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In brief

Most cancer patients respond transiently

to immunotherapy, highlighting the

importance of understanding the

mechanisms underlying resistance.

Tichet et al. reveal that the

immunocytokine PD1-IL2v combined

with anti-PD-L1 synergize to enable anti-

tumor immunity against immunotherapy-

resistant tumors. PD1-IL2v promotes

stem-like, tumor-reactive CD8+ T cell

expansion and high endothelial venule

formation, whereas anti-PD-L1

reprograms macrophages and tumor

vasculature to antigen-presenting and

pro-inflammatory phenotypes.
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SUMMARY
Immunotherapies have shown remarkable, albeit tumor-selective, therapeutic benefits in the clinic. Most pa-
tients respond transiently at best, highlighting the importance of understanding mechanisms underlying
resistance. Herein, we evaluated the effects of the engineered immunocytokine PD1-IL2v in a mouse model
of de novo pancreatic neuroendocrine cancer that is resistant to checkpoint and other immunotherapies.
PD1-IL2v utilizes anti-PD-1 as a targeting moiety fused to an immuno-stimulatory IL-2 cytokine variant
(IL2v) to precisely deliver IL2v to PD-1+ T cells in the tumor microenvironment. PD1-IL2v elicited substantial
infiltration by stem-like CD8+ T cells, resulting in tumor regression and enhanced survival in mice. Combining
anti-PD-L1 with PD1-IL2v sustained the response phase, improving therapeutic efficacy both by reprogram-
ming immunosuppressive tumor-associated macrophages and enhancing T cell receptor (TCR) immune
repertoire diversity. These data provide a rationale for clinical trials to evaluate the combination therapy of
PD1-IL2v and anti-PD-L1, particularly in immunotherapy-resistant tumors infiltrated with PD-1+ stem-like
T cells.
INTRODUCTION

The development of cancer immunotherapies has revolutionized

the treatment of cancer patients. At the forefront of clinically

approved immunotherapies are immune checkpoint inhibi-

tors.1–3 Despite extraordinary remissions, the majority of cancer

patients either do not respond to immune checkpoint blockade

(ICB) or will acquire resistance to this treatment modality.4

Hence, there is need for immunomodulatory strategies that

disrupt operative mechanisms underlying non-responsiveness.

One approach involves stimulating effector T cells by cyto-

kines such as interleukin-2 (IL-2), which has been approved for

the treatment of metastatic melanoma and renal cell carcinoma.5

IL-2 acts by binding to the IL-2 receptor predominantly ex-

pressed on T lymphocytes.6 However, IL-2 also stimulates the

differentiation, suppressive function, and homeostasis of regula-
162 Immunity 56, 162–179, January 10, 2023 ª 2022 The Author(s). P
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tory T cells (Tregs) that counterbalance effector T cell activity.7

Moreover, therapeutic application of IL-2 is compromised by

its short half-life, necessitating high dosing with considerable

toxicity.5 To overcome the limitations of IL-2 as a therapeutic

agent, two strategies have evolved: tumor-targeted rather than

systemic delivery8,9 and engineered variants of IL-2 that prefer-

entially activate IL-2-mediated signaling through the IL-2Rbg

heterodimeric receptor without concomitantly activating IL-2Ra

(CD25) and consequentially amplifying Tregs.10–15 Both strate-

gies have been incorporated into PD1-IL2v, a bispecific antibody

molecule (dubbed an immunocytokine) that combines CD8+

T cell targeting via PD-1 binding with an IL-2 variant (IL2v) defec-

tive in binding to CD25.16

Several recent studies have described the importance of CD8+

T cell stemness in chronic viral infection and cancer.2,16–20 These

antigen-experienced stem-like CD8+ T cells express both the
ublished by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. PanNETs that develop in RT5mice are infiltrated with CD8+ T cells, and PD1-IL2v treatment leads to the expansion of TAG-specific

CD8+ T cells in spleen and tumors

(A) Schematic of tumor development in RT5 mice, indicating sensitivity to immune-oncology (I-O) treatments of premalignant lesions and resistance to I-O of fully

formed PanNETs.

(legend continued on next page)
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high mobility group-box (HMG-box) transcription factor TCF-1

and the checkpoint receptor PD-1 and possess self-renewal ca-

pacity in response to viral or tumor antigens. The PD-1+TCF-1+

CD8+ T cells act as a reservoir that can continually produce

TCF-1- effector T cells exhibiting cytotoxic functions. Notably,

the aforementioned PD1-IL2v has been recently shown to

enhance the abundance and activity of PD-1+ stem-like CD8+

T cells.16 Despite heightened awareness of the role of PD-1+

TCF-1+ CD8+ T cells in physiological immune responses and

the demonstrable capability of PD1-IL2v to expand them, their

involvement in anti-tumor immunity and their potential roles in

overcoming intrinsic and adaptive resistance to T cell immuno-

therapy have not been thoroughly explored. Herein, we evaluate

this immunocytokine in a genetically engineered model of

pancreatic neuroendocrine tumors (PanNETs) in which tumors

express an immunostimulatory neoantigen and yet are resistant

to spontaneous and therapeutic tumor immunity. Our results

reveal remarkable complementarity from combining PD1-IL2v

with anti-PD-L1, collectively promoting and expanding pre-ex-

isting stem-like and tumor-reactive CD8+ T cells and remodeling

immunosuppressive tumor-associated macrophages and

vasculature, respectively, thereby eliciting efficacious anti-tumor

immunity.

RESULTS

The RT5 model is a prototype for studying
immunotherapies
In the RIP1-Tag5 (RT5) transgenic mouse model, expression of

the driving oncogene encoding the SV40 large T-antigen (TAG)

oncoprotein begins at ten weeks of age in the insulin-producing

pancreatic islet beta cells (Figure 1A).21–24 Consequently, RT5

mice develop a spontaneous immune response against TAG, re-

sulting in lymphocyte infiltration in premalignant lesions. During

tumorigenesis, spontaneous tumors developing in RT5 mice

establish a barrier to immune destruction involving, for example,

modulation of the tumor vasculature.23,24 While mice displaying

premalignant lesions are responsive to a vaccine against TAG,25

established solid tumors that form at around six months of age

display resistance both to vaccines against TAG and to immune

checkpoint inhibitors25,26 (Figure 1A). Extending upon previous
(B) IF staining for CD8, PD-1, and TAG of tumors from RT5 mice (scale bar, 50mm

(C–D) Flow cytometry analyses of intratumoral CD8+ T cells (C), TAG-specific CD

(E) Flow cytometry plot, showing no multimer control (FMO) and staining with a m

(F) Flow cytometry analyses of intratumoral PD-1+ TAG-specific CD8+ T cells (n

(G) Schematic depicting monitoring of mice based on blood glucose concentratio

efficacy treatment based on tumor burden measured by ultrasound imaging. For

(H and I) Flow cytometry analyses of splenic CD8+ T cells (H), and TAG tumor an

(J) IF images of tumors of the different treatment groups stained for CD8, PD-1,

(K–T) Flow cytometry analyses of intratumoral CD8+ T cells (K), TAG-specific CD8+

PD-1+TCF-1+ TAG-specific CD8+ T cells (N), stem-like progeny PD-1+TCF1- TA

T cells (P), cytotoxic Granzyme B+ (GZMB) CD8+ T cells (Q), fresh effector PD-1+C

and Ki67+ CD8+ T cells (T) (n = 3–10).

(U) IF images of tumors for MECA79+CD31+ HEVs (scale bar, 20mm).

(V) HEV quantification in the entire area of a tumor tissue section. Untreated (n =

Data in all quantitative panels are presented as mean ± SEM.

Experiments were independently repeated at least twice.

Statistical analysis: one-way ANOVA Kruskall-Wallis with Dunn’s multiple compa

**p < 0.01, Mann-Whitney test, Figure 1K–V = *p < 0.05, **p < 0.01, ***p < 0.001,

Please also see Figures S1A–S1E.
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analyses, we assessed the number and phenotype of tumor-infil-

trating CD8+ T cells in solid tumors of RT5 mice. The islet tumors

were modestly infiltrated with CD8+ T cells, which expressed

the immune checkpoint receptor PD-1 (Figure 1B). Flow cyto-

metric analyses revealed that CD8+ T cell infiltration comprised

� 10% of total cells (Figure 1C). Of these, � 5% of intratumoral

CD8+ T cells were specific to the TAG peptide VVYDFLKC, as

defined by multimer staining (Figures 1D and 1E), and more

than 90% of these TAG-specific CD8+ T cells were positive for

PD-1 (Figures 1B and 1F).

The PD1-IL2v immunocytokine shows superior efficacy
compared to individual anti-PD-1 and IL2v treatments
Seeking to disrupt the demonstrable intrinsic resistance to

immunotherapy in this model, we evaluated the effects of the

PD1-IL2v immunocytokine compared with its bioactive compo-

nents, anti-PD-1 and IL2v. Given that more than 90% of TAG tu-

mor-antigen-specific CD8+ T cells are PD-1+ in islet tumors, we

reasoned that IL2v linked to PD-1 in the PD1-IL2v immunocyto-

kine could be delivered into tumors to stimulate the local expan-

sion of CD8+ T cells. To explore this hypothesis, we conducted

pharmacodynamic studies in tumor-bearing RT5 mice. A hall-

mark of islet tumors is the secretion of insulin resulting in hypo-

glycemia, and monitoring the blood glucose concentration

serves as a surrogate biomarker for the presence of islet tumors.

