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SUMMARY

In pancreatic ductal adenocarcinoma (PDAC), agonistic anti-CD40 (αCD40) reduces frequencies of intratu

moral regulatory T (Treg) cells despite a lack of CD40 expression on Treg cells. Here, we leveraged spatio

temporal imaging and lineage tracing approaches to examine intratumoral Treg cell fate in a mouse model 

of PDAC, where immune checkpoint blockade (ICB) (αPD-1 + αCTLA-4) combined with αCD40 controls tu

mor growth. Intratumoral Foxp3+ Treg cell numbers collapsed upon treatment, dependent on CD40-activated 

dendritic cells (DCs) and induction of interleukin (IL)-12 and interferon (IFN)-γ. This reduction corresponded 

with cellular alterations; Treg cells acquired an ‘‘ExTreg’’ phenotype characterized by loss of Foxp3 expres

sion and acquisition of T helper 1 (Th1)-like features (Tbet+IFN-γ+). αCD40 promoted a spatially reorganized 

tumor microenvironment (TME), with Cxcr3⁺ Treg and ExTreg cells localized to the tumor periphery with 

Cxcl9-expressing DCs. Through in situ analyses of T cell receptor (TCR) signaling, we found that ExTreg cells 

had the highest antigen-driven activation among tumor-infiltrating T cells. Reprogramming of intratumoral 

Treg cells into Th1-like effectors reveals plasticity and an anti-tumor capacity of these cells.

INTRODUCTION

Cancer cells drive feedforward suppressive programming within 

the tumor microenvironment (TME),1 which is a barrier to anti-tu

mor immunity. Surmounting these obstacles is sometimes 

possible through immune checkpoint blockade (ICB) for certain 

tumor types. Antibody-mediated blockade of programmed 

death-1 (PD-1) (αPD-1) expands active effector T (T eff) cells 

from stem-like progenitors2 and overcomes inhibition of T cell re

ceptor (TCR) signaling3,4 to enable anti-tumor activity. Anti

bodies targeting cytotoxic T lymphocyte associated protein-4 

(CTLA-4) (αCTLA-4) preserve costimulatory signals,5 and in 

some models, they deplete immunosuppressive regulatory 

Foxp3+CD4+ T (Treg) cells via antibody-dependent cellular cyto

toxicity (ADCC).6 However, ICB therapy fails in many clinical set

tings,7 requiring additional TME perturbations.

To promote immunotherapy sensitivity in the TME, we have 

employed agonistic anti-CD40 (αCD40). CD40 stimulation 

promotes the maturation of antigen-presenting cells (APCs) 

and dendritic cells (DCs), driving the stimulation and activa

tion of T eff cells8–10 that promote tumor rejection. In 

KrasG12DTrp53R172HPdx-1-Cre YFP (KPCY) mouse models of 

pancreatic ductal adenocarcinoma (PDAC),11 αCD40 induces 

T cell-mediated tumor rejection via increased production of 

type 1 cytokines,12,13 a feature recapitulated in clinical data 

from patients receiving αCD40 therapy.14–16 Agonistic αCD40 
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increased survival in a successful phase II trial for patients with 

metastatic PDAC17 and showed systemic tumor regressions in 

patients with ICB-resistant tumors,18 although not all trials and 

cohorts showed such positive outcomes.16 Thus, while αCD40 

therapies may promote clinically useful immune responses in 

many tumor types, optimizing use of this modality requires 

more detailed information on the effects of such treatment within 

tumors and lymphoid tissues.

Agonistic αCD40 not only enhances APC function in the 

TME12,19 but also reduces Treg cells.12,13 Treg cells use multiple 

mechanisms to limit anti-tumor immunity, including sequestering 

interleukin (IL)-2,20 preventing costimulation,21 and forming sup

pressive metabolites.22,23 Given the substantial effort to target 

tumor-associated Treg cells24 via elimination,25,26 functional 

blockade,5,27–29 migration prevention,30,31 or altered cytokine 

production,32–35 determining how αCD40 reduces the number 

of intratumoral Treg cells is warranted—with the effect likely indi

rect, as this molecule is not commonly expressed by Treg cells.36

Here, we leveraged a spatiotemporal approach to evaluate in

tratumoral Treg cell fate after αCD40 ± ICB. Intratumoral Treg cell 

numbers collapsed in a manner dependent on CD40-activated 

DCs and induction of IL-12 and interferon (IFN)-γ. The reduction 

in Treg cell numbers corresponded with cellular alterations; Treg 

cells acquired an ‘‘ExTreg’’ phenotype characterized by a loss of 

Foxp3 and acquisition of T helper 1 (Th1)-like features, including 

expression of Tbet and IFN-γ. Cxcl9 production by DCs and DC- 

adjacent cells was associated with recruitment of Cxcr3+ Treg 

and ExTreg cells to the tumor edge. Thus, αCD40-induced 

type 1 inflammation altered functional Treg cell fate concomitant 

with a marked spatial reorganization of DCs and Treg cells within 

the TME. These findings show that intratumoral Treg cells—a 

normally stable CD4+ T cell subset37—are efficiently converted 

into Th1-like effector cells after agonistic αCD40, suggesting 

that a poor prognostic tissue state (Treg cell-rich TME) could, 

through suitable intervention, improve anti-tumor responses.

RESULTS

Agonistic αCD40 stimulation drives loss of intratumoral 

Treg cells

Mice bearing a subcutaneously implanted clonal derivative of a 

genetically induced KPCY (T cell high) tumor11 were treated 

with three doses of dual ICB (αPD-1 and αCTLA-4, ‘‘PC’’), a sin

gle dose of αCD40 (clone FGK4.5, ‘‘F’’), or both ICB and αCD40 

(‘‘FPC’’), resulting in tumor control as reported13 (Figures S1A 

and S1B). We examined intratumoral Treg cells 10 days after 

FPC, employing multiplex tissue imaging38 to evaluate the 

spatial aspects of Treg cell loss without the confounding effects 

of differential extraction of T cells. As early as 48 h after αCD40 in 

FPC-treated mice, there was a substantial reduction in Treg cells 

vs. isotype control-treated mice (Figures 1A and 1B). The in situ 

Treg cell loss agreed with flow cytometry of extracted cells 

(Figures 1C and S1C) and was not observed in non-Treg cell sub

sets (Figure 1D). Treg cells were also reduced in polyclonal 4,662 

KPC tumors (as we have previous reported12,13), B16 melanoma, 

and MC38 colorectal and orthotopically implanted KPC tumors 

after treatment (Figures S1D–S1F), showing that αCD40 rapidly 

impacted Treg cell fate in multiple TMEs. The remaining Treg 

cells localized preferentially near the tumor periphery, while other 

T eff cells are distributed more homogenously in the TME 

(Figure 1E).

Intratumoral Treg cell reduction occurs in some tumors due to 

αCTLA-4-mediated ADCC,6 but this is not observed in the PDAC 

TME.13 Nonetheless, we re-examined the contribution of each 

FPC component in Treg cell loss and redistribution in the TME. 

The numbers of intratumoral Treg cells were significantly 

reduced in mice given αCD40 alone or in combination with PC 

vs. control-treated animals (Figures 1F–1H), differing from prior 

Treg cellular plasticity studies.39 Furthermore, Treg cells were 

predominantly located at the tumor edge only after αCD40 

(Figure 1I). In contrast, αCTLA-4 alone or with αPD-1 did not 

reduce Treg cells (Figures 1G, 1H, and S1G), nor did it affect their 

spatial distribution (Figure 1I). Host expression of CD40 was 

required for therapy-induced Treg cell reduction, regardless of 

treatment with αCTLA-4 (Figures S1H–S1J), and Treg cell 

expression of CD40L was unchanged with αCD40 ± ICB 

(Figure S1K). Together, these data indicate that αCD40 impacted 

the intratumoral Treg cells independent of ICB.

Role of cDC1s and type 1 cytokines in mediating Foxp3+ 

CD4+ Treg cell loss in the TME

Treg cells do not normally express CD40,36 including in the 

mouse PDAC TME (Figure S2A). In contrast, conventional type 

1 DCs (cDC1s) are a major target of αCD4019,40 and the dominant 

CD40+ population in the PDAC TME (Figure S2A, cDC1: 

Cd3− Itgae+Xcr1+).38,41,42 cDC1s play a role in bridging innate 

and adaptive immune responses.40 To examine if αCD40 acted 

to reduce Treg cells via cDC1, we used FPC treatment of tu

mor-bearing Batf3− /− mice.43 In Batf3− /− mice, αCD40 failed to 

reduce or relocalize Treg cells (Figures 2A–2C and S2B–S2H).

CD40-matured DCs produce the type 1 cytokine, IL-12, which 

amplifies production of the anti-tumor cytokine IFN-γ,44,45 and 

both cytokines were required for tumor control after FPC 

(Figures S2I and S2J). Intratumoral Foxp3+ Treg cell frequencies 

were not reduced in IL-12p40− /− 46 and IFN-γ− /− 47 mice by 

αCD40, indicating that Treg cell loss required the action of these 

cytokines (Figures S2K and S2L). To exclude a confounding role 

of TME baseline alterations in these Th1-cytokine-deficient mice, 

we also examined tumors from wild-type (WT) mice treated with 

blocking antibodies targeting IL-12p40 or IFN-γ beginning 1 day 

before αCD40 administration. αCD40 Treg cell reduction and 

polarized localization were lost upon cytokine blockade 

(Figures 2D–2F). These data indicate that the IL-12/IFN-γ cyto

kine axis is critical to αCD40-induced intratumoral Treg cell loss.

Anti-CD40 treatment generates Foxp3– ExTreg cells

The rapid reduction of Treg cells in the PDAC TME of animals 

treated with αCD40 could reflect Treg cell-specific apoptosis, 

efflux of Treg cells to the tumor-draining lymph node (TdLN), or 

the abrogation of Foxp3 expression, with the latter predicting 

Treg cell loss without cell death. We examined the apoptotic 

marker cleaved caspase-3 (CC3) in Treg cells 48 h after αCD40 

and found that the proportion of CC3+ Treg cells was 

equivalent ± FPC (Figure S3A). Treg cell proportions were slightly 

increased within the TdLN 48 h after αCD40 (Figure S3B); how

ever, this did not account for the cell loss in the TME, suggesting 

that loss of Foxp3 expression by intratumoral Treg cells may ac

count for the reduction in the number of Foxp3+CD4+ T cells.
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Partial, although rarely complete, loss of Foxp3 by Treg 

cells has been described in settings of inflammation, including 

infections48 and autoimmunity,37 or vaccination with Toll-like 

receptor agonists.49 To examine Foxp3 loss in the PDAC TME 

after αCD40, we conducted Foxp3 lineage tracing50 using 

Foxp3eGFP-Cre-ERT2 × Gt(ROSA)26Sortm(CAG-tdTomato)/Hze (R26td 

Tomato) mice, where tamoxifen (TMX) administration perma

nently labels Foxp3-expressing cells by tdTomato expression, 

A

B C D E

F

G H I

Figure 1. Agonistic CD40 therapy reduces intratumoral Treg cells independently of anti-CTLA-4 treatment 

WT C57BL/6 mice were subcutaneously injected with KPCY T cell high tumor clone 2838c3. Mice were treated with anti-PD-1 (P) and anti-CTLA-4 (C) on days 12 

and 15, with a single dose of agonistic anti-CD40 (F) on day 15 (as a single agent), or with a combination treatment (FPC). Tumors were harvested on day 17. 

(A) Segmented images and raw marker expression. 

(B and C) Treg cells were quantified by (B) IF or (C) flow cytometry among live, CD45+ cells (left) and per mg of tumor (right). 

(D and E) Total non-Treg CD4+, CD8+ T, and Treg cell distance to tumor edge. 

