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melanoma.
ng those for

ll

mailto:f.marangoni@uci.�edu
https://doi.org/10.1016/j.ccell.2024.05.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccell.2024.05.013&domain=pdf


Article

Interruption of the intratumor
CD8+ T cell:Treg crosstalk improves
the efficacy of PD-1 immunotherapy
Shannon N. Geels,1,2 Alexander Moshensky,1,2 Rachel S. Sousa,1,3,4 Claire Murat,1,2 Matias A. Bustos,5

Benjamin L. Walker,3,4 Rima Singh,1,6 Stacey N. Harbour,7 Giselle Gutierrez,1 Michael Hwang,1,2 Thorsten R. Mempel,8

Casey T. Weaver,7 Qing Nie,3,4,9 Dave S.B. Hoon,5 Anand K. Ganesan,10 Shivashankar Othy,1,2,11

and Francesco Marangoni1,2,11,12,*
1Institute for Immunology, University of California, Irvine, Irvine, CA, USA
2Department of Physiology and Biophysics, University of California, Irvine, Irvine, CA, USA
3Center for Complex Biological Systems, University of California, Irvine, Irvine, CA, USA
4NSF-Simons Center for Multiscale Cell Fate Research, University of California, Irvine, Irvine, CA, USA
5Department of Translational Molecular Medicine, Saint John’s Cancer Institute, Santa Monica, CA, USA
6Department of Biological Chemistry, University of California, Irvine, Irvine, CA, USA
7Department of Pathology, University of Alabama, Birmingham, Birmingham, AL, USA
8Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA
9Department of Developmental and Cell Biology, University of California, Irvine, Irvine, CA, USA
10Department of Dermatology, University of California, Irvine, Irvine, CA, USA
11Senior author
12Lead contact
*Correspondence: f.marangoni@uci.edu

https://doi.org/10.1016/j.ccell.2024.05.013

SUMMARY

PD-1 blockade unleashes potent antitumor activity in CD8+ T cells but can also promote immunosuppressive
T regulatory (Treg) cells, whichmayworsen the response to immunotherapy. Tumor-Treg inhibition is a prom-
ising strategy to improve the efficacy of checkpoint blockade immunotherapy; however, our understanding of
the mechanisms supporting tumor-Tregs during PD-1 immunotherapy is incomplete. Here, we show that
PD-1 blockade increases tumor-Tregs in mouse models of melanoma and metastatic melanoma patients.
Mechanistically, Treg accumulation is not caused by Treg-intrinsic inhibition of PD-1 signaling but depends
on an indirect effect of activated CD8+ T cells. CD8+ T cells produce IL-2 and colocalize with Tregs in mouse
and human melanomas. IL-2 upregulates the anti-apoptotic protein ICOS on tumor-Tregs, promoting their
accumulation. Inhibition of ICOS signaling before PD-1 immunotherapy improves control over immunogenic
melanoma. Thus, interrupting the intratumor CD8+ T cell:Treg crosstalk represents a strategy to enhance the
therapeutic efficacy of PD-1 immunotherapy.

INTRODUCTION

Immunotherapy using checkpoint blockade revolutionized the

management of previously incurable malignancies by extending

overall and progression-free survival in patients with various

metastatic cancers.1–7 PD-1 inhibition is the foundation of

most checkpoint immunotherapy strategies; however, the ma-

jority of patients either do not respond to this treatment or

relapse.8 Discovering the mechanisms underlying treatment fail-

ure is a prerequisite for designing more efficacious antitumor

strategies based on PD-1 antagonism.

Engagement of PD-1 on activated T cells by PD-L1 and

PD-L2 recruits Shp2 and other phosphatases to the immuno-

logical synapse, suppressing T cell receptor (TCR) and CD28

signaling.9,10 The rationale of PD-1 immunotherapy is to un-

leash the antitumor function of effector T cells, especially

CD8+ T cells,11–13 by antibody-mediated interruption of PD-1

interaction with its ligands. However, the impact of PD-1

blockade on tumor immunity extends beyond the stimulation

of effector T cells. aPD-1 antibodies likely modify the whole tu-

mor immune environment by orchestrating cytokine and che-

mokine production and by directly binding to various PD-1-ex-

pressing cells, including immunosuppressive CD4+Foxp3+ T

regulatory (Treg) cells.14 Tregs respond to tumor-associated

antigens in secondary lymphoid organs by upregulating che-

mokine receptors necessary for recruitment to non-lymphoid

tissues, including tumors.15 Tregs reencounter their cognate

antigen during brief interactions with dendritic cells (DCs)

in the tumor environment16 and instruct local immune sup-

pression.17 Accordingly, Treg accumulation in tumors is
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an adverse prognostic factor in multiple cancers, including

melanoma.18

While widespread Treg depletion facilitates tumor rejection, it

also triggers severe autoimmunity. Thus, it is critical to under-

stand how PD-1 immunotherapy modulates tumor-Treg re-

sponses to locally inhibit their immunosuppressive function.

PD-1 blockademay support Treg numbers and activation in gas-

tro-esophageal cancer,14 and higher PD-1 expression in Tregs

compared to CD8+ T cells predicts checkpoint immunotherapy

failure.19 However, the mechanisms by which PD-1 inhibition

supports tumor-Tregs remain understudied.

Here, we investigated the causes of Treg expansion after

PD-1 blockade using patient samples and mouse models,

Treg-specific gene deletion, intravital microscopy, intercellular

communication analysis, and multiparametric immunofluores-

cence. We found that PD-1 blockade increased tumor-Treg

numbers in immunogenic tumors and that such expansion

limited the efficacy of immunotherapy. Treg accumulation

was not due to enhanced TCR signaling; instead, aPD-1-medi-

ated activation of CD8+ T cells indirectly promoted Treg in-

crease. The intratumor CD8+ T cell:Treg crosstalk was medi-

ated by IL-2 and ICOS. Administration of aICOSL antibodies

acted as an immune conditioning regimen for the tumor envi-

ronment, which enhanced the effectiveness of subsequent

PD-1 immunotherapy.

RESULTS

PD-1 blockade triggers intratumor mechanisms
supporting Tregs
We sought to understand why tumor-Tregs are increased in pa-

tients treated with PD-1 immunotherapy.14 We focused on mel-

anoma because it is sensitive to PD-1 blockade, yet most

patients do not respond to immunotherapy.6 These character-

istics are captured by the mouse melanoma cell line D4M-S,

a derivative of D4M melanoma20 engineered to express the

SIINFEKL peptide.21 The tumor-Treg increase in aPD-1-treated

patients could be due to enhanced infiltration from circulation

or the triggering of Treg-supporting immune reactions within

the tumor environment. To understand the relative contribution

of each mechanism, we treated D4M-S bearing mice with

FTY720, an S1PR1 functional antagonist22 that blocks lympho-

cyte egress from lymphoid organs.23 FTY720 decreased Treg,

CD8+ T cells, and CD4+Foxp3- T helper (Th) cells in the blood

of tumor-bearing mice (Figures S1A and S1B) and within the tu-

mor environment (Figure S1C). Moreover, a course of FTY720

started 12 h before the intravenous transfer of congenically

labeled lymphocytes did not impair Treg recruitment to tu-

mor-draining lymph nodes (tdLNs) but prevented their influx

into the tumor (Figures S1D and S1E). Therefore, FTY720

blocks Treg recruitment to tumors by retaining these cells in

lymph nodes.

We next studied the contribution of continuous influx versus

intratumor expansion to Treg accumulation after PD-1

blockade. Following FTY720 administration and PD-1 immuno-

therapy, we observed increased tumor-Treg, CD8+ T cell,

and Th cell numbers. In the absence of FTY720, where both

intratumor T cell expansion and influx from the circulation

could occur, baseline tumor-Treg, CD8+ T cells, and Th cells

increased, but the aPD-1-mediated numerical expansion did

not reach statistical significance (Figures S1F and S1G). Anal-

ysis of T cell fold increase after aPD-1 administration in the

presence of FTY720 revealed that intratumor mechanisms pref-

erentially support Tregs over Th and CD8+ T cells (Figure S1H).

Thus, intratumor expansion is crucial for Treg accumulation af-

ter PD-1 immunotherapy.

Tumor immunogenicity drives Treg accumulation during
PD-1 blockade
To investigate whether immunogenicity supports aPD-1-medi-

ated tumor-Treg increase, we compared T cell populations in

the non-immunogenic parental line D4M24 and immunogenic

D4M-S melanomas treated with aPD-1 or isotype control anti-

bodies (Figure 1A). We found that aPD-1 treatment did not

change the numbers or percentages of Treg, CD8+ T cells, and

Th cells in D4M melanomas. Conversely, immunogenic D4M-S

tumors had more Treg, Th, and CD8+ T cells than D4M mela-

nomas at baseline, and PD-1 blockade significantly enhanced

CD8+ T cell and Treg counts (Figures 1B–1D, S1I, and S1J). In

D4M-S melanomas, the administration of aPD-1 increased pro-

liferation (Figures 1E, 1F, and S1K), IFNg, and TNF production by

CD8+ T cells (Figure S1L). Granzyme B expression remained un-

changed (Figure S1M). Notably, PD-1 inhibition did not signifi-

cantly increase Treg proliferation (Figures 1E, 1F, and S1K) but

caused the upregulation of Foxp3 and the activation markers

GITR and ICOS (Figure 1G). Similar results were obtained using

the immunogenic MC38 colon carcinoma (Figures S1N–S1P).

Altogether, these data show that PD-1 inhibition leads to

elevated Treg numbers and expression of activation markers,

not accompanied by increased proliferation, in two distinct

immunogenic tumor models.

We then studied aPD-1-mediated Treg activation in tdLNs.

There, Tregs exist in a resting state characterized by the

CD44loCD62L+ phenotype (‘‘central’’ or cTregs) and a CD44hi

CD62L� activated state (‘‘effector’’ or eTregs).25 The numbers

of lymph node Treg, CD8+ T cells, and Th cells increased with

aPD-1 treatment, irrespective of tumor immunogenicity. The

percentage of CD8+ T cells and Th cells was unchanged. Still,

there was a trend toward increased Treg percentages after

PD-1 blockade (Figures S1Q–S1S), possibly due to PD-1-medi-

ated restriction of lymph node Treg activation at homeostasis.26

eTregs and activated CD44hiCD62L�CD8+ T cells showed a ten-

dency to accumulate after PD-1 blockade (Figure S1T), accom-

panied by increased proliferation (Figure S1U). PD-1 blockade

did not change the expression of Foxp3, GITR, and ICOS in

lymph node eTregs (Figure S1V). Thus, unlike in tumors, PD-1 in-

hibition induces lymph node Treg proliferation without increased

expression of activation markers. Radiation chimeras reconsti-

tuted with a 1:1 mixture of wild type and Pdcd1�/� bone marrow

showed equal representation of wild-type and PD-1-sufficient

cTreg in tdLNs, while eTregs were skewed toward PD-1-defi-

cient cells. Thus, PD-1 inhibition promotes cTreg to eTreg tran-

sition in lymph nodes. However, the percentage of Pdcd1�/�

Tregs in tumors and Pdcd1�/� eTregs in lymph nodes was com-

parable (approximately 70%), indicating that the ratio of PD-1-

deficient to wild-type Tregs was established within lymph node

eTregs, which subsequently migrated to the tumor. These data

also revealed that PD-1 inhibition does not confer a competitive
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advantage to Tregs after they enter the tumor environment

(Figures S1W and S1X). Together, our findings indicate that the

consequences of PD-1 inhibition for lymph nodes and tumor-

Tregs are different.

