treg-CD11c 

cells (D, E) and CD8-CD11c cells (E, F). Scale bar = 15 μm.

(G-H) Total numbers of Tregs, CD11c cells (G) or CD8+ cells (H) were counted per field 

at 20X magnification. Cell-cell interactions were examined at higher magnification and 

confirmed through multiple z-stacks. Cell-cell interactions were normalized based on the 

number of Tregs (G) or CD8+ cells (H) per field to yield a probability of interaction per Treg 

or CD8+ cell (representative of 60–70 images analyzed from 3 mice per group and pooled 

from 3 independent experiments).

Data represents mean ± SEM; *p < 0.05, **p < 0.01 ***p < 0.001 by Student’s t test.
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Figure 6. Type 1 DCs are required for the preferential localization of CXCR3+ Tregs in tumors.
(A-D) Representative confocal microscopy images from Foxp3DTR-GFP;Cxcr3+/
Foxp3TM2-GFP; Cxcr3+;CD11c-YFP mice treated with DT and analyzed at 15 days of tumor 

progression showing CD11c-YFP (yellow) and Foxp3TM2-GFP (green) (A), anti-CXCL10 

and MC38-CFP (B), anti-CXCL9 and MC38-CFP (C), and a composite image (D). 

Arrowheads point to Tregs (green), CXCL9+ (red), and CXCL10+ (white) cells. Scale bar = 

20 μm.
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(E) Correlation between the number of Foxp3TM2-GFP-expressing CXCR3+ Tregs (blue) 

from DT treated Foxp3DTR-GFP; Cxcr3+/Foxp3TM2-GFP;Cxcr3+;CD11c-YFP mice or 

Foxp3TM2-GFP-expressing CXCR3KO Tregs (red) from DT treated Foxp3DTR-GFP;Cxcr3+/
Foxp3TM2-GFP;Cxcr3KO;CD11c-YFP mice versus CXCL9+CD11c+ cells per field at 20X 

magnification in MC38 tumors at day 15 of tumor progression (representative of 50–60 

images analyzed from 3 mice per group and pooled from 3 independent experiments).

(F) MC38 tumors from DT-treated mice bearing CXCR3+ or CXCR3KO Tregs were 

harvested at day 15 of tumor progression and CXCL9 and CXCL10 were quantified by 

ELISA (n= 6–7 mice per group, pooled from two independent experiments).

(G) MC38 tumors from WT or Batf3KO mice were tested for CXCL9 and CXCL10 levels as 

in (G) (n= 3–4 mice per group, pooled from two independent experiments).

(H) Representative confocal microscopy images from Foxp3DTR-GFP;Cxcr3+/
Foxp3TM2-GFP;Cxcr3+ mice with CXCR3+ Tregs at 15 days of tumor progression showing 

MC38-CFP (blue), anti-XCR1 (yellow), Foxp3TM2-GFP (green), and anti-CXCL9+ (red) 

cells. Scale bar = 5 μm.

(I-J) Fraction of CXCL9+ cells that are XCR1+ (CXCL9+XCR1+/CXCL9+) assessed by 

immunofluorescence (I). Total Tregs (J) and XCR1-Treg interactions (K) were examined at 

higher magnification and confirmed through multiple z-stacks. Cell-cell interactions were 

normalized based on the number of Tregs (K) per field to yield a probability of interaction 

per Treg. Cells were counted per field at 20X magnification (representative of 22–24 images 

analyzed from 4 mice per group).

(L) MC38 tumors from WT (black), Batf3KO (grey), or WT mice treated with PBS (black), 

anti-CD8 (blue), or anti-IFN-γ (green) were tested for CXCL9 by ELISA (L, n= 4 mice per 

group).

(M-N) Flow cytometric analysis for intracellular CXCL9 protein in DC1 and DC2 from 

MC38 tumors in mice as described in (L) and quantified in (N, n= 4 mice per group).

(O) Flow cytometric analysis for intracellular CXCL9 protein in DC1 and DC2 from MC38 

tumors in mice with CXCR3+ (green) or CXCR3KO (red) Tregs after treatment with DT or 

in Batf3KO (grey) mice and quantified (n=3–4 mice per group).

(P) Schematic describing the generation of CXCR3+ and CXCR3KO Tregs by in vitro 
differentiation, fluorescent dye-labeling, and co-transfer into MC38 tumor-bearing C57BL/6 

wildtype or Batf3KO mice for localization analysis after 24 hours.

(Q) Absolute number of CXCR3+ (black filled) or CXCR3KO (red filled) Tregs recovered 

in dLN and tumor 24 hours after transfer into C57BL/6 wildtype mice (WT) or number 

of CXCR3+ (black hatched) or CXCR3KO (red hatched) Tregs recovered after transfer 

to Batf3KO mice. Lines connect CXCR3+ and CXCR3KO Tregs collected from the same 

mouse (n=3 mice per genotype/experiment and all data pooled from three independent 

experiments).