(F–I) Indicated treatments with quantification IF (G), flow cytometry (H), or spatial distribution (I). Data represent 2–5 experiments with n = 4–7 mice/group; each 

symbol represents an individual mouse (B–D, G, and H) or cells (E and I). Boxplots: median + IQR, whiskers indicate range. (D) and (E), same experiment; (G) and (I), 

same experiment, with the indicated number of mice in (D) and (G), respectively. Scale bars: 200 μm (A and F), 10 μm for zoom insets (A). Dotted line: tumor edge (A and 

F). Stats: unpaired t test (B and C), one-way ANOVA with Tukey’s post-test (D, G, and H), and mean difference calculations as appropriate (E and I). Significance: 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (B–D, G, and H). Distance plots (E and I) ANOVA p < 0.0001, with mean difference of *p > 50 μm, **p > 100 μm, 

***p > 150 μm, ****p > 200 μm.
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while ongoing transcription at the Foxp3 locus is reported by 

GFP expression and/or direct Foxp3 protein staining. Tumors 

were implanted and established in Foxp3-lineage mice, at which 

point mice received TMX for 3 days to irreversibly label Fox

p3-expressing Treg cells. Mice were rested for 2 days before 

initiating FPC, followed by harvesting and assessment of 

tumors 48 h after αCD40 (day 5 after the start of therapy). We 

identified conventional Treg cells (cTreg cells) as CD4+ T cells 

that immunostained for Foxp3 and expressed tdTomato (Foxp3+ 

Lineage+), while ExTreg cells were identified as CD4+ T cells 

that retained tdTomato but lacked Foxp3 (Foxp3− Lineage+; 

Figure 3A). cTreg cells were significantly reduced in tumors after 

FPC (Figures 3A and 3B), although some CD25+ cTreg cells re

mained (Figure S3C). However, ExTreg cells were significantly 

increased in tumors of FPC-treated mice, as compared with 

those in tumors of control-treated mice (Figures 3A, 3B, and 

S3D). Treatment-induced ExTreg cell conversion was specific 

for the tumor site, as no increase in the proportion of ExTreg cells 

was observed in the TdLN, liver, or spleen 48 h after αCD40 

(Figures S3E and S3F). The proportions of cTreg and 

ExTreg cells in the TME of treated mice were similar after 

FTY720 administration, a sphingosine-1 phosphate agonist 

that inhibits lymphocyte egress from lymph nodes51

A B

C

D E

F

Figure 2. Anti-CD40 antibody-induced Treg 

cell loss is mediated by DCs and the IL-12/ 

IFN-γ cytokine axis 

(A–C) WT or Batf3− /− mice were treated as in 

Figure 1A. Segmented Treg cells shown in (A), 

quantified as standardized Z scores vs. control 

(B) and assessed for localization (C). 

(D–F) Mice were treated ±IFN-γ or IL-12p40 

blockade 2 days before therapy initiation. Treg 

cells shown in (D), quantified Z scores vs. control 

(E) and assessed for localization (F). Data repre

sent 2–5 experiments with n = 3–8 mice per group; 

each symbol indicates a single mouse (B and E) or 

cell (C and F), whiskers indicate the range in (B). 

Boxplots: median + IQR. (B and C) From the same 

experiment, n in (B); (E and F) from the same 

experiment, with n in (E). Scale bars: 200 μm, and 

dotted line indicates tumor edge (A and D). Stats: 

unpaired t test (B), one-way ANOVA with Tukey’s 

post-test (E), one-way ANOVA with Tukey’s post- 

test and mean difference calculations when 

appropriate (C and F). Significance: *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. For dis

tance to edge plots (C and F) ANOVA p < 0.0001, 

with mean difference of *p > 50 μm, **p > 100 μm, 

***p > 150 μm, ****p > 200 μm.

(Figure S3G), indicating that ExTreg cells 

arose locally in the tumor site. A trend to

ward increased ExTreg cells was also 

observed in MC38 or orthotopically im

planted PDAC tumors 48 h after FPC 

(Figures S3H and S3I). Together, these 

data indicate that the change in 

intratumoral Treg cell number of 

FPC-treated mice was not a result of 

increased cTreg cell death or TME efflux. 

Instead, Treg cell reduction was due to a loss of Foxp3 expres

sion among Treg cells in the context of αCD40. A time course 

examining the Foxp3-lineage-marked T cells after FPC treat

ment was consistent with these findings, revealing a dominance 

of ExTreg cells as early as 16 h after αCD40 and an increase over 

2 days post-FPC (Figure 3C), concurrent with Foxp3-lineage 

T cell enrichment at the tumor edge (Figure 3D). Changes in 

Treg cell subsets were not transient, with no recovery of cTreg 

cells or further loss of ExTreg cells 10 days after αCD40 

(Figure S3J).

Because αCD40 was specifically required for loss of 

Foxp3+CD4+ T cells in this model, we assessed the development 

of ExTreg cells in PC- vs. FPC-treated mice. ExTreg cell 

induction (Figures 3E and 3F) and the spatial redistribution of 

Treg cells within the tumor occurred only in mice that received 

αCD40 (Figure 3G). These data parallel our observation that 

αCD40 drove Foxp3+ Treg cell loss and concurrent cellular 

reorganization.

Given that blockade of IL-12/IFN-γ disrupted intratumoral 

αCD40-induced changes in cTreg cells, we tested for a similar 

impact on the generation of ExTreg cells, including on the intra

tumoral in situ organization of cells.38 Mice receiving FPC 

along with IL-12p40- or IFN-γ-blocking antibodies had fewer 
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intratumoral ExTreg cells (Figures 3H and 3I) and lacked concen

tration of these cells at the tumor edge (Figure 3J). Type 1 inflam

mation in the gut alters Foxp3 expression by Treg cells,48 consis

tent with our conclusion that induction of type 1 cytokines via 

αCD40 of DCs in the TME fosters Treg plasticity.

αCD40 induces Th1 transcription factor skewing in 

ExTreg cells

Treg cell-suppressive function (and Foxp3 itself) is stabilized by 

the supportive transcription factor, Helios,52,53 which we used as 

a proxy for Treg cell phenotype preservation after αCD40. The 

percentage of Helios+ cTreg cells dropped significantly after 

FPC, while ExTreg cells were predominantly Helios− regardless 

of treatment (Figures 4A and 4B). Helios is linked to centrally 

induced vs. peripherally induced Treg cells,52 and we observed 

similar proportions of ExTreg cells in the PDAC TME 48 h after 

αCD40 whether Foxp3-lineage labeling occurred before or after 

tumor implantation (Figure S4A). These data support the conclu

sion that ExTreg cells are derived from preexisting cTreg cells, in 

agreement with a recent report from Dykema and colleagues.54

Our data show ExTreg cell generation occurred in the TME, 

where T cells are inherently not naive, indicating that Foxp3-line

age-labeled cells do not represent T eff cells with transient 

expression of Foxp3.39

The role of IL-12 and IFN-γ in promoting Foxp3 expression 

loss led us to hypothesize that another transcription factor—spe

cifically Tbet, the master transcription factor for Th1 eff cell re

sponses55—was upregulated in ExTreg cells. Foxp3 and Tbet 

have diametrically opposed functions,56 and previous studies 

indicate that Treg cells exposed to type 1 inflammation can 

gain Th1 cell effector functions,39 often dependent on Tbet. We 

first examined phosphorylated STAT1 (pSTAT1), indicative of 

IFN signaling,57 in the TME of FPC-treated animals. The propor

tion of ExTreg cells that expressed pSTAT1 was greatly 

increased in the TME of αCD40-treated but not control- or PC- 

treated mice (Figures 4C and S4B, top). This contrasts with the 

fraction of Treg cells that expressed pSTAT5 (indicative of IL-2 

signaling58), which was significantly decreased in tumors of 

FPC-treated mice as compared with those from control- and 

PC-treated mice (Figures S4B bottom and S4C). Additionally, 

pSTAT1 signaling was lost in FPC-treated TMEs after IL-12 or 

IFN-γ blockade (Figures S4D and S4E). Consistent with prior 

data showing that IFN-γ, but not the type 1 IFN receptor 

(IFNAR), is required for FPC efficacy,13 these data support 

IFN-γ as a major driver of pSTAT1 signaling in ExTreg cells after 

αCD40.

Tbet is upregulated downstream of pSTAT1 signaling, typi

cally due to IFN signaling,57 and drives IL-12 receptor expres

sion59 and IFN-γ production in CD4+ T cells.60 To directly assess 

Tbet expression among Treg cells after αCD40, we examined 

Tbet+Foxp3+CD4+ T cells in WT PDAC-bearing mice with or 

without FPC. There was a modest increase in the proportion of 

Tbet+ cTreg cells after FPC treatment; this was not accompanied 

by a change in the expression of TCF1 and Blimp1, linked to 

Treg-suppressive functions (Figures S4F–S4H).61,62 This finding 

was confirmed using Tbet/Foxp3 dual fluorescent reporter mice, 

revealing that in the context of FPC, Foxp3+CD4+ T cells 

increased expression of Tbet (Figures 4D and 4E). Using 

Foxp3-lineage mice to identify both cTreg and ExTreg cells, we 

found that FPC resulted in an increased frequency of 

Tbet+Foxp3-lineage subsets vs. control treatment (Figures 4F 

and S4I). Tbet upregulation by both Foxp3-lineage subsets is 

consistent with prior studies linking Tbet gain to partial or even 

full Foxp3 loss in type 1 inflammatory conditions.48

ExTreg cells produce IFN-γ in situ, dependent on IL-12 

and IFN-γ signaling

As Foxp3 is critical to the suppressive activity of Treg cells, 

αCD40-induced loss of Foxp3 expression may limit immune- 

inhibitory effects of Treg cells in the TME. But does type 1 inflam

mation also endow intratumoral Treg cells with distinct effector 

functions? Our observation of increased Tbet expression in 

Foxp3-lineage cells after αCD40 suggested that Treg cells could 

acquire Th1 eff cell functions. Tbet is expressed by bona fide 

suppressive cTreg cells,48,63,64 but the functional activity of 

Tbet+ ExTreg cells lacking Foxp3 was unclear, as complete 

Foxp3 loss vs. transcriptional competition could yield distinct 

phenotypes.65

To examine the functional phenotype of ExTreg cells in situ, we 

used RNAscope to detect Ifng transcripts, as IFN-γ is a Tbet- 

regulated cytokine with a well-established role in anti-tumor 

immunity.66 Both the proportion and absolute numbers of Ifng+ 

ExTreg cells in situ were significantly increased in the TME of 

FPC-treated mice as compared with control-treated mice 

(Figures 4G, 4H, and S4J, right). Notably, the number of Ifng+ Ex

Treg cells was comparable to that of the entire non-Treg CD3+ 

Figure 3. CD40-driven Treg cell conversion to ExTreg cells is regulated by the IL-12/IFN-γ axis 

Tamoxifen-inducible Foxp3-lineage tracing mice were used for all experiments described. Foxp3-lineage mice received tamoxifen on days 8–10 post-tumor 

implantation, followed by indicated treatments. Tumors were analyzed for the endogenous lineage tracing marker (tdTomato) and for Foxp3 (by antibody 

staining). 

(A and B) CD3+/CD4+ Lineage+Foxp3+ cTreg and Lineage+Foxp3− ExTreg cells, shown via segmented data (left) and raw markers (right), were quantified for cell 

number and proportion as shown in (B). 

(C and D) (C) Percentage of cTreg and ExTreg cells within the Foxp3-lineage compartment over time post-FPC and (D) distance to tumor edge. 

(E–G) Foxp3-lineage mice treated with PC ± F (E), with proportions of cTreg or ExTreg cells (F) and distribution of ExTreg cells (G). 

(H–J) Mice were treated ± FPC or FPC + IL-12p40/IFN-γ-blocking antibodies beginning 2 days before FPC. Tumors were analyzed for cTreg cells (H), ExTreg cells 

(I), and ExTreg cell distribution (J). Data represent 2–5 experiments with n = 3–5 mice/group; each symbol represents the value of the indicated group with error 

bars indicating the SD (B, F, and I), or an individual cell (D, G, and J). Panel numbers: (B and D) 5; (C, F, I, and J) 4; (G) 3. Scale bars: 200 μm for all but (A) zoom 

(50 μm); dotted line indicates tumor edge (A, E, and H). Stats: two-way ANOVA (C), one-way ANOVA (B), both with Tukey’s post-test, or one-way ANOVA with 

Tukey’s post-test and mean difference calculations when appropriate (D, G, and J). Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All symbols use 

the same scaling as described for p values with (*). For distance to edge plots (D, G, and J) ANOVA p < 0.0001, with mean difference of *p > 50 μm, **p > 100 μm, 

***p > 150 μm, ****p > 200 μm.
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Figure 4. Treg cells acquire a Th1 IFN-γ-producing phenotype after αCD40 therapy 

(A and B) Tumors from Foxp3-lineage mice were assessed for Helios by IF (A) and quantified in (B). 

(C) Quantification of IF staining of pSTAT1 expression from Figure S4B among lineage subsets after treatment. 