PD-1 immunotherapy increases Tregs in human
melanoma
To extend our observations to humans, we conducted a meta-

analysis of tumor-Tregs in metastatic melanoma patients

treated with PD-1 monotherapy. We compiled publicly avail-

able datasets encompassing single-cell RNA sequencing,13

bulk RNA sequencing,27–29 and immunofluorescence.30 We

reanalyzed these data to compare Treg levels in the same

patients before and after PD-1 monotherapy. Paired Treg anal-

ysis revealed a statistical increase in the single-cell RNA

sequencing dataset13 and one of the bulk RNA sequencing

datasets27 (Figure 1H). Treg increase did not reach statistical

significance in the other two bulk RNA sequencing data-

sets28,29 (Figure S1Y). When the five datasets were analyzed

together, the proportion of patients with tumor-Treg accumu-

lation after PD-1 monotherapy was significantly higher than

the theoretical value of 50%, corresponding to no increase

(Figure 1I). Thus, our meta-analysis of 53 metastatic mela-

noma patients with pre- and post-PD-1 immunotherapy bi-

opsies suggests that the majority experienced Treg increase

after treatment. Consequently, we sought to understand the

relevance and mechanistic underpinnings of aPD-1-mediated

Treg expansion in melanoma.

aPD-1-mediated increase in tumor-Treg numbers
restricts immunotherapy efficacy
While PD-1 immunotherapy synergizes with extensive Treg

depletion,31–33 a causal link between the aPD-1-mediated Treg

increase and the outcome of immunotherapy has not been es-

tablished. To address this question, we administered aPD-1 to

D4M-S melanoma-bearing Foxp3DTR mice, decreased Treg

numbers to pre-therapy levels using an accurately titrated (not

shown) dose of diphtheria toxin (DT), and measured tumor

weight (Figure 2A). PD-1 inhibition increased tumor-Tregs

compared to isotype-treated mice. Co-administration of DT

and aPD-1 reduced Treg percentages to the level of the isotype

group in 13/27 (Treg Low) mice and was ineffective on the

remaining mice (Treg Hi) (Figures 2B, S2A, and S2B). After

aPD-1 treatment, 30% of mice showed unrestricted tumor

growth, while the remainingmice controlled it (Figure 2C). Impor-

tantly, we observed that 43% of Treg Hi mice experienced unre-

stricted tumor growth compared to 8% in the Treg Low group

(Figure 2C). These data indicate that PD-1-mediated tumor-

Treg increase hinders tumor rejection.

An indirect mechanism drives tumor-Treg accumulation
after PD-1 immunotherapy
We hypothesized that tumor-Treg accumulation following aPD-1

was due to enhanced TCR activation. Because TCR signaling in-

duces Ca2+ influx in T cells, we monitored the levels of Ca2+

ions using the genetically encoded indicator Salsa6f, a fusion

of tdTomato and GCaMP6f. TdTomato emits constant red

A

F G H I

B C D E

Figure 1. PD-1 blockade increases tumor-Treg counts

(A) Scheme to assess the impact of aPD-1 on tumor T cells.

(B–D) Treg (B), CD8+ T cell (C), and Th cell (D) numbers per mg of tumor in mice bearing D4M or D4M-S melanomas ± aPD-1.

(E and F) Histograms (E) and Ki67 quantification (F) in tumor-Treg and CD8+ T cells.

(G) Foxp3, GITR, and ICOS MFI in tumor-Tregs. For B–G, n = 25 (D4M) and 12–14 (D4M-S) mice/group from 5 (D4M) or 3 (D4M-S) experiments. Bars depict

medians. p values by Mann-Whitney U test.

(H) Treg quantification in the indicated datasets. p values by paired Student’s t test.

(I) Comparison of patients with increased Tregs after PD-1 blockade in the indicated datasets. p value by one-sample t test against the theoretical value of 50%.

The solid bar represents the mean.

See also Figure S1.
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fluorescence, whereas green fluorescence from GCaMP6f is

proportional to the cytosolic concentration of Ca2+.34 We bred

Foxp3creERT2xRosa26LSL-Salsa6f mice that express Salsa6f spe-

cifically in Tregs upon tamoxifen administration (Figure 3A). To

quantify tumor-Treg activation in vivo, we implanted a D4M-S tu-

mor in tamoxifen-treated Foxp3creERT2xRosa26LSL-Salsa6f mice.

Upon tumor establishment, we installed a dorsal skinfold cham-

ber (DSFC) enabling optical access to the cancer and performed

functional intravital microscopy (F-IVM) (Figure 3B). We distin-

guished resting and activated tumor-Tregs based on Salsa6f

red and green fluorescence signals (Figure S3A and Video S1).

Tregs were frequently activated in both control mice and mice

treated with aPD-1 24 h earlier (Figure 3C and Video S2). For

each cell track, we quantified the GFP intensity over time and

subtracted the baseline signal. We identified several peaks of

GFP fluorescence, corresponding to individual instances of acti-

vation (Figure 3D). Approximately 30% of endogenous Tregs in

both groups signaled during the observation window (Figure 3E),

in line with previous findings.16 To quantify activation, we

focused on track segments corresponding to signaling peaks

(Figure 3F). The percentage of time an individual Treg was

observed signaling was equivalent in control and aPD-1-treated

mice (Figure 3G). The maximum fluorescence increased while

signaling duration decreased in the aPD-1 group, resulting in a

comparable area under the curve (AUC) between control and

aPD-1-treated mice (Figure 3H).

To investigate whether these slight variations in signaling dy-

namics imposed by aPD-1 treatment correlated with increased

TCR-mediated Treg activation, we quantified Zap70 and Akt

phosphorylation without further in vitro restimulation (Figure 3I).

We found higher Zap70 phosphorylation in tumor-Tregs after

aPD-1 treatment compared to isotype-treated animals and

phosphatase-treated technical controls (Figure 3J). However,

the level of Zap70 phosphorylation in Tregs was lower than in tu-

mor CD8+ T cells (Figure 3K). Akt phosphorylation was signifi-

cantly increased in CD8+ T cells but not Tregs. These data are

consistent with CD8+ T cells being the primary target of PD-1

immunotherapy.12,13 To study whether the moderate increase

in TCR signaling in Tregs could be responsible for their intratu-

mor accumulation, we generated Foxp3creERT2xPdcd1f/f mice

to selectively delete PD-1 on Tregs by tamoxifen administration

(Figure 3L). The efficiency of PD-1 deletion was �80% (Fig-

ure 3M). In agreement with our phospho-flow data, we observed

only a slight increase in Ki67 expression in PD-1-deleted

compared to PD-1-sufficient Tregs in the same mouse, even

when excluding CD44lo Tregs that were Ki67 negative and may

not have responded to tumor-associated antigens. GITR and

ICOS remained unchanged (Figure S3B). Importantly, Treg-spe-

cific PD-1 deletion alone did not increase tumor-Treg numbers

compared to control Foxp3creERT2 mice (Figure 3N), demon-

strating that the modest enhancement of TCR-mediated Treg

activation following PD-1 blockade is insufficient to promote in-

tratumor Treg accumulation. In contrast, antibody-mediated

PD-1 inhibition increased Treg numbers, even in mice bearing

PD-1-deleted tumor-Tregs (Figure 3N). Therefore, while PD-1

blockade elicits cell-intrinsic and -extrinsic mechanisms sup-

porting tumor-Tregs, only the latter explains Treg accumulation

within the tumor.

CD8+ T cells and IL-2 are required for aPD-1-mediated
tumor-Treg accumulation
Considering the pronounced response of CD8+ T cells to aPD-1,

we hypothesized that CD8+ T cells support tumor-Treg accumu-

lation during PD-1 blockade. Analysis of D4M-S tumors ex-

planted from Foxp3GFPxE8IcrexRosa26LSL-Tomato mice showed

several clusters of CD8+ T cells and Tregs (Figure 4A). To assess

colocalization, we measured the distance between each Treg

and the closest CD8+ T cell in the original dataset and after

randomization of Treg positions (Figure S4A). The median dis-

tance between Treg and CD8+ T cells in the original dataset

was significantly lower (10 mm) than the distance after Treg shuf-

fling (15 mm), demonstrating a non-random distribution of Tregs

relative to CD8+ T cells (Figure 4B). Importantly, the depletion of

CD8+ T cells during aPD-1 therapy completely prevented Treg

accumulation in tumors (Figures 4C and 4D) but not in tdLNs

(Figure S4B).

Since aPD-1 only marginally enhanced tumor-Treg prolifera-

tion (Figures 1E and 1F) and Treg recruitment from the circula-

tion was blocked by FTY720, we posited that aPD-1-stimulated

CD8+ T cells decrease Treg apoptosis. Indeed, the quantifica-

tion of active caspase-3/7 showed that PD-1 immunotherapy

significantly reduced apoptosis in tumor-Tregs in a CD8+

T cell-dependent manner (Figure 4E). We further hypothesized

that the CD8+ T cell-derived molecule supporting tumor-Tregs

was IL-2, as it is a crucial trophic and survival factor for

Tregs,25,35,36 and a recent report showed IL-2 production by

A B C Figure 2. aPD-1-mediated Treg increase

hinders tumor rejection

(A) Scheme for partial Treg ablation.

(B) Tumor-Treg fold increase over the isotype

group. The dotted line indicates the threshold for

increased Tregs (the mean between the highest

isotype and lowest aPD-1 sample values). n = 9

(Iso) 10 (aPD-1) and 27 (aPD-1+DT) mice/group

from two experiments. Bars depict the median

value of the distribution. p values by Mann-

Whitney U test.

(C) Tumor weight in mice treated as indicated.

Mice treated with aPD-1+DT were stratified by

Treg Hi (n = 14) and Low (n = 13). Rectangles

indicate the tumor weight range in isotype-treated

animals. p values by chi-squared test.

See also Figure S2.
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Figure 3. Indirect mechanisms drive tumor-Treg accumulation after PD-1 blockade

(A) Salsa6f expression in lymph node Tregs from a representative tamoxifen-treated Foxp3creERT2xRosa26LSL-Salsa6f mouse.

(B) Scheme for F-IVM.

(C) Image sequences illustrating tumor-Treg motility and Ca2+ signaling reported by Salsa6f, with or without aPD-1. Arrows and dotted lines highlight the tracked

Tregs. Time in min:sec.

(D) GFP intensity in representative Treg tracks. The track-specific baseline is depicted in gray.

(E) Percentage of Treg tracks displaying at least one signaling peak. Mean ± SEM is shown. p values by Student’s t test.

(F) Illustration of track segments and associated parameters.

(G) Percentage of time a Treg is signaling.