Data represents mean ± SEM; *p < 0.05, **p < 0.01 by Student’s t test. For correlation 

in (F), a simple linear regression was employed and slopes between regressions were 

compared.
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Figure 7. Lack of CXCR3+ Treg cells boosts cross-presentation in tumors.
(A) Experimental setup to assess tumor antigen cross-presentation by analyzing SIIN/H-2Kb 

presentation on antigen presenting cells (25D1.16 antibody) and CD8+ SIIN/Kb-tetramer+ T 

cell responses to ovalbumin expressed from β2m-deficient tumors.

(B-E) Representative flow cytometric analysis (B) and quantification (C-E) of the 

frequencies of intratumoral SIIN/Kb-tetramer-specific CD8+ T cells in indicated mice 

(day 15–20, MC38) (C-D, n=5–6 mice per group, data pooled from three independent 

experiments; E, n=3–4 mice per group, data representative of two independent experiments).
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(F-G) Representative flow cytometric analysis (F) and quantification (G) of SIIN/H-2Kb 

presentation on intratumoral DC1 (XCR1+CD103+) (left) and DC2 (right) using 25D1.16 

from MC38-β2m-deficient tumors that do no express OVA (OVA-negative, black) or OVA-

expressing tumors in Foxp3DTR-GFPCxcr3KO/Foxp3TM2-GFP;Cxcr3+ (CXCR3+, green) and 

Foxp3DTR-GFPCxcr3+/Foxp3TM2-GFP;Cxcr3KO mice treated with DT (CXCR3KO, red) or 

PBS (CXCR3+, grey) (n=4–5 mice per DT-treated group pooled from two experiments).

Data represents mean ± SEM; *p < 0.05, **p < 0.01 from one-way ANOVA followed by 

Dunnet’s multiple comparisons test. Also see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 BUV737 Clone 17A2 BD Cat#: 612803

CD4 BV605 Clone RM4-5 BioLegend Cat#:100548

CD4 APC Clone RM4-S BioLegend Cat#:100516

CD8 BUV 737 Clone 53-6.7 BD Cat#:564297

CD8a PerCP-Cy5.5 Clone 53-6.7 BioLegend Cat#:100734

CD25 BV785 Clone PC61 BioLegend Cat#:102051

CD25 PerCP-Cy5.5 Clone PC61 BioLegend Cat#:102030

CD44 APCe-780 Clone IM7 eBioscience/ Thermo Cat#:47-0441-82

CD44 PerCP-Cy5.5 Clone I7 BioLegend Cat#:103036

CD45 BUV-395 Clone 30-F11 BD Cat#:564279

CD69 PE-Cy7 Clone H1.2F3 BioLegend Cat#:104510

CD103 BV605 2E7 BioLegend Cat#:121433

CD103 BV510 2E7 BioLegend Cat#:121423

CXCL9 PE MIG-2F5.5 BioLegend Cat#:515604

CXCR3 (CD183) PE CXCR3-173 BioLegend Cat#:126506

CXCR3 (CD183) APC CXCR3-173 BioLegend Cat#:126512

KLRG1 BV510 2F1/KLRG1 BioLegend Cat#:138421

KLRG1 APC 2F1/KLRG1 BioLegend Cat#:138412

PD1 (CD279) BV711 29F.1A12 BioLegend Cat#:135231

CTLA-4 (CD152) BV605 UC10-4B9 BioLegend Cat#:106323

Foxp3-e450 FJK-16S eBioscience/ Thermo Cat#:48-5773-82

Foxp3 FITC FJK-16S eBioscience/ Thermo Cat#:11-5773-82

T-bet PE-Cy7 4B10 BioLegend Cat#:644824

TNFα PerCP-Cy5.5 MP6-XT22 BioLegend Cat#:506322

IFNg e450 XMG1.2 eBioscience/ Thermo Cat#:48-7311-82

H-2Kb MuLV p15E Tetramer-KSPWFTTL-PE MBL Cat#: TB-M507-1

K(b)-A2/ova.SIINFEKL-APC NIH N/D

MHC Class I (H-2Kb) AF6-88.5.5.3 BioLegend Cat#: 17-5958-80

MHC Class II (I-A/I-E) BioLegend Cat#: 10-7628

XCR1 Alexa Fluor® 647 anti-mouse/rat XCR1 Antibody BioLegend Cat#: 148214

Biotin anti-mouse/rat XCR1 Antibody BioLegend Cat#: 148212

OVA257-264 (SIINFEKL) peptide bound to H-2Kb 
Monoclonal Antibody

Thermo Scientist Cat#: 13-5743-81

CD16/32 antibody BioLegend Cat#:101320

InVivoMAb anti-mouse CD8α BioXcell Cat#: BE0117

InVivoMAb anti-mouse PD-1 (CD279) BioXcell Cat#: BE0146

Anti-Mouse CD8b.2 Purified In vivo GOLD™ Leinco Technologies Cat# C2832
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Mouse IFN-γ Purified In vivo GOLD™ Leinco Technologies Cat# I-1119