(legend continued on next page) 
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T cell compartment (Figure 4H). This emphasizes the substantial 

contribution of ExTreg cells to overall IFN-γ production within the 

TME after αCD40. Although the number of Ifng+ cTreg cells in the 

TME did not significantly increase with treatment status 

(Figure 4H), we observed a modest increase in the proportion 

of those that expressed Ifng+ after CD40 stimulation 

(Figure S4J, left, note axis), reflecting the Th1-skew among the 

small number of cTreg cells that remained in the TME after 

FPC. In contrast, PC-treated mice displayed no increase in Ifng+ 

cells within either cTreg or ExTreg cells vs. control-treated mice 

(Figures 4H and S4J). Antibody blockade of the IL-12/IFN-γ axis 

abrogated Ifng transcripts within both cTreg and ExTreg cells 

(Figures 4I and S4K), again underscoring the dependence 

upon the type 1 cytokine axis for these Foxp3-lineage cell 

changes. To complement our RNAscope findings, we examined 

ExTreg cells for IFN-γ protein by flow cytometry (Figure S4L), the 

results of which were consistent with the RNAscope findings of a 

substantial Ifng+-producing ExTreg cell population.

The dual role of IFN-γ as a requirement for both ExTreg cellular 

development and principal effector cytokine led us to question 

the identity of the initial IFN-γ-producing cell(s) within the TME. 

We examined Ifng+ expression in T cell subsets over time, noting 

significantly higher contributions from cTreg and CD4+ T eff cells 

very early post-αCD40 (Figures 4J left and S4M). At 6 h post- 

αCD40, CD3+ T cells accounted for 97% of Ifng production, 

with CD4+ T eff cells (55.6%) and cTreg cells (32.4%) as the 

dominant sources (Figure S4M). Numerical assessments 

confirmed that the initial sources of Ifng+ expression are cTreg 

and CD4+ T eff cells (Figure 4J, right). By 16 h post-αCD40, 

ExTreg cells represented a substantial source of Ifng, and by 

24–48 h, Ifng+ ExTreg cells surpassed all other CD3+ T cells, 

including CD4+ T eff cells (Figure 4J, right). Combined, these 

data suggest that conventional CD4+ T eff and cTreg cells initiate 

IFN-γ production and a skew toward a Th1-like program 

following αCD40. This resulted in ExTreg cell generation, with 

the feedforward mechanism of the IFN-γ/IL-12 axis promoting 

Th1-like functions by ExTreg cells as seen by 16 h after αCD40 

(Figure 4J).

CXCL9 chemokine axis correlates with spatial 

redistribution of Treg cells

The localization of ExTreg cells to the tumor border was a prom

inent feature in the TME after FPC. The IFN-γ-inducible C-X-C 

chemokine ligand (CXCL)9-CXCR3 chemokine axis can dictate 

cellular positioning during infection67 and in the TME,68–70 poten

tially aligning with the immuno-landscape of the PDAC TME. Our 

hypothesis was that a proximity-based signaling cascade initi

ated by αCD40-stimulated cDC1s might underlie the edge local

ization of ExTreg cells. We first examined cytokine/chemokine 

production after αCD40 and found that Cxcl9-producing cells 

increased over 48 h, concurrent with an increase in Ifng+ cells 

(Figures 5A and 5B). Ifng+ and Cxcl9+ cells showed an increase 

in proximity over time, from an initial median separation distance 

of 35 to just 2 μm by 16 h and staying between 4 and 5μm from 

24 h on (Figure 5C).

These proximity analyses suggested that the tumor periphery 

might be especially immunologically active, prompting a more 

detailed spatial analysis. Our initial observations of altered Treg 

cells in the TME included a spatial redistribution (Figure 1D). 

cTreg cell distance to tumor edge 48 h after αCD40 revealed a 

concentration of Treg cells within the range of 200–300 μm, 

and we defined the tumor ‘‘periphery’’ as within 250μm of the tu

mor edge, while the region beyond 250μm of the tumor edge was 

defined as tumor ‘‘center.’’ We observed low baseline densities 

of Ifng+ and Cxcl9+ cells in both the periphery and center of tu

mors in control-treated mice (Figure 5D), whereas after αCD40, 

there was an increase in the density of Cxcl9+ cells and Ifng+ cells 

in the tumor periphery compared with the center (Figure 5D).

Given that CXCL9 expression by cDC1s is linked to the 

recruitment of CXCR3+ T cells within the tumor site,67,70,71 we 

hypothesized that cDC1s recruit T cells to the tumor border. 

Indeed, αCD40-induced Treg cell localization to the tumor 

edge coincided with increased localization of cDC1s (defined 

as CD3− CD11b− CD11c+CD103+MHC II+ cells) to the same pe

ripheral tumor region (Figures 5E and 5F). As a result, cDC1s 

were closer to both cTreg and ExTreg cells in Foxp3-lineage 

mice receiving FPC vs. control treatment (Figure S5A). We 

also observed that Cd40+ cDC1s and Cxcl9+ cDC1s were 

increased at the tumor periphery vs. center after αCD40 therapy 

(Figure 5G).

A larger proportion of cTreg and ExTreg cells expressed Cxcr3 

relative to non-Treg T cells and increased expression of this che

mokine receptor over time even in control-treated mice 

(Figure S5B), which could predispose Foxp3-lineage cells for 

responsiveness to CXCL9 chemotactic signals. By 48 h after 

αCD40, nearly all Foxp3-lineage+ cells positioned in the tumor 

periphery expressed Cxcr3+ (Figure S5C), with ExTreg cells as 

the most abundant Cxcr3+ T cell subset (Figure 5H). This was 

mirrored by an enrichment in the density of Cxcr3+ T cells at 

the periphery vs. center, dominated by the Foxp3-lineage+ cells 

and specifically ExTreg cells (Figure S5D). We determined the 

number of Foxp3-lineage cells within 10μm of a Cxcl9+ DC 

(Figures 5I–5K and S5E), a range suggesting these two cell pop

ulations may be in direct membrane-membrane communication. 

Indeed, we found that the majority of Cxcr3+ T cells within 10μm 

of a Cxcl9-producing cDC1 comprised cTreg and ExTreg cells 

(D and E) Foxp3/Tbet dual fluorescent reporter mice (not lineage) were treated as in Figure 1A, and tumors were analyzed for expression of Tbet reporter among 

the indicated T cell subsets. 

(F) Tumors from Foxp3-lineage mice were treated as in (A) and lineage subsets analyzed by flow cytometry for expression of Tbet among live, CD45+CD3+CD4+ 

T cells. 

(G–J) Distribution of indicated Foxp3-lineage T cell subsets among Cd3+Ifng+ cells in (G) is quantified in (H) for mice receiving the indicated treatments. (J) 

Proportion (left) and density (right) of T cell subsets among Cd3+Ifng+ cells over time. Data represent 2–3 experiments with n = 3–5 mice per group; each symbol 

represents an individual mouse (B, C, E, F, H, and I) or mean of the group (J). Boxplots: median + IQR, whiskers indicate range (B, C, E, F, H, and I) or the standard 

error of the mean (J). For analysis, (J) had 3 mice/group/time point. Scale bars: 15 μm for tumor ROI (A and G), 200 μm for whole tumors (D), dotted line indicates 

tumor edge (D). Stats: two-way ANOVA (B and J), one-way ANOVA (B, C, E, H, and I), both with Tukey’s post-test, unpaired t test (G and J), or paired t test (F). 

Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p > 0.0001.
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Figure 5. IFN-γ/CXCL9 chemokine axis correlates with post-therapy immune cell positioning 

Foxp3-lineage mice were treated as in Figure 3 

(A) RNAscope images of an FPC-treated tumor and an inset highlighting the zoom placement within the TME. 

(B and C) Quantifications of Cxcl9+ and Ifng+ cells in the TME (B) and their cellular proximity, both over time. 

(D and E) Cell density was calculated for the indicated cytokine-producing cell subsets in control vs. FPC-treated mice. Tumor ROI descriptions for periphery vs. 

center in main text. 

(F and G) Segmented images of cDC1s (CD3− CD11b− CD11c+CD103+MHC II+) from WT mice treated as in Figure 1A (F), with distribution quantifications (G). 

(H) Stacked bar graph indicating the T cell subsets among Cd3+ Cxcr3+ cells. 

(legend continued on next page) 
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by 6 h after αCD40, both by number (Figure 5I) and proportion 

(Figure S5F).

Our spatial profiling revealed a substantial number of Cxcl9+ 

cells that lacked expression of Cd40, Itgae, Xcr1, and Cd3 and 

that were not cDC1s (Figure S5G). Given the potential for these 

(non-cDC1) Cxcl9+ cells to recruit Cxcr3+ T cells, we evaluated 

the number of events where Cxcr3+ cells were within 10μm of 

both a cDC1 and a Cxcl9+ non-cDC1 cell. These putative 

‘‘triads,’’ where Cxcr3+ T cells were within 10 μm of both a 

cDC1 and a Cxcl9+ non-cDC1, represented an additional site 

at which antigen presentation could involve a Cxcl9− cDC1 

and a Cxcr3+ ExTreg cell recruited via the nearby Cxcl9+ non- 

cDC1 (Figures 5J and 5K, TRIAD). Approximately half of all 

Cxcr3+ Foxp3-lineage+ cells in the TME were in triads vs. 

<10% of Cxcr3+ non-Foxp3-lineage CD3+ T cells (Figure S5H). 

In total, 81% of Cxcr3+ Foxp3-lineage+ T cells were detected 

either within 10μm of a cDC1 or within a triad 48 h after αCD40 

vs. <8% of non-lineage T cells (Figures S5F and S5H). Given 

that nearly 75% of both cTreg and ExTreg cells expressed 

Cxcr3 at this time point (Figure S5B), these data highlight DC- 

Treg interactions at the tumor border edge in the TME.

Nuclear localization of NFAT1 indicates active TCR 

signaling among ExTreg cells

Peptide-loaded major histocompatibility complex class II (MHC 

class II) (pMHC) mediates antigen-specific interactions between 

DCs and CD4+ T cells.40 Thus, we sought to determine the 

contribution of pMHC class II-TCR interactions to Treg cell 

reduction after FPC. WT mice received an MHC class II-blocking 

antibody beginning 2 days before the start of FPC. MHC class II 

blockade abrogated both cTreg cellular loss and tumor edge 

localization of residual Treg cells and cDC1s in FPC-treated 

mice (Figure 6A; quantified in Figures 6B–6D). Furthermore, the 

proximity of cDC1s and Treg cells after FPC in WT mice was 

lost in FPC + MHC class II blockade-treated mice (Figure 6E). 

These data support the notion that cDC1s may actively engage 

Treg cells at the tumor site during the period of Treg cellular plas

ticity induced via αCD40.

Although we hypothesize that cDC1s directly stimulate Treg 

cells in the PDAC TME after αCD40, it has been impossible using 

available methods to assess antigen reactivity on a single-cell 

basis in a polyclonal T cell response in situ. The nuclear translo

cation of nuclear factor of activated T cells (NFAT1) due to sus

tained cytosolic Ca2+ is a well-characterized feature of TCR- 

dependent signaling.72 NFAT1 nuclear translocation occurs 

rapidly—within minutes of antigen recognition—but is reversed 

within 40 min following cessation of TCR engagement.73–75 We 

therefore measured cytosolic vs. nuclear NFAT (NFAT1cyt vs. 

NFAT1nuc) in T cells in fixed tissue samples to gain insight into 

ongoing T cell antigen recognition. To validate antigen-specific 

NFAT1 nuclear translocation, we used an OT-II adoptive transfer 

system and confirmed nuclear NFAT1 (NFAT1nuc+) localization 

in OT-II T cells within the TdLN of an OVA-expressing tumor 

(Figures S6A and S6B), with minimal NFAT1nuc+ in OT-II 

T cells in a WT, non-OVA-expressing tumor (Figure S6B).

We next applied this method to the PDAC TME where the Treg 

cellular antigens remain undefined. We detected NFAT1nuc 

within both cTreg and ExTreg cellular compartments as early 

as 6 h after αCD40, with a progressive increase in NFAT1nuc+ 

ExTreg cells over time (Figures 6F and 6G). By 48 h after 

αCD40, FPC-treated mice exhibited increased numbers of 

NFAT1nuc+ cells within both the ExTreg and CD4+ T eff cell com

partments, compared with controls (Figures 6H and S6C). 

Although the absolute number of NFAT1nuc+ ExTreg cells was 

not significantly different from that of NFAT1nuc+ CD8+ or 

CD4+ non-Treg T eff cells after FPC (Figure 6H), ExTreg cells rep

resented the largest proportional contribution to the total 

NFAT1nuc+ T cell pool beginning 16 h after αCD40 (Figure 6I). 

This mirrored the acquisition of Ifng in T cells (Figure 4I), where 

beginning 16 h post αCD40, ExTreg cells constituted a large pro

portion of antigen-specific, antigen-stimulated, cytokine-pro

ducing T cells.