(H) Quantification of maximum GFP fluorescence, signaling duration, and AUC for individual signaling segments. For C–H, we analyzed 5 control and 7 aPD-1

movies, corresponding to 115 control and 207 aPD-1 Treg tracks and 41 control and 86 aPD-1 signaling segments.

(I) Scheme of phospho-flow cytometry.

(J and K) Representative histograms and quantification of pZap70 and pAkt in Tregs (J) and CD8+ T cells (K) from D4M-S tumors ± PD-1 blockade. n = 10 mice/

group from two experiments.

(L) Scheme of Treg-specific PD-1 deletion experiments.

(M) Quantification of PD-1 expression in tumor-Tregs within tamoxifen-treated Foxp3creERT2 or Foxp3creERT2xPdcd1f/fmice. Mean ± SEM is depicted. p values by

Student’s t test.

(N) Tumor-Treg counts in Foxp3creERT2 or Foxp3creERT2xPdcd1f/fmice ± aPD-1 treatment. n = 12 to 14mice/group from three independent experiments. In G, H, J,

K, and N, bars represent medians, and p values are calculated by Mann-Whitney U test.

See also Figure S3 and Videos S1 and S2.
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Tcf7-expressing CD8+ memory T cells during viral infection.37

Moreover, Tcf7-expressing CD8+ T cells infiltrate tumors and

are exquisitely responsive to PD-1 immunotherapy.38 To

examine whether CD8+ T cells can be an intratumor source

of IL-2, we implanted D4M-S tumors into Il2GFP mice39 to iden-

tify IL-2-transcribing cells by GFP expression (Figure 4F). In line

with previous studies,40,41 the main source of IL-2 in lymph no-

des were Th cells, while CD8+ T cells only accounted for �20%

of IL-2-producing cells. In contrast, CD8+ T cells were the pri-

mary producer of IL-2 in the tumor (�90% of IL-2-producing

cells) independently of PD-1 blockade (Figures 4G and 4H).

The analysis of IL-2 protein production by tumor CD8+ T cells

after aPD-1 (Figure 4I) showed no significant increase in the

percentage of CD8+ T cells producing IL-2 (Figures 4J and

S4C). However, PD-1 blockade triggered the expansion of tu-

mor CD8+ T cells and, consequently, increased the numbers

of IL-2-producing CD8+ T cells (Figure 4K). To investigate if

IL-2 is required for tumor-Treg accumulation after aPD-1, we

blocked IL-2 binding to the a and b subunits of its receptor

through neutralizing antibodies. We used Foxp3creERT2xPdcd1f/f

mice to focus our analysis on indirect mechanisms elicited by

PD-1 immunotherapy (Figure 4L). aPD-1-mediated tumor-Treg

accumulation was entirely abrogated by IL-2 neutralizing anti-

bodies (Figure 4M). IL-2 neutralization significantly reduced

Ki67 expression in tumor-Tregs irrespective of aPD-1 treat-

ment, confirming the critical role of IL-2 in tumor-Treg homeo-

stasis.16 However, changes in Treg proliferation upon aPD-1

treatment did not correlate with increased Treg numbers:

PD-1 blockade alone led to tumor-Treg accumulation without

Ki67 upregulation, while concomitant PD-1 inhibition and IL-2

neutralization failed to expand Tregs despite increased Ki67

expression (Figure 4M). Moreover, Treg expansion in tdLN after

PD-1 blockade partially depended on IL-2 (Figure S4D), but

Treg proliferation did not. (Figure S4E). This lack of correlation

between Treg proliferation and accumulation suggests that

other mechanisms, including modulation of apoptosis, play an

important role in Treg accrual. Although combining IL-2 neutral-

ization with PD-1 immunotherapy limited Treg expansion, it is

not a viable antitumor strategy since IL-2 also supported tu-

mor-associated CD8+ T cells (Figure 4N). To test whether the

lack of accumulation of PD-1-deficient tumor-Tregs in the

absence of aPD-1 antibodies (Figure 3N) was due to limited

IL-2, we treated tumor-bearing Foxp3creERT2xPdcd1f/f mice

with IL-2 immunocomplexes (IL-2i.c.) that direct the effects of

IL-2 to IL-2Ra-expressing cells42 (Figure 4O). IL-2i.c. injection

into mice bearing PD-1-deficient Tregs increased tumor-Tregs

(Figure 4P). Together, these data demonstrate that IL-2 is

necessary and sufficient for the intratumor expansion of

PD-1-deficient Tregs. While we cannot exclude a role for Th-

derived IL-2, our data indicate that CD8+ T cells, the most

abundant lymphocyte in D4M-S melanomas (Figures 1A–1D),

are a source of IL-2 sufficient to support Tregs within the tumor

environment.

aPD-1-mediated tumor-Treg accumulation depends on
TCR and CD28 signaling
In vitro studies proposed that IL-2 and CD28 may drive Treg

expansion in the absence of TCR-mediated signaling.43,44 If

TCR-independent tumor-Treg accumulation occurred after

PD-1 blockade, bystander Tregs with no specificity for tumor

antigens might participate in local immunosuppression. We

investigated this possibility by counting tumor-Tregs in mice

with Treg-specific, inducible deletion of either TCRa or CD28

(Foxp3creERT2xTracf/f or Foxp3creERT2xCd28f/f). These mice

received D4M-S tumors, tamoxifen, and aPD-1 before tumor-

Treg analysis (Figure S4F). TCR deletion was �70%, and CD28

deletion was �55% (Figures S4G and S4H). Because TCR or

CD28 deletion was incomplete, we performed subsequent ana-

lyses by gating on Tregs that were negative for these proteins.

While PD-1 blockade in Foxp3creERT2 mice increased tumor-

Treg levels 2-fold compared to isotype controls, Tregs negative

for the TCR or CD28 failed to expand (Figure S4I). These data

demonstrate that TCR and CD28 signaling are required for

aPD-1-driven, CD8+ T cell- and IL-2-dependent expansion of

tumor-Tregs.

IL-2-mediated tumor-Treg accumulation depends
on ICOS
To study the effect of IL-2 on tumor-Tregs, we administered

IL-2i.c. to mice bearing D4Mmelanoma since this tumor contains

fewer Tregs, and thus the effects of IL-2i.c. may be the most

evident (Figure 5A). Tumor-Treg numbers were increased in

response to aPD-1 and IL-2i.c., compared to aPD-1 only (Fig-

ure 5B). IL-2i.c. caused tumor-Treg expansion even in the

absence of aPD-1 (Figure S5A), indicating that PD-1 blockade is

not a prerequisite for Treg responsiveness to IL-2. Tumor-Treg

accumulation was likely due to decreased apoptosis since prolif-

eration was unchanged (Figures 5C and S5B), and influx from

lymph nodes was blocked by FTY720. In addition, the expression

of pro-apoptotic Bim increased after IL-2i.c. administration (Fig-

ure 5D), leading us to consider the IL-2-dependent anti-apoptotic

factors Bcl-2, Bcl-xL, andMcl-1 as possiblemolecules prolonging

tumor-Treg survival. This mechanism would be reminiscent of

lymph node cTregs, where high amounts of Bim are balanced

by high Bcl-2 expression (Figure S5C). However, Bcl-2, Bcl-xL,

and Mcl-1 were not upregulated in tumor-Tregs after treatment

with aPD-1 and IL-2i.c. compared to aPD-1 alone (Figure 5E).

IL-2i.c. treatment instead increased the expression of the costi-

mulatory and anti-apoptotic molecule ICOS (Figures 5F and

S5D). We thus inhibited ICOS signaling using antibodies blocking

its only ligand ICOSL.25 ICOSL inhibition prevented IL-2-mediated

tumor-Treg accumulation (Figures 5G and 5H). Analysis of cas-

pase-3/7 activation on freshly isolated tumor-Tregs showed that

combining IL-2i.c. with PD-1 blockadedecreased Treg apoptosis.

aICOSL abolished this effect as the difference between aPD-1

alone and aPD-1 combined with IL-2i.c. and aICOSL was not sig-

nificant (Figure S5E). Our results concur with previous studies

demonstrating an anti-apoptotic role for ICOS signaling.25,45–47

Similar to D4Mmelanomas, treatment of immunogenic D4M-S tu-

morswith aPD-1 and IL-2i.c. did notmodulate Ki67, Bcl-2, Bcl-xL,

or Mcl-1 but increased ICOS expression on tumor-Tregs. ICOSL

blockadecounteracted IL-2i.c.-dependent tumor-Treg accumula-

tion (Figures S5F–S5J). We also observed that aPD-1-mediated

ICOS expression on tumor-Tregs depended on CD8+ T cells (Fig-

ure 5I and 5J). Finally, we investigated whether ICOS

controls tumor-Treg abundance through a Treg-intrinsic or

-extrinsic mechanism. We generated bone marrow chimeras

bearing a 1:1 mix of Icos�/� and DT receptor (DTR)-expressing
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Figure 4. CD8+ T cells and IL-2 orchestrate tumor-Treg accumulation after PD-1 blockade

(A) Image of a D4M-S tumor from a Foxp3GFPxE8IcrexRosa26LSL-Tomato mouse. Three regions of interest are magnified on the right. One tumor representative of

three is shown.

(B) Distribution of Treg distance to the closest CD8+ T cell in the original image and after randomization of Treg positions. p values by Kolmogorov-Smirnov test.

(C) Scheme for CD8+ T cell depletion experiments.

(D) Treg numbers in D4M-S tumor-bearing mice ± aPD-1 and CD8-depleting antibodies.

(E) MFI of NucView (active caspase-3/7) in Tregs from D4M-S melanomas ± aPD-1 and CD8-depleting antibodies. For D and E, n = 7–10 mice/group from 2

independent experiments.

(F) Scheme to determine the source of IL-2.

(G) Dot plot of IL-2-transcribing cells (GFP+) in an Il2GFPmouse with a wild-typemouse shown in the inset. CD8 and CD4 expression was quantified onGFP+ cells.

(H) Proportions of CD4+ and CD8+ T cells among IL-2 producers in tdLN and D4M-S melanomas treated as indicated. Mean ± SEM of three independent ex-

periments is depicted. p values by Student’s t test.

(I) Scheme for IL-2 protein quantification ± aPD-1.

(J and K) Percentage (J) and counts (K) of IL-2-producing CD8+ T cells ± aPD-1. n = 18 mice/group in four experiments.

(L) Scheme for IL-2 neutralization.

(M and N) Treg numbers, Ki67 expression (M), and CD8+ T cell counts (N) in D4M-S bearing mice ± aPD-1 and IL-2 neutralization.

(O) Scheme to assess the response of PD-1-deficient tumor-Tregs to IL-2i.c.

(P) Treg numbers within D4M-S tumors ± IL-2i.c. For J–P, n = 9–12 mice/group from 2 experiments. In D, E, and J–P bars depict medians and p values by Mann-

Whitney U test.