Upon observing a drop in blood glucose concentration below

7 mmol/L, mice were screened for the presence of tumors by

ultrasound imaging (Figure 1G). RT5 mice were selected for

treatment based on the tumor size, and tumor progression was

longitudinally monitored by ultrasound imaging (Figure 1G). We

first assessed the immune response in the spleen following

two weeks of treatment. Notably, the dosing of PD1-IL2v is by

design lower than that required to block all the PD-1 molecules

on T cells, and rather is optimized to deliver an efficacious but

not toxic dose of IL2v to T cells in the tumor microenvironment

(TME) and lymphoid organs.16 To evaluate the advantage of

PD1-IL2v vs. separately supplied anti-PD-1 and a non-targeted

IgG-IL2v immunocytokine, the latter were tested individually

and in combination and compared to PD1-IL2v. For anti-PD-1,

two concentrations were used: anti-PD-1�low, representing

equimolar amounts to PD-1 in the bifunctional molecule, and
; n = 14).

8+ T cells (D)(n = 14-18).

ultimer against TAG-specific CD8+ T cells.

= 14).

n as a surrogate biomarker for islet tumors and selection of RT5 mice for in vivo

pharmacodynamic studies, tumor-bearing RT5 mice were treated for 14 days.

tigen-specific CD8+ T cells (I) (n = 3–10).

and TAG (scale bar, 200mm; n = 4–6).

T cells (L), stem-like resource PD-1+TCF1+ CD8+ T cells (M), stem-like resource

G-specific CD8+ T cells (O), effector PD-1+TCF-1�CD44+ TAG-specific CD8+

D218a+ CD8+ T cells (R), better effector PD-1+CD218+Tim3high CD8+ T cells (S),

10), PD1-IL2v (n = 4).

risons test (compared to the untreated group), Figures 1H and 1I = *p < 0.05,

****p < 0.0001.
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anti-PD-1�high, replicating the dose employed for the mono-

clonal anti-PD-1 antibody in the therapeutic setting of ICB.

Upon two weeks of treatment, we observed a 3- to 4-fold expan-

sion of total CD8+ T cells in the spleens for all treatment groups

where IL2vwas co-administered, including PD1-IL2v (Figure 1H).

However, flow cytometry-based analyses of spleens from

treated mice revealed that TAG-specific CD8+ T cells were

exclusively expanded to �4% of total CD8+ T cells in the PD-

IL2v treatment group (Figure 1I). The percentage of CD4+

T cells was decreased in the IgG-IL2v-treated but not in the

PD1-IL2v-treated cohort (Figure S1A). Notably, as previously re-

ported,12 treatment with IL2v-containingmolecules did not result

in an expansion of Tregs (Figure S1B).

These data were corroborated by immunofluorescent staining

of tumor tissue sections. PD1-IL2v treatment elicited an inten-

sive infiltration of CD8+ T cells into islet tumors compared to

the null effects of the anti-PD-1/IgG-IL2v combination treat-

ments (Figure 1J). The infiltrated CD8+ T cells were characterized

by high PD-1 expression, presumably facilitating the accumula-

tion of PD1-IL2v in the TME. Flow cytometry-based analyses

confirmed the infiltration of CD8+ T cells into tumors upon

PD1-IL2v treatment. PD1-IL2v specifically expanded the CD8+

T cell compartment, increasing total and TAG-specific CD8+

T cells up to 10-fold (Figure 1K and 1L). Consistent with the

data obtained from the spleen, the total number of intratumoral

Tregs was not expanded and rather slightly decreased (Fig-

ure S1C). Next, we characterized the phenotype of the CD8+

T cells within tumors, employing the markers and nomenclature

introduced by Codarri et al.16 PD1-IL2v treatment led to a signif-

icant increase in stem-like resource PD-1+TCF-1+ CD8+ T cells

(Figure 1M) and their progeny (PD-1+TCF-1-), especially among

TAG-specific CD8+ T cells (Figures 1N and 1O). Next, we as-

sessed the activation state of the infiltrating CD8+ T cells and

identified PD-1+TCF-1�CD44+ effector CD8+ T cells, whose

cytotoxic function was revealed by Granzyme B expression

(Figures 1P and 1Q). We further discriminated their differentiated

phenotype using the mature T cell markers CD218a and Tim-316

and showed that PD1-IL2v elicited the expansion of ‘‘fresh’’

effector CD8 T cells (PD-1+CD218a+) (Figure 1R) and ‘‘better’’

effector CD8+ T cells (PD-1+TCF-1�CD218a+Tim-3high) (Fig-

ure 1S); additionally, the proliferative phenotype of CD8+

T cells was increased (Figure 1T). Given the multifaceted roles of

CD4+ T cells in anti-tumor immune responses,27 we assessed

their presence and phenotype but did not observe cytotoxic or

proliferative CD4+ T cells in the TME (Figures S1D–S1E). In addi-

tion, we evaluated the formation of high endothelial venules

(HEVs) on the vasculature and found that MECA-79+ endothelial

cells displaying the features of HEVs were induced within PD1-

IL2v treated tumors (Figures 1U and 1V), which we infer is facil-

itating CD8+ T cell recruitment.

PD1-IL2v treatment leads to tumor regression, although
some tumors eventually relapse
Next, we evaluated the therapeutic efficacy of PD1-IL2v against

established solid tumors. RT5 mice were enrolled based on tu-

mor size, and tumor progression was longitudinally monitored

by ultrasound imaging non-invasively over 16 weeks (Figure 2A).

While untreated tumors continuously progressed (Figure 2B),

PD1-IL2v treatment resulted in tumor regression in all mice after
two to four weeks (Figure 2C). Subsequently, 40% of mice

showed complete tumor regression, whereas in the remainder,

the tumors relapsed (Figures 2C and 2D). Although relapsed tu-

mors were still infiltrated with CD8+ T cells (up to 30% of total

cells), the number of TAG-specific CD8+ T cells decreased to

that in untreated tumors (Figures 2E and 2F). The number of

Tregs remained unaltered, and HEVs were similar to untreated

controls (Figures 2G and 2H). We assessed the functional contri-

butions of CD8+ and CD4+ T cells to therapeutic efficacy by

including depleting anti-CD8 with/without anti-CD4 antibodies

in PD1-IL2v-treated mice. Depleting the CD8+ T cells or both

T cell subtypes led to a complete abrogation of the therapeutic

benefit of PD1-IL2v (Figure 2I). In contrast, the depletion of

the CD4+ T cells did not impact the survival benefit observed

upon PD1-IL2v. We further characterized the CD8+ T cells in

CD4-depleted tumors to investigate a potential helper role for

CD4+ T cells but did not observe phenotypic differences

(Figures S1F–S1J). Then, to assess the functional contribution

of IFN-g secretion by CD8+ T cells to the efficacy of PD1-IL2v,

we used an IFN-g-blocking antibody combined with PD1-IL2v.

Blockade of IFN-g significantly restored expansive tumor growth

(Figure S1K–S1M) and abrogated HEV induction, establishing

that activation of IFN-g signaling in CD8+ T cells was required

for the anti-tumoral responses evoked by PD1-IL2v.

To investigate acquired resistance to PD1-IL2v, islet tumors

treated with PD1-IL2v were analyzed by immunofluorescence

staining. While untreated islet tumors stained weakly, PD-L1

was upregulated 14 days after PD1-IL2v treatment was initiated,

likely triggered by IFN-g released by tumor-infiltrating activated

CD8+ T cells.28–30 PD-L1 upregulation was further increased in

relapsed tumors, most prominently on the tumor vasculature

and macrophages (Figures 2J and S1N).

Anti-PD-L1 improves PD1-IL2v therapy resulting in
complete tumor regression
Seeking to disrupt the adaptive resistance, we asked whether

concomitant blockade of the PD-1/PD-L1 immune checkpoint

pathway could improve the duration of therapeutic efficacy of

PD-IL2v (Figure 3A). To reiterate, anti-PD-1 in the context of

PD1-IL2v is used to deliver the bispecific molecule to tumors

and is not supplied at a sufficient saturating dose to fully block

PD-1 checkpoint activity. We chose to utilize PD-L1 antibody

treatment instead of high-dose anti-PD-1 to circumvent compe-

tition between anti-PD-1 and PD1-IL2v for binding to PD-1 ex-

pressed on the targeted CD8+ T cells. Ultrasound-based imaging

revealed rapid tumor regression in the first four weeks of combi-

nation therapy, whereas anti-PD-L1 monotherapy had no thera-

peutic benefit (Figures 3B–3D). In contrast to PD1-IL2v, where

60% of tumors relapsed, the anti-PD-L1 + PD1-IL2v combina-

tion therapy resulted in a long-lasting response without relapse

in 90% of RT5 mice, leading to substantial survival benefit (Fig-

ure 3E). A complete response upon PD1-IL2v treatment com-

bined with anti-PD-L1 is visualized in Figure 3F.

The improved efficacy of the anti-PD-L1 + PD1-IL2v combina-

tion therapy over PD1-IL2v monotherapy was further evaluated

by analyzing blood glucose concentration as a biomarker. Due

to the secretion of insulin by PanNET cancer cells, RT5 mice

develop a hypoglycemic phenotype as the tumors progress

(3–7 mmol/L). An efficacious anti-tumor therapy could be
Immunity 56, 162–179, January 10, 2023 165
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Figure 2. PD1-IL2v treatment leads to tumor regression, but some eventually relapse

(A) Schematic of long-term efficacy studies. Tumor-bearing RT5 mice were treated with PD1-IL2v for 8 weeks, and the tumor progression was monitored by

ultrasound imaging for a maximum of 16 weeks.

(B) Tumor growth curves of untreated mice (n = 4).

(C) Tumor growth curves of RT5 mice treated with PD1-IL2v (n = 10).

(D) Ultrasound images of the abdomen of RT5 mice upon 0, 2, 4, and 6 weeks of PD1-IL2v treatment. Tumors are circled in blue, and the tumor area is indicated.