Using our NFAT1 visualization and our high-multiplex immuno

fluorescence (IF) methodology (IBEX, iterative bleaching extends 

multiplexity),76 we interrogated the spatial aspects of TCR- 

engaged T cell subsets within the TME of FPC-treated mice. 

We found NFAT1nuc+ ExTreg cells concentrated at the tumor 

edge (Figures 6J and 6K), and a similar edge preference was 

observed for NFAT1nuc+CD4+ non-Treg cells (Figure 6K) or 

NFAT1nuc+ cTreg cells (Figure 6K) but not in NFAT1nuc+CD8+ 

T cells (Figure 6K).

We next assessed cellular proximity and found that NFAT1nuc+ 

cells were closer to cDC1s than NFAT1cyt+ cells (Figures 6J and 

6L). Consistent with our expectation that NFAT1nuc localization 

reflected bona fide TCR signaling, MHC class II-expressing cells 

co-localized in the tumor periphery with cDC1s, cTreg cells, and 

ExTreg cells (Figure S6E), and MHC class II blockade prevented 

NFAT1nuc localization among T cell subsets (Figure S6F). Addi

tionally, the spatial proximity of cDC1s and Treg cell subsets in 

the PDAC TME correlated with NFAT1nuc+ and Ifng expression 

among Foxp3-lineage cells (Figure S6G) and ultimately, with the 

conversion of cTreg to ExTreg cells.

αCD40 induces Th1-like Treg cells that are peripherally 

localized in patient tumors

Agonistic αCD40 is one of the few immunotherapies showing 

early promise against PDAC in the clinic, with αCD40/chemo

therapy advancing after a successful stage II trial.17 We 

previously conducted a stage Ib/II clinical trial investigating 

neoadjuvant αCD40 (NCT02588443)15 and performed multi

plexed immunohistochemistry (mIHC) on the resected tumor 

samples 12 days after αCD40 treatment.14 Patient tumors 

show evidence of type 1 inflammation after αCD40, including 

an increased IFN-γ signature, enrichment of activated APCs 

(I–K) Time course quantification of Cxcr3+Cd3+ T cell proximity to Cxcl9+ cDC1s (defined as: Cd3− Itgae+Xcr1+), after CD40 (I), or to TRIADS comprising a Cxcl9+ 

non-cDC1 and Cxcl9− cDC1 (J), with images (K). Data represent 2 experiments with n = 3–5 mice/group; each symbol represents an individual mouse (B) or cell (C 

and E); lines indicate the median and error bars indicate the standard error of the mean (SEM). (C–E and G–J) had 3 mice/group. Scale bars: 250 μm (A), 500 μm in 

inset (A), 200 μm (F), and 4 μm (K); dotted line indicates tumor border. Stats: two-way ANOVA (B, D, and G–I), one-way ANOVA (C), both with Tukey’s post-test, or 

unpaired t test (E and J). Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. NFAT1 translocation reports TCR signaling by T cells within the polyclonal TME population 

(A–E) Tumor-bearing WT mice were treated as in Figure 1A, ±MHC class II-blocking antibody beginning on day 2 before therapy. Segmented images shown in (A), 

with quantification of total numbers (B), localization of Treg cells (C) or cDC1s (D), and proximity between Treg cells and cDC1s (E). 

(legend continued on next page) 
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(including DCs), and Th1-like CD4 T cells in the TME vs. baseline 

or untreated tumors,14–16 supporting the conclusion that some 

mechanisms of CD40 stimulation promoting type 1 inflammation 

are conserved between mice and patient PDAC TMEs. The po

tential impact of αCD40 on the spatial distribution in the TME 

has not been investigated, but we hypothesized that Tbet 

expression could be used as a metric of Th1-like Treg cells in 

patient tumors and compared tumor sections from neoadju

vant-αCD40-treated patients with an atlas of tumor samples 

from treatment-naive patients77 via an mIHC panel including 

markers for CD3+ T cells and Foxp3+ subsets.

Using pathologist-defined annotations, specific regions of in

terest (ROIs) oriented either intratumorally (center) or at the tu

mor border (‘‘border’’) were identified. We previously reported 

that neoadjuvant CD40-agonist treatment correlates with 

increased T cell-infiltrated TMEs, as compared with treatment- 

naive samples, as observed here (Figure 7A). However, the den

sity of Foxp3+ T cells was increased in tumor border vs. center 

regions in samples from αCD40-treated, but not treatment- 

naive, patients (Figure 7A). We also observed an enrichment of 

MHC class II+ (human leukocyte antigen [HLA]-DP+) DCs at the 

tumor border vs. center after αCD40 (Figure 7B), consistent 

with the peripheral localization of DCs in the mouse PDAC 

TMEs after αCD40. To assess the correlation between Treg cells 

and survival, we stratified neoadjuvant αCD40-treated patients 

by disease-free survival (DFS), using the median survival of 

9.8 months as the threshold. We observed that αCD40-treated 

patients with long DFS (≥9.8 months) had a trend toward lower 

densities of Foxp3+CD3+ T cells in the TME, as compared with 

patients with short DFS (<9.8 months) (Figure 7C). This striking 

pattern of Treg cell (and DC) accumulation or retention at the tu

mor border with a relative loss in the center, coupled with the 

reduced frequency of cTreg cells in patients with long DFS, sug

gested that αCD40 stimulation may impact the Treg cells and 

DCs in patient PDAC TMEs.

The proportion of Tbet+Foxp3+ T cells was also increased in 

intratumoral regions from patients treated with αCD40 vs. treat

ment-naive patients (Figure 7D; quantified in Figure 7E). 

Tbet+Foxp3+ cells were concentrated in border (vs. intratumoral 

center) regions of tumor samples in patients that received 

agonistic CD40 (Figure 7E), consistent with the conclusion that 

αCD40 skews Treg cells toward a Th1-like cell subset along 

with reorganization of Treg cells and DCs toward the outer re

gions of the patient PDAC TMEs. Together, these indicate a 

destabilization among Treg cells with a concomitant increase 

in Tbet expression and DC proximity after αCD40 in both mouse 

and patient TMEs.

DISCUSSION

Overcoming Treg cell-mediated suppression is a major goal of 

cancer immunotherapy. The immunosuppressive Treg cell state 

A B C

D

E

Figure 7. Human neoadjuvant agonistic 

anti-CD40 treatment is associated with 

increased Tbet+ Foxp3+ T cells at tumor 

border 

(A–E) Resected PDAC samples from treatment- 

naive or neoadjuvant agonistic CD40-treated pa

tients (12 days prior) were assessed by mIHC. 

Treg cells (CD45+CD3+CD8− Foxp3+ cells) (A and 

C–E) or DCs (CD45+CD3− CD20− CD68− CD11c+ 

HLA-DP+ cells) (B) were quantified in pathologist- 

defined center (>0.5 mm from tumor edge) or 

border (within 0.5 mm of tumor edge). Neo

adjuvant CD40-treated patients were stratified by 

DFS for Treg cell density, indicated as ‘‘short 

progression-free survival’’ or ‘‘long progression- 

free survival’’ (C). Tumor center/border regions 

among CD40-neoadjuvant-treated patients were 

assessed for Tbet expression among CD45+CD3+ 

CD8− Foxp3+ cells (D) and quantified in (E). 

Tbet− Foxp3+ cells are orange carets, while 

Tbet+Foxp3+ cells are white arrows. Analysis by 

two-way ANOVA with Fisher’s post-test (A and B), 

unpaired t test (C), or paired t test (E). Significance: 

indicated (C), * p < 0.05, ** p < 0.01, *** p < 0.001, 

*** p < 0.0001.

(F–L) Tamoxifen-inducible Foxp3-lineage tracing mice were used for IBEX staining (Methods). (F) Images depict nuclear NFAT1 (NFAT1nuc+; white arrows) and 

cytoplasmic NFAT1 (NFATcyt+, yellow arrows). NFAT1nuc+ cell quantification in (G) cTreg and ExTreg cell proportions over time, (H) subset proportions ± FPC, 

and (I) subset proportions over time. (J–L) Images of NFAT1nuc+ over time (J), T cell subset distribution (K), and proximity to cDC1 cells (L). Data represent 2 

experiments with 3–5 mice/group; symbol represents an individual mouse (B and H) or cell (C–E, K, and L), lines indicate median, whiskers indicate range (B), and 

error bars indicate standard error of the mean (G and I). (B–E) Same experiment, n in (B); (G) 4 mice/group; (I) 3 mice/group; (K and L) same experiment, with 3 

mice/group. Scale bars: 5 μm (A) or 300 μm (A and J). Stats: unpaired t test (B–E), two-way ANOVA (G–I), one-way ANOVA (K and L), both with Tukey’s post-test. 

Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in the tumor is established and maintained via unstable DC-Treg 

cellular interactions,73,78,79 raising the following question: can 

Treg cells be reprogrammed in the TME? Here, we show that 

CD40 stimulation of cDC1s leads to substantial loss of Foxp3+ 

Treg cells and spatial reorganization of the immuno-landscape. 

IL-12 and IFN-γ signaling evoked by αCD40-stimulated DCs 

led to cTreg cell conversion into IFN-γ-producing Tbet+ ExTreg 

cells within 16 h, and these ExTreg cells represented the highest 

fraction of active antigen-dependent signaling among all T cells 

in the TME.

Our findings contrast with αCTLA-4-driven Treg cell depletion 

via ADCC. Here, ExTreg cells fully lost Foxp3 expression and dis

played a mature type 1 phenotype after CD40 stimulation, 

marked by downregulation of Helios and the upregulation of 

Tbet and IFN-γ. Our lineage tracing data also excluded transient 

Foxp3 expression as responsible for our observations.39,80,81

The self-perpetuating inflammatory TME generated by αCD40 

may provide a unique environment for TCR-stimulated cTreg 

cell conversion to ExTreg cells that may contribute to effective 

anti-tumor immunity through type 1 cytokine production.

The Foxp3− ExTreg cells described here are distinct from 

cTreg cells that retain detectable Foxp3 expression but acquire 

Th1-like features. In some settings, Tbet+Foxp3+ Treg cells gain 

Th1-like effector function, including IFN-γ-production after infec

tion48 or in the TME upon inhibition of mucosa associated 

lymphoid tissue lymphoma translocation protein-1 (MALT-1),64

loss of Treg-intrinsic IL-33 expression,82 IL-6-induced reprog

rammed Treg cells,49 or induction of IFN-γ/neuropilin (Nrp)1- 

mediated Treg cellular ‘‘fragility,’’83 although in the latter study, 

there was no evidence of ExTreg cell generation.83 Thus, ‘‘frag

ile’’ or reprogrammed cTreg cellular subsets are transcriptionally 

and phenotypically distinct from the ExTreg cells described in 

our study, highlighting the nuances of Treg cellular plasticity.

Using an in situ technique to visualize nuclear translocation of 

NFAT1 after TCR engagement,72 we examined the differential re

quirements for ExTreg cells vs. reprogrammed/fragile cTreg cells 

within the same hyperlocal microenvironment. The low fre

quency of nucNFAT1+ cTreg cells after CD40 stimulation of 

DCs suggests the followingt: (1) ExTreg cellular conversion 

may require signaling via the TCR, and (2) cTreg cells detecting 

higher antigen affinity or amount may preferentially undergo Ex

Treg cellular conversion. In the absence of any known antigens, 

interrogating bona fide antigen-reactive NFAT1nuc+ within the 

PDAC TME could enable diagnostic distinction between a 

‘‘cold’’ tumor that lacks T cell infiltration and a tumor with 

ongoing ‘‘active’’ immune responses.

NFAT1nuc+ T cells were predominantly positioned toward the 

tumor edge, where ExTreg cells were in close proximity to 

cDC1s—a distribution mirrored in patient samples. These same 

tumor border regions also include Tbet+Foxp3+ Treg cells, consis

tent with the Th1-skewing of cTreg cells seen in the mouse model 

and highlighting the enhanced Treg-DC proximity at the tumor pe

riphery in patient tumors. This key feature of cTreg-to-ExTreg 

cellular conversion is likely driven by CXCL9-CXCR3 signaling,68

which may be related to IFN-γ-induced Cxcl9 production by 

cDC1s and other border-associated cells to recruit and position 

Cxcr3+ cTreg and ExTreg cells within the tumor periphery niche.

The rapidity of ExTreg cell generation after αCD40 indicates 

that Foxp3+ cells may represent a reprogrammable subset of 

T cells within the TME. Rather than assuming that an accumula

tion of Treg cells is irreversibly linked to a poor prognostic 

outcome, Treg cell plasticity might instead be leveraged to 

improve patient outcomes. We propose that simultaneously 

reducing the suppressive capabilities of cTreg cells and 

increasing the type 1 ExTreg cells within the TME may make sig

nificant positive contributions to anti-tumor immunity. The power 

to change the allegiance of a pro-tumoral, immunosuppressive 

cell subset, even if fleeting, could provide critical early modifica

tions in the TME, which dictate therapeutic responsiveness.