See also Figure S4.
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Tregs (Figure 5K). In these animals, ICOS-deficient Tregs develop

together with ICOS-sufficient cells, yet DT administration elimi-

nates the latter, generating an ICOS-deficient Treg compartment

(Figure 5L). We used chimeras bearing a 1:1 mix of wild-type and

DTR-expressing Tregs as controls. Treatment of D4M-S mela-

nomas with aPD-1 led to increased tumor-Tregs in controls

but not in mice bearing ICOS-deficient Tregs (Figures 5M and

5N), indicating that ICOS plays a Treg-intrinsic role in mediating

tumor-Treg accumulation after aPD-1. Together, these data

demonstrate that the IL-2/ICOS axis orchestrates Treg abun-

dance in melanoma.

Presence of the CD8+ T cell/IL-2/Treg axis in human
melanoma
To assesswhether theCD8+ T cell/IL-2/Treg axis is also present in

human melanomas, we performed CellChat analysis48 on a
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Figure 5. ICOS mediates IL-2-driven tumor-Treg accumulation

(A) Scheme for administration of aPD-1 and IL-2i.c.

(B–F) Numbers (B), Ki67 (C), Bim (D), Bcl-2, Bcl-xL, Mcl-1 (E), and ICOS expression (F) in tumor-Tregs treated with PD-1 blockade ± IL-2i.c.

(G) Scheme for ICOSL blockade.

(H) Tumor-Treg numbers upon treatment with aPD-1 and aICOSL, ± IL-2i.c. For B–H, n = 10–16 mice/group from 2 to 3 experiments.

(I) Scheme to quantify ICOS expression after PD-1 blockade and CD8+ T cell depletion.

(J) ICOS expression in tumor-Tregs ± aPD-1 and CD8+ T cell depletion. The dotted line represents the median of the isotype control group. n = 8–10 mice/group

from 2 independent experiments. For B–J, bars depict medians and p values by Mann-Whitney U test.

(K) Scheme for bone marrow chimera experiments evaluating the role of ICOS signaling in tumor-Tregs during PD-1 blockade.

(L) ICOS expression in tumor-Tregs after DT administration.

(M) Tumor-Treg percentage in the indicated groups. Median, interquartile range, and Tukey whiskers are depicted.

(N) Fold change of tumor-Treg percentage after PD-1 blockade, compared to isotype treatment. Separate fold change values were calculated for control and

ICOS-deficient Tregs. Mean and standard deviation are depicted, and the p value was calculated by Student’s t test with Welch correction. n = 4–5 mice/group.

See also Figure S5.
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published single-cell RNA sequencing dataset.13 CellChat uses

an annotated receptor-ligand library to calculate the ‘‘interaction

strength’’ betweenall cell clusters in a single-cell RNA sequencing

experiment. To eliminate confounding factors represented by the

variable treatment of patients, we included only cases treated

with aPD-1 monotherapy; the control group comprised all the tu-

mors sampled before treatment. CellChat predicted that PD-1

immunotherapy increases the IL-2/IL2Rabg communication

pathway between TCF7-expressing memory T cells, mostly

CD8+ T cells,13 and Tregs in human melanoma (Figure 6A).

We also used immunofluorescence to assess the colocaliza-

tion of CD8+ T cells and ICOS-expressing Tregs in human mela-

nomametastases from one treatment-naı̈ve and two checkpoint

blockade immunotherapy-treated patients (Figure S6A). Clus-

ters of CD8+ T cells and Tregs were present in all samples (Fig-

ure 6B). These clusters contained ICOS-expressing cells and

surrounded tumor cell nests (Figures 6C and S6B). To calculate

Treg positions relative to CD8+ T cells, we first applied a nearest-

neighbor algorithm to identify CD8+ T cell clusters. We then

calculated the distance of each Treg from CD8+ T cell clusters

in the original dataset and after randomization of Treg position

within the space occupied by immune cells. Randomization

increased Treg distance to the nearest CD8+ T cell cluster in all

tumors, indicating that Tregs colocalized with CD8+ T cell clus-

ters in the original data (Figure 6D). The aPD-1-treated metas-

tasis was very large and generated data exceeding our available

computational power. To overcome this problem, we split the tu-

mor into four zones. Tregs colocalized with CD8+ T cell clusters

in all cases (Figures S6C and S6D). We finally observed that

ICOS-expressing Tregs localized closer to CD8+ T cell clusters

than ICOS-negative Tregs in all tumors (Figures 6E and 6F), sug-

gesting that ICOS expression is induced within clusters. Thus,

the CD8+ T cell/IL-2/Treg axis is present in human melanoma.

Concurrent ICOSL/PD-1 blockade does not improve the
effectiveness of PD-1 immunotherapy
Because tumor-Tregs expressed the highest levels of ICOS

(Figures S7A and S7B), and ICOS prolongs their lifespan, ICOSL

inhibition could synergize with PD-1 blockade to increase mela-

noma rejection. However, ICOS was also expressed at lower

levels on Th and CD8+ T cells (Figures S7A and S7B), and its

inhibition could decrease anti-tumor functions. To distinguish

between these possibilities, we treated C57BL/6 mice bearing

immunogenic or non-immunogenic melanomas with concomitant

ICOSL/PD-1 blockade in the absence of FTY720, and measured

tumor growth (Figures 7A and S7C). The non-immunogenic D4M

melanoma was insensitive to individual or combined blockade of

PD-1 and ICOSL (Figure S7C). In contrast, aPD-1-treated mice

better controlled immunogenic D4M-S tumors than isotype-

treated mice. aICOSL alone did not affect D4M-S growth and,

when administered in combination with aPD-1, did not improve

the efficacy of aPD-1 therapy (Figure 7B). We thus hypothesized

that the favorable effects of ICOSL blockade on tumor-Tregs are

counterbalanced by a detrimental impact on effector T cells.

Concomitant ICOSL/PD-1 blockade restrains aPD-1-
mediated antitumor immunity
We characterized the effects of aICOSL alone or combined with

aPD-1 on Treg, CD8+ T cells, and Th cells in the presence of

FTY720 to focus on the tumor immune environment (Figure 7C).

ICOSL monotherapy decreased Tregs more than Th and CD8+

T cells (Figure 7D), leading to a higher CD8+ T cell/Treg ratio (Fig-

ure S7D). PD-1 monotherapy increased the numbers of Treg,

CD8+ T cells, and Th cells. However, when ICOSL and PD-1

blockade were combined, the aPD-1-mediated increase in

Treg, Th, and CD8+ T cell numbers was negated (Figure 7D). In

tumor-associated CD8+ T cells, the expression of granzyme B

but not Lamp-1 decreased significantly upon blockade of

ICOSL and PD-1 compared to aPD-1monotherapy. Additionally,

there was a tendency toward reduced numbers of IFNg- and

TNF-producing cells. (Figures 7E and S7E). We observed a

similar trend in Th cells, even though aPD-1 enhanced their

effector functions to a lower level than CD8+ T cells (Figures 7E

and S7F). We speculate that the aICOSL/aPD-1 combination

had a therapeutic effect similar to the PD-1monotherapy despite

the induced CD8+ T cell dysfunction because Treg numbers

were reduced. We also assessed the impact of ICOSL/PD-1

therapy on tumor-associated antigen-presenting cells (APCs)

because they express ICOSL.49 While aPD-1 monotherapy

increased the numbers of XCR1+ DC1, Sirpa+ DC2, and tumor-

associated macrophages (TAMs), and MHC-I expression

compared to isotype controls, the aICOSL/aPD-1 combination

negated these effects (Figures S7G and S7H). There was no

change in MHC-II, CD80, CD86, and free PD-L1 expression on

DC1, DC2, and TAMs during ICOSL/PD-1 blockade compared

to PD-1 monotherapy (Figure S7H). Also, aICOSL monotherapy

did not change these parameters. These data indicate that while

aICOSL alone impairs Tregs with negligible effects on other tu-

mor-associated immune cells, its combination with aPD-1 pre-

vents the enhancement in effector T cell and APC numbers

and functions triggered by PD-1 monotherapy.

Sequential ICOSL/PD-1 blockade improves the
effectiveness of PD-1 immunotherapy
We explored whether we could leverage the benefits of ICOSL

blockade while avoiding its detrimental effects on aPD-1

co-administration. We reasoned that, by first administering

aICOSL antibodies to D4M-S bearing mice, we could preferen-

tially decrease tumor-Treg numbers so that subsequent PD-1

blockade would improve the antitumor efficacy of CD8+

T cells (Figure 7F). Compared to PD-1 monotherapy, sequential

ICOSL/PD-1 administration decreased Treg numbers (Fig-

ure 7G) to a lesser extent than concomitant treatment (Fig-

ure 7D) but CD8+ T cell counts were preserved (Figures 7G

and 7H) leading to a favorable CD8+ T cell/Treg ratio (Fig-

ure S7I). IFNg and TNF production in CD8+ T cells and Th cells

were also maintained (Figures 7H, S7J, and S7K). Sequential

ICOSL/PD-1 immunotherapy increased DC1 and DC2 numbers

to levels comparable to PD-1 monotherapy, while TAM counts

were unchanged (Figures S7L and S7M). Similar to PD-1 mono-

therapy, sequential treatment promoted class-I and class-II an-

tigen presentation in DC1, DC2, and TAMs (Figure S7M). In line

with a previous report,26 aPD-1 alone or in concomitant or

sequential combination with aICOSL decreased CD80 and

CD86 expression in DCs. PD-L1 expression increased only in

TAMs after PD-1 and concomitant or sequential ICOSL/PD-1

therapy, compared to controls. As clinical tumor immuno-

therapy does not include FTY720, we characterized the tumor
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Figure 6. CD8+ T cell:Treg crosstalk in human melanomas

(A) CellChat analysis of communication pathways in human melanoma. TCF7-expressing memory T cells and Tregs correspond to clusters 10 and 7 of ref.13 The

volcano plot depicts the ratio of communication score after compared to before PD-1 immunotherapy, and the p value (Mann-Whitney test) of ligand upregulation

following PD-1 blockade. The IL-2/IL2Rabg pathway is highlighted in red. All other interactions with a finite log-fold change of communication probability are

shown in gray.

(B) Immunofluorescence of human melanoma treated as indicated. Images from all three analyzed patients are shown.

(C) Magnification of Treg and CD8+ T cell clusters shown in B.

(D) Distribution of Treg distance to the closest CD8+ T cell cluster in the original image and after randomization of Treg positions. The depicted graphs were

generated from whole tumors (treatment naive and aPD-1+aCTLA-4) or a representative region (zone 2 for aPD-1, Figures S6C and S6D).

(E) Single- and multi-channel images depicting the distribution of ICOS-expressing Tregs relative to a CD8+ T cell cluster.

(F) Quantification of ICOS+ and ICOS� Treg distance to the closest CD8+ T cell cluster. One representative analysis out of three tumors is shown. p values by

Kolmogorov-Smirnov test.

See also Figure S6.
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Figure 7. Effectiveness of sequential, but not concomitant, ICOSL/PD-1 immunotherapy

(A) Scheme for concomitant ICOSL/PD-1 therapy.

(B) Growth curves of D4M-S tumors in mice treated with aICOSL or aPD-1 antibodies individually or in combination.

(C) Scheme to characterize the effects of concomitant ICOSL/PD-1 therapy on T cells and APCs.