(E–G) Flow cytometry analyses of tumors relapsing upon PD1-IL2v compared to untreated and PD1-IL2v-treated for two weeks (n = 3–10). Frequency of CD8+

T cells (E), frequency of TAG-specific CD8+ T cells (F), and frequency of Foxp3+ CD4+ T cells (G).

(H) HEV quantification in the entire area of a tumor-tissue section in PD1-IL2v tumors treated for 2 weeks compared to PD1-IL2v relapsing tumors. PD1-IL2v

(n = 4), relapse (n = 5).

(I) Survival graph of RT5 mice treated with PD1-IL2v and depleting antibodies for CD4 and CD8. Untreated (n = 4), PD1-IL2v (n = 5), PD1-IL2v + anti-CD8 (n = 5),

PD1-IL2v + anti-CD4 (n = 4), and PD1-IL2v+anti-CD8+anti-CD4 (n = 3).

(J) IF images of untreated, two weeks PD1-IL2v treated, and relapsing tumors stained for CD31, PD-L1, and TAG (scale bar, 50mm; n = 4–6).

Data in all quantitative panels are presented as mean ± SEM.

Statistical analysis: one-way ANOVA Kruskall-Wallis with Dunn’smultiple comparisons tests, Figures 2E–2G = *p < 0.05, **p < 0.01; ns, no statistical significance.

Mann-Whitney test, Figure 2H = *p < 0.05; ns, no statistical significance. Log rank Mantel-Cox test, Figure 2I = ***p < 0.001.

Please also see Figures S1F–S1N.
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(A) Schematic of long-term efficacy studies in RT5.

(B) Tumor growth curves of mice treated with anti-PD-L1 (n = 4).

(legend continued on next page)
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envisaged to revert the hypoglycemic state to normal/hypergly-

cemia (10 mmol/L and above). Indeed, 40% of RT5 mice in the

PD1-IL2v treatment group and 90% of the originally hypoglyce-

mic animals treated with PD1-IL2v plus anti-PD-L1 developed

and maintained normal/hyperglycemia (Figures 3G and 3H). In

marked contrast, mice administered with the non-efficacious

drugs, namely anti-PD-1low and anti-PD-1high, separately and

combined with IgG-IL2v, and anti-PD-L1, all remained hypogly-

cemic throughout the entire treatment phase, indicative of sub-

stantial neoplastic burden (Figures S1O–S1S). These data are

consistent with the ultrasound imaging, validating the superior

therapeutic efficacy of PD1-IL2v + anti-PD-L1 over the other

tested treatments.

Analysis of the tumor growth kinetics revealed that tumor

regression was most pronounced during the first four weeks of

drug administration. After two weeks of treatment, the combina-

tion of anti-PD-L1 with PD1-IL2v produced significantly greater

tumor size reduction than that of PD1-IL2v monotherapy. The

tumor size decreased by 70% from the initial size upon anti-

PD-L1 + PD1-IL2v treatment, compared to a reduction of only

40% for the PD1-IL2v-treated mice (Figure 3I). After four weeks,

tumors of the combination treatment group shrank to 15% of

their starting sizes, whereas tumors treated with PD1-IL2v

monotherapy showed a regression to 30% (Figure 3I). The data

on the tumor volumes were corroborated by the increase in

blood glucose concentration in the PD1-IL2v + anti-PD-L1 treat-

ment group after two weeks of treatment, also indicative of

PanNET shrinkage (Figure 3J).

PD1-IL2v treatment increases T cell populations both in
the spleen and the TME
To investigate underlying molecular differences between PD1-

IL2v monotherapy and anti-PD-L1 + PD1-IL2v combination ther-

apy, we analyzed therapy-induced effects in the early phase of

treatment when maximal tumor regression is occurring. Tumor-

bearing RT5 were treated for 10 days with anti-PD-L1, PD1-

IL2v or PD1-IL2v + anti-PD-L1, and spleens and tumors were

subjected to single-cell RNA sequencing (scRNA-seq) and sin-

gle-cell T cell receptor sequencing (scTCR-seq) (Figure 4A). Uni-

form Manifold Approximation and Projection (UMAP)-based

clustering analyses of scRNA-seq data of spleen samples re-

vealed a 2-fold increase in CD8+ T cells and natural killer (NK)

cells in both PD1-IL2v treatment groups compared to untreated

and anti-PD-L1-treated mice (Figures S2A, S2B, and Table S1).
(C) Tumor growth curves of mice treated with PD1-IL2v (same figure as Figure 2

(D) Tumor growth curves of mice treated with PD1-IL2v combined with anti-PD-L

(E) Survival graph of the different treatment groups. Two mice in the PD1-IL2v a

perglycemia due to the complete response and had to be euthanized before the en

responders in the graph. The data of the untreated and mice treated with PD-IL2

(F) Ultrasound images of the abdomen of RT5 mice before (t = 0) and after two wee

in blue, and the tumor area is indicated.

(G and H) Blood glucose concentration upon PD1-IL2v treatment (G) and upon P

healthy, non-transgenic littermates are indicated by the dashed red line.

(I) Relative tumor burden of PD1-IL2v and PD1-IL2v + anti-PD-L1-treated mice a

(J) Blood glucose concentration of PD1-IL2v and PD1-IL2v + anti-PD-L1-treated

Data in all quantitative panels are presented asmean ± SEM. The data of the long-t

log rankMantel-Cox test, Figure 4E = *p < 0.05 (PD1-IL2v vs. PD1-IL2v + anti-PD-L

ANOVA Kruskall-Wallis with Dunn’s multiple test (comparing matching weeks), F

Please also see Figures S1O–S1S.
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In particular, a CD8+ T cell cluster (CD8_2) with characteristics of

effector-memory (EM) cells (Figures S2B–S2D) was specifically

expanded upon PD1-IL2v treatment. The number of distinct

splenic cell populations involving the T cell compartment

was unaltered upon combining PD1-IL2v with anti-PD-L1

(Figures S2B and S2E–S2H), nor was CD8+ T cell proliferation

affected (Figure S2I). In contrast, the draining lymph nodes con-

tained more proliferating CD8+ T cells, and an expansion of an-

tigen-specific resource stem-like cells, but not of their progeny

(Figures S2J–S2L).

Next, we analyzed scRNA-seq datasets from RT5 tumor sam-

ples from the four different treatment conditions. UMAP-based

clustering identified major clusters that were assignable to

distinct cell populations by their gene expression profiles (Fig-

ures 4B and S3). Quantification of these distinct cell populations

revealed that untreated tumors consisted primarily of cancer

cells (>50%), followed by macrophages (20%) (Figure 4C and

Table S2). The T cell compartment accounted for around 6%

of all cells in untreated tumors. Treatment of mice with PD1-

IL2v resulted in a pronounced expansion of the T cell compart-

ment, with CD8+ and CD4+ T cells collectively constituting

more than 80% of cells within the tumor, confirming our results

obtained by flow cytometry and immunofluorescence (IF) imag-

ing. The combination of PD1-IL2v with anti-PD-L1 did not lead to

significant changes in cell-type abundances in the TME

compared to PD1-IL2v monotherapy (Figures 4C and 4D). Anti-

PD-L1monotherapy, in contradistinction, had distinctive effects:

the cancer cells decreased to 34%, and T cells increased to 35%

compared to untreated tumors. B cells were increased 4- to

5-fold in tumors treated with anti-PD-L1 compared to untreated

controls, whereas cancer-associated fibroblasts (CAFs) were

reduced, and the abundance of macrophages was unaltered.

Notably, the percentage of macrophages and CAFs were both

reduced in the cohorts treated with PD1-IL2v with/without PD-

L1 (Figures 4C and 4D).

PD1-IL2v with/without anti-PD-L1 treatment expands
effector memory CD8+ T cells with better effector
function compared to anti-PD-L1
We next characterized the CD8+ T cells present within the

tumors upon PD1-IL2v + anti-PD-L1 compared to untreated and

PD1-IL2v monotherapy (Figures S4A–S4E). The addition of anti-

PD-L1 did not impact or potentiate the phenotypic effects

of PD1-IL2v, as we observed a similar phenotype and number
C).

1 (n = 10).

nd one in the PD1-IL2v + anti-PD-L1 treatment group developed severe hy-

d of the 16-week treatment period. These mice were still considered complete

v have been previously reported in Codarri et al. 2022.16

ks of anti-PD-L1 and PD1-IL2v + anti-PD-L1 treatment. The tumors are circled

D1-IL2v + anti-PD-L1 treatment (H) (n = 10). Normal glucose concentrations in

fter 2 or 4 weeks of treatment.

mice at the start of treatment (week 0) and after 1 or 2 weeks of treatment.

erm studies are pooled from 2–3 independent experiments. Statistical analysis:

1), **p < 0.01 (anti-PD-L1 vs. PD1-IL2v), ns (untreated vs. anti-PD-L1). One-way

igures 4I and 4J = *p < 0.05, **p < 0.01.
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Figure 4. PD1-IL2v treatment increases intratumoral T cell populations

(A) Tumor-bearing RT5mice were left untreated or treated with anti-PD-L1, PD1-IL2v, or PD1-IL2v + anti-PD-L1 for 10 days, and spleen and tumor samples were

subjected to single-cell RNA and TCR sequencing and subsequent bioinformatic analyses.

(B) UMAP plot of merged datasets showing distinct cell populations in RT5 tumors.

(C) Proportion of the distinct cell populations.

(legend continued on next page)
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of CD8+ T cells, and the CD4+ T cells remained unaltered

(Figures S4F and S4G). The numbers of total and TAG-spe-

cific CD8+ T cells, stem-like resource PD-1+TCF1+, effector

(PD-1+CD218a+ and PD-1+TCF-1�CD218a+Tim-3high), cytotoxic

(GZMB+) and proliferative Ki67+ CD8+ T cells were not altered

when anti-PD-L1 was added to PD1-IL2v (Figures S4A–S4E).