Limitations of the study

Our study has limitations, including incomplete resolution 

regarding the suppressive capacity or functional implications 

of residual Foxp3+ cTreg cells and newly generated ExTreg cells. 

In our model, a significant proportion of the remaining cTreg cells 

produced Ifng, potentially representing transitional states. 

Future studies could use adoptive transfer models, tumor orga

noids systems, or genetic restriction of IFN-γ production to 

Foxp3-lineage cells to assess the role of ExTreg cells in tumor 

control. Our findings are in keeping with the observation that a 

Th1-like ExTreg cell population, showing increased expression 

of IFNG, is observed in lung adenocarcinomas with a clinical 

response to αPD-1 therapy.54
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M., Mani, V., Prüßmann, J.N., Warner, R.D., Ozga, A.J., et al. (2021). 

Expansion of tumor-associated Treg cells upon disruption of a CTLA-4- 

dependent feedback loop. Cell 184, 3998–4015.e19. https://doi.org/10. 

1016/j.cell.2021.05.027.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

InVivoMAb anti-mouse aCD40 BioXCell Cat # BE0016-2; RRID: AB_1107647

InVivoMAb rat IgG2a isotype control, anti-trinitrophenol BioXCell Cat # BE0089; RRID: AB_1107769

InVivoMAb anti-mouse PD-1 BioXCell Cat # BE0146; RRID: AB_10949053

InVivoMAb anti-mouse CTLA-4 BioXCell Cat # BE0131; RRID: AB_10950185

InVivoMAb anti-mouse MHC Class II BioXCell Cat # BE0108; RRID: AB_10949298

InVivoMAb anti-mouse IL-12p40 BioXCell Cat # BE0051; RRID: AB_1107698

InVivoMAb anti-mouse IFN-gamma BioXCell Cat # BE0055; RRID: AB_1107694

InVivoPlus anti-mouse polyclonal Syrian hamster IgG BioXCell Cat #BP0087; RRID: AB_1107782

CD45 Alexa Fluor 700 Biolegend Cat # 103128; RRID: AB_493715

CD25 PE Biolegend Cat # 102008; RRID: AB_312857

CD3ε PE/Cyanine5 Biolegend Cat # 100274; RRID: AB_2894410

CD8a BV711 Biolegend Cat # 563046; RRID: AB_273792

CD8a PE-CF594 BD Biosciences Cat # 562283; RRID: AB_11152075

CD4 BUV805 BD Biosciences Cat # 612900; RRID: AB_2827960

CD4 Brilliant Violet 785 Biolegend Cat # 100552;RRID: AB_2563053

Foxp3 Brilliant Violet 421 Biolegend Cat # 126419: RRID: AB_2565933

Foxp3 PE Biolegend Cat # 126404: RRID: AB_1089117

Foxp3 PE-Cyanine7 Thermo Fisher Scientific Cat # 25-5773-82; RRID: AB_891552

Tbet Brilliant Violet 785 Biolegend Cat # 644835: RRID: AB_2721566

TCF1 PE Biolegend Cat # 655208: RRID: AB_2728492

Blimp1 APC Biolegend Cat # 150008; RRID: AB_2728187

CD44 BUV395 BD Biosciences Cat # 740215: RRID: AB_2739963

IFN gamma PE-Cyanine7 Thermo Fisher Scientific Cat # 25-7311-82; RRID: AB_469680

CD3 AF532 Invitrogen Cat # 58-0032-82; RRID: AB_11217479

CD3 AF594 Biolegend Cat # 100240; RRID: AB_2563427

CD4 AF488 Biolegend Cat # 100529: RRID: AB_389303

CD8a AF594 Biolegend Cat # 100758: RRID: AB_2563237

CD8a eF450 Thermo Fisher Scientific Cat # 48-0081-80; RRID: AB_1272235

Foxp3 eF660 Invitrogen Cat # 50-5773-82; RRID: AB_11218868

CD11b AF488 Biolegend Cat # 101217; RRID: AB_389305

CD11c AF647 Biolegend Cat # 117312; RRID: AB_389328

Helios APC Invitrogen Cat # 17-9883-42; RRID: AB_2573322

CD103 unconjugated R&D Systems Cat # AF1990; RRID: AB_2128618

MHC-II AF700 Biolegend Cat # 107622; RRID: AB_493727

NFAT1 unconjugated Cell Signaling Technology Cat # 5861; RRID: AB_10834808

NFAT1 AF647 Cell Signaling Technology Cat # 14201; RRID: AB_2798423

pSTAT5 unconjugated Cell Signaling Technology Cat # 9359; RRID: AB_823649

pSTAT1 unconjugated Cell Signaling Technology Cat # 9167; RRID: AB_561294

Goat anti-Rabbit IgG AF594 Invitrogen Cat # A11037; RRID: AB_2534095

Donkey anti-Goat IgG AF594 Invitrogen Cat # A32758; RRID: AB_2762828

Donkey anti-Rabbit IgG Dylight 488 Biolegend Cat # 406404; RRID: AB_1575130

anti-human TBET Cell Signalling Technologies Cat # 13232S; RRID: AB_2616022

anti-human CD3 Thermo Fisher Scientific Cat # RM-9107-S; RRID: AB_149924

anti-human CD8 Thermo Fisher Scientific Cat # MA5-13473; RRID: AB_11000353

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-human Foxp3 eBioscience Cat # 14-4777-82: RRID: AB_3666277

anti-human CD45 eBioscience Cat # 14-0459-82; RRID: AB_467274

anti-HLA-DR/DP/DQ LS Bio Cat # LS-B10162; RRID: AB_3741033

anti-human CD3 Thermo Fsher Scientific Cat # RM-9107-S: RRID: AB_149924

anti-human Foxp3 eBioscience Cat # 14-4777-82; RRID: AB_467556

anti-human CD68 Abcam Cat # ab783; RRID: AB_306119

anti-human CD11C Abcam Cat # ab52632; RRID: AB_212979

anti-human CD20 Abcam Cat # ab9475; RRID: AB_570429

Biological samples

Naı̈ve patient tumor samples Liudahl et al.84 N/A

Neoadjuvant CD40-treated patient tumor samples Byrne et al.15 and Blise et al.14 N/A

Chemicals, peptides, and recombinant proteins

CellXVivo R&D Cat # CDK018

GolgiStop (Monensin) BD Biosciences Cat # 555029

GolgiPlug (Brefeldin A) BD Biosciences Cat # 554724

PMA Sigma-Aldrich Cat # P8139

Ionomycin Sigma-Aldrich Cat # I0634

Live/Dead Fixable Aqua Dead Cell Stain Kit Thermo Fisher Scientific Cat # L34957

Tamoxifen Sigma-Aldrich Cat # 10540-29-1

Sphingosine-1 phosphate agonist (FTY720) Sigma-Aldrich Cat # SML0700

Cytofix/Cytoperm BD Biosciences Cat # 554722

Lithium Borohydride STREM chemicals Cat # 93-0397

Xylenes (Certified ACS) Fisher Scientific Cat # X5-4

Concentrated (10X) Antigen Retrieval Citra Plus Solution Fisher Scientific Cat # NC9755543

Hematoxylin Counterstain Vector Laboratories Cat # H-3401-500

Eosin Epredia Cat # 71204

Peroxidase and Alkaline Phosphatase Blocking Reagent Agilent Technologies Cat # S200389-2

Histofine Simple Stain Human MAX PO (R) (for Rabbit 

primary antibody)

Nacalal USA Cat # 414144F

Histofine Simple Stain Human MAX PO (M) (for Mouse 

primary antibody)

Nacalal USA Cat # 414134F

ImmPACT® AEC Substrate Kit, Peroxidase, Vector 

laboratories, SK SK4205

Fisher Scientific Cat # NC99451169

Sodium azide Fisher Scientific N/A

Animal Free Blocker and Diluent Vector Labs Cat # SP-5035-100

Critical commercial assays

ACD RNAscope HiPlex12 Reagents Kit ACD Biotechne Cat # 324440

Experimental models: Cell lines

KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre; Rosa26YFP/YFP 

2838c3 clonal tumor cell line

Li et al.11 (commer cially 

available from Kerafast)

Cat # EUP013-FP: RRID: CVCL_YM18

B16-F10 ATCC Cat # CRL-6475: RRID: CVC:_0159

MC38 murine colon adenocarcinoma Eil laboratory, Kerafast Cat # CRL-2640; RRID: CVCL_B288

MC38 OVA murine colon adenocarcinoma Vitro Biotech Cat # VOA 1B009

Experimental models: Organisms/strains

C57BL/6 Jackson Laboratories Cat # 00664; RRID: IMSR_JAX:000664

Batf3-/- (B6.129S(C)-Batf3tm1Kmm/J) Jackson Laboratories Cat # 013755; RRID: IMSR_JAX:013755

CD40-/- Jackson Laboratories Cat # 002928: RRID: IMSR_JAX:002928

IFN-gamma-/- Jackson Laboratories Cat # 002287; RRID: IMSR_JAX:002287

IFN-gamma receptor-/- Jackson Laboratories Cat # 003288; RRID: IMSR_JAX:003288

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IL-12p40-/- Jackson Laboratories Cat # 002693; RRID: IMSR_JAX:002693

CD11c-DTR Jackson Laboratories Cat # 004509: RRID: IMSR_JAX:004509

Foxp3CreERT2 (Foxp3tm9(EGFP/cre/ERT2)Ayr/J) Jackson Laboratories Cat # 016961; RRID: IMSR_JAX:016961

C57BL/6J-Rag1em10Lutzy/J Jackson Laboratories Cat # 034159; RRID: IMSR_JAX:034159

RCL-tdTomato (B6.Cg-Gt(ROSA) 

26Sortm9(CAG-tdTomato)Hze/J

Jackson Laboratories Cat # 007909; RRID: IMSR_JAX:007909

OT-II:Rag1 [-/-] Taconic Cat # 4234; RRID: IMSR_TCA:4234

Tbet-ZsGreen[Tg] Tg(Rorc-E2-Crimson)Tg(Foxp3-RFP) Taconic Cat # 008509

Oligonucleotides

Probes for RNAScope: N/A

Cd3e (Alexa Fluor 488) ACD biotechne Cat # 314721-T1

tdTomato (ATTO 550) ACD biotechne Cat # 317041-T2

Foxp3 (ATTO 647N) ACD biotechne Cat # 432611-T3

Ifng (Alexa Fluor 750) ACD biotechne Cat # 311391-T4

Cd40 (Alexa Fluor 488) ACD biotechne Cat # 404671-T5

Xcr1 (ATTO 550) ACD biotechne Cat # 562371-T6

Il12a (ATTO 647N) ACD biotechne Cat # 414881-T7

Itgae (Alexa Fluor 750) ACD biotechne Cat # 463161-T8

Cd4 (Alexa Fluor 488) ACD biotechne Cat # 406841-T9

Cxcl9 (ATTO 550) ACD biotechne Cat # 489341-T10

Cxcr3 (ATTO 647N) ACD biotechne Cat # 402511-T11

Software and algorithms

BD FACSDiva BD Biosciences RRID: SCR_001456

FlowJo Software Treestar RRID: SCR_008520

Matlab Computer Vision Toolbox The Mathworks, Inc RRID: SCR_017581

Imaris Oxford Instruments Imaris software; RRID: SCR_007370

Simple ITK software Radtke et al.76 Z Channel Alignment tools; RRID: SCR_024693

ImageJ Liudahl et al.84 RRID: SCR_003070

Cell Profiler Carpenter et al.85 RRID: SCR_007358

FCS Express Image Cytometry RUO De Novo Software RRID: SCR_016431

Graphpad Prism Graphpad RRID: SCR_002798

Other

Beckman Coulter Counter Z2 Beckman Coulter

LSR II BD Biosciences RRID: SCR_022376

Fortessa BD Biosciences RRID: SCR_022376; RRID: SCR_009974

Leica cryostat Leica RRID: SCR_020221

Leica SP8X upright microscope Leica

PELCO BioWave microwave Ted Pella Pro-36500-230; RRID: SCR_018609

PELCO SteadyTemp thermoelectric recirculating chiller Ted Pella Cat # Pro-50062; RRID: SCR_003070