aCD8 alpha Clone YTS169.4 Abcam Cat#: ab22378

Goat anti-Rat, DyLight™ 594 Invitrogen Cat#:PISA510020

CXCL9 Recombinant Rabbit Monoclonal Antibody Clone: 
11H1L14

Invitrogen Cat#:701117

Alexa Fluor 647-conjugated bovine anti-goat IgG Jackson Immunoresearch Cat#: 805-607-008

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ Plus 594

Invitrogen Cat#:A32740

Mouse CXCL10/IP-10/CRG-2 Antibody R&D Cat#:AF-466-NA

Chemicals, Peptides, and Recombinant Proteins

eBioscience Foxp3 fixation/permeabilization kit eBioscience Cat#:00-5523-00

Tonbo Foxp3 / Transcription Factor Staining Buffer Kit Tonbo Bioscience Cat#:TNB-0607-KIT

Paraformaldehyde Electron Microscopy Sciences Cat# 15713S

DNase I Roche Cat#:10104159001

Collagenese IV Roche Cat#:11088882001

Diphtheria Toxin Sigma-Aldrich Cat#:322326

DMEM High Glu w/Gl w/ Pyr Gibco Cat# 11995-065

100 X Penicilin-Streptomycin Gibco Cat# 15140-122

HEPES Gibco Cat#: 15630-080

MEM Non-Essential Amino Acids Solution (100X Gibco Cat#: 11140-050

Fetal Bovine Serum, Heat Inactivated Omega Scientist Cat#: FB-01

Recombinant human IL-2 Teceleukin (Tecin™) Hoffmann-LAROCHE NCI repository (Frederick National 
Laboratory for Cancer Research)

LEAF™ Purified anti-mouse IFN-γ [XMG1.2] BioLegend Cat# 505802

Recombinant Mouse IL-12 Protein R&D Cat#: 419-ML

Protein Transport Inhibitor (Containing Monensin), BD 
GolgiStop™

BD Biosciences Cat#: 554724

eBioscience™ Fixable Viability Dye eFluor™ 780 eBioscience Cat#:65-0865-14

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit Molecular Probes Cat#: L34962

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Molecular Probes Cat# L34965

ViaFluor® 405 Cell Proliferation Kit Biotium Cat#:30068

CellTrace™ Far Red Cell Proliferation Kit, for flow cytometry Molecular Probes Cat#: C34564

Streptavidin, Alexa Fluor™ 647 Conjugate Invitrogen Cat#: S32357

Triton X-100 Fisher Scientific Cat#: BP151-100

SuperFrost Plus slides Fisher Scientific Cat# 12-550-15

Critical Commercial Assays

CD4 Enrichment EasySep magnetic bead kit STEMCELL Technologies Cat#: 19852A

Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell 
Expansion and Activation

Gibco Cat#: 11456D

Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA R&D Cat#:DY466-05

Mouse CXCL9/MIG DuoSet ELISA R&D Cat#:DY492-05
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REAGENT or RESOURCE SOURCE IDENTIFIER

DuoSet Ancillary Reagent Kit 2 R&D Cat#: DY008

LipoD293™ In Vitro DNA Transfection Reagent SignaGen Laboratories Cat#: SL100668

Experimental Models: Cell lines

MC38 Bluestone Laboratory N/D

EL4 Cell Culture facility UC 
Berkeley

N/D

9464D Bill Weiss Laboratory N/D

MC38-OVA Bluestone Laboratory N/D

MC38-OVA-B2mKO This paper N/D

Experimental Models: Organisms/Strains

Foxp3DTR-GFP Rudensky Laboratory RRID:IMSR_JAX:016958

CXCR3KO mice The Jackson Laboratory RRID:IMSR_JAX:005796

Foxp3TM2-GFP Chatila Laboratory RRID:IMSR_JAX:006772

C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:000664

Software

FlowJo (v10) TreeStar https://www.flowjo.com

Imaris Image Analysis Software BitPlane http://www.bitplane.com/

GradhPad prism Dotmatics https://www.graphpad.com/scientific-
software/prism/

Illustrator Adobe https://www.adobe.com/products
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