Furthermore, the scRNAseq-based transcriptome data of

both CD4+ and CD8+ T cells were selected and analyzed by

ProjecTILs. In this approach, T cells are projected onto a refer-

ence atlas created by different published datasets consisting

of 25 samples compiled from 6 different studies.31 Using this al-

gorithm, T cells are assigned to ‘‘functional clusters’’ character-

ized by known gene expression signatures of specific T cell sub-

types: naive-like CD8+ T cells (naive/central memory cells); EM

CD8+ T cells; ‘‘early-activation’’ CD8+ T cells (intermediate profile

between naive-like and EM); CD8+ precursor-exhausted cells

(Tpex, equal to stem-like resource cells); CD8+ terminally-

exhausted (Tex) effector cells; CD4+ Th1-like cells, CD4+ follic-

ular-helper (Tfh); and Tregs.

The projection of the four treatment groups onto the

ProjecTILs reference atlas is displayed in Figure 4E and quanti-

fied in Figure 4F. The expression of diagnostic T cell markers in

the distinct T cell populations is shown in Figures S5A–S5I. In un-

treated tumors, the majority of CD8+ T cells were classified as

having a naive-like subtype, whereas 14% had an EM-like sub-

type. In the anti-PD-L1 treatment group, the EM subtype as

well as the exhausted CD8+ T cell subtype were expanded

compared to untreated tumors. In addition, anti-PD-L1 treat-

ment resulted in a 2-fold expansion of the Th1 subtype and a

4-fold increase in Tregs in comparison to untreated controls. In

contrast, tumors treated with PD1-IL2v were characterized by

an abundance of EM CD8+ T cells, accounting for more than

40% of all T cells. The second most abundant T cell population

in the PD1-IL2v treated tumors projected to the exhausted

CD8+ T cell subtype (Tex), representing around 35% of all

T cells. Importantly, Tregs were decreased upon PD1-IL2v treat-

ment compared to anti-PD-L1 treated tumors, confirming that

the mutated version of IL2v does not induce Tregs. Substantiat-

ing the analyses above, there were no significant changes in the

percentages of T cell subtypes in the PD1-IL2v + anti-PD-L1

combination treatment compared to PD1-IL2v monotherapy

(Figure 4F).

We then investigated the functional states of the CD8+ T cell

subsets using gene enrichment analyses of the scRNA-seq data-

sets, comparing anti-PD-L1 monotherapy to anti-PD-L1 + PD1-

IL2v. EM CD8+ cells showed IL2-Stat5 and TNF-A signaling

pathway enrichment, indicating the PD1-IL2v treatment was re-

sulting in the generation of better effector CD8+ T cells compared

to anti-PD-L1 treatment (Figure 4G and Table S3); the EM CD8+

T cells displayed higher expression of genes involved in T cell

activation (Ctla2a, Xcl1, and Cd44) and cytotoxicity (Gzmba

and Tnf), whereas genes involved in T cell inactivation (Tox2
(D) Individual UMAP plot displaying distinct cell populations.

(E) Projection of T cells (black profile) onto a reference T cell atlas from ProjectTI

(F) Proportion of T cell subtypes defined by the reference T cell atlas in Figure 4E

(G) Hallmark gene enrichment analysis comparing gene expression profiles of CD

(H) Expression of selected immune-related genes in CD8+ EM T cells represente

Please also see Figures S2, S3, S4, S5, Tables S2, and S3.
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and Eomes) were repressed (Figure 4H). Similarly, increased

expression of Gzmba, Tnf, and Ctla2a were maintained, and

TNF-A and IL2-Stat5 signaling pathways were enriched in

CD8+ Tex upon PD1-IL2v treatment compared to anti-PD-L1

(Figures S5J and S5K), indicating the CD8+ Tex subtype in the

PD1-IL2v treatment groups were not terminally exhausted

and therefore dubbed as ‘‘pseudo-exhausted.’’ Comparison of

PD1-IL2v + anti-PD-L1 with PD1-IL2v treatment revealed noma-

jor pathway changes within CD8+ T cell populations, based on

global gene expression profiles and signaling pathway enrich-

ment. These results strengthen our previous data: the addition

of anti-PD-L1 on top of PD1-IL2v does not impact the cell differ-

entiation status of the T cell compartment.

Taken together, the data from the scRNA-seq confirmed the

extensive expansion of CD8+ T cells in RT5 tumors treated

with PD1-IL2v with/without anti-PD-L1. The expanded CD8+

T cells primarily consisted of EM and pseudo-exhausted

T cells, which are inferred to have better effector function

compared to anti-PD-L1 treatment based on gene expression

analysis. These data agree with the flow cytometry-based ana-

lyses identifying CD8+ T cells with better effector function upon

PD1-IL2v treatment (Figures 1K–1T and S4A–S4E).

PD1-IL2v synergizes with anti-PD-L1 to elicit clonal
T cell expansion with increased diversity
To investigate changes in the TCR repertoire of intratumoral

T cells in the different treatment groups, scTCR-seq was em-

ployed (Figure 4A). In untreated tumors, TCR sequences could

be detected in 50% of T cells (Figure 5A). In the other treatment

groups, over 80% of T cells contained TCR sequences (Fig-

ure 5A). Although the richness of the TCR repertoire in the three

treatment groups was similar (Figure S6A), the total number of

clones in tumors treated with PD1-IL2v with/without anti-PD-

L1 was higher compared to anti-PD-L1-treated samples, sug-

gesting a clonal expansion of antigen-specific T cells in the

PD1-IL2v treatment groups (Figure 5B).

Analysis of TCR diversity revealed an increase upon anti-PD-

L1 treatment (Figure 5C), markedly more so than for PD1-IL2v

monotherapy. TCR diversity was elevated to an intermediate

extent when anti-PD-L1 was combined with PD1-IL2v, substan-

tiating that anti-PD-L1 treatment adds diversity to the TCR reper-

toire. Next, the proportion of the distinct clonotypes was

determined (Figure 5D). In untreated tumors, the majority of

T cell clones were only represented once, and only a few clono-

types were expanded. Similarly, in tumors treated with anti-PD-

L1, �50% of the T cell clones were only present once. In

contrast, in both PD1-IL2v treatment groups, more than 50%

of T cell clones were expanded and found more than 10 times.

The similarity of the two PD1-IL2v treatment groups was

confirmed by correlation analyses of the V and J gene usage

(Figure S6B). To investigate whether tumor antigen-specific

T cell clones were expanded upon PD1-IL2v treatment, we
Ls (colored T cell subtypes).

.

8+ EM T cells of PD1-IL2v + anti-PD-L1 to anti-PD-L1 treatment.

d as a heatmap. N = 2 for all treatment groups.
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(B) Total counts of TCRs.
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Figure 6. Reshaping of macrophages by anti-PD-L1 and its complementarity with PD1-IL2v

(A) Schematic of T cell proliferation assay of in vitro-activated splenic T cells in the presence of splenic or tumoral CD11b+ myeloid cells.

(B) Histogram showing T cell proliferation alone or in the presence of splenic or tumoral myeloid cells (n = 6–7).

(legend continued on next page)
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considered two known T cell receptors (TCR-I and TCR-IV)

recognizing SV40 TAG epitopes that had been previously identi-

fied in mouse models expressing SV40 TAG.32–34 We found that

T cell clones harboring these TCRs were expanded in the PD1-

IL2v group and further increased upon PD1-IL2v + anti-PD-L1

treatment (Figure 5E).

Expanded T cell clones identified more than five times in

tumors were primarily associated with the better effector

CD8+ EM and pseudo-exhausted CD8+ Tex cell populations

(Figures 5F, 5G, and S6C–S6E). Moreover, expanded T cell

clones displaying TCR-IV recognizing the SV40 Tag tumor

antigen were well represented in Tpex cells, in better effector

CD8+ T-EM cells, and in pseudo-exhausted CD8+ Tex cells (Fig-

ure 5H). Collectively, the TCR repertoire analysis revealed that

PD1-IL2v resulted in the expansion of T cell clonotypes, whereas

anti-PD-L1 treatment increased TCR diversity. The enhanced

TCR diversity produced by anti-PD-L1 is envisaged to contribute

to the improved therapeutic efficacy observed with the anti-PD-

L1 + PD1-IL2v combination.

Anti-PD-L1 reshapes the intratumoralmacrophages and
complements PD1-IL2v to improve anti-tumor immunity
To better understand the impact of combining anti-PD-L1 with

PD1-IL2v, we investigated the effect of anti-PD-L1 alone. We

focused on myeloid cells, which are known to regulate anti-tumor

responses by directly or indirectly modulating T cell functions in

the TME.35 Among these, macrophages have diverse activities;

in many cancers, tumor-associated macrophages (TAMs) are tu-

mor-promoting and associated with immunosuppression, and a

previous study implicated anti-PD-L1 in modulating TAM pheno-

types.36 We therefore performed ex vivo assays wherein tumoral

or splenic myeloid cells were co-cultured with activated CD8+

T cells to assess T cell proliferation. Tumor-derived CD11b+

myeloid cells, but not splenicmyeloid cells, exhibited direct immu-

nosuppressive activity on in vitro activated splenic CD8+ T cell

proliferation (Figures 6A–6C). Furthermore, we identified an M2-
(C) Quantification of T cell proliferation as CFSElow CD8+ T cells (n = 6–7).

(D) Il-10 and Mrc1 expression on splenic and tumoral myeloid cells.

(E) Myeloid cell compartment in the RT5 scRNA-seq dataset (from Figure 4B), h

Mrc1-Macrophage2, Ly6c2-Monocyte, and Flt3-DC).

(F) Gene expression heatmap of two clusters of intratumoral macrophage popula

untreated to anti-PD-L1 treatment. The genes are grouped by function.

(G) mRNA-expression analyses of tumoral myeloid cells isolated from untreated

(n = 5).