(D) Treg, CD8+ T cell, and Th cell numbers in D4M-S melanomas treated with aPD-1 or aICOSL antibodies.

(E) Heatmap depicting cell numbers, Lamp-1, granzyme B expression, and number of IFNg- and TNF-producing cells per mg of tumor after concomitant ICOSL/

PD-1 blockade. Colors represent the median of all experimental values, normalized by the average of the isotype/isotype group.

(F) Scheme to investigate the effect of sequential ICOSL/PD-1 blockade on T cells and APCs.

(G and H) T cell counts (G) and heatmap summarizing T cell functions (H) upon sequential aICOSL/aPD-1 immunotherapy. For C–H, n = 8–10 mice/group from 2

experiments. Bars depict medians. p values by Mann-Whitney U test.

(I) Scheme for sequential ICOSL/PD-1 immunotherapy.

(J) Growth curves of D4M-S tumors in mice treated with monotherapies or sequential ICOSL/PD-1 immunotherapy. For B and J, each line represents one mouse.

n = 10 mice/group from 2 separate experiments. p values by type II Anova with Holm post-test.

See also Figure S7.

ll
Article

Cancer Cell 42, 1051–1066, June 10, 2024 1061



immune environment in its absence. Both sequential and

concomitant aICOSL/aPD-1 regimens decreased tumor-Tregs

compared to PD-1 monotherapy (Figure S7N). PD-1 monother-

apy enhanced Th and CD8+ T cell numbers and cytokine pro-

duction. Sequential aICOSL/aPD-1 administration performed

slightly better than concomitant therapy in preserving CD8+

T cell numbers and function. On the other hand, neither

regimen increased Th counts or functions to levels similar

to PD-1 monotherapy (Figures S7N–S7R). We also found

enhanced DC1 and TAM counts after sequential but not

concomitant therapy (Figures S7S and S7T). We did not

observe a consistent modulation of APC functionality in any

therapeutic regimen (Figure S7T). We posit that in agreement

with Figures S1F and S1G, the lymphocyte influx from the cir-

culation limited our ability to detect the immunological conse-

quences of ICOSL/PD-1 immunotherapy within the tumor.

We finally examined the therapeutic outcome of sequential

ICOSL/PD-1 blockade without FTY720 (Figure 7I). PD-1 mono-

therapy resulted in better tumor control than isotype or

aICOSL administration (Figure 7J). Importantly, sequential

ICOSL/PD-1 blockade significantly improved tumor control

over PD-1 monotherapy (Figure 7J), correlating with the

decreased Treg responses and preserved CD8+ T cell numbers

and function we observed within the tumor environment.

Thus, we provide evidence of synergy between sequentially

administered ICOSL and PD-1 blockade against immunogenic

melanoma.

DISCUSSION

In this study, we found that PD-1 blockade promotes the cross-

talk between tumor-associated CD8+ T cells and Tregs,

increasing tumor-Treg numbers and reducing the efficacy of

immunotherapy against melanoma. We used genetic deletion

and F-IVM to demonstrate that interrupting cell-intrinsic PD-1

signaling has a limited impact on TCR-mediated activation and

Treg accumulation in tumors. Instead, aPD-1-triggered tumor-

Treg increase depended on CD8+ T cells and IL-2 and wasmedi-

ated by ICOS expression on Tregs. We then targeted ICOS

signaling to block the CD8+ T cell:Treg crosstalk and improve

the efficacy of PD-1 immunotherapy. Concomitant PD-1 and

ICOSL blockade did not enhance the effectiveness of PD-1

monotherapy since aICOSL counteracted the aPD-1-mediated

increase of APC and T cell effector functions. However, sequen-

tial ICOSL / PD-1 blockade maintained CD8+ T cell numbers and

function while decreasing tumor-Treg counts, resulting in

improved tumor control compared to PD-1 monotherapy.

A seminal report showed that PD-1 blockade increases the

abundance and activation of tumor-associated Tregs in patients

with hyper-progressive gastro-esophageal cancer.14 However,

there is no consensus on the effect of PD-1 blockade on mela-

noma-associated Tregs: one study detected no differences in

Treg abundance after treatment,50 while a subsequent report

showed Treg enrichment in the blood of patients not responding

to PD-1 immunotherapy.51 We addressed these discrepancies

by performing a meta-analysis on data from patients treated

with PD-1monotherapy only and for whompaired biopsies taken

before and on-treatment were available. We found that PD-1

immunotherapy increased the number of tumor-Tregs in most

patients. While melanoma is generally immunogenic, variation

among individuals is high (1–100 mutations per Mb of exome).52

Therefore, patients who did not exhibit increased Tregs following

aPD-1 treatment may have had a poorly immunogenic cuta-

neous melanoma or a subtype not caused by ultraviolet expo-

sure (e.g., uveal or mucosal).

A comparison of our current and published data16 indicates

that PD-1 and CTLA-4 blockade impact tumor-Treg activation

through different mechanisms. While PD-1 blockade induced

the expansion of tumor CD8+ T cells and Tregs and a state of

Treg activation characterized by low proliferation and high

expression of Foxp3, GITR, and ICOS, CTLA-4 inhibition

caused tumor-Treg proliferation and accumulation with no

enhancement in activation markers.16 These differences may

be explained by the ability of PD-1 to modulate TCR and

CD28 signaling9,10 while CTLA-4 primarily modulates CD28

signaling,53 or by the distinct effects of each immunotherapy

on the tumor immune environment.12 In tdLNs, PD-1 blockade

increased eTreg percentage and proliferation. The percentage

of CD44hiCD62L�CD8+ T cells also increased. These findings

agree with a previous study on transgenic mice with T cell-spe-

cific PD-1 deficiency.14 However, we noticed that in response

to aPD-1, the characteristics of Treg activation in tdLNs and

the tumor environment differed: lymph node Tregs displayed

more prominent proliferation but no upregulation of activation

markers. The reason for this phenomenon could be that lymph

node eTregs must complete several differentiation steps to

become Tregs residing in non-lymphoid tissues, including tu-

mors.54 The notion that the Treg transcriptome changes

dynamically during their development fits our observation that

PD-1 signaling is critical during the cTreg to eTreg transition

in lymph nodes but less so afterward.

Our studies on tumor-Treg activation showed that aPD-1 anti-

bodies only marginally increased TCR signaling, and Treg-spe-

cific genetic deletion of PD-1 did not cause their accumulation

in immunogenic melanoma. These observations appear to con-

flict with published reports on pancreatitis,55 experimental auto-

immune encephalomyelitis and type 1 diabetes,56 Toxoplasma

gondii infection,57 and tumors19 suggesting that PD-1 controls

Treg numbers and activation in a cell-intrinsic way. However,

the numerical expansion of PD-1-deficient tumor-Tregs after

aPD-1 treatment demonstrated that indirect effects of PD-1

immunotherapy dominate over cell-intrinsic PD-1 blockade

when controlling Treg numbers in immunogenic tumors. It is

unlikely that tumor-Treg accumulation in aPD-1-treated

Foxp3creERT2xPdcd1f/f mice was due to antibody-mediated

PD-1 blockade on the 20% of Tregs that did not delete PD-1.

Indeed, even 100% PD-1 inhibition via aPD-1 antibodies did

not drive tumor-Treg accumulation without CD8+ T cell support

(Figure 4D). Therefore, the relative importance of intrinsic and

extrinsic regulation of Treg biology by aPD-1 may depend on

the immunological context.

While we cannot exclude that the Treg-intrinsic PD-1 inhibition

increases their suppressive function, we demonstrate that Treg

number increase, an indirect effect of PD-1 blockade, signifi-

cantly contributes to tumor growth (Figure 2). While these tu-

mor-Tregs can suppress CD8+ T cell function through many

mechanisms, one of them is likely the reduction of CD80 and

CD86 expression on DC1 and DC2 via CTLA-4 (Figures S7H,
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S7M, and S7T). Both increased tumor-Treg numbers (Figure 1)

and CTLA-4 expression per cell (19 and data not shown) can

contribute to CD80 and CD86 modulation after PD-1 blockade.

In agreement with this hypothesis, a recent report showed

decreased CD80 expression in splenic DC2 after aPD-L1

administration.26

One key finding of our study is that CD8+ T cells colocalize

with Tregs in tumors and mediate aPD-1-dependent Treg in-

crease. Tumor-associated CD8+ T cells were the dominant

source of intratumor IL-2, a surprising finding since Th cells

are the primary producers of IL-2 in lymph nodes.58 Because

Th cells are also boosted by PD-1 immunotherapy,59 the pri-

mary source of IL-2 is likely determined by the relative abun-

dance of CD8+ T cells and Th cells within the tumor environ-

ment. IL-2 is preferentially secreted at the immunological

synapse between effector T cells and APCs60 but eventually

diffuses within tissues.41,61 Resolution of the immunological

synapse is a likely mechanism by which IL-2 is released into

the intercellular space; if so, the instability of immune synapses

between CD8+ T cells and cancer cells62 might contribute to

IL-2 dissemination within the tumor. We showed that tumor-

Tregs interpret IL-2 signaling by upregulating the co-stimulatory

and anti-apoptotic molecule ICOS. Previous work defined IL-2

and ICOS as necessary for maintaining cTreg and eTreg ho-

meostasis in secondary lymphoid organs.25 Our data extend

these findings by demonstrating that IL-2 induces ICOS on

tumor-Tregs.

We found that aICOSL did not synergize with simultaneous

PD-1 immunotherapy because it impacted both Tregs and

effector T cells. The observation that CD8+ T cells were the

primary source of IL-2, irrespective of PD-1 blockade, opened

the possibility that the CD8+ T cell/IL-2/Treg axis could be

active before immunotherapy, albeit at lower levels. Therefore,

we pre-treated melanoma-bearing mice with aICOSL to

reduce Tregs via inhibition of the CD8+ T cell:Treg crosstalk,

and subsequently administered PD-1 immunotherapy to boost

CD8+ T cell activation. These treatments synergized. Thus, our

studies support the emerging concept that immunotherapies

targeting Tregs and effector T cells should be administered

to condition the immune environment before switching to a

second therapeutic intervention enhancing CD8+ T cells.63

Another possible strategy would be to target ICOS blockade

to tumor-Tregs by using bispecific antibodies binding to

ICOS and CTLA-4, OX-40, CCR4,14 or CCR8.33 In particular,

CCR8 is an attractive candidate due to its specific expression

on ICOS+ Tregs (our reanalysis of the dataset by Sade-

Feldman and coworkers13). ICOSL/PD-1 blockade may also

be advantageous in settings of neoadjuvant immunotherapy,

which is an exciting strategy to treat patients at high risk of

developing metastatic disease.64 Indeed, a recent paper

demonstrated that Treg inhibition during neoadjuvant immu-

notherapy increases the survival of mice bearing metastatic

mammary tumors.65

Our finding that ICOSL blockade boosts PD-1 immunotherapy

contrasts with the current notion that ICOS should be stimulated,

rather than blocked, to increase effector T cell functions and pro-

mote tumor rejection. However, this concept was developed in

the context of CTLA-4 immunotherapy, which specifically in-

duces a population of ICOS-expressing Th cells12 that are the

target for ICOS agonism.66,67 Therefore, the pattern of ICOS

expression induced by distinct immunotherapies may determine

whether ICOS signaling should be triggered or blocked to

improve antitumor efficacy.