Superfrost Plus microscopy slides VWR Cat # 48311-703

ACD HybEZ II Oven ACD Biotechne Cat # 321710

ACD EZ-Batch Slide Holder ACD Biotechne Cat # 321716

ACD Humidity Control Tray ACD Biotechne Cat # 310012

No. 1.5 coverglass VWR Cat # 48393-241

Optimal Cutting Temperature (O.C.T.) Sakura Finetek Cat # 50-363-579

Fluoromount-G SouthernBiotech Cat # 0100-01; RRID: SCR_015961

Surgipath DB80LX blade Leica Cat # 14035843497

CD4 T cell isolation kit MACS Miltenyi Cat # 130-104-453
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Mice

Mice were bred and maintained under specific pathogen-free conditions at an American Association for the Accreditation of Labo

ratory Animal Care (AAALAC)-accredited animal facilities within the NIAID, the University of Pennsylvania, or Oregon Health and Sci

ence University. Mice were housed in accordance with the procedures outlined in the NIH Guide for the Care and Use of Laboratory 

Animals (NIAID Protocol # LISB-4E), or in compliance with the procedures that were reviewed and approved by the Institutional An

imal Care and Use Committee of the University of Pennsylvania (Protocol # 804666) or Oregon Health and Science University (Pro

tocol # 4153). Unless otherwise stated, sex and age-matched littermates (6–12 weeks of age, both sexes) were used for individual 

experiments. The following strains were purchased from Jackson Laboratories (Bar Harbor, ME): C57BL/6 (Cat # 00664), Batf3-/- 

(B6.129S(C)-Batf3tm1Kmm/J) (Cat # 013755),43 CD40-/- (Cat # 002928),86 IFN-γ-/- (Cat # 002287),47 IFN-γR-/- (Cat # 003288),87 IL- 

12p40-/- (Cat # 002693),46 CD11c-DTR (Cat # 004509),88 Foxp3CreERT2 (Foxp3tm9(EGFP/cre/ERT2)Ayr/J) (Cat # 016961),50 C57BL/ 

6J-Rag1em10Lutzy/J (Cat # 034159), RCL-tdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Cat # 007909).46 C57BL/6J.Ly5a 

mice were purchased from the NIAID-Taconic exchange platform: OT-II:Rag1 [-/-] (Taconic Cat # 4234), Tbet-ZsGreen[Tg] 

Tg(Rorc-E2-Crimson)Tg(Foxp3-RFP) (Taconic Cat # 008509) and referenced as Tbet/Foxp3 reporter mice in the text. 

Foxp3CreERT2 (Foxp3tm9(EGFP/cre/ERT2)Ayr/J) and RCL-tdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J were crossed at both 

the NIAID and University of Pennsylvania facilities and only male F1 offspring (‘Foxp3 Lineage mice’) were used in experiments.

METHOD DETAILS

In vivo reagents and treatments

Mice were treated with αCD40/αPD-1/αCTLA-4 (‘FPC’) as previously described.13 Briefly, αPD-1 (RMP1-14; BioXcell, Cat # BE0146; 

200 μg/dose) was injected intraperitoneally (i.p.) on days 0, 3, 6, 9, 12, 15 and αCTLA-4 (9H10; BioXcell, Cat # BE0131; 200 μg/dose) 

on days 0, 3, and 6, with a single dose of agonistic αCD40 (FGK4.5; BioXcell, Cat # BE0016-2; 100 μg) on day 3.13 Clone FGK4.5 is a 

potent agonist for CD40 as previously described.89 For isotype controls, rat IgG2a (2A3; BioXcell, Cat # BE0089; 100 -300 μg, de

pending on the treatment cohort) was used. All antibodies were endotoxin free. Note that although αCTLA-4 clone 9H10 has previ

ously been reported to deplete Treg cells, we have previously reported that Treg cell depletion is lessened in the PDAC TME as 

compared to B16 melanoma.13 We have previously reported that we observed no toxicities with this treatment regimen.13,90 For clar

ification, FPC treated mice received αPD-1, αCTLA-4, and αCD40. PC treated mice received αPD-1/αCTLA-4 and isotype control for 

αCD40, while Control treated mice received only isotype controls, and neither PC nor FPC.

For MHC-II blockade, mice were i.p. injected with a single 1.0 mg/kg dose of αMHC-II (M5/114; BioXcell, Cat # BE0108) 12 hours 

prior to agonistic αCD40 administration. Mice were harvested 24 hours after αCD40 (day 4 post therapy start). For isotype controls, rat 

IgG2a (2A3; BioXcell; 200 μg) was used. All antibodies were endotoxin free.

For IL-12p40 and IFN-γ blockades, mice were injected i.p. with 200 μg/dose of αIL12p40 (C17.8, BioXcell, Cat # BE0051) or αIFN-γ 
(XMG1.2, BioXcell, Cat # BE0055) one day prior to starting therapy, 12 hours before agonistic αCD40, and 24 hours after agonistic 

αCD40 (days -1, 2.5, and 4). For isotype controls, rat IgG2a (2A3; BioXcell; 200 μg) was used. Mice were harvested 48 hours after 

agonistic αCD40 (day 5 post therapy start). All antibodies were endotoxin free.

Tamoxifen (Sigma-Aldrich, Cat # 10540-29-1) was dissolved in corn oil at a concentration of 20 mg/ml and male Foxp3CreERT2+– 

R26tdTomato+/- animals received 100 μl of tamoxifen emulsion (75 mg tamoxifen/kg) or corn oil control administered intraperitoneally 

daily on days 6-8 post tumor implantation.50 Animals were then treated with isotype or monoclonal antibody therapies as described 

above. Diphtheria toxin (DT) was administered at 8ng/g every 48hours for CD11c-DT receptor mice88 starting 24 hours before CD40 

agonist treatment.

For lymphocyte trafficking blockade, mice were injected i.p. with 20 μg of FTY720 (Sigma-Aldrich, Cat # SML0700) daily starting at 

the time of initial αPD-1/αCTLA-4 treatment through experimental endpoint (five days later).

Implantation of tumor cell clones

KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre; Rosa26YFP/YFP 2838c3 tumor cells were generated from a female mouse and used as pre

viously described,11 and are also commercially available (Kerafast). B16-F10 and MC38 were purchased from ATCC. Cells were 

cultured in DMEM (high glucose without sodium pyruvate) with 10% FBS (Gibco) and glutamine (2.0 mM) and harvested when confluent. 

Cells were dissociated into single cells with 0.25% trypsin (Gibco), washed with serum-free Dulbecco’s Modified Eagle’s medium 

(DMEM) twice, and counted in preparation for subcutaneous implantation. 2.5x105 PDAC tumor cells, or 1.5x105 B16-F10 melanoma 

cells, or 3x105 MC38 cells were implanted subcutaneously, or 5x106 PDAC cells were implanted orthotopically into the pancreas,91 with 

viability >90% for each experiment. This cell line was examined by the Infectious Microbe PCR Amplification Test (IMPACT) and authen

ticated to be free of contamination by the Research Animal Diagnostic Laboratory (RADIL) at the University of Missouri.

OT-II and MC38

Mice were subcutaneously injected with 5x105 MC38 (WT) in the left flank and 5x105 MC38-OVA (ovalbumin) in the right flank. Nine 

days post tumor implantation differentiated OT-II cells were transferred intravenously. In brief, naı̈ve CD4+ T cells were isolated from 

OVA-specific CD4+ T cell receptor transgenic (OT-II) mouse spleens using the MACS kit from Miltenyi (Cat # 130-104-453). Cells were 

then differentiated ex vivo (R&D, CellXVivo, Cat # CDK018) for 3 days and 1.5 million cells were transferred into tumor-bearing Rag1 -/- 

recipient mice. Tumors were harvested 3 days post OT-II transfer and imaged for NFAT1 nuclear translocation.
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Subcutaneous tumor growth, regression, and animal survival assessment

Tumor sizes were measured every 2–3 days for tumor growth assessment experiments. Tumor length and width were measured with 

calipers and tumor volumes were then calculated as length*width2/2. Tumor volumes of 500 mm3 were used as an endpoint for sur

vival analysis. Tumor regressions and waterfall plots were calculated using the initial tumor size at the start of treatment to tumor size 

21 days later.

Tissue section preparation, processing, and immunostaining

At indicated time points, mice were euthanized and tumors were quickly harvested and fixed for 14-16 hr. at 4oC in BD Cytosis/ 

Cytoperm (BD Bioscience, Cat # 554722) diluted 1:4 in PBS. Tumors were washed 3x in PBS (5 min per wash), carefully trimmed 

of fat using a stereo dissection microscope and fine forceps and dehydrated for 24 hr. in a 30% sucrose solution made in 0.1 M 

PBS. Tumors were then embedded in optimal cutting temperature (O.C.T.) compound (Sakura Finetek, Cat # 50-363-579), frozen 

on dry ice, and stored at –80oC. 18-50 μm tumor sections were prepared using a cryostat (Leica) equipped with a Surgipath 

DB80LX blade (Leica, Cat # 14035843497). Cryochamber and specimen cooling was set to –17oC.

Tissue sections were adhered to Superfrost Plus microscopy slides (VWR, Cat #: 48311-703), blocked and permeabilized using 

0.3% Triton X-100 and 1:50 with Fc block (CD16/CD32, clone 2.4G2, BD Biosciences, Cat # 553141) for 1 hr. at room temperature 

(22oC), and washed in PBS. Tissue sections were next incubated with directly conjugated antibodies diluted in PBS for either 15 hr. at 

4oC or using a PELCO BioWave Pro-36500-230 microwave in conjunction with a PELCO SteadyTemp Pro-50062 thermoelectric re

circulating chiller (Ted Pella). Briefly, a 2-1-2-1-2-1-2-1-2 program was used for immunolabeling, where ‘‘2’’ denotes 2 min at 100 W 

and ‘‘1’’ denotes 1 min at 0 W. This program was run twice for primary antibody labeling and once for secondary antibody labeling as 

previously described.76 After washing 3x in PBS (5 min per wash) at 22oC, samples were mounted in Fluoromount-G 

(SouthernBiotech, Cat # 0100-01), which was allowed to cure for a minimum of 14 hrs at 22oC. All imaging was performed using 

No. 1.5 coverglass (VWR, Cat # 48393-241).

IBEX

After all the steps outlined in the previous section, slides/tissues were run through our IBEX protocol. In brief, slides were submerged 

in PBS to facilitate coverslip removal for a minimum of 1 hr. at 22oC. Upon cover slip removal, tissue sections were fluorophore 

bleached using 1.0 mg/ml solution of lithium borohydride for 15 minutes. Slides were washed 3x in PBS and then re-stained as 

described above. Images across the two cycles were aligned using Simple iTK algorithms as described.76

Antibodies for Immunofluorescence

All antibodies were used at a dilution of 1:50 and have been previously validated for IF and IBEX within our laboratory76 with the 

exception of nuclear NFAT1 (Figure S7). Treg cell identification always included a Foxp3 detection antibody. Combinations of the 

following antibodies were used for immunostaining: Hoescht; CD3 (17A2; AF532, Invitrogen, Cat # 58-0032-82); CD3 (17A2; 

AF594, BioLegend, Cat # 100240); CD4 (RM4-5; AF488, BioLegend, Cat # 100529); CD8a (53-6.7; AF594, BioLegend, Cat # 

100758); CD8a (53-6.7; eF450, ThermoFisher, Cat # 48-0081-80); Foxp3 (FJK-16s; eF660, Invitrogen, Cat # 50-5773-82); CD11b 

(M1/70; AF488, BioLegend, Cat # 101217); CD11c (N418; AF647, BioLegend, Cat # 117312); CD103 (Itgae; unconjugated, R&D Sys

tems, Cat # AF1990); MHC-II (M5/114.152; AF700, BioLegend, Cat # 107622); NFAT1 (D43B1; unconjugated, CST, Cat # 5861S); 

NFAT1 (D43B1; AF647, CST, Cat # 14201S); pSTAT1 (58D6; unconjugated, CST, Cat # 9167L); Helios (22F6; APC, Invitrogen, Cat 

# 17-9883-42); Cleaved caspase-3 (Asp175/D3E9; unconjugated, CST, Cat # 9579S); Donkey anti-Goat IgG (H+L; AF594, Invitrogen, 

Cat # A32758); Donkey anti-Rabbit IgG (H+L; Dylight 488, BioLegend, Cat # 406404); Goat anti-Rabbit IgG (H+L; AF594, Invitrogen, 

Cat # A11037).