(H) Gene enrichment analysis of scRNA-seq dataset in macrophage 2 and DC p

(I) IF images for Mrc1, MHCII, and F4/80 in RT5 tumors treated for 10 days (scal

(J) Ratio of M1-like MHCII+F4/80+ to M2-like Mrc1+F4/80+ macrophages quantifi

(K) Ex vivo co-culture of isolated tumoral CD11b cells and activated splenic CFSE

(n = 5) or PD1-IL2v + anti-PD-L1 (n = 6).

(L) Inferred cell-cell communication networks from myeloid cells as senders of lig

anti-PD-L1 tumors.

(M) Inferred cell-cell communication networks from myeloid cells as senders of li

genes induced in PD1-IL2v + anti-PD-L1 tumors.

(N) Gene expression heatmap of the intratumoral endothelial cell compartment

genes are grouped by function.

(O) mRNA expression analyses of endothelial cells isolated from untreated and a

Data in all quantitative panels are presented as mean ± SEM.

In vitro assays were independently repeated at least twice, and each dot represe

Statistical analysis: two-way ANOVA, Figures 6C, 6G, 6O, and 6K = *p < 0.05,

Figure 6D = **p < 0.01.

Please also see Figures S7A–S7G and Tables S2 and S3.
like Mrc1+ TAM population within the CD11b+ compartment that

expressed the immunosuppressive cytokine IL-10 in untreated tu-

mors but not in cognate spleens (Figure 6D).

scRNA-seq analyses of myeloid cells (Figure 6E) revealed that

anti-PD-L1 treatment was selectively impacting the phenotype

and function of TAMs, polarizing the TAMs toward a pro-inflam-

matory and antigen-presenting-cell (APC)-like phenotype that

could logically participate in the recruitment of T cells. Indeed,

we observed a reduction in M2-like immunosuppressive markers,

such as Trem2,Mrc1, andCd163,35,37 and upregulation of pro-in-

flammatory macrophage markers, such as Irf1, Slamf8, and Ifng

and the T cell attractant chemokines Cxcl9 and Cxcl10. Further-

more, we observed an increase in antigen-processing and -pre-

senting genes, such as Cd74, Tap1, and H2-Ab (Figure 6F). We

validated these results by performing gene expression analyses

on myeloid cells isolated from untreated and anti-PD-L1-treated

tumors (Figure 6G). Interestingly, IL6, TNFa, and inflammatory

signaling pathways were enriched in the PD1-IL2v plus anti-PD-

L1 combination treatment arm compared to PD1-IL2v alone,

both in the macrophage-2 and DC clusters (Figure 6H and

Table S3). Moreover, we examined both Mrc1 and MHC class II

expression in macrophages via immunostaining of tumor sec-

tions, which confirmed the switch from an immunosuppressive

(Mrc1) to a more pro-inflammatory (MHC-II) phenotype in

response both to anti-PD-L1 monotherapy and in combination

with PD1-IL2v (Figures 6I, 6J, and S7A–S7F). To functionally

assess the inferred reprogramming of TAMs, we performed an

ex vivo co-culture assay, revealing that myeloid cells isolated

from the untreated tumors suppressed CD8+ T cell proliferation,

whereas myeloid cells from the anti-PD-L1 group were signifi-

cantly less suppressive (Figure 6K).

Using Nichenet, an algorithm for mapping cell-cell communi-

cations in scRNA-seq datasets,38 we charted differentially

increased ligand-receptor pairs in anti-PD-L1 vs. anti-PD-L1 +

PD1-IL2v treated tumors, querying ligands expressed in myeloid

cells (Macrophage, Macrophage2, and DCs) as ‘‘senders’’ and
ighlighting distinct myeloid cell populations and markers (C1qa-Macrophage,

tions (macrophage 2 and macrophage) in the scRNA-seq dataset, comparing

and anti-PD-L1-treated RT5 mice after 10 days. Untreated (n = 9), anti-PD-L1

opulations comparing PD1-IL2v + anti-PD-L1 vs. PD1-IL2v treatment.

e bar, 50mm).

ed from the IF staining. Untreated (n = 6), anti-PD-L1 (n = 7).

-labeled CD8+ T cells alone (n = 7), untreated (n = 8), or treated with anti-PD-L1

ands to CD8+ T cells as receivers expressing cognate receptors in PD1-IL2v +

gands to CD8+ T cells as receptor-expressing receivers showing active target

in the scRNA-seq dataset comparing untreated to anti-PD-L1 treatment. The

nti-PD-L1-treated RT5 mice for 10 days. Untreated (n = 6), anti-PD-L1 (n = 5).

nts the average of two or three technical replicates.

**p < 0.01, ****p < 0.0001; ns, no statistical significance; Mann-Whitney test,
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receptors expressed in CD8+ T cells (EM and Tpex) as ‘‘re-

ceivers’’ (Figure 6L). Among the identified ligands, Cxcl9 and

H2-DMa were upregulated in myeloid cells upon anti-PD-L1

treatment (Figure 6F) and implicated by the cell-cell communica-

tion analysis to interact with their cognate receptors expressed

by the CD8+ T cells (Figure 6L). Furthermore, analyses of the

cell-cell communication between the myeloid senders to the

CD8+ T receivers revealed activation of specific CD8+ T cell

target genes such as Ifng, Ccl4, and Atf3 already associated

via the ProjecTILs analyses to the T cell-mediated anti-tumor

response (Figures 6L, 6M, and 4H). Although anti-PD-L1 did

not affect HEV formation (Figure S7G), scRNA-seq analyses of

endothelial cells (Figure 6N) revealed that anti-PD-L1 treatment

impacted the phenotype and function of the tumor vasculature,

biasing it toward a pro-inflammatory and APC-like state that is

envisaged to facilitate recruitment and infiltration of T cells. We

extended these results by performing gene expression analyses

on tumoral-derived endothelial cells isolated from untreated and

anti-PD-L1-treated tumors (Figure 6O).

PD1-IL2v and anti-PD-L1 combinatorial activity on
T cells and the TME ismechanistically recapitulated in a
mouse model of glioma
To begin assessing the immunostimulatory effect of PD1-IL2v and

its combination with anti-PD-L1 in other tumor types, we used the

syngeneic GL261 orthotopic transplant model39,40 (Figure 7A).

Treatment of glioma-tumor-bearing mice with PD1-IL2v mono-

therapy reduced tumor growth in short-term trials (Figure 7B)

and induced CD8+ T cell infiltration, which was sustained in the

combination (Figures 7C and 7D) as shown by MRI imaging (Fig-

ure S7H). Next, we characterized the phenotype of CD8+ T cells

within these brain tumors and found that treatment with PD1-

IL2v + anti-PD-L1 significantly increased stem-like resource

(PD-1+TCF-1+) CD8+ T cells as well as their progeny (PD-1+

TCF-1-) and effector CD8+ T cells (Figures 7E–7H).

Furthermore, we investigated the impact of anti-PD-L1 onmac-

rophages. Similar to the RT5 model, we observed fewer M2-like

Mrc1+ macrophages in the glioma tumors (Figures 7I and 7J).

Geneexpression analysesofmyeloid cells isolated fromuntreated

and anti-PD-L1-treated tumors revealed an increase in antigen

processing and presenting genes such as Cd40, H2-Aa, and

H2-Ab1 (Figure 7K), as well as the T cell attractant chemokines

Cxcl9 and Cxcl10. Finally, the myeloid cells isolated from un-

treated and PD1-IL2v-treated glioma tumors suppressed CD8+

T cell proliferation (Figure 7L). In contrast, those from anti-PD-L1

and PD1-IL2v + anti-PD-L1-treated tumors were significantly

less inhibitory (Figure 7L), as in the RT5 PanNETmodel.Moreover,

we performed transcriptional profiling of endothelial cells isolated

from PD1-IL2v + anti-PD-L1-treated tumors and observed

increased expression of the pro-inflammatory markers Vcam1,

Cd40, and Irf7 (Figures S7I–S7K). Taken together, the results in

the glioma model recapitulate the immunostimulatory functions

of PD1-IL2v on CD8+ T cells and the reprogramming of immunos-

timulatory macrophages by anti-PD-L1.

DISCUSSION

Herein, we evaluated the molecular, cellular, and therapeutic ef-

fects of PD1-IL2v, an innovative immunotherapeutic agent, in the
174 Immunity 56, 162–179, January 10, 2023
RT5 mouse model of PanNET. We show that the PD1-IL2v

bifunctional immunocytokine produces significant therapeutic

efficacy that can be further improved in synergistic combination

with anti-PD-L1.

Our data suggest that PD1-IL2v expands pre-existing tumor

antigen-specific CD8+ T cells infiltrating solid tumors. Such anti-

gen-experienced CD8+ T cells have not been previously reported

in PanNETs of RT5 mice, and tumors in this model have instead

been described as ‘‘immune deserts.’’23 It is possible that the

different genetic backgrounds of the RT5 mice used historically

(FVBN) vs. the current study (C57BL6/N) could be a factor. The

present study established that PD1-IL2v treatment expands tu-

mor antigen-specific CD8+ T cells with a stem-like phenotype

of ‘‘resource T cells’’ and their derivative cytotoxic effector prog-

eny, as elaborated in-depth in a recent report.16 Moreover, Ren

et al. recently reported the reactivation of dysfunctional tumor-

specific CD8+ T cells when employing a similar anti-PD1-IL2 im-

munocytokine.41 Our data support a model by which CD8+

T cells become dysfunctional during tumor progression through

sustained tumor antigen exposure and modulation by the immu-

nosuppressive TME.42,43 Importantly, we demonstrate that tu-

mor-specific CD8+ T cells remain in a stem-like state of

‘‘resource cells’’ in solid tumors and are expanded upon PD1-

IL2v treatment, but not by anti-PD-1 or anti-PD-L1 ICB. Notably,

the presence of intratumoral stem-like CD8+ T cells has been

proposed to be an instrumental sub-population that is expanded

upon immune checkpoint treatments and correlated with

response to ICB in cancer patients.2,20,44 Moreover, both tu-

mor-infiltrating and systemic CD8+ T cells have been implicated

in efficacious immunotherapy,20,45–48 consistent with our obser-

vations following PD1-IL2v treatment.