Human aICOSL antibodies are in clinical development to

treat autoimmune diseases,68,69 and they may be repurposed

to treat immunogenic cancers in asynchronous combination

with aPD-1. ICOSL blockade offers a better safety profile

than ICOS-depleting antibodies, which may eliminate ICOS-

expressing Tregs in tumors and other non-lymphoid tissues,

increasing the risk of autoimmunity. Since some patients

treated with PD-1 monotherapy develop life-threatening

immune-related adverse events,70 increasing the efficacy of

immunotherapy avoiding Treg depletion is paramount. The

concept of interrupting CD8+ T cell-mediated support to

Tregs within the tumor environment might aid in achieving

this goal.

Limitations of the study
Our study focused on the mechanisms of tumor-Treg accumula-

tion after PD-1 blockade but did not analyze Treg suppressive

function in detail. Nonetheless, our finding that PD-1 blockade

moderately enhances TCR signaling in Tregs is compatible

with the previously reported increased suppressive function.19

In addition, our data indicate an important role for IL-2 secretion

from CD8+ T cells in supporting tumor-Treg accumulation.

However, we did not exclude Th cells as another possible source

of IL-2. Finally, the present work shows that inhibition of CD8+

T cell:Treg crosstalk using aICOSL antibodies can improve the

outcome of PD-1 immunotherapy. Essential questions regarding

the direct comparison between concomitant and sequential

schedules, and optimization of the frequency of aICOSL relative

to aPD-1 administration will be the focus of future translational

studies.
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Antibodies

CD8a (clone: 2.43) BioXCell Cat# BE0061; RRID: AB_1125541

ICOSL (clone: HK5.3) BioXCell Cat# BE0028; RRID: AB_1107566

IL-2 (clone: JES6-1A12) BioXCell Cat# BE0043; RRID: AB_1107702

IL-2 (clone: S4B6-1) BioXCell Cat# BE0043-1; RRID: AB_1107705

PD-1 (clone: 29F.1A12) BioXCell Cat# BE0273; RRID: AB_2687796

Rat IgG Sigma Cat# I8015; RRID: AB_1163629

B220 PE-Cy5 (clone: RA3-6B2) BioLegend Cat# 103210; RRID: AB_312995

Bcl-2 PE-Cy7 (clone: BCL/10C4) BioLegend Cat# 633511; RRID: AB_2565246

Bcl-xL Ax488 (clone: 54H6) Cell Signaling Technology Cat# 2767; RRID: AB_2274763

Bim PE (clone: C34C5) Cell Signaling Technology Cat# 12186; RRID: AB_2797842

CD107a (Lamp-1) Ax647 (clone: 1D4B) BioLegend Cat# 121610; RRID: AB_571991

CD11c Ax700 (clone: HL3) BD Biosciences Cat# 560583; RRID: AB_1727421

CD137 (4-1BB) PE (clone: 17B5) BioLegend Cat# 106105; RRID: AB_2205693

CD172a (Sirpa) FITC (clone: P84) BioLegend Cat# 144006; RRID: AB_11204425

CD25 APC (clone: PC61) BioLegend Cat# 102011; RRID: AB_312860

CD25 PE-Cy7 (clone: PC61) BioLegend Cat# 102015; RRID: AB_312864

CD26 BV711 (clone: H194-112) BD Biosciences Cat# 740678; RRID: AB_2740365

CD28 (clone: 37.51) BioLegend Cat# 102116; RRID: AB_11147170

CD3ε (clone: 145-2C11) BioLegend Cat# 100340; RRID: AB_11149115

CD4 BV605 (clone: RM4-5) BioLegend Cat# 100548; RRID: AB_2563054

CD44 BV421 (clone: IM7) BioLegend Cat# 103040; RRID: AB_2616903

CD45 APC-Cy7 (clone: 30-F11) BioLegend Cat# 103116; RRID: AB_312981

CD45.1 APC (clone: A20) BioLegend Cat# 110713; RRID: AB_313502

CD45.2 PerCP-Cy5.5 (clone: 104) BioLegend Cat# 109827; RRID: AB_893352

CD62L BV650 (clone: MEL-14) BioLegend Cat# 104453; RRID: AB_2800559

CD64 PE-Daz (clone: X54-5/7.1) BioLegend Cat# 139320; RRID: AB_2566559

CD80 PE-Cy7 (clone: 16-10A1) BioLegend Cat# 104734; RRID: AB_2563113

CD86 BV785 (clone: GL-1) BioLegend Cat# 105043; RRID: AB_2566722

CD8a BV785 (clone: 53-6.7) BioLegend Cat# 100749; RRID: AB_11218801

CTLA-4 APC (clone: UC10-4F10-11) Millipore Sigma Cat# MABF389; RRID: AB_2892076

F4/80 BV421 (clone: BM8) BioLegend Cat# 123137; RRID: AB_2563102

FcBlock (anti-mouse CD16/32) (clone: S17011E) BioLegend Cat# 156604; RRID: AB_2783138

Foxp3 PE (clone: FJK-16s) Invitrogen Cat# 12-5773-80; RRID: AB_465935

GITR PerCP-Cy5.5 (clone: DTA-1) BioLegend Cat# 126316; RRID: AB_2563384

Gr-1 PE-Cy5 (clone: RB6-8C5) BioLegend Cat# 108410; RRID: AB_313375

GzmB PE-CF594 (clone: GB11) BD Biosciences Cat# 562462; RRID: AB_2737618

H-2Kb PerCP-Cy5.5 (clone: AF6-88.5) BioLegend Cat# 116516; RRID: AB_1967133

IA/IE BV605 (clone: M5/114.15.2) BioLegend Cat# 107639; RRID: AB_2565894

ICOS Ax700 (clone: C398.4A) Biolegend Cat# 313527; RRID: AB_2566125

ICOS PE-Cy7 (clone: C398.4A) BioLegend Cat# 313520; RRID: AB_10643411

IFNg PE-Daz (clone: XMG1.2) BioLegend Cat# 505846; RRID: AB_2563980

IL-2 PE (clone: JES6-5H4) BioLegend Cat# 503808; RRID: AB_315302

Ki67 FITC (clone: B56) BD Biosciences Cat# 556026; RRID: AB_396302

Mcl-1 Ax647 (clone: D2W9E) Cell Signaling Technology Cat# 78471; RRID: AB_2799914
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NK1.1 PE-Cy5 (clone: PK136) BioLegend Cat# 108716; RRID: AB_493590

pAKTS473 BV421 (clone: M89-61) BD Biosciences Cat# 562599; RRID: AB_2737674

PD-1 APC (clone: 29F.1A12) BioLegend Cat# 135210; RRID: AB_2159183

PD-L1 APC (clone: 10F.9G2) BioLegend Cat# 124311; RRID: AB_10612935

pZap70Y319 PE-Cy7 (clone: 1503310) BioLegend Cat# 683707; RRID: AB_2687048

TCRb PE-Cy5 (clone: H59-597) BioLegend Cat# 109210; RRID: AB_313433

TNF FITC (clone: MP6-XT22) BioLegend Cat# 506304; RRID: AB_315425

XCR1 BV650 (clone: ZET) BioLegend Cat# 148220; RRID: AB_2566410

Zbtb46 PE (clone: U4-1374) BD Biosciences Cat# 565832; RRID: AB_2739372

Biological samples

Paraffin-embedded sections of human melanoma Providence Saint John’s

Health Center (Santa Monica, CA)

N/A

Chemicals, peptides, and recombinant proteins

16% paraformaldehyde Electron Microscopy Sciences Cat# 15710

Brefeldin A Solution (1,000X) BioLegend Cat# 420601

Collagenase IV Worthington Cat# LS004189

Diphtheria Toxin Calbiochem Cat# 322326

DNAse I Roche Cat# 04536282001

FTY720 Cayman Chemical Cat# 10006292

Lambda phosphatase NEB Cat#: P0753S

Mouse IL-2 BioLegend Cat# 575404

Tamoxifen Sigma Cat# T5648

Critical commercial assays

Foxp3 Transcription Factor Staining Buffer Set Invitrogen Cat# 00552300

NucView 488 Biotium Cat# 10402

Deposited data

Single-cell RNA sequencing, Sade-Feldman cohort Sade-Feldman et al. 201813 GEO: GSE120575

Bulk RNA expression data, Riaz cohort Riaz et al. 201727 GEO: GSE91061

Bulk RNA sequencing data, Gide cohort Gide et al. 201928 ENA: PRJEB23709

Bulk RNA sequencing data, Helmink cohort Helmink et al. 202029 EGA: EGAD00001005803

Experimental models: Cell lines

mouse: D4M.3A David Fisher (Massachusetts General

Hospital and Harvard Medical School,

Boston, MA), Lo et al. 202124

RRID: CVCL_0P27

mouse: D4M.3A H2B SIINFEKL Cerulean (D4M-S) Thorsten Mempel (Massachusetts

General Hospital and Harvard

Medical School, Boston, MA),

Di Pilato et al. 201921

N/A

mouse: MC38 cells Kerafast Cat# ENH204-FP; RRID: CVCL_B288

Experimental models: Organisms/strains

mouse: B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3DTR) Jackson Laboratories RRID: IMSR_JAX:016958

mouse: B6.129P2-Icostm1Mak/J (Icos-/-) Daniel Campbell (Benaroya Research

Institute, Seattle, WA), Tafuri et al. 200178
RRID: IMSR_JAX:004859

mouse: B6.Cg-Foxp3tm2Tch/J (Foxp3GFP) Jackson Laboratories RRID: IMSR_JAX:006772

mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

(Rosa26LSL-Tomato)

Jackson Laboratories RRID: IMSR_JAX:007914

mouse: B6.Cg-Pdcd1tm1.1Shr/J (Pdcd1-/-) Jackson Laboratories RRID: IMSR_JAX:028276

mouse: B6.SJL-Ptprca Pepcb/BoyJ (B6 CD45.1) Jackson Laboratories RRID: IMSR_JAX:002014

mouse: C57BL/6-Tg(Cd8a-cre)1Itan/J (E8Icre) Jackson Laboratories RRID: IMSR_JAX:008766
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Francesco