RNAScope

Tissues were prepared and stained following the ACD biotechne user manual for RNAscope HiPlex Assay (Document # 324100-UM, 

Chapters 3-4, Fresh Frozen). Briefly, tumors were harvested and immediately placed into OCT and frozen fresh on dry ice. Tissue sec

tions were cut as described above. Slides were stored until use at -80 oC, then immediately fixed in 4% PFA for 1 hour at 22oC. Slides 

were dehydrated in sequential ethanol steps (50%, 70%, 100%) and were then ready for staining using the ACD EZ-Batch Slide Holder 

(Cat # 321716), Humidity Control Tray (Cat # 310012), and HybEZ II Oven (Cat # 321710) system. HiPlex probes (supplied at 50X con

centration) were used iteratively for (cycle 1) Cd3e (Cat # 314721-T1, Alexa Fluor 488), tdTomato (Cat # 317041-T2, ATTO 550), Foxp3 

(Cat # 432611-T3, ATTO 647N), and Ifng (Cat # 311391-T4, Alexa Fluor 750); (cycle 2) Cd40 (Cat # 404671-T5, Alexa Fluor 488), Xcr1 

(Cat # 562371-T6, ATTO 550), Il12a (Cat # 414881-T7, ATTO 647N), and Itgae (Cat # 463161-T8, Alexa Fluor 750); (cycle 3) Cd4 (Cat # 

406841-T9, Alexa Fluor 488), Cxcl9 (Cat # 489341-T10, ATTO 550), and Cxcr3 (Cat # 402511-T11, ATTO 647N). Probes were hybrid

ized for 2 hours in the oven at 40 oC. Slides were then washed, and the probes sequentially amplified using the HiPlex8 Detection Kit 

(Cat # 324110). Samples were counterstained with DAPI and mounted in Fluoromount-G (SouthernBiotech, Cat # 0100-01). All imag

ing was performed using No. 1.5 coverglass (VWR, Cat # 48393-241).

Laser scanning confocal microscopy

Images were acquired using an upright Leica TCS SP8 X spectral detection system (Leica) equipped with a pulsed white light laser, 4 

Gallium-Arsenide Phosphide (GaAsP) Hybrid Detectors (HyDs), 1 photomultiplier tube (PMT), 40x (NA = 1.3) or 20x (NA = 0.75) oil 
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immersion objective lenses, and a motorized stage. For tissue sections (18-50 μm), images were acquired using the 20x objection 

with 1.5 zoom, z step size of 0.5-1.5 μm, and detector bit-depth of 12. RNAscope images were acquired using an inverted Leica Stel

laris, which is optimized for far-red laser excitation and emission detection above 700 nm. In all experiments, image acquisition was 

controlled using LAS X software.

Image processing, segmentation, and analysis

Image files generated in LAS X software were converted into ‘‘.ims’’ files in Imaris software (Bitplane) and subjected to a 1-pixel 

Gaussian filter to reduce noise. Image segmentation was performed in Imaris using the ‘‘Surface Object Creation’’ module, which 

employs a seeded region growing, k-means, and watershed algorithm to define individual cells. Segmentation artifacts were 

excluded using a combination of sphericity and volume thresholds, as well as manual correction. Following cell segmentation and 

surface creation, the mean or summed voxel fluorescence intensity values per channel were assessed in Imaris. In certain instances, 

these fluorescence distributions were used to selectively visualize T cells with specific phenotypes by creating discrete thresholds 

using the ‘‘filter’’ tool. For spatial statistics, the ‘‘shortest distance to object’’ function was used in Imaris which can automatically 

calculate the distance between two objects (such as shortest distance from a defined Treg cell to the tumor edge).

Imaris algorithm for Foxp3 Lineage tumor analyses

[Algorithm]

Enable Region Of Interest = true

Process Entire Image = true

Enable Region Growing = true

Enable Tracking = false

Enable Classify = false

Enable Shortest Distance = false

[Region of Interest]

Region1: XYZT from [12973 8840 1 1] to [15020 10906 1 1]

[Segmentation Setup]

Source Channel Index = 2

Enable Smooth = true

Surface Grain Size = 1.50 μm

Enable Eliminate Background = true

Diameter Of Largest Sphere = 4.50 μm

[Threshold]

Active Threshold = true

Enable Automatic Threshold = false

Manual Threshold Value = 1.11121

Active Threshold B = false

Region Growing Estimated Diameter = 5.50 μm

Region Growing Morphological Split = false

[Filter Seed Points]

‘‘Quality’’ above 2.29

[Filter Surfaces]

‘‘Number of Voxels Img=1’’ above 10.0

Flow cytometry of murine tumor samples

At the indicated time points after αCD40 administration (equivalent to day five after the start of FPC treatment), mice were sacrificed 

and tumors prepared for single cell suspension as previously described.13 Briefly, tumors were washed with PBS, then minced and 

incubated for 45 minutes in 1mg/mL collagenase XI with protease inhibitor at 37◦C and filtered through a 70 μM cell strainer with cold 

PBS supplemented with 0.5% BSA and 2mM ethylenediaminetetraacetic acid (EDTA). Cells were counted with Beckman Coulter 

Counter Z2 (Beckman Coulter) and stained with Live/Dead Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific, Cat # 

L34957). Cell surface molecules were assessed by incubating single cell suspensions from tissues with primary fluorophore-conju

gated antibodies on ice for 45 minutes in PBS with 0.5% bovine serum albumin and 2.0 mM EDTA. For intracellular cytokine 

quantification, single cell suspensions were incubated for 4hours at 37◦C with PMA (Sigma-Aldrich, Cat # P8139) with ionomycin 

(Sigma-Aldrich, Cat # I0634) and incubated with GolgiPlug (Brefeldin A) and GolgiStop (Monensin) (BD Biosciences, Cat # 555029 

and 554724, respectively). Intracellular staining was performed using the CytoFix/Cytoperm kit (BD Bioscience, Cat # 554722) ac

cording to the manufacturer’s instructions. Combinations of the following antibodies were used at 1:100 for flow cytometric analysis: 

Foxp3 (clone MF-14, BV421, Biolegend, Cat # 126419 or PE, Biolegend, Cat # 126404; or clone FJK-16s, PECy7, eBioscience, Cat # 

25-5773-82), CD44 (clone IM7, BUV395, BD Biosciences, Cat # 740215), Tbet (clone 4B10, BV785, Biolegend, Cat # 644835), CD8 

(clone 53-6.7, BV711, BD Biosciences, Cat # 563046 or PE-CF594, BD Biosciences, Cat # 562283), CD4 (clone GK1.5, BUV805, BD 

Biosciences, Cat # 612900; or clone RM4-6, BV785, Biolegend, Cat # 100552), CD3e (clone 145-2C11, PE-Cy5, Biolegend, Cat # 
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100310), IFN-γ (clone XMG1.2, PE-Cy7, eBioscience, Cat # 25-7311-82), CD45 (clone 30-F11, AF700, Biolegend, Cat # 103128), 

CD25 (clone PC61, PE, Biolegend, Cat # 102008), TCF1 (clone 7F11A10, PE, Biolegend, Cat # 655208), and Blimp1 (clone 5E7, 

APC, Biolegend, Cat # 150008). Flow cytometric analysis was performed on an LSR II or Fortessa flow cytometer (BD Biosciences) 

using BD FACSDiva software and analyzed using FlowJo software (Treestar).

Multiplexed immunohistochemistry (mIHC) analysis of patient samples

Tumor samples were obtained with informed consent in accordance with the Declaration of Helsinki and treatment-naı̈ve patient 

samples were acquired from the Oregon Pancreas Tissue Registry under Oregon Health and Science University IRB protocol 

#3609,84 while neoadjuvant αCD40-treated patient samples were acquired from an open-label, Phase I clinical trial (Cancer Immu

notherapy Trials Network CITN11-01; NCT02588443).14,15 Patients received selicrelumab, an agonistic CD40 IgG2 antibody with 

high potency.92 Formalin-fixed, paraffin-embedded (FFPE) surgical tissue samples were sectioned and assessed using hematoxylin 

and eosin (H&E), as well as chromagen-based mIHC. Using pathologist annotations overlaid from the H&E slides, the mIHC slides 

were assessed with regard to regions of interest (ROI) located intratumorally (>0.5 mm from the tumor edge), or at the tumor border 

(within <0.5 mm of the tumor edge) as we have previously described.14,84 Multiplex staining was performed on 5.0 μm sections and 

each stained image was scanned at 20x magnification on an Aperio AT2 scanner (Leica Biosystems) prior to image processing.84

Treg cells were defined as CD45+CD3+CD8-FOXP3+. Human tonsil and spleen were included in all rounds of mIHC as staining con

trols. Each region was registered to the final hematoxylin using MATLAB Computer Vision Toolbox (The Mathworks, Inc.), color de

convolution and watershed-based nuclei segmentation was performed using ImageJ, and single cell mean intensity for each marker 

was quantified using Cell Profiler.85 Single marker positivity thresholds were set using FCS Express Image cytometry RUO (de novo 

Software) to visually validate marker expression overlaid on signal extracted images.

Statistical Analysis

To calculate z-scores, samples were standardized using the following formula:

z =
experimental value in FPC cohort − mean of Control cohort

standard deviation of Control cohort 

This standardization of the data allows for comparison of experimental values across cohorts of FPC-treated mice (including in 

experiments when the baseline values are significantly different across mouse strains), while preserving the variance of the data 

by comparing the standard deviations from the mean of the matching Control cohort. Statistical analysis of multiple comparisons 

was performed using one- or two-way ANOVA with Tukey’s HSD post-test, and comparisons between just two groups were per

formed using a two-tailed Students’ unpaired t test with the exception of the patient data, where paired two-tailed t tests were per

formed. Significance of overall survival was determined via Kaplan-Meier analysis with log-rank analysis and tumor growth kinetics 

were analyzed with two-way ANOVA with mixed effects modeling. All statistical analyses were performed with Graphpad Prism 

(GraphPad) for the exact number of mice shown as individual symbols where shown, or as indicated in the legend. Error bars 

show standard deviation (SD) or standard error of the mean (SEM) shown as indicated in legend, and p<0.05 was considered sta

tistically significant. * indicates p<0.05, ** p<0.01, *** p< 0.001, and **** p< 0.0001 unless otherwise indicated. ns denotes not signif

icant. Significance of cell distribution (distance to edge) was first acquired using the Imaris ‘‘shortest distance to edge’’ calculation. 

These data were then analyzed using a one-way ANOVA with Tukey’s HSD post-test and mean difference analysis to account for the 

large size of the data sets, and for the graphs, * indicates mean difference of >50 mm, ** >100 mm, *** >150 mm, **** >200 mm in 

addition to having a p value of <0.001.
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Supplementary Figure 1. Combination therapy with aCD40 is required for tumor 

regression and therapeutic efficacy, related to Figure 1. (A) Wild-type (WT) C57BL/6 

mice were injected with KPCY T cell high tumor clone 2838c3 on day -12 and treated with 

anti-PD-1 and anti-CTLA-4 (PC) on days 0, 3 and 6, followed by P alone every 3 days, 

and a single dose of agonistic anti-CD40 (F) on day 3, alone or in combination (FPC) (as 

described in Figure 1A). Mice were monitored for tumor growth (A) and survival (B). (C) 

Representative flow gating schema. (D-E) Foxp3+ cells among live, CD4+CD3+CD45+ 

cells were quantified by flow cytometry with regard to proportion (top) or absolute count 

per mg of tumor (bottom) in B16 melanoma (D), or MC38 (E). (F) KPCY T cell high tumor 

clone 2838c3 was orthotopically implanted 18 days prior to the start of treatment as in 

Figure 1A, tumors were harvested 48 hours after FPC and tissue sections were stained 

for Foxp3+CD3+ cells. (G) Representative flow plots of data from Figure 1F, gated on live, 

CD45+CD3+CD4+ cells. (H-J) CD40-/- mice were treated as described in Figure 1A along 

with concurrent wildtype (WT) mice, and analyzed with regard to Foxp3+ cells among live, 

CD4+CD3+CD45+ cells via histology (H) and flow cytometry (I), with representative flow 

plots shown in (J).  Standardized to Treg cell proportions in the control treated cohort 

within each genotype in left side graphs of (H, I). (K) CD40 ligand expression within Treg 

cells after the indicated treatments. Data representative of n=2 independent experiments 

with n=3-10 mice per group. Analysis by two-way ANOVA (A), Mantel-Cox log-rank 

analysis (B), or unpaired T test (D-F, H, I). In (H, I), data were standardized and compared 

by one-way ANOVA for left side graphs. * indicates p<0.05, ** indicates p<0.01, *** 

indicates p<0.001, ns denotes not significant. 
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Supplementary Figure 2. Dendritic cells and the IFN-	"/IL-12 axis mediate aCD40-

induced reduction of intratumoral Treg cells, related to Figure 2. (A) Quantification 

of CD40 expression via RNAscope of whole tumors among Cd3+ cells (yellow) or cDC1s 