Established islet tumorsdeveloping in theRT5model havebeen

shown to exhibit resistance toward tumor-antigen vaccines and

immune-checkpoint inhibitors.23,25,26 The tumor vasculature has

been implicated as a barrier limiting the efficacy of such immuno-

therapies in thismodel,23,24,28 andmodulation of the tumor vascu-

lature,49,50 including the induction of HEVs, improved the traf-

ficking of CD8+ T cells into the tumors and the efficacy of

immunotherapies.26,51–54 In addition, tumor-associated macro-

phages have been implicated as another immunosuppressive

barrier present in this model; notably, targeting macrophages

with low dose irradiation resulted in improved therapeutic efficacy

of immunotherapies.55 Interestingly, both inflammatory barriers in

the RT5 mouse model can evidently be transiently circumvented

by the bispecific PD1-IL2v molecule without the necessity of tu-

mor antigen vaccination, adoptive cell transfer, or other modula-

tions of the TME. In tumors relapsing after PD1-IL2v treatment,

we identified upregulation of PD-L1 on tumor-infiltrating macro-

phages and tumor vasculature as a possible mechanism of ac-

quired resistance and then demonstrated that co-targeting with

anti-PD-L1 synergistically improved the efficacy of PD1-IL2v,

evidently disrupting the PD-L1-mediated resistance mechanism

that re-established both inflammatory barriers.

Untreated tumors were infiltrated with ‘‘M2-like’’ macro-

phages that were replaced or reprogrammed by anti-PD-L1

into pro-inflammatory TAMs with antigen-processing and anti-

gen-presenting gene signatures, which evidently participated

in T cell recruitment. These results are consistent with a pro-

posed mechanism36,56–59 whereby blockade of PD-L1
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Figure 7. Stem-like T lymphocytes are expanded by PD1-IL2v in a mouse model of glioma, and anti-PD-L1 induces remodeling of macro-

phages

(A) Schematic of the short-term studies in an orthotopic syngeneic mouse model of glioma (GL261 cell line).

(B) Normalized tumor volume in mice treated for 10 days.

(C) IF images for CD8 in GL261 tumors subjected to the indicated treatment for one week (scale bar, 50mm).

(D) Quantification of CD8+ T cells in GL261-treated tumors.

(E–H) Flow cytometry analysis of intratumoral CD8+ T cells (E), stem-like CD8+ T cells (F), progeny CD8+ T cells (G), and CD62L�CD44+ effector T cells (H).

(I) IF image for Mrc1 (purple) in a treated GL261 tumor. (Scale bar, 50mm).

(J) Quantification of Mrc1+ macrophages in GL261-treated tumors. Untreated (n = 7), anti-PD-L1 (n = 6).

(K) mRNA expression analyses of tumoral myeloid cells isolated from untreated and anti-PD-L1 treated tumors. Untreated (n = 10), anti-PD-L1 (n = 9).

(L) Ex vivo co-culture of isolated tumoral CD11b+ cells and activated splenic CFSE-labeled CD8+ cells. Each dot represents the average of two or three technical

replicates. T cells alone (n = 12), untreated (n = 8), and treated with anti-PD-L1 (n = 8), PD1-IL2v (n = 6), PD1-IL2v + anti-PD-L1 (n = 7).

For IF analyses: untreated (n = 7), anti-PD-L1 (n = 7), PD1-IL2v (n = 3), PD1-IL2v + anti-PD-L1 (n = 3).

Data in all quantitative panels are presented as mean ± SEM.

Experiments were independently repeated at least twice.

Statistical analysis: one-way ANOVA Kruskall-Wallis with Dunn’smultiple test, Figures 7B and 7D = *p < 0.05; **p < 0.01; Mann-Whitney, Figures 7E–7H and 7M =

*p < 0.05, **p < 0.01; two-way ANOVA, Figures 7I and 7J = *p < 0.05, **p < 0.01, ****p < 0.0001; ns, no statistical significance.

Please also see Figures S7H–S7K.
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expressed on TAMs elicits their conversion into inflammatory

and APC-like macrophages that enhance TCR diversity of tu-

mor-infiltrating T cells. Furthermore, PD-L1-expressing tumor

endothelial cells have been demonstrated to directly regulate

infiltration, proliferation, and cytotoxicity of CD8+ T cells in an

antigen-specific manner.60,61 While the combination of IL2

with anti-PD-L1 expanded virus-specific CD8+ T cells in a lym-

phocytic choriomeningitis virus (LCMV) infection model,62,63 we

observed no synergistic expansion of tumor-specific CD8+

T cells when anti-PD-L1 was combined with PD1-IL2v. Rather,

our data suggest that anti-PD-L1 exerts its beneficial effects

not by directly modulating T cells but rather by remodeling

TAMs and the tumor vasculature.

Several reports have associated diversity of the TCR reper-

toire with responsiveness to immunotherapies by extending

the spectrum of antigen recognition.45,64 Despite increasing

TCR diversity, anti-PD-L1 monotherapy did not produce

discernable therapeutical benefit in the RT5 model and rather

increased the infiltration of CD8+ T cells with a terminally ex-

hausted and inactive phenotype. In marked contrast, the combi-

nation of anti-PD-L1 with PD1-IL2v elicited clonal expansion of

effector memory cytotoxic (and pseudo-exhausted) tumor-anti-

gen specific CD+8 T cells that produced an impressive anti-tu-

mor response and survival benefit.

In conclusion, we have demonstrated that delivering the im-

muno-stimulatory cytokine IL2v to tumor-antigen expressing

CD8+ T cells in-cis via PD1-IL2v can have potent effects in cir-

cumventing inflammatory barriers and rendering checkpoint-in-

hibitor-insensitive tumors amenable to immune attack, an effect

that can be sustained by anti-PD-L1. Notably, the functional

effects of anti-PD-L1 do not center upon blocking the PD1

checkpoint on CD8+ T cells. Rather, anti-PD-L1 is demonstrably

targeting PD-L1 expressed on tumor-infiltrating macrophages

and tumor endothelial cells, which reprograms them into pro-in-

flammatory, antigen-presenting cells that help sustain and

enhance the stem-like ‘‘resource’’ and effector CD8+ T cell activ-

ity triggered by IL2v stimulation conveyed by PD1-IL2v, thereby

producing combinatorial therapeutic efficacy.

Collectively, the data obtained in the de novo RT5 pancreatic

and the glioma transplant tumor models encourage consider-

ation of clinical trials evaluating PD1-IL2v immunocytokine in

combination with anti-PD-L1, perhaps initially in anti-PD-1/

anti-PD-L1 resistant tumors that are not immune deserts or fully

‘‘immune excluded’’ but rather evidence at least modest infiltra-

tion of PD-1+ CD8+ T cells in the tumor microenvironment.

Limitations of the study
This study reveals the benefit of combining PD1-IL2v and anti-

PD-L1 in a model of pancreatic neuroendocrine cancer that is

intrinsically resistant to tumor vaccines and ICB. An ostensible

limitation of the RT5 model is that tumorigenesis is driven by

the SV40 TAG oncoprotein. Despite this caveat, cross-species

analyses of PanNETs from the RT2 model and cognate human

tumors have revealed broad similarities that substantiate the val-

idity of this mousemodel.65,66 As illustrated herein, RT5mice can

serve as an instructive model of an immunotherapy-resistant tu-

mor with pre-existing but suppressed stem-like antigen-specific

T cells. Although mechanistic aspects were corroborated in a

mouse model of glioma, studies in other syngeneic/de-novo
176 Immunity 56, 162–179, January 10, 2023
mouse models of cancer are needed to extend the generality

of the observed effects on TAMs, vasculature, and T cells that

result in efficacious anti-tumor immune responses.
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10X Chromium Single Cell mouse TCR amplification kit 10x genomics Cat #: PN-1000254

Deposited Data

scRNAseq and scTCRseq datasets This paper GSE197854

Experimental Models: Cell Lines

GL261 provided by J.A. Joyce RRID:CVCL_Y003

Experimental Models: Organisms/Strains
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C57BL6.Tg(RIP1-Tag)5Dh

In house This paper

Mouse: C57BL/6J (JAX Mice Strain) Charles River Strain Code: 632

Oligonucleotides

Primers: see Table S4
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Software and Algorithms

QuPath (version 0.2.3) Bankhead et al.67 https://qupath.github.io

FlowJo (version 10.7.2) BD https://www.flowjo.com

GraphPad Prism (version 9.4.1) Dotmatics https://www.graphpad.com

CellRanger (v5.0.1) 10x genomics https://support.10xgenomics.com/

Seurat (v4.0.4) https://satijalab.org/seurat/

ProjecTILs (v1.0.0) Andreatta et al.31 N/A
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VDJTools (version 1.2.1) Shugay et al.68 N/A

immunarch library (version 0.6.4) Nazarov et al.69 N/A

Mouse VDJDB https://vdjdb.cdr3.net

NicheNet (package nichenetr, version 1.0.0) Browaeys et al.38 N/A

R (version 4.0) The R Foundation https://www.r-project.org/
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Douglas Hanahan

(douglas.hanahan@epfl.ch).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
d Single-cell RNA-seq and Single-cell TCR-seq data have been deposited at GEO and are publicly available as of the date of

publication. The accession number is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
The RT5 transgenic mouse model of PanNET was established by D.H.,24 and bred in our facility (EPFL’s CpG core facility). RT5 mice

are on a C57BL6/N background (Charles River); only male littermates were used as the females in this model have a more variable

pattern of tumorigenesis that would require excessive numbers of female mice to be utilized to assemble statistically significant

cohort. Littermate mice were randomly assigned to experimental groups as described in the methods details section.