Marangoni (f.marangoni@uci.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d This paper analyzes existing, publicly available bulk and single-cell RNA sequencing data. The datasets’ accession numbers

are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at GitHub / Zenodo and is publicly available as of the date of publication. DOIs are listed in

the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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mouse: C57BL/6J Jackson Laboratories RRID: IMSR_JAX:000664

mouse: Cd28f/f Laurence Turka (Massachusetts

General Hospital and Harvard

Medical School, Boston, MA),

Zhang et al. 201379

N/A

mouse: Foxp3tm9(EGFP/cre/ERT2)Ayr/J (Foxp3creERT2) Jackson Laboratories RRID: IMSR_JAX:016961

mouse: Il2GFP Casey Weaver (University of Alabama,

Birmingham, AL), DiToro et al. 201839
N/A

mouse: Pdcd1f/f Shimon Sakaguchi (University of

Osaka, Japan), Kamada et al. 201914
N/A

mouse: Rosa26LSL-Salsa6f Michael Cahalan (University of

California, Irvine, CA),

Dong et al. 201734

RRID: IMSR_JAX:031968

mouse: Tracf/f Klaus Rajewsky (Max Delbr€uck

Center, Berlin, Germany),

Polic et al. 200180

N/A

Software and algorithms

FCS Express 7 De Novo Software https://denovosoftware.com/

ImageJ 1.53t Freeware/NIH https://imagej.nih.gov/ij/

Imaris 9.7.2 Bitplane http://www.bitplane.com

Matlab R2021b Mathworks https://www.mathworks.com/

products/matlab.html

Prism 10 GraphPad https://www.graphpad.com

Salmon Patro et al. 201781 https://combine-lab.github.io/

salmon/

CellChat analysis scripts This paper https://doi.org/10.5281/

zenodo.11122613

Imaris add-on to randomize cell positions This paper https://doi.org/10.5281/

zenodo.11122613

MATLAB cell motility analysis scripts This paper https://doi.org/10.5281/

zenodo.11122613

QuPath Bankhead et al. 201782 https://qupath.github.io/

Other

AccuCheck flow cytometry counting beads Invitrogen Cat# PCB100

Matrigel Corning Cat# CB40230A

Zombie Yellow Fixable Viability Kit BioLegend Cat# 423104
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells
D4M.3A (D4M) and D4M.3A H2B SIINFEKL Cerulean (D4M-S) melanoma cells were obtained from David Fisher and Thorsten Mem-

pel (Massachusetts General Hospital and Harvard Medical School, Boston, MA), respectively, and grown in DMEM supplemented

with 10% fetal calf serum (GeminiBio) under 37�C / 5% CO2 conditions. These cell lines are derived from male mice20 and have

not been authenticated. MC38 colon carcinoma cells were purchased from Kerafast (Cat# ENH204-FP) and grown in DMEM supple-

mented with 10% fetal calf serum (GeminiBio) under 37�C / 5% CO2 conditions. MC38 cells are derived from female mice. This cell

line has not been authenticated. All cell lines were routinely tested for mycoplasma contamination and found negative.

Mice
E8icre,71 Foxp3creERT2,72 Foxp3DTR,73 Foxp3GFP,74Rosa26LSL-Tomato,75 Pdcd1-/-76 CD45.1,77 and C57BL/6 mice were purchased from

The Jackson Laboratory. Icos-/-78 bone marrow was obtained from the laboratory of Daniel Campbell (Benaroya Research Institute,

Seattle, WA). Cd28f/f,79 Il2GFP,39 Pdcd1f/f,14 Rosa26LSL-Salsa6f,34 and Tracf/f80 mice were obtained from the investigators who gener-

ated them. Mice were enrolled in experiments at 8-20 weeks of age. D4M and D4M-S melanomas were studied in both male and

female mice. The MC38 experiments reported here were conducted in male mice. Mice were bred, housed, enrolled in experiments,

and euthanized according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of

California Irvine and the Massachusetts General Hospital.

Melanoma specimens
The study was approved by the Ethics Committee at Saint John’s Cancer Institute (MORD-RTPCR-0995) and follows the Declaration

of Helsinki. The samples were used after obtaining informed consent from the patients. The patients underwent surgery and were

diagnosed with metastatic melanoma at the Providence Saint John’s Health Center. The quality of all formalin-fixed-paraffin-

embedded (FFPE) sections was evaluated using hematoxylin and eosin staining. All FFPE sections included in the study were re-

viewed by a board-certified specialist pathologist at the Surgery Pathology Department of Saint John’s Health Center. The clinical

and pathological information data of the resected specimens analyzed from each patient (one male, two female) are described in

Figure S6A. FFPE-embedded resected metastatic tissue was sectioned (5 mm) and mounted on poly-L-lysine coated superior adhe-

sive slides (Leica #3800080). Immunofluorescence detection of GP100, CD45, CD8, FOXP3, and ICOS signals was performed

through the PhenoCycler technology (outsourced to Akoya Biosciences).

METHOD DETAILS

Analysis of existing human datasets
Determination of Treg abundance in melanoma was conducted by selecting patients i) treated with PD-1monotherapy only and ii) for

whom pre-treatment and on-treatment data were available. Treg quantification in the Sade-Feldman dataset directly reflected the

percentage for cluster G7 (Tregs) reported in Sade-Feldman dataset of the original paper.13 If a patient had multiple biopsies taken

on-treatment, the Treg level was averaged. For the Huang dataset,30 we directly calculated the percentage of melanoma patients

experiencing tumor-Treg accumulation after PD-1 immunotherapy from Figure 4A of the original publication. To measure Treg abun-

dance in bulk RNA sequencing datasets,27–29 we quantified the transcripts per million (TPM) for the GENCODE 32 GRCh38 genes

using Salmon v1.9.0.81 Treg cell abundance was inferred from the expression of FOXP3.

Cell-cell signaling pathways were analyzed using the R package CellChat.48 The CellChat package contains a manually curated

database of ligand-receptor (L-R) interactions for the human and mouse species. CellChat receives as input the single-cell expres-

sion data as well as the cell type annotations for each cell and computes a ‘‘communication score’’ for every combination of sender

cell type and receiver cell type and for each L-R interaction. The count matrix and cell type annotations, split into pre-treatment and

post-treatment groups, are taken from the original publication.13 The original data were further filtered for treatment, and only patients

who received PD-1 monotherapy were maintained (12 biopsies pre-treatment, 17 post-treatment, 10,609 cells total). The CellChat

pipeline is first performed separately on the pre-treatment and post-treatment groups to compute the communication probabilities,

as described in.48 CellChat also calculates p values for each interaction over each pair of cell types by performing permutation tests.

Interactions were tested at a 5% significance level to identify cell types sending and receiving IL-2 signaling in the post-treatment

group. Further analyses focused on the signaling from TCF7-expressing memory to Treg cells (group 10 to group 7 in ref.13), the

only pair for which such signaling was identified. To quantify the change in IL-2 signaling in pre-treatment versus post-treatment con-

ditions, we computed the fold change of the communication score and performed differential expression analysis of IL-2 in the TCF7-

expressing memory T cells before and after therapy. We used the Mann-Whitney U test to reveal statistical differences in the differ-

ential expression analysis.

Antibody treatment of tumor-bearing mice
Mice received a subcutaneous injection of 106 D4M cells, 2x106 D4M-S cells, or 106 MC38 cells. D4M-S and MC38 cells were re-

suspended in Matrigel to facilitate engraftment. To maximize material for downstream analyses, we injected two tumors per mouse

1 cm off the midline in both sides of the abdomen. In studies involving the deletion of floxed genes in Foxp3creERT2models, tamoxifen
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treatment consisted of oral gavage (15mg in 75 ml EtOH + 425 ml corn oil) on day 5 followed by four i.p. daily injections of 2mg (in 10 ml

EtOH + 40 ml corn oil). Six days before sacrifice, 200 mg aPD-1 (29F.1A12) was injected with 1 mg/kg FTY720 i.p., and injections were

repeated every other day. FTY720 blocks the egress of lymphocytes from secondary lymphoid organs, allowing us to study the effect

of PD-1 blockade on an isolated tumor environment. IL-2 neutralization was performed by injecting 750 mg of S4B6-1 and 750 mg of

JES6-1A12 i.v. every three days to block interaction with the a and b subunits of the IL2R. In studies using IL-2 immunocomplexes,

5 mg of IL-2 antibodies (JES6-1A12) weremixedwith 0.5 mg permouse of recombinant IL-2 and incubated at 37�C for 15minutes. IL-2

immunocomplexes were injected every two days to trigger Treg expansion. aCD8 (2.43) and aICOSL (HK5.3) were administered

every three days at a dose of 300 mg i.p. We injected rat IgG as an isotype control through the same route and at the same concen-

tration as each antibody.

Measurement of immunotherapy-treated tumors
In experiments to investigate the kinetics of tumor growth, we implanted only one tumor. For concomitant PD-1 and ICOSL blockade,

200 mg aPD-1 antibodies were administered every two days and 300 mg aICOSL antibodies every three days, beginning from day 13

after tumor implant. For sequential immunotherapy, aICOSL was injected on days 6 and 9 after tumor implantation, while aPD-1 an-

tibodies were started on day 12 and given every two days. Tumors were measured three times a week with an electronic caliper, and

tumor volume was estimated using the formula 0.5 x a x b2, where a is the maximum and b is the perpendicular tumor diameter.

Immunotherapy administration was stopped when all mice either controlled the tumor or reached an endpoint as per our IACUC pro-

tocol. Mice were sacrificed when tumors reached a maximum diameter >15 mm or both diameters >10 mm.

Diphtheria toxin treatment
In studies where Tregs were partially depleted, Foxp3DTR mice received two D4M-S tumors and were treated with FTY720, aPD-1,

and diphtheria toxin (Calbiochem) i.p. starting from day 12 and every other day after that. We titrated the amount of diphtheria toxin to

500 pg/g to decrease Treg counts to the levels observed without PD-1 inhibition. Icos-/-:Foxp3DTR bone marrow chimeras received a

fully-ablative DT treatment: 25 mg/kg on the first day, followed by 5 mg/kg daily afterward.15 Upon sacrifice, tumors were weighed and

analyzed by flow cytometry.

Bone marrow chimeras
We created bonemarrow chimeras by irradiating mice at 950 rads (g-rays source) or 800 rads (X-rays source). Irradiation doses were

established to ensure engraftment of 8-10 x 106 donor bone marrow cells with minimal lethality. To assess the role of PD-1 in the

transition between cTreg to eTreg to tumor-Treg cells, we injected a mixture of CD45.2+ Pdcd1-/- and CD45.1+ bone marrow into

950-rad irradiated CD45.1 mice. To elucidate the direct effect of ICOS signaling on tumor-Treg accumulation after PD-1 blockade,

we injected a mixture of Foxp3DTR and either WT or Icos-/- marrow into 800-rad irradiated Foxp3DTR hosts. We titrated bone marrow

mixtures to produce a 1:1 ratio within Treg cells. Bone marrow chimeras were enrolled in experiments two months after transplan-

tation to ensure hematopoietic reconstitution. We confirmed engraftment by flow cytometry analysis of blood.

Flow cytometry
Tumor cell suspensions were prepared by digestion of finely minced tissue for 30 min at 37�C using DMEM 10% FCS supplemented

with 1.5 mg/ml Collagenase IV (Worthington) and 50 U/ml DNAse I (Roche). Tumor-draining lymph nodes were mechanically disso-

ciated. All cell preparations were filtered.