(defined as Cd3-Xcr1+Cd103+ cells) in Foxp3-Lineage mice treated as in Figure 3. (B-C) 

Batf3-/- mice were treated as described in Figure 1A for WT-mice, and the proportion of 

Foxp3+ cells among live, CD45+CD3+CD4+ cells (B) was quantified (C). (D-H) CD11c DTR 

mice were treated as described in Figure 1A except indicated groups also received DT 

24 hours before and after CD40 administration prior to assessment for Treg cell 

abundance (D), quantified by histology (E) or flow cytometry (F) with representative flow 

plots shown in (G), gated on live, CD45+CD3+CD4+ cells, and distribution of Treg cells in 

the tumor site shown in (H). (I-L) Experiments were performed in tumor-bearing wild-type, 

IL-12p40-/- or IFN-γ-/- mice, as indicated. (I-J) Tumor-growth kinetics (right) or survival 

curves (left) from IL-12p40-/- (I) and IFN-γ-/- mice (J). (K-L) Histological analysis of IL-

12p40-/- and IFN-γ-/- mice with standardized z-scores compared to Control cohort (left) 

with raw numbers (right). Data are representative of 2-3 independent experiments with 

n=3-12 mice per group, each symbol represents an individual mouse (C, E, F, K, L), an 

individual cell (H), or the mean of the group as indicated (A, I, J), error bars indicate SEM 

(A, I, J) or SD (C, E, F, K, L), horizontal line indicates median (C, E, F, K, L). For analysis, 

(A and H) had 3 mice/group. Scale bars are 300 µm (D), and the dotted line indicates 

tumor edge. Analysis by unpaired T-test (C, F, K, L), between indicated groups for raw 

data left or bottom, or z-scored standardized data, one-way ANOVA (E) with Tukey’s post-

test, one-way ANOVA with Tukey’s post-test and mean difference calculations to account 

for effect size (H), two-way ANOVA with mixed effect modeling with Tukey’s post-hoc 



analysis (I, J, left panels), or Mantel-Cox log-rank analysis (I, J, right panels). * indicates 

p<0.05, ** indicates p<0.01, **** indicates p<0.0001, ns indicates not significant. For the 

distance to edge plot (H): ANOVA p value summary is <0.0001, with symbols indicating 

statistically significant mean difference of * for >50 µm, ** for >100 µm, *** for >150 um, 

**** for >200 µm, or ns for not significant. 
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Supplementary Figure 3. CD40 agonism promotes the ExTreg cell state among 

CD4+ T cells within the TME, related to Figure 3. 

(A-C) Wild-type mice were treated as described in Figure 1A. (A) Treg cellular expression 

of cleaved caspase 3 (CC3) +/- FPC treatment in wild-type mice via histological analysis. 

(B) Proportions of FoxP3+CD4+ Treg cells among live, CD45+CD3+ cells in the tumor 

draining lymph node (TDLN) as assessed by flow cytometry. (C) WT mice were treated 

as in Figure 1A and tumors were analyzed by flow cytometry for CD25 among Treg or 

effector T (Teff) cells defined as live, CD45+CD3+CD4+FoxP3- cells, with a representative 

histogram shown on the left from mice treated with vehicle Control (open) or FPC (purple). 

(D-J) FoxP3-Lineage mice were treated as described in Figure 3. (D) Proportion of cTreg 

(CD3+CD4+tdTomato+Foxp3+, cyan) or ExTreg (CD3+CD4+tdTomato+Foxp3-, purple) 

cells among tdTomato+ Lineage marked cells (3 mice for Control and 4 for FPC). 

Representative flow plot shown below. (E) cTreg (tdTomato+Foxp3+) or ExTreg 

(tdTomato+Foxp3-) cells among live, CD45+CD3+CD4+ T cells in the TDLN of Foxp3-

Lineage mice, representative flow plots shown below. (F) Proportion of cTreg vs. ExTreg 

cells in control vs. FPC treated mice in the spleen and liver of Foxp3-Lineage mice as 

assessed by histological analysis as in (D). (G) Foxp3-Lineage mice were treated +/- 

FTY720 daily at the start of FPC treatment and proportions of intratumoral cTreg or 

ExTreg cell populations were analyzed at 48 hrs. (H) cTreg (tdTomato+Foxp3+) or ExTreg 

(tdTomato+Foxp3-) cells among live, CD45+CD3+CD4+ T cells in MC38 tumors from 

Foxp3-Lineage mice, representative flow plots shown below. (I) Foxp3-Lineage mice 

received ultrasound guided orthotopic tumor injection on day 0, followed by TMX on days 

6-8, PC on days 9 and 12, with F on day 12 as indicated (FPC), or Isotype Controls, 



followed by takedown on day 14. Analyzed by IF for proportions of FoxP3+ cells among 

tdTomato+ cells. (J) Day 10 post anti-CD40 cTreg and ExTreg cell proportions within the 

tumor. Data are representative of 2-5 independent experiments with n=3-12 mice per 

group; each symbol represents an individual mouse, horizontal lines indicate the median, 

bars show interquartile range, and whiskers indicate the range, and error bars indicate 

SD (A-E, G, H right, I right), or the colors indicate the relative proportion of cTreg or 

ExTreg cells and the error bars indicate the SD (F, H left, I left, n of mice/group shown on 

right for H & I). For analysis, panel (D) had 3 control and 4 FPC-treated, (F) had 3 

mice/group, Analysis by unpaired T-test (A, D, E, H right, I right, J), one-way ANOVA with 

Tukey’s post-test (B, C, G), or two-way ANOVA with Tukey’s post-test (F, H left, I left). 

For p values, * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** indicates 

p<0.0001, ns indicates not significant. 
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Supplementary Figure 4. Transcriptional skewing after CD40 agonism, related to 

Figure 4. (A) Foxp3-Lineage mice either received tamoxifen as described in Figure 3 (8-

10 days post-tumor) or 2 weeks prior to tumor injection (pre-tumor) followed by treatment 

as described in Figure 1A for cell number, viability, and location of tumor implantation and 

following immunotherapy. Tumors were then analyzed for the proportions of cTreg and 

ExTreg cells in vehicle control vs. FPC-treated mice. (B-D) Foxp3-Lineage mice were 

treated as described in Figure 3. (B-C) Representative pSTAT1 (top) and pSTAT5 

(bottom) staining by the indicated Lineage subsets in tumors from Foxp3-Lineage mice 

with vehicle control, PC, or FPC, quantified in main Figure 4C and (C). (D-E) 

Representative pSTAT1 staining by the indicated Lineage subsets in tumors from Foxp3-

Lineage mice after treatment with FPC or FPC with blockade against IL-12p40 or IFN-$, 

quantified in (E). (F-H) WT mice were treated as in Figure 1A and tumors were analyzed 

by intracellular flow cytometry for indicated transcription factor expression among live, 

protein-stained, CD45+CD3+CD4+Foxp3+ T cells as indicated, quantified on the left, with 

a representative flow plot shown on the right for Tbet (F), Tcf1 (G), and Blimp (H) from 

mice treated with vehicle Control (open) or FPC (purple). (I) Representative flow plots for 

Tbet expression shown in Figure 4F from Foxp3-Lineage mice treated described in Figure 

3. (J-M) Foxp3-Lineage mice were treated as described in Figure 4. (J) Quantification of 

Ifng+ cTreg and ExTreg cells after treatment with vehicle control, PC, or FPC. (K) 

Quantification of Ifng+ cTreg and ExTreg cells after treatment with vehicle control, FPC, 

or FPC and IL-12p40 or IFN-$ blocking antibody. (L) Quantification of IFN-$ protein-

expressing cells by intracellular cytokine staining via flow cytometry in Control and FPC 

treated mice among live CD45+CD3+CD4+Lineage+Foxp3- cells, representative flow plots 



shown to the right. (M) Histological quantification of the proportion of Ifng+ cells among 

indicated parental cell population at 6 hours after %CD40. Data representative of 2-5 

independent experiments with n=3-12 mice per group, with the exception of A, which was 

performed once with 3 mice per group. Scale bars are 300 µm and the dotted line 

indicates tumor edge. Each symbol represents an individual mouse, (A, J-M) horizontal 

lines indicate the mean, boxes indicate range, (C, E, F, H) horizontal lines indicate the 

median and whiskers indicate range. Analysis by two-way ANOVA with Tukey’s post-test 

(A, I), one-way ANOVA with Tukey’s post-test (C, E, J, K, M) or unpaired T-test (F, G, H, 

L). For p values, * indicates p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns indicates 

not significant.  
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Supplementary Figure 5. Cxcr3 and Cxcl9 expression increase in the tumor 

periphery after CD40 agonism, related to Figure 5. Tamoxifen-inducible (TMX) Foxp3-

Lineage tracing mice (treated as in Figure 3) and RNAscope technology were used for all 

experiments described. (A) Quantification of the proximity of the indicated T cell subsets 

to cDC1s at 48 hours after FPC treatment. (B) Mice were treated as described in Figure 

5A and analyzed for Cxcr3 expression via RNAscope. Proportions of Cxcr3+ cells within 

the indicated subset (B) and in the tumor periphery (C), defined as the region within 250 

µm of the tumor border (as described in Figure 5). (D) Stacked bar graph indicating the T 

cell subset breakdown of Cd3+ Cxcr3+ cells. (E) Single RNA probe marker images for the 

merge images in Figure 5K. (F) Proportion of Cxcr3+ cells that are within 10 µm of both a 

Cxcl9+ non-cDC1 and a Cxcl9– cDC1. (G) Proportion of Cxcl9+ cells that are cDC1s in 

vehicle control vs. FPC treated mice. (H) Proportion of Cxcr3+ cells that are within 10 µm 

of both a Cxcl9+ non-cDC1 and a Cxcl9– cDC1. Data representative of 2 independent 

experiments with n=3-4 mice per group; each symbol represents an individual mouse (B, 

C, G) or individual cell (A), horizontal lines indicate the median, error bars indicate SEM 

(D) or SD (F, H). For analysis, panels (A), (D), (F, H) had 3 mice/group. Scale bars are 5 

µm (E). Analysis by one-way ANOVA with Tukey’s post-test and mean difference 

calculation to adjust for effect size (A), one-way ANOVA with Tukey’s post-test (A), two-

way ANOVA with Tukey’s post-test (B, C, D, F, H), or unpaired T-test (G). For p values, 

* indicates p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns indicates not significant. (D) 

Comparisons between navy (Lineage-) and purple (ExTreg cells) are represented with a 

(#), between navy (Lineage-) and cyan (cTreg cells) with a (+), and between purple over 

time with a (*). All symbols use the same scaling as described for p values with (*). 
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Supplementary Figure 6. NFAT1 translocation is detectable in T cell subsets in situ, 

related to Figure 6. 

(A-B) MC38-OVA or MC38-WT bearing Rag1 mice were adoptively transferred with 1x106 

in vitro activated OT-II cells. The tumor draining lymph node was analyzed for NFAT1nuc 

signal in OT-II cells (A) by percentage (B, left) and average number per section for the 

entire tissue (B, right). (C-D) Foxp3-lineage mice were treated as described in Figure 3. 

(C) Representative tumor immunostaining for NFAT1nuc (white arrows) and membrane 

NFAT1 (yellow arrows) expression within CD8+ (C, upper), and effector CD4+ (non-Treg) 

(C, lower) conventional (Tconv) T cells in tumor-bearing Foxp3-Lineage mice 48 hours after 

FPC treatment. (D) Percentage of T cell subsets with nuclear NFAT1 localization 48 hours 

post-CD40 treatment. (E-F) WT mice were treated as in Figure 1A and received anti-MHC 

II blockade as in Figure 6J, with representative MHC II staining over time post-CD40 

administration. (F) WT mice were treated as in Figure 1A +/- MHC II blockade and 

NFAT1nuc staining in the tumor site was quantified by absolute count (F, left) and 

proportion (F, right) among indicated cell populations. (G) Foxp3-Lineage mice were 

treated as in Figure 3. The proximity of cDC1 (defined as: Cd3-Itgae+Xcr1+) proximity to 

Ifng– or Ifng+ ExTreg cells within 3 FPC-treated mice (for analysis). Data representative 

of 1-3 independent experiments with n=2-4 mice per group; each symbol represents an 

individual mouse; horizontal lines indicate the median. Scale bars are 5 µm (A, C) or 300 

µm (E). Analysis by unpaired T-test (G) or two-way ANOVA with Tukey’s post-test (D, F). 

For p values, * indicates p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns indicates not 

significant. 
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