C57BL/6Jmice (both males and females) were purchased from Janvier. Six to ten-week-old mice were used for intracranial GL261

cell injection. Littermate mice of the same sex were randomly assigned to experimental groups.

All mouse strains were housed in pathogen-free facilities in Lausanne (the AIVC animal care facility in the Agora Cancer Research

Center and EPFL’s CpG core facility) in IVC Cages, 5 animals per cage of 500 cm2 with water and food ad libitum and enrichment. All

animal studies were performed in accordance with licenses VD3133, VD3475 and VD3183 approved by the Veterinary Authorities of

the Canton Vaud.

Cell line
The GL261 glioma cell line40 (male) was provided by Professor Johanna Joyce (UNIL/Ludwig Institute, Lausanne, Switzerland). The

GL261 cell line was grown in DMEM supplemented with 10% fetal bovine serum (FBS), and penicillin/streptomycin. Cells were

cultured in a 37�C incubator with 5% CO2 and routinely monitored for mycoplasma contamination.

METHOD DETAILS

Study design
This studywas designed to assess the potential anti-tumoral impact of the PD1-IL2v immunocytokinewith andwithout the addition of

anti-PD-L1 in mouse cancer models. We evaluated the efficacy of combinatorial treatments principally in a transgenic mouse model
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of neuroendocrine tumor (RT5), supplemented by an orthotopic cell transplant (GL261) mousemodel of glioblastoma. We focused on

their effects on tumor and immune system phenotypes. All animal studies were performed in accordance with experimental licenses

approved by the Veterinary Authorities of the Canton Vaud. The design of the experimental trials and follow-up analyses is presented

in the Materials and Methods. Please see the figures or associated legends for detailed information on sample size and statistical

methods.

Preclinical treatment of RT5 mice

To subject RT5 mice to the different treatments, mice from 22 weeks of age displaying blood glucose concentration below 7 mmol/L

were screened for the presence of PanNET islet tumors by ultrasound imaging using Vevo2100 and Vevo3100 systems withMS550D

40MHz transducer (Visual Sonic). RT5micewere randomly assigned to the different treatment groups based on the cumulative tumor

burden. The average starting tumor burden was 28 mm2 (corresponding to a volume of around 110 mm3), the average starting age

was 25weeks, and the average starting glucose concentrationwas 5.8mmol/L for the long-term efficacy studies. Tumors weremoni-

tored by ultrasound imaging every two weeks or every four weeks for complete responders for maximal 16 weeks. Blood glucose

concentration were monitored weekly using an Accu-Chek glucometer (Roche). The criteria for the endpoint were defined by the tu-

mor burden, hypoglycemia (blood glucose at or below 3 mmol/L), general health status, and loss of body weight (more than 15%).

Before processing the organs for chemokine analyses of T cells and macrophages by flow cytometry, mice were treated with 250 mg

Brefeldin A for 6 h followed by euthanasia.

Glioma mouse model

For the orthotopic transplantation model involving the GL261 syngeneic model, 100,000 cells were intracranially engrafted as pre-

viously described.39 C57BL/6J mice (both males and females) were intracranially injected at 8–11 weeks of age using a stereotactic

frame under full anesthesia with a mix of Fentanyl, Midazolam and Medetomidine. The injections were performed using the following

coordinates: 2.0mm anterior/posterior, 1.5 mm medial/lateral, and 2.3 mm dorsal/ventral from the bregma. Animals were revived

from anesthesia (with a triple-shot mix of Naloxon, Flumazenil and Atipamezol). All animal studies were performed in accordance

with the experimental license VD3183 approved by the Veterinary Authorities of the Canton Vaud.

MRI imagining

Tumor growth of GL261 gliomas was monitored with T2-weighted 1H MRI scans on a 3T MRI machine (Bruker). The mice were

selected for treatment when the tumors reached approximately 10 mm3 of volume. Before processing the organs for chemokine an-

alyses of T cells and macrophages by flow cytometry, mice were treated with 250 mg Brefeldin A for 6 h followed by euthanasia.

Drugs and dosing regimen

Murine-specific antibody molecules were administered by i.p. injection with the following amounts per mouse: anti-muPD-1-low:

22.75mg, q1wk (anti-PD-1low, equimolar to PD1-IL2v); anti-muPD-1-high: 250 mg, q1wk (anti-PD-1high, therapeutic dose); DP47-

muIL2v (IgG-IL2v): 25 mg, q1wk; muPD1-IL2v: 25mg (PD1-IL2v), q1wk; anti-muPD-L1 (anti-PD-L1): first dose 250 mg, followed by

125 mg, twice/wk, for a duration of two weeks (pharmacodynamic studies) or eight weeks (long term efficacy studies). All antibodies

contain Fc silencingmutations, PD1-IL2v and anti-PD-1weremuIgG1with DAPGmutations andDDKK for heterodimerization, PD-L1

was either muIgG1-DAPG or muIgG2-PGLALA. All antibodies were purified and analyzed for monomer content, absence of endo-

toxins, correct identity, and functionality by Roche Innovation Center Zurich, Switzerland. The anti-mouse CD8 (clone 53–6.72),

the anti-mouse CD4 (clone GK1.5) and, the anti-mouse IFNg (clone XMG1.2) monoclonal antibodies were purchased from

BioXcell and intraperitoneally injected twice a week at 250 mg/mouse.

Preparation of single cell suspensions

Single cell suspensions of spleens were generated by mashing the spleen through a 40mm cell strainer. Tumors were harvested

and minced using a scalpel and digested for 30 min using collagenase A (0.33 U/mL, Roche), dispase (0.85 U/mL, Roche), DNAse

I (144 U/mL, Roche) in RPMI medium with intermittent shaking at 37�C. Afterward, tumor single cell suspensions were passed

through a 70 mm cell strainer. For the glioma model, following the same digestion protocol, tumor-infiltrating immune cells were iso-

lated by Percoll gradient centrifugation (800xg for 45min with no brake), collected at the interphase between 40 and 80%Percoll (GE

Healthcare), and washed twice with FACS buffer(2%FBS/PBS). To monitor CD4 and CD8 depletion, peripheral blood was collected

into EDTA-coated tubes. Red blood cells were lyzed with PD PharmLyse buffer (BD Biosciences 555,899) according to the manu-

facturer’s instructions. Cells were further used for Flow Cytometry, cell isolation, or scRNA-seq.

Flow cytometry

Single cell suspension of spleens or tumors were blocked with anti-mouse CD16/32 (BioLegend, cat number 101302) for 15min on

ice. Live/dead staining was performed with fixable viability stain kits (780, BD 565388 or Red, BD) for 15min on ice. TAG-specific

CD8+ T cells were stained with SV40 TAG multimer (APC-MHC-H2Kb-VVYDFLKC, University of Lausanne) for 30 min at room tem-

perature, followed by staining of antibodies against surface antigens for 20 min on ice. Intracellular proteins were stained for 2h or

overnight on ice after fixation and permeabilization using the FoxP3 staining kit (Invitrogen, cat number 00-5523-00) according to the

manufacturer’s instructions. The following antibodies were used: CD4-BV510, CD4 PE-Cy7, (BioLegend, clone RM4-5), CD4-PE

(Biolegend, clone GK1.5), CD8-BB515, and CD8-PE-Cy7 (BD Biosciences and Biolegend, clone 53–6.7), CD8-PacO (Invitrogen,

clone 5H10), PD-1-PE-Cy7 (BioLegend, clone RMP1-30), CD127-BV650 (BioLegend, clone A7R34), FoxP3-PE (Invitrogen, clone

FJK-16s), CD218a-APC (eBioscience, clone B3TUNYA), TCF1-BV421 and TCF1-PE (BD Biosciences, clone S33-966), CD3-FITC,

CD3-PerCP-Cy5.5 and CD3-PE-Cy5 (eBioscience, clone 145-2C11), Tim3-PE and Tim3-PE/Dazzle 594 (Biolegend, clone

B8.2C12), CD11b-PerCP-Cy5.5, CD11b-Biotin, CD11b-PacB and CD11b-PE-Cy7 (eBioscience, clone M1/70), B220-PerCP-

Cy5.5 (eBioscience, clone RA3-6B2), CD45-APC-Cy7, CD45-PacO, CD45-BUV395 and CD45-Biotin (Biolegend, Invitrogen, BD
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bioscience, and eBioscience, clone 30-F11), CD44-APC-eF780 (eBioscience, clone IM7), CD62L-FITC (Biolegend, clone MEL-14),

TNFa-FITC (eBioscience, clone MP6-XT22), GZMB-PE (eBioscience, clone NGZB), IFNg-APC (Biolegend, clone XMG1.2), Arg1-

FITC (eBioscience, clone A1exF5), F4/80-PE (eBioscience, clone BM8), Ly6C-PerCP-Cy5.5 (eBioscience, clone HK1.4), Ly6G-

PacB (Biolegend, clone 1A8), CD206(Mrc1)-AF647 (Biolegend, clone C068C2), Il-10-APC-Cy7 (Biolegend, clone JES5-16E3), Ki67

PE-Cy7 (eBioscience, clone SolA15). Fluorophore-conjugated streptavidin were used to detect biotinylated antibodies: SA BV421

(Biolegend, 405,226) and SA PacO (Invitrogen, S32365). Samples were analyzed on a BD LSR Fortessa, Gallios (Beckman Coulter),

or CytoFLEX LX (Beckman Coulter), and the data was processed with the FlowJo v10.8.0 software and GraphPad Prism v9.