We stained 8x106 cells except otherwise stated. Dead cells were stained through exposure to Zombie Yellow (1:200), diluted in

PBS, for 15 min at 4�C. We determined absolute cell numbers using AccuCheck flow cytometry counting beads (Invitrogen). Cells

were subsequently treated with 5 mg/ml FcBlock for 10min at 4�C to decrease nonspecific Ab binding. Extracellular antibody staining

was carried out at 4�C for 20 minutes in FACS buffer (PBS 0.5% BSA, 2 mM EDTA). Cells were then permeabilized using the Foxp3

fixation-permeabilization buffer (Invitrogen), while intracellular staining was performed at 4�C for 30 min in Foxp3 wash buffer. We

acquired the samples on a NovoCyte Quanteon flow cytometer and analyzed the data using FCS Express.

T cell activation panel

The panel to count T cells and analyze their activation included Zombie Yellow and aCD45, aCD8, aCD4, aFoxp3, aCD44, aCD62L,

and antibodies against various activation markers including aKi67, aICOS, aGITR, a-granzyme B, aLamp-1, and aCTLA-4.

Apoptosis regulators panel

We stained cells with a panel including Zombie Yellow and aCD45, aCD8, aCD4, aFoxp3, aCD44, aCD62L, aKi67, and antibodies

against various controllers of apoptosis including aBim, aBcl-xL, aBcl-2, aMcl-1, and aICOS.

Cytokine panel

To measure cytokine production by T cells, 4 x 106 live cells from tumor-draining lymph nodes or tumors were stimulated with plate-

bound aCD3ε (10 mg/ml) and aCD28 (10 mg/ml) in the presence of brefeldin A (5 mg/ml) for eight hours at 37�C. Cells were stained

using Zombie Yellow and aCD45, aCD8, aCD4, aFoxp3, aCD44, aIFNg, aTNF, and aIL-2 antibodies.

APC panel

To assess APC activation and numbers, we stained cells with a panel including Zombie Yellow, a lineage cocktail of antibodies

against TCRb, Gr-1, B220, and NK1.1, as well as aCD45, aCD64, aF4/80, aH-2Kb (MHC-I), aIA/IE (MHC-II), aCD26, aCD11c,

aXCR1, aCD172a (Sirpa), aCD80, aCD86, aPD-L1 (not binding CD80), and aZbtb46 antibodies. After gating for live CD45+ Lin-
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IA/IE+ cells, TAMs were gated as CD64+ F4/80+. From the CD64- F4/80- population, DCs were identified as CD26+ Zbtb46+ and

further gated into DC1s (Sirpa- XCR1+) and DC2s (Sirpa+ XCR1-).

Apoptosis Kit

To evaluate apoptosis in tumor lymphocytes, we stained 16x106 cells (in two wells) for D4M tumors or 8x106 cells for D4M-S tumors.

Cells were stained with Zombie Yellow and aCD44, aCD4, aCD62L, aCD8, aCD45, aCD137 (4-1BB), and aCD25. Surface staining of

CD137 and CD25 staining was necessary to identify tumor-Tregs without fixation/permeabilization,16 which is incompatible with

active caspase-3/7 detection. We then stained for caspase-3/7 activity using NucView 488 according to themanufacturer’s protocol.

Phospho-flow
Tumors and tdLNswere harvested for phospho-flow staining and kept on ice. To achieve immediate fixation and dissociation, tumors

were placed in DMEM 10% FCS containing 1.5 mg/ml Collagenase IV (Worthington), 50 U/ml DNAse I (Roche), and 4% formalde-

hyde, dissociated with the gentleMACS program ‘‘tumor 01-01’’, and incubated at 37�C for 15 minutes. Tumors were dissociated

again with the gentleMACS program ‘‘tumor 01-01’’, and samples were filtered using a 40mm cell strainer. Draining lymph nodes

were mechanically dissociated in 3 ml DMEM 10% FCS, filtered through a 40 mm mesh, and fixed through the direct addition of

1 ml of 16% formaldehyde (thus, final formaldehyde concentration is 4%) and incubation for 15 minutes at 37�C. Cells were

then permeabilized with ice-cold methanol added dropwise while vortexing, and incubated for 20 minutes on ice. To generate con-

trols with no phosphorylated epitopes, we incubated a 50 ml aliquot of some samples with 8 IU lambda phosphatase at 30�C for

45 minutes. Cells were plated 4x106 per well and treated with 5 mg/ml FcBlock for 10 min at room temperature. Staining with

aCD45 (0.5 mg/ml), aCD4 (0.5 mg/ml), aCD8 (0.5 mg/ml), aFoxp3 (4 mg/ml), apZap70Y319 (0.24 mg/ml), apAKTS473 (0.5 mg/ml), was per-

formed in PBS 0.5% BSA for 1 hour at room temperature.

Preparation of mice for F-IVM studies
We induced Salsa6f expression in Tregs by treating Foxp3creERT2xRosa26LSL-Salsa6fmice with three 10mg tamoxifen gavages (in 50 ml

EtOH + 450 ml corn oil) spaced two days apart. Subsequently, mice were epilated by shaving and a brief application of hair remover

cream. 7.5 x 105 D4M-S cells (resuspended in 10 ml of PBS) were injected in the center of the back, approximately 1 cm to the right of

the midline. Seven to eight days after tumor injection, we surgically implanted a dorsal skinfold chamber (DSFC) such that the tumor

was centered in the optical window of the DSFC. Analgesia was achieved by injecting 5 mg/kg carprofen s.c. pre-operatively and

every 24 hours after that. Two control groups were generated and later pooled due to similar results: mice imaged before adminis-

tration of aPD-1 or 24 h after injection of isotype control antibodies. These control groups were compared to mice imaged 24 h after

treatment with aPD-1.

F-IVM time-lapse recordings
Mice were anesthetized with inhaled isoflurane. To prevent blurring artifacts due to respiratory and other physiologic movements, the

DSFCwas secured to the motorized stage using a custom-built platform. The DSFCwasmaintained at 37� ± 0.5�C utilizing a heating

system (Warner Instruments) and a thermocouple-based temperature sensor placed next to the tissue. Mice were imaged using a

Leica SP8 DIVE upright multiphoton microscope fitted with a Leica 25x water-immersion objective with a correction collar

(HC IRAPO, NA = 1.0, WD = 2.6 mm). Insight X3 laser was tuned to 950 nm for optimal excitation of GCaMP6f and Tomato. For

four-dimensional recordings of cell migration and signaling, stacks of 9 optical sections (X=350 mm, Y=350 mm; 512 x 512 pixels)

with 4 mm z-spacing were acquired every 5 seconds to provide imaging volumes of 32 mm in depth per time point (voxel size

0.69 mm x 0.69 mm x 4 mm). Imaging depth was typically 30-120 mm below the DSFC glass. We detected emitted fluorescence

and second harmonic signals as follows: PMT channel one bandwidth 465 – 486nm; HyD channel two bandwidth 490 – 545 nm;

PMT channel three bandwidth 560 – 600nm. Datasets were imported in Imaris 9.7 (Bitplane) for analysis, generation of maximum

intensity projections, and exporting as MPEG-4 movies.

Analysis of cell motility and Salsa6f signaling
Image processing was performed using Imaris and Fiji plugins (version 1.53t). The threshold cutoff module was used to remove

diffuse backgrounds for each channel, and then a Gaussian smoothing of the 0.8-pixel radius was applied to the entire image.

TdTomato (red channel) photobleaching was corrected using the CorrectBleach plugin (Fiji) using the histogram matching method,

and the noise was reduced using the ‘‘Remove Outliers’’ filter with a radius of two pixels and two standard deviations. Tomato+ cells

were tracked using the ‘‘spot’’ function of Imaris 9.7 (Bitplane) to obtain XYZ coordinates. To measure Ca2+, we used green channel

intensities rather than the typical Green/Red ratios to avoid potential red-channel intensity artifacts induced by the bleach correction

algorithm. Ca2+ signaling was quantified through the mean fluorescence of the GFP (green, GCaMP6f) channel. We calculated the

baseline green fluorescence for each track as a band centered on the 30th percentile of fluorescence and having as extremes the

difference between the 30th percentile and the minimum fluorescence value. Thus, the upper limit of the baseline is (2 x 30th percen-

tile – minimum) of green channel fluorescence. This value was subtracted from all GFP fluorescence measurements to highlight fluo-

rescence values above baseline. Subsequently, signaling track segments were identified based on the following characteristics:

i) GFP signal above the baseline for at least 15 seconds; ii) segments shorter than one minute must have an AUC >1000; and iii) seg-

ments longer than one minute must have an AUC/duration ratio >800. These characteristics were established empirically so that

automatically identified signaling segments matched with visually annotated ones on a subset of the data. We extracted the
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percentage of time a track is signaling, the maximum signaling peak fluorescence, signaling duration, and peak AUC using Matlab

(Mathworks).

Analysis of CD8+ T cell:Treg colocalization in mouse and human melanomas
Mouse samples

We implanted D4M-S tumors in Foxp3GFPxE8IcrexRosa26LSL-Tomato mice and harvested them for tissue-wide imaging after

11-14 days. Following euthanasia, tumors were carefully dissected and fixed onto a plastic coverslip using tissue adhesive (3M Vet-

bond). Explants were fixed overnight in 4% paraformaldehyde, washed at least ten times with PBS, and imaged within 30 days. For

fluorophore excitation, we tuned the Insight X3 laser to 950 nm. Detection parameters were as follows: PMT channel one bandwidth

406 – 485nm; HyD channel two bandwidth 499 – 536nm; PMT channel three bandwidth 560 – 620nm. Individual 3D image stacks

(X= 590 mm, Y= 590 mm, Z= 400-500 mm) were collected with a voxel size of 1.15 mmx 1.15 mmx 5 mm. 3D Image blocks were stitched

using the Leica ‘‘merge’’ algorithm (10% overlap) to generate the montage images. To assess whether CD8+ T cells and Tregs co-

localized in montage images, we identified CD8+ T cells and Tregs using the Imaris ‘‘spot’’ function and measured the distance of

each Treg to the closest CD8+ T cell by the Imaris distance transformation algorithm. We then generated a surface that includes

all the tumor-associated T cells and randomized Treg positions within the surface boundaries. The distance between randomized

Treg cells and the closest CD8+ T cell was again determined by the Imaris distance transformation algorithm.

Human samples

Images provided by Akoya Biosciences were opened in QuPath82 and single channels were exported as .tiff files. We subsequently

reconstructed the image in Imaris for further analysis. We identified CD8+ T cells through the ‘‘spot’’ function and defined CD8+ T cell

clusters by applying a nearest-neighbor algorithm (average of nearest nine CD8+ T cells ranging from 30 to 60 mm). Finally, the dis-

tance of each Treg cell from the nearest CD8+ T cell cluster wasmeasured before and after their randomization within the space occu-

pied by CD45+ cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

The numbers of individual cells, recordings, and animals analyzed are indicated in the figure legends. Two-tailed Mann-Whitney

U test or Student’s t test (in case of normal or lognormal distributions) were used to compare two groups. To analyze tumor growth

curves, we used type II Anova followed by Holm post-test, as indicated in ref.83 The chi-squared test was used for categorical

variables. We compared distributions using the non-parametric Kolmogorov–Smirnov test. All statistical tests were performed using

Prism 10 (GraphPad). p values smaller than 0.05 were considered statistically significant.
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