CD31+ and CD11b+ cell isolations

Endothelial cells were isolated from the tumor following the CD31 Micro-Bead protocol (Miltenyi Biotec). Myeloid CD11b+ cells were

isolated from the tumor or the cognate spleen using the positive selection Easysep Mouse CD11b positive selection kit II (Stemcell

Technologies) for magnetic isolation according to the manufacturer’s instructions. Collectively, monocytes, neutrophils, macro-

phages, andDCs accounted formore than 90%of the isolated cells. CD11b+ cells were further used for gene analyses and co-culture

assay. CD31+ cells were used for gene analyses.

Cell isolation and co-culture experiments

CD8+ T cells isolation was performed on the spleen using the Easysep Mouse CD8+ T cell Isolation Kit (Stemcell Technologies) for

magnetic isolation according to the manufacturer’s instructions. For proliferation assays, CD8+ T cells were labeled with CFSE and

co-cultured with CD11b+ cells in a 1:1 ratio with T CD3/CD28 Dynabeads for T cell expansion and activation. Co-cultured cells were

harvested 48-72h later, stained with a live dead dye, and analyzed by flow cytometry to assess their proliferation.

RNA isolation, reverse transcription, and quantitative RT-PCR

RNA from cells and tissues was isolated with the RNeasy PlusMicro Kit (Qiagen). All the procedures were performed according to the

manufacturer’s instructions. A total of 150–250 ng of RNA was used for cDNA synthesis using the PrimeScript RT Master Mix

(RR036A, TaKaRa). qRT-PCR was performed using the Rotor-Gene SYBR Green Master Mix (Qiagen).

Immunohistochemistry

Tumors were embedded inOCT and frozen on dry ice. 10 mm thickmethanol-fixed sectionswere subjected to staining with CD8-FITC

(BioLegend, clone 53–6.7), PD-1-PE (eBioscience, RMP1-30), CD31-FITC and CD31-PE (BD Biosciences, clone MEC13.3), PD-L1-

PE (Invitrogen, clone MIH5), TAG (in house production), anti-rabbit Alexa Fluor 647 (secondary antibody for TAG, ab150075),

F4/80-PE (eBioscience, clone BM8), MHCII-FITC (Biolegend, clone M5/114.15.2), Mrc1-AF647 (Biolegend, clone C068C2), High

Endothelial Venule -AF488 (eBioscience, clone MECA-79) and counterstained with DAPI (Roche, 10,236,276,001). Sections were

imaged on a Leica DM5500 microscope, an Olympus VS120 slide scanner and a Zeiss Axioscan Z1 slide scanner. Images were pro-

cessed with Adobe Photoshop, ImageJ, and QuPath software.

Single-cell RNA sequencing

Single-cell experiments were performed using the 10X Chromium platform using the 50 v2 kit (dual index, PN-1000263). TCR V(D)J

amplification was performed using 10x Chromium Single Cell mouse TCR amplification kit (PN-1000254). Samples were prepared as

described in the preparation of single cell suspensions. The 10X sample processing was performed according to established pro-

tocols, aiming at 4000 cells/sample. The libraries were sequenced on an Illumina HiSeq4000 platform, with run conditions as per

10X recommendations, aiming at 500000 reads/cell.

Mapping was performed with CellRanger (v5.0.1, with default parameters) on the mouse reference refdata-gex-mm10-2020-A to

which the SV40 large TAG transgenewas added (SV40 large TAG is expressed in beta cells under the rat insulin 1 promoter). A total of

170105 barcodes and 320286 features for the tumor samples, and 330776 barcodes and 320286 features for the spleen samples were

then processed using Seurat (v4.0.4). Briefly, features found in a minimum of 5 cells were kept, cells with at least 200 unique features

detected were kept. Cells with less than 7500 unique features detected in tumor samples, or less than 4000 unique features in spleen

samples, and less than 10% features mapping to themitochondrial genomewere kept for a final set of 130797 cells and 190605 genes

for the tumor samples, and 290012 cells and 170481 genes for the spleen samples. Samples were independently log normalized and

integrated using 2000most variable features. Unsupervised clustering was performed applying the graph-based clustering approach

and Louvain algorithm and Uni-form Mani-fold Approximation and Projection (UMAP) dimensional reduction was performed based

on the previously computed neighbor graph using the top 30 PCs.

ProjecTILs (v1.0.0,31) was used to predict T cell states among the 7757 CD8+ and CD4+ T cells identified in tumor samples, using

tumor-infiltrating T lymphocytes reference atlas (16,803 high-quality single-cell transcriptomes from 25 samples of B16 melanoma

and MC38 colon adenocarcinoma tumors from six different studies). ProjecTILs predicts the effects of cell perturbations and iden-

tifies gene programs that are altered by the various treatments.

Differential gene expression was computed within each main population and each T cell sub-population using the pseudo-bulk

approach implemented in muscat (v1.4.0), using the method edgeR. Genes expressed in at least 10% of the cells per population

per sample were retained. The following comparisons were computed: PD1-IL2v + anti-PD-L1 vs. anti-PD-L1, PD1-IL2v + anti-

PD-L1 vs. PD1-IL2v, PD1-IL2v vs. anti-PD-L1, and anti-PD-L1 vs. CTRL. Gene Set Enrichment Analysis (GSEA) was performed

on the ranked lists of differentially expressed (DE) genes using the Hallmark gene sets collection with clusterProfiler (v3.18.1).

scTCR-seq analysis

Single-cell TCR-sequencing readswere aligned using 10xGenomics Cell Ranger VDJ 5.0.1,70mapping reads to theMouse reference

dataset (GRCm38/Ensembl/10x). VDJTools68 version 1.2.1 was used to generate the Rarefaction plot and immunarch69 library

(version 0.6.4) in R (version 4.0) to calculate Chao1 diversity index as well as Jaccard overlap plots and correlation plots as well
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as all the proportion measures. % of T-cells with TCR sequences, TCR total clones, TCR Richness, Evenness, and Shannon diversity

were calculated and plots generated using R (version 4.0).

We used the sequences CASSFDERLFF for the CDR3 beta sequence and CVLLSNTGYQNFYF for the CDR3 alpha sequence of

TCR-I as well as CASSRAGGQDTQYF for the CDR3 beta and CAASSRAQGGRALIF for the alpha sequence of TCR-IV to identify two

known SV40-TAG-specific CD8+ T cell clones.34,71 We reported for each clone the generalized Levenshtein distance between the

sequence and the TCR-I alpha and beta sequences and TCR-IV alpha and beta sequences. Taking the minimum of the alpha and

the beta chain and checking if this minimum is strictly lower than two, we assessed if or not this clone corresponds to TCR-I or

TCR-IV.

Mouse VDJDB (vdjdb.cdr3.net/)72 was used to annotate the clones that mapped to the database with Levenshtein distance less

than two, removing the first and two last amino acids. For the single-cell UMAP plot: Using Seurat, using the FeaturePlot function,

each cell was colored by the presence in this dataset of the clonotype.

NicheNet analyses

Potential interactions between selected sets of sender and receiver cell populations were queried through NicheNet (package niche-

netr, version 1.0.0).38 The analysis pipeline was performed as outlined by the authors with minor adjustments. Significantly up-regu-

lated genes (p.adj.loc % 0.05 and logFC>=1) in receiver cell populations in PD1-IL2v vs anti-PD-L1 and PD1-IL2v + anti-PD-L1 vs

anti-PD-L1 treatments comparisons were defined as genesets of interest. The lists of putative ligands were filtered by Pearson Cor-

relation Coefficient (PCC > 0.1). Furthermore, only ligands expressed in the sender cell populations (i) with an average scaled expres-

sion score above 1.5, (ii) in at least 25% of cells, (iii) and significantly up-regulated (p.adj.loc% 0.05 and logFC>=1) in CTRL vs anti-

PD-L1 treatments comparisons were retained. Cognate receptors were selected when expressed in at least 20% of cells in the

receiver cell populations.

Data availability

ScRNA-seq data analysis presented in this study are deposited in the Gene Expression Omnibus with the submission number:

GSE197854.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of tissue staining
Images were analyzed using the QuPath software (version 0.2.3)67

Necrotic and DAPI-negative areas were excluded.

For total CD8+ T cells, F4/80+, Meca79+, CD31+, Mrc1+ and MHCII+ cells.

Using QuPath software, a tumor area was annotated as a region of interest. Positive cell detection (using DAPI) was used with an

intensity threshold >100. Using Fiji-ImageJ software, a Gaussian blur was applied (sigma = 2) to subtract the noise. The binary masks

were created by applying a manual threshold for the positive signal (B&W). The Watershed function was utilized to avoid touching

objects. The number of cells was obtained by applying the ‘analyze particle’ function with a >100 pixels surface particle size.

For Meca79+ CD31+ cells, Mrc1+F4/80+ TAMs and MHCII+F4/80+ TAMs.

The binary masks were created as described above. The double-positive cells were determined with the Image Calculator using

the ‘AND’ operator between CD31+ (total vasculature) andMeca79+ (HEVs); F4/80+ andMrc1+ (M2-like TAMs) orMHCII+ (pro-inflam-

matory TAMs) masks and divided by the total CD31+ cells or F4/80+ cells respectively.

Statistical analysis
GraphPad Prism (version 9.4.1) was used to performed the statistical analyses.

Data in all quantitative panels are presented as mean ± SEM, unless otherwise stated in the figure legends. Statistical analyses

were assessedwith unpairedMann-Whitney test to compare two groups, one-way ANOVAKruskall-Wallis with Dunn’smultiple com-

parisons test or two-way ANOVA to compare multiple groups, and Log rank Mantel-Cox test for survival analyses as stated in the

figure legends; p values are reported in the figures and figure legends. Statistical significance is indicated as *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 and ns (non-significant